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Abstract

An accurate characterization of glioma heterogeneity is essential when determining tumor grade and the most
appropriate therapy target. Non-invasive imaging modalities such as MR perfusion imaging (PWI) and 2D proton MR
spectroscopic imaging (MRSI) can provide functional and metabolic information about the tumor to assist in this
task. Using a voxel-wise correlation we aimed at investigating whether both MRSI and PWI characterize brain tumor
heterogeneity similarly, and, whether the regions of their most pathologic values coincide.

In 31 patients with different primary brain tumors rCBV and rCBF were correlated to the metabolites Cho, Cr and
NAA and the metabolite ratios Cho/Cr, NAA/Cr and Cho/NAA on a voxel-wise basis. Intraindividually, we tested for
significant relationships and we recorded the reliability and the direction of these relationships by calculating the
inter individual variance of Kendall's correlation coefficient τb. Additionally, the locations of the most pathologic
values of PWI and MRSI were compared. Across all tumors we found no reliable relationship between perfusion and
spectroscopic measures apart from a positive correlation of rCBV and rCBF with Cr, mainly based on a positive
correlation in II° gliomas and glioblastomas but not in III° gliomas or lymphomas. The separate analysis of the tumor
groups revealed consistent correlations of additional value pairs in II° gliomas and glioblastomas, but not in III°
gliomas or lymphomas. The overall spatial concordance rate between the maximum perfusion values and the most
pathological metabolite values was 34%. Our results suggest that brain tumors display heterogenous correlation
pattern of the perfusion markers of malignancy to the spectroscopy-derived malignancy markers. As the single
modality methods may display different kinds of tumor hot spots, PWI and MRSI should be fused to allow for more
specific therapy planning of brain tumors.

Keywords: Brain Tumors; MR Spectroscopy; MR Perfusion Imaging;
Brain Tumor Heterogeneity; Neurooncology

Abbreviations:
CBF: Cerebral Blood Flow; CBV: Cerebral Blood Volume; Cho:

Choline; Cr: Creatine; MR: Magnetic Resonance; MRS: Proton
Magnetic Resonance Spectroscopy; MRSI: Multi-Voxel Proton MR
Spectroscopic Imaging; NAA: N-acetylaspartate; PWI: Perfusion
Weighted Imaging; rCBV: Relative Cerebral Blood Volume; rCBF:
Relative Cerebral Blood Flow; TE: Echo Time; TR: Repetition Time;
VOI: Volume of Interest; WHO: World Health Organization

Introduction
In contrast to the mostly homogeneous primary central nervous

system lymphomas, gliomas, especially those of higher grades, are
known to be heterogeneous. In a single tumor, areas of different
malignancy can occur [1]. This fact is of particular interest in various
contexts. It is crucial to detect the most malignant part of the whole
lesion because the prognosis of the patient and the therapy regimen
among other things depend upon the tumor grade [2]. The WHO
Grading system [3] lists mitotic activity, cell density and vessel

proliferation – among others – as histological criteria for anaplastic
transformation. However, conventional magnetic resonance (MR)
imaging is limited in depicting these different biological behaviors.

Dynamic susceptibility weighted contrast enhanced MR perfusion
weighted imaging (PWI) assists in the differential diagnosis, grading
and/or therapy planning of neoplastic brain lesions. The perfusion
parameters cerebral blood volume (CBV) and cerebral blood flow
(CBF) are of special interest. The CBV is linked to the microvessel
density [4] and has proven to be superior regarding glioma grading [5],
but the CBF also increases along with malignancy [6].

Proton MR spectroscopy (MRS) is a non-invasive, MR-based tool
which may indirectly provide additional pathophysiological and
metabolic information: The MRS-derived metabolite choline (Cho),
indicating cell density and proliferation, is known to be elevated in
brain tumors and to increase with the degree of malignancy [7]. On the
other hand, N-acetylaspartate (NAA), representing neuronal density
and viability, decreases in most pathological states including brain
neoplasms [8]. The metabolite total creatine (creatine plus
phosphocreatine; Cr) is widely used as an internal reference [9].
Interestingly, Cr has also been shown to rise in gliomas, which was
associated with a tendency to earlier tumor progression [10,11]. In
contrast to single voxel MRS, two-dimensional multi-voxel proton MR
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spectroscopic imaging (MRSI), provides the opportunity to acquire
multiple spectra, and, hence, to visualize the spatial distribution of the
metabolite levels [12].

PWI and MRSI were used earlier in order to monitor and to predict
malignant transformation of gliomas. Hlaihel et al. [13] reported that
MRSI was able to detect the malignant glioma transformation earlier
than PWI, whereas Weber et al. [14] showed that PWI was more
sensitive in the early detection of anaplastic transformation. Of note,
both PWI and MRSI displayed pathological measures in the same
tumor location. However, previous studies suggested that this was not
necessarily the case. Wagner et al. [15] found spatial divergence
between the areas of the highest rate of neovascularisation–represented
by CBV–and the areas of tumor cell proliferation–imaged by Cho.
Some of these studies dealed with only the maximal values, others
investigated just selected perfusion parameters or metabolites. In
contrast, the aim of our study was to comprehensively evaluate
whether the perfusion markers of malignancy corresponded to the
spectroscopy-derived malignancy markers. For this, we correlated – on
a voxel-wise basis – the CBV and CBF to the spectroscopically derived
metabolites NAA, Cho and Cr and their ratios NAA/Cr, Cho/Cr and
Cho/NAA, respectively. In addition, we explored whether or not there
was a spatial correlation between the maximum PWI and most
pathological MRSI parameters investigated.

Materials and Methods
This study was approved by the local ethics committee. Patients with

known or suspected primary brain tumors preoperatively underwent
MR imaging including MRSI and PWI. Inclusion criteria for the study
were histological diagnosis of primary brain tumor (as revealed by
open surgery or stereotactic biopsy) and written informed consent.
Only MR images with no or only minor artifacts on all MR-sequences
were accepted for further analysis.

Thirty-one patients (19 male, 12 female, mean age 58 years, range
18–76 years) met the inclusion criteria. According to neuropathology,
patients were subdivided into the following groups: II° glioma (n=5),
III° glioma (n=7), glioblastoma (n=12), and primary cerebral
lymphoma (n=7). The MR examinations were performed on a 1.5 T
whole body scanner (MAGNETOM® Symphony; Siemens AG,
Erlangen, Germany) equipped with a phased array head coil. Axial and
coronal T2-weighted images were acquired to facilitate positioning of
the MRS voxels. 2D-MRSI (2D PRESS, repetition time (TR)/echo time
(TE)=1500/135 ms, matrix=162, FOV=160 × 160 mm2, slice thickness
= 10 mm) resulted in spectroscopic voxels measuring 1 cm3. Outer
volume suppression led to a volume of interest (VOI) which was 8 × 8
× 1 cm3 in size and was adjusted to contain tumor tissue and
contralateral healthy tissue, avoiding lipid bearing skull structures. The
spectroscopic data were acquired prior to the application of contrast
media to avoid any potential contrast-induced alterations, in
particular, with regards to the choline peak height and area [16]. After
the axial contrast-enhanced T1-weighted scan PWI was conducted
using the contrast agent Gadolinium-diethylenetriamine pentaacetic
acid (Gd-DTPA; Magnevist®, Bayer Schering Pharma AG, Berlin,
Germany) at a dose of 0.1 mmol/kg, twice. The first (weight-adjusted)
amount of contrast agent was given at a flow rate of 1.5 mL/s followed
by a 20 mL bolus of 0.9% saline. This resulted in contrast agent
presaturation of the extravascular space in tumor areas with disrupted
blood brain barrier, minimizing the underestimation of the CBV due
to contrast extravasation. The second bolus of Gd-DTPA was started

simultaneously with the PWI measurement at a flow rate of 5 mL/s
flushed with 20 mL of saline.

For the perfusion measurements, a total of 20 slices were acquired
with 25 repeated images for each slice (spin-echo EPI, TR/TE =
2000/60 ms, matrix = 1282, slice thickness = 3 mm without slice gap).
The FOV (256 × 256 mm2), the number and the position of the slices
were identical to the T2 and T1 weighted axial sequences. All data were
processed with the Software Syngo® (Siemens Healthcare, Erlangen,
Germany). Color coded maps of CBF and CBV were calculated using
the “Neuro Perfusion Evaluation” tool. The parameters CBF and CBV
were estimated by deconvolving the course of tissue signal intensities
over the first pass contrast bolus with an arterial input function (AIF)
[17,18]. For this, the global AIF was selected manually by averaging a
small number of concentration-time curves from voxels in the vicinity
of the main insular branches of the middle cerebral artery of the
contralateral hemisphere, allowing for the definition of the beginning
and the end of the first-pass bolus.

For coregistration, the matrix grid of the MRSI was superimposed
onto the color coded CBV and CBF maps as well as onto the axial T2
and contrast enhanced T1 weighted reference slices for anatomical
orientation. The borders of each spectroscopic voxel within the tumors
were traced manually and were transferred onto the perfusion maps as
VOIs (Figure 1).

Figure 1: Example of a patient with an anaplastic astrocytoma
(WHO III°). Within the right frontal tumor, highly perfused areas
(red) are noted on the CBV map (A) and faint contrast
enhancement on T1 weighted images (D). The spectroscopy grid
element is superimposed on CBV map and on the T2 images (B, E).
The spectrum (C) was taken from the blue outlined voxel in (B)
within the tumor and displays markedly elevated choline, NAA
decrease and a lactate double peak. The spectrum (F) was taken
from the blue outlined voxel in (E) within the contralateral
hemisphere and displays normal metabolite values.

Thus, for each spectroscopic voxel the corresponding perfusion
values were extracted, and, in order to achieve better inter-subject
comparability, were normalized to normal appearing white matter
(NAWM). This produced the relative (r) perfusion values rCBV and
rCBF. Using the Syngo “Spectroscopy Evaluation” tool metabolite peak
integrals and their ratios were estimated for each voxel within the
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tumor and were referenced to NAWM resulting in rNAA, rCho, rCr,
rNAA/Cr, rCho/Cr and rCho/NAA. For reasons of simplification, ‘r’
indicating relative values is omitted henceforth. Spectra and perfusion
maps were carefully evaluated by an experienced neuroradiologist and
voxels with noisy or distorted spectra or physiological hyperperfusion
(e.g., cortical and deep grey matter) were excluded from further
analysis.

For statistical analysis SPSS® Version 11.5 (SPSS Inc., Chicago,
Illinois) was used.

In a first step, for every particular tumor a correlation analysis of all
included VOIs was performed. Due to the lack of a bivariate normal
distribution and linear relationship for each value pair, as well as, due
to the small sample size in some individuals the Kendall's rank
correlation was applied: By correlating CBV and CBF to each
metabolite and metabolite ratio, respectively we collected the Kendall’s
correlation coefficients τb of each individual patient and determined
the corresponding level of significance. τb can range in value from –1
(a perfect negative association, or perfect inversion) to +1 (a perfect
positive association, or perfect agreement). A value of 0 indicates no
association. Only the intra-individual value pairs with a significant
relationship (p<0.05) were included in the further analysis.

In a second step, for all 12 pairs of values the inter-individual
variances of these τb coefficients were assessed. In a systematic
relationship of a value pair the algebraic sign of τb is constant across all
patients. On the other hand, a broad variance of (positive and
negative) τb identifies random significances.

Additionally, the maximal or most pathologic values of CBV and
CBF (CBVmax, CBFmax, respectively), as well as of the metabolites
(Chomax, Crmax, NAAmin, Cho/Crmax, Cho/NAAmax, NAA/Crmin) were
located. Furthermore, for all 12 PWI-MRSI pairs of values, it was
examined whether the areas of maximum perfusion values matched or
adjoined the spectroscopic voxels displaying the most malignant
metabolic tumor profile.

Results
On average, 28 voxels per patient (range 12–60) could be used for

evaluation. For reasons of simplicity, the term ‘value pair’ is used in the
following paragraphs representing the association between the
quantitative MR perfusion and MRSI measures per voxel within the
brain tumor.

Associations between perfusion and metabolite/metabolite
ratios in the whole brain tumor cohort

Per value pair, the percentage of patients with significant
correlations was relatively small (mean 27%, range 13-39%). However,
there were significant correlations in all value combinations (Table 1).
Interestingly, we found that more significant correlations emerged
from the value pairs of perfusion and metabolite ratios than from the
value pairs of perfusion parameters and single metabolites. The highest
percentage of patients with significant correlations was found in the
value pairs CBV–Cho/NAA and CBF–Cho/NAA, respectively (39%),
followed by the value pairs CBV–Cho/Cr and CBV–NAA/Cr (32%).

Furthermore, a minor variance of the τb correlation coefficient was
observed in the value pairs CBV–Cr and CBF–Cr indicating a
systematic relationship. All other value pairs revealed both positive and
negative τb with a wide variety, and the respective mean values of τb
did not differ much from 0. However, the mean τb in all value pairs
pointed in the expected direction, hence the τb of CBV or CBF to NAA
or NAA/Cr showed negative means.

n=31  

CBV CBF

% significant
cases
(n=)

τb of significant
cases [mean ±
SD]

%
significant
cases
(n=)

τb of significant
cases

[mean ± SD]

Cho 19 (6) 0.28 ± 0.36 23 (7) 0.27 ± 0.33

Cr 13 (4) 0.31 ± 0.06 19 (6) 0.33 ± 0.06

NAA 26 (8) -0.32 ± 0.29 32 (9) -0.18 ± 0.36

Cho/Cr 32 (9) 0.19 ± 0.39 19 (6) 0.12 ± 0.47

Cho/NAA 39 (12) 0.30 ± 0.32 39 (12) 0.29 ± 0.32

NAA/Cr 32 (9) -0.27 ± 0.20 29 (9) -0.02 ± 0.39

Table 1: Percentage of patients with significant correlations (p ≤ 0.05)
between the MRSI derived metabolites/metabolite ratios and CBV and
CBF, respectively, in the brain tumors and the mean value (mean) and
standard deviation (SD) of Kendall’s τb correlation coefficient (τb b) of
the significant associations.

Associations between perfusion and metabolite/metabolite
ratios per tumor type

Regarding the different tumor subgroups (Table 2, Figure 2) the
highest rate of significant PWI-MRSI correlations was found in II°
gliomas (mean 35%, range 20–80%), where the positive association
between CBF and Cr (80%) was predominant followed by the positive
association between CBV and Cr (60%).

Whenever the number of significant correlations was high enough
to allow for an estimation of the mean variation of τb, τb showed only
a minor variance (Figure 2A). Of note, although glioblastomas (Figure
2C) revealed the largest number of value pairs with minor variances of
τb (all pairs with a computable mean variation except for CBF–NAA,
CBV–NAA/Cr and CBF–NAA/Cr) only a relatively low percentage of
significant correlations (mean 26%, range 8-50%) emerged. Value pairs
without any significant correlations were found in III° gliomas (mean
rate of correlations 30%, range 0-57%) and in lymphomas (mean 20%,
range 0-57%). These two groups also showed broad dispersion of τb in
the value combinations with a high rate of significant correlations
(Figures 2B and 2D), which indicates that there was no systematical
relationship (in the glioma III group in 57% of the patients the
correlations of CBV and Cho/NAA as well as of CBV and NAA/Cr
were significant with a τb of 0.21 ± 0.35 and -0.15 ± 0.26, respectively.
In lymphomas, CBF and Cho/NAA also correlated in 57%, but with a
τb of 0.2 ± 0.42, again, no reliable relationship could be shown).
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Figure 2: Significant correlations of MRSI-derived metabolites and
perfusion parameters (CBV, CBF) subdivided by tumor type and
indicated by Kendall’s τb mean value and variance. The box plots
show the variances of the Kendall’s τb correlation coefficient (τb)
for all CBV-metabolite (dark gray) and CBF-metabolite (light gray)
value pairs with more than one significant correlation. The highest
rate of significant PWI-MRSI correlations was found in II° gliomas
(A). Significant PWI-MRSI correlations of Glioblastomas are shown
in (C). Value pairs without any significant correlations were found
in III° gliomas (B) and in lymphomas (D).

Spatial concordance between maximum perfusion
parameters and most pathological metabolite/metabolite
ratios per tumor type

Overall, the maximal values of the MR perfusion-derived CBV /
CBF and the MRSI derived metabolites / metabolite ratios matched or
neighbored each other in 34% of the cases (Table 3). Among these, the
highest rate of concordance was observed in Cho/NAAmax with
CBVmax (39%) and CBFmax (42%), respectively, but also in CBFmax and
NAAmin (39%).The highest overall matching and neighbouring rate
occurred (mean: 46%, range 14-71%) in gliomas III°; thereby, the
highest rate of concordance was observed in CBFmax to NAAmin (71%)
and CBFmax to Cho/NAAmax (71%). Glioblastomas displayed a spatial
concordance of maximum perfusion parameters and most pathological
metabolites/metabolite ratios of 35% (17-50%), with the highest rate of
concordance between CBFmax and Chomax, Cho/Crmax and NAAmin,
respectively (50% each pair). In low grade gliomas (mean 30%, range
0-80%) most frequently CBFmax and Crmax coincided (80%) followed
by the concordance between CBVmax and Crmax (60%) and Chomax
(60%), respectively. This corresponds to the good correlation between
Cr and CBF and CBV, respectively, that we found in the voxel-wise
analysis. Of note, no concordance emerged from CBVmax or CBFmax
and NAAmin or NAA/Crmin. Interestingly, lymphomas exhibited the
lowest rates of maximum value pair concordance (mean 21%, range
0% to 43%) with the highest percentage of concordance in CBVmax–
Cho/NAAmax (43%) and CBFmax–Cho/NAAmax (43%).
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%
significant
cases
(n=)

τb of
significant
cases [mean ±
SD]

%
significant
cases
(n=)

τb of significant
cases [mean ±
SD]

%
significant
cases
(n=)

τb of significant
cases [mean ±
SD]

% significant
cases
(n=)

τb of significant
cases [mean ± SD]

CBV

Cho 40 (2) 0.42 ± 0.23 14 (1) 0.33 17 (2) 0,45 ± 0,14 14 (1) -0.41

Cr 60 (3) 0.32 ± 0.07 – – 8 (1) 0.27 – –

NAA 20 (1) -0.27 43 (3) -0.18 ± 0.48 25 (3) -0.43 ± 0.08 14 (1) -0.50

Cho/Cr 20 (1) -0.42 43 (3) 0.15 ± 0.32 25 (3) 0.47 ± 0.13 43 (3) 0.14 ± 0.51

Cho/NAA 20 (1) 0.30 57 (4) 0.21 ± 0.35 33 (4) 0.46 ± 0.20 43 (3) 0.18 ± 0.49

NAA/Cr 40 (2) -0.30 ± 0.07 57 (4) -0.15 ± 0.26 33 (4) -0.38 ± 0.12 – –

CB F

Cho 40 (2) 0.44 ± 0.22 14 (1) 0.34 25 (3) 0.37 ± 0.16 14 (1) -0.44

Cr 80 (4) 0.35 ± 0.07 14 (1) 0.28 8 (1) 0.30 – –

NAA 20 (1) -0.31 43 (3) -0.13 ± 0.44 33 (4) -0.23 ± 0.36 29 (2) -0.10 ± 0.56

Cho/Cr 20 (1) -0.49 14 (1) 0.36 17 (2) 0.45 ± 0.17 29 (2) -0.02 ± 0.64

Cho/NAA 40 (2) 0.37 ± 0.05 29 (2) 0.05 ± 0.46 33 (4) 0.46 ± 0.20 57 (4) 0.20 ± 0.42

NAA/Cr 20 (1) -0.41 29 (2) -0.00±0.39 50 (6) 0.04±0.43 – –

Table 2: Percentage of patients with significant correlations (p ≤ 0.05) between the MRSI derived metabolites/metabolite ratios and CBV and CBF,
respectively, in the different brain tumor groups and the mean value (mean) and standard deviation (SD) of Kendall’s tau b correlation coefficient
(τb b) of the significant associations.

glioma II°, n=5 glioma III°, n=7 glioblastoma, n=12 lymphoma, n=7



% matching or neighboring (n=)
glioma II glioma III glioblastoma lymphoma all tumors

n = 5 n = 7 n = 12 n = 7 n = 31

CBVmax

Chomax 60 (3) 14 (1) 42 (5) 14 (1) 32 (10)

Crmax 60 (3) 29 (2) 17 (2) 14 (1) 26 (8)

NAAmin – 57 (4) 42 (5) 29 (2) 35 (11)

Cho/Crmax 20 (1) 57 (4) 42 (5) 14 (1) 35 (11)

Cho/NAAmax 40 (2) 57 (4) 25 (3) 43 (3) 39 (12)

NAA/Crmin – 57 (4) 42 (5) 29 (2) 35 (11)

CBFmax

Chomax 40 (2) 14 (1) 50 (6) 29 (2) 35 (11)

Crmax 80 (4) 29 (2) 17 (2) 14 (1) 29 (9)

NAAmin – 71 (5) 50 (6) 14 (1) 39 (12)

Cho/Crmax 20 (1) 43 (3) 50 (6) – 32 (10)

Cho/NAAmax 40 (2) 71 (5) 25 (3) 43 (3) 42 (13)

NAA/Crmin – 57 (4) 25 (3) 14 (1) 26 (8)

mean 30 (1,5) 46 (3,3) 35 (4,3) 21 (1,5) 34 (10,5)

Table 3: Percentage of spatial concordance of maximum perfusion values and most pathological metabolite values within the brain tumors.

Discussion
Brain tumors do not necessarily display the most malignant spectra

and the highest perfusion values in the same location at the same time
[15]. By a voxel-wise correlational and spatial concordance analysis of
altered perfusion and metabolism in brain tumors, this study aimed at
defining whether the metabolic properties of heterogeneous tumors
were correlated with the perfusion distribution.

The main findings of the voxel-wise correlational investigation were
an overall positive correlation of Cr to CBV and CBF, respectively,
mainly based on a positive correlation of Cr to CBV and CBF,
respectively, in II° gliomas and glioblastomas but not in III° gliomas or
lymphomas. However, tumor group-wise analysis also revealed that in
the other value pairs there was a consistence of the correlations in II°
gliomas and, although few in number, in glioblastomas as well.
Lymphomas and III° gliomas displayed no such consistent correlation.
The spatial concordance analysis, on the other hand, revealed an
overall spatial concordance rate between the maximum perfusion
values and the most pathological metabolite and metabolite ratio
values in approximately one third of the patients only, suggesting that
cellular proliferation may not necessarily be linked to vascular
proliferation in brain tumors (and vice versa).

Several studies have suggested that proton spectroscopy may be a
helpful tool in glioma grading and, hence, in depicting malignant areas
within the tumor. However, sensitivity and specificity varied to a large
degree among the studies, and it remains unclear which metabolite is
the most sensitive and specific [19]. The Cho/Cr ratio has
demonstrated the value of Cho in glioma grading [20]. Although the
Cho/NAA ratio was also found to be a good marker for locating lesions
with high cellular proliferation [11] and for differentiation of
irradiation necrosis and tumor recurrence [21], elevated Cho/NAA
ratios were reported to persist in necrotic regions [22]. In the present

study, the spatial fusion of morphologic, perfusion and spectroscopic
imaging allowed for the identification of necrotic tissue, and, hence, its
primary exclusion from further analysis.

According to our analysis, Cho correlated reliably with CBV but also
with CBF in II° gliomas and in glioblastoma. This is in line with the
findings of Catalaa et al. who reported a correlation of mean Cho and
mean CBV in the glioblastomas of 21 patients [23]. Using single voxel
spectroscopy, Toyooka et al. showed that Cho correlated with CBV
[24]. By picking the areas of maximal and minimal CBV, the Cho/Cr
ratio was reported to also correlate well with CBV in non-enhancing
WHO II° and III° tumors [25]. In our cohort, the Cho/Cr ratio and
CBV reliably correlated in glioblastomas when taking into account all
tumor areas only.

Interestingly, we found an overall positive correlation between Cr
and both perfusion parameters (CBV and CBF). The spectroscopically-
derived metabolite creatine represents the total entity of
phosphorylated and unphosphorylated tissue creatine, and is
predominantly involved in energy pathways and intracellular
metabolism. Although Cr is thought to be stable in a broad variety of
diseases [12], varying Cr levels in brain tumors were observed
previously [9,10]: Cr can be found decreased in brain tumors [26]. Cr
has also been shown to rise in gliomas. Interestingly, this was
associated with a tendency towards earlier tumor progression [10]. The
mechanism of Cr elevation has not yet been fully understood and it
has been hypothesized to be caused by either glia activation due to
tumor infiltration [10,27] or an inflammatory reaction related to
malignant proliferation [28]. Our observations of Cr positively
correlating with CBV and CBF lead us to suggest that there may be
either different stages of energy demands (anaerobic vs. aerobic
metabolism), vascularization with increasing malignancy or different
underlying pathophysiology/pathological behavior. Of note, Guillevan
et al. reported a significant correlation of CBVmax and the single voxel
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spectroscopy-derived metabolic ratios lactate/Cr, Cho/NAA, and free-
lipids/Cr but not in Cr, and proposed the Lac/Cr ratio to predict
regional hemodynamic changes in II° gliomas [13]. Interestingly, in
our data together with the results from the voxel-wise correlational
study, II° gliomas exhibited a very high spatial concordance rate of
CBFmax and Crmax followed by the high concordance rate between
CBVmax and Crmax, respectively.

In our study, low grade gliomas and, to a lesser extent, glioblastomas
exhibited a significant positive association between Cr and both
perfusion parameters, whereas the tumor group-wise analysis revealed
no reliable correlation in III° gliomas and lymphomas. The correlation
of CBV and CBF with Cr in II° glioma is remarkable: Low grade
gliomas by definition do not display neovascularization, apart from
oligodendrogliomas who have a high Cr and more vessels compared to
astrocytomas. In our cohort of the 5 glioma II° only one was an
oligoastrocytoma. But 4 out of 5 Patients showed the same good
corellation of CBF and Cr. Therefore the correlation may be due to the
fact that brain tissue with less tumor infiltration may hold a better
perfusion along with less deprived Cr. Of note, similar Cr levels were
found in both non-enhancing and enhancing III° gliomas [29]. This
indicates that Cr levels are independent from the quality of vasculature
in III° gliomas. On the other hand, III° glioma is considered as an
intermediate stage in a progressive malignant transformation from II°
glioma to glioblastoma. Sugahara et al. reported different spatial
distributions of areas of blood brain barrier breakdown and elevated
CBV levels in anaplastic astrocytomas [4]. Hlaihel et al. observed that
in the case of malignant transformation from low to high grade glioma,
the elevation of the Cho/Cr level preceded the CBV increase by 12
months [13]. Both circumstances can lead to a transient lack of
correlation of perfusion and spectroscopic values as was found in our
study. Additionally, in a rat model of malignant glioma, Thorsen et al.
observed two tumor phenotypes which developed one after the other,
i.e., increased Cho and decreased NAA in the first one was
characterized by an intact blood-brain barrier, lack of infiltrative
growth and a high amount of stem cells compared to the serially
arising one which was characterized by neoangiogenesis and necrosis,
thus proposing a higher degree of malignancy [30]. Interestingly, in the
spatial concordance analysis, III° gliomas displayed the highest rate of
concordance, in particular between CBFmax to NAAmin and CBFmax to
Cho/NAAmax. This may represent focal hot spots of malignancy.

The vessel density and perfusion of lymphomas is significantly lower
compared to high grade gliomas and also slightly lower than in low
grade gliomas [31]. In contrast, spectroscopy revealed similar
metabolic patterns, i.e., Cho/Cr, Cho/NAA and NAA/Cr ratios, in
lymphomas and high grade gliomas [32]. This indicates a lack of
coupling between cellular proliferation and angiogenesis in
lymphomas compared to gliomas, a finding which was supported by
our results for lymphomas which displayed no consistent voxel-wise
correlation and the lowest rate of spatial concordance.

Overall, only one third of our patients demonstrated spatial
concordance between the maximum PWI-derived CBV or CBF and
spectroscopy-derived metabolites. On the other hand, the lack of
spatial concordance between perfusion and metabolic information
within brain tumors, in particular in anaplastic astrocytomas and
glioblastomas (as well as lymphomas) as seen in our study, may be
explained by the finding that tumor neovascularization does not
necessarily lead to a higher CBV or CBF either due to tumor vessel
thrombosis [33] and/or due to vessel compression induced by elevated
tissue pressure caused by endothelial leakage in the presence of

disrupted blood brain barrier [34]. Furthermore, high grade gliomas in
particular are known to be very inhomogeneous with areas of vascular
proliferation along with areas of necrosis due to hypoxia [35].
Similarly, histological studies of glioblastomas observed glomeroid
bodies alluding to neoangiogenesis as well as pseudopalisades
(hypercellular areas at the periphery of necrotic areas) indicating
necrosis and tumor cell migration away from the necrotic, i.e., hypoxic
areas within the tumor [36].

Of note, both the maximum CBV and the Cho/Cr and Cho/NAA
ratios (individually and in combination) were demonstrated to
increase sensitivity and positive predictive value in glioma grading
compared to conventional MR imaging [20]. In addition, previous
studies reported that PWI [37] and MRSI (increased Cho/Cr ratio)
[38] could reduce sampling error by ameliorating the identification of
the target areas for biopsy or resection of gliomas. Hence, our findings
of inconsistent spatial distributions of the areas of pathologic values of
perfusion and spectroscopy favor the suggestion to use fused PWI and
MRSI images for a more accurate preoperative brain tumor
characterization and selection of stereotactic biopsy targets as well as
therapy planning. However, the differentiation between tumor entities
(e.g., glioblastoma and lymphoma by means of the voxelwise
correlation analysis remains delicate, as significant correlations in all
tumor groups and in all value combinations were observed.

A drawback of MRSI with long TE, as used in our study, is that it
does not allow the depiction of myo-inositol which has been shown to
be a marker for low grade gliomas, i.e., higher in low vs. high grade
gliomas [39,40]. The advantage of MRSI over SVS, however, is the
better delineation of tumor heterogeneity for which the metabolic
characterization and potentially related pathogenesis was the focus of
our study. To asses even small malignant foci and to avoid partial
volume effects a small voxel size of 1 ml was chosen for MRSI. The
drawback is a longer acquisition time or relatively low signal to noise
ratio which can cause errors in the peak integrals. However, Stadlbauer
et al. showed that high resolution MRSI is capable of providing reliable
results [41]. Without more sophisticated offline post processing a
correction of these errors and quantitative measurement of the
metabolite values was not possible. However, the manufacturer's
software offers an approximation of the peak signal intensity integrals
and MRSI allows for normalizing the integrals to healthy white matter.
Moreover the spectra were thoroughly read, poor quality spectra were
excluded and a long TE was used to minimize baseline influence [42].
Additionally, although the histologic types and grades of the tumors
are known, the study cannot provide voxel-wise histologic
information.

To the authors’ knowledge this is the first voxel-wise intra- and
interindividual correlational analysis of the MR perfusion parameters
CBV and CBF with the MRSI-derived metabolites Cho, Cr, NAA and
their metabolite ratios Cho/Cr, Cho/NAA and NAA/Cr in brain
tumors complemented by a spatial concordance analysis of the most
pathological perfusion and metabolic measures within the brain
tumors under investigation.

Our results indicate a significant relationship between
vascularization (increased CBV and CBF) and cell proliferation
(increased Cr) in II° gliomas and, to a lesser extent, in glioblastomas
but not in anaplastic astrocytomas or lymphomas.
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Conclusion
In conclusion, our findings suggest that heterogeneity in brain

tumors may be due to regional differences in vascularization and
metabolism that do not necessarily parallel. The low overall spatial
concordance rate of the most pathological perfusion and metabolic
alterations within the brain tumors leads us to suggest that the
deployment of fused PWI and MRSI imaging would allow a more
accurate preoperative brain tumor characterization and selection of
stereotactic biopsy targets (and therapy planning) but this warrants
future investigation with more detailed, spatial correlation with
histology.
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