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In this study, we developed a method to improve the delineation of
intrinsic brain tumors based on the changes in metabolism due to
tumor infiltration. Proton magnetic resonance spectroscopic imaging
("H-MRSI) with a nominal voxel size of 0.45 cm® was used to
investigate the spatial distribution of choline-containing compounds
(Cho), creatine (Cr) and N-acetyl-aspartate (NAA) in brain tumors and
normal brain. Ten patients with untreated gliomas were examined on a
1.5 T clinical scanner using a MRSI sequence with PRESS volume
preselection. Metabolic maps of Cho, Cr, NAA and Cho/NAA ratios
were calculated. Tumors were automatically segmented in the Cho/
NAA images based on the assumption of Gaussian distribution of Cho/
NAA values in normal brain using a limit for normal brain tissue of the
mean + three times the standard deviation. Based on this threshold, an
area was calculated which was delineated as pathologic tissue. This
area was then compared to areas of hyperintense signal caused by the
tumor in T2-weighted MRI, which were determined by a region
growing algorithm in combination with visual inspection by two
experienced clinicians. The area that was abnormal on 'H-MRSI
exceeded the area delineated via T2 signal changes in the tumor (mean
difference 24%) in all cases. For verification of higher sensitivity of our
spectroscopic imaging strategy we developed a method for coregistra-
tion of MRI and MRSI data sets. Integration of the biochemical
information into a frameless stereotactic system allowed biopsy
sampling from the brain areas that showed normal T2-weighted signal
but abnormal '"H-MRSI changes. The histological findings showed
tumor infiltration ranging from about 4-17% in areas differentiated
from normal tissue by "H-MRSI only. We conclude that high spatial
resolution "H-MRSI (nominal voxel size = 0.45 cm®) in combination
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with our segmentation algorithm can improve delineation of tumor
borders compared to routine MRI tumor diagnosis.
© 2004 Elsevier Inc. All rights reserved.
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Introduction

In conventional MRI it is often difficult to delineate the
heterogeneous structure of gliomas. Even the current methods of
choice, T2-weighted MRI and contrast-enhanced MRI as a
technique for visualizing regions where the blood-brain barrier
is damaged, are not specific for tumors and can result in
ambiguous or misleading results (Dowling et al., 2001; Kond-
ziolka et al., 1993). Establishing the position and the extent of the
border zone between tumor and normal brain tissue is one of the
major problems in therapy planning. Proton magnetic resonance
spectroscopic imaging (‘H-MRSI) is a noninvasive tool for
investigating the spatial distribution of metabolic changes in
brain lesions. Calculation of metabolic maps by integrating the
peak area of a metabolite of interest for each voxel is a common
method to allow visualization of these changes (Luyten et al.,
1990; van Der Veen et al., 2000). Several studies have reported
increased levels of choline-containing compounds (Cho) and a
reduction in signal intensity of the N-acetyl-aspartate (NAA) and
creatine (Cr) in brain tumors (Frahm et al., 1991; Majos et al.,
2002; Negendank et al., 1996; Ott et al., 1993; Peeling and
Sutherland, 1992). Choline-containing compounds are composed
of choline, phosphocholine and glycerophosphocholine. The
signal of these metabolites is often elevated in the presence of
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tumorous tissue which is thought to be due to increased
membrane synthesis in rapidly dividing tumor cells (Michaelis
et al., 1993; Miller, 1991).

NAA is regarded as a neuronal marker mainly contained within
neurons (Urenjak et al., 1993). tCr, as signal from both creatine and
phosphocreatine, plays a role in tissue energy metabolism (Kemp,
2000) and is reduced in astrocytomas, but the implication of this
decrease on tumor metabolism is not clear. The range of Cho
increase and NAA decrease is compatible with the range of tumor
infiltration (Croteau et al., 2001; Dowling et al., 2001). In
principle, metabolic maps of NAA and Cho allow the differ-
entiation of necrosis, solid tumor and varying degrees of tumor
infiltration as well as tissue edema. With standard spectroscopic
imaging techniques at 1.5 T, that is, nominal spatial resolution of
about 1 cm® or bigger, the differentiation between tumor and
normal or edematous brain tissue, however, is not sufficient,
especially for the delineation of the tumor infiltration zone.
Pathologic changes within a comparatively small volume cannot
be detected with standard low-resolution spectroscopic imaging
due to partial volume effects.

In this study, we increased the spatial resolution in spectro-
scopic imaging to a value comparable with the resolution of the
frameless stereotactic system used (Steinmeier et al., 2000).
Metabolic maps of Cho and NAA were used for computing Cho/
NAA ratio images to improve the contrast between apparently
normal tissue and tumor. We developed software to achieve
automated segmentation of the tumor including the infiltration
zone in this ratio map based on the assumption of Gaussian
distribution for the Cho/NAA values in normal brain matter. The
resulting spectroscopic image of the segmented tumor was used to
calculate the area of pathologic brain metabolism due to the lesion.
Comparison with the hyperintense area of routine T2w MRI
showed higher sensitivity of our strategy of high-resolution MRSI
in combination with an automated segmentation algorithm. This
result was confirmed with biopsies obtained from the area which
has normal signal in the T2w MRIs but abnormally high Cho/NAA
in the metabolic maps. To achieve this and to allow integration of
biochemical information in a frameless stereotactic system it was
necessary to develop a method for coregistration of MRI and MRSI
data sets.

Materials and methods
Patients and control subjects

Ten patients (six male, four female, 40 £ 11 years old), all with
untreated supratentorial gliomas (WHO grades II and III) were
examined in a separate session after routine MRI. This consisted of
(a) an axial turbo spin echo (TSE) sequence (T2-weighted, 5-mm
slices, TR/TE 4000/98 ms), (b) an axial fluid-attenuated inversion
recovery (FLAIR) sequence (5-mm slices, TR/TE 10000/103 ms),
and (c) pregadolinium and postgadolinium contrast enhanced
coronal gradient echo (GE) sequences (T1-weighted, 5-mm slices,
TR/TE 430/12 and 525/17 ms, respectively). Table 1 summarizes
tumor type and locations. The reason why no glioblastoma patients
were included in this study is that in these tumors very large tumor
cell infiltration occurs (sometimes even into the contralateral
hemisphere) and therefore no radical surgical approach is possible.
Our purpose was to develop an imaging modality to improve the
delineation of brain tumors that allows a more radical resection.

Table 1

Grade and location of the 10 brain tumors investigated

Patient no. Tumor type WHO Tumor location
(age/gender) grade

1 (49/m) astrocytoma 1T frontal

2 (21/9) astrocytoma 1T frontal

3 (33/%) astrocytoma 1T frontal

4 (56/m) oligodendroglioma 1 frontal

5 (38/m) oligoastrocytoma I precentral

6 (43/f) astrocytoma 1T frontal

7 (33/m) oligoastrocytoma I temporo-occipital
8 (46/m) astrocytoma 1 frontotemporal
9 (34/m) astrocytoma i parietal

10 (53/) oligoastrocytoma 1 frontal

Note. All tumors were diagnosed by histopathologic analysis of biopsy
samples according to the WHO classification of tumors of the central
nervous system. Age in years, f = female, m = male.

This is only achievable in WHO grades I-III tumors and may lead
to a higher survival rate. Additionally, an age- and sex-matched
control group of 10 healthy volunteers was examined for validation
of the segmentation method.

MRI and MRSI acquisition

All studies were performed on a 1.5 T clinical whole body
scanner (MAGNETOM Sonata, Siemens Erlangen, Germany)
equipped with the standard head coil. In each MRSI session a
localization scan and an axial spin echo (SE) sequence (TI-
weighted) were acquired for MRSI excitation volume location. The
Tlw SE sequence was used for matching spectroscopic images
to an anatomic three-dimensional magnetic resonance image set
(Stadlbauer et al., 2004). The parameters were TR/TE 500/15 ms,
256 X 256 matrix size, 16 X 16 cm FOV, 20 slices with no gap and
a slice thickness of 2 mm. The MRSI sequence was performed
within the same MRI session immediately afterwards. The MRSI
slab with Point-RESolved Spectroscopy (PRESS) volume prese-
lection was aligned precisely to a selected SE slice by copying and
pasting the image position. Water suppression was achieved using
three CHEmical Shift Selective (CHESS) pulses before the PRESS
excitation. The MRSI parameters were TR/TE 1600/135 ms, 24 X
24 circular phase-encoding scheme across a 16 X 16 cm FOV, slice
thickness 10 mm, 50% Hamming-filter and 2 NEX, spectral width
1000 Hz and 1024 complex points acquisition size. The total
spectroscopic data acquisition time was less than 13 min. The
nominal voxel size was 0.67 X 0.67 x 1.00 cm® (approximately
0.45 cm’ resolution). After zero-filling to 32 x 32 matrix size the
nominal volume of a voxel was 0.25 cm®. Taking into account the
effect of the applied k-space filter (50% Hamming) on the full-
width-at-half-maximum (FWHM) the estimated voxel size was
approximately 0.5 cm® (Vikhoff-Baaz et al., 2001).

The PRESS excitation volume was positioned to exclude lipids
of the skull and subcutaneous fat. While examining patients we
covered the whole or at least the bulk of the tumor and as much
apparently normal brain tissue as possible.

In a single session 1 day before biopsy sampling a three-
dimensional anatomic magnetization prepared rapid acquisition
gradient echo (MPRAGE) sequence was performed with the
following parameters: TR/TE 2020/4.38 ms, 25 X 25 cm FOV, 1
mm isotropic and 160 slices. This MPRAGE study was used for
frameless stereotaxis. For registration in a frameless stereotactic
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system (VectorVisionSky, BrainLab, Heimstetten, Germany) 6—8
adhesive skin fiducials were positioned in a scattered pattern on the
head surface before imaging.

MRSI data analysis

Zero-filling to 32 X 32 matrix size and 2D spatial Fourier
transformation was performed with the manufacturer’s data-
processing software (syngo MR 2002A). MRSI raw data sets were
processed with the freely available reconstruction program csx (for
Linux), obtained from PB Barker (Baltimore, USA). Spectroscopic
imaging data were exponentially filtered with a line broadening
factor of 3 Hz, zero filled to 2048 data points and Fourier
transformed with respect to the spectral dimension. To remove the
residual water peak we used a high-pass convolution filter (50 Hz
stop band) (Jacobs et al., 2001). Magnitude spectra were
calculated, the position of NAA was set to 2.02 ppm and a
susceptibility correction was applied to correct for voxel-to-voxel
frequency shifts. The susceptibility correction was based on
finding the frequency of the same resonance peak common to all
the spectra. The peak areas for Cho, Cr and NAA were calculated
by integration over the frequency range of 3.34-3.14, 3.14-2.94,
and 2.22-1.82 ppm, respectively. Smooth linear interpolation to a
256 X 256 matrix resulted in the metabolic maps (Figs. 1A and B).
Cho and NAA images were used to calculate a map of Cho/NAA
ratios (Fig. 1C).

Our assumptions were (1) the values for Cho/NAA in normal
brain follow a Gaussian distribution, and (2) those for the tumor,

including the border zone, are significantly increased. These
assumptions represent the basis on which our tumor segmentation
procedure was developed. We determined a “healthy region” of
predominantly white matter on the contralateral side and at a
sufficient distance from the lesion according to the Cho/NAA ratio
map (red rectangle in Figs. 2A and B). The selected region had to
contain a sufficient amount of Cho/NAA values to allow statistical
evaluation and to test our assumption of a Gaussian distribution of
the Cho/NAA values in the normal brain. The size of the selected
region was not related to the size of the tumor but rather chosen to
be larger (or at least equal). The characteristics of Gaussian
distribution are unimodal, symmetric and mean = median = modal
value. Both of the first properties were checked by inspection of
the histogram (Fig. 2C), the latter by calculation and comparison of
the three characteristic parameters for the Cho/NAA values of the
selected region. The test for Gaussian distribution given by David
et al. (1954) was additionally performed. In case of a Gaussian
distribution there is a relationship between the proportion of cases
(here amount of Cho/NAA values) in between an interval of the
mean *+ n times standard deviation (SD, n =1, 2, 3,...).

For known mean and SD of the Cho/NAA values this means for
the Gaussian distributed Cho/Naa values in the normal brain:
68.3% of all Cho/NAA values are contained in an interval of mean
+ 1 SD, 95.4% of all Cho/NAA values are contained in an interval
of mean + 2 SD, 99.7% of all Cho/NAA values are contained in an
interval of mean + 3 SD and so on. To perform segmentation of
the MRSI data the mean and the standard deviation of the Cho/
NAA ratios were calculated for the selected region in the map and

Fig. 1. Spectroscopic images of patient no. 9 with an astrocytoma (WHO grade III), color-coded and overlaid on T2w MRIs. Metabolic map of Cho (A) and
NAA (B). (C) Map of the Cho/NAA ratios. (D) Anatomical reference (T2w) overlaid with the CSI grid (green) and the VOI (PRESS box, white rectangle).

Color code: violet = minimum, red = maximum.
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Fig. 2. Segmentation procedure (patient no. 5). (A) Anatomical reference
(T2w) with CSI grid (green), VOI (white rectangle) and selected “healthy
region” (red rectangle). (B) VOI-map of the Cho/NAA ratios with selected
“healthy region” (red rectangle). (C) Histogram of the selected “healthy
region” overlaid in red with the calculated Gaussian distribution and the
mean and mean + 3SD of this histogram. (D) Histogram of the whole Cho/
NAA map overlaid with the position of mean + 3SD cutoft calculated. (E)
Histogram and (F) metabolic image of the segmented tumor. The FOV of
the metabolic images (B) and (F) (including the black frame) corresponds to
the CSI grid in (A). Color code: dark blue/violet, normal tissue; light blue/
green, tumor border; and yellow/red: tumor center.

all Cho/NAA values in the whole map less than the mean + 3 SD
were set to zero (Figs. 2D and E). This enabled the elimination of
all but 0.3% of normal brain areas in the Cho/NAA map and hence
the segmentation of the tumor (Fig. 2F). The segmentation
procedure was tested with '"H-MRSI data from healthy controls
and a head phantom containing a physiological brain metabolite
solution acquired with the identical measurement protocol
described above.

MRI evaluation

The T2w TSE data set of the routine tumor MRI of each patient
was contoured automatically using the medical imaging software
OSIRIS (version 4.17) obtained from the University Hospital of
Geneva, Switzerland (Paek et al., 2002). This segmentation
strategy consists of a region growing algorithm starting with a
seed point defined by both a neuroradiologist and neurosurgeon

and growing a region by appending neighbors having similar gray
levels. The results were subsequently reviewed and verified
independently by an experienced neuroradiologist and a senior
neurosurgeon in separate sessions. The T2w area was contoured as
the area of hyperintensity on the TSE images. The maximum of the
calculated T2w hyperintense areas covered by the PRESS-box
delineated on the TSE images, corresponding to the MRSI slab,
was used for comparison with the area of the segmented tumor in
the Cho/NAA map.

Coregistration of metabolic and anatomical MR images

Accurate coregistration of the data of the MRSI slab (10 mm
thick) with five slices (each 2 mm thick, no gap) of the anatomical
MRI was achieved, due to having chosen the same FOV and
precisely aligned the T1w SE protocol and the MRSI experiment.
A combined data set consisting of MRI and MRSI data, a so-
called MRI/MRSI hybrid data set, was created and matched
exactly to a 3D data set for use with frameless stereotaxy
(Stadlbauer et al., 2004).

Biopsy sampling and histopathological work up

Biopsy sampling was performed with the use of a frameless
stereotactic system. Specimens were obtained from the region,
which were defined according to the difference area between the
metabolic map of the segmented tumor and the contoured T2w
hyperintensity (Fig. 3A). The “difference area” is defined as the
brain area which has abnormally high Cho/NAA but normal T2w
signal. The location of the biopsy was labeled by the navigation
software (Fig. 3B). Hence, the histopathological findings of the
specimen could be tracked back to the actual voxel in the MR data
set and, simultaneously, to the surgical site by video overlay.

All glioma specimens were histologically assessed according to
the WHO classification of tumors of the nervous system. Tumor
cells were identified using formalin-fixed and paraffin-embedded
sections either stained with hematoxylin-eosin (HE) or monoclonal
antibodies against p53, Map2c, or Ki67. Semiquantitative assess-
ment of tumor cells versus preexisting brain parenchyma was
obtained microscopically (Olympus, Hamburg, Germany) using
analysis software (Analysis, Soft Imaging System GmbH, Lein-
felden-Echterdingen, Germany) at 200-fold magnification in five
different subfields of 348 X 261 pm in size. Only cells with a
distinct nucleus were taken into account. All data were calculated
as mean tumor cell number/whole cells in percent.

Results
Metabolic maps and segmentation

Our procedure for segmentation was tested with both MRSI
data sets of the physiological metabolite solution in the brain
phantom and the brains of controls. The Cho/NAA ratios of the
selected regions were checked for Gaussian distribution for both
controls and patients. All histograms showed an almost unimodal
and symmetric distribution. In addition, the statistical test (David et
al., 1954) confirmed the Gaussian nature of Cho/NAA ratio
distribution. For the brain phantom, the three values differed by
less than 1% and the area not removed after running the
segmentation algorithm was less than 0.6% of the VOI. The
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Fig. 3. Screenshots of the frameless stereotactic system software (patient no. 7). (A) 3D reconstructed biopsy sampling plan. The target volume was the
difference volume (green) between the metabolic map of the segmented tumor and the contoured T2w hyperintensity (pink). (B) Enlarged axial slice with the
location of the biopsy (yellow cross) in the difference volume labeled with the navigation software.

statistical evaluation of the 'H-MRSI data of healthy controls
showed that the differences in the three characteristic values for the
selected regions of the control’s brain were less than 1.7%. The
residual area after segmentation of healthy brains was less than 3%
of the VOI. Brain regions occasionally not removed were the
ventricles and the sulci. The mean, median and modal value for the
ratios in the selected normal brain region of patients differed by
less than 3%. These results also confirmed our assumption of
Gaussian distribution of the Cho/NAA ratios in normal brain.
Metabolic maps of Cho and NAA for a patient with an
astrocytoma (WHO grade III) are presented in Figs. 1A and B. It is
clear that the contrast tumor vs. normal brain in these images is not
sufficient for delineation of the border zone of the tumor. The
signal differences in the map of the Cho/NAA ratios (Fig. 1C) are
more distinct and the region of tumor infiltration is more clearly
visible than in Figs. 1A and B. Fig. 1D shows an anatomical
reference of the same patient. The CSI grid and the PRESS
preselected volume (white rectangle within the brain) are overlaid.
An anatomical reference with similar overlays of a patient with
an oligoastrocytoma (WHO grade III) is presented in Fig. 2A. The
selected “healthy region” is delineated as a red rectangle. The map
of the Cho/NAA ratios calculated within the PRESS volume (Fig.
2B) demonstrates that the variation of the Cho/NAA values for
normal brain are small and partial volume effects are reduced. The
histograms of the selected region (red rectangle) and the whole
Cho/NAA map are presented in Figs. 2C and D, respectively. The
histogram and the resulting metabolic map after running the
segmentation algorithm, that is, the spectroscopic image of the
segmented tumor, are shown in Figs. 2E and F, respectively.

MRI/MRSI tumor area comparison and biopsy sampling

Our method for coregistration of MRI and MRSI data using a
MRI/MRSI hybrid data set allows the direct comparison of T2w
hyperintense areas and the areas of the segmented tumor in the
Cho/NAA ratio map (Figs. 4B and E). Consequently, the fact that
the PRESS selected region (PRESS box) did not always include the
entire T2w hyperintense area was unproblematic. Furthermore, the
frameless stereotactic software allowed tracking back the biopsy
locations to the exact voxel position in the MR data set. For

& sl

Fig. 4. Comparison of MRI/MRSI-defined tumor areas and biopsy
sampling. (A and D) Anatomical images (T2w) of patients no. 5 and 7,
respectively, overlaid with tumor border contours of the MRSI experiment
(green) and T2w hyperintensity (red). The black rectangle delineates the
position of the PRESS box. (B and E) Enlarged tumor images with the
biopsy location (white cross). (C and F) Corresponding with 5% and 10%
Map2c positive cells, respectively.
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Fig. 5. Quantitative comparison of MRI/MRSI-defined tumor areas of all 10 patients. Tumor areas in the segmented Cho/NAA maps are shown in green and
T2w hyperintense areas in red. Patients are ordered by increasing T2w hyperintensity just as in Table 1.

verification of the higher sensitivity in detection of pathologic
changes of the MRSI experiment combined with the segmentation
algorithm we used biopsies obtained from the area detected as
tumor only by 'H-MRSI (Fig. 3). In nine out of 10 patients biopsy
sampling from a predefined area was successful. In one single case,
a biopsy was impossible due to technical problems. In all nine
cases histological findings showed tumor infiltration ranging from
about 4—-17% (mean 9%) of p53 or Map2c positive cells (e.g., Figs.
4C and F). All patients had segmented MRSI tumor areas that were
greater than the T2w hyperintense areas covered by PRESS box
(Fig. 5). The tumor areas according to the T2w hyperintensity
ranged from 220 to 1902 mm?, those according to MRSI ranged
from 277 to 2017 mm?. On average MRSI tumor areas were 24%
larger compared to T2w areas (range 6-33%, P = 0.00004).

Discussion

"H-MRSI has been used extensively for the evaluation of brain
tumors. The major indications for brain tumor spectroscopy have
ranged from differential diagnosis to assessment of treatment
response. However, due to the lack of standardized methods for
evaluation of multidimensional spectroscopic data, MRSI has not
yet become a tool in clinical routine. Therefore, T2-weighted MRI,
and pre- and postgadolinium contrast enhanced T1-weighted MRI
are usually the basis for surgical or radiation therapy treatment
planning of brain tumors. In an attempt to overcome these
limitations, we developed an automated method for delineation
and segmentation of the lesions related metabolic changes. We
achieved significantly improved delineation for gliomas compared
to the imaging strategies used in clinical routine. Furthermore, the
delineated tumor borders were results of a mathematical process
and not based on the investigator’s experience.

It is known that the Cho/NAA ratio is markedly increased in
brain neoplasms. We used maps of Cho/NAA ratios to achieve a
better differentiation between normal brain and tumor tissue and
also to reduce partial volume effects (McKnight et al., 2001).
Investigation of normal brain regions of patients and healthy
controls enabled us to establish the Cho/NAA ratio in normal brain
tissue as being Gaussian distributed. The increased Cho/NAA ratio
in tumor tissue and the Gaussian distribution in normal brain tissue
were utilized to develop an algorithm for the differentiation of

tumor tissue versus normal brain tissue. The result constitutes a
novel method to segment gliomas on the basis of the biochemical
changes by means of a user-independent algorithm. Comparison of
the area of pathologic brain metabolism with the T2w hyperintense
areas of routine MRI showed higher sensitivity in delineation of
brain tumor borders. This was confirmed by histopathologic
findings in the difference area between the MRSI and T2w
hyperintensity tumor contours.

Our prime motivation was to improve the specificity of 'H-
MRSI in brain neoplasms by increasing spatial resolution and
segmentation of the lesion specific changes in metabolism.
Visualization of metabolic changes in brain tumors has been
achieved via a number of approaches (Fulham et al., 1992; Go et
al., 1995; Kamada et al., 2001; Mader et al., 1996; Preul et al.,
1996). Images of different metabolite ratios (Cho/NAA, Cho/Cr
and Cr/NAA) were utilized by Li et al. (2002) for evaluating and
characterizing gliomas. De Edelenyi et al. (2000) showed six major
metabolite peaks (Cho, Cr, NAA, alanine, lactate and/or lipids, and
lipids) and information contained in T2-weighted MR images in a
profile, so-called nosologic images, and used them for character-
ization of brain tumors.

As early as 1992, Fulham et al. showed that images for Cho and
NAA are most suitable for tumor spectroscopy (Fulham et al.,
1992). The signal differences between normal brain and tumor are
sufficient to show the position of the tumor but not for accurate
delineation of the border zone (Figs. 1A and B). In addition, partial
volume effects of cerebrospinal fluid in sulci and ventricles
modulate the level of these metabolites in normal brain tissue.
This may cause metabolic variations in normal brain regions not
related to pathology. In a recent publication McKnight et al. (2001)
showed that the use of Cho/NAA ratios is suitable for delineation
of the tumor border. They assumed that the relation between Cho
and NAA in normal brain could be modeled as a linear function
and used this to select voxels as internal controls for quantifying
the probability of abnormality at each voxel location in patients
with gliomas. In further studies of this group (Pirzkall et al., 2001,
2002), they achieved segmentation of brain tumors using this
method and the definition of abnormality index contours. These
contours and contours for T1w region of contrast enhancement and
T2w region of hyperintensity were overlaid on anatomical images
or on maps of Cho/NAA (Nelson et al., 2002) and used for target
delineation in radiation therapy treatment planning. For low-grade
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glioma they found that in 55% of their patients the MRSI contour
was contained totally within the T2w contour. Furthermore, MRSI
defined pathologic changes extending beyond the hyperintense
T2w region was quite small and not distributed uniformly. For
high-grade glioma they found that metabolically active tumor
extended outside the hyperintense T2w region in 88% of their
patients. Their findings were not validated by histology, however,
and in contrast to their methods our approach is to segment the
tumor in the metabolic image. This method reflects the pathology
of the tumor in a more realistic way because tissue containing
different levels of tumor infiltration is displayed according to its
spatial distribution.

In conclusion, the method presented in our study utilizes the
higher stability of metabolic ratios and a user-independent
segmentation algorithm for delineation of brain tumors on the basis
of the biochemical changes. We demonstrate that increasing spatial
resolution MRSI in combination with our method can improve
delineation of tumor borders compared the imaging routine clinical
strategies. We have shown that 'H-MRSI is more specific in the
delineation of glial tumor cell infiltration than T2w signal changes.
However, it is possible that p53 and Map 2c¢ could be found beyond
our calculation of tumor pathology based on metabolic changes
determined by 'H-MRSI. This may be due to the still rather course
spatial resolution of our "H-MRSI experiment. To achieve even
higher spatial resolution or increase the sensitivity it would be
required to work at 3 T (Gruber et al., 2003) or higher field strengths
not yet widely available in a clinical environment. Finally, the
method presented has the potential for intraindividual and
interindividual investigation of metabolic changes of other pathol-
ogies such as neurodegenerative disorders and epilepsy.
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