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Summary
MRSI acquisition from preclinical brain tumours in mice
(glioblastoma and oligodendroglioma) can be properly
performed in a 7T Biospec ® MR system in approximately
20 minutes per echo time (12 and 136 ms) with the CSI
method using PRESS localization. FASTMAP shimming
produces the required B0 field homogeneity. Initial processing before exporting can be carried out with the Paravision
5.0 software. Further post-processing with other software:
3dCSI, DMPM, SC2.0 and associated modules, can produce
average spectra from selected regions, molecular images
of selected peak heights or even nosologic-like tissue type
images. Applications of this strategy are illustrated for brain
tumours, but should not be limited to them.

Introduction
One of the most promising non-invasive methods for
supporting MRI and radiology in the diagnosis of several
diseases is 1H-MRS (1). Single voxel (SV) MRS allows

measuring the biochemical content of living tissues and provides metabolic information complementary to anatomical
changes found in radiological and MRI exams (2–4). In addition, magnetic resonance spectroscopic imaging (MRSI),
provides metabolic information which can be processed
and presented as density maps of several metabolites from
humans or preclinical models (5), allowing, for example, the
differentiation of tumour grade and spatial metabolic heterogeneity inside brain tumours, and the delimitation of regions
with metabolic abnormalities (6,7). MRSI allows the study
of large regions enclosing the lesion and this information
is very useful for delineating the border of the tumour for
neurosurgery purposes and for determining cell infiltration
before selecting an appropriate radiotherapy protocol (8). The
detectability of infiltration is also related to the concentration of infiltrating cells and to the uniqueness and relative
amount of the infiltration biomarker used, e.g. detection
of mobile lipids in an apparently normal brain parenchyma
region would immediately suggest possible infiltration.

Constant improvement and refinement in MRSI techniques,
including higher magnetic field strength magnets and better
methods of data acquisition and processing, have improved
both spatial and temporal resolution in recent years. High
magnetic fields provide higher sensitivity and better spectral
resolution. Very efficient localized shimming approaches,
like Fastmap and Mapshim (9,10), have been developed to
optimize the static B0 field homogeneity in a straightforward manner. Good shimming is a prerequisite for successful MRSI in order to have good water suppression, narrow
spectral peaks and to minimize image distortion. Outer
volume saturation (OVS) techniques are also a standard feature on most MR scanners and are required for good MRSI.
As for data acquisition, several approaches have been implemented- like elliptical, circular or Hanning-weighted k-space
sampling schemes- for improving the point spread function
while maintaining or reducing the total experiment duration.
The main goal of this report is to illustrate the application
of MRSI to produce molecular images of preclinical brain
tumours: glioblastoma (GBM, grade IV) and oligodendroglioma (ODG, grade II), using their spectroscopic profile, and
the utility of Perturbation Enhanced MRSI (PE-MRSI) for
tumour characterization.

Material and Methods
Ten female C57BL/6 mice, 20–22g weight, were obtained
from Charles River Laboratories (France) and were housed
at the Universitat Autònoma de Barcelona animal facility
(Cerdanyola del Vallès, Spain). The S100β-v-erbB/Ink4aArf(+/-) Genetically Engineered Mice (GEM) model was
obtained from the MMHCC, NCI-Frederick, USA repository
and housed at the same facility. Two GEM (ODG II) were
then included in this study. All animal studies were approved
by the local ethics committee, according to the regional and
state legislation (protocol DMAH-4600; CEEAH-1176).
C57BL/6 animals were inoculated with GL261 glioma cells
(105 in 4µl of RPMI culture media) by stereotactic intracranial injection into the striatum of the right hemisphere, as
described in (11).

MRSI experiments were performed at 7 Tesla in a Bruker
Biospec 70/30 USR equipped with a B-GA 12 gradient coil
inserted into the standard B-GA 20 S gradient coil set up.
This high-performance spectrometer hardware provides gradient strengths of 400 mT/m with slew rates of 5,500 T/m/s
and rise times of 80 microseconds, and has high shim
currents giving shim strengths up to 240 Hz/cm2 /A. High
duty cycles are used to minimize B0 field drift due to temperature variations that could be caused by those high shim
currents. A 7.2 cm inner diameter volume coil was used for
excitation together with a dedicated mouse brain quadrature
1H surface coil, with a shape adapted to the mouse head for
an optimal B1 homogeneity and sensitivity in the area of the
brain, for signal reception.
Animals were placed in a mouse bed and anesthetised
with isoflurane 0.5–1.5% in O2, keeping their respiratory
frequency between 60–80 breaths/min during MRI scans. A
recirculating water-system, incorporated in the animal bed,
was used to control the body temperature, measured by a
rectal probe and kept between 37–38ºC, unless otherwise
indicated. Breathing and temperature were constantly monitored (SA Instruments, Inc., New York, USA).
Six animals were used for MRSI studies. Two reference
high-resolution T2W images, with different TE (36 and
132 ms respectively), and 12 ms and 136 ms TE basal MRSI
were acquired. Acquisition parameters for T2w sequences
were: echo train length, 8; field of view (FOV), 17.6 x
17.6 mm; matrix (MTX), 256 x 256 (75 x 75 μm/pixel);
number of slices (NS), 1; slice thickness (ST), 1 mm; TR,
3000 ms: TE, 36 and 132 ms; number of averages (NA), 3;
total acquisition time (TAT), 3 min and 36 sec.
MRSI experiments were acquired using a 2D CSI (Chemical
Shift Imaging) sequence with PRESS localization, FOV,
17.6 x 17.6 mm; Volume of Interest (VOI), 5.5 x 5.5 x 1.0 mm,
positioned such that most of the tumour and part of the
nearby normal/peritumoral brain parenchyma were included;
ST, 1 mm; TR, 2500 ms; SW, 4006.41 Hz; 512 NEX; TAT,
21 m 30s. Water suppression was performed with VAPOR
and linear and second order shims were automatically
adjusted with FASTMAP in a 5.8 x 5.8 x 5.8 mm volume
which contained the VOI region. Six saturation slices (ST,10
mm; sech-shaped pulses: 1.0 ms/20250 Hz) were positioned
around the VOI to minimize outer volume contamination in
the signals obtained. Spatial resolution was defined by a 8
x 8 voxel matrix over the FOV (4.84 μl nominal resolution)
reconstructed after Fourier interpolation to a 32 x 32 matrix,
as described in (12). After the studies were completed,
mice were sacrificed with an i.p. injection of pentobarbital
(200 mg/Kg, 60 mg/ml). ODG afflicted-mice brains were
collected, fixed in 4% formaldehyde and analysed by histopathology (H&E staining) in order to obtain the tumour
diagnosis.

Four animals were used for Perturbation-Enhanced-MRSI
(PE-MRSI) studies. Their body temperature was stabilised
to 28.5–29.5 ºC, 45 min after inducing anaesthesia, because
moderate brain hypothermia (~30ºC) has been reported to
be a necessary requirement in the GL261 tumour model
in order to maximize the hyperglycemia-induced pattern
perturbation (12). MRSI sequence parameters were the same
described above. Two reference MRSI scans were initially
acquired, one with short echo time (12 ms TE), followed by
another one at long echo time (136 ms TE). At this point
(90 min after induction of anesthesia), acute hyperglycemia
was induced by an i.p. bolus injection of 10 mL/g D-glucose
25% (w/v) in saline (1.4 M)(11). Five consecutive short TE
MRSI scans were then acquired.
MRSI grid spectra were processed in the Bruker’s CSI
Dashboard Tool software (within Paravision v 5.0, figure
1), with an exponential line broadening of 4 Hz. First-order
phase correction was performed in the central spectrum of
the grid and then applied to the rest. The 2dseq files from
Bruker were post-processed with the 3diCSI software (13)
in order to obtain text files containing all the information
acquired with MRSI sequences, including apodization and
phase correction. These text files were processed with
the software developed in our group, the Dynamic MRSI
Processing Module (DMPM) (14), which runs some scripts
in Matlab for normalising each spectrum to unit length
(UL2) and converting the text files to color-coded maps
representing the relative intensities of the user-selected
metabolites (e.g. mobile lipids (ML) + lactate at 1.3 ppm or
glucose+taurine at 3.43 ppm).

Results and Discussion
All tumours were clearly visible and well defined in the
high-resolution T2w images used as references for MRSI
acquisition (see two representative examples in Figure 2).
The shimming performed with the FASTMAP procedure
before MRSI acquisition provided good quality spectra with
a linewidth below 20–22 Hz for tissue water in all cases.
The MRSI spectra obtained showed a good signal to noise
ratio (considering a threshold of 7.8). Figure 1 shows a
screen-shot of the Paravision 5.0 MRSI processing module.
In Figure 2, the mean spectra from a GL261 GBM (grade
IV) and an ODG (grade II) are extracted from the tumour
voxels selected from their respective MRSI grids (VOI)
and compared. A visual analysis of the average tumour
spectral pattern reveals for example that the ratio choline/
creatine (3.21/3.03 ppm) is clearly higher in the GBM, than
in the ODG-II. Mobile Lipids (ML) resonances at 0.9 ppm
and ML+Lactate at 1.3 ppm also reach high levels in both
tumours.
Figure 2

Figure 1

MRSI acquisitions from brain tumours of different type and grade
and their respective mean spectra (normalised to UL2) calculated
from some of the voxels in the VOI. On the top row, data from a
representative GL261 GBM are shown and, in the bottom row,
data from a representative ODG-II are displayed. From left to right:
High-resolution T2w images from tumour afflicted mice with the
acquisition VOI marked with a yellow line. VOIs from both tumours
containing their respective spectral grid for (10 x 10 voxels). Some of
the GBM spectra are selected in red colour and some of the ODG-II
in green colour. Mean spectra (SD in gray shading, obtained using a
homemade script in R software v 2.6.1.) from both type of tumours
acquired at short TE (12 ms), in the range of 0.5 to 4.5 ppm are
shown in the right column.

Paravision 5.0 CSI visualization Tool and CSI Dashboard Tool software. On the top left corner, there is a T2w image corresponding to
the VOI selected for MRSI acquisition in a GL261 tumour. Under this
image, the MRSI fid processing window is displayed. On the middle
top, the visualization window is shown and under it, the MRSI grid
(10 x 10) obtained after post-processing an MRSI data matrix.

Figure 3

The differences detected at average spectra level in both
cases can be evaluated for shape or heterogeneity in the
metabolic profile of both tumours, generating colour coded
maps for the metabolites of interest (Figure 3). These
maps represent the normalized intensity of one metabolite
selected from the spectral pattern (Lactate or ML+Lactate
for example), in all the voxels contained in the VOI, both
tumour and surrounding brain parenchyma. In the case of
mice with brain tumours, ML+ Lactate signals are high as
expected inside the tumour with higher apparent heterogeneity in the ODG. In the case of Lactate, analysed in MRSI
spectra acquired with 136 ms of TE, the highest signal
intensity is also detected inside the tumour in both cases,
but is clearly higher inside the ODG-II in comparison with
the GBM. This kind of differences may be of interest in further analysis for tumour spectral pattern discrimination.
Further pattern recognition-based data analysis of these
MRSI grids can produce “nosologic-like” tumour type
images (15,16).

On the top row, ML+Lactate maps acquired from spectra signal
heights (TE 12 ms) at 1.3 ppm, superimposed to the high resolution
T2w reference images of a GBM (on the left) and an ODG-II (on the
right). The expanded colour coded maps (normalised to UL2) representing ML peak heights at 1.3 ppm are shown in the second row.
T2w-defined tumour boundaries are drawn with a black dotted line
on the maps, and the relative intensity colour-coded scale is shown
at the right edge of the image. On the bottom row, Lactate maps
acquired from spectral signal heights at 1.3 ppm in TE 136 ms MRSI
spectra.

The metabolic maps obtained from MRSI sequences can
be implemented by acquiring MRSI VOIs after inducing a
metabolic perturbation of the basal tumour spectral pattern.
Glucose injection is an example of this kind of challenge,
because this compound is well known as the major substrate for cerebral metabolism in both man and animals
and is consumed by the tumour(17). Figure 4 shows the
different glucose accumulation in three parts of the MRSI
VOI at four time-points after injection. The peritumoral/
normal brain parenchyma does not seem to be affected, but
glucose+taurine signal intensity (3.43 ppm) clearly changes
along time. Moreover, the two spatial regions studied
inside the GBM respond in a different way to the glucose
challenge, which may be due to spatial heterogeneities in
the tumoral tissue and may be used in further studies for a
better characterisation of the tumour mass.

Figure 4

On the left column, a high resolution T2w reference image with the
VOI selected for MRSI studies in a GL261 GBM is shown on the top.
On the bottom the MRSI grid acquired with short TE (12 ms). The
tumour boundary is drawn with a red dotted line. Three different
regions of the VOI are selected with squares: 1-normal/peritumoral
brain parenchyma; 2-Tumour centre; 3- Tumour edge. On the right
column, spectra acquired from these three spatial regions at four different time-points after glucose injection (time-points in minutes are
described in the colour legend on the top corner at right) are represented. The signal intensity increase at 3.43 ppm is clearly visible for
regions 2 and 3, both inside the tumour (Adapted from (12)).

The differences shown at a spectral level in Figure 4 can
be translated to differences in colour coded maps obtained
from these MRSI sequences. In Figure 5, the colour coded
maps represented correspond to Glucose signal increase in
intensity at four different time-points after injection in the
four animals used in the study. They confirm the differences
observed in Figure 4: glucose accumulation is clearly higher
inside the tumours. Hot-spots of maximum accumulation
are shown inside the tumour mass, which suggest different
metabolic profiles inside this tissue, possibly related to differences in glucose consumption in different regions of the
tumour. Once more, all this information may be useful for
pattern recognition-based data analysis.

Figure 5

On the top row, high resolution T2w images corresponding to the
VOIs selected for PE-MRSI studies in four GL261 tumour bearing
mice. The next four rows show the colour-coded maps representing four time-points after glucose injection, indicated on the left
column. Each column contains the colour-coded maps for glucose
signal intensity of one animal (represented on the first row) at different times. Glucose signal enhancement is visible inside the four
tumours. The maximum intensity is reached at a different time-point
depending on the animal and hot-spots suggest heterogeneity in
glucose consumption in different tumour regions (Adapted from (12)).
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