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High Resolution Localized Two-Dimensional MR
Spectroscopy in Mouse Brain In Vivo

Niels Braakman,1 Thomas Oerther,2 Huub J.M. de Groot,1 and A. Alia1*

Localized two-dimensional MR spectroscopy (2D MRS) is im-
pacting the in vivo studies of brain metabolites due to improved
spectral resolution and unambiguous assignment opportuni-
ties. Despite the large number of transgenic mouse models
available for neurological disorders, localized 2D MRS has not
yet been implemented in the mouse brain due to size con-
straints. In this study we optimized a localized 2D proton chem-
ical shift correlated spectroscopic sequence at field strength of
9.4T to obtain highly resolved 2D spectra from localized regions
in mouse brains in vivo. The combination of the optimized 2D
sequence, high field strength, strong gradient system, efficient
water suppression, and the use of a short echo time allowed
clear detection of cross-peaks of up to 16 brain metabolites,
allowing their direct chemical shift assignments in vivo. To our
knowledge this is the first in vivo 2D MRS study of the mouse
brain, demonstrating its feasibility to resolve and simulta-
neously assign several metabolite resonances in the mouse
brain in vivo. Implementation of 2D MRS will be invaluable in the
identification of new biomarkers during disease progression
and treatment using the various available mouse
models. Magn Reson Med 60:449–456, 2008. © 2008 Wiley-
Liss, Inc.
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Proton MR spectroscopy (MRS) is an indispensable tool for
noninvasive in vivo analysis of brain metabolites. MRS is
increasingly used in the area of neurodegenerative dis-
eases and other brain illnesses (1,2) especially due to the
realization of its potential role in identifying crucial in
vivo biomarkers of these diseases (3,4). However, low con-
centrations of several brain metabolites and difficulty in
separating the resonances of metabolites with coupled
spin systems restricts the application of in vivo 1D MRS in
identifying potential biomarkers of these diseases. In con-
trast to localized 1D MRS, localized two-dimensional (2D)
MRS overcomes the problem of spectral overlap consider-
ably because the resonances are spread over a two-dimen-
sional surface rather than along a single frequency dimen-
sion. In addition, 2D MRS provides spectral assignment
opportunities stemming from correlations between pairs of
related resonances. Thus in vivo application of localized
2D MRS can allow separation and unambiguous assign-

ment of resonances of several metabolites in a single mea-
surement (5). The linear relationship between cross-peak
volume and concentration has been previously used for
quantification of metabolites using 2D MRS (6–8). Several
studies in humans (9–12) and a few studies in rats (6,7,13)
have shown promising results with localized 2D MRS by
correctly distinguishing metabolites that could not be un-
ambiguously identified using 1D MRS. However, due to a
low signal-to-noise ratio, a relatively low number of mol-
ecules could be clearly detected and a bigger sample vol-
ume (voxel) was necessary to achieve reasonable temporal
resolution. Thus improvement in signal-to-noise ratio of in
vivo localized 2D MRS is still necessary for exploiting its
potential benefits in terms of resolution and assignment
opportunities.

A large number of transgenic mouse models are cur-
rently available for various brain disorders, including neu-
rodegenerative diseases (4). Due to sensitivity issues and
its small size, 2D MRS has not yet been implemented in
mouse brain (5). Successful implementation of 2D MRS in
mice will greatly benefit studies of neurological diseases,
by identifying crucial in vivo biomarkers in the various
transgenic mouse models available for these diseases.

In this study, we implemented and optimized a PRESS-
based localized 2D 1H homonuclear correlation spectros-
copy sequence on a 9.4T MRI scanner using a phantom
solution and obtained for the first time highly resolved
localized 2D MR spectra from the living mouse brain. In
comparison to the earlier in vivo localized 2D studies in
rat brain at 7T (7), we achieved significantly higher signal-
to-noise ratio in a smaller voxel of only 27 �L and provide
direct in vivo assignment of several brain metabolites in a
single measurement in mouse brain.

MATERIALS AND METHODS

Mice

Six female C57bl6J mice aged between 5 and 6 months
were used in this study. All animal experiments were
approved by the Institutional Animal Care and Animal
Use Committee in accordance with the NIH Guide for the
care and Use of Laboratory Animals. For all in vivo MR
measurements, the mice were anesthetized and their res-
piration rate and temperature was constantly monitored as
described earlier (14).

Brain Phantom

As a reference for the in vivo measurements, a brain phan-
tom was designed that contained 11 different brain metab-
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olites in physiologically relevant concentrations. The
phantom was made in potassium phosphate buffer
(50 mM; pH 7.5) containing the following metabolites:
creatine hydrate (10 mM), N-acetyl-DL-aspartic acid
(12.5 mM), phosphocreatine sodium salt (4 mM), choline
chloride (3 mM), L-glutamine (1.5 mM), L-glutamic acid
(12.5 mM), glutathione (1.25 mM), gamma-aminobutyric
acid (1.8 mM), myo-inositol (7.5 mM), taurine (1 mM), and
DL-lactic acid (5 mM). The final pH of the brain phantom
was 7.5. All chemicals were purchased from Sigma-Al-
drich Chemie BV (Netherlands).

MR Spectroscopy

All measurements were conducted at 25° on a vertical
wide-bore 9.4T Bruker Avance 400WB spectrometer, with
a 1000 mTm�1 actively shielded imaging gradient insert
(Bruker BioSpin). The radiofrequency (RF) coil used was a
25-mm volume coil, specifically, a birdcage transmit/re-
ceive coil (Bruker BioSpin). The system was interfaced to
a Linux pc running Topspin 1.5 and Paravision 4.0 imag-
ing software (Bruker BioSpin).

Localized T2-weighted multislice rapid acquisition with
relaxation enhancement (RARE) images were acquired to
select a volume of interest (voxel) as described previously
(14). The MRS voxels were localized either in (a) the
middle of the mouse brain, covering predominantly the
thalamus region and some parts of the hippocampus (4 �
4 � 4 mm3; 64 �L), or (b) in the cortex–hippocampus
regions in the mouse brain (1.7 � 4 � 4 mm3; 27 �L). The
local field homogeneity was optimized by adjustment of
first- and second-order shim coil currents using the FAST-
MAP sequence. The field homogeneity in a 27–64 �L

voxel typically resulted in water line-widths of 5–11 Hz in
phantoms and �16–20 Hz in live mouse brain.

The PRESS (Point Resolved Spectroscopy) sequence (15)
was used for 1D localized 1H MR spectroscopy. This se-
quence uses three hermite RF pulses (90°, 180°, 180°). The
sequence details are described by Mandal (2). The repeti-
tion time (TR) and echo time (TE) were 1500 ms and 15 ms,
respectively. The PRESS sequence used 2048 complex
points, with a spectral width of 10 ppm. The final 1D
spectra were obtained with number of scans � 512 and a
scan times of approximately 13 min.

For 2D localized MRS, the PRESS protocol was modified
based on the study of Thomas et al. (10) to generate a
localized 2D chemical shift correlated spectroscopic se-
quence (L-COSY) for the 9.4T MR spectrometer. The re-
sulting PRESS based L-COSY sequence was integrated in
the Paravision 4.0 imaging software (Bruker BioSpin) and
is shown in Figure 1. The sequence consists of three RF
pulses (90°, 180°, 90°), slice-selective along three orthog-
onal axes. The last slice-selective 90° RF pulse also served
as a coherence transfer pulse for the L-COSY spectrum
necessary for correlating the metabolites peak in the sec-
ond dimension. Optimized hermite 90° and 180° RF pulses
with 1 ms durations were used for localization. The band-
width of 90° and 180° RF pulses were 5.4 KHz and 3.4
KHz, respectively. A total of 16 phase cycles for all the
three RF pulses were used for each localized �t1 incre-
ment. To achieve a short echo time of 15 ms, the duration
of the spoiler gradient necessary to dephase the unwanted
magnetization from outside the voxel was kept to a mini-
mum. Both the 1D PRESS sequence and 2D L-COSY se-
quences were preceded by a VAPOR (Variable Pulse power

FIG. 1. The pulse sequence of 2D L-COSY preceded by a VAPOR sequence for global water suppression interleaved with outer volume
suppression (OVS). The initial value of TE � 15 ms, consisting of two separate echo times; TE1 (6 ms) and TE2 (9 ms). The values of the
variables in the figure are determined as follows: � � TE1/2; t1 � TE1 � �t1; �� � TE2/2.
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and Optimized Relaxation delays) sequence (16) for global
water suppression. The sequence consists of 7 variable
power RF pulses with an optimized relaxation delay. The
relaxation delays t1–t7 between the consecutive pulses
were 150, 80, 160, 80, 100, 37.11, and 57.36 ms, respec-
tively. Water suppression bandwidth was set at 350 Hz.
Outer volume suppression (OVS) was combined in an
interleaved mode with the water suppression scheme, thus
improving the localization performance and reducing the
demands for spoiler gradients. The OVS scheme used a
total of 18 “hyperbolic secant” RF pulses, each with 90°
nominal flip angle and 1-ms pulse length. The OVS slice
thickness was 4 mm with a 0-mm gap to the voxel.

Localized 2D MR spectra were recorded using a TE of
15 ms (TE1 � 6 ms and TE2 � 9 ms), and a TR of 1500 ms
(Fig. 1). To obtain a feasible scan time 2D MR spectra were
recorded using 2048 complex points along F2 and 192
points (incremental excitation steps) along F1, with a spec-
tral width of 11 ppm and 20 averages per excitation step.
This resulted in a total of 3840 scans (192 �t1 increments
and 20 NEX/�t1), yielding a total scan time of approxi-
mately 1 hr 36 min. For the data in the F2 direction only
the first 1024 data points were used. The data in the F1
direction was zero-filled to 1024 points, yielding a square
matrix. Subsequently a squared sine windowing function
was applied, with a sine bell shift of 8. Spectra were
symmetrized to eliminate noise and obtain clearly defined
cross-peaks. Processed data are presented in magnitude
mode. The in vivo 2D spectra were referenced to the diag-
onal peak of Cr at 3.02 ppm.

RESULTS AND DISCUSSION

In Vitro Study

Figure 2 shows a highly resolved 2D MR spectrum ob-
tained from the 64 �L voxel placed at the center of the
brain phantom. Despite low physiological concentrations
of metabolites in the brain phantom and reasonably small
voxel size of 64 �L, excellent spectral dispersion was
achieved at 9.4 Tesla (T). In addition to the resonances of
total creatine (tCr) that were assigned based on their diag-
onal peaks, 9 other metabolites can be directly assigned
based on their network of cross-peaks in the 2D MR spec-
trum (Fig. 2). A summary of the assignment of metabolites
is given in Table 1 (17). The cross-peak (H2, H3) of N-acetyl
aspartate (NAA) is not visible in Figure 2. However, this
cross-peak was present in the spectrum before symmetri-
zation (data not shown) and was highly asymmetric, pos-
sibly due to the unequal effect of water suppression as also
observed in previous 2D studies (6,12). As is clear from
Figure 2 and Table 1, excellent separation of cross-peaks of
the methylene protons of glutamate (Glu) (H3–H4; H3�–H4)
and glutamine (Gln) (H3�–H4) is achieved using the 2D
L-COSY sequence at 9.4 T from a small voxel of 64 �L. In
addition, the cross-peaks of the Glu-moiety of glutathione
(GSH) were clearly separated from free Glu (Fig. 2). The
cross-peaks of choline (Cho) (H1–H2) and myo-Inositol (mI;
H1–H2), which were overlapping at 3T in a previous phan-
tom study (12) were clearly resolved in the present study
(Fig. 2).

In Vivo Study

In vivo high resolution localized 2D MRS was performed
in the mouse brain after image guided positioning of a 64
�L voxel (4 � 4 � 4 mm3) in the center of the brain,
covering predominantly the thalamus region and some
parts of the hippocampus, as depicted in Figure 3a. A
characteristic in vivo 1D MR spectrum of mouse brain
from the same voxel is shown on top of the 2D MR spec-
trum in Figure 3b. Generally short echo time localization
methods minimize T2 relaxation effects, which increases
the sensitivity and reliability of metabolite quantification
(18). A short echo time of 15 ms was used for in vivo 2D
MRS in the present study. As can be seen in Figure 3b, in
vivo localized 2D MRS allowed separation of most over-
lapping peaks for the coupled spin systems that gave rise
to off-diagonal peaks. The singlet resonance of the methyl
group of NAA (2.0 ppm) appeared on the diagonal and
protons from the aspartate moiety of NAA give rise to an
off-diagonal peak, not contaminated by other resonances
(Fig. 3b; Table 1). In addition, 2D spectra showed clear
separation of the cross-peaks of Glu, Gln, GSH, and GABA,
thus allowing the direct in vivo assignment of resonances
of these coupled spin systems. A cross-peak at 2.35 ppm/
1.95 ppm was assigned to the GABA moiety of homocar-
nosine (HCar), a dipeptide that consists of histidine and
GABA (Fig. 3b). The resonances that overlap at 3.2 ppm in
the 1D spectrum are resolved into cross-peaks of mI (H5/
H4), taurine (Tau) (H2/H1), and phosphorylethanolamine

FIG. 2. High resolution localized 2D MR spectrum obtained from 64
�L voxel placed in a brain phantom composed of 11 brain metab-
olites, namely creatine (Cr), N-acetyl-DL-aspartic acid (NAA), phos-
phocreatine (PCr), choline (Cho), glutamine (Gln), glutamate (Glu),
glutathione (GSH), gamma-aminobutyric acid (GABA), Myo-inositol
(mI), taurine (Tau), and lactate (Lac). Spectra were obtained at 9.4 T
using TR � 1500 ms and TE � 15 ms. The 2D data set was apodized
with a QSINE function and zero filled to 1024 in both dimensions. A
summary of the chemical shifts assignments and cross-peaks is
presented in Table 1.
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Table 1
Proton Chemical Shifts of Metabolites Obtained In Vivo (in the Mouse Brain) or In Vitro (Brain Phantom) From Localized 2D MR Spectra
at 9.4T

Metabolites Group

1H-Chemical shift (ppm)*

Origin of cross-peaksIn vitro
In vivo	

In H2O
 In phantom	

Ala 2CH2 (H2) 3.77 3.8a H2-H3

3CH3 (H3) 1.46 1.5a

Asp 2CH (H2) 3.89 3.9 b H2-H3

3CH2 (H3�) 2.80 2.89b

Cho 1CH2 (H1) 4.05 4.05 H1-H2

2CH2 (H2) 3.50 3.50
Glc 3CH (H3) 3.70 3.62a H3-H4

H4-H5

4CH (H4) 3.40 3.4b

5CH (H5) 3.82 3.80a,b

GABA 2CH2 (H2) 3.01 3.02 3.0a H2-H3

3CH2 (H3) 1.89 1.9 1.9a, 1.86b H3-H4

4CH2 (H4) 2.28 2.29a, 2.2b

Gln 2CH (H2) 3.75 3.8a H2-H3

3CH2 (H3�) 2.13 2.13 2.17a, 2.19b H3-H4

4CH2 (H4) 2.45 2.46 2.49a,b

Glu 2CH (H2) 3.74 3.76 3.76a, 3.78b H2-H3

3CH2 (H3) 2.12 2.04 2.10a H3-H4

(H3�) 2.04 2.12 2.12a, 2.17b H3�-H4

4CH2 (H4) 2.34 2.38 2.47a, 2.45b

GPC 1CH2 (H1) 3.61 3.72a,b H1-H2

2CH (H2) 3.90 3.91a,b

Gro 1CH2 (H1) 3.55 3.52b H1-H1�

H3-H3�

(H1�) 3.64 3.67b

3CH2 (H3) 3.55 3.52b

(H3�) 3.64 3.67b

GSH Glutamate moiety 2CH (H2) 3.77 3.78 H2-H3

3CH2 (H3) 2.16 2.18 2.17a,b H3-H4

4CH2 (H4) 2.56 2.55 2.55a,b

HCar GABA moiety 3CH2 (H3) 1.89 1.95a H3-H4

4CH2 (H4) 2.37 2.35a

Lac 2CH (H2) 4.10 4.11 4.14b H2-H3

3CH3 (H3) 1.31 1.31 1.33b

mI 1CH (H1) 3.52 3.56 H1-H2

2CH (H2) 4.05 4.05 H2-H3

3CH (H3) 3.52 3.56 H3-H4

4CH (H4) 3.61 3.67 3.62a,b H4-H5

5CH (H5) 3.27 3.27 3.29a, 3.25b H5-H6

6CH (H6) 3.61 3.67 3.62a,b

NAA Acetyl moiety
Aspartate moiety

2�CH3 (H2�) 2.01 2.04 2.02a,b H3-H3�

3CH2 (H3) 2.67 2.67 2.70a,b

(H3�) 2.49 2.5 2.50a,b

NAAG Aspartate moiety 3CH2 (H3) 2.72 2.78a, 2.74b H3-H3�

(H3�) 2.52 2.55a, 2.51b

PEA 1CH2
2CH2 (H1) 3.98 3.98a H1-H2

(H2) 3.22 3.27a

Tau 1CH2 (H1) 3.42 3.42 3.42a,b H1-H2

2CH2 (H2) 3.25 3.26 3.25a,b

Thr 2CH (H2) 3.58 3.52b H2-H3

3CH (H3) 4.25 4.2b

Tyr �CH (H�) 3.93 3.88b H�-H�

�CH2 (H�) 3.19 3.1b H�-H��

��CH2 (H��) 3.04 3.0b


Govindaraju et al. (17); 	This work; *Estimated accuracy  0.05 ppm.
aproton resonances seen in vivo in 64 �L voxel covering predominantly the thalamus region
bproton resonances seen in vivo in 27 �L voxel placed in cortex/hippocampus region.
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(PEA) (H2/H1), which could be clearly seen in the 2D
spectrum (Fig. 3b). Comparison of the intensities of cross-
peaks of Tau and mI reflects that the level of Tau was

slightly higher than mI in the mouse brain. This is in
contrast to human brain which contains four- to fivefold
higher concentrations of mI than Tau (17,19). The higher

FIG. 3. In vivo high resolution localized 2D MR spectrum from mouse brain obtained at 9.4T. a: Coronal MR image of the mouse brain
obtained by RARE sequence showing the position of the selected voxel of 64 �L (4 � 4 � 4 mm3) covering predominantly the thalamus
region and some parts of hippocampus. b: The 2D MR spectrum from the selected 64 �L voxel in the mouse brain obtained by the PRESS
based 2D L-COSY sequence as shown in Figure 1. A one dimensional spectrum from the same brain region (64 �L voxel) is shown on top
of the 2D spectrum. Spectra were obtained using TR � 1500 ms and TE � 15 ms. The 2D data set was apodized with a QSINE function
and zero filled to 1024 in both dimensions. A summary of the chemical shifts assignments and cross-peaks is presented in Table 1. The
peak M4 arises from macromolecules and is labeled in accordance with Behar and Ogino (21). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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level of Tau in comparison to mI in mice is consistent with
levels reported by Tkac et al. (20) based on their 1D MRS
data at 9.4T. The brain phantom used in this study con-
tained 1 mM Tau, which is a physiologically relevant
concentration for human brain. However, for a future
mouse brain phantom, a concentration of up to 10 mM will
be more relevant (20). The 2D spectrum in Figure 3b also
shows well-resolved cross-peaks of many other metabo-
lites present in lower concentrations, such as alanine
(Ala), aspartate (Asp), and �-glucose (Glc). As can be seen
in Figures 3b and 4b, only the �-anomer of glucose showed
cross-peaks in the 2D spectra, despite the fact that the

overall concentration of the �-anomer of glucose (�-Glc) is
believed to be higher in brain than that of the �-anomer
(�-Glc). Presently, we are unable to explain why the �-glu-
cose did not show any cross-peak. However, our results are
similar to earlier in vivo 2D MRS studies in human (12)
and rat (8) brain where cross-peaks of only �-glucose were
detected.

A complete map of the in vivo resonances of the ob-
served cross-peaks is depicted in Table 1. A strong cross-
peak at 3.0 ppm/1.7 ppm is assigned to macromolecules
(M4) according to Behar and Ogino (21). It has been shown
earlier that the contribution of macromolecule resonances

FIG. 4. In vivo high resolution localized 2D MR spectrum from the cortex–hippocampus region of the mouse brain obtained at 9.4T. a:
Coronal MR image of the mouse brain obtained by RARE sequence showing the position of the selected voxel of 27 �L (1.7 � 4 � 4 mm3)
covering the cortex–hippocampus region. b: Two dimensional MR spectrum from the selected 27 �L voxel in the cortex–hippocampus
region of the mouse brain obtained by the PRESS based 2D L-COSY sequence as shown in Figure 1. Spectra were obtained using TR �
1500 ms and TE � 15 ms. The 2D data set was apodized with a QSINE function and zero filled to 1024 in both dimensions. A summary
of the chemical shifts assignments and cross-peaks is presented in Table 1. U1, U2, and U3 are unassigned cross-peaks. The peak M4
arises from macromolecules and is labeled in accordance with Behar and Ogino (21). Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.
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increases rapidly with decreasing echo time (16). Stronger
signals from macromolecules in Figure 3b might have been
due to the use of a short echo time of 15 ms in the present
studies.

While a large voxel as shown in Figure 3b gave better
signal-to-noise ratio in 2D spectra, a small voxel would be
necessary to achieve regional specificity in the mouse
brain. Especially localized information from regions such
as the cortex and hippocampus which are more severely
affected during neurodegenerative diseases would be
invaluable. Figure 4b shows an in vivo 2D MR spectrum
obtained from a smaller voxel (1.7 � 4 � 4 mm3; 27 �L)
that was positioned in the cortex and hippocampus re-
gion as shown in Figure 4a. Despite the small size of the
voxel, the signal-to-noise ratio was sufficient to allow
separation of most overlapping peaks, which resulted in
clear identification and assignment of 15 brain metabo-
lites. This was possible due to excellent localization
performance, successful first and higher order shim-
ming, efficient water suppression and careful optimiza-
tion of acquisition parameters at high magnetic field
(9.4T). Cross-peaks of Glu, Gln, and GSH were clearly
separated. In addition, the cross-peak of NAAG was
separated from NAA (Fig. 4b). NAAG is the most abun-
dant peptide neurotransmitter in the human brain (17),
and consists of NAA with a peptide bond to Glu. It is
difficult to differentiate NAAG from NAA and Glu by in
vivo 1D MRS. Recently Edden et al. (22), have used the
MEGA-PRESS sequence to selectively separate the as-
partyl spin system of NAA and NAAG. However, due to
a low signal-to-noise ratio, a large voxel was necessary
to observe the signal from NAAG. Moreover, only one
spin system could be monitored at a time. As shown in
Figure 4b, using 2D MRS at high magnetic field, we
could separate the cross-peaks between aspartyl �-pro-
tons of NAA (2.70, 2.50 ppm) and NAAG (2.74,
2.51 ppm) in the same spectrum from the living mouse
brain and could simultaneously detect many other me-
tabolites in a single data set. Well resolved cross-peaks
from mI and Tau were also detected. Of interest, the
Tau/mI ratio is even higher in the cortex– hippocampus
region (Fig. 4b) than in the center of the brain covering
predominantly the thalamus region (Fig. 3b). This is
evident from the intensities of the cross-peaks of these
two metabolites in the cortex– hippocampus, suggesting
that the cortex and hippocampus of the mouse brain
contain very high concentrations of Tau in comparison
to mI. The 2D MR spectrum also shows cross-peaks of
�-glucose (Glc), tyrosine (Tyr), threonine (Thr), and
Glycerol (Gro; Fig. 4b). Similar to previous studies
(6,12), not all cross-peaks of these metabolites could be
easily detected. Three cross-peaks labeled as U1, U2,
and U3 were also observed (Fig. 4b) which could not be
assigned to any of the 35 known brain metabolites (17).
Further studies would be needed to assign these reso-
nances to new metabolites or macromolecules present in
the cortex– hippocampus region of the mouse brain. The
in vivo resonance assignment of metabolites in the cor-
tex– hippocampus region of mouse brain is summarized
in Table 1.

In general, in comparison to 2D MRS, 1D MRS is a
more efficient method for absolute quantification of me-

tabolites when it is combined with data analysis meth-
ods such as LCmodel. For example, 16 brain metabolites
were quantified in mouse brain using this method (20).
Two dimensional MRS, however, allows unambiguous
visualization of cross-peaks and thus has great potential
to unearth unknown brain metabolites so far hidden
under overlapping multiplets (7), which will have sig-
nificant implication in detecting new biomarkers of var-
ious brain diseases in future.

In conclusion, the results presented in this study clearly
demonstrate the feasibility of 2D MRS in combination with
high magnetic field (9.4T) to get localized access to the
mouse brain for efficient identification of metabolites. A
large number of metabolites were assigned simultaneously
without contamination based on their network of cross-
peaks in localized regions of the mouse brain in vivo.
These results suggest that localized 2D 1H MRS at high
field strength can offer greater scope for identifying poten-
tial biomarkers of neurological diseases using variety of
transgenic mouse models.
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