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The combination of localized 2D 1H MR correlation spectroscopy
and Hadamard encoding allows the simultaneous acquisition of
multiple volumes of interest without an increase in the experimental
duration, compared to single-voxel acquisition. In the present study,
2D correlation spectra were acquired simultaneously within 20 to
40 min in two voxels located in each hemisphere of the rat brain.
An intervoxel distance of 20% of the voxel size was sufficient to
limit spatial contamination. The following cerebral metabolites gave
detectable crosspeaks: N-acetylaspartate, the glutamate/glutamine
pool, aspartate, phosphoethanolamine, glucose, glutathione, tau-
rine, myo-inositols, lactate, threonine, γ-aminobutyric acid, and
alanine. Most of the metabolites were measured without contami-
nation of other resonances. C© 2001 Academic Press

Key Words: two-dimensional correlation 1H MRS; multivoxel
localization; Hadamard encoding; rat brain; cerebral metabolites.
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INTRODUCTION

Localizedin vivo1H magnetic resonance spectroscopy (MR
has proven to be a useful tool for the study of the brain in nor
and pathophysiological conditions.N-Acetylaspartate (NAA),
which gives the largest peak in 1D spectra of the normal br
has been extensively used as a marker of neuronal dysf
tion (1). Under ischemic–hypoxic conditions, lactate—the e
product of anaerobic glycolysis—increases, which gives ris
another prominent peak in 1D1H MR spectra. This has bee
explored in numerous studies (2). Up to 35 cerebral metabo
lites that can be detected by1H MRS were recently reviewed b
Govindarajuet al. (3). Most of them have received little atten
tion, since their detection is very challenging.

One-dimensional1H MR spectra of the brain are associat
with low spectral dispersion at field strengths commonly u
for in vivostudies. The main resonances are restricted to a na
chemical shift range of 5 ppm. Detection of most metabolite
hampered by spectral overlap with other metabolites, the b
water resonance, or the macromolecular background, as
1 This study was sponsored in part by the French Ministry of Research
Technology, Grant 97555. Financial support from the SONNMR Large-Sc
Facility is acknowledged.
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as low concentration and/or multiplet splitting. The observat
of a large number of resonances requires high field stre
(9.4 T) and very short echo time, as demonstrated by Pfeu
et al. (4), who were able to assign and quantify 18 metabol
in 1D 1H MR spectra of the rat brain. At lower field strengt
spectral editing techniques may be required for the detectio
poorly accessible metabolites such asγ -aminobutyric acid (5),
as well as for the unambiguous detection of resonances that
suffer from strong overlap such as lactate (6, 7). However, these
techniques are optimized for a particular spin system and
not adapted to the simultaneous detection of a large numb
metabolites.

The problem of spectral overlap can be overcome by
use of two-dimensional correlation spectroscopy (8, 9), even
at low field strength (10, 11), as resonances are spread o
two-dimensional surface. Localizedin vivo 2D 1H MRS al-
lows separation of most overlapping peaks for coupled s
systems that give rise to off-diagonal peaks. For instance
singlet resonance of the methyl group of NAA (2.01 ppm) o
served in 1D1H MRS is overlapped by the resonances of
glutamate/glutamine pool (2.08/2.12 ppm), γ -aminobutyric
acid (1.89 ppm), andN-acetylaspartatylglutamate (2.05 ppm
In 2D correlation spectra, this NAA singlet at 2.01 ppm appe
on the diagonal and protons from the aspartate moiety give
to an off-diagonal peak, not contaminated by other resonan
Furthermore, the AX3 spin system of lactate gives rise to a co
relation peak, free of any contribution from lipids. Localiz
in vivo 2D 1H MRS also gives access to coupled spin s
tems with complicated coupling patterns such as the gl
mate/glutamine pool andγ -aminobutyric acid, which are mor
difficult to observe by 1D1H MRS. Finally, the measuremen
of less concentrated metabolites (concentration<3µmol/g, (4))
such as aspartate, alanine, phosphoethanolamine, and gluc
facilitated, as dispersion is enhanced.

In previousin vivo rat brain studies, multivoxel localizatio
of 2D spectra has been obtained in two spatial dimensions12)
by combining1H MRSI (13) and a COSY sequence (14). This
sequence was applied to measure the steady-state metab
of primary brain tumors within 3 h. Valuable information o
the spatial distribution of several metabolites was record
9 1090-7807/01 $35.00
Copyright C© 2001 by Academic Press
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However, this method cannot be used for dynamic studie
metabolic changes. When a small number of voxels is suffic
to cover the region of interest (maximum of 8 in each spatial
mension), another less time-consuming technique—Hadam
encoding—is more convenient. In Hadamard-encoded exp
ments, phase-encoding RF pulses are used for spatial enco
(15), instead of the phase-encoding gradients used in1H MRSI
methods. In comparison to1H MRSI, the number of Hadamard
encoded voxels is limited, due to pulse power requireme
However, Hadamard encoding is less prone to voxel bleed
which is a problem when a small numbers of phase encod
steps is used (16). Thus, Hadamard encoding is more appr
priate for the simultaneous acquisition of a limited number
voxels. Hadamard spectroscopic imaging (HSI) has previou
been applied to 1D spectroscopy (17) and has been combine
with 1H MRSI (18–20).

The aim of this study was to develop a two-voxel localizati
sequence for 2D1H MR correlation spectroscopy forin vivoap-
plications in rat brain to measure cerebral metabolites with
spectral contamination. The single-voxel localized 2D1H MRS
sequence (21) was modified to allow simultaneous refocusin
of two frequency bands. Since no extra time was required
the spatial encoding, the total acquisition time was identical
single-voxel experiment. This two-voxel localized 2D1H MRS
sequence is suited to the study of metabolic alterations that
affect one cerebral hemisphere, such as focal cerebral isch
or brain tumors. In the present study, two spectra were simu
neously acquired in normal and global ischemic rat brain. Si
larity of the spectra from the two hemispheres will indicate th
the spectra of the contralateral voxel can be used as a refer
in studies of focal brain damage.

RESULTS AND DISCUSSION

In this section, first the two-voxel 2D1H MRS sequence will
be explained in detail. Second, results of anin vitro study on a
two-compartment model will be presented. Finally, the locali
tion properties of the sequence and spectroscopy results w
illustratedin vivoon a rat brain. All experiments were acquire
on a Varian imaging spectrometer interfaced to a 4.7-T Oxf
magnet equipped with a 12-cm high-performance gradient
sert (220 mT/m in 300µs). Signal excitation was performed b
a Helmholtz coil actively decoupled from a 25-mm surface c
used for signal reception.

Two-Voxel 2D1H MR Spectroscopy

Three slice-selective RF pulses were used in a double-s
echo volume selective sequence (22) (see Fig. 1). A pure phas
pulse (eburp 1) was used for excitation (23). This pulse does
not induce dephasing through the slice; therefore, refocu
after the application of the first slice-selective gradient was

required. The final pulse was a hermitian 90◦ pulse, which was
applied for 2D polarization transfer.
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FIG. 1. Two-voxel 2D1H MRS sequence. This sequence must be app
twice with two different double 180◦ refocusing pulses to perform spatial en
coding in they direction. The slice selection gradients are shown in white a
the crusher gradients in gray. See text for description of the sequence.

Hadamard encoding was performed with a double 180◦ re-
focusing pulse. Although any of the pulses can theoretically
used for encoding, the 180◦ was chosen since better slice pr
files were obtained with this pulse. An optimized sinc pu
(24) was modified to allow double refocusing. The puls
were generated with homemade software (kindly provided
Dr. R. A. de Graaf, MRC, Yale University, New Haven, CT
The superposition principle developed by M¨uller (25) was used
for the generation of the double refocusing pulses. These m
band RF pulses can be applied for closely spaced bands. A
of 10–20% of the voxel size is nevertheless recommended
less pulses with improved multiband excitation profiles are u
(Shinnar–Le Roux method (26)). The acquisition was performe
in two steps, since two different pulses are required for enc
ing. The first pulse induces equal phases in the two simu
neously refocused slices, and the second one induces opp
phases. Postacquisition decoding was obtained by addition
subtraction of the two Hadamard-encoded spectra, which co
sponds to the multiplication of the data by the Hadamard ma
The echo times TE and TE2 were kept to minimum values
7.65 and 4.85 ms, respectively (Fig. 1). The second dimen
was obtained by increasing thet1 delay. Fourier transforma
tion was applied in both dimensions resulting in a COSY-ty
spectrum.

Water suppression (not represented in Fig. 1) was obta
using three gaussian CHESS pulses followed by crusher
dients. The third CHESS pulse was optimized to yieldMz= 0
for water at the start of the localization sequence, i.e., to
count for T1 relaxation during the last crusher gradient (27).
Efficient water suppression is of great importance for mu
voxel experiments such as1H MRSI and HSI since a rela
tively broad water peak has to be suppressed. Linewidths
larger than those obtained from single-voxel experiments, wh
measurements in smaller and more homogeneous volume
usually performed.
This multiple excitation technique encounters the same chem-
ical shift misregistration problem as single-voxel methods (28).
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The misregistration in each spatial dimension depends on
bandwidth of the corresponding slice-selective pulse. This pr
lem can easily be minimized by using large bandwidths
all three selective pulses. Therefore, bandwidths of 3000
were employed, corresponding to a chemical shift depende
of ∼0.33 mm/ppm.

Phantom Experiments

The sequence was tested on a phantom made of two c
ders. A 1-cm-diameter tube filled with a 100 mM solution
γ -aminobutyric acid was placed inside a 3-cm-diameter tu
filled with a 100 mM lactate solution. One of the voxels was p
sitioned in the tube containing theγ -aminobutyric acid solution
and the other one in the tube containing the lactate solution.
results are shown in Fig. 2.

The extracted spectra show very little contamination, wh
indicates the good performance of the double refocusing p

(Figs. 2C and 2D). The minor lactate contamination visible in

er

ulated
osite
ecod

rameters for the 2D spectra were carefully chosen in such a way
aks
Fig. 2D probably arises from the nonperfect slice profile of the

FIG. 2. 2D correlation spectra of a two-compartment phantom made of two tubes containing solutions ofγ -aminobutyric acid and lactate, before and aft
multiplication by the Hadamard matrix. In the first spectral dimension (t2), 1024 points were acquired. In the second spectral dimension (t1), 64 increments were
acquired corresponding to at1-window of 32 ms, with an initialt1 value of 15 ms. The spectral width was 2000 Hz in both dimensions. Four scans were accum
for eacht1 increment. Repetition time was 2 s and the voxel size was 125µl. A–B: Hadamard-encoded spectra corresponding to (A) equivalent and (B) opp
phases in the two refocused slices. C–D: Extracted spectra corresponding to the two encoded voxels. Data postprocessing, including Hadamard-ding, was

that maximum signal intensity was obtained for the crosspe
performed with GIFA software (ftp://www.cbs.univ-montp1.fr/pub/gifav4). The
dimensions.
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excitation pulse in thex direction, since no spoiling gradients a
used in thex direction. The level of contamination is below 2%
which is the ratio of integrals of the diagonal peaks at 1.3 ppm
Figs. 2C and 2D. This can be neglected inin vivo experiments,
where lower metabolite concentrations are found.

An interesting feature of Hadamard encoding is that any
gion of interest in the field of view can be sampled without ca
ing folding-over problems. The two voxels are situated along
y direction, with commonx andz coordinates. The distance b
tween the two voxels can be chosen at will. This configura
is especially appropriate when a symmetrical structure suc
the brain is studied.

In Vivo Experiments

2D 1H MR correlation spectroscopy was performedin vivo
after image-guided positioning of a voxel in each cereb
hemisphere of a rat, as depicted in Fig. 3A. Acquisition
2D data set was apodized with a standard sine function and zero filled in both
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FIG. 3. In vivo multivoxel 2D spectroscopy: image-guided positioning of the voxels and associated spectra in the normal and ischemic rat brain. A
Wistar rats were anesthetized with 0.8% halothane in N2O/O2 (7 : 3). The tidal CO2 was continuously monitored and maintained within physiological bounda
Body temperature was kept at∼37◦C using a warm blanket with a feedback system. The repetition time was triggered by the breathing pace of about 2 s
image of transversal slice through the rat brain showing the position of the two voxels. B: MR image of the localized volume selected by the multivoxel 2D experiment
with projections in thex andy directions. C–F: Localized 2D1H MR spectra after decoding. The spectral width was 2000 Hz in both dimensions. In the first sp
dimension (t2), 512 points were acquired. In the second spectral dimension (t1), 80 increments were acquired corresponding to at1-window of 40 ms, with an
initial t1 value of 15 ms. Eight scans were accumulated for eacht1 increment. Repetition time was 2 s and the voxel size was 125µl. Total acquisition time for each

Hadamard-encoded experiment was 21 min. C–D: Spectra corresponding to voxels 1 (C) and 2 (D) of a normal rat brain. E–F: Spectra originating from the same voxels
immediately after global ischemia induced by cardiac arrest. For peaks attributions, see Table 1. Data postprocessing, including Hadamard-decoding, was performed
with GIFA software (ftp://www.cbs.univ-montp1.fr/pub/gifav4). The 2D data set was apodized with a standard sine function and zero filled in both dimensions.
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of the different cerebral metabolites. Of great importance is
choice of the sampling period in the second spectral dimen
(t1-window), which has to be adapted to the different spin s
tems of the metabolites (29). Three parameters determining t
t1-window have to be optimized, namely the initialt1 value, the
step size (t1-increment), and the number of steps (see comm
on Figs. 3C–3F). Mutual interactions of the spins in each dif
ent spin system give rise to specifict1-dependence and a larg
variety of spin systems must be taken into account, such a
ABX system ofN-acetylaspartate (with two strongly couple
methylene protons at 4.7 T), the AMNPQ system of glutam
or the AX3 system of lactate.

Satisfactory localization is obtainedin vivo (Fig. 3B),
and only minor contamination is observed in the Hadama
encoded direction, resulting from the nonperfect slice e
definition, as illustrated by the projection in they direction in
Fig. 3B. It must be stressed that these profiles correspon
uncoupled spin systems. In cases of coupled spin systems
profile can be distorted as shown by Reddyet al. (30). In the
normal rat brain (Figs. 3C and 3D), crosspeaks were assign
N-acetylaspartate, the glutamate/glutamine pool (glx), aspa
(asp), phosphoethanolamine (PE), glucose (glc), glutath
(GSH), lactate (lac), and threonine (thr). The crosspeak
N-acetylaspartate and the glutamate/glutamine pool show g
signal-to-noise ratio consistent with higher concentrati
compared to other metabolites (4). In the ischemic rat brain
(Figs. 3E and 3F), the main crosspeaks were assigne
N-acetylaspartate, the glutamate/glutamine pool, and lac
Less concentrated metabolites such asγ -aminobutyric acid
(GABA) and alanine (ala) also appeared. Chemical shifts
the observed crosspeaks are presented in Table 1. In
ischemic and normal rat brain, clear detection of the crossp
of taurine andmyo-inositols requires the application of
different apodization function, since they are situated cl
to the diagonal (see Table 1). Optimized water suppres
enabled the observation of peaks withf 2 coordinates close to
the water resonance (4.78 ppm). Linewidths of∼14 Hz at half
maximum were measured for the unsuppressed water pe
the normal brain. After global ischemia, the water linewid
increased, resulting in less effective water suppression.

Comparison of spectra in the normal and ischemic rat b
shows changes in metabolite levels. The linear relation
between crosspeak volume and concentration has been p
ously shown (31). Quantification of these concentration chang
would require measurements of changes inT2 values of the dif-
ferent metabolites.

Compared to the normal rat brain spectra, the ischemic b
spectra show a clear increase in the detected levels of lac
alanine, andγ -aminobutyric acid and a decrease in the d
tected levels ofN-acetylaspartate, aspartate, glucose, and
tathione. The similarity of the spectra arising from the t

hemispheres in both normal and ischemic brain shows the
producibility of the measurement. The sequence is theref
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TABLE 1
Assignments of Off-Diagonal Peaks in the Upper Triangle

f 1 coordinate f 2 coordinate
Metabolite Crosspeaks origin (ppm) (ppm)

N-Acetylaspartate CH2 (ββ ′)–CH (α) 2.6 4.4
(NAA) CH2 (ββ ′) 2.5 2.7

Alanine (ala) CH3 (β)–CH (α) 1.5 3.8
γ -Aminobutyric acid CH2 (β)–CH2 (γ ) 1.9 3.0

(GABA)
CH2 (β)–CH2 (α) 1.9 2.3

Aspartate (asp) CH2 (ββ ′)–CH (α) 2.7 3.9
Glucose (β anomer) H2–H1 3.2 4.6

(glc)
Glutamate/glutamine CH2 (β)a–CH(α) 2.1 3.7/3.75

pool (glx) CH2 (β)a–CH (γ ) 2.1 2.3/2.4
Glutathione (cysteine CH2–CH 2.95 4.6

moiety) (GSH)
myo-Inositols (ino) H5–H4, H6 3.3 3.6
Lactate (lac) CH3 (β)–CH (α) 1.3 4.1
Phosphoethanolamine CH2–CH2 3.2 4.0

(PE)
Taurine (tau) SCH2–NCH2 3.25 3.4
Threonine (thr) CH3 (γ )–CH (β) 1.3 4.25

Note. Symmetric chemical shifts can be deduced for the lower triangle.
a The two methylene protons (β protons) are equivalent in the glutamin

molecule but not in the glutamate molecule.

suited to analyzing metabolic changes located in a cerebral h
sphere and simultaneously recording ipsilateral and contrala
spectra.

Asymmetric spectra are obtained with regard to the diago
(8). In the case of two coupled protons A and X, the coh
ence transfer signal between A and X situated on one sid
the diagonal is proportional to the magnetization of A, wher
the coherence transfer signal between X and A situated on
other side is proportional to the magnetization of X. Becaus
this asymmetry, the effect of water suppression on neighbo
crosspeaks depends on the proton at the origin of the pola
tion transfer. For instance, the NAA crosspeak originating fr
the resonance at 4.4 ppm (lower triangle) is suppressed tog
with the water peak, whereas the crosspeak originating from
resonances at 2.5/2.7 ppm (upper triangle) shows no signal lo
(Figs. 3C–3F).

Despite the improvement in spectral dispersion in the
maps, overlap is still present in a limited number of cases. O
of the main sources of overlap in 2D spectra can be the pres
of identical entities in molecules, such as amino acid enti
(i.e., glutamate and aspartate). In the normal rat brain, only
glutamate moiety of glutathione (2.15/3.77 ppm) and glutamate
(2.08/3.77 ppm) suffers from such an overlap. In the ischemic
brain, a different type of superposition is observed. The lac
crosspeak (1.31/4.10 ppm), although free of any contributio

re-

ore
from methylene groups of lipids, overlaps the threonine cross-
peak (1.32/4.25 ppm) (see Figs. 3C and 3D). The main reason
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for this is the broadening of the lactate peak, which could or
nate from binding effects (32). In the case of high lactate level
the situation is aggravated.

Both normal and ischemic brain show a single strong c
tribution from the macromolecular background (see MM
Figs. 3C–3F). This result is in agreement with nonlocalized
experiments carried out by Behar and Ogino (33). In the is-
chemic rat brain, this macromolecular resonance hampers
observation of theγ -aminobutyric acid crosspeaks at 1.9 pp
( f 1)/3.0 ppm (f 2), since the two peaks are not resolved. Ho
ever, observation at 3.0 ppm (f 1)/1.9 ppm (f 2) is possible (see
Figs. 3E and 3F).

Compared to 1D spectroscopy, 2D spectroscopy allowed
detection of more metabolites. The observation of the g
tamate/glutamine pool level was highly facilitated. Howev
possible contamination from the glutamate part of glutathi
is not excluded. Metabolites with very low concentratio
such as alanine,γ -aminobutyric acid, aspartate, glucose, g
tathione, phosphoethanolamine, and threonine were dete
N-Acetylaspartate could be measured without contaminat
The lactate peak in the hypoxic–ischemic rat brain spectra
separated from lipids or macromolecular contribution, but co
not be separated from the threonine peak.

Absolute quantification of the different metabolites w
beyond the scope of this study; however, the acquisition
“noncontaminated” data is valuable for the assessmen
metabolite levels and their time course evolution during
pathophysiological process. This technique will be applied
particular to study metabolic changes after the onset of fo
cerebral ischemia in rats, but it is also applicable to study
metabolic changes in brain tumors.

Temporal resolution was, together with dispersion enhan
ment, one of the major issues of this study. Total acquisi
time for the spectra in Figs. 3C–3F was 42 min. However,
acquisition of 21 min was possible for the detection of the m
concentrated metabolites such asN-acetylaspartate or gluta
mate/glutamine. Metabolites at lower concentrations, suc
aspartate (4), were still observable but at the limit of detectio
Importantly, in Hadamard-encoded experiments, the minim
time required for the acquisition of a single-voxel spectrum
used efficiently for spatial encoding (17). Whenn accumulations
pert1-increment are necessary for a two-voxel experiment, e
of the two experiments required for encoding are run withn/2
accumulations. After decoding, this results in the equivalen
n accumulations for each voxel, with no penalty in experim
tal duration compared to a single-voxel acquisition. In gene
a
√

N-fold gain in sensitivity is obtained forN encoded vox-
els (34). The amount of time that was spent for the two-vo
experiment could also be used to encode a higher numb
spatial locations using a four-band or an eight-band refocu
pulse. If the same total volume was encoded with a higher n
ber of voxels, the experimental duration would be determi

by the signal-to-noise ratio, and not by the spatial encodi
procedure.
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The use of smaller voxels requires improvement of the sign
to-noise ratio for some of the observed metabolites. The sig
to-noise ratio can be improved by using matched filtering int2
and by apodizing the signal int1 during acquisition (29). This
will allow the use of smaller voxels without any information los

CONCLUSION

It was shown that multivoxel 2D1H MR correlation spec-
troscopy can be appliedin vivo in the rat brain with a fa-
vorable temporal resolution. Two-volume localization was o
tained, with limited signal bleeding, using Hadamard encodi
as shown on a two-compartment phantom. This method is pre
able to phase-encoding methods (1H MRSI) when matrices of
limited size are sampled. The gain in spectral resolution, in co
parison to one-dimensional spectroscopy, gives access to a la
number of cerebral metabolites. Detection of resonances with
contamination of other resonances is possible for most corr
tion peaks recorded.
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