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as low concentration and/or multiplet splitting. The observatio
of a large number of resonances requires high field strenc
(9.4 T) and very short echo time, as demonstrated by Pfeuf
et al. (4), who were able to assign and quantify 18 metabolite
in 1D *H MR spectra of the rat brain. At lower field strength,
spectral editing techniques may be required for the detection
poorly accessible metabolites suchyaaminobutyric acid %),

as well as for the unambiguous detection of resonances that n

The combination of localized 2D *H 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
limitspatial contamination. The following cerebral metabolites gave

detectable crosspeaks: N-acetylaspartate, the glutamate/glutamine
pool, aspartate, phosphoethanolamine, glucose, glutathione, tau-
rine, myo-inositols, lactate, threonine, y-aminobutyric acid, and
alanine. Most of the metabolites were measured without contami-
nation of other resonances. © 2001 Academic Press

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

suffer from strong overlap such as lactaie®). However, these
techniques are optimized for a particular spin system and ¢
not adapted to the simultaneous detection of a large number
metabolites.

The problem of spectral overlap can be overcome by tt
use of two-dimensional correlation spectroscofy 9, even

at low field strength 10, 11), as resonances are spread on
two-dimensional surface. Localizeéd vivo 2D *H MRS al-
lows separation of most overlapping peaks for coupled sp
systems that give rise to off-diagonal peaks. For instance, t
Localizedin vivo'H magnetic resonance spectroscopy(MR%)ingbt resonance of the methyl group of NAA (2.01 ppm) oh
has proven to be a useful tool for the study of the brain in normgdred in 1D'H MRS is overlapped by the resonances of th
and pathophysiological conditionbl-Acetylaspartate (NAA), glytamate/glutamine pool (2.98.12 ppm), y-aminobutyric
which gives the largest peak in 1D spectra of the normal brapgiq (1.89 ppm), andN-acetylaspartatylglutamate (2.05 ppm).
has been extensively used as a marker of neuronal dysfuptop correlation spectra, this NAA singlet at 2.01 ppm appea
tion (1). Under ischemic—hypoxic conditions, lactate—the engh the diagonal and protons from the aspartate moiety give ri
product of anaerobic glycolysis—increases, which gives rise {9 an off-diagonal peak, not contaminated by other resonanc:
another prominent peak in 184 MR spectra. This has beengyrthermore, the AXspin system of lactate gives rise to a cor-
explored in numerous studieg)( Up to 35 cerebral metabo- g|ation peak, free of any contribution from lipids. Localizec
lites that can be detected bt MRS were recently reviewed by iy vivo 2D 'H MRS also gives access to coupled spin sys
Govindarajuet al. (3). Most of them have received little atten-tems with complicated coupling patterns such as the glut
tion, since their detection is very challenging. mate/glutamine pool ang-aminobutyric acid, which are more
One-dimensionalH MR spectra of the brain are associategjticult to observe by 10H MRS. Finally, the measurement
with low spectral dispersion at field strengths commonly usf |ess concentrated metabolites (concentratiBmol/g, @))
forinvivostudies. The main resonances are restricted to a narrgy¢h as aspartate, alanine, phosphoethanolamine, and gluco:
chemical shift range of 5 ppm. Detection of most metabolites{ggilitated, as dispersion is enhanced.
hampered by spectral overlap with other metabolites, the broadn previousin vivo rat brain studies, multivoxel localization
water resonance, or the macromolecular background, as wglbp spectra has been obtained in two spatial dimensibd)s (
by combining'H MRSI (13) and a COSY sequenc#&4). This

1 This study was sponsored in part by the French Ministry of Research angduence was applied to measure the steady-state metabo

Technology, Grant 97555. Financial support from the SONNMR Large-Scd¥ prima.ry br_ain. tumors within 3 h. Valuab!e information on
Facility is acknowledged. the spatial distribution of several metabolites was recorde
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However, this method cannot be used for dynamic studies - double
metabolic changes. When a small number of voxels is sufficie ~ 90° 180° t 90° acquired echo
1

to cover the region of interest (maximum of 8 in each spatial d
mension), another less time-consuming technique—Hadam:
encoding—is more convenient. In Hadamard-encoded expe
ments, phase-encoding RF pulses are used for spatial encoc ] e te2
(15), instead of the phase-encoding gradients usetiMRSI  *
methods. In comparison t¢1 MRSI, the number of Hadamard-
encoded voxels is limited, due to pulse power requirementy |_|
However, Hadamard encoding is less prone to voxel bleedir
which is a problem when a small nhumbers of phase encodil, [ ]
steps is usedl@). Thus, Hadamard encoding is more appro-
priate for the simultaneous acquisition of a limited number of FIG. 1. Two-voxel 2D*H MRS sequence. This sequence must be appliec
voxels. Hadamard spectroscopic imaging (HSI) has previoué‘fy“_e with two different double 180refocusing pulses to perform spatial en-
been applied to 1D SpeCtI‘OSCOﬁWI and has been combinedc ding in they d|rect|or1. The slice selection grac_he_nts are shown in white anc
- the crusher gradients in gray. See text for description of the sequence.
with 'H MRSI (18-20.
The aim of this study was to develop a two-voxel localization
sequence for 2BH MR correlation spectroscopy for vivoap- Hadamard encoding was performed with a double° 180
plications in rat brain to measure cerebral metabolites withdigicusing pulse. Although any of the pulses can theoretically b
spectral contamination. The single-voxel localized'®®DMRS  used for encoding, the 18@vas chosen since better slice pro-
sequence1) was modified to allow simultaneous refocusindiles were obtained with this pulse. An optimized sinc pulse
of two frequency bands. Since no extra time was required f(#4) was modified to allow double refocusing. The pulses
the spatial encoding, the total acquisition time was identical toxere generated with homemade software (kindly provided b
single-voxel experiment. This two-voxel localized 2B MRS Dr. R. A. de Graaf, MRC, Yale University, New Haven, CT).
sequence is suited to the study of metabolic alterations that ofilye superposition principle developed byil&T (25) was used
affect one cerebral hemisphere, such as focal cerebral ischefarghe generation of the double refocusing pulses. These mul
or brain tumors. In the present study, two spectra were simultzand RF pulses can be applied for closely spaced bands. A g
neously acquired in normal and global ischemic rat brain. Simaf 10—20% of the voxel size is nevertheless recommended u
larity of the spectra from the two hemispheres will indicate thégss pulses with improved multiband excitation profiles are use
the spectra of the contralateral voxel can be used as a referg{8f@nnar—Le Roux metho@§)). The acquisition was performed
in studies of focal brain damage. in two steps, since two different pulses are required for encoc
ing. The first pulse induces equal phases in the two simulte
neously refocused slices, and the second one induces oppo:s
phases. Postacquisition decoding was obtained by addition a
In this section, first the two-voxel 2EH MRS sequence will subtraction of the two Ha_ldamard-encoded spectra, which corr
be explained in detail. Second, results ofiawitro study on a spondsto the multiplication of the data by the H"’.‘damafd matrb
he echo times TE and TE2 were kept to minimum values o

two-compartment model will be presented. Finally, the localiza- . i . .
tion properties of the sequence and spectroscopy results will ng and 4.85 ms, respectively (Fig. 1). The second dimensic

illustratedin vivoon a rat brain. All experiments were acquire as obtained by increasing the delay. Fourier transforma-

on a Varian imaging spectrometer interfaced to a 4.7-T Oxfop(ﬁm was applied in both dimensions resulting in a COSY-type

magnet equipped with a 12-cm high-performance gradient ﬁgectrum. _ I .
sert (220 mT/m in 30@cs). Signal excitation was performed by Water SUppression (not represented in Fig. 1) was obtaine
a Helmholtz coil actively decoupled from a 25-mm surface co:lj.smg three gaussian CHESS pulses fqllo_wed by prusher ar
used for signal reception. ients. The third CHESS pulse was thlmlzed to ymgzo
for water at the start of the localization sequence, i.e., to ac

count for T; relaxation during the last crusher gradie@f)(
Efficient water suppression is of great importance for multi-

Three slice-selective RF pulses were used in a double-spioxel experiments such d$d MRSI and HSI since a rela-
echo volume selective sequen@@)((see Fig. 1). A pure phasetively broad water peak has to be suppressed. Linewidths a
pulse (eburp 1) was used for excitatid?B). This pulse does larger than those obtained from single-voxel experiments, whel
not induce dephasing through the slice; therefore, refocusimgasurements in smaller and more homogeneous volumes :
after the application of the first slice-selective gradient was nosually performed.
required. The final pulse was a hermitiar® @ilse, which was  This multiple excitation technique encounters the same chen

applied for 2D polarization transfer. ical shift misregistration problem as single-voxel meth@#.(

RESULTS AND DISCUSSION

Two-Voxel 2D'H MR Spectroscopy
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The misregistration in each spatial dimension depends on taeitation pulse in thg direction, since no spoiling gradients are
bandwidth of the corresponding slice-selective pulse. This pralsed in thex direction. The level of contamination is below 2%,
lem can easily be minimized by using large bandwidths favhich is the ratio of integrals of the diagonal peaks at 1.3 ppm
all three selective pulses. Therefore, bandwidths of 3000 HHigs. 2C and 2D. This can be neglectednvivo experiments,
were employed, corresponding to a chemical shift dependendeaere lower metabolite concentrations are found.

of ~0.33 mm/ppm. An interesting feature of Hadamard encoding is that any r
gion of interest in the field of view can be sampled without cau:
Phantom Experiments ing folding-over problems. The two voxels are situated along tf

The sequence was tested on a phantom made of two cy Ween the two voxels can be chosen at will. This configuratic

ders. .A 1-cm-'d|am.eter tube fllled'w[th a 100 mM' solution Ol especially appropriate when a symmetrical structure such
y-aminobutyric acid was placed inside a 3-cm-diameter tu e brain is studied

filled with a 100 mM lactate solution. One of the voxels was po-
sitioned in the tube containing theaminobutyric acid solution
and the other one in the tube containing the lactate solution.
results are shown in Fig. 2. 2D 'H MR correlation spectroscopy was performiadvivo
The extracted spectra show very little contamination, whickfter image-guided positioning of a voxel in each cerebr:
indicates the good performance of the double refocusing pulsemisphere of a rat, as depicted in Fig. 3A. Acquisition pe
(Figs. 2C and 2D). The minor lactate contamination visible irameters for the 2D spectra were carefully chosen in such aw
Fig. 2D probably arises from the nonperfect slice profile of ththat maximum signal intensity was obtained for the crosspea

%direction, with commorx andz coordinates. The distance be-

_ljlqe\ﬂvo Experiments

>
1.0 ppm

=
1.0ppm

2.0
2.0

3.0
3.0

0 ]

4.0 3.0 20 1.0 ppm 4.0 3.0 2.0 1.0 ppm

4.0

=

&
4.0

0
1.0ppm

w)
1.0ppm

2.0
2.0
am

3.0
30

)
=
@

lactate i y-aminobutyric acid

4.0 3.0 20 1.0 ppm 4.0 3.0 2.0 1.0 ppm

FIG. 2. 2D correlation spectra of a two-compartment phantom made of two tubes containing solutjoasnifiobutyric acid and lactate, before and after
multiplication by the Hadamard matrix. In the first spectral dimensi@h (L024 points were acquired. In the second spectral dimensipr6@ increments were
acquired corresponding tdgwindow of 32 ms, with an initiai; value of 15 ms. The spectral width was 2000 Hz in both dimensions. Four scans were accumul
for eacht; increment. Repetition time 8& s and the voxel size was 125 A-B: Hadamard-encoded spectra corresponding to (A) equivalent and (B) oppos
phases in the two refocused slices. C—D: Extracted spectra corresponding to the two encoded voxels. Data postprocessing, including Hadlagnavelsdec
performed with GIFA software (ftp://www.cbs.univ-montp1.fr/pub/git4). The 2D data set was apodized with a standard sine function and zero filled in b
dimensions.
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FIG. 3. In vivomultivoxel 2D spectroscopy: image-guided positioning of the voxels and associated spectra in the normal and ischemic rat brain. Adul
Wistar rats were anesthetized with 0.8% halothane; @M, (7 : 3). The tidal CQ was continuously monitored and maintained within physiological boundaries
Body temperature was keptaB7°C using a warm blanket with a feedback system. The repetition time was triggered by the breathing pace of about 2 s. A
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 niudtymemarent
with projections in thex andy directions. C—F: Localized 2EH MR spectra after decoding. The spectral width was 2000 Hz in both dimensions. In the first spec
dimension {2), 512 points were acquired. In the second spectral dimentldn80 increments were acquired corresponding tpgweindow of 40 ms, with an
initial t; value of 15 ms. Eight scans were accumulated for ¢attftrement. Repetition time was 2 s and the voxel size wagdZEotal acquisition time for each
Hadamard-encoded experimentwas 21 min. C-D: Spectra corresponding to voxels 1 (C) and 2 (D) of a normal rat brain. E-F: Spectra originatinpé&eaxtie sa
immediately after global ischemia induced by cardiac arrest. For peaks attributions, see Table 1. Data postprocessing, including Hadamgrdagquerftbrmed
with GIFA software (ftp://www.cbs.univ-montpl.fr/pub/gifat). The 2D data set was apodized with a standard sine function and zero filled in both dimensior
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of the different cerebral metabolites. Of great importance is the TABLE 1
choice of the sampling period in the second spectral dimension Assignments of Off-Diagonal Peaks in the Upper Triangle
(t2-window), which has to be adapted to the different spin sys-

f1 coordinate f2 coordinate

tems of the metaboliteQQ_). _Three parameters (_jetermining th&etabolite Crosspeaks origin (ppm) (opm)
t;-window have to be optimized, namely the initighalue, the
step sizetg-increment), and the number of steps (see commerﬁ‘{%?\lfg'asloa”ate Cﬁﬁgggg‘CH @) 32 ‘2"‘7‘
on F|g§. 3C-3F). I\_/Iutu_al |nteracthr_13 of the spins in each d|1‘feL-Ianine (ala) CH (8)-CH @) 15 38
ent spin system give rise to specifiedependence and a large, _aminobutyric acid ~ CH (8)-CH (v) 19 3.0
variety of spin systems must be taken into account, such as thgaBsa)
ABX system ofN-acetylaspartate (with two strongly coupled CH; (B)-CH: () 19 23
methylene protons at 4.7 T), the AMNPQ system of glutamat‘é?")"‘”"jlte (asp) Cﬁ:ﬁﬁﬁ')‘CH @ 2.1 3.9
or the AXg system of lactate. Glucose f anomer)  H-H 3.2 4.6

. L T . (glc)

Satlsfactqry Iocallzat_lon is _obtalnem vivo (Fig. 3B), Glutamate/glutamine  CH(8)*~CH() 21 3.73.75
and only minor contamination is observed in the Hadamard-pool (gix) CH (8)CH (y) 2.1 2.32.4
encoded direction, resulting from the nonperfect slice edéitathione (cysteine  CHCH 2.95 4.6
definition, as illustrated by the projection in tiyedirection in m‘I"Ety_) (?S_H) oy
Fig. 3B. It must be stressed that these profiles correspondﬂ1 ct’art'gs(l';oc)s (ino) Féé (‘;)_(G:H @ ig 2'?
uncpupled spin _systems. In cases of coupled spin systems, gh&phoethanolamine  GHCH, 32 40
profile can be distorted as shown by Reddyal. (30). In the  (PE)
normal rat brain (Figs. 3C and 3D), crosspeaks were assignedaeine (tau) SCH-NCH, 3.25 3.4
N-acetylaspartate, the glutamate/glutamine pool (glx), aspart&fgeonine (thr) CH (¥)-CH () 13 4.25

(asp), phosphoethanolamine (PE), glucose (glc), glutathion@lote Symmetric chemical shifts can be deduced for the lower triangle.
(GSH), lactate (lac), and threonine (thr). The crosspeaks of The two methylene protong8(protons) are equivalent in the glutamine
N-acetylaspartate and the glutamate/glutamine pool show gdgjecule but notin the glutamate molecule.
signal-to-noise ratio consistent with higher concentrations
compared to other metabolited)( In the ischemic rat brain
(Figs. 3E and 3F), the main crosspeaks were assignedstoted to analyzing metabolic changeslocatedinacerebral hel
N-acetylaspartate, the glutamate/glutamine pool, and lactaphere and simultaneously recording ipsilateral and contralate
Less concentrated metabolites suchjaaminobutyric acid spectra.
(GABA) and alanine (ala) also appeared. Chemical shifts of Asymmetric spectra are obtained with regard to the diagon
the observed crosspeaks are presented in Table 1. In b@h In the case of two coupled protons A and X, the cohel
ischemic and normal rat brain, clear detection of the crosspe&kse transfer signal between A and X situated on one side
of taurine andmyacinositols requires the application of athe diagonal is proportional to the magnetization of A, wheree
different apodization function, since they are situated closiee coherence transfer signal between X and A situated on 1
to the diagonal (see Table 1). Optimized water suppressiother side is proportional to the magnetization of X. Because |
enabled the observation of peaks witB coordinates close to this asymmetry, the effect of water suppression on neighboril
the water resonance (4.78 ppm). Linewidths-df4 Hz at half crosspeaks depends on the proton at the origin of the polari:
maximum were measured for the unsuppressed water peakidm transfer. For instance, the NAA crosspeak originating fror
the normal brain. After global ischemia, the water linewidtthe resonance at 4.4 ppm (lower triangle) is suppressed toget
increased, resulting in less effective water suppression. with the water peak, whereas the crosspeak originating from t
Comparison of spectra in the normal and ischemic rat braiesonances at 2/8.7 ppm (upper triangle) shows no signal los:
shows changes in metabolite levels. The linear relationshigigs. 3C-3F).
between crosspeak volume and concentration has been previBespite the improvement in spectral dispersion in the 2
ously shown 81). Quantification of these concentration change®aps, overlap is still present in a limited number of cases. Ol
would require measurements of change$,invalues of the dif- of the main sources of overlap in 2D spectra can be the presel
ferent metabolites. of identical entities in molecules, such as amino acid entitie
Compared to the normal rat brain spectra, the ischemic brdire., glutamate and aspartate). In the normal rat brain, only t
spectra show a clear increase in the detected levels of lactglatamate moiety of glutathione (2.4%77 ppm) and glutamate
alanine, andy-aminobutyric acid and a decrease in the dd€2.08/3.77 ppm) suffers from such an overlap. Inthe ischemicr:
tected levels oN-acetylaspartate, aspartate, glucose, and glorain, a different type of superposition is observed. The lacta
tathione. The similarity of the spectra arising from the tworosspeak (1.34.10 ppm), although free of any contribution
hemispheres in both normal and ischemic brain shows the fiem methylene groups of lipids, overlaps the threonine cros
producibility of the measurement. The sequence is therefqreak (1.324.25 ppm) (see Figs. 3C and 3D). The main reasc
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for this is the broadening of the lactate peak, which could origi- The use of smaller voxels requires improvement of the signa
nate from binding effects3@). In the case of high lactate levels to-noise ratio for some of the observed metabolites. The signa
the situation is aggravated. to-noise ratio can be improved by using matched filterint in
Both normal and ischemic brain show a single strong coand by apodizing the signal i3 during acquisition 29). This

tribution from the macromolecular background (see MM owill allow the use of smaller voxels without any information loss.
Figs. 3C-3F). This result is in agreement with nonlocalized 2D
experiments carried out by Behar and Ogid3)( In the is-
chemic rat brain, this macromolecular resonance hampers the

observation of the/-aminobutyric acid crosspeaks at 1.9 ppm |t was shown that multivoxel 2BH MR correlation spec-
(f1)/3.0 ppm (f 2), since the two peaks are not resolved. HoWroscopy can be applieth vivo in the rat brain with a fa-
ever, observation at 3.0 ppnfi1)/1.9 ppm (f 2) is possible (see yorable temporal resolution. Two-volume localization was ob-
Figs. 3E and 3F). tained, with limited signal bleeding, using Hadamard encoding
Compared to 1D spectroscopy, 2D spectroscopy allowed theshown on a two-compartment phantom. This method is prefe
detection of more metabolites. The observation of the glgpje to phase-encoding methodsl (MRSI) when matrices of
tamate/glutamine pool level was highly facilitated. Howevefimited size are sampled. The gain in spectral resolution, in con
possible contamination from the glutamate part of glutathiofgyrison to one-dimensional spectroscopy, gives access to alar
is not excluded. Metabolites with very low concentrationgumper of cerebral metabolites. Detection of resonances witho

such as alaniney-aminobutyric acid, aspartate, glucose, glusontamination of other resonances is possible for most correl
tathione, phosphoethanolamine, and threonine were deteciggh peaks recorded.

N-Acetylaspartate could be measured without contamination.
The lactate peak in the hypoxic—ischemic rat brain spectra was
separated from lipids or macromolecular contribution, but could
not be SEparated f_r(_)m Fhe threonine _peak. . The authors thank Dr. R. A. de Graaf for advice and for providing the double
Absolute quantlflcatlon of the different metabolites Wagice refocusing pulses. They also thank W. Veldhuis and Dr. E. Blezer fo
beyond the scope of this study; however, the acquisition gbtechnical assistance and Gerard van Vliet for expert technical assistanc
“noncontaminated” data is valuable for the assessment Tofs study was performed at the SONNMR Large-Scale Facility for Biomolec-
metabolite levels and their time course evolution during war NMR that is supported by the EU-Program for Access to Research Infre
pathophysiological process. This technique will be applied fUctre:
particular to study metabolic changes after the onset of focal
cerebral ischemia in rats, but it is also applicable to studying REFERENCES
metabolic changes in brain tumors.
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