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Abstract

A new approach is introduced to simultaneously detect resolved glutamate (Glu), glutamine (Gln), and c-aminobutyric acid (GABA)
using a standard STEAM localization pulse sequence with the optimized sequence timing parameters. This approach exploits the depen-
dence of the STEAM spectra of the strongly coupled spin systems of Glu, Gln, and GABA on the echo time TE and the mixing time TM
at 4 T to find an optimized sequence parameter set, i.e., {TE, TM}, where the outer-wings of the Glu C4 multiplet resonances around
2.35 ppm, the Gln C4 multiplet resonances around 2.45 ppm, and the GABA C2 multiplet resonance around 2.28 ppm are significantly
suppressed and the three resonances become virtual singlets simultaneously and thus resolved. Spectral simulation and optimization were
conducted to find the optimized sequence parameters, and phantom and in vivo experiments (on normal human brains, one patient with
traumatic brain injury, and one patient with brain tumor) were carried out for verification. The results have demonstrated that the Gln,
Glu, and GABA signals at 2.2–2.5 ppm can be well resolved using a standard STEAM sequence with the optimized sequence timing
parameters around {82 ms,48 ms} at 4 T, while the other main metabolites, such as N-acetyl aspartate (NAA), choline (tCho), and
creatine (tCr), are still preserved in the same spectrum. The technique can be easily implemented and should prove to be a useful tool
for the basic and clinical studies associated with metabolism of Glu, Gln, and/or GABA.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Glutamate (Glu) is the major excitatory neurotransmit-
ter in the central nervous system (CNS). Closely coupled
to Glu, glutamine (Gln) is mostly located in glial cells as
the end product of Glu catabolism and is a reservoir for
Glu production in the neuron [1]. Due to a defective reup-
take, excess Glu in the synaptic space will induce neuro-
toxicity, which has been linked to many degenerative
diseases, including multiple sclerosis (MS) [2], amyotrophic
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lateral sclerosis (ALS) [3], Huntington’s disease (HD) [4],
and Alzheimer’s disease (AD) [5], and to neuronal apopto-
sis after CNS injury, such as traumatic brain injury (TBI)
and stroke [6]. Moreover, Glu and Gln are also directly
and/or indirectly involved in tumor proliferation and
apoptosis [7]. c-aminobutyric acid (GABA) is the major
inhibitory neurotransmitter. As a product of Glu metabo-
lism, GABA is synthesized from astroglial Gln and con-
tributes to total Glu/Gln cycling [8]. Like Glu, the role
of GABA has also been emphasized in many neurological
and psychiatric disorders, such as epilepsy and depression
[9,10]. Consequently, reliably detecting these neurochemi-
cals in vivo is valuable to both basic research and clinical
applications.
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Fig. 1. Simulated STEAM spectra (black line) of Gln, Glu, and GABA
and their corresponding in vitro spectra (red line) at short-echo parameters
of TE = 10 ms/TM = 10 ms. For simplicity, only the spectra in the 2.2–
2.7 ppm region are shown. The shaded bars represent the spectral regions
of central peaks of the Gln C4 pseudo-triplet resonance around 2.45 ppm,
the Glu C4 pseudo-triplet resonance around 2.35 ppm, and the GABA C2
triplet resonance around 2.28 ppm, respectively. In the schematic diagram,
a and c represent the outer-wings of a pseudo-triplet and b the central peak
(for simplicity, only shown in the Glu spectrum). (For interpretation of the
references in color in this figure legend, the reader is referred to the web
version of this article.)

J. Hu et al. / Journal of Magnetic Resonance 185 (2007) 204–213 205
Reliable detection of Glu, Gln, or GABA, however,
remains challenging using proton MR spectroscopy (1H
MRS) at clinically available field strengths. At 1.5 T, the
resonances of these metabolites in the region of 2.2–
2.5 ppm completely collapse and are mostly assigned to a
mixture of Glu, Gln, and GABA, designated as Glx. At 3
or 4 T, short-echo STEAM or PRESS localization pulse
sequence is typically employed for better signal-to-noise
ratio (SNR). In these short-echo spectra, the Glu C4 mul-
tiplet resonance around 2.35 ppm overlaps with the Gln C4
multiplet resonance around 2.45 ppm and the GABA C2
multiplet resonance around 2.28 ppm, the Gln C4 multiplet
resonance overlaps with the C3 multiplet resonance of the
aspartyl group of N-acetyl aspartate (NAA) around
2.48 ppm, and the C3 multiplet resonances of Gln, Glu,
and GABA overlap with the singlet resonance of N-acetyl
group of NAA at 2.02 ppm. The above mentioned spectral
overlaps impair accurate quantification of Gln, Glu, and
GABA, and consequently increase the thresholds for
detecting the metabolite changes between the patient and
control groups [11]. This overlap-dependent interference
with spectral quantification can not be simply solved by
post-processing [12,13]. A number of methods have been
proposed for in vivo detection of Glu, Gln, and/or GABA,
including spectral editing techniques [14–17], multiple
quantum filtering [18–20], and J-resolved spectroscopy
[21–23]. Although significant progress has been achieved,
simultaneous detection of well-resolved Glu, Gln, and
GABA remains to be accomplished, particularly at middle
field strengths and below. Here, we report an approach to
simultaneously detect resolved Glu, Gln, and GABA at
4 T.

2. Materials and methods

2.1. Concept

Thompson and Allen have made a detailed study of the
responses of weakly (such as lactate) and strongly coupled
spin systems (such as the aspartyl group of NAA and Glu)
to the STEAM sequence in a typical short-echo range,
namely, TE and TM less than 50 ms [24]. Their study sug-
gested that these metabolites exhibit significant variability
in response to the STEAM sequence parameters. The var-
iability arises from the time-dependent anti-phase coher-
ences (APC) and zero quantum coherences (ZQC). Both
types of coherences influence the magnitude of spectral
components that ultimately contribute to the observable
line shape, and the amplitude of each type of these coher-
ences can be influenced by sequence design, such as the
TE and TM parameters. Interesting observations on the
response of Glu to the STEAM sequence are: (1) the dom-
inant C4 multiplet resonance of Glu (between 2.25 and
2.45 ppm, centered at 2.35 ppm) maintains a relatively sta-
ble triple–peak structure; and (2) the central peak of the
pseudo-triplet remains relatively stable in the {TE, TM}
parameter space while the intensities of two outer-wings
exhibit marked variability. Due to the similarity of spin
system [25,26], the spectral characteristics of Gln should
remain as similar as those of Glu. Different from the ‘‘pseu-
do-triplet’’ C4 resonances of Glu and Gln, the GABA C2
resonance is a rigorous triplet. However, its outer-wings
and central peak were found to have similar variation char-
acteristics with TE and TM as observed in the Glu C4 res-
onance (see Section 3.1). With the above knowledge in
mind, we approached the problem of detecting resolved
Glu, Gln, and GABA from a different aspect—by exploit-
ing the similar dependence of the target resonances on TE
and TM to find an optimal parameter set where the target
resonances change from multiplets to virtual singlets simul-
taneously. The concept that the C4 resonances of Glu and
Gln and the C2 resonance of GABA can be resolved in the
spectral range of 2.2–2.5 ppm comes from the following
analyses. Since the central peaks of the pseudo-triplet reso-
nances at 2.45 ppm for Gln, 2.35 ppm for Glu, and
2.28 ppm for GABA, respectively, are readily separate
and the overlap exclusively exists over the outer-wings at
4 T (see Fig. 1 and Section 2.3), resolving the overlap is
possible if the outer-wings are significantly suppressed for
Glu, Gln, and GABA simultaneously while their central
peaks maintain a sufficient intensity. In other words, we
intend to optimize the TE and TM parameters of a
STEAM sequence to achieve virtual singlets for the C4
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multiplet resonances of Glu and Gln and the C2 multiplet
resonance of GABA simultaneously.
2.2. Spectral simulation

Numerical simulation of the spectral response of a
metabolite spin system to a pulse sequence has been proved
an effective tool for facilitating prospective sequence design
in MRS for optimal spectral yield of a target metabolite
and/or minimization of co-resonant background signals
[24,27–29]. For simulation of spectral response in this
report, we employed the density matrix representation of
metabolite spin systems and numerically solved the Liou-
ville–von Neumann equation of motion of the density
matrix using the publicly available GAMMA NMR simu-
lation library [30]. The proton NMR chemical shifts and
coupling constants of the brain metabolites were obtained
from the literature [25]. The essential elements of a
STEAM sequence, i.e., the RF pulse, the gradients, and
the inter-pulse timings, were considered in our simulation,
similar to those in previous studies [24,27,31,32]. The spec-
tral responses of all the contributing metabolites in the tar-
get spectral region were evaluated in the two-dimensional
(2D) {TE, TM} parameter space. The contour diagrams
representing variation of a specified measure of the spectral
Fig. 2. Contour diagrams, in the {TE, TM} parameter space, of the index cal
diagrams of the ultimate index calculated from Eq. (2) for (d) two target metabo
The indices were individually normalized to the maximum value of each data se
{82 ms, 48 ms} in (d) and at {84 ms, 48 ms} in (e), respectively. Another index
the Gln C4 resonance, i.e., 2.419–2.488 ppm, to the peak area of the central p
NAA to Gln. A contour diagram of this index is shown in (f), and the contri
rather low in the optimized parameter region, centered at {82 ms, 48 ms}. (For
referred to the web version of this article.)
response in the {TE, TM} parameter space were used to
derive the optimized sequence timing parameters (see
Fig. 2). To ensure the target multiplet resonances would
turn into virtual singlets simultaneously, we chose relative-
ly large ranges for TE and TM. A range of 0–200 ms was
covered for TE with a step size of 2 ms and a range of 0–
140 ms for TM with the same step size. The simulated spec-
tra were multiplied by a 5-Hz exponential decay function to
render them representative of typical in vivo line widths
[24,28,29].
2.3. Sequence parameter optimization

Simulated spectral responses (black line) of Gln, Glu,
and GABA to a STEAM sequence at TE = 10 ms/TM =
10 ms are illustrated in Fig. 1. The individual in vitro spec-
tra of each target metabolites (red line) are also included to
demonstrate excellent agreement between the simulated
and experimental phantom spectra. For simplicity, only
the Gln C4 pseudo-triplet resonance around 2.45 ppm,
the Glu C4 pseudo-triplet resonance around 2.35 ppm,
and the GABA C2 triplet resonance around 2.28 ppm are
shown in the figure. The shaded bars represent the spectral
regions of the central peaks of these pseudo-triplets. In
the schematic diagram of three spectral regions of a
culated from Eq. (1) for (a) Gln, (b) Glu, and (c) GABA and the contour
lites, Gln and Glu, and (e) three target metabolites, Gln, Glu, and GABA.

t. A color bar shows the data range of 0–1. The maximum indices reside at
, the ratio of the peak area of NAA spectrum in the central-peak region of
eak of Gln C4 resonance, was defined to evaluate the contamination from
bution of NAA in the central-peak region of the Gln C4 pseudo-triplet is

interpretation of the references in color in this figure legend, the reader is
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pseudo-triplet, a and c represent the outer-wings and b the
central peak (for simplicity, only shown in the Glu spec-
trum). It has been found in the previous study [24] and in
our own spectral simulation that the central peaks of the tar-
get resonances maintain relatively stable amplitudes while
the outer-wings exhibit marked variation with TE and
TM, and at some TE and TM parameters the amplitudes
of these outer-wings are reduced significantly. We hypothe-
sized that it is possible to find the optimized TE and TM
parameters with which the outer-wings of the two (Gln
and Glu) or three (Gln, Glu, and GABA) target pseudo-trip-
lets can be significantly suppressed simultaneously. For a
complete search in the {TE, TM} parameter space, an index
or cost function was defined for each target metabolite. The
function measures the product of the peak-area ratio of the
central peak to its respective outer-wings and the peak area
of the central peak of the pseudo-triplet, expressed as follows

F ¼ ½b�
½a� þ ½c� � ½b�; ð1Þ

where [b] stands for the peak area of the central peak of the
pseudo-triplet, and [a] and [c] are the peak areas of the
downfield and upfield outer-wings, respectively, as shown
in Fig. 1.

As the spectral ranges of these triple–peak structures are
quite stable [24], we defined the spectral ranges of [a], [b],
and [c] based on the simulated spectra at TE = 10
ms/TM = 10 ms, and the boundaries were chosen at the
local minima in the simulated spectrum. The spectral rang-
es were 2.178–2.259, 2.259–2.327, and 2.327–2.408 ppm,
respectively, for GABA; 2.247–2.327, 2.327–2.385, and
2.385–2.465 ppm, respectively, for Glu; and 2.350–2.419,
2.419–2.488, and 2.488–2.557 ppm, respectively, for Gln.
Since two (Gln and Glu) or three (Gln, Glu, and GABA)
target metabolites need to be resolved simultaneously, the
ultimate index that we used in evaluation of the optimized
TE and TM parameters was the product of the individual
indices for Gln, Glu, and/or GABA, respectively, i.e.,

F ¼ F Gln � F Glu or F ¼ F Gln � F Glu � F GABA: ð2Þ

The ultimate index, F, measures the combined contribution
from the peak areas of the central peaks and the outer-wing
suppression of all the target resonances. The TE and TM
parameters that yielded the maximum ultimate indices were
chosen as the optimized STEAM sequence timing parame-
ters for the purpose of this study.

2.4. In vitro and in vivo experiments

Phantom experiments were conducted on a Bruker/Sie-
mens 4 T scanner to verify the optimized TE and TM
parameters predicted by simulation, using a quadrature
head coil and a standard 1H STEAM localization pulse
sequence. The sequence parameters, besides the optimized
TE and TM parameters (see Section 3.1), were
TR = 2000 ms, averages = 32, voxel size = 4 · 4 · 2 cm3.
The phantom set consisted of three phantoms containing
either (a) 20 mM Gln, (b) 20 mM Glu, and (c) 20 mM
GABA, respectively, in a buffered solution (pH 7.2).

In addition to phantom validation, one healthy volun-
teer, one TBI patient, and one brain tumor patient were
recruited for in vivo experiments. Subjects gave written
informed consent for participation in this IRB-approved
study and were financially compensated for their participa-
tion. A chemical shift imaging (CSI) sequence using
STEAM to select a volume of interest, i.e., CSI-STEAM,
was employed to acquire 2D spectroscopic data on a TBI
patient and a healthy volunteer as a reference. The param-
eters of this CSI-STEAM sequence, besides the optimized
TE and TM parameters, were TR = 1500 ms,
FOV = 20 · 20 cm2, matrix size = 16 · 16, slice thick-
ness = 17 mm, NA = 16, and total acquisition time = 21
min. An elliptical and Hamming-filter weighted k-space
sampling scheme was applied to improve sampling efficien-
cy, and the resulting real voxel size was 1.9 · 1.9 · 1.7 cm3.
The spectra of a brain tumor patient were acquired using
the same CSI-STEAM sequence with the optimized TE
and TM parameters. Other sequence parameters were
TR = 3000 ms, FOV = 20 · 20 cm2, matrix size = 16 · 16,
slice thickness = 20 mm, NA = 8, and total acquisition
time = 22.8 min. After applying a Hamming filter, the
resulting real voxel size was 1.9 · 1.9 · 2.0 cm3. The
patient, treated by Gamma Knife previously, was diag-
nosed with recurrent/persistent astrocytoma. In addition,
biopsy examination showed the evidence of tumor
proliferation.
3. Results

3.1. Spectral simulations and parameter optimization

A contour diagram, in the {TE, TM} parameter space,
of the index defined as in Eq. (1) for Gln is shown in
Fig. 2a. The data were normalized to the maximum value
of the data set, so the maximum value in the normalized
data set is 1 and the minimum is close to 0. A color bar
beside the contour diagrams shows the range. The contour
diagrams of the indices for Glu and GABA are shown in
Figs. 2b and c, respectively. The contour diagrams of the
ultimate index are shown in Figs. 2d and e, which are the
results for two target metabolites (Gln and Glu) and three
target metabolites (Gln, Glu, and GABA), respectively.
Figs. 2d and e show very similar distribution of the ulti-
mate indices in the {TE, TM} parameter space, and the
optimized TE and TM parameters in both contour dia-
grams are located in the range of 40–60 ms for TM and
70–90 ms for TE. The maximum indices reside at
{82 ms, 48 ms} in Fig. 2d and at {84 ms, 48 ms} in
Fig. 2e, respectively. We defined another index to evaluate
the contamination of NAA to the central peak of the C4
pseudo-triplet resonance of Gln. A contour diagram of
the index (with the same normalization processing as in
Figs. 2a–e) in the {TE, TM} parameter space is illustrated
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in Fig. 2f. A more detailed description of the index and
Fig. 2f will be given later in this section.

Fig. 3 shows the simulated spectra of several possible
contributing metabolites in the 2.2–2.5 ppm region (indi-
cated by the shaded bars) at typical short-echo parameters
of TE = 10 ms/TM = 10 ms (Fig. 3a) and at the optimized
timing parameters of TE = 82 ms/TM = 48 ms (Fig. 3b),
both under the same amplitude scale. Compared with the
Fig. 3. Simulated spectra of several possible contributing metabolites in
the 2.2–2.5 ppm region, indicated by the shaded bars, at (a) typical short-
echo parameters of TE = 10 ms/TM = 10 ms and (b) the optimized timing
parameters of TE = 82 ms/TM = 48 ms, both under the same amplitude
scale. The C3 multiplet resonance of the aspartyl group of NAA overlaps
with the entire Gln C4 multiplet resonance from 2.37 to 2.51 ppm.
Fortunately, the spectral contamination of NAA to Gln is rather low at
the optimized sequence timing parameters (also shown in Fig. 2f). The
spectral contamination of NAA to the Glu C4 multiplet resonance around
2.35 ppm and the GABA C2 multiplet resonance around 2.28 ppm is
negligible, and the spectral resonances of Asp are completely outside the
target region. The nonnegligible C3 multiplet resonances of Gln, Glu, and
GABA overlap with the singlet resonance of the N-acetyl group of NAA
at 2.02 ppm at short echo time in (a). In contrast, these C3 multiplet
resonance signals decay significantly at the optimized sequence timing
parameters in (b), thus greatly reducing the interference with quantifica-
tion of NAA.
spectra in Fig. 3a, the outer-wings of the pseudo-triplet res-
onances of Gln, Glu, and GABA are significantly sup-
pressed at the optimized TE and TM parameters and
virtual singlets are achieved simultaneously for the three
target resonances as shown in Fig. 3b. The outer-wing
levels of target resonances and the spectral overlap between
the target resonances at short-echo and optimized sequence
timing parameters are summarized in Table 1. Table 1
clearly demonstrate that the target pseudo-triplet resonanc-
es of Gln, Glu, and GABA at the short-echo parameters of
TE = 10 ms/TM = 10 ms turn into virtual singlets at the
optimized sequence timing parameters of TE = 82 ms/
TM = 48 ms, and the overlap between these metabolites
are greatly suppressed.

It should be noted that to finalize the optimized
sequence timing parameters, it is necessary to consider
two additional issues. The first issue is the spectral overlap
or contamination from other metabolites to the target res-
onances. Potential contamination sources in the target 2.2–
2.5 ppm region include NAA and aspartate (Asp). To
assess these potential contamination, the simulated
STEAM spectra of NAA and Asp at TE/TM = 10/10 ms
are also presented in Fig. 3a, along with those of Gln,
Glu, and GABA. The C3 multiplet resonance of the aspar-
tyl group of NAA overlaps with the entire Gln C4 multiplet
resonance from 2.37 to 2.51 ppm, including both the cen-
tral peak and the outer-wings [27]. Therefore, the contam-
ination from NAA may critically impair the detection of
Gln. As the outer-wings of the Gln C4 resonance are sup-
pressed at the optimized sequence timing parameters, we
mainly evaluated the contamination of NAA to the central
peak of the Gln C4 resonance. Another index, the ratio of
the peak area of NAA spectrum in the central-peak region
of the Gln C4 resonance, i.e., 2.419–2.488 ppm, to the peak
area of the central peak of the Gln C4 resonance, was
defined to evaluate the contamination from NAA to Gln.
A contour diagram of the index in the {TE, TM} parame-
ter space is illustrated in Fig. 2f. Fortunately, the contribu-
tion of NAA signal in the central-peak region of the Gln
C4 resonance, as shown in Fig. 2f and Fig. 3b, is rather
low in the optimized parameter range, centered at
TE = 82 ms/TM = 48 ms. This result mitigated our initial
concern about the possible strong contamination from
NAA to Gln at the optimized sequence timing parameters.

Besides the above overlap, the C3 multiplet resonance of
the aspartyl group of NAA, as shown in Fig. 3a, overlaps
with the downfield outer-wing of Glu C4 resonance but just
barely touches the boundary of the central peak of Glu C4
resonance. As the outer-wings of the target Glu C4 reso-
nance would be significantly suppressed at the optimized
sequence timing parameters, the contamination of NAA
to the Glu C4 resonance is negligible. No overlap was
observed between the NAA spectrum and the GABA C2
triplet resonance. Although some minor overlap between
the resonances of Asp and the downfield outer-wing of
the Gln C4 resonance in Fig. 3a, no overlap exists between
the Asp resonances and the central peak of the Gln C4



Table 1
Outer-wing levels of target resonances and spectral overlap between target resonances at short-echo and optimized sequence timing parameters

Outer-wing levela Spectral overlapb

Gln Glu GABA Gln–Glu Glu–GABA Glu fi GABA GABA fi Glu

Ratio reference /Gln /Glu /GABA /Gln /Glu /Glu /GABA /GABA /Glu

TE = 10 ms /TM = 10 ms 82% 102% 95% 83% 98% 57% 47% 27% 24%
TE = 82 ms /TM = 48 ms 9% 5% 8% 1% 1% 3% 3% 3% 0%

In all the ratio calculation, the peak area of central-peak of the target resonance was first chosen as a reference, indicated by /Gln, /Glu, or /GABA. All the
results were calculated under the assumption of the same concentrations of Glu, Gln, and GABA as well as the identical relaxation times.

a The ratio of the peak areas of the outer-wings to those of the respective central peaks was used to evaluate the outer-wing levels of the target resonance
of Gln, Glu, and GABA.

b Two types of spectral overlap (see Fig. 1) were analyzed: the overlap between the outer-wings of different target resonances, such as the C4 resonances
of Gln and Glu, denoted as Gln–Glu, and the overlap between the outer-wing of one target resonance and the central peak of another target resonance,
such as the outer-wing of Glu C4 resonance overlapping with the central peak of GABA C2 resonance, denoted as Glu fi GABA. For the former (e.g.,
Gln–Glu), the ratio was taken from the peak area of the overlapped outer-wings of all the involved target resonances to the peak area of the central peak of
each involved target resonance; for the latter (e.g., Glu fi GABA), the ratio was taken from the peak area of one outer-wing of one target resonance in the
overlapped region to the peak area of the central peak of the other target resonance.
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resonance. Similarly, no overlap exists between the Asp res-
onances and the Glu C4 resonance and the GABA C2 res-
onance. Therefore, evaluation of the contamination of Asp
can be omitted. Besides the above mentioned metabolites,
the C2 resonance (2.37 ppm) of the GABA moiety of
homocarnosine does overlap with the Glu C4 central-peak
resonance. However, its concentration is 20–50 times lower
than Glu [25], therefore possessing negligible contamina-
tion to the target resonances. One of the other resonances
closely adjacent to the target 2.2–2.5 ppm region comes
from the Glu moiety of Glutathione (GSH). At 4 T, how-
ever, only the upfield outer-wing of the C4 resonance of
Glu moiety of GSH overlaps the downfield outer-wing,
but not the central peak, of the Gln C4 resonance (data
not shown). Therefore, evaluation of the contamination
of GSH, similarly, can be omitted at 4 T. Mobile lipid
and macromolecules are usually visible in short-echo 1H
MR spectra. At the optimized timing parameters of
TE = 82 ms/TM = 48 ms, the STEAM signals of mobile
lipid and macromolecules may decrease considerably, due
to the T2-relaxation decay in TE and the T1-relaxation
decay in TM according to Eq. (1) in [33]. Nevertheless,
there still might be some residual signals from mobile lipid,
common macromolecules, and/or some special macromol-
ecules with short T1 and long T2 values. Although none of
their chemical shifts (generally 0.89, 1.30, 2.05, 2.24,
2.81 ppm for lipids and 0.89, 1.51, 2.10, 3.00 ppm for mac-
romolecules [34]) are coincide with the three target reso-
nances, the spectra of these residual signals are broad
and might still interfere with the target resonances. As
demonstrated in [34], an extended basis set can be incorpo-
rated exclusively to account for these residual background
signals and their influence can thus be eliminated in the
spectral analysis. The latest version of LCModel even pro-
vides the basis set of the macromolecule and lipid by
default as one of the new features.

Another important issue in determining the optimized
TE and TM parameters is the interference of the target
metabolites with other main metabolites, such as NAA,
creatine (tCr), and choline (tCho). As reported in the pre-
vious study [12], a major concern is the overlap of the C3
multiplet resonances of Gln, Glu, and/or GABA with the
singlet resonance of the N-acetyl group of NAA at
2.02 ppm, which may impair accurate NAA quantification,
especially at short echo times and in the presence of
increased Gln, Glu, and/or GABA signals. In Fig. 3b the
amplitudes of the C3 multiplet resonances of Gln, Glu,
and GABA at the optimized TE and TM parameters are
much lower than those in the short-echo spectra in
Fig. 3a. Thus, the STEAM sequence with the optimized
TE and TM parameters not only brought about virtual sin-
glets for Gln, Glu, and GABA simultaneously, but also
had an additional advantage in reducing the interference
with the N-acetyl resonance of NAA. Moreover, at such
comparably longer echo times, the spectral baseline,
although still possibly with some level of residual back-
ground signals, will be much simpler than those in the com-
monly used short-echo spectra [35].

3.2. In vitro and in vivo experiments

In vitro spectra were acquired on the Gln , Glu, and
GABA phantoms using a standard STEAM pulse sequence
with the short-echo and optimized sequence timing param-
eters. The short-echo in vitro spectra have already been
shown in Fig. 1, with a good agreement with the simulated
counterparts. At the optimized sequence timing parameters
(data not shown for simplicity), the outer-wings of the tar-
get pseudo-triplet resonances were significantly suppressed,
and the resonances, as expected, turned into virtual singlets
simultaneously.

Fig. 4 shows examples of the in vivo STEAM spectra on
a voxel in the brain of a healthy volunteer (Fig. 4a), a voxel
away from the traumatic brain lesion of a TBI patient
(Fig. 4b), and a voxel within the traumatic brain lesion
of the same TBI patient (Fig. 4c), respectively. The selected
voxel in the brain of the healthy volunteer was in a similar
brain region with the traumatic lesion region of the TBI
patient. In Fig. 4a, the Glu C4 resonance at 2.35 ppm is
a dominant single peak, while the amplitudes of the Gln



Fig. 4. Examples of in vivo STEAM spectra on (a) a voxel in the brain of a
healthy volunteer, (b) a voxel outside the traumatic brain lesion of a TBI
patient, and (c) a voxel within the traumatic brain lesion of the same TBI
patient, respectively. The selected voxel in the healthy volunteer brain was
in a similar brain region with the traumatic lesion region of the TBI
patient. All the spectra were extracted from the CSI-STEAM data
acquired using the optimized sequence timing parameters. Other sequence
parameters were TR = 1500 ms, FOV = 20 · 20 cm2, matrix
size = 16 · 16, slice thickness = 17 mm, NA = 16, and total acquisition
time = 21 min. An elliptical, Hamming-filter weighted k-space sampling
scheme was applied and the resulting real voxel size was
1.9 · 1.9 · 1.7 cm3. In (a) and (b), the C4 resonance of Glu at 2.35 ppm
is a dominant single peak, while the C4 resonance of Gln and the C2
resonance of GABA is much lower. Resolved Gln, Glu, and GABA
signals in the target 2.2–2.5 ppm region are shown clearly in (c).

Fig. 5. Examples of in vivo STEAM spectra on (a) a voxel in a T2

hyperintense brain region mesial to the cystic portion of the astrocytoma
and (b) a voxel outside the lesion area, respectively, of the same patient.
Both spectra were extracted from the CSI-STEAM data acquired using the
optimized sequence timing parameters. Other sequence parameters were
TR = 3000 ms, FOV = 20 · 20 cm2, matrix size = 16 · 16, slice thick-
ness = 20 mm, NA = 8, and total acquisition time = 22.8 min. An ellip-
tical, weighted k-space sampling scheme was used. After applying a
Hamming filter, the resulting real voxel size was 1.9 · 1.9 · 2.0 cm3. In (a)
‘‘Lip+Lac’’ stands for the possible lipid and/or lactate signals. While the
Glu C4 resonance is the only dominant signal in the 2.2–2.5 ppm region in
(b), the C4 resonances of Glu at 2.35 ppm and Gln at 2.45 ppm are clearly
visible and well resolved in the lesion area associated with the brain tumor
in (a).
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C4 resonance and the GABA C2 resonance are much low-
er. Similar spectral characteristics are observed in Fig. 4b.
This is consistent with previous studies that the concentra-
tion of Glu in the healthy human brain is significantly high-
er than those of Gln and GABA [36]. Resolved Gln, Glu,
and GABA signals in the target 2.2–2.5 ppm region are
shown in Fig. 4c. The spectrum in Fig. 4c clearly demon-
strates the elevated Gln and GABA levels related to trau-
matic brain injury, which are consistent with the previous
reports of increased Glx signals in TBI patients [37].

Fig. 5 illustrates two spectra acquired from a voxel in a
T2 hyperintense brain region mesial to the cystic portion
of the astrocytoma (Fig. 5a) and a voxel outside the lesion
area (Fig. 5b) of the same patient. While the Glu C4 reso-
nance is the only dominant signal in the 2.2–2.5 ppm region
in the control brain tissue (Fig. 5b), the C4 resonances of
Glu at 2.35 ppm and Gln at 2.45 ppm are clearly visible
and well resolved in the lesion region (Fig. 5a). Since in pri-
mary high-grade glioma the T2 hyperintense brain region
comprises not only vasogenic edema but also infiltrating
tumor cells [38], the spectral signal in Fig. 5a is most likely
from a mixture of tumor and edematous tissues. The dra-
matic increase in Gln as demonstrated in Fig. 5a is consis-
tent with the biochemistry studies that Gln plays an
important role in tumor proliferation [39,7]. The capability
of simultaneous detection of well-separated Glu, Gln, and/
or GABA signals in vivo offers potential for the study of
some neurological and psychiatric disorders using 1H MRS.
4. Discussion

In this report, we demonstrated a method for simulta-
neous detection of unobstructed Glu, Gln, and GABA at
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4 T by optimizing the timing parameters, i.e., {TE, TM}, of
a standard STEAM localization pulse sequence. The essen-
tial idea is to convert the Gln C4 multiplet resonance
around 2.45 ppm, the Glu C4 multiplet resonance around
2.35 ppm, and the GABA C2 multiplet resonance around
2.28 ppm to virtual singlets by suppressing the outer-wings
of the target pseudo-triplet resonances while maintaining
the central peaks in sufficient amplitudes. As illustrated
in the numerical simulation, in vitro, and in vivo experi-
ments, the outer-wings of the target resonances were sub-
stantially suppressed at the optimized parameters of
TE = 82 ms/TM = 48 ms, and virtual singlet spectral pat-
terns were achieved successfully.

The direct and most important consequence of above
sequence parameter optimization is to ensure sufficient
spectral separation between the target resonances in the
2.2–2.5 ppm region, and thus to resolve the spectral over-
lap among Gln, Glu, and GABA, which is a common prob-
lem in the short-echo spectra. These resolved and simplified
spectral patterns may generally facilitate quantification of
individual target metabolites. We also evaluated potential
contaminations to Gln, Glu, and GABA from other
metabolites in the 2.2–2.5 ppm region. At the optimized
TE and TM parameters the contribution of NAA in the
central peak of Gln C4 resonance is rather low (see
Fig. 2f and Fig. 3). The STEAM signals from most of
the mobile lipid and macromolecules will decrease consid-
erably at the optimized timing parameters of
TE = 82 ms/TM = 48 ms. For those decreased, but still
residual background signals and for the signals from cer-
tain special macromolecules with short T1 but long T2,
an extended parameterized basis set can be incorporated
exclusively, as demonstrated in [34], to account for them,
and their influence can thus be eliminated in the spectral
analysis, such as using latest version of LCModel.

One recent report addressed an important issue, i.e.,
interference of the Gln and Glu resonances with the quan-
tification of NAA [12]. Besides the solution provided at
1.5 T in the report, another technique, TE-averaged
PRESS [23], which was originally proposed to reliably
detect Glu, results in cancellation of the C3 multiplet reso-
nances of Gln and Glu that contaminate the singlet reso-
nance of the N-acetyl group of NAA at 2.02 ppm. At the
optimized TE and TM parameters, the C3 resonances of
Gln, Glu, and GABA decrease significantly (see Fig. 3b),
compared with those resonances in the short-echo spectra
in Fig. 3a. The residual C3 resonances of the target metab-
olites around 2.02 ppm are very small, at similarly low lev-
els of those observed in the TE-averaged PRESS spectra.
This is an additional advantage of using the standard
STEAM sequence with the optimized TE and TM param-
eters. Moreover, the proposed method does not sacrifice
other main metabolites, such as NAA, tCho, and tCr, in
contrast to many editing techniques. The method also pro-
vides relatively smooth and simple baseline in the spectra.

Although the central peaks of the target pseudo-triplet
resonances remained while the outer-wings were signifi-
cantly suppressed, the amplitudes of the central peaks
decreased at the optimized TE and TM parameters, com-
pared with those in the short-echo spectra. Two factors
contribute to the signal loss. The first one arises from the
J-evolution of strongly coupled spins with echo time(s).
Although J-modulation does not produce monotonical
amplitude-damping of the central peaks [24], these peaks
of the target resonances at TE = 82 ms/TM = 48 ms, as
shown in Fig. 3b, did decrease with J-evolution, compared
with those at TE = 10 ms/TM = 10 ms in Fig. 3a. We cal-
culated this type of signal loss between the two sets of tim-
ing parameters. The signal losses of the central peaks are
52% for Gln, 42% for Glu, and 48% for GABA, respective-
ly. Because relatively long TE and TM are used, the second
factor for the signal loss comes from T1 and T2 relaxation.
Measurements of T1 and/or T2 values of Glu, Gln, and/or
GABA in vivo are rarely reported in the literature until very
recently [36,40], probably due to low SNR and other diffi-
culties (e.g., J-modulation and spectral overlap) in the mea-
surements. Based on the reported T1 (1.23 s) and T2

(168 ms) values of Glu [40] and Eq. (1) in [33], the estimat-
ed signal losses are 39% due to T2 and 12% due to T1

(assuming TR = 3 s) at optimized TE = 82 ms/TM =
48 ms, resulting in a total signal reduction of 46%, com-
pared with that without relaxation effects. The Gln relaxa-
tion times were assumed to be the same as those of Glu and
the values for GABA are not reported in the literature. If
other conditions remain the same, reduced signal intensity
may lead to increased errors in spectral quantification. As
stated before, however, the background contamination
from macromolecule and lipids also decreases greatly at
long echo time. This is sometimes also critical in quantifica-
tion of low sensitivity of metabolite signals such as Glu,
Gln, or GABA. In a recent paper [35], for instance, MRS
acquisition at long echo time was exploited to reduce base-
line contamination, while a Carr-Purcell (CP) train of refo-
cusing pulses was implemented to maintain a sufficient
amplitude of the strongly coupled target resonances. In
brief, the advantages are simplified and resolved spectral
patterns of Gln, Glu, and/or GABA, a reasonable flat
baseline, and low interference with NAA at 2.02 ppm,
while the disadvantages mainly come from the decreased
signal intensity of the central peaks of the target resonances
as well as the increased necessity for correction of the relax-
ation effects in spectral quantification. To fully address the
quantification issue of the in vivo data and compare the
proposed approach with short-echo PRESS or STEAM
and other existing methods, a more comprehensive study
is needed, but beyond the scope of this proof-of-concept
report.

In summary, we have demonstrated that the Glu C4
multiplet resonance around 2.35 ppm, the Gln C4 multiplet
resonance around 2.45 ppm, and the GABA C2 multiplet
resonance around 2.28 ppm can become virtual singlets
simultaneously at the optimized timing parameters of a
STEAM sequence and these target resonances can be well
resolved at 4 T. Implementation of the technique is easy
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and only requires the widely available standard STEAM
sequence. Therefore, the technique should prove to be a
useful tool for the basic and clinical studies associated with
metabolism of Glu, Gln, and/or GABA.
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