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In this multicenter study, 2D spatial mapping of J-coupled res-
onances at 3T and 4T was performed using short-TE (15 ms)
proton echo-planar spectroscopic imaging (PEPSI). Water-sup-
pressed (WS) data were acquired in 8.5 min with 1-cm3 spatial
resolution from a supraventricular axial slice. Optimized outer
volume suppression (OVS) enabled mapping in close proximity
to peripheral scalp regions. Constrained spectral fitting in ref-
erence to a non-WS (NWS) scan was performed with LCModel
using correction for relaxation attenuation and partial-volume
effects. The concentrations of total choline (tCho), creatine �

phosphocreatine (Cr�PCr), glutamate (Glu), glutamate � glu-
tamine (Glu�Gln), myo-inositol (Ins), NAA, NAA�NAAG, and two
macromolecular resonances at 0.9 and 2.0 ppm were mapped
with mean Cramer-Rao lower bounds (CRLBs) between 6% and
18% and �150-cm3 sensitive volumes. Aspartate, GABA, glu-
tamine (Gln), glutathione (GSH), phosphoethanolamine (PE),
and macromolecules (MMs) at 1.2 ppm were also mapped,
although with larger mean CRLBs between 30% and 44%. The
CRLBs at 4T were 19% lower on average as compared to 3T,
consistent with a higher signal-to-noise ratio (SNR) and in-
creased spectral resolution. Metabolite concentrations were in
the ranges reported in previous studies. Glu concentration was
significantly higher in gray matter (GM) compared to white
matter (WM), as anticipated. The short acquisition time makes
this methodology suitable for clinical studies. Magn Reson
Med 58:236–244, 2007. © 2007 Wiley-Liss, Inc.
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Proton magnetic resonance spectroscopic mapping (1H-
MRSI) of brain metabolites can identify biomarkers rele-
vant to psychiatric and neurological disease. There is cur-
rently increasing interest in extending 1H-MRSI tech-
niques and processing capabilities to map J-coupled brain
metabolite resonances. Glutamate (Glu) and glutamine
(Gln) mapping is of particular interest because these me-
tabolites are key components of energy metabolism and
nitrogen homeostasis pathways, and are also involved in
excitatory synaptic neurotransmission (1). In vivo map-
ping of Glu in clinically feasible acquisition times may
have important diagnostic applications in psychiatric dis-
orders (2,3) and studies of aging (4).

Thus far, Glu and Gln have been studied mostly by
single-voxel MR spectroscopy (MRS) using a variety of
techniques, including model-based fitting of short-TE
spectra (4–7), use of optimized intermediate TE (8) and
Carr-Purcell refocusing pulses (9), spectral editing (10),
and 2D J-resolved spectroscopy (11,12). MRSI studies of
Glu and Gln have used spectral fitting at short TE (13,14),
J-refocused coherence transfer (15), and, more recently, 2D
J-resolved spectroscopic imaging (16,17). Spectral editing
and 2D J-resolved MRSI techniques enable highly selective
mapping of Glu and Gln, but they require multistep en-
coding, which prolongs the acquisition times and limits
the sensitivity gains at high field, as metabolite T2 values
have been shown to decrease with field strength (18,19).
Short-TE acquisition of single-voxel spectra at high field
(4T, 7T, and 9.4T) with constrained spectral fitting and
modeling of macromolecular resonances has been shown
to provide reliable quantification of a large number of
multiplet resonances (5,6,20). It is of interest to extend this
approach to MRSI and assess the sensitivity for mapping
Glu and other coupled resonances.

Echo-planar and spiral MRSI techniques are increas-
ingly becoming a practical alternative to conventional
phase-encoded MRSI (16,17,21). They have comparable
SNRs per unit time and unit volume (21–23), and enable
high spatial resolution and large volume coverage within a
short encoding time, integration of 2D J-resolved tech-
niques (16,17), and rapid acquisition of water reference
scans. In previous studies we demonstrated the feasibility
of short-TE metabolite mapping at 1.5T using the proton
echo-planar spectroscopic imaging (PEPSI) technique (21).
Recently, we showed that PEPSI provides linear gains in
sensitivity with field strengths between 1.5T and 7T (23).
However, mapping of multiplet resonances at high field
strength using short-TE high-speed MRSI techniques has
not yet been demonstrated. This methodology is techni-
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cally challenging at high field because 1) limitations in
gradient rise times will limit the spectral width at high
field (24), which makes spectral fitting difficult due to
possible spectral aliasing; and 2) eddy currents due to fast
gradient switching cause line-shape distortion, particu-
larly at short TE.

The aim in this multicenter study was to assess the
feasibility of 2D spatial mapping of J-coupled resonances
in the human brain at 3T and 4T using short-TE (15 ms)
PEPSI with optimized outer volume suppression (OVS)
and a measurement time of less than 10 min. The study
was performed at 3T because this field strength is being
increasingly used for routine clinical examinations, and at
4T because previous studies using single-voxel techniques
have shown the feasibility of quantifying Glu and Gln at
this field strength (5,6,20). A spectral quantification pipe-
line based on LCModel fitting (25) with correction for
relaxation and partial-volume effects was developed to
assess gray (GM)/white matter (WM) differences in metab-
olite concentration and to compare sensitivity between the
two field strengths.

MATERIALS AND METHODS

Subjects and Scanners

Healthy subjects participated after giving institutionally
reviewed informed consent. Data on nine subjects (eight
males and one female, age range: 23–42 years, mean: 31
years) were collected on identically equipped Siemens
Trio 3T scanners located at the McLean Hospital Brain
Imaging Center (three subjects), the University of Iowa
Department of Radiology (three subjects) and the Univer-
sity of Minnesota Center for Magnetic Resonance Research
(three subjects). Data on nine subjects (six males and three
females, age range: 20–45 years, mean: 31 years) were
collected on a Bruker MedSpec 4T MR scanner located at
the University of New Mexico MIND Imaging Center.

All scanners were equipped with the Siemens Syngo
hardware and software platform (VA25) and Sonata gradi-
ents (40 mT/m, 200 mT/m/ms slew rate). The 3T scanners
were equipped with a circularly polarized (CP) transmit
body RF coil and CP receive head coil. The 4T MedSpec
scanner was equipped with a transmit/receive CP head
coil.

Pulse Sequence

The main features of the pulse sequence used for this
study were recently described (23). The pulse sequence
consists of a three-pulse water suppression enhanced
through T1 effects (WET) water suppression module (26),
an OVS module using nine-lobe sinc-shaped optimized
suppression RF pulses, a spin-echo excitation module
with an eight-lobe Hamming-filtered sinc excitation RF
pulse (2.6-ms duration, 1.7-kHz bandwidth) and a numer-
ically optimized refocusing RF pulse (27), and an echo-
planar readout module. The durations of the suppression
and refocusing RF pulses were minimized within the con-
straints of the available RF amplitude (to less than
5.12 ms). The transmitter frequency of the excitation and
refocusing RF pulses was centered at the chemical shift of
NAA to minimize chemical-shift displacement artifacts.

Spatial-spectral encoding was performed with a train of
1024 alternating 400-�s-long trapezoidal readout gradients
using online regridding of the ramp-sampled data and
166.66-kHz acquisition bandwidth. The reconstructed
spectral width after even-odd echo editing (see below) was
1086 Hz (8.8 ppm at 3T and 6.4 ppm at 4T) with 2.1-Hz
digital spectral resolution. OVS consisted of eight manu-
ally prescribed 25–30-mm-thick presaturation slices posi-
tioned octagonally along the contours of the brain (Fig. 1)
taking into account chemical-shift displacement (�5 mm
for lipids at 0.9 ppm with respect to water at 4T). The
amplitudes of presaturation RF pulses were tuned in vivo
for each of the suppression slices in a separate series of
calibration experiments in several subjects at 3T and 4T to
account for T1-relaxation effects and B1 inhomogeneity.

FIG. 1. a: Metabolite images and T2-weighted high-resolution MRI
with overlaid OVS slices at 3T show volume coverage for the major
metabolites (CRLBs � 20%) and MMs, which extends well into
lateral GM areas. The CRLB threshold for voxel selection is shown
on the right side. The Glu image shows significantly higher concen-
tration in GM as compared to WM. b: Selected 3T spectra with
overlaid LCModel fit from peripheral and central brain regions of the
data set in a in reference to the Glu image demonstrate uniform
spectral resolution, a low level of contamination from peripheral lipid
signals, and excellent spectral fit quality. The increased Glu multi-
plet in central and lateral GM as compared to WM, and the macro-
molecular resonances are clearly delineated. c: The selected spec-
trum from central GM shows the high quality of the LCModel fit.
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These tuning values were found to be consistent across
subjects, resulting in more than 20-fold lipid suppression,
and applied to all scans in this study.

Data Acquisition

Data were acquired from axial slices in a supraventricular
location using first- and second-order autoshimming and
the following parameters: TR � 2 s, TE � 15 ms, FOV �
260 mm, slice thickness � 15 mm, spatial matrix � 32 �
32 pixels, nominal voxel size � 1 cm3, and scan time �
8.5 min using eight averages. In addition to the water-
suppressed acquisition (WS), a non-WS (NWS) reference
scan with one average was collected. High-resolution mul-
tislice T2-weighted turbo spin-echo scans with the same
slice orientation and T1-weighted Magnetization Prepared
Rapid Gradient Echo (MP-RAGE) scans were acquired for
placement of the saturation bands and spatial coregistra-
tion. The setup time for manually positioning the OVS
slices in three spatial dimensions across the entire MRSI
slab based on the high-resolution MRI, autoshimming, and
automatic adjustment of the WS pulse amplitudes was
3 min. The total experiment time, including high-resolu-
tion imaging, was 18 min.

MRSI Preprocessing and Reconstruction

Data reconstruction was performed as described previ-
ously (21,23) using separate processing of odd and even
echoes. A sine bell filter was applied across the two k-
space dimensions to reduce peripheral lipid contamina-
tion due to the point spread function (PSF), which in-
creased the effective voxel volume to 1.34 cm3. Eddy-
current correction using Klose’s (28) method was applied
to the NWS and WS time-domain data using the phase of
the NWS data. Each array was then subjected to 3D fast
Fourier transform (FFT) reconstruction. Automatic zero-
order phase correction and frequency shift correction
based on the water signal in the NWS reference scan were
applied on a voxel-by-voxel basis. Odd and even spectra
were then summed to obtain NWS and WS spectral arrays.
Spectra were converted to time-domain by an inverse FT
and exported for LCModel fitting using an amplitude
threshold to exclude voxels with low SNR originating from
regions outside of the brain.

Spectral Fitting

Localized spectra were quantified using LCModel fitting
(version 6.1) (25). Simulated basis sets for the pulse se-
quence parameters used in this study included the follow-
ing 18 metabolites: aspartate (Asp), choline (Cho), creatine
(Cr), gamma-amino-butyric acid (GABA), Gln, glycero-
phosphocholine (GPC), glutathione (GSH), Glu, myo-ino-
sitol (Ins), glucose (Glc), lactate (Lac), N-acetyl-aspartate
(NAA), N-acetylaspartylglutamate (NAAG), phosphocho-
line (PCho), phosphocreatine (PCr), phosphoethanolamine
(PE), scyllo-inositol (sIns), and taurine. The following
sums were also reported by the fitting program: Cr�PCr,
Gln�Glu, and NAA�NAAG. Experimentally, it was found
that modeling Cho, PCho, GPC, and the sum
Cho�PCho�GPC increased CRLBs as compared to model-
ing a single Cho component only, which may be due to the

similarity of these basis spectra. The most stable fitting
results were obtained by fitting GPC only, which thus
represents total Cho (tCho) in our analysis. The basis sets
for LCModel were generated in Matlab (MathWorks,
Natick, MA, USA) by simulating the spectral pattern of
each metabolite using density matrix simulations (29).
Spectra were simulated based on published chemical-shift
and J-coupling values (30) with 2-Hz Lorentzian line-
broadening.

Lipids (0.9 ppm – Lip09, two resonances at 1.3 ppm –
Lip13a – Lip13b, 2 ppm – Lip 20) and macromolecules
(MMs; 0.9 ppm – MM09, 1.2 ppm – MM12, 1.4 ppm –
MM14, 1.7 ppm MM17, 2.0 ppm – MM20) were simulated
using default settings of LCModel 6.1, which include soft
constraints for peak position and line width, and prior
probabilities of the ratios of MM and lipid peaks.

Spectra were fitted in the spectral range between 0.2 and
4.2 ppm in reference to the NWS data using “water-scal-
ing.” Two Cramer-Rao lower bound (CRLB) thresholds
were used in this study: �20% � excellent reliability, and
�50% � acceptable reliability.

The following metabolites were included in the analysis
of spectroscopic images, since their CRLBs in most of the
voxels within the volume of interest were less than 50%:
Ins, tCho, Cr�PCr, NAA, NAA�NAAG, Glu, Glu�Gln, PE,
MM09, MM12, MM20, GSH, GABA, Gln, and Asp. Other
metabolites and lipids were fitted with much higher
CRLBs. Voxels were included if 1) CRLB � 20% for Ins,
tCho, Cr�PCr, NAA, NAA�NAAG, Glu, Glu�Gln, MM09,
MM12, and CRLB � 50% for PE, MM20, GSH, GABA, Gln,
and Asp; and 2) if the estimated singlet line width of the
LCModel fit was smaller than 0.1 ppm.

Relaxation and Partial-Volume Correction

High-resolution T1 and T2 images were segmented into
cerebrospinal fluid (CSF), GM, and WM maps, resampled,
and filtered using the FAST and FLIRT routines imple-
mented in FSL (www.fmrib.ox.ac.uk/fsl/) to match the
PSF, slice thickness, and FOV of the PEPSI data. The
resulting low-resolution maps of GM, WM, and CSF
were converted into water concentration maps
�H2OGM,v�,�H2OWM,v�,�H2OCSF,v� that were corrected for the
concentration of MR visible water in the three compart-
ments using literature values reported by Ernst et al. (31).

The relaxation attenuation of water and metabolites sig-
nals was computed as:

Att � S	TE,TR
/So � eTE/T2*	1 � eTR/T1

 [1]

where S
0

is the fully relaxed signal. T1 and T2 values in
different tissue compartments taken from the literature
(16,18,32–36) are listed in Table 1. The T1-value for Glu
was assumed to be the same as for tCho, based on Srini-
vasan et al. (16) who reported similar T1 values for Cho and
Glu, and on a recent study in rat cortex (36). In accordance
with a study by Hetherington et al. (19) the T1 and T2

values of metabolites at 4T for GM and WM were assumed
to be similar. The relaxation times of Ins at 4T were as-
sumed to be similar to that of tCho based on Ethofer et al.
(32). The T1 values of MM resonances at 3T and 4T were
assumed to be 300 ms and 350 ms, respectively, based on
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Ref. 37, taking into account a slight increase in T1 with
field strength (36). The T2 values of the MM resonances
were assumed to be 44 ms based on Ref. 37.

Relaxation- and partial-volume-corrected metabolite
concentrations in units of [mmol/l] were computed on a

voxel-by-voxel basis using Eq. [8] in Ref. 38 with a modi-
fication that allows for GM/WM differences in metabolite
relaxation:

[metab]corr �
�metab]LCModel*f*��H2OGM,v�*AttH2O,GM � �H2OWM,v�*AttH2O,WM � �H2OCSF,v�*AttH2O,CSF}

[H2OGM,v]*AttMet,GM � �H2OWM,v�*AttMet,WM
[2]

where

f �
35.880*	1.21*�H2OGM� � �H2OWM�


55.555*	�H2OGM� � �H2OWM�

[3]

The concentration values of PE, GSH, GABA, Gln, and
Asp were corrected for water relaxation attenuation but
not for metabolite relaxation attenuation, due to a lack of
reported metabolite T1 and T2 values in human brain.

The means and standard deviations (SDs) across the
MRSI slice were computed for metabolite concentrations,
CRLBs, singlet line width, and SNR. The volume of voxels
above threshold (sensitive volume) was computed for each
resonance. The statistical regression method of Hethering-
ton et al. (39) was used to estimate the concentration in
pure GM and WM.

RESULTS

Metabolite Images and Spectra

Figure 1a shows representative metabolite images ob-
tained at 3T and the corresponding high-resolution MRI
with overlaid OVS bands. The images of Ins, tCho,
Cr�PCr, NAA, NAA�NAAG, Glu, and MMs demonstrate
mapping across the entire slice, including lateral GM ar-
eas. The Glu image shows similar intensity in central and
lateral GM, and much lower intensity in WM, consistent
with previous studies (13–17). The images of the macro-
molecular peaks at 0.9, 1.2 and 2.0 ppm display similar
intensity in central and peripheral regions, which suggests

that contamination from peripheral lipid-containing re-
gions was small. The images of Gln, PE, Asp, and GABA
are limited by SNR and show signal voids, where the
CRLBs exceed 50%. Figure 2b shows spectra sampled from
several voxel locations in central and lateral regions with
clearly delineated macromolecular resonances and only
small lipid contamination. The smooth fitted baseline in
these data is typical for results at 3T. Figure 2c shows the
excellent fit quality obtained in a representative spectrum
from central GM.

Figure 2a shows representative metabolite images ob-
tained at 4T. The volume coverage for mapping Ins, tCho,
Cr�PCr, NAA, NAA�NAAG, Glu, and MMs is similar to
that at 3T. Reduced areas with signal voids due to the
increased sensitivity at 4T are seen in the Gln, PE, Asp,
and GABA images. Figure 2b shows spectra sampled from
several voxel locations, including lateral GM, with uni-
form spectral quality and only minor lipid contamination.
The baseline in these spectra is slightly more modulated as
compared to 3T with broad humps in the spectral ranges of
2.2 and 3.8 ppm. The spectral quality (Fig. 2c) is similar to
that obtained with single-voxel techniques at this field
strength (e.g., Fig. 9 in Ref. 20).

Sensitivity and CRLBs

The average SNR of the LCModel fit at 4T (9.2 � 0.9) was
significantly higher than at 3T (6.9 � 1.0, t � 5.07, df � 16,
P � 0.00012). The estimated singlet line width in units of
ppm at 4T (0.041 � 0.003 ppm) was significantly narrower
than at 3T (0.048 � 0.005 ppm, t � 3.52, df � 16, P �

Table 1
T1 and T2 Values for Relaxation Correction Taken From the Literature

GM (ms) WM (ms) CSF (ms)
Reference #

T1 T2 T1 T2 T1 T2

3 T
Water 1470 110 1060 74 3000 200 32,34
tCho 1250 222 1210 222 32,33
Cr � PCr 1330 162 1400 178 32,33
Gln, Glu 1250 200 1210 200 16
Ins 1120 200 960 200 32,33
NAA, NAAG 1470 247 1560 301 32,33
MM09, MM12, MM20 300 44 300 44 37

4 T
Water 1500 63 1000 50 4000 200 35
tCho 1290 179 1290 179 18
Cr � PCr 1720 141 1720 141 18
Gln, Glu 1290 179 1290 179 16,36
Ins 1290 179 1290 179
NAA, NAAG 1630 230 1630 230 18
MM09, MM12, MM20 350 44 350 44 37
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0.0029), which is consistent with previous studies that
compared spectral resolution across field strength (5,23).

Highly reliable fits with mean CRLBs below 10% were
obtained for Cr�PCr, NAA, and NAA�NAAG at both field
strengths. Good fits with mean CRLBs below 18% were
obtained for tCho, Glu, Glu�Gln, Ins, MM09, and MM20.
Acceptable fit reliability was obtained for low concentra-
tion J-coupled resonances of Asp, GABA, Gln, GSH, and
PE, and for the MM12 resonance with mean CRLBs be-
tween 30% and 44%. The mean CRLBs of most metabo-
lites, with the exception of Gln, Glu�Gln, MM09, MM12,
and PE, were significantly lower at 4T vs. 3T (Fig. 3a), t 
2.58 , df � 16, P � 0.02. The average decrease of the CRLBs
was 19%.

The sensitive volumes of Cr�PCr, NAA, and
NAA�NAAG were between 169 cm3 and 182 cm3, and
differed less than 5% between field strengths. The sensi-
tive volume of tCho was larger at 4T (152 � 26 cm3) as

compared to 3T (117 � 42 cm3). The sensitive volumes of
Glu, Glu�Gln, and Ins were between 147 cm3 and 162 cm3,
and differed less than 10% between field strengths. Strong
increases of the sensitive volume with field strength were
measured for Asp (mean: 1.7-fold), GABA (mean: 4.9-fold),
and GSH (mean: 1.7-fold).

Metabolite Concentration Values

Figure 3b shows slice-averaged concentration values at 3T
and 4T, which are within the range of concentration values
reported in previous studies at these field strengths (6–
8,11,13–17,20,40–42). Differences in mean concentration
values between the two field strengths were less than 23%,
with the exception of Gln (34%). These differences were
statistically significant for Cr�PCr, NAA, NAA�NAAG,
Glu, Glu�Gln, PE, MM20, and Gln (t  2.3, df � 16, P �
0.04). Within each field strength the mean concentration
values had an SD across subjects of less than 20%, with the
exception of MM12 (22%) and Gln at 4T (38%). Figure 4a
shows extrapolated pure WM and GM concentration val-
ues of Ins, tCho, Cr�PCr, Glu, Glu�Gln, Ins, NAA,
NAA�NAAG, MM09, and MM20 at 3T. The strongest
GM/WM contrast was measured for Glu (concentration
ratio: 1.9 � 0.4) and Glu�Gln (concentration ratio: 1.8 �
0.4). The extrapolated GM/WM contrast was slightly
higher at 4T (Fig. 4b), but that difference was not statisti-
cally significant except for tCho (t  3.23, df � 16, P �
0.0053). The strongest GM/WM contrast was measured for
Glu (concentration ratio: 2.6 � 0.9) and Glu�Gln (concen-
tration ratio: 2.4 � 0.7). The GM/WM contrast of MM09
and MM20 was similar at both field strengths.

An estimate of the reproducibility of metabolite concen-
trations was obtained in the three subjects measured at 3T

FIG. 3. a: Mean CRLBs of the LCModel fit were smaller at 4T as
compared to 3T for most metabolites, with the exception of Gln,
Glu�Gln, MM09, MM12, and PE (*:t  2.58 , df � 16, P � 0.02). This
decrease reflects the expected sensitivity increase with field
strength. b: Mean metabolite concentration values, averaged across
the slice, were similar at 3T and 4T, and in the range of concentra-
tion values reported in previous studies at these field strengths.

FIG. 2. a: Metabolite images at 4T with corresponding high-reso-
lution MRI show a volume coverage in lateral GM for the major
metabolites (CRLBs � 20%) and MMs that is comparable to that at
3T. Improved volume coverage is seen for Gln, PE, GABA, and Asp.
b: Selected spectra at 4T with overlaid LCModel fit from peripheral
and central brain regions of the data set in a in reference to the Glu
image show similar spectral quality as compared to 3T, and a low
degree of lipid contamination. c: Selected spectrum from central
GM with overlaid LCModel fit shows clearly resolved multiplet peaks
around 2.35 ppm.
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at the University of Minnesota. The within-session varia-
tion was less than 12% for all metabolites. Metabolite
concentrations measured on different days in one of the
three subjects varied by less than 10%.

DISCUSSION

Data Acquisition

This study demonstrates the feasibility of quantitative
whole-slice mapping of J-coupled resonances at 3T and 4T
with the PEPSI high-speed MRSI technique. We used a
much shorter TE than that typically used for MRSI, since
preliminary measurements on three subjects at 4T showed
a twofold increase of the sensitive volume of Glu when the
TE was decreased from 30 to 15 ms (t � 5.95, df � 4, P �
0.004).

The spectral width of the PEPSI method is adequate for
encoding the entire range of metabolites visible at short
TE. The amide protons of NAA and other peaks in the
vicinity of 8 ppm wrap around to the right of NAA and do
not interfere with spectral fitting. Correction for frequency
drifts due to shim heating effects was not applied in this
study, since drifts were on the order of 1–3 Hz, which is
considerably smaller than the intrinsic spectral line width
in vivo. In a previous study, at a higher spatial resolution
(not used in the present study), these frequency drifts did
become significant, and we developed an online frequency
correction for the water-suppression pulses and used sep-
arate acquisition of individual averages to minimize inco-
herent averaging due to frequency drifts (43).

The placement and optimization of the thickness of the
eight OVS slices was time-consuming and required skill
and experience to balance the need to adequately suppress
peripheral areas and minimize suppression of cortical re-
gions. Since different operators acquired the data, there

was a slight variability in lipid suppression between sub-
jects, but the capability of LCModel to fit lipid signals
using “soft constraints” compensated for small lipid con-
tamination, and the metabolite maps in these subjects did
not show significant degradation in peripheral areas. To
overcome this limitation we are currently developing au-
tomatic positioning of the saturation bands, which is de-
sirable for clinical studies and virtually indispensable
when positioning larger number of OVS slices for 3D volu-
metric coverage (44).

Spectral Fitting

The performance of spectral fitting is sensitive to spectral
line width, SNR, and the choice of fitting parameters.
Lateral GM spectra suffer susceptibility-related line broad-
ening, and CRLBs increase accordingly. More reliable
comparisons when averaging fitting results over the slice
could be obtained by removing peripheral voxels and us-
ing a lower threshold for spectral line width, at the ex-
pense of reducing the sensitive volume.

The ability of the baseline fit to account for errors in
modeling MMs and residual lipids improves with increas-
ing SNR, as described by Pfeuffer et al. (5). Spectra with
flat baselines can yield more reproducible (but consis-
tently wrong) results, with deceptively low coefficients of
variation (5). The flat baseline in our 3T data suggests that
they are more strongly SNR-limited than our 4T data.
Using multivoxel averaging of individual voxel spectra at
3T, we confirmed that increasing SNR increases the mod-
ulation of the baseline and reduces the overestimation of
the Glu concentration, which makes 3T and 4T results
similar.

We also investigated whether constraining the model for
macromolecular peaks using experimentally measured
metabolite-nulled spectra from a recent study (23) would
improve the fit quality. The mean CRLBs increased slightly
as compared to default modeling of MMs, while the fitted
metabolite concentrations were similar except for a slight
decrease in NAA and Glu concentration. This suggests that
LCModel can adequately account for macromolecular sig-
nals using default parameters for modeling MMs. How-
ever, appropriate modeling of the MM resonances in clin-
ical scans in diseased brain may require direct measure-
ment of metabolite-suppressed MM spectra.

Metabolite Quantification

Our CRLB data show that spectral quantification is more
robust at 4T as compared to 3T, which is consistent with
the increased spectral dispersion, the 16% reduction in
singlet line width (in ppm), and the 33% increase in sin-
glet SNR at 4T. The measured Glu and Gln concentrations
at 4T were lower than at 3T, while the measured NAA
concentration was higher, which may be explained by the
reduced spectral overlap and increased SNR at 4T. To
further examine the SNR dependence of the LCModel fit
results, we performed a separate series of experiments at
4T using different numbers of signal averages (data not
shown) and found that the measured Glu and Glu concen-
trations indeed decreased with increasing SNR. It is thus
not surprising that the measured metabolite concentration

FIG. 4. Extrapolated pure GM and WM metabolite concentration
values at (a) 3T and (b) 4T. The largest GM/WM contrast was
measured for Glu and Glu�Gln, as expected.
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values at 3T and 4T in this study are slightly different due
to our study design, which is associated with a lower SNR
compared to that in previous single-voxel studies (20). The
use of tight-fitting phased-array surface RF coils would
significantly increase sensitivity in both peripheral and
central brain regions. We thus expect that metabolite con-
centrations measured at 3T and 4T with high-speed MRSI
and phased-array coils will be consistent with previous
single-voxel studies demonstrating comparable spectral
quantification across field strengths (20).

Partial-volume correction is sensitive to the choice of
segmentation method (38), to larger B1-inhomogeneity at
4T, and to differences in image contrast between field
strengths. These can introduce bias in the segmentation
and the extrapolated metabolite concentrations in “pure”
GM and WM, which may contribute to the differences in
measured metabolite concentration values at 3T and 4T.
Relaxation correction is sensitive to errors in T1 values, in
particular for CSF. For clinical studies it would thus be
advantageous to measure metabolite and water T1 in indi-
vidual subjects to limit possible errors in relaxation cor-
rection. Alternatively, it is possible to conduct studies at
longer TR values to limit the effects of T1 relaxation.

Table 2 shows a comparison of tCho, Cr�PCr, Glu, Ins,
and NAA concentrations reported in selected studies at 3T
and 4T using either spectral fitting or TE averaging. The
data in these studies were corrected for T1 relaxation or
measured at long TR. The TE-averaged data in Ref. 16 were
not corrected for T2 relaxation of Glu and thus underesti-
mate the Glu concentration. This underestimation may be
as high as 40%, assuming a T2 of Glu in GM on the order
of 200 ms, as reported by Schubert et al. (8). With this T2

correction the Glu concentration in the Srinivasan et al.
(16) study would be in the range of the other studies. The
concentration of Glu in our 3T data is consistent with that
in the J-resolved studies and the study by Schubert et al.
(8). The Glu concentration in our 4T data is consistent
within 10% with previous studies by Tkac and Gruetter
(20) and Kassem and Bartha (7).

Several metabolites showed distinct GM/WM contrast,
including Glu, Glu�Gln, and Cr�PCr. The strong GM/WM
contrast of Glu in this study is consistent with previous
studies (e.g., Ref. 16). The larger GM/WM contrast in tCho
at 4T as compared to 3T can in part be explained by the
larger sensitive volume of tCho at 4T, which includes a
larger number of lateral GM voxels.

A number of low-concentration J-coupled resonances,
such as Asp, GABA, GSH, Gln, and PE, were detected with
greater sensitivity at 4T as compared to 3T. These were
quantified without correction for metabolite T1 relaxation
effects and thus underestimated. The CRLBs in individual
voxels were relatively large, but averaging across the entire
slice resulted in concentration values that are in the range
of previously reported values. The Asp concentrations in
this study were 1.6 mmol/l at 3T and 1.7 mmol/l at 4T
compared to 2.1 mmol/l in Ref. 20 and 3.2 mmol/l in Ref.
7. The GABA concentrations in this study were 1.3 mmol/l
at 3T and 4T compared to 0.8 mmol/l in Refs. 20 and 41.
The Gln concentration in this study was 2.7 mmol/l com-
pared to 3.4 mmol/l in Ref. 20, 3.0 mmol/l in Ref. 10, and
2.6 mmol/l in Ref. 11. The GSH concentration in this study
was 1.2 mmol/l compared to 1.3 mmol/l in Ref. 45,
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0.8 mmol/l in Ref. 20, and 2–5 mmol/l in Refs. 10 and 42.
However, the PE was higher in this study with 3.5 mmol/l
at 3T and 2.7 mmol/l at 4T compared to 1.8 mmol/l in Ref.
20. Improved quantification of these J-coupled metabolites
is expected using a longer scan time, larger voxel size, and
sensitive surface coil arrays.

In addition to metabolites contained in the basis sets, we
obtained good fits for MMs at 0.9 and 2.0 ppm, which were
fully relaxed due to their short T1 values and uniformly
distributed in GM and WM, consistent with the study by
Hwang et al. (46). This feasibility of mapping MM reso-
nances into lateral GM is of interest for clinical applica-
tions in multiple sclerosis, stroke, traumatic brain injury,
vascular disease, and brain tumors.

CONCLUSIONS

The short acquisition time (�10 min) makes this method-
ology suitable for clinical studies. In future work we will
characterize intra- and intersubject reliability within and
across site sites to determine its reliability and robustness
for clinical studies. Improvements in sensitivity using
large-scale surface coil arrays and higher field strength,
more constraint spectral fitting using directly measured
macromolecular basis sets, and improved tissue segmen-
tation will make this methodology applicable for identify-
ing and mapping metabolic biomarkers in a wide range of
neurological and psychiatric disorders.
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