Magnetic Resonance in Medicine 57:859 – 865 (2007)

Fast Mapping of the T2 Relaxation Time of Cerebral
Metabolites Using Proton Echo-Planar Spectroscopic
Imaging (PEPSI)
Shang-Yueh Tsai,1 Stefan Posse,2,3 Yi-Ru Lin,4 Cheng-Wen Ko,5 Ricardo Otazo,3
Hsiao-Wen Chung,1* and Fa-Hsuan Lin6,7,8
Metabolite T2 is necessary for accurate quantiﬁcation of the
absolute concentration of metabolites using long-echo-time
(TE) acquisition schemes. However, lengthy data acquisition
times pose a major challenge to mapping metabolite T2. In this
study we used proton echo-planar spectroscopic imaging
(PEPSI) at 3T to obtain fast T2 maps of three major cerebral
metabolites: N-acetyl-aspartate (NAA), creatine (Cre), and choline (Cho). We showed that PEPSI spectra matched T2 values
obtained using single-voxel spectroscopy (SVS). Data acquisition for 2D metabolite maps with a voxel volume of 0.95 ml (32 ⴛ
32 image matrix) can be completed in 25 min using ﬁve TEs and
eight averages. A sufﬁcient spectral signal-to-noise ratio (SNR)
for T2 estimation was validated by high Pearson’s correlation
coefﬁcients between logarithmic MR signals and TEs (R2 ⴝ
0.98, 0.97, and 0.95 for NAA, Cre, and Cho, respectively). In
agreement with previous studies, we found that the T2 values of
NAA, but not Cre and Cho, were signiﬁcantly different between
gray matter (GM) and white matter (WM; P < 0.001). The difference between the T2 estimates of the PEPSI and SVS scans was
less than 9%. Consistent spatial distributions of T2 were found
in six healthy subjects, and disagreement among subjects was
less than 10%. In summary, the PEPSI technique is a robust
method to obtain fast mapping of metabolite T2. Magn Reson
Med 57:859 – 865, 2007. © 2007 Wiley-Liss, Inc.
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Estimation of the relaxation times of metabolites is necessary for accurate quantiﬁcation of metabolite concentrations using long-echo-time (TE) acquisition schemes (1–3).
Given the T2 relaxation time, metabolite signals acquired
at different TEs can be extrapolated to obtain the signal at
TE ⫽ 0 and thus estimate the concentration of the metabolite (4). Differences in T2 decay are negligible only for
short-TE methods (with TE below 10 ms). In several pathological conditions, such as edema and ischemic stroke
(5– 8), interactions between cerebral metabolites and macromolecules and proteins are known to modify the biochemical environments of the metabolites, which in turn
alters the motion-sensitive T2 relaxation time. Accurate
estimation of metabolite T2 is therefore especially important in clinical applications of magnetic resonance spectroscopy (MRS) to ascertain whether changes in metabolite
MR signals are derived from ﬂuctuations in the metabolite
concentration or from changes in the metabolite relaxation
time (2,9). In addition to providing information about metabolite concentration, T2 values may give complementary
information about metabolite behavior, as has been suggested by studies of brain tumor (9), ischemic stroke (5–
7,10), virus infection (11), drug abuse (12), and other neurological disorders (13–15).
The T2 relaxation times of metabolites can be measured
by collecting multiple spectra over a range of TEs and then
ﬁtting the MR signals as a function of TE (1–3,5,10). Several studies have reported metabolite T2 values in various
brain regions at different ﬁeld strengths. Most of these
studies used the single-voxel spectroscopy (SVS) technique and reported region-speciﬁc T2 variations in normal
brain (1– 4,16). At 3T, the T2 values of N-acetyl-aspartate
(NAA), creatine (Cre), and choline (Cho) have been reported to range from 220 ms to 301 ms, 143 ms to 178 ms,
and 187 ms to 276 ms, respectively, in occipital gray (GM)
and white matter (WM), cerebellum, basal ganglia, and
other cortical regions (1–3). A general shortening of T2
relaxation time at higher ﬁeld strengths has also been
found (1– 4,16 –18). Because of inherent regional variations, acquiring whole-brain metabolite T2 maps in a single measurement using spectroscopic imaging (SI) techniques is very helpful for monitoring pathologically induced alterations. Unfortunately, only a few studies have
employed SI techniques for T2 estimation (6,15,17). The
major difﬁculty associated with using the technique is the
lengthy acquisition time required for repetitive spatial encoding in two or even three spatial dimensions. For instance, completing a data acquisition for 2D chemical shift
imaging (CSI) with a 32 ⫻ 32 imaging matrix and TR of 2 s
takes more than 30 min for only one TE. Acquisition with
multiple TEs is simply not feasible. Therefore, the devel-
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opment of fast SI techniques to measure the T2 relaxation
times of cerebral metabolites within clinically acceptable
times is highly desirable.
Over the past two decades, many fast SI techniques have
been proposed, including multiple spin-echo acquisition
(19), echo-planar spatial encoding (20), and spiral readout
(21). Compared to the traditional CSI technique, these
methods offer two- to fourfold accelerations in data acquisition time. By contrast, proton echo-planar spectroscopic
imaging (PEPSI) can accelerate data acquisition by an order of magnitude using echo-planar readouts to collect
spectral and 1D spatial information. The PEPSI technique
has been developed for clinical MR scanners to measure
2D and 3D metabolite distributions in several minutes
(22,23) and with high spatial resolution (24). Given its
beneﬁt of fast acquisition, the PEPSI technique has already
been employed in many clinical studies (22,25,26).
In this work we examined the feasibility of using the
PEPSI sequence on a 3T MR system to estimate the 2D
spatial distributions of T2 relaxation times of the three
major cerebral metabolites: NAA, Cre, and Cho. We aimed
to optimize experimental parameters to establish a protocol that yields sufﬁcient spectral SNR and accurate metabolic quantiﬁcation. The spatial resolution achievable
with PEPSI is utilized to obtain regional T2⬘s for both GM
and WMs, which are then validated by SVS. The proposed
protocol allows completion of scanning in 30 min, and
offers the capability of mapping metabolite T2⬘s in clinical
studies.

MATERIALS AND METHODS
Subjects and Data Acquisition
Six normal volunteers (three males and three females,
mean age ⫽ 30 ⫾ 10 years) were enrolled in this study. All
experiments were performed on a 3T MR system (Trio;
Siemens Medical Solutions, Erlangen, Germany) with an
eight-channel coil array that covers the whole brain circumferentially with eight surface receive-only coils. We
used the body coil for RF excitation. All in vivo experiments were conducted under the supervision of the MGH
Institutional Review Board and we obtained informed consent from all study participants.
Before the MRS acquisitions, we acquired multislice
axial T1-weighted images using a gradient-echo sequence
(TR/TE/ﬂip angle ⫽ 10 ms/2 ms/15°) for anatomy localization, as required for subsequent PEPSI and SVS experiments. We acquired 15 image slices of 4-mm thickness,
with no gap, to cover the whole brain. For the shimming,
we checked the resonant frequency and the width of the
resonance peak on the scanner based on the existing shimming currents on the gradient coils. After the phase maps
across the whole brain were measured based on the existing shimming currents, a new set of shimming currents
was calculated using the manufacturer software on the
scanner. This procedure was repeated until the phase map
converged to the most homogeneous phase distribution.
The PEPSI sequence includes 1) water suppression using chemical shift-selective saturation (CHESS) (27), 2)
application of complete eight-slice outer volume suppression along the perimeter of the brain, 3) spin-echo excita-
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tion consisting of a 90° RF pulse followed by two 180
refocusing RF pulses, and 4) fast spatial-spectral encoding
of the half-echo using an EPI readout gradient train along
the x-axis (23). Data were acquired with 1024 gradient
inversions at 83.33-kHz readout bandwidth and online
regridding to account for ramp sampling. Even- and oddecho data were collected separately. The reconstructed
spectral width after even/odd echo editing was 1086 Hz,
with 512 complex points corresponding to a spectral resolution of 2.1 Hz. To obtain 2D spatial encoding, we applied additional phase encoding along the y-axis. PEPSI
data were acquired from a para-axial slice at the upper
edge of the ventricles with a voxel size of 0.95 ml (matrix
size ⫽ 32 ⫻ 32, FOV ⫽ 220 mm, slice thickness ⫽ 20 mm).
For each subject, ﬁve PEPSI data sets were collected at TEs
of 50, 100, 160, 220, and 300 ms. The TR was chosen to
approximate the T1 values of metabolites for optimization
of the acquisition efﬁciency for signal-to-noise ratio (SNR)
(28). Given previously reported T1 values ranging between
1000 ms and 1500 ms at 3T (2), we chose a TR of 1200 ms
for this study. To enhance the SNR, we employed eight
signal averages for the PEPSI acquisitions at each TE,
which yielded a total scan time of 25.6 min. To investigate
the possibility of further accelerating data acquisition with
the use of fewer averages, and the consequential effects of
reduced SNR, we performed two further experiments on
one subject. In these additional studies, we reduced the
number of signal averages at TEs of 50, 100, 160, and
220 ms from eight to six and four, respectively. The number of averages for 300 ms TE was not reduced, but was
kept at eight to maintain the SNR of long-TE spectra. The
total scan times were 20.5 and 15.4 min, respectively, for
these two additional experiments.
SVS experiments were performed after the PEPSI scans
using the point-resolved spectroscopy (PRESS) (29) sequence. For each subject, spectra were acquired from representative WM and GM voxels on the same slice as in the
PEPSI acquisition. The locations of these two volumes of
interest (VOIs) are depicted in Fig. 1. The voxel size was 8
ml (20 ⫻ 20 ⫻ 20 mm3), approximately corresponding to
the nine voxels in the PEPSI scan. SVS data were collected
at the same TEs and TR used for the PEPSI data. The
number of signal averages was 64, and the spectral width
was 1120 Hz with 512 complex points.
Postprocessing
All spectra were ﬁrst processed with sinusoidal spatial
ﬁltering of the k-space data and 4-Hz exponential temporal
ﬁltering of the half-echo data. Following Fourier transformation from time domain to spectral domain, the spectra
were phased using automatic zeroth-order phase correction. For PEPSI, spectra from even and odd echoes were
averaged together to increase the SNR. A ﬁrst-order polynomial baseline correction was applied over the spectral
range of 1– 4 ppm to attenuate baseline drift and overlap of
residual water signal. The signal of each metabolite was
calculated by integrating the corresponding peak.
The T2 relaxation times of three major cerebral metabolites (NAA, Cre, and Cho) were estimated from the integrated signal corresponding to each TE. Using a monoexponential function, the metabolite signals became a linear
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(ROI4) (arrows in Fig. 1). The means and standard deviations (SDs) of the metabolite T2 values from each ROI were
calculated. We used a one-tail t-test to compare regional
T2 differences between WM and GM for the three metabolites in each of these ROIs. To compare the T2 values of
PEPSI and SVS scans, we chose two square ROIs (3 ⫻ 3
voxels) from the PEPSI data to match the same locations of
the VOIs in the SVS data. All ROIs were selected manually
from the T1-weighted images.
RESULTS

FIG. 1. T1-weighted gradient-echo image used for localization of
PEPSI and SVS experiments. The image shown here corresponds to
the PEPSI imaging slice. For the SVS scans, two VOIs were deﬁned
in WM and GM (black squares). All ROIs in regional analysis were
manually selected on the T1-weighted image (their positions are
indicated by arrows).

function of TE after a natural logarithm was taken. We
performed linear regression using least-squares ﬁtting. The
T2 values of individual metabolites were thus calculated
as the inverse of slope of the regression curve. Pearson’s
correlation coefﬁcient (R), as an index reﬂecting the linearity of the semilogarithmic plot, was used to evaluate the
goodness of T2 ﬁt. All voxels with R2 values less than 0.9
were excluded and displayed as zero in the T2 map.
Statistical Analysis
To investigate the regional distribution of T2 values, four
regions of interest (ROIs) were selected in WM areas of the
left hemisphere (ROI1) and right hemisphere (ROI2), and
GM areas of the frontal lobe (ROI3) and parietal lobe

FIG. 2. Representative spectra from PEPSI (a) and
SVS (b) from one subject. Baseline correction was
successful in all cases. The metabolite peaks can
be identiﬁed easily from the high-quality spectra.

Representative spectra selected from a WM voxel in both
PEPSI and SVS scans are shown in Fig. 2. Both the PEPSI
and SVS data revealed clearly identiﬁed metabolite peaks,
and the spectra baselines were relatively ﬂat after ﬁrstorder polynomial correction. The major metabolite peaks
progressively decreased as the TE increased. The semilogarithmic plots of PEPSI metabolite signals vs. TE demonstrated satisfactory linearity (R2 values ranging from
0.98 to 0.95; Fig. 3a). The SVS data also demonstrated such
linearity (R2 ⬎ 0.99; Fig. 3b). The averaged differences in
T2 estimates between PEPSI and SVS over the six subjects
were 4%, 5%, and 9% for NAA, Cre, and Cho, respectively.
A comparison of T2 ﬁtting quality with different acquisition protocols is shown in Fig. 4. With eight signal averages (total scan time ⫽ 25.6 min), the averaged R2 of the
whole brain was over 0.95 for all three metabolites. R2
decreased as the number of signal averages decreased concomitantly with SNR. Although the R2 values remained
greater than 0.90 for NAA and Cre for all three protocols,
R2 for Cho decreased to 0.87 when only four signal averages (the 15-min protocol) were used (Fig. 4).
The T2 values estimated from our subjects ranged from
200 ms to 250 ms for NAA in the GM, 260 ms to 320 ms for
NAA in the WM, 140 ms to 170 ms for Cre, and 190 ms to
270 ms for Cho (Table 1). A regional analysis showed that
for NAA, T2 values were signiﬁcantly higher in the WM
than in the GM (P ⬍ 0.001). The differences in T2 for the
GM and WMs were statistically insigniﬁcant for Cre (P ⫽
0.32) and Cho (P ⫽ 0.11), as is directly depicted by the T2
maps shown in Fig. 5. Our results are in agreement with
those previously reported. For NAA, Cre, and Cho, Traber
et al. (2) measured T2 values of 301 ms, 178 ms, and
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FIG. 3. Semilogarithmic plots of metabolite signal vs. TE for NAA, Cre, and Cho in PEPSI (a) and
SVS (b) from representative spectra shown in Fig.
2. The R2 values for the PEPSI data are 0.98, 0.97,
and 0.95 for NAA, Cre, and Cho, respectively,
with T2 values estimated at 263, 157, and 191 ms.
Data obtained from the SVS scan show better
linearity given the higher SNR with larger voxel
size.

222 ms, respectively, in the occipital WM, and 247 ms,
162 ms, and 222 ms in the motor cortex. Mlynarik et al. (3)
estimated 247 ms, 152 ms, and 207 ms in the occipital GM,
and 295 ms, 156 ms, and 187 ms in the occipital WM.
Intersubject differences in metabolite T2 values were less
than 10% (Table 1), showing high consistency across the
six healthy volunteers recruited in this study. The spatial
distributions of T2 for all three metabolites were also similar among our subjects (Fig. 5).
DISCUSSION
In this study we demonstrated that the spatial distribution
of the T2 values of the three major cerebral metabolites
(NAA, Cre, and Cho) can be obtained in less than 30 min
using the PEPSI sequence. The relatively short scanning
time of the PEPSI technique increases the potential to map
metabolite T2’s for both research and clinical applications.
A clear difference in T2 between the GM and WM was
found for NAA (P ⬍ 0.001), but not for Cre and Cho,
suggesting different biochemical environments in the GM
and WMs, speciﬁcally for NAA. This ﬁnding matches
those of previous reports that used the SVS technique to

FIG. 4. R2 values for three cerebral metabolites using different
protocols in one subject. The R2 values displayed were averaged
across the whole brain. The scan time of 25.6 min corresponds to
the protocol with eight averages, and 20.48 and 15.36 min correspond to the six- and four-signal averages for TEs less than 300 ms,
respectively. SNR reduction resulting from fewer signal averages
results in decreased ﬁtting precision and hence lowered R2 values.

separately measure metabolite T2 values in GM and WM
(1–3). Unlike SVS, our PEPSI technique provides the ability to display the spatial distribution of T2 values. Such T2
mapping is especially important for pathological conditions in which speciﬁc regions of T2 alterations may not be
known prior to data acquisition.
In addition to the advantage of improved spatial resolution, T2 values estimated from PEPSI data matched results
previously observed. Compared to our SVS experiments,
the PEPSI data exhibited a difference of less than 9%. The
quality of data ﬁtting is reﬂected by high Pearson’s correlation coefﬁcients, indicating the reliability of T2 estimations. The T2 maps for Cho exhibited high spatial variability, with T2 near the central interhemispheric ﬁssure seemingly longer than in lateral regions of the cerebral
hemispheres (Fig. 5). Further interpretation of this ﬁnding
may be possible with future recruitment of more subjects.
The spatial variation observed for Cho T2 may arise from
its comparatively low R2 values, which can be partially
explained by the regional variation in line width and the
interference of the underlying multiplets of myo-inositol
and phosphooethanolamine (3).
However, even with the accuracy of metabolite T2 estimation that is achievable with PEPSI (error less than 10%
compared to SVS scans), it should be noted that the detection of pathological alterations by using metabolite T2
values alone requires further careful investigations. Taking
the best-quantiﬁed NAA as an example, the T2 in the WM
regions for subject 3 was found to be around 230 –300 ms,
whereas that for subject 5 was 270 –350 ms (Fig. 5). Since
these T2 values, especially those within the SVS ROIs,
were in good agreement with SVS estimations (261 and
299 ms for subjects 3 and 5, respectively), the intersubject
difference is in part the consequence of natural variability.
On the other hand, for Cho, which showed inferior SNR
compared to NAA, the relatively large intrasubject variations shown in Fig. 5 could arise from a combination of
natural spatial distribution and technical uncertainty. To
further explore the inter- and intrasubject variability of
metabolite T2, it is necessary to obtain measurements with
higher SNR. For example, using highly sensitive surface
coil arrays and averaging voxels across ROIs will increase
SNR. The present study shows technical feasibility and
quantiﬁes the limits of T2 quantiﬁcation with the current
technology.
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Table 1
List of T2 Relaxation Times (in ms) of NAA, Cre, and Cho From Four ROIs Deﬁned in the White Matter of the Right Hemisphere (Right
WM), White Matter in the Left Hemisphere (Left WM), Gray Matter of the Frontal Lobe (Frontal GM), and Gray Matter of the Parietal
Lobe, Plus Whole-Brain-Averaged T2 and R2 Values*
Right WM (ROI1) (ms)
Left WM (ROI2) (ms)
Frontal GM (ROI3) (ms)
Parietal GM (ROI4) (ms)
Whole brain (ms)
R2

NAA

CRE

CHO

295 ⫾ 12
287 ⫾ 16
235 ⫾ 18
238 ⫾ 12
262 ⫾ 13
0.98 ⫾ 0.004

156 ⫾ 07
152 ⫾ 05
157 ⫾ 15
155 ⫾ 07
151 ⫾ 05
0.97 ⫾ 0.01

217 ⫾ 17
215 ⫾ 19
229 ⫾ 23
225 ⫾ 26
221 ⫾ 13
0.95 ⫾ 0.01

*For each of six subjects, we calculated the mean and standard deviations of T2 in each ROI. The intersubject variability is less than 10%
for NAA and Cre, and around 10% for Cho. Note that the higher SD in T2 values of Cho matched the lower R2 values (Fig. 4) and the T2
map results (Fig. 5).

Because the signal of a metabolite arises from the integration of individual spectral peaks, the accuracy of T2
estimation can be affected by the spectral baseline. The
shape of the baseline can be complex, showing overlaps by

FIG. 5. T2 maps of NAA, Cre, and Cho (left
to right) from six subjects (top to bottom).
The T2 values (in milliseconds) were found
to be consistent across the six subjects,
with T2 maps of Cho exhibiting a slightly
increased spatial variance. Note that there is
a clear difference in T2 between the WM
and GM in the NAA maps, but not in the Cre
and Cho maps.

either broad spectral lines belonging to high-molecularweight compounds, spectral multiplets with complex coupling patterns, or simple drift due to residual water and
interscan ﬂuctuations. Baseline correction is thus very im-
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portant because metabolite peak integration is very sensitive to any baseline ﬂuctuation. In this study, TE values
larger than 50 ms were chosen to reduce the signal contributed by J-coupled multiplets and macromolecular resonances. Therefore, as shown in Fig. 2, the simple baseline
correction algorithm applied in this study is sufﬁcient to
successfully correct baseline drift in relatively long-TE
spectra. T2 relaxation closely following monoexponential
decay could be seen in all of the metabolites investigated
(Fig. 3).
As shown in Fig. 4, the SNR is the key factor affecting
the quality of T2 relaxation time quantiﬁcation. The SNR is
a more critical issue for Cre and Cho than for NAA because
of the intrinsically lower concentrations and shorter T2
values of these two metabolites. This in turn implies that
for these two metabolites, the signal is lower at long TEs,
and more signal averages are therefore needed to maintain
the SNR. In our protocol, TE ranges up to 300 ms. For a
metabolite with T2 greater than 300 ms, such as NAA in the
WM, the lack of long-TE data may result in estimation
errors (1). Nevertheless, in this study of PEPSI, NAA was
successfully quantiﬁed with an error of less than 4% compared to the SVS results. On these grounds, the proposed
PEPSI protocol should be considered acceptable. Furthermore, if spectra with longer TE (more than 300 ms) were
used in the protocol, fewer signal averages must be used
for spectra at short TE in order to maintain the same
scanning time. Using fewer averages lowers the quality of
linear ﬁtting for Cre and Cho. Given the SNR concerns for
Cre and Cho, and constraints on feasible total scanning
time, extending the TE to a longer TE is not desirable in
terms of acquisition efﬁciency. Eight signal averages were
used in the proposed protocol because SNR loss resulting
from a further reduction in the number of signal averages
yields less accurate T2 estimations (Fig. 4). If R2 ⫽ 0.95 is
used as the criterion for reliable T2 ﬁtting, the 20-min
protocol may be a suitable faster alternative when NAA is
the only metabolite of interest.
A relatively large voxel size (20 ⫻ 20 ⫻ 20 mm3) was
used for the SVS experiments. Partial volume effect due to
the mixture of GM and WM may complicate calculation of
T2. In other words, we expect that the SVS T2 values
reported for NAA may reﬂect over- and underestimation in
the GM and WM, respectively. By contrast, PEPSI provides
better spatial resolution (6.88 ⫻ 6.88 ⫻ 20 mm3 in this
study) to mitigate this partial volume effect. With carefully
selected ROIs from the GM and WM separately, we expect
that the derived PEPSI T2 values may reﬂect regional differences with higher accuracy, although possibly with a
lower SNR due to the smaller voxel size (0.95 ml in PEPSI
scans compared to 8 ml in SVS scans). Fortunately, with
the current MR system, the 1-ml voxel size provided sufﬁcient SNR using the eight-channel phased-array coils and
signal averages (22,25). As demonstrated in our study, the
errors between SVS and PEPSI experiments for identical
ROIs varied by only 4 –9%, implying that intersubject variability of 10% may be a consequence of interscan variability.
A primary goal of this study was to establish a protocol
with a realistic scanning time and sufﬁcient spectral SNR
for quantiﬁcation of metabolite relaxation times. The proposed protocol was developed for a 3T MR system. Com-
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pared with the routine clinical protocol of about 13 min
(16 ⫻ 16 with two signal averages using conventional SI at
TR ⫽ 1.5 s) (30), the 25-min protocol provides a strong
rationale for T2 mapping at the acceptable expense of
12 min of additional scan time. For lower magnetic ﬁelds
(1.5T or lower), however, the reduced SNR and longer T2
values would require more signal averages and wider TE
ranges for T2 estimation, which would lead to longer total
scanning times and consequently to limited applications.
Further improvements to this protocol include the use of
large-N array coils (31), higher-ﬁeld systems (32,33), and
parallel imaging techniques (34). Other extensions of this
approach consist of mapping T1 relaxation time or mapping relaxation time in three dimensions, both of which
are under investigation.
In conclusion, our proposed method has been demonstrated to successfully estimate the T2 relaxation times of
three major cerebral metabolites within a clinically acceptable data acquisition time. The compatibility of this
method with patient examination shows strong potential
for monitoring T2 alterations accompanied by pathological
changes (5,6,8 –12,14,15).
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