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Proton echo planar spectroscopic imaging (PEPSI) is a fast magnetic resonance spectroscopic imaging (MRSI)
technique that allows mapping spatial metabolite distributions in the brain. Although the medial wall of the
cortex is involved in a wide range of pathological conditions, previous MRSI studies have not focused on this
region. To decide the magnitude of metabolic changes to be considered significant in this region, the repro-
ducibility of the method needs to be established. The study aims were to establish the short- and long-term
reproducibility of metabolites in the right medial wall and to compare regional differences using a constant
short-echo time (TE30) and TE averaging (TEavg) optimized to yield glutamatergic information. 2D sagittal
PEPSI was implemented at 3 T using a 32 channel head coil. Acquisitions were repeated immediately and
after approximately 2 weeks to assess the coefficients of variation (COV). COVs were obtained from eight
regions-of-interest (ROIs) of varying size and location. TE30 resulted in better spectral quality and similar
or lower quantitation uncertainty for all metabolites except glutamate (Glu). When Glu and glutamine
(Gln) were quantified together (Glx) reduced quantitation uncertainty and increased reproducibility was ob-
served for TE30. TEavg resulted in lowered quantitation uncertainty for Glu but in less reliable quantification
of several other metabolites. TEavg did not result in a systematically improved short- or long-term reproduc-
ibility for Glu. The ROI volume was a major factor influencing reproducibility. For both short- and long-term
repetitions, the Glu COVs obtained with TEavg were 5–8% for the large ROIs, 12–17% for the medium sized
ROIs and 16–26% for the smaller cingulate ROIs. COVs obtained with TE30 for the less specific Glx were 3–
5%, 8–10% and 10–15%. COVs for N-acetyl aspartate, creatine and choline using TE30 with long-term repeti-
tion were between 2–10%. Our results show that the cost of more specific glutamatergic information (Glu
versus Glx) is the requirement of an increased effect size especially with increasing anatomical specificity.
This comes in addition to the loss of sensitivity for other metabolites. Encouraging results were obtained
with TE30 compared to other previously reported MRSI studies. The protocols implemented here are reliable
and may be used to study disease progression and intervention mechanisms.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Magnetic resonance spectroscopy (MRS) is a non-invasive imaging
technique that allows quantifying several metabolites at the same
time in the human brain. Proton MRS can simultaneously obtain infor-
mation about a diverse range of functions including neuronal integrity,
glial function, bioenergetics, membrane turnover, and glutamatergic
and glutaminergic neurotransmission (Soares and Law, 2009). As the
major excitatory neurotransmitter in the brain, glutamate (Glu) can
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provide knowledge about hyper- or hypo-excitation and excitotoxicity
associated with, for example, epilepsies and neurodegenerative dis-
eases (Pan et al., 2008; Petroff et al., 2002; Srinivasan et al., 2005). Glu-
tamine (Gln) is also the precursor of Glu and gamma-amino butyric acid
and may also be related to the recycling and storage of these neuro-
transmitters (Hertz, 2004).

Short echo-times (TEs) have been used to detect Glu and Gln in the
proton spectrum. However, due to spectral overlap caused by similari-
ties in the chemical structure, the combined concentration of Glu and
Gln (Glx) is often quantified. Although higher magnetic field strength
offers larger frequency dispersion, it remains challenging to measure
Glu and Gln even at 3 T (Mullins et al., 2008). Several methods have
been proposed to resolve this issue including a spectral editing method
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using TE averaging to enhance Glu in the spectrum while suppressing
Gln (Hurd et al., 2004; Srinivasan et al., 2006). This method is faster
than other editing methods (Srinivasan et al., 2006) but the reliability
for successive acquisitions may not necessarily improve compared
with constant short-TEs (Gonenc et al., 2010; Mullins et al., 2008).

Most protonMRS studies have employed a single voxel with relative-
ly large dimensions placed at an a priori selected location. With the de-
velopment of fast MR spectroscopic imaging (MRSI) techniques, such
as proton echo planar spectroscopic imaging (PEPSI), it is possible to col-
lect spectral data from multiple regions in relatively short time. Spatial
metabolite distributions can be mapped and related directly to the
brain anatomy. Similar to other imaging modalities, MRS can measure
short-term functional changes in response to external stimuli (Mangia
et al., 2007; Mullins et al., 2005) or monitor longitudinal changes related
to disease progression and interventionmechanisms (Harris et al., 2008).
However, to be able to obtain meaningful results from both types of par-
adigms, the reproducibility of the method needs to be established since
thiswill decide themagnitude ofmetabolic changes to be considered sig-
nificant. PreviousMRSI studies found the reproducibility to vary spatially
and to depend on the specific metabolite as well as the sample volume
(Chard et al., 2002; Gu et al., 2008; Li et al., 2002; Maudsley et al.,
2010; Tedeschi et al., 1996). For single voxels and volumes covering
lobar regions, variability of the three major metabolites have been
reported to be around 6–22% (Chard et al., 2002; Langer et al., 2007; Li
et al., 2002) and 3–7% (Maudsley et al., 2010), respectively.

The medial wall of the cortex contains structures of the limbic sys-
tem and regions involved in top-downmodulatory processes. These re-
gions contribute to a wide range of pathological conditions including
psychiatric disorders and chronic pain (Apkarian et al., 2011; Bennett,
2011). Previous MRSI studies have not specifically focused on this re-
gion and most have acquired slices in the transverse plane. This may
not be optimal for coverage of the medial wall which is located in the
sagittal plane. The aims of the present study were: (1) to establish the
short- and long-term reproducibility of metabolites in the medial wall
using 2-dimensional PEPSI acquired in the sagittal plane; (2) to assess
the reproducibility in selected regions-of-interests (ROIs) varying in an-
atomical location and in size; and (3) to compare regional reproducibil-
ity of metabolites, in particular Glu, Gln and Glx, using a constant
short-TE (TE30) and TE-averaging (TEavg). Short-term reproducibility
wasmeasured in the same scan session tomimic the immediate repeti-
tion used in functional paradigms in which the participant remains in
the scanner. Long-term reproducibility was measured with about
2 week's interval to mimic longitudinal follow-up studies. It accounts
for instrumental variation and variations in positioning of the partici-
pant in the scanner. The protocols provided the same clinically feasible
scan time, i.e. less than 10 min, while maintaining a reasonable signal-
to-noise ratio (SNR).
Methods

Subjects

Sixteen normal volunteers (9 females/7 males; mean age±stan-
dard deviation [SD]: 29.9±8.2 years; age range: 21–49 years) partic-
ipated in this study. All subjects were scanned to evaluate the MRSI
reproducibility obtained with the TE30 protocol and the TEavg proto-
col. Each protocol was repeated twice in the same scan session for the
assessment of short-term (within-day) reproducibility without leav-
ing the scanner. Eight subjects returned around two weeks later (in-
terval: 9–22 days; mean±SD: 14.6±4.2 days) to repeat the same
procedure for the assessment of long-term (between-weeks) repro-
ducibility. For psychological assessment, all participants completed
the Spielberger State-Trait Anxiety Inventory and the Beck Depres-
sion Inventory (Beck et al., 1961) prior to the first scan. Before
being included in the study, participants gave their informed consent
to the protocol, which was approved by the Institutional Review
Board of National Yang-Ming University.

Data acquisition

MRI andMRSI experimentswere carriedout on a3 TMR system(Trio,
SIEMENSMedical Solutions, Erlangen, Germany) with a 32-channel head
coil array. Initially, we acquired a high-resolution 3DMPRAGE (Magneti-
zation Prepared Rapid Acquisition Gradient Echo) anatomical scan (repe-
tition time [TR]/echo time [TE]/flip angle [FA]: 2530 ms/3.03 ms/7°; field
of view [FOV]: 224×256×192; voxel size: 1×1×1 mm3) for localization
of the right medial wall, as required for subsequent MRSI scans. A high
speed MRSI method, PEPSI (Lin et al., 2007; Tsai et al., 2007, 2008), was
used for the acquisition of MRSI data. Two-dimensional MRSI data were
acquired with an in-plane resolution of 8×8 mm with a 256×256 mm
FOV. A 14-mm thick sagittal plane was selected to cover the medial
wall in the right hemisphere. Up to eight slices of outer-volume lipid sup-
pression were applied along the perimeter of the brain to suppress the
lipid signal. To reduce the partial volume effect from cerebrospinal fluid,
the MRSI plane was placed slightly away from the central line. Experi-
mental parameters for the TE30 protocol were TR=1.5 s, TE=30 ms,
and number of excitations (NEX)=8. For the TEavg protocol, 8 echo
steps from 35 ms to 185 ms with 20 ms increments were acquired
with a TR of 1.5 s to match the scan time of the TE30 protocol. A
non-water suppressed (NWS) MRSI scan without pre-saturation of the
water signalwas acquired using a single average for automatic phase cor-
rection and calibration of metabolite concentrations. Field shimming and
a NWS scan was performed for each of the TE30 and TEavg acquisitions.
The total acquisition time for all PEPSI scans were 36 min. After the
PEPSI scans, multi-slice sagittal T1-weighted images were collected
using a gradient echo sequence (TR/TE/FA: 250 ms/2.61 ms/70°; FOV:
256×256;MAT: 128×128; slice thickness: 2 mm). Seven sliceswere col-
lected yielding a 14 mm volume to cover the same spatial location as the
PEPSI scan. These T1 imageswere used as anatomical reference in the fol-
lowing regional analysis.

Post processing

MRSI data from the different coils andmeasurementswere processed
individually. Standard post processing strategies, including spatial and
temporal filtering, phase correction and even-odd echo editing, were
performed for the PEPSI data as described previously (Lin et al., 2007;
Tsai et al., 2007, 2008). The reconstructed spectral width of the PEPSI
data after even/odd echo editing was 1086 Hz with 512 complex points
yielding a spectral resolution of 2.1 Hz.MRSI data from the different coils
were combined after phase correction to avoid possible artifacts caused
by partial phase cancelation. Frequency adjustment was applied to the
different measurements in the TE30 dataset and the different TEs in the
TEavg dataset. Finally, data from the eight measurements with constant
TE and step-wise TEs were averaged separately to yield spectra for the
two protocols.

Spectra were quantified with LCModel-based spectral fitting in the
range from 0.5 to 4 ppm (Provencher, 1993). Basis sets for spectral
fitting were generated with the Gamma Visual Analysis tool (Soher et
al., 2007). Simulated spectra for 17 metabolites (including macromole-
cules and lipids) at different TEs were exported and converted into
LCModel basis spectra. The basis set for the TEavg protocol was created
by averaging the simulated spectra at the different TEs. Metabolite con-
centrations of N-acetyl aspartate (NAA), total creatine (tCr; including
creatine and phosphocreatine), total choline (tCho), myo-inositol (mI),
glutamate (Glu), glutamine (Gln), and the combination of glutamate
and glutamine (Glx) were obtained using the water-scaling method
(Gasparovic et al., 2006). With this method, the metabolite signal is cal-
ibrated to that of the water signal without considering relaxation and
partial volume effects. Hence, the quantified metabolite concentrations
are provided in institutional units (I.U.).
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Metabolites were evaluated in eight regions-of-interest (ROIs)
and included the cortex of the right medial wall (MW), the cingulate
cortex (CC), the anterior CC, the middle CC, the posterior CC, the thal-
amus, the medial parietal lobe, and the medial occipital lobe. Each ROI
was manually selected on the individual T1 images. The MW mask
was defined as the largest contour of the tCr metabolite map and ex-
cluded spurious spikes at the edge of the cortex. The CC mask was ad-
justed according to the shape and size of the individual structure
(Fig. 1A). The other masks consisted of a fixed square matrix grid.
For the anterior CC, the middle CC, the posterior CC, and the thalamus
the grid size was 2×2 voxels. For the occipital and parietal lobes the
grid sizes were 3×3 voxels and 4×4 voxels, respectively (Fig. 1B).
For statistical analysis, the mean and standard deviation of metabolite
concentrations inside the ROIs were calculated. In addition, the
Cramer–Rao Lower Bound (CRLB), as provided by LCModel, was
used as the error metric for metabolite quantification. It is the lowest
bound of the standard deviation of the estimated metabolite concen-
tration and is expressed in concentration percentage. The CRLB for
each metabolite is commonly used to quantify the goodness-of-fit in
LCModel (Provencher, 1993). For the calculation of concentrations
we used the following thresholds to reject voxels with unsatisfactory
LCModel fit: CRLB>20% for NAA, tCr and tCho, and CRLB>50% for mI,
Glu, Gln and Glx. Evaluation of the spectral quality was based on the
linewidth at full-width at half maximum (FWHM; in parts per mil-
lion) and the SNR as provided by LCModel.
Statistical analysis

The within-day and between-weeks reproducibility of the TE30
and TEavg protocols were assessed by the coefficient of variation
(COV). COVs were calculated as the root mean square of the standard
deviation of the two measurements divided by the mean across all
subjects. Subjects were excluded from the COV analysis if less than
two voxels within the ROI satisfied the CRLB threshold. This typically
occurred in regions where field homogeneity adjustments are chal-
lenging (prefrontal and inferior areas), in regions with broadened
spectral lines leading to unsuccessful spectral fitting (anterior CC
and thalamus), and for Gln in the TEavg protocol due to successful
suppression. A paired t-test was used to assess spectral quality and
Glu and Glx differences in spectral fitting (CRLB) for the two proto-
cols. Inter subject variations were investigated by mean and standard
deviation of metabolite concentrations from the first scan of each
subject.
Fig. 1. Regions-of-interest (ROIs) for a representative subject. (A) ROIs adjusted according t
right medial wall (red) and the cingulate cortex (CC; green). (B) Smaller fixed-size ROIs wer
thalamus (pink), the medial parietal lobe (blue), and the medial occipital lobe (white). RO
Results

According to the psychological assessment of the participants
performed before the first scan, anxiety (state: 40.6±6.8; trait: 45.2±
7.1) and depression (6.35±4.1) scores were within the normal range
suggesting that the study sample was without significant mood distur-
bance. To evaluate the effects of shimming, regions of signal extinction,
and possible spatial distortions, the non-water-suppressed (NWS) signal
distribution and spectral quality distributions were inspected (Fig. 2).
The outer contour of the water-signal distribution was found to match
the anatomical image. NWS signal extinction was not observed in the
ventral prefrontal region. However, broadened linewidths and poor
SNRs were found in this region as well as in the brain stem and to
some extend in the occipital cortex. These effects are most likely due to
shimming (field homogeneity) issues and partial volume effects and
agree with the variation in the anatomical structure. The SNR map did
not reveal a systematic bias toward surface regions, e.g. the thalamic
SNR was of similar magnitude as the cingulate SNRs. This suggests that
the enhanced coil sensitivity near the brain surface observed with
phased array detection may have little influence on our results.

The spectral quality of the water-suppressed proton spectra dif-
fered between the two protocols and between anatomical regions.
For all ROIs, TE30 resulted in significantly higher SNR (Pb0.001)
even after a Bonferroni adjustment for the number of ROIs tested (8
ROIs, Pb0.00625) (Table 1). For both protocols, the posterior CC ROI
exhibited the highest SNR and the thalamic ROI and the medial-wall
ROI exhibited the lowest SNRs. The two protocols resulted in compa-
rable spectral linewidth for all ROIs except the two largest ROIs cover-
ing the medial wall and the CC for which smaller FWHMs were found
for TEavg. Only the former survived a corrected threshold. Also, for
both protocols, wider spectral linewidths were observed for the tha-
lamic, occipital and parietal ROIs. Visual inspection of the spectra
(Fig. 3) obtained by the two protocols confirmed a moderate signal
loss as well as a flattened baseline for TEavg. In addition, the emer-
gence of the unobstructed glutamate peak at 2.35 ppm and a substan-
tial reduction in the mI peak at around 3.5 ppm were also observed.

Interpolated metabolite maps from the right medial wall and the
matched uninterpolated CRLB maps from the first scans are shown in
Fig. 4 for a representative subject. For TEavg, the suppression of the
Gln peak and the reduction of the mI peak resulted in highly spatial
non-uniform concentrations maps and increased CRLBs. Although the
mean concentrations differed between the two TE protocols they
exhibited similar regional dependencies. In general, for all metabolites
but tCho, the highest concentrations were found in the occipital and
o the shape and size of the individual brain structure included the entire cortex of the
e located in the anterior CC (red), the middle CC (green), the posterior CC (yellow), the
I locations were manually selected on the individual T1 images.



Fig. 2. Signal distribution and spectral quality of the non-water-suppressed (NWS) proton spectra from a representative subject. (Upper left) The anatomical (T1) reference image
with the boundary of the NWS image (upper right) delineated in red. (Upper right) The NWS image was obtained by integration of the non-suppressed water peak (brighter color
corresponds to higher intensity). Spectral quality was evaluated by the linewidth (lower left) and the SNR (lower right) of the water peak. The SNR was calculated as the ratio be-
tween the integrated water peak and the baseline noise.
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posterior cingulate ROIs and the lowest concentrations were found in
the mid cingulate and thalamic ROIs. The relationship was opposite
for tCho (Table 2). Across all ROIs, TEavg resulted in higher NAA concen-
trations and lower tCr and tCho concentrations than TE30. TEavg also
resulted in higher Glu concentrations in all ROIs but the occipital and
thalamic, probably due to suboptimal CRLBs for the latter two (Table 2).
To explore the effect of the two TE protocols on the positive relationship
between NAA and Glu (Kaiser et al., 2005), correlations were performed
between concentrations of NAA and Glx and Glu. For all ROIs but the oc-
cipital, a significant positive correlation between NAA and Glx was ob-
served for TE30 (N=16, one-tailed, r-range: 0.457–0.672, P-range:
0.0022–0.038, occipital r=0.367, occipital P=0.081). For TEavg, only
the ROIs in the entire medial wall (r=0.498, P=0.025), the anterior CC
(r=0.442, P=0.043) and the thalamus (r=0.628, P=0.005) exhibited
a significant positive relationship between NAA and Glu concentrations.
Significant correlations were not observed for NAA and Glu using TE30
or for NAA and Glx using TEavg.

TE30 resulted in mean CRLBs below 7% for NAA, tCr and tCho in all
ROIs (Table 2). Slightly higher mean CRLBs were found for mI (8.33%–
Table 1
Comparison of the spectral quality in 8 regions using a constant short-TE (TE30) and TE-av

Parameter Protocol MW CC Parietal Occi

SNR TE30 15.8±1.6 16.5±1.6 17.0±1.9 17.6
TEavg 11.5±1.2 12.6±1.9 11.9±2.0 11.8

FWHM TE30 0.083±0.010 0.076±0.013 0.088±0.021 0.09
TEavg 0.080±0.009 0.073±0.010 0.087±0.021 0.09

SNR P-value b0.001 b0.001 b0.001 b0.0
FWHM P-value b0.001 0.033 0.7024 0.09

SNR, signal-to-noise ratio; FWHM, full width at half maximum, MW, medial wall; CC, cingu
passed a Bonferroni correction (8 regions).
13.82%). As predicted for TE30, the mean CRLB for Glx was substan-
tially lower than for Glu and Gln separately. The mean CRLBs obtained
with TEavg were similar to those from TE30 for tCr and tCho, slightly
higher for NAA, and substantially higher for mI in all the ROIs. Com-
pared with TE30, TEavg resulted in substantially lower mean CRLBs
for Glu and substantially higher mean CRLBs for Gln and Glx in most
of the ROIs indicating successful spectral editing of Glu (Table 2). Sat-
isfactory CRLBs (b20 %) were not obtained for Glu in the occipital and
the thalamic ROIs (Table 2). The decrease in Glu CRLB and the in-
crease in Glx CRLB with TEavg were significant for all ROIs but the oc-
cipital and thalamic (Table 3). The majority of ROIs also survived an
adjusted threshold.

Table 4 presents the short- (immediate within-day) and long-term
(between-weeks) reproducibility of the two protocols as assessed by
the COV in the 8 ROIs. In general, the COV decreased with increasing
ROI size (number of voxels). The smallest COV was obtained with the
ROI covering the entire cortex of the medial wall and the largest COV
was obtained in the thalamic ROI. For TE30, the COVs improved sub-
stantially in most of the ROIs when quantifying Glu and Gln together
eraging (TEavg).

pital Ant CC Mid CC Post CC Tha

±3.0 16.4±2.3 17.5±1.9 20.4±2.2 12.5±1.9
±3.0 12.3±2.6 13.6±2.8 15.6±2.2 8.9±1.5
8±0.026 0.069±0.015 0.060±0.009 0.065±0.014 0.080±0.015
5±0.022 0.069±0.016 0.061±0.010 0.066±0.011 0.078±0.012
01 b0.001 b0.001 b0.001 b0.001
29 0.8641 0.3821 0.2585 0.115

late cortex; Ant, anterior; Post, posterior; Tha, thalamus; TE, echo time. Values in bold

image of Fig.�2


Fig. 3. Spectra (black) with overlaid LCModel fit (red) from a single voxel at 6 locations in a representative subject. Spectra were obtained with (A) a constant short-TE (TE30) and
(B) TE-averaging (TEavg). Metabolite peaks are labeled in the upper 2 spectra and the 6 voxel locations are marked on the anatomical image: Ant, anterior cingulate (red); Mid, mid
cingulate (orange); Post, posterior cingulate (yellow); Inf, inferior (thalamus) (blue); Pari, medial parietal cortex (green); and Occi, medial occipital cortex (purple).Note the emer-
gence of the glutamate peak around 2.35 ppm, the reduction in the myo-inositol peak around 3.5 ppm, and the flattening of the baseline in the TEavg spectra. PPM denotes parts per
million.
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(Glx) compared to separately. Short-term reproducibility resulting
from TEavg differed with respect to TE30. For the metabolites tCr
and tCho, COVs were either similar or slightly better for all ROIs
using TEavg. The COVs for NAA, mI, Gln, and Glx were substantially
worse for most ROIs using TEavg. Mixed results were obtained for
Glu. Comparing long-term reproducibility obtained with the two TE
protocols, TEavg resulted in similar or lower COVs for tCr and Glu
and higher COVs for NAA, tCho, mI, Gln, and Glx. Finally, for both TE
protocols the long-term paradigm mostly resulted in increased vari-
ability/decreased reproducibility relative to the short-term paradigm.

Discussion

In the present study, phased-array detection at 3 T was used to ac-
quire sagittal PEPSI data from the right medial wall of the cortex with
a relatively fine spatial resolution. Data acquisitions were within a clin-
ically acceptable scan time that is potentially less confounded by head
motion. Absolute metabolite concentrations were quantified by means
of an automatic procedure and by using tissue water as a concentration
reference. An internal reference is preferable to an external reference
unless changes in tissue water content are expected (Minati et al.,
2010). Short- and long-term reproducibility was assessed in multiple
Fig. 4. Interpolated metabolite concentration maps (in I.U.) from the right medial wall and t
tative subject. Maps are shown for the two protocols using (A) a constant short-TE (TE30) an
different color scales for different metabolites.
ROIs using a constant short-TE protocol and a TE-averaged protocol.
These protocols were employed due to the additional information
they provide about Glu. ROIs consisted of voxel clusters rather than
single voxels since these are less influenced by repositioning accuracy
(Li et al., 2002).

The TE protocols

Oneof themainfindings of this studywas a substantially better spec-
tral quality and similar or lower quantitation uncertainty for all metab-
olites (CRLBb20%), except Glu, using TE30. As expected, the TE30
protocol resulted in reduced quantitation uncertainty and increased re-
producibility when Glu and Gln were quantified together (Glx) rather
than separately. This is mainly due to the still existing spectral overlap
of the C4 multiplet proton resonances of Glu and Gln at 2.35 ppm and
2.45 ppm, respectively (Yang et al., 2008). TEavg resulted in higher
Glu concentrations and lowered Glu quantitation uncertainty bringing
Glu within a satisfactory level (CRLBb20%). However, TEavg did not re-
sult in a systematically improved short- or long-term reproducibility for
Glu or any other metabolites. This is despite TE averaging results in a
simplified spectrum with fewer resonance overlaps and flattening of
the baselinedue to suppression ofmacromolecular and lipid resonances.
he matched uninterpolated CRLB maps (in percent) from the first scans for a represen-
d (B) TE-averaging (TEavg). Voxels are shown within the “medial-wall”mask. Note the

image of Fig.�3
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Our finding is in agreement with previous experimental observations
and emphasizes that reduced quantitation uncertainty may not neces-
sarily improve the reproducibility (Langer et al., 2007). Taken together,
the summation over multiple TEs provided improved and reliable Glu
quantification without interference from overlapping metabolites. This
came at the cost of less reliable quantification of several metabolites in-
cluding NAA, mI and Gln which may provide additional important clin-
ical information. Additionally, the known positive relationship between
NAA and Glu concentrations could not be consistently confirmed using
TEavg (Kaiser et al., 2005). It is noteworthy tomention that although ab-
solute quantitation of short-TE spectra benefits from incorporation of a
priori information about macromolecular and lipid contributions
(Gottschalk et al., 2008; Kanowski et al., 2004; Seeger et al., 2003), the
increased complexity of the TE30 spectra likely results in slightly re-
duced accuracy compared to TEavg. Also, better results may be obtained
with TEavgwith better shimming conditions, e.g. with acquisition in the
transverse plane.

Regional variation

Spectral assessment was performed in neuroanatomical loci
throughout the medial wall and in ROIs with different spatial extend.
For both TE protocols, regional variation in spectral quality was ob-
served among the 4 smallest same-sized ROIs. The thalamic ROI
exhibited the lowest SNR and the widest linewidth and the posterior
CC ROI exhibited the highest SNR but similar linewidth as the other
cingulate ROIs. The thalamic ROI also exhibited the lowest concentra-
tions and the highest quantitation uncertainty for all metabolites but
tCho. The opposite was the case for the posterior CC ROI which in
general exhibited high concentrations and low quantitation uncer-
tainty except for tCho. The relatively poorer spectral quality in the
thalamus likely explains why TEavg did not yield a satisfactory result
for Glu in this ROI.

The regional concentration profiles may be related to the density
of the cellular matrix and the metabolic demand in the sampled vol-
ume. NAA is predominantly produced in neurons and tCho is often
considered a marker of membrane turnover and density, including
myelination (Soares and Law, 2009). Glu is mainly found within neu-
rons (Ottersen et al., 1992; Patel et al., 1982), its concentration corre-
lates with that of NAA (Kaiser et al., 2005) and it is tightly linked to
glucose metabolism (Hertz, 2004). The high levels of NAA and Glu
(Glx) and low levels of tCho in the posterior CC may represent a rel-
atively higher grey matter density and/or metabolic demand. In sup-
port of this, the posterior CC has the highest glucose metabolism in
the human brain (Minoshima et al., 1997), a high regional blood
flow (Andreasen et al., 1995; Raichle et al., 2001), as well as a high cy-
tochrome oxidase activity indicative of mitochondrial density and
energy consumption (Vogt and Laureys, 2005). The highest tCho con-
centration was found in the thalamus but with similar quantitation
uncertainty as the other same-sized ROIs. Relatively high levels of
thalamic tCho or Cho/Cre have previously been reported, using differ-
ent techniques and parameters (Geurts et al., 2006; Tedeschi et al.,
1996). A lower absolute Cho concentration in the thalamus than in
the anterior CC has also been reported (Yoo et al., 2009). It is conceiv-
able that the high levels of tCho may reflect a white matter contribu-
tion from the fornix to the ROI composition (and from the corpus
callosum for the anterior CC). However, thalamus is also targeted by
dense cholinergic projections from the midbrain and contains the
highest density of nicotinic acetyl choline receptors in the brain
(Kuwabara et al., 2012). Thus, a contribution from the neurotransmit-
ter acetyl choline cannot be ruled out.

Reproducibility

Regional reproducibility was addressed to establish the magni-
tude of metabolic changes to be considered significant using short-
and long-term repetitive measurements. The TE-averaged protocol
was implemented to specifically assess the reproducibility of Glu.
For both short- and long-term repetitions, pairwise comparison of
Glu concentrations using TEavg requires a difference of 5–8% for
the large ROIs, 12–17% for the medium sized ROIs and 16–26% for
the smaller cingulate ROIs. The variations obtained by TE30 for the
less specific Glx were 3–5%, 8–10% and 10–15%. This finding is not
surprising as Glx measured with TE30 results in better SNRs than
the more specific Glu measured with TEavg. Hence, the cost of
more specific metabolic information is the requirement of an in-
creased effect size especially with increasing anatomical specificity.
This comes in addition to the loss of sensitivity for other metabolites.
For the three dominating metabolites in the spectrum, NAA, tCr and
tCho, variations associated with long-term repetition using TE30
were between 2 and 10%. Direct comparison with other studies is
made difficult by differences in the methodology, i.e. field strength,
slice orientation, NEX, TE and TR durations, number of subjects, and
the level of analysis (single voxels or larger ROIs). A recent study
using phased-array detection at 3 T for 3D MRSI acquisition found
COVs for NAA, Cr and Cho in lobar regions and the entire cerebrum
ranging between 3 and 6.5% (Maudsley et al., 2010). Other MRSI
studies using the same constant short-TE as in this study, but with
a less robust voxel-based analysis, found COVs ranging between
10–22% and 16–24% for the three major metabolites and Glx, respec-
tively (Chard et al., 2002; Langer et al., 2007). Another study using
the same NEX and TR as in this study, but with long TE and at 1.5 T,
found lobar COVs in the range 3–13% and 2–7% for NAA/Cr and
Cho/Cr, respectively (Gu et al., 2008). Overall, our reproducibility re-
sults compares favorably with these findings, especially when con-
sidering the volume of the lobar regions or the cerebrum.

Methodological considerations

The reproducibility investigated in this study primarily reflects
variations in instrumental factors and spectral quality. Due to the rel-
atively short time intervals between scans, biological variations can
be assumed to be negligible. In agreement with previous results
(Chard et al., 2002; Gu et al., 2008; Li et al., 2002; Maudsley et al.,
2010; Tedeschi et al., 1996), we found the reproducibility to depend
on the specific metabolite, the size of the sampled volume (cf. CC
ROI versus same-sized cingulate ROIs) as well as on the anatomical
location (cf. same-sized ROIs). Considering the influence of spectral
quality on reproducibility, a systematic effect was not found among
the same sized ROIs in the cingulate although a substantially higher
SNR was obtained in the posterior CC. For the majority of the ROIs,
greater sensitivity was obtained by integrating results over a larger
volume. However, the higher COVs found in the thalamus may be at-
tributed to factors influencing the spectral quality such as partial vol-
ume effects (proximity to the ventricles and the fornix) and field
inhomogeneity. The COVs from the occipital ROI tended to be of sim-
ilar magnitude as those from the smaller cingulate ROIs. The larger
spectral linewidth observed for the occipital ROI, possibly caused by
lipid saturation due to the proximity to outer regions, may explain
this finding. For immediate repetitions, Glx (TE30) and Glu (TEavg)
reproducibility in the posterior CC was of the same magnitude as
from the substantially larger parietal ROI. This was not the case for
long-term repetitions indicating that larger volumes providemore ro-
bust glutamatergic information in longitudinal follow-up paradigms
or that immediate repetitions allow for smaller sample volumes.
This is in agreement with larger ROIs being less dependent on meth-
odological factors such as head movement and repositioning accuracy
(Li et al., 2002). The latter may contribute more in longitudinal follow-
up paradigms. Apart from optimization of post acquisition localization
and volume of ROIs, improvements in reproducibility may, to some ex-
tent, also be obtained by increasing the number of excitations. However,
this would increase the scan time.



Table 2
Metabolite concentrations (CONC) and the corresponding Cramer–Rao lower bound (CRLB) for 8 regions of interest using a constant short-TE (TE30) and TE averaging (TEavg).

MW CC Parietal Occipital Ant CC Mid CC Post CC Tha

TE30
NAA CONC 11.22±0.95 11.64±0.96 12.28±1.63 13.96±1.11 11.85±1.10 11.26±1.20 13.03±1.08 10.08±1.21

CRLB 5.38±0.46 4.87±0.60 4.39±0.89 4.47±0.88 4.44±0.84 4.83±1.16 3.50±0.62 5.39±1.28
tCr CONC 9.43±0.72 9.95±0.71 10.18±1.06 11.38±1.48 10.46±1.36 9.46±0.75 10.45±1.04 9.66±1.42

CRLB 4.57±0.26 3.88±0.31 4.06±0.42 3.99±0.59 3.70±0.54 3.52±0.32 3.23±0.23 4.27±0.56
tCho CONC 2.55±0.32 2.63±0.35 2.33±0.40 2.06±0.45 2.94±0.47 2.62±0.43 2.35±0.33 3.21±0.50

CRLB 5.72±0.49 4.81±0.48 5.72±0.60 6.73±1.03 4.33±0.66 4.34±0.64 4.38±0.58 4.31±0.66
mI CONC 5.08±0.52 5.32±0.62 4.93±0.83 4.64±0.82 5.52±0.95 5.54±1.22 6.21±1.31 4.59±0.94

CRLB 12.61±0.85 10.94±1.01 12.08±2.25 13.16±3.35 10.78±2.85 10.22±3.79 8.33±1.62 13.82±3.83
Glu CONC 6.06±0.39 5.80±0.38 5.54±0.94 6.76±0.76 6.28±1.67 5.68±1.22 6.16±1.11 6.05±1.75

CRLB 22.25±1.62 22.54±2.28 23.36±4.18 19.46±2.52 22.14±6.66 22.97±5.66 19.72±4.82 21.55±6.34
Gln CONC 8.58±0.66 9.03±1.00 8.33±1.36 9.10±1.43 9.35±1.85 8.96±2.07 9.54±2.45 5.83±1.77

CRLB 18.93±2.17 17.30±2.72 18.27±3.47 17.15±4.27 17.77±5.42 16.83±3.12 16.48±4.69 26.03±7.35
Glx CONC 13.02±0.83 14.03±1.24 12.97±1.48 15.21±1.58 15.07±2.45 14.39±2.59 15.34±2.54 10.12±2.19

CRLB 15.37±1.56 13.53±1.96 14.03±1.79 11.96±2.53 12.94±3.21 12.66±2.04 12.37±2.80 17.86±5.36

TEavg
NAA CONC 12.47±1.16 12.33±1.21 13.49±2.46 15.70±2.16 12.47±1.38 11.47±1.85 14.34±2.98 11.76±3.08

CRLB 7.34±0.66 6.36±1.01 7.42±1.15 7.96±2.04 5.76±1.03 5.70±1.82 5.35±1.30 8.30±2.02
tCr CONC 6.96±0.50 7.37±0.48 7.70±0.90 8.16±0.76 7.86±0.81 7.02±0.60 8.18±0.62 7.07±1.06

CRLB 4.83±0.43 3.93±0.39 4.11±0.45 4.30±0.91 3.52±0.43 3.50±0.49 3.22±0.35 4.61±0.93
tCho CONC 2.03±0.24 2.11±0.25 1.87±0.29 1.56±0.26 2.42±0.41 2.13±0.27 1.94±0.26 2.60±0.43

CRLB 5.96±0.46 4.92±0.47 5.73±0.52 7.26±1.54 4.36±0.61 4.25±0.63 4.56±0.36 4.64±0.81
mI CONC 7.27±0.49 7.36±0.45 6.09±0.94 7.34±1.62 8.19±1.31 8.07±1.65 7.16±1.68 7.16±1.99

CRLB 19.05±1.34 17.20±1.90 21.25±4.15 20.48±4.38 15.30±3.28 14.51±4.72 16.39±5.94 20.57±5.69
Glu CONC 7.17±0.40 7.38±0.53 7.00±1.55 6.41±1.08 7.98±1.73 6.79±1.55 7.68±1.81 5.09±1.56

CRLB 19.22±1.81 16.96±2.10 19.44±6.17 23.50±5.13 15.97±4.44 16.25±4.47 15.54±4.60 30.55±8.70
Gln CONC 5.73±1.68 4.67±0.98 4.24±1.01 6.61±3.28 5.29±1.86 4.29±2.28 4.34±0.92 N/A

CRLB 29.06±3.21 29.21±5.34 30.27±3.76 29.40±7.65 28.50±14.39 31.74±11.78 26.13±3.07 N/A
Glx CONC 8.72±0.51 9.04±0.73 8.21±1.56 8.53±1.29 9.55±2.02 8.46±2.08 9.17±2.06 6.51±2.01

CRLB 18.76±1.71 16.37±2.11 19.16±5.42 20.64±3.25 15.76±4.05 16.09±4.93 14.99±3.58 25.96±8.89

NAA, N-acetyl aspartate; tCr, total creatine; tCho, total choline; mI, myo-inositol ; Glu, glutamate; Gln, glutamine; Glx, glutamate and glutamine; N/A, not available
Note: concentrations are given in institutional units. Values are taken from the first sessions and are given as mean± standard deviation. See Table 1 for further details.
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Sagittal PEPSI acquisition is advantageous for assessing metabolite
distributions in the medial wall of the brain with one slice. However,
data acquisition in this plane also offers some disadvantages com-
pared to acquisition in the transverse plane. Sagittal echo-planar im-
aging is known to be more susceptible to field inhomogeneities in the
orbitofrontal and subcortical areas. This leads to degraded spectral
quality and poor metabolite quantification. Furthermore, spatial dis-
tortions in these regions can potentially cause ROI mis-localizations.
In the present study, mis-localization effects were minimized by ac-
quiring the T1 images at the same spatial location and with the
same FOV as the PEPSI data. Both T1 and PEPSI data were acquired
with the same readout direction, i.e. anterior–posterior direction,
but with different readout bandwidth. The latter may lead to minor
mis-localization errors, especially in the thalamic ROI.

Although PEPSI profits from better spatial coverage compared to
chemical shift imaging (CSI) and single voxel acquisitions, this also
renders the method increasingly sensitive to field inhomogeneities
resulting in degraded spectral quality in the affected brain regions.
It is therefore necessary to optimize the shimming volume to the re-
gion of interest. In addition, lipid contamination is a major confound
in outer regions such as the cortex. Placement and optimization of
the thickness of the outer-volume lipid suppression bands is time-
consuming and require skill and experience to adequately suppress
peripheral lipid areas while minimizing suppression of cortical
Table 3
Comparison of Glu and Glx CRLBs between the TE30 and TEavg protocols in 8 regions.

Metabolite MW CC Parietal

P-values Glu b0.001 b0.001 0.0140
Glx b0.001 b0.001 0.0012

Note, P-values were obtained from a paired one-tailed t-test between TE30 and TEavg. Dat
gions). See other Tables for further details.
regions. Moreover, PEPSI at short TEs may lead to line-shape distor-
tion, due to eddy currents from time varying gradients. However,
the particular sequence used in this study has been shown to have
similar sensitivity and linewidth as CSI (Otazo et al., 2006). It remains
to be seen if the results reported here specifically apply to phased
array coils or if they can be replicated by other types of coils. Our
data suggest that the results are influenced relatively little by the dif-
ferent depth sensitivity of phased array coils, probably because the
ROIs were placed in proximity to the central part of the coil.
Conclusions

The present study established the variability of metabolites in the
medial wall of the cortex for immediate and long-term repetition of
measurements. Based on this, it is possible to set the magnitude of met-
abolic change to be considered significant in the context of biological
variability. Reproducibility was found to depend on the specific metabo-
lite, the size of the sampled volume aswell as on the anatomical location.
The protocols achieved relatively low COVs with TE30 mostly showing
better sensitivity than TEavg. However, while TEavg enhanced Glu and
suppressed Gln, TE30 did not resolve the two metabolites. The cost of
more specific glutamatergic information (Glu versus Glx) is the require-
ment of an increased effect size especially with increasing anatomical
Occipital Ant CC Mid CC Post CC Tha

0.9964 0.0030 0.0028 0.0147 0.9936
b0.001 0.0092 0.0125 0.0050 0.0078

a from the first session was used. Values in bold passed a Bonferroni correction (8 re-



Table 4
Short- (within-day) and long-term (between-weeks) reproducibility of the two TE
protocols as assessed by the COV in 8 regions-of-interest.

Within-day

TE30 MW CC Parietal Occipital Ant CC Mid CC Post CC Tha

NAA 1.2% 1.4% 2.7% 3.8% 3.9% 5.2% 3.9% 5.0%
tCr 1.5% 2.0% 4.3% 4.0% 4.9% 4.1% 4.2% 4.7%
tCho 2.5% 2.5% 3.9% 6.6% 6.0% 5.1% 6.2% 8.4%
mI 2.5% 4.0% 7.5% 13.0% 11.2% 9.8% 9.5% 14.3%
Glu 5.1% 7.3% 10.8% 11.9% 25.4% 20.8% 13.3% 32.6%
Gln 3.5% 5.1% 9.5% 9.6% 19.5% 13.3% 13.0% 33.7%
Glx 2.5% 4.4% 9.7% 9.8% 13.9% 11.3% 9.8% 17.3%

TEavg
NAA 2.6% 4.1% 5.4% 8.1% 13.6% 13.1% 12.7% 8.9%
tCr 1.8% 2.2% 3.1% 3.9% 3.0% 4.6% 4.6% 6.8%
tCho 2.3% 2.4% 3.1% 4.7% 3.6% 4.2% 3.4% 6.9%
mI 5.1% 9.7% 17.7% 20.9% 21.8% 25.1% 20.3% 26.4%
Glu 5.2% 7.3% 15.6% 16.6% 16.6% 18.9% 16.7% 26.4%
Gln 13.7% 19.1% 20.9% 27.8% 42.3% 38.0% 23.3% N/A
Glx 5.8% 8.3% 9.8% 10.9% 9.7% 27.3% 12.8% 28.2%

Between-weeks
NAA 1.7% 2.9% 7.2% 4.2% 5.7% 1.9% 3.9% 7.3%
tCr 2.3% 2.6% 5.9% 4.1% 9.7% 3.8% 3.6% 10.0%
tCho 2.1% 3.6% 9.7% 8.9% 7.6% 5.7% 2.9% 7.4%
mI 2.6% 4.9% 17.0% 4.8% 13.6% 15.6% 15.6% 11.8%
Glu 3.8% 7.7% 17.0% 13.9% 25.4% 19.6% 21.3% 24.2%
Gln 3.2% 6.8% 10.5% 8.9% 14.4% 20.0% 19.7% 27.2%
Glx 3.5% 3.7% 9.9% 7.8% 14.5% 14.0% 15.0% 22.1%

TEavg
NAA 2.9% 3.9% 10.5% 4.0% 13.8% 7.8% 13.0% 13.8%
tCr 2.1% 3.0% 6.1% 7.3% 7.8% 4.4% 3.0% 7.5%
tCho 4.2% 5.1% 6.7% 10.5% 11.5% 7.6% 8.8% 9.9%
mI 5.3% 8.7% 8.0% 17.6% 21.9% 9.6% 17.1% 26.4%
Glu 5.4% 6.1% 11.7% 14.3% 25.9% 15.6% 21.4% 16.8%
Gln 19.2% 22.0% 32.6% N/A N/A 53.1% 30.4% N/A
Glx 4.6% 5.9% 13.4% 10.3% 28.2% 14.8% 23.8% 14.7%

COV, coefficient of variation. See Table 1 for further details.
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specificity. The protocols implemented here are reliable andmay be used
to study disease progression and intervention mechanisms.
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