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Abstract

Purpose—A feasibility study of a short TE EPSI that trades off sensitivity, compared with other
short-TE methods, to achieve whole brain coverage, using inversion recovery and spatial
oversampling to control lipid bleeding.

Methods—Twenty subjects were scanned to examine inter-subject variance. One subject was
scanned 5 times to examine intra-subject reproducibility. Data were analyzed to determine
coefficients of variance (COV) and intra-class correlation coefficient (ICC) for N—-acetylaspartate
(NAA), total creatine (tCr), choline (Cho), glutamine/glutamate (Glx) and myo-inositol (ml).
Regional metabolite concentrations were derived by using multi-voxel analysis based on lobar
level anatomic regions.

Results—For whole brain mean values the intra-subject COVs were 14%, 15%, and 20% for
NAA, tCr, and Cho respectively, and 31% for Glx and ml. The inter-subject COVs were up to 6%
higher. For regional distributions the intra-subject COVs were < 5% for NAA, tCr, Cho, < 9% for
Glx, and <15% for ml, with about 6% higher inter-subject COVs. The ICCs of 5 metabolites were
> 0.7, indicating the reliability of the measurements.

Conclusion—The present EPSI method enables estimation of the whole brain metabolite
distributions including GIx and ml with small voxel size, and a reasonable scan time and
reproducibility.
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Introduction

Proton magnetic resonance spectroscopy (*H-MRS) can be used in vivo to detect cerebral
metabolites such as N-acetyl-aspartate (NAA), total creatine (tCr), total choline (tCho),
glutamine (GIn) and glutamate (Glu), and myo-inositol (ml), and is being increasingly used
for clinical studies (1). However, vendor-provided acquisition techniques of single voxel
MRS (SVS) or volume-selected spectroscopic imaging (MRSI) suffer from limited spatial
coverage, which continues to limit clinical use. Therefore, a challenge for clinical
applications is to develop MR spectroscopic imaging (MRSI) techniques to achieve whole
brain (wb) coverage with good spatial resolution and within scan times suitable for patient
studies.

Whole-brain MRSI has three primary considerations that can impact spectral quality and
reproducibility. First, methods using volume selection or saturation to avoid subcutaneous
lipid contamination cannot be used without impacting neighboring brain tissue. Second, data
must be obtained from a large volume of the brain, which impacts the achievable BO
homogeneity and thereby the spectral quality and water suppression. Third, consideration
must be paid to obtaining whole-brain spatial information at sufficiently high spatial
resolution within acceptable acquisition times. Previous work towards these requirements
includes the use of an inversion-recovery preparation for lipid nulling (2), which enables
spectra to be obtained from cortical surface areas. While this also incurs some loss of
sensitivity for the metabolite resonances (3,4), this can be offset by using shorter TEs, which
are made possible by the use of a simple spin-echo excitation, and some improvement in
spectral quality resulting from reduced macromolecular contributions. Additional
developments include high-speed MRSI methods (5-8), which enable all spatial information
to be obtained within acceptable times; however, these techniques also have increased
complexity relative to fully phase-encoded MRSI that can impact quality and
reproducibility. An additional development is the use of parallel imaging acquisition and
spectroscopic reconstruction (9-12), which obtains further reduction in acquisition time,
albeit with some reduction of signal-to-noise (SNR) (13). However, it is possible that the
impact of this SNR loss can be minimized by using shorter TEs and increasing the number
of receiver channels to improve detection sensitivity.

WbMRSI has been reported for TE of 144 ms and spiral spatial-spectral readout (5,12,14)
and for TE of 70 ms with echo-planar readout (15), with evaluation of the major singlet
resonances from NAA, tCho, and tCr. However, potential information from combined
glutamate and glutamine signal (GIx), and ml, which are best observed at short TE values, is
of interest for a number of pathological processes. Several previous reports have described
the implementation of short TE MRSI techniques (16—21); most of them used volume
selection methods for scanning of a limited brain region. In this study a short TE EPSI
technique with parallel imaging acquisition have been evaluated for the purpose of mapping
regional concentrations of NAA, tCho, Cr, Glx, and ml in the whole human brain.
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Ten healthy males aged 29 + 3 years and ten healthy females aged age 27 + 2 years
underwent MR examinations for estimation of inter-subject reproducibility. One male (26
years old) was scanned at 5 separate occasions for assessment of intra-subject
reproducibility. The study was approved by local Institution Review Board and written
consent was obtained before the examinations. Studies were carried out at 3T (\ferio,
Siemens, Erlangen) with a twelve-channel phased-array head coil. The protocol included
EPSI (TR/TE = 1550/17.6 ms) with parallel imaging acquisition and GRAPPA
reconstruction — a 2x3 kernel size was used — and an acquisition time of 16 min (13). The
parallel imaging acquisition was performed in one dimension, with a total of 32 k-space
samples and complete sampling of the center 14 k-space lines, resulting in an acceleration
factor of ~1.6. After correction for oversampling in the readout spatial and spectral
dimensions the resultant image were equivalent to 50x50 voxels in-plane and 18 slices, over
a field-of-view (FOV) of 280x280x180 mm, with selection of a slab of 140 mm covering the
whole brain. The spatial sampling acquired data at a higher spatial resolution than warranted
from sensitivity considerations in order to maximize spatial coverage via minimization of
intra-voxel magnetic-susceptibility induced spectral distortions (4,22). Following spatial
smoothing the effective voxel volume was approximately 1 ml. The acquisition included a
second dataset obtained in an interleaved manner without water suppression and using 10°
excitation and gradient-echo observation. This data provided a water reference signal with
identical spatial parameters as the metabolite MRSI that was used for several processing
functions and for normalization of the metabolite concentrations. In addition an axial T1-
weighted 3D MPRAGE (Magnetization Prepared Rapid Gradient Echo) acquisition was
obtained at 1 mm isotropic resolution (TR/TE/T1=1900/2.9/900 ms, flip angle 9°,
acceleration factor = 2) with an acquisition time of 5 min. Both EPSI and MPRAGE were
obtained with the same angulation.

Metabolite image reconstruction was carried out using the MIDAS (Metabolic Imaging and
Data Analysis System) package, which has been described previously (15,23,24). Parametric
spectral analysis was used to determine volumetric maps of NAA, tCr, tCho, Glx, and ml,
which were interpolated to 64 x 64 x 32 points. The processing also included calculation of
the relative tissue volume contribution to each MRSI voxel, by applying a tissue
segmentation procedure to the T1-weighted MPRAGE data to map grey matter (GM), white
matter (WM) and cerebrospinal fluid (CSF), followed by a resampling and convolution by
the MRSI spatial response function to coincide with the MRSI voxel volume and location.
All resultant maps were then spatially transformed and interpolated to a standard spatial
reference (25) at 2 mm isotropic resolution, which was associated with a brain atlas that
mapped the individual brain lobes and the cerebellum.

Maps of the mean and standard deviation (SD) for each metabolite in standard space,
averaged from 5 repeated scans (intra-subject) and from 20 different subjects (inter-subjects)
respectively, were then generated, and from these the maps of corresponding coefficient of
variation (COV) were derived. Correction for CSF volume contribution was applied as
Met’=Met/(1-f¢) for 0 <f.s< 0.3, where Met is the uncorrected metabolite value and fes is
the fraction of CSF in the MRSI voxel. After tests with different thresholds of linewidth
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(LW) a maximum value of 11 Hz was chosen so that voxels with LW greater than 11 Hz, or
a voxel tissue fraction (total of grey-matter and white-matter) of less than 70% were
excluded from the calculation. Mean COVs over all voxels that remained after the above
tests were then calculated together with the mean values of the relative metabolite signals by
using voxel-based analysis. Mean regional metabolite distributions over different brain
regions with associated intra-subject COVs or inter-subject COVs were derived by using
multi-voxel analysis based on atlas-defined lobar anatomic regions, which identified nine
anatomical regions: The frontal lobe left (LFL) and right (RFL), the temporal lobe left (LTL)
and right (RTL), the parietal lobe left (LPL) and right (RPL), the occipital lobe left (LOL)
and right (ROL), and the cerebellum (Cbl) (25). Metabolite concentrations were estimated
with reference to the tissue water, and reported in institutional units (i.u.).

Regional distributions of each metabolite were estimated using paired t-tests for differences
between left and right lobe (a = 0.05), and two sided t-tests with Bonferroni correction for
differences between male and female groups (a = 0.05/9 = 0.006). Reproducibility of the
measurements was estimated by using COV, defined as standard deviation of the difference
between measurements divided by the mean values from the measurements. The intra-
subject COV indicated changes over repeated measurements within a single subject, and the
inter-subject COV indicated the variability across subjects. Measurement reliability of each
metabolite was examined by intra-class correlation coefficient (ICC), which is the ratio of
the variance of inter-subject metabolite distributions to the summation of the variance of
inter-subject metabolite distributions, the variance of within subject metabolite distributions
and the contribution of noise. Values of ICC near unity indicate that measurements yielded
consistent results, while values near 0.5 and lower indicate that measurements are unreliable.
All the statistical analyses were made using SPSS 21.

Metabolite images

In Figure 1 are shown example metabolite maps of NAA, tCho, tCr, Glx, and ml (Fig. 1a)
before spatial normalization to standard space. Also shown are multiple single-voxel spectra
corresponding to the final spatial resolution of approximately 1 ml volume (Fig. 1b), and
averaged spectra from 8 voxels of WM and GM at right parietal lobe (Fig. 1c), where the
GM/WM showed clear difference in the spectral patterns. In Figure 2 are shown mean-value
maps from five repeated scans (Fig. 2a) and the resultant COV maps (Fig. 2b). Note that
these maps cover a smaller spatial extent due to the voxel exclusions.

Mean metabolite values averaged over the whole brain

In Table 1 (Top) are shown the mean metabolite concentrations averaged from 5 repeated
scans and the corresponding intra-subject COVs. The values were derived with spectral LW
thresholds ranging from 8 to 13 Hz in order to estimate resultant variability. These values
indicate that increasing the LW threshold from 8 to 11 Hz resulted in little increase of mean
COV (< 2%), while a LW threshold of 13 Hz resulted in an increase of up to 10%. As shown
in Fig. 2b the mean COV values of NAA, tCho, and tCr were lower (< 20%) than those of ml
and GIx (up to 31%). The COVs of the tissue segmentations, tissue water and linewidth are
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also shown in Table 1, where the small COV for the tissue water indicates that this
measurement provides a reliable reference for normalization of the metabolite signal. In
Table 1 (Bottom) are shown the whole brain mean metabolite values from 20 healthy
volunteers, and the associated inter-subject COVs with different LW thresholds. No
significant differences were observed between results of the male and female groups (o>
0.05) for all lobes, therefore their results are presented together. Similar to the intra-subject
values, an increase of LW threshold from 8 Hz to 11 Hz resulted in little increase of mean
COV (< 3%) while an increase of LW from 8 to 13 Hz resulted in an increase of up to 18%.
For this reason LW = 11 Hz was chosen as threshold for all further calculations. Again, the
COV values of NAA, tCho, and tCr are lower (< 25%) than those of with small signal
amplitude (ml and GIx, up to 38%), and the tissue water showed a low COV of 7%.
Altogether, the inter-subject COVs of the metabolites were up to 6% higher than those of
intra-subject.

Regional brain metabolite estimation

In Supplementary Table S1 (Top) are shown the mean regional brain metabolite
concentrations averaged from five repeated scans, together with corresponding intra-subject
COVs, and in Table 2 (Bottom) the corresponding values averaged for twenty healthy
volunteers and the inter-subject COVs, as well as segmented brain tissues and linewidths.
Paired t-tests showed significant differences of tCho between left and right lobes (p= 0.02 —
0.03), therefore the values of right and left lobe were not combined for further analyses.
Both intra- and inter-subject mean metabolite concentrations showed clear regional
differences that in cerebrum NAA value was higher while values of tCr, tCho, and ml were
lower than those in cerebellum, except for Glx, which showed comparable concentrations in
both brain structures (Fig. 3). These regional metabolite analyses revealed that the intra-
subject COVs were up to 5% for NAA, tCr, tCho, up to 9% for Glx, and up to 15% for ml
(15% for frontal lobe and up to 7% for other regions), respectively. The inter-subject COVs
were up to 10% for NAA, tCr, tCho, up to 11% for Glx, and up to 13% for ml, respectively
(Table S1). By using linear regression against the normalized GM fraction and extrapolating
to 100% GM or zero (pure WM) metabolite concentrations in pure GM and pure WM were
also generated and are shown in Table 2, where ICCs (= 0.7) for 5 metabolites were also
given.

Discussion

Previous WbMRSI studies have been mostly limited to detect major singlet resonances from
NAA, tCho, and tCr at medium to long TE values. However, information from GlIx and ml is
of interest for a number of pathological processes, since Glx reflects concentration of
neurotransmitter glutamate and ml functions as glial cell marker and osmolyte (26). This is
the first feasibility study using a methodology that trades off sensitivity, compared with other
short-TE methods, to achieve whole brain coverage by using inversion recovery and spatial
oversampling to control lipid bleeding. While the impact on the inversion-nulling approach
for lipid suppression on the SNR for the singlet resonances has been presented for studies
done at 1.5 T (3), this remains to be characterized for the GIx and ml resonances and 3 T. An
alternative approach to reduce lipid signals is by using frequency-selective excitation
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techniques, which ideally would not impact the SNR of metabolites investigated in this
study (27); however, such techniques cannot be effectively implemented in the presence of
the range of BO inhomogeneity typically encountered with whole-head imaging. An
additional sequence modification used in this study has been the incorporation of parallel-
imaging methods to reduce acquisition times. Both of these sequence modifications have a
counteracting impact on the spectral SNR relative to that of previous implementations, while
additionally introducing increased complexity of the spectral analysis and a potential for
increased signal contamination from subcutaneous lipid signals. The net result indicates that
some degradation of performance was observable relative to a previous intra-subject study
carried out using a 26 minute acquisition with a TE of 70 ms for mapping of NAA, tCho,
and tCr, where the intra-subject COV of the whole brain NAA and tCr was found to be under
10%, and that of tCho in the order of 15% (15). In comparison, the present study found
values for NAA and tCr of 13% to 15%, and ~20% for tCho, which suggests increased
variability due to some reduction of the SNR or increased complexity of the spectral fitting.
However, the ICCs for all metabolites were > 0.7, indicating the reliability of the
measurements.

This study demonstrated differences in the regional metabolite distributions over atlas-
defined lobar anatomic regions. The regional analysis is clinically applicable since it could
be used for estimation of local pathological changes. The regional COVs (Tables S1)
indicate that changes of NAA, tCr, and tCho over 9%, Glx over 10% and ml over 15%
would be detectable, which are consistent with the results of a SVS reliability study of
Mullins et al. (28), with the difference that our GIx were slightly less than Mullins et al.
found, that could be caused by sensitivity loss for J-coupled metabolites due to higher spatial
resolution and/or lipid suppression. Our regional metabolite concentrations can also be
compared to values published by Pouwels et al. (29) using SVS which remains the most
widely used technique for clinical MRS studies. The authors reported measurements in a
healthy volunteer group with the data being analyzed with software LCModel (30). Our
observations that NAA value in cerebrum was higher than that in cerebellum, while values
of tCr, tCho, and ml in cerebrum were lower than those in cerebellum, and Glx showed
comparable concentrations in both, are consistent with the SVS results of Pouwels et al.,
who also found that the concentration of NAA in voxels of cerebral GM and WM was higher
than that in cerebellum, while Cr, Cho, and ml in voxels of cerebral GM and WM were
lower than those in cerebellum, with comparable cerebral and cerebellar concentration of
GIx. Moreover, the present estimated regional metabolite concentrations are similar to those
published by other groups (31,32). For example, a multicenter study of absolute
quantification of NAA, tCho, and tCr (in reference to internal water) in volunteers aged 20—
35 years showed the results of NAA (10.0+3.4 mM), tCho (1.9£1.0 mM), and tCr (6.5£3.7
mM) that are similar to our results (Tables 2) (31). Our results derived for pure GM and WM
of frontal and parietal lobes that the concentrations of NAA, tCr, GIx and ml in GM were
higher than those in WM while tCho in both were comparable, were qualitatively consistent
to those of 2D MRSI (TR/TE= 1500/40ms) measurements on volunteers at 3T published by
Gasparovic et al. (20), who studied cerebrum of a 15 mm slice containing part of frontal and
parietal lobes, and used LCmodel analysis to estimate metabolite concentrations in relation
to internal water. Differences from our findings are much larger differences between
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metabolite concentrations in pure GM and in pure WM for tCr, Glx and ml. Beside the
possible sensitivity loss for GIx mentioned above, reason could include differences in TE
and region selection, since Gasparovic et al. (20) studied a central brain volume instead of
the whole lobes. A study by Wiedermann et al. (17) that measured metabolite concentrations
over a larger brain volume (three slices with a thickness of 15 mm for each) also found quite
small differences between metabolite concentrations in pure GM and WM for tCr and ml.

In conclusion, with a clinically reasonable scan time and reproducibility this short-TE
wbMRSI provides a method to map metabolite distributions over different brain regions of
the whole human brain, indicating its potential applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

(a;J Example metabolite maps of NAA, tCho, tCr, ml, and Glx, with every second axial slice
shown at 11 mm spacing and displayed with intensity scales as indicated; (b) Example
spectra of single voxels from white matter or gray matter in multiple brain regions as
indicated on the T1 images; (c) Examples of averaged spectra from 8 voxels of white matter
(top) and gray matter (bottom) respectively from the right parietal lobe.
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Fig. 2.
(a) Mean-value metabolite maps calculated from five repeated studies in standard space,

with voxel exclusion criteria as described in the text, displayed with intensity scales as
indicated; (b) The corresponding COV maps, displayed with an intensity scale between 0%
to 45%.
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Concentration (i.u.)

RFL LFL RTL LTL RPL LPL ROL LOL Cbl
Brain regions

Fig. 3.
Mean regional metabolite concentrations of the 5 repeated scans (Fig.3 middle) and the 20

volunteers (Fig.3 bottom) obtained with multi-voxel analysis and linewidth threshold of 11
Hz, based on atlas-defined lobar anatomic regions which identified nine anatomical regions
(Fig.3 top) defining the left and right cerebral lobes and the cerebellum (25). Note: the first
letter R = right; the second letter F = frontal, P = parietal, O = occipital, T = temporal; the
third letter L = lobe; Chl = cerebellum.
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