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Abstract

Distributions of proton MR-detected metabolites have been mapped throughout the brain in a group
of normal subjects using a volumetric MR spectroscopic imaging (MRSI) acquisition with an
interleaved water reference. Data were processed with intensity and spatial normalization to enable
voxel-based analysis methods to be applied across a group of subjects. Results demonstrate
significant regional, tissue, and gender-dependent variations of brain metabolite concentrations, and
variations of these distributions with normal aging. The greatest alteration of metabolites with age
was observed for white-matter choline and creatine. An example of the utility of the normative
metabolic information is then demonstrated for analysis of data acquired from a subject who suffered
a traumatic brain injury. This study demonstrates the ability to obtain proton spectra from a wide
region of the brain and to apply fully automated processing methods. The resultant data provide a
normative reference for subsequent utilization for studies of brain injury and disease.
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Proton MR spectroscopy (MRS) enables the detection of a number of tissue metabolites that
provide sensitive markers of disease or injury, making these techniques of considerable interest
for clinical diagnostic purposes and particularly for studies in the brain. The acquisition and
analysis of MRS data have several technical challenges that compromise the spatial resolution
and accuracy of the resultant metabolite values. Furthermore, metabolic changes with disease
and injury can frequently be subtle and diffuse, with the result that metabolite images may not
be visually interpretable in the sense of a structural MRI. Therefore, the analysis of MRS data
greatly benefits from comparison against a known reference signal.

Since in vivo MRS measurements are dependent on the acquisition method used, the reference
data must be acquired in an identical manner to that of the data under analysis. It is also
necessary to take into account normal variations in metabolite concentrations; for example,
variations in metabolite concentrations between tissue type, across different brain regions, and
changes with age are well documented (1-14). Other reports have indicated differences in
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metabolite concentrations with gender, lateralization (15), intelligence quotient (1Q) (16), and
associations with smoking and alcohol consumption (17). To account for these factors, results
are commonly compared against data obtained from the same location in a group of control
subjects matched to the study group under investigation. However, although many studies have
reported metabolite values from normal control subjects, these values can rarely be used as the
reference information for other investigations. For example, published values using single-
voxel spectroscopy (SVS) measurements are limited to only a few brain regions, and
acquisition parameters, analysis methods, and subject selection criteria, such as age, vary
considerably, making it unlikely that existing data can be used as reference information for a
new investigation. Additionally, a sufficient number of measurements must be acquired to
account for the acquisition-dependent variability of the MRS measurement, which primarily
arises from low signal-to-noise ratio (SNR), line-shape distortions, spectral contamination
from unsuppressed water and lipid signals, and variable partial volume contributions from
surrounding regions. This requirement to obtain the matched reference metabolite information
with a sufficient number of subjects to address the experimental variability of the measurement
represents a considerable effort and cost for each new study.

MRS analysis methods have commonly made use of metabolite ratios, which conveniently
removes concerns for signal calibration and correction for detection sensitivity variability. The
use of ratios, however, also results in loss of information, and an analysis based on individual
metabolite concentrations may be more desirable, for which a calibration procedure is required.
Although absolute quantitation methods for MR spectroscopic imaging (MRSI) have been
implemented (2,18) with the aim of reporting results in standardized metabolite concentration
units, their implementation requires that metabolite and reference relaxation be accounted for,
which involves a significant modification to the acquisition protocol that becomes impractical
for routine clinical studies. Therefore, methods for signal normalization to “institutional
units” (19) are more conveniently implemented in the clinical setting.

In this report, results obtained from mapping proton MRS-observed metabolite distributions
throughout a large portion of the brain are presented. In addition to providing information on
spatial variations and subject-dependent differences of metabolite distributions, these data
constitute a brain metabolite image database for healthy adult subjects that can provide the
normative information required for comparisons against other study data, for the same
acquisition protocol. The approach demonstrated in this report is to use a standardized MRI
and MRSI acquisition protocol that incorporates signal normalization and spatial
transformation of volumetric metabolite images into a common spatial reference frame. The
method takes into account variable tissue contribution to each MRSI voxel location, to enable
analysis of regional and subject-dependent differences in metabolite distributions. To illustrate
the potential advantage gained by this approach, one example based on MRSI following brain
injury is presented.

MATERIALS AND METHODS

Subject Selection

A total of 126 healthy subjects were recruited for this study. Subjects were screened to exclude
any history of brain disease or injury, substance abuse, or psychiatric history. The study was
approved for human subjects research, and written informed consent was obtained before
participation. Of the acquired data, 40 studies were excluded, of which approximately half
were of inadequate data quality, primarily due to motion artifacts, and half due to normal
variants in brain structure. The resultant studies used for the analysis included 41 male and 47
female subjects ranging in age from 18 to 59 years (mean age = 33 years). Of these, a subset
of 22 males and 22 females was used for additional analyses on an age-restricted group from
18 to 30 years old (mean age = 24 years).
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To provide a demonstration of how the normal brain metabolite data can benefit the analysis
of MRSI data acquired in a single subject, a single study was selected from a subject who had
a traumatic brain injury (TBI). This subject was a 28-year-old male who was studied 10 days
following admission to the trauma center following an assault. The injury was assessed as a
moderate closed-head brain injury with a Glasgow coma score of 11.

Data Acquisition

All subjects were scanned at 3T (Siemens Trio) with an eight-channel head array coil (In Vivo
Corporation). The MRI protocol consisted of a T;-weighted magnetization-prepared rapid
gradient echo (MPRAGE) sequence, TR/TE/TI = 2150/4.38/1100 ms, 256 x 256 x 144 points,
1 x 1 x 1 mm resolution; and either a double-spin echo proton density (PD) and T,-weighted
sequence or a PD-only sequence. The double spin-echo sequence used TR/TEL/TE2 =
4200/20/80 ms, 256 x 192 x 44 acquisition, 3-mm slice thickness, and the PD-only sequence
used spin-echo acquisition with 4200/8 ms, 128 x 128 x 44 points, and 3-mm slice thickness.

The MRSI acquisition used a volumetric echo-planar sequence, with 50 x 50 x 18 k-space
points, and 500 spectral sample points after removal of the x4 oversampling prior to Fourier
reconstruction. The resultant MRSI data covered a spatial region of 280 x 280 x 180 mm? and
had a spectral sweep width of 1250 Hz. The sequence used chemical shift-selective (CHESS)
water suppression, lipid inversion nulling with Tl = 198 ms, an excitation angle of 73°, TR =
1710 ms, spin-echo acquisition with TE = 70 ms, and included an interleaved water reference
acquisition obtained using a gradient-echo acquisition with 20° excitation angle and TE = 6.3
ms. The reconstructed MRIs and acquired multichannel MRSI data were copied to local
computers for further processing.

Over the course of this study the MR instrument received two system upgrades and the data
obtained with each configuration were maintained under separate projects. Prior to the onset
of the final analysis, a comparison was made between each of the study groups that indicated
no detectable systematic differences. All data were therefore combined for the following
analyses.

Data Processing

All data were processed using the fully automated MRSI processing pipeline provided by the
MIDAS software package, which was previously described (20). This included lipid k-space
extrapolation, spectral lineshape and By correction, and parametric spectral analysis using
Gaussian lineshape for fitting signals from N-acetylaspartate (NAA), total creatine (Cre), and
total choline (Cho). Gaussian line-broadening of 2 Hz was applied prior to spectral fitting, and
voxels were excluded from the spectral fitting if the linewidth of the water spectroscopic image
(SI) signal at the corresponding voxel exceeded 15 Hz. The metabolite images were
reconstructed to 64 x 64 x 32 points with the nominal voxel volume of 0.31 ml that was
increased to approximately 1 ml following spatial smoothing. Modifications from the earlier
description include combination of multichannel data using phase and amplitude maps
generated from the water-reference Sl; derivation of the mask for lipid k-space extrapolation
from the coregistered MRI data; exclusion of voxels for spectral fitting based on the water-
reference linewidth; and signal normalization of the reconstructed metabolite maps was based
on the tissue water signal derived from the interleaved water-reference MRSI. The signal
normalization procedure (21) used tissue water as an internal reference, which has been widely
used for single-voxel MRS measurements and also applied to MRSI (22,23). Knowledge of
the tissue water distribution was obtained by convolution of the MRI-derived tissue
segmentations to the SI spatial response function and using calculation of the water content
for gray matter (GM) and white matter (WM), which was derived using the PD MRI. This
procedure then derived a 100% water-equivalent reference image that corrected for the variable
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receiver sensitivity function and normalized the metabolite images. The resultant individual
metabolite images therefore represent the metabolite signal obtained following spectral fitting
relative to a reference signal equivalent to that of 100% water at the same voxel location. The
signal normalization procedure included an estimate on the water T, based on previous reports
(24,25), but did not account for metabolite relaxation rates. MRI tissue segmentation used the
FSL/FAST program (26,27) with the T4 image only.

A nonlinear spatial transform (28,29) was applied to all signal-normalized metabolite images,
metabolite ratio images, and additional images reflecting quality criteria of the spectral analysis
to enable voxel-based image analysis. The BrainWeb simulated MRI from the Montreal
Neurological Institute (30) was used as the spatial reference, which was associated with a brain
atlas that identified nine anatomical regions defining the left and right cerebral lobes and the
cerebellum. Spatial transformation included interpolation to 2-mm isotropic voxels.

Data Analysis

All data were analyzed using the project review module (PRANA) in the MIDAS package with
additional statistical analysis following export into Excel (Microsoft) and SAS (SAS Institute)
and image display using MRIcro (www.mricro.com). Processing and voxel selection options
included exclusion of voxels with a linewidth result from the spectral fitting outside of a
specified range, which was set to 3 Hz and 13 Hz (0.1 ppm). VVoxels with outlying data values
were also excluded using a threshold based on the mean value and standard deviation (SD) of
all voxels within the selection, with values >3 times the SD away from the mean being omitted
from the analysis. For voxel-based analyses performed across all subjects, valid data from a
minimum of 10 subjects were required at a voxel location to generate a result.

A correction for signal loss due to cerebral spinal fluid (CSF) partial volume was applied to
all individual metabolite images. The amount of correction was limited to CSF fractions within
the Sl voxel of less than 0.2, and no correction was applied for CSF fractions above this value.
This threshold level was found to apply full correction for voxels within the bulk of the
cerebrum, whereas increasing the threshold level resulted in an apparent overcorrection and
an edge-enhancement effect at the edges of the ventricles. Average metabolite values
corresponding to 100% GM and 100% WM within each brain region were obtained by
regression of each parameter against the tissue content determined from the Sl-resolution tissue
segmentation images, for all voxels over each of the atlas-defined regions. For regressions
using the individual metabolite images, a comparison was first made between using a one-
parameter regression of WM content against the CSF-corrected metabolite image, and using
a two-parameter regression for WM and CSF against the uncorrected metabolite image. This
indicated no significant differences between the two types of analyses, and the one-parameter
regression was subsequently used because the processing time was slightly faster.

Image-based analyses were carried out to determine mean value and SD over the subject group
at each voxel location for each metabolite. Since changes of metabolite concentrations are
known to occur with age, this analysis was performed on a subset of the subject group that was
limited to an age range of 18-30 years.

For evaluation of changes in metabolite distributions with age, two approaches were used. The
first approach was to perform tissue regressions for each brain region defined in the atlas to
obtain the average metabolite values corresponding to 100% WM and GM within each brain
region, and then to examine the variation of these parameters as a function of age and gender.
The second was an image-based analysis that used a regression of the metabolite value at each
voxel across all subjects following spatial smoothing of each subject image with 10-mm full-
width at half-maximum (FWHM) Gaussian. Additional tests were carried out to examine the
significance of differences between the left and right hemispheres for each brain region.
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In Fig. 1 are shown examples of the image quality obtained from asingle-subject study, together
with two sample spectra showing the quality for a linewidth typical of the narrowest obtained
to the broadest accepted for inclusion in the subsequent analyses. These spectra reflect the
applied line-broadening of 2 Hz, and are shown following intensity normalization and with
fixed scaling, which also illustrates the varying noise level due to the variation of the phased-
array coil sensitivity. As shown in Fig. 1a the metabolite images (top three rows) commonly
exhibited moderate noise patterns and a small number of missing or outlying voxel amplitudes.
Larger regions with no metabolite value, e.g., in the fronto-orbital regions, indicate those
regions where the water resonance linewidth exceed the 15-Hz threshold, and were excluded
from the spectral analysis. A small number of other clearly incorrect results from the spectral
fitting occur in regions that passed the water linewidth threshold, but may have reduced quality
due to By inhomogeneity or unsuppressed water. While the quality of the spectral analysis at
individual voxels can be improved by repeating the fitting with a larger number of iterations,
this required manual operation and was not performed in this study. Further analysis indicated
that voxels with outlying data values occurred in regions of increased inhomogeneity or large
CSF volume contribution, and that these were effectively excluded from the subsequent data
analyses by the spectral linewidth exclusion test and outlier removal. Also shown in Fig. 1 are
the images obtained from the interleaved Sl acquisition and one of the Sl-resolution tissue
maps, which is included to illustrate the availability of this information. This latter image was
derived from the WM result of the MRI tissue segmentation and convolved to match the SI
spatial response function. The water-reference Sl data exhibit T; weighting with sufficient
structural information to enable affine registration with the high-resolution T1-weighted MRI.
Note that these last two image sets show values for all voxels within the brain, whereas the
metabolite images do not.

In Fig. 2 are shown images obtained following analysis of multiple subject data, together with
the spatial reference image (Fig. 2a), which shows the slice corresponding to the center of the
Sl resolution images. For the sole purpose of creating the mean-value images for display in
Fig. 2, image data from the whole subject group were used since this made available more
voxels at the edges of the brain, thereby slightly improving the appearance of the mean-value
image. All of the mean-value images for the individual metabolites (Fig. 2c—€) and the
metabolite ratio images (Fig. 2f~h) show a wide range of image intensity that benefits from
display usingacolor scale. Also shown in Fig. 2i and j are the results of the variance calculations
over the 18-30 age group for NAA and NAA/Cre, respectively. These show a variance over
most of the central brain in the range of 10-14%, with higher values in the neighborhood of
the ventricles and edges of the brain. Taking an average value over a central WM region, the
intrasubject coefficients of variance (COVs) for NAA, Cre, and Cho were found to be 9%,
10%, and 12%, respectively. For the ratio images average COVs for NAA/Cre, Cho/Cre, and
Cho/NAA were 8%, 11%, and 13%, respectively. The average linewidth image obtained over
all subjects, shown in Fig. 2k, indicates that a large volume of the brain is consistently obtained
with a linewidth of under 9 Hz.

Examination of the mean metabolite images indicates considerable spatial variation of all
individual metabolites. Summary values for each of the atlas-defined brain regions and tissue
type are given in Table 1 and Table 2. Table 1 shows the average values over the whole subject
group for each region from the right side of the brain, and the ratio between the right and left
sides (R/L). For this analysis, the signal-normalized and CSF-corrected metabolite values were
first obtained by linear regression over all voxels within each brain regions against the WM
content. The significance of the difference between right and left cerebral hemispheres was
tested using a two-tailed paired t-test. Significant right-left differences are evident for most

Magn Reson Med. Author manuscript; available in PMC 2010 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Maudsley et al.

Page 6

values and regions, ranging to as much as 10% for temporal GM NAA. This analysis was
repeated to test for the effects of gender and age, but this was not found to alter the number of
significant lateralization differences.

Of the single metabolite images, NAA (Fig. 2c) exhibits the smallest average GM/WM contrast
ratio, but with distinct local changes as well as a trend to increasing values from the anterior
to posterior cerebrum. Also visible is increased intensity along the cortical-spinal tracts, corona
radiata, and internal capsule (WM structures). In the corpus callosum, there is lower NAA in
the genu (anterior corpus callosum) in comparison to the splenium (posterior corpus callosum),
consistent with the anterior—posterior trend of increasing values, as previously reported (10).
NAA appears to be greater in the insular cortex, which is a structure that overlaps with each
of the temporal, frontal, and parietal lobe regions defined in the atlas and was not separately
defined in the region-defined analysis.

The average values of the GM/WM signal ratios shown in Table 2 indicate small differences
between the average CSF-corrected NAA values in GM and WM. Visual observation of Fig.
2¢ does give some indication of locally reduced GM NAA (for example, in the upper three
slices); however, this may also result from incomplete compensation for CSF partial volume
contribution in the image data. Averaged over the whole cerebrum, NAA is 3.7% lower in GM
relative to WM. Previous studies have indicated both increased (2,11) and decreased (13) GM/
WM NAA concentrations, and it is apparent that the location from which the data were obtained
may account for these different findings, together with differences in the correction for CSF
volume, acquisition methods, and tissue-dependent spin relaxation times.

Both the Cre and Cho images show greater GM/WM differentiation, which is also indicated
in the results of the tissue-regression analysis shown in Table 2, which was obtained using data
from the 18-30 age group. These results indicate that GM/WM ratios differ across regions,
and that there are locally increased values, such as in the region of the insula, the central gyrus,
and in the cerebellum, in agreement with a previous report (31). Cre was significantly decreased
in the temporal lobe WM as compared to the WM in other regions. Averaged over the whole
cerebrum, GM Cre is 13% higher and Cho is 21% lower relative to WM. The GM/WM
differences are enhanced in the ratio images, with differences reaching as much as 44% for
parietal GM in comparison to the WM in that region. As additional examples of the features
identified from the metabolite distributions, images in axial and coronal orientation are shown
in Fig. 3. Here, the NAA/Cre image (Fig. 3a) highlights the WM distributions and the NAA
image (Fig. 3c) also illustrates the anterior—posterior increase, as previously described.

The magnitude of local changes evident in these images will be underestimated in the mean
value results in Table 1 since the atlas-defined brain regions are relatively large. Similarly, the
relative GM and WM ratios shown in Table 2 also represent an average over the selected group,
since these vary as a function of age, as shown in a following section.

Age- and Gender-Dependent Changes

Multiple linear regression was used to determine the relation of age and gender to each
metabolite and metabolite ratio, for WM and GM in each brain region, and the results are shown
in Table 3. For this calculation the average individual metabolite values were first obtained by
performing the tissue regression for each brain region in each subject and then examining the
linear regression of the values obtained for individual GM and WM tissue against the subject
age and gender. The model assumed the same age dependence for male and female. These
results indicate a small decrease of NAA with increasing age, although they do not reach
significance in any one brain region. Averaged over the whole brain, NAA decreased by 2.3%/
decade for GM and 0.5%/decade for WM. The magnitude of the age-dependent changes of Cre
and Cho were much larger and greatest in WM, with whole-brain average increases of 3.5%/
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decade for Cre and 5.8%/decade for Cho. While previous reports of age-related changes have
been mixed, these results are consistent with some previous studies (1,3,12) and comparable
to a quantitative measurement for frontal lobe GM by Brooks et al. (7) that accounted for
metabolite T, and brain water content. That study found a decrease of 3%/decade for NAA,
compared to our result of 2.2%/decade, and increased Cho at 5%/decade, compared to 2%/
decade in this study.

The age-dependent changes for individual metabolite values reach statistical significant only
for Cre and Cho in three regions, and the gender difference reaches significance only for NAA
in occipital GM. For these parameters the coefficient of determination, Ry, values are small,
indicating that there remains a significant fraction of the intersubject variability that cannot be
attributed the factors considered for this model. However, due to the trend of an age-dependent
decrease in NAA, and a similar trend of opposite differences between NAA and Cre and Cho
between male and female subjects, the age and gender differences in the metabolite ratio values
reach significance in more brain regions, although again most R, values are still relatively
small. The gender differences indicate that averaged over all regions there is increased NAA
in females relative to males, with an average of 4% for both GM and WM, and a trend to lower
Cho values. However, the gender differences were highly variable, for example, ranging from
—10% in the cerebellum to 6.5% in occipital GM, and many regions with no significant
differences. Similarly, previous reports of gender differences have been mixed. Our results
show the same trend to increased frontal NAA as reported by Braun et al. (15), and although
our result did not reach significance, the value for frontal GM NAA/Cre did. Similarly, our
observation of decreased Cho/NAA in occipital lobe in females is consistent with the report
of Wilkinson et al. (14). Other reports have found no differences with gender (8,9,16).

Example regressions for frontal WM Cho and Cho/NAA are shown in Fig. 4. While the
increased correlation coefficient for the ratio of two metabolites with opposite slope over the
single metabolite measures is expected, there is also some indication of more outlying values
in the normalized metabolite values, suggesting that additional variability is caused by the
signal normalization to tissue water.

In Fig. 5 are shown representative slices for the voxel-based regression of the individual
metabolites as a function of age. These images are presented with a dual-contrast image scale,
with black representing no change, and support the results in Table 3, with the small decrease
of NAA, and increases of Cho and Cre that are greatest in WM. The local variability in these
images is considered to be within the error of the measurement and there is no evidence of
localized changes corresponding to specific brain structures, as was previously indicated in
studies using short-TE measurements (4).

In Fig. 6 are shown metabolite images and image analysis results for the TBI subject study.
The T1-weighted MRI (Fig. 6a) indicates the presence of small contusions in left frontal and
temporal regions that were associated with a loss of all metabolite signals in those specific
regions due to the presence of blood products. A visual analysis of the NAA and Cho images
(shown in Fig. 6b and c) throughout the rest of the parenchyma does not indicate any metabolic
abnormality, with no indication of any structure within the NAA image and the presence of
slightly increased Cho in WM being consistent with normal values (e.g., compare with Fig.
2e). Following spatial transformation (Fig. 6d and €), these metabolite images were then
compared against the normal subject values using a z-score analysis that accounted for the GM
and WM content in each voxel (32). Voxels with a linewidth greater than 12 Hz were excluded
from the analysis. These results show the difference of the metabolite image data from the
single TBI subject relative to the mean values for an age-matched group of the control subject
data, which consisted of 19 male and 23 female subjects selected for the age range of 20-30
years. The result is then scaled by the SD, o, of the control group data and presented with a
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color scale ranging from —3c to +3c, with black indicating no change. This analysis indicates
some variability of the NAA z-score map (Fig. 6f) that is within an expected range of +2¢ and
therefore not considered significant. The Cho z-score result (Fig. 6g) shows a consistent trend
of increased values over much of the brain that reaches significantly increased levels of +3c

in some regions. In this example, both the similarity of the NAA image and the difference of
the Cho image relative to normal values, over a wide region of the brain, have been indicated
using an automated analysis approach. This specific example also demonstrates the utility of
the reference metabolite image information for evaluation of diffuse metabolic changes.

CONCLUSIONS

A primary finding of this report is the considerable heterogeneity of metabolite concentrations
across all regions of the brain, which are additionally modified by tissue type and subject
variables of age and gender. This variability means that any MRS analyses that use comparisons
between subjects or groups must have the comparative information available for the same
region, age, and gender. While the results of this study confirm several previous reports of
region-, gender-, and age-dependent changes of brain metabolites, these findings have been
extended to a much larger brain region and simultaneously detecting spatial variations of
differences attributed to age and gender. The complexity of the metabolite distributions
suggested by the images in Fig. 2, together with the regional dependencies of lateralization and
changes with age and gender, strongly indicate that the most sensitive method for evaluation
of metabolic alterations in single subjects will be a voxel-based comparative analysis between
the subject data and a comparison subject group, which must also take into account the tissue
content at each voxel.

It is evident that any between-subject comparisons must account for tissue content; however,
the relative importance of laterality, age, and gender is less clear. For the experimental methods
used in this study, the difference between right and left sides for the same region and gender
remained below the across-subject variance for the single metabolite measures, but became
comparable to the COV for the metabolite ratios in some regions. Similarly, the changes with
age were larger for the metabolite ratios, and for measurements that include Cho, a general
recommendation is to limit the comparison of a single subject data set to comparison data
obtained from a subject group matched to within +10 years.

While this study provides evidence for differences of single metabolite values between tissue
types and regions, there are several limitations to these findings. Observations of changes for
left and right of the same region can be affected by alterations in detection sensitivity that were
not completely removed by the signal normalization procedure. Additionally, information on
handedness was not available to include in the analysis. The observation of tissue differences
and changes with age is also clearly dependent upon the accuracy of the MRI tissue
segmentation method, and an additional area for further optimization is undoubtedly in the
development of tissue segmentation methods that can accurately quantify CSF volume in the
narrow sulcal spaces.

This study also demonstrates the utility of fully automated processing procedures for MRSI
studies (20), in contrast to the more typical implementation of MRS processing methods that
rely on operator-supervised methods and frequently ad hoc methods of data analysis. By using
a rapid volumetric MRSI acquisition at 3T, spectral information was obtained over a large
fraction of the brain with a relative intersubject variance that is comparable to similar studies
from more limited regions of the brain (33,34) and only slightly larger than single-voxel
measurements (35). Furthermore, the availability of the volumetric MRSI data along with the
corresponding water reference Sl enabled spatial normalization methods to be applied. This,
together with the availability of the corresponding reference information, has enabled voxel-
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based statistical analysis methods to be applied across multiple subjects. Although the final
statistical analyses presented in this report still relied on operator-directed software programs,
the use of spatial normalization methods means that analyses such as the detection of significant
differences between subjects or between different brain regions could also be implemented in
an automated manner.

There remain several limitations of the processing methods used. First, the processing
procedures still required visual inspection to exclude results degraded by subject motion or
indications of normal brain anatomical variations that did not match the reference brain used
in this study. Second, the tissue segmentation and spatial normalization methods are optimized
for normal-appearing brain, and may fail in subjects with normal variants of brain anatomy.
These methods may also fail in the presence of significant pathology, although this was not a
concern for this study. Another potential limitation of the implemented processing methods is
increased variability introduced by the signal and spatial normalization procedures. The
intrasubject variances obtained in this study, for both individual metabolite values and
metabolite ratios, are comparable to those reported in single-voxel (36-38) and MRSI studies
(23). However, it is of interest to note the similar intersubject variance for the intensity-
normalized NAA image in comparison to the NAA/Cre image, indicating that the
normalization to tissue water is itself subject to some variability across the subject group, even
though the water reference signal clearly has a greater SNR than a metabolite image. These
relative COVs also match those of Ratai et al. (39) using water-referenced MRSI at 3T. Using
a calibrated spectral analysis approach for a short-TE single-voxel measurement at 1.5T,
Schirmer and Auer (36) obtained slightly lower COVs for individual metabolite values than
for ratios (e.g., 7.6% for NAA and 8.5% for NAA/Cr), indicating that the use of tissue water
as a signal reference may be adding some variability. Given the smaller voxel volume of the
MRSI measurement in this study, the variability in the water-referenced metabolite values may
simply reflect SNR and normal variance of metabolite concentrations across the subject group,
but there are potentially additional sources of variability in the signal normalization method
itself. These have also been discussed by Gasparovic et al. (23) and include regional differences
in water content, spin-lattice relaxation, and errors in the tissue segmentation procedure. The
larger COV values found in this study for Cho, and ratios including Cho, likely reflect increased
variability in the spectral analysis due to baseline variations associated with variable water
suppression, which also reflects a limitation of the volumetric MRSI approach used.

A primary outcome of this study is the development of a reference database for voxel-based
comparative analysis of individual subject MRSI results, which is currently being evaluated
for studies of brain injury and disease (40,41). This database is made available on request. As
illustrated in Fig. 6, one clear advantage that can be obtained from a comparison of single-
subject data against the information obtained from the reference database is for visualization
of diffuse metabolic alterations, as opposed to focal changes that may be visualized directly in
a metabolite image, which for example may occur with well-localized tumors or following
stroke. In all cases, however, the generation of metabolic images that indicate abnormal values
facilitates review by personnel who may not have specific expertise with MRS data analysis,
and it removes the necessity of viewing individual voxel spectra, which can become time-
consuming for review of these large data sets. An additional benefit is the availability of
quantitative information on the relative difference from normal values, which may potentially
be of benefit for classification of the degree of metabolic abnormality.
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FIG. 1.

Representative images and spectra for a single-subject study. The figure shows every second
slice from the volumetric Sl-resolution data for (a) NAA, (b) Cre, (c) Cho, (d) the water-
reference, and (e) the WM segmentation at the MRSI spatial resolution. f,g: Example spectra
for a typical narrow linewidth and at the broadest linewidth accepted for further analysis,
obtained from the regions indicated by the triangle and circle, respectively.
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FIG. 2.

Selected axial slices at 10-mm spacing following the voxel-based group analysis. Shown are
(a) the spatial-reference MRI, (b) mean water-reference Sl, (c) mean NAA, (d) mean Cre,
(e) mean Cho, (f) NAA/Cre, (g) Cho/NAA, (h) Cho/Cre, (i) COV for NAA (%), (j) COV for
NAA/Cre (%), and (k) mean linewidth (Hz). The images shown for i and j were obtained for
the 18-30-year age group.
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FIG. 3.
Selected axial and coronal sections of the mean images for (a) NAA/Cre, (b) Cre, (c) NAA,
(d) WM, and (e) the reference MRI in axial and sagittal sections showing the slice selection.
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FIG. 4.

Example results for the regression of the average frontal WM Cho in institutional units (a) and
Cho/NAA ratio (b) as a function of the subject age. The linear regression equations are shown

in the inset with their coefficient of determination, R,.
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FIG. 5.

Selected slices showing the results of the image voxel-based age regression analysis. Shown
are (a) the reference MRI, (b) NAA, (c) Cre, and (d) Cho. Images are shown in a dual color
scale running from —6%/decade (blue) to +6%/decade (white).
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FIG. 6.

Example metabolite image analysis based on comparison against normative values for a subject
with a TBI. Shown are axial slices at 11-mm intervals from the Ty MRI (a) and metabolite
images for NAA (b) and Cho (c) from the acquired study data. These same metabolite images
are then shown following spatial transformation to the standard reference frame in d and e at
a 10-mm slice interval. The corresponding z-score maps indicating the relative difference from
the normal subject reference data are then shown for (f) NAA and (g) Cho. These last two
images are shown in a color scale running from —3c (blue) to +3c (white).
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Table 2
Gray Matter to White Matter Ratio, by Brain Region, of Metabolite Values and Ratios of Metabolites for the 18-30-
Year Age Group”
Metabolite Frontal GM/WM Temporal GM/WM Parietal GM/WM Occipital GM/WM
NAA 1.00 +0.08 1.11£0.10 0.98+0.08 1.00£0.11
Creatine 1.17 +0.08 1.34+0.13 1.17 +0.09 1.20+0.15
Choline 0.87+0.09 0.90+0.14 0.67+0.08 0.83+0.17
NAA/Cre 0.85 + 0.05 0.79 +0.07 0.81 +0.05 0.79+0.07
CholCre 0.73+0.07 0.64+0.11 0.56 % 0.07 0.67+0.12
Cho/NAA 0.88+0.08 0.82+0.13 0.71+0.08 0.89+0.20

*
Values are given as mean + SD of the ratio for all voxels in each brain region.
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