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Abstract

Glutamate (Glu) and glutamine (Gln) play an important role in neuronal regulation and are of 

value as MRS-observable diagnostic biomarkers. In this study the relative concentrations of these 

metabolites have been measured in multiple regions in the normal brain using a short-TE whole-

brain MRSI measurement at 3T combined with a modified data analysis approach that used spatial 

averaging to obtain high-SNR spectra from atlas-registered anatomic regions or interest. By 

spectral fitting of high-SNR spectra this approach yielded reliable measurements across a wide 

volume of the brain. Spectral averaging also demonstrated increased SNR and improved fitting 

accuracy for the sum of Glu and Gln (Glx) compared to individual voxel fitting. Results in 26 

healthy controls showed relatively constant Glu/Cr and Gln/Cr throughout the cerebrum, although 

with increased values in the anterior cingulum and paracentral lobule, and increased Gln/Cr in the 

superior motor area. The deep gray-matter regions of thalamus, putamen, and pallidum show lower 

Glu/Cr compared to cortical white-matter regions. Lobar measurements demonstrated reduced 

Glu/Cr and Gln/Cr in the cerebellum as compared to the cerebrum, where white-matter regions 

show significantly lower Glu/Cr and Gln/Cr as compared to gray-matter regions across multiple 

brain lobes. Regression analysis showed no significant effect of gender on Glu/Cr and Gln/Cr 

measurement, however, Glx/Cr ratio was found to be significantly negatively correlated to age in 

some lobar brain regions. In summary, this methodology provides the spectral quality necessary 

for reliable separation of Glu, and Gln at 3T from a single MRSI acquisition enabling generation 

of regional distributions of metabolites over a large volume of the brain, including cortical regions.

Graphical Abstract

This study reports relative concentrations of Glu, and Gln over multiple regions in the normal 

brain using a single short-TE whole-brain MRSI measurement combined with a modified data 

analysis approach that uses atlas-based spatial averaging to obtain high-SNR spectra. The primary 

advantage of this methodology is that it provides the spectral quality necessary for reliable 

separation of Glu, and Gln at 3T from multiple brain regions using a single MRSI acquisition.
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 1. Introduction

Glutamate and glutamine are relatively abundant amino acids in the brain that are critical for 

neuronal function (1,2). The glutamate-glutamine cycle controls the supply of the 

neurotransmitter glutamate by synaptic release of glutamate or γ-aminobutyric acid 

(GABA), which is taken up by astrocytes to release glutamine that is used in the re-synthesis 

of glutamate or GABA. Alteration of this cyclic nature of glutamate (Glu) and glutamine 

(Gln) has been shown to play an important role in regulation of various neurological 

disorders, including epilepsy, multiple sclerosis, traumatic brain injury, schizophrenia, and 

brain tumors.

Both Glu and Gln can be detected in vivo using 1H Magnetic Resonance Spectroscopy 

(MRS); however, at the commonly available field strengths (≤3T) care must be taken to 

account for the strongly overlapping multiplet resonances of these two compounds, which 

also overlap with signals from N-Acetylaspartate (NAA) and GABA. Several techniques 

have been used to improve discrimination of these overlapping signal contributions, 

primarily based on single-voxel spectroscopy (SVS) PRESS or STEAM acquisitions (3–5), 

including TE-averaging (6), 2D correlation (7), and J-resolved spectroscopy (8); however, 

the increase in acquisition time and complexity of these methods has limited their 

application in clinical studies. Quantitation of Glu and Gln concentrations is also possible 

using conventional short TE SVS (5) provided that data are acquired with sufficient signal-

to-noise and spectral quality. However, these requirements can be difficult to achieve for 

routine clinical measurements and therefore the analysis is frequently limited to 

measurement of the combined Glu+Gln (Glx) signal. Since spectroscopic imaging studies 

are widely implemented using higher spatial resolution (i.e. smaller voxel volumes) than 

SVS, studies at 3T have been limited to mapping Glx distributions (9), although individual 

Glu and Gln maps have been demonstrated at 7T (10). MRI based techniques using amine 
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group-water Chemical Exchange Saturation Transfer (GluCEST) have also been reported 

(11).

Glu and Gln concentrations have been shown to be altered in a number of diseases and 

psychiatric disorders. For example, Glu/NAA is elevated in gray-matter with Rett’s 

syndrome (12); Glx is altered with multiple sclerosis (MS) (13); Gln is altered in normal-

appearing brain tissue in subjects with hepatic encephalopathy and other liver diseases (14); 

glutamatergic dysregulation in schizophrenia (15) and depression and mania (16). Glu also 

has a role in initiation, spread, and maintenance of epileptic seizures (17) and Glx may serve 

as a biomarker for diagnosis of brain lesions (18,19).

For Glu and Gln to be of value as a diagnostic biomarker the normal concentration levels 

must be known; however, previous studies have shown that Glu and Gln levels change with 

age (20,21), are different in gray- and white-matter, and in brain regions such as the 

thalamus and cerebellum (22–24). Therefore, to optimize the sensitivity as a biomarker the 

subject age and brain location must also be taken into account.

Although MRS is an effective technique for non-invasive quantification of Glu and Gln the 

limitations of SVS methods for sampling multiple brain regions, or the lower signal-to-noise 

ratio (SNR) of MRSI methods, limits the potential clinical applications. The aim of this 

study is to measure relative concentrations of Glu, and Gln over multiple regions in the 

normal brain using a single whole-brain MRSI measurement at 3T combined with a 

modified data analysis approach. In addition, the relative sensitivity for measurement of the 

combined Glx value is also assessed. The method combines a short-TE MRSI acquisition 

with spatial averaging to obtain high-SNR spectra from multiple anatomic regions. In 

addition, by accounting for the tissue content in multiple voxels the results are presented for 

lobar white- and gray-matter measures.

 2. Methods

 2.1 Participants

Twenty-six healthy normal control subjects, 16 female and 10 male, from age 26 to 60 years 

(median 36 years) were recruited from the local community. Subjects completed a self-

reporting questionnaire to indicate absence of neurological or psychological disease or 

injury and all MRIs were confirmed to be without any structural abnormalities via visual 

inspection. Informed consent was acquired from each subject and the protocol was approved 

by the human subjects’ research review boards at the University of Miami.

 2.2 Imaging Protocol

Subjects underwent a MR study at 3T (Siemens Medical Solutions, Erlangen, Germany) that 

included a T1-weighted MRI and volumetric MRSI. T1-weighted imaging was carried out 

using a 3D Magnetization Prepared Rapid Acquisition Gradient Echo (MPRAGE) sequence 

with 1.0 mm isotropic or 0.9 x 0.9 x 0.7 mm3 resolution; TR/TE/TI=2300/2.41/930 ms; FA, 

9°; NEX, 1; image matrix, 256 x 256 or 320 x 216. Whole-brain MRSI was acquired using 

echo-planar acquisition with spin-echo excitation; TR/TE = 1551/17.6 ms; non-selective 

lipid inversion-nulling with TI = 198 ms; a FOV of 280 x 280 x 180 mm3; matrix size of 
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50x50 with 18 slices; echo train length of 1000 points; bandwidth of 2500 Hz; reduced k-

space sampling (acceleration factor = 0.7), and a nominal voxel volume of 0.313 cc and 

acquisition time of 17 min (25,26). Acquisition included a water reference measurement that 

was interleaved with the metabolite signal acquisition.

 2.3 Spectral Processing

MRSI reconstruction and analysis was carried out using the MIDAS package (26,27). 

Processing included corrections for B0 shifts, generation of white-matter, gray-matter, and 

CSF tissue segmentation maps using FSL FAST (28), lipid k-space extrapolation (29), and 

linear registration between T1-weighted MR and whole-brain MRSI. Metabolite maps were 

interpolated to 64x64x32 points, for an interpolated voxel volume of 0.107 cc. Following 

spatial smoothing the effective voxel volume was 1.55 cc. Correction for frequency shifts 

due to B0 inhomogeneity was done using two steps. First, the spectra were frequency and 

phase corrected using a time-domain phase correction function obtained from the water 

reference MRSI. Second, the spectra were analyzed using a parametric spectral modeling 

procedure (30) and the final data were corrected for the phase and frequency offset values 

obtained from the fitting.

To improve detection of Glu and Gln spectra were averaged by summing voxels within a 

region of interest (ROI). These regions were defined in subject space using inverse spatial 

transformation of a spatial reference brain defined in MNI space (31) that was associated 

with a brain atlas. Two atlases were used, a lobar atlas defined for frontal, temporal, parietal, 

and occipital lobes and the cerebellum (9 regions) (26) and a version of the AAL atlas (32) 

that was modified to combine small brain regions to provide volumes suitable for the lower 

resolution of the MRSI measurement and which resulted in 47 regions covering cortical and 

subcortical gray-matter structures. Inverse spatial transformations were obtained via a two-

step process. Initially, the interleaved water reference image was registered to the pre-

contrast T1-weighted image using rigid registration (26,33). Secondly, the subject’s T1-

weighted image was registered to the atlas spatial reference using a non-rigid registration. 

The combined transformation was then computed and the corresponding inverse 

transformation applied to obtain the atlas regions in the subject space (34) at MRSI 

resolution. In light of the fact that the final MRSI resolution is larger than the final 

interpolated voxel size, the partial volume contributions that may occur with the spatial 

transformation of individual atlas regions were removed by thresholding at a level of 50% 

volume, and the results converted to a binary mask. Prior to averaging, poor quality spectra 

were excluded using a linewidth of greater than 10 Hz and a voxel CSF fraction of greater 

than 20% as criteria to reject a voxel. Additionally, for the lobar measurements spectra were 

generated for gray- and white-matter using a threshold of >80% content from each 

respective tissue.

Following inverse spatial transformation of the atlas into subject space the integrated spectra 

from multiple ROIs were automatically created using functionality provided in the MIDAS 

package and spectral analysis carried out using the FITT program (30) for NAA, total 

creatine (creatine and phosphocreatine, denoted Cr), total choline (choline, 

glycerophosphocholine, and phosphocholine denoted Cho), myo-inositol, lactate and Glu 
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and Gln. A separate analysis was carried out using Glx, assuming a fixed ratio of Glu:Gln of 

4:1 (30). The baseline was characterized using wavelet smoothing without inclusion of 

macromolecular resonances, which are considered to be negligible due to the use of the 

lipid-inversion nulling used in the acquisition. The results of the ROI-averaged spectra were 

excluded from further analysis if the Glx or Glu spectral fitting showed an uncertainty as 

measured by Cramer-Rao lower bounds (CRLB) exceeding 20%. To account for the 

difficulty in spectral fitting of the lower concentration of Gln a rejection criterion for CRLB 

>40% was used. As a final quality control step the ROI-integrated spectra were visually 

inspected and any exhibiting excessive linewidth, or large lipid or water signals were 

removed.

Normalization of metabolite signal across subjects remains a challenging task due to 

variations in tissue T1, water content (M0) and bias fields, therefore, in order to account for 

these variations between subjects mean Glu, Gln and Glx values normalized to Cr are 

reported.

 2.4 Data Analysis

The mean regional Glx/Cr, Glu/Cr and Gln/Cr along with the mean CRLB for 47 regions of 

the AAL atlas and white- and gray-matter of lobar brain regions are reported. Student’s t-test 

analysis was carried out to compare the mean Glx/Cr, Glu/Cr and Gln/Cr in the gray- and 

white-matter regions of the lobar atlas. The average Glu/Gln ratio was calculated for each 

brain lobe as the ratio of the mean values across all subjects and the confidence interval 

estimated using the method of Fieller (35).

To evaluate improvements in spectral quality from signal averaging the SNR was estimated 

as the ratio of the height of the NAA peak to the standard deviation of the noise signal 

estimated between 0 to 1.2 ppm. It is possible that this spectral region may contain signal 

contributions from subcutaneous lipid contamination, which would increase the measured 

noise value and result in reduced SNR values.

Cramer-Rao maps were also generated for Glx quantitation for each AAL region and 

compared with Glx mapping by spectral fitting of all individual spectra. The ratio of the 

mean CRLB of fitting Glx in individual spectra of a region to the CRLB of fitting Glx in the 

corresponding summed regional spectra is termed as the regional improvement factor (IF):

where, n are the number of regions in the AAL atlas (n =47) and CRLBGlx denotes the 

CRLB of fitting of Glx.

Additionally, general linear models were used to find correlations between Glx/Cr, Glu/Cr, 

and Gln/Cr with age, controlling for the effect of gender. If a first pass analysis revealed that 

gender was not a significant factor in a linear model correlation between metabolite ratios 

and age then a simple Pearson correlation was used. False Discovery Rate (FDR) based 
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correction was used for accounting multiple comparisons (36). An FDR corrected p-value 

(q) less than 0.05 was considered significant for the correlations.

 3. Results

 Spectral Quality Assessment

In Figure 1 are shown example spectra and their corresponding analysis results, including a 

single voxel spectrum in the central white-matter (a) and summed spectra for the left 

putamen (b), left calcarine cortex (c), and left frontal white-matter (d). It can be seen from 

Figure 1 that the summed spectra have a higher SNR as compared to single-voxel spectra 

and are fit with improved accuracy (lower CRLB) for Glx. An improvement of 53% and 

77% in SNR was obtained for the integrated spectrum over the mean SNR of the individual 

voxels in the left putamen and left calcarine cortex regions, respectively. It can also be seen 

that excellent linewidth is maintained even from large tissue volumes, which is a 

consequence of spectral averaging being carried out following B0 inhomogeneity correction 

and the small nominal spatial resolution (0.313 cc), for which the linewidth in individual 

voxels is typically very good. Detailed fitting results for the summed spectra of the left 

calcarine region are shown in supplementary Figure 1.

Generally, summed spectra from larger regions show improved SNR and smaller CRLB 

values than for smaller regions; although this will also be impacted by the number of spectra 

that pass the quality evaluation with each ROI. Figure 2 shows the relationship between 

CRLB of the spectral fitting for Glu, Gln and Glx as a function of the number of spectra 

summed, for all regions of the AAL atlas for all subjects. These plots indicate that a large 

fraction of the ROIs (96%) result in CRLBs for fitting of Glu and Glx under the acceptable 

threshold level of 20%, whereas for Gln 14.4% of the ROIs did not meet the CRLB 

threshold of 40%. While the quality of fitting is clearly improved with increasing number 

voxel count outliers occur and visual examination of these ROIs indicate that most of the 

voxels showing poor Gln CRLBs were found in the frontal regions with increased linewidths 

as compared to the whole brain average but otherwise with no visually-evident loss in 

quality.

 Lobar Measurements

Mean Glx/Cr, Glu/Cr, Gln/Cr, and Glu/Gln ratios for white- and gray-matter over lobar 

volumes are shown in Figure 3 and supplementary Tables 1 and 2. Gray-matter regions show 

a significantly higher (p<0.05) Glx/Cr as compared to white-matter regions for all lobes of 

the brain except in the cerebellum. Glu/Cr in gray-matter was also significantly higher than 

that of white-matter in the left frontal (p = 0.044), occipital (p < 0.001), parietal (p = 0.016) 

and temporal (p = 0.003) lobes and in the right frontal (p < 0.001), occipital (p = 0.002) and 

parietal (p < 0.001) lobes. Gray-matter Gln/Cr was significantly increased relative to white-

matter in the right frontal (p = 0.038), occipital (p = 0.044) and temporal (p = 0.013) lobes. 

There were no significant differences between left and right for any measured value.

The Glu/Gln ratio in each lobar region is shown in Figure 3d. These again reflect the 

differences of the Glu/Cr and Gln/Cr ratios in gray- and white-matter but without significant 
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differences between regions, for mean values of 2.1 and 3.0 in cerebral white- and gray-

matter respectively.

 AAL Atlas Measurements

Manual quality assessment of the ROI-averaged spectra using the modified AAL atlas 

resulted in exclusion of 3.1% of the datasets, which were primarily located in the superior 

motor area, anterior cingulum and paracentral lobule. Of these, exclusion was based on 

excessive lipid contamination. The number of voxels selected for each region after applying 

the voxel exclusion criteria, averaged across all subject, ranged from 3.3 to 387.6, with the 

least number of voxels in the pallidum and the maximum in the cerebellum. Out of the total 

of 1123 regional average spectra across the 26 subjects, 95 (8.45%) had less than 5 voxels 

averaged. These regions were primarily located in caudate, pallidum, paracentral, and 

superior motor area. This number is governed not only by the size of the region but also the 

exclusion criteria mentioned in section 2.3 for maintaining the quality of the averaged 

spectra.

In Figure 4 and supplemental Table 3 are shown results for the regional analysis using the 

AAL atlas, with Figure 4a showing the brain parcellation regions. For Figures 4b–4d the 

brain regions have been color coded according to the mean regional values determined for 

that region, for Glu/Cr, Gln/Cr and Glx/Cr, respectively. These results indicate that Glu/Cr 

and Gln/Cr are fairly constant throughout the cerebrum, although with increased values in 

the anterior cingulum and paracentral lobule, and increased Gln in the superior motor area. 

The deep gray-matter regions of the thalamus, putamen, and pallidum show lower Glu/Cr 

compared to cortical white-matter regions. The lowest values are observed in the cerebellum, 

which is due to the increased Cr relative to the cerebrum (27).

In Figures 4e and 4f are shown mean regional CRLB values for Glu and Gln, averaged over 

all subjects, indicating the quality of the spectral fitting. It is seen that Glu fitting is well 

below 20% but in some locations the Gln result showed CRLB of higher than 40%. In 

contrast, the CRLB values for fitting of Glu and Gln in individual voxel spectra were both 

considerably greater than the thresholds of 20% and 40%, respectively. Performance for 

fitting of individual voxel spectra was improved when using Glx, for which the mean CRLB, 

averaged over the whole brain, was found to be 16.5 ± 3%, with the worst performance seen 

in the caudate (mean CRLB of 22.5% for left and 21.1% for right) and superior motor areas 

(mean CRLB of 26.5% for left and 23.0% for right). When using the ROI-averaged spectra 

for fitting of Glx the mean CRLB, averaged over all regions, was 4.5 ± 1.3%, which 

corresponded to a mean improvement factor of 3.7 ± 0.7 relative to quantification of Glx in 

individual voxels. Results for regional improvement factors are presented in supplementary 

Table 4. Supplementary Table 4 also shows the mean Glx/Cr values obtained by fitting the 

ROI-averaged spectra as compared to the mean of fitting individual spectra in a given ROI. 

On average, fitting individual spectra resulted in a 23.0 ± 5.0% lower estimation of Glx/Cr.

 Age Correlations

Regression analysis revealed that gender was not a significant factor in any linear model. 

Simple correlation analysis showed statistically significant correlations between Glx/Cr 
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ratios and age in the left parietal (r = −0.564, q = 0.021) and right temporal (r = −0.494, q = 
0.010) white-matter regions, and gray-matter regions in the left (r = −0.523, q = 0.030) and 

right (r = −0.502, q = 0.039) parietal lobes, and in the right occipital lobe including the 

lingual gyrus (r = −0.554, q = 0.026). Glu/Cr was found to be inversely correlated to age 

only in the right posterior cingulum cortex (r = −0.544, q = 0.024), whereas Gln/Cr was 

found to be negatively associated with age for the left temporal lobe (r = −0.541, q = 0.023). 

These findings likely reflect the moderate increase of Cr with age (37).

 4. Discussion

This report has presented a technique for estimation of Glu and Gln in multiple 

anatomically-defined brain regions from a volumetric MRSI measurement at 3T. The 

strength of the technique lies in the use of anatomically-driven spatial averaging of 

multivoxel spectra to enable regional metabolite measures to be obtained with increased 

accuracy. When combined with a short-TE spin-echo acquisition and signal averaging over 

the 17-min MRSI acquisition, this methodology provides the spectral quality necessary for 

reliable separation of Glu, and Gln at 3T, while also providing information from multiple 

brain regions, including cortical regions.

Previous studies that have reported regional measures for Glu and Gln have relied on single 

voxel methods and few studies have used MRSI based methods. A summary of studies that 

have reported Glu/Cr and Gln/Cr in different brain regions is presented in Table 1. Mean 

Glu/Cr ratios have been reported in the range of 0.96 – 1.52 and 0.72 – 1.16 for pure gray-

matter and white-matter respectively (3,6,38). The present study showed a mean cerebral 

Glu/Cr of 0.99±0.02 and 1.14±0.06 in the white-matter and gray-matter regions, which are 

consistent with other studies. There is good agreement with this study in the measurement of 

Glu/Cr in the precentral gyrus; however, this study reports lower Glu/Cr ratio in the occipital 

region (1.09 ± 0.12) compared to the studies by Frias-Martinez et al. (39,40). However, a 

large variation in Glu/Cr is seen across studies in the parietal and occipital regions with 

studies reporting ratios as low as 0.9 (8) to 1.48 (39). Glu/Cr measures in the anterior 

cingulate showed good concordance with reported values but slightly lower values in the 

posterior cingulate. However, it should be noted that measurements of Glu/Cr in the anterior 

cingulate region show a large range from 1.12 – 1.31 (5,41). The mean Gln/Cr in the parieto-

occipital cortex region was 0.38, with CRLB under 20%, which was slightly higher than 

those found by Jensen et al. (8). Studies by Frias-Martinez et al. have shown similar ratio for 

Gln/Cr in the occipital region using JPRESS and L-COSY techniques (39,40).

For the regional spectra that were included in the final analysis of this study the CRLB 

values were in the range of 4% to 15% for Glu, and 14% to 40% (mean 23±11%) for Gln, 

which are comparable to those provided by short-TE SVS measurements at 3T (3). Although 

the use of integrated volumes from a MRSI measurement entails decreased detection 

sensitivity relative to a SVS measurement for the equivalent tissue volume (42), the primary 

advantage of the MRSI approach is to sample multiple regions in a single measurement. The 

ROI-averaged MRSI approach additionally enables sampling of complex tissue volumes, 

automated ROI selection using image registration methods, separation of mean white- and 

gray-matter values, and removes the requirement of a predefined placement of sampled 
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volumes. The variant of the MRSI measurement implemented for this study adds additional 

sensitivity losses from the use of spatial oversampling (43) and lipid inversion-nulling (44); 

however, these methods represent trade-offs that benefit spectral quality by decreasing 

linewidth, nulling macromolecular resonances, and enable sampling of the cortical surface 

regions. The advantage of signal integration after individual-voxel spectra have been 

corrected for B0 inhomogeneity has been shown to result in decreased linewidth relative to a 

SVS measurement (45). While the acquisition time for the MRSI measurement is longer 

than that needed for a SVS measurement it becomes comparable to that required for two 

SVS measurements that include a water reference measurement and shimming at each 

location. Additional considerations include the increased susceptibility to subject motion and 

the processing requirements of the volumetric MRSI measurement. In summary, this study 

indicates that despite the sensitivity losses associated with the MRSI measurement the 

proposed method can provide comparable reliability to SVS measurements while offering a 

much larger brain coverage. This approach therefore enables widespread metabolic changes 

to be studied, where SVS measurements would be limited due to its localized sampling, with 

improved quality relative to that obtained from individual MRSI voxels.

Many clinical MRS studies report the value of Glx in light of the known difficulty for 

separating the individual Glu and Gln contributions, and the increased reliability of the Glx 

estimation is demonstrated in this study by the lower CRLB of spectral fitting. These results 

support the use of Glx for studies of brain disorders where separate Gln estimation is not 

required; however, although this result will be dominated by the larger proportion of Glu it 

will nevertheless be subject to quantitation errors in light of the varying ratio of Glu/Gln, 

which ranged from 2.0 in left-occipital white-matter to 3.9 in right occipital gray-matter.

Previous studies have demonstrated the use of spectral averaging of in vivo MRSI data prior 

to spectral fitting for improving the quality of analysis. Zhu et al. first demonstrated the 

increase in spectral SNR by coherently summing spectra in a ROI following phase and 

frequency correction (46). Corrigan et al. showed that averaging data within a ROI before 

spectral fitting significantly improved the measurement of lactate and that this provided an 

advantage over analysis of low SNR single-voxel spectra, which can lead to incorrect 

estimations of signal amplitude and CRLB values (47). Mandl et al. used a similar approach 

to create a single spectra for the entire cingulum bundle by averaging MRSI voxels within a 

volume that was identified using fiber tracking (48). Ratiney et al. used spatial averaging 

over small regions to improve SNR for metabolite T1 measurement (49). These previous 

studies were implemented for 2D MRSI data only, and the current report describes the first 

implementation using volumetric MRSI data that has been combined with a brain atlas.

A limitation of this study is the absence of absolute concentration estimates for Glu and Gln 

(or their combination). This requires measurement of a known reference signal, which was 

not available for this study, and ideally, knowledge of relaxation rates and receive and 

transmit bias fields, which can be problematic to obtain for MRSI studies. However, 

previous MRSI studies have reported absolute concentrations of Glu by using assumed 

values for tissue water content and relaxation rates and taking a ratio to a separate MRSI 

acquisition of the full tissue water signal, and results have been presented for a single axial 

slice (9,38,50). However, limiting the analysis to report metabolite ratios has the advantage 
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of simpler acquisition and processing requirements, which can be more conveniently 

implemented for clinical studies. Additionally, since the reference signal is acquired 

simultaneously with the metabolite signal, systemic errors from sources such as partial 

volume from cerebrospinal fluid and variable flip angles are removed (51). Moreover, it has 

been shown that metabolite ratios across subjects are more robust than other spectral 

quantitation techniques with less than 10% variation with a single-site and 15% across sites 

(52). On the other hand, metabolite ratios are ambiguous in nature, making it impossible to 

determine if an abnormality is due to changes in the numerator or denominator metabolite. 

Although Cr has been generally adopted as the reference metabolite there are regional 

variations (e.g. reduced Cr in cerebellum) (27) and it is not uncommon to find altered 

concentrations in pathological conditions (53–55).

An additional limitation of the proposed atlas-based spectral averaging technique is that 

metabolite concentrations across the selected region, and optionally for each tissue type 

within the volume, are assumed to be similar; however, this assumption may not hold in the 

presence of pathologic changes such as tumor infiltration and necrosis. Another potential 

limitation of this study is the absence of GABA and glutathione from the spectral fitting 

model, which also have overlapping peaks with Glu and Gln. However, the concentrations of 

these compounds have been reported to be less than one-fifth that of Glu and less than two-

thirds that of Gln (5) and therefore the potential impact is expected to be small.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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 Non-standard Abbreviations List

SVS Single Voxel Spectroscopy

GABA γ-aminobutyric acid

AAL Automated Anatomical Labeling

CRLB Cramer-Rao lower bounds
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Figure 1. 
Example spectrum for a single voxel in the central white-matter (a) and summed spectra for 

the left putamen (b), left calcarine (c), and left frontal white-matter (d). With each spectrum 

is given the corresponding number of voxels summed (NVoxels), Cramer-Rao bounds of 

fitting of Glx (CRLBGlx), linewidth (LW), and signal-to-noise ratio (SNR). The 

corresponding regions are indicated on the MRI shown to the left of each spectrum.
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Figure 2. 
Relationship between CRLBs for spectral fitting of Glx, Glu, and Gln and number of voxels 

in a region. Trend lines are generated using a 50-point moving average filter to illustrate the 

approximate relationship between CRLB and number of voxels. Results indicate that the 

average CRLBs produced by the spectral averaging technique reduce as the size of the 

region is increased.
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Figure 3. 
Mean lobar Glu/Cr (a), Gln/Cr (b), and Glx/Cr (c) measurements for gray- and white-matter 

regions with error bars denoting standard deviation in measurements. Significance of 

difference between gray- and white-matter ratios are shown by asterisks (* p<0.05, ** p < 

0.01, *** p<0.001). (d) Glu/Gln ratio for gray- and white-matter lobar brain regions with 

error bars denoting confidence interval (CI) calculated using the Fieller method.
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Figure 4. 
Maps showing the AAL anatomic regions (a), and mean regional values for Glu/Cr (b), 

Gln/Cr (c), Glx/Cr (d), Glu Cramer-Rao (e) and Gln Cramer-Rao (f), for each of the atlas 

regions.
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Table 1

Comparison of Regional Glu/Cr and Gln/Cr in Different Studies.

Study Method Region Glu/Cra Gln/Cra

Gonenc et al. (56) Multi-TE J-resolved Precentral Gyrus 1.11 ± 0.11 0.43 ± 0.08

Jensen et al. (8) JPRESS Parieto-Occipital 0.9 ± 6% 0.25 ± 14%

PRESS 1.24 ± 8% 0.17 ± 30%

Frias-Martinez et al. (40) JPRESS ProFit Occipital Region 1.24 ± 0.12 0.42 ± 0.06

Frias-Martinez et al. (39) L-COSY Profit Occipital Region 1.48 ± 0.31 0.43 ± 0.01

Schulte et al.* (57) J-resolved Profit Parietal Lobe 1.28 0.21

Waddell et al. (58) Difference Spectroscopy Anterior Cingulate 1.16 ± 0.10 NA

Wijtenburg et al. (5) Phase Rotation STEAM Anterior Cingulate 1.12 ± 0.08 0.33 ± 0.08

Wijtenburg et al.* (41) Phase Rotation STEAM Anterior Cingulate 1.31 0.30

Posterior Cingulate 1.32 0.31

Present Study$ Short-TE MRSI Precentral Gyrus 1.14 ± 0.27 0.43 ± 0.11

Parietal Cortex 1.10 ± 0.17 0.37 ± 0.12

Occipital Cortex 1.09 ± 0.12 0.38 ± 0.12

Anterior Cingulate 1.06 ± 0.30 0.36 ± 0.19

Posterior Cingulate 1.14 ± 0.18 0.42 ± 0.16

a
Ratios are reported as mean ± standard deviation.

*
Standard deviation of measure not available.

$
Values are averaged across the hemispheres.
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