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Purpose: In vivomagnetic resonance spectroscopy (MRS) is the only technique capa-

ble of non‐invasively assessing metabolite concentrations in the brain. The lack of alter-

native methods makes validation of MRS measures challenging. The aim of this study is

to assess the validity of MRS measures of human brain metabolite concentrations by

comparingmultipleMRSmeasures acquired using differentMRS acquisition sequences.

Methods: Single‐voxel SPECIAL and MEGA‐PRESS MR spectra were acquired from

both the dorsolateral prefrontal cortex and primary motor cortices in 15 healthy sub-

jects. The SPECIAL spectrum, as well as both the edit‐off and difference spectra of

MEGA‐PRESS were each analyzed in LCModel to obtain estimates of the absolute

concentrations of total choline (TCh; glycerophosphocholine + phosphocholine), total

creatine (TCr; creatine + phosphocreatine), N‐acetylaspartate (NAA), N‐

acetylaspartylglutamate (NAAG), NAA + NAAG, glutamate (Glu), glutamine (Gln),

Glu + Gln, scyllo‐inositol (Scyllo), myo‐inositol (Ins), glutathione (GSH), γ‐

aminobutyric acid (GABA), lactate (Lac) and aspartate (Asp). Then, having obtained

up to three independent measures of each metabolite per brain region per subject,

correlations between the different measures were assessed.

Results: The degree of correlation between measures varied greatly across both the

metabolites and sequences tested. As expected, metabolites with the most prominent

spectral peaks (TCh, TCr, NAA + NAAG, Ins and Glu) had the most well‐correlated mea-

sures betweenmethods, while metabolites with less prominent spectral peaks (Lac, Gln,

GABA, Asp, and NAAG) tended to have poorly‐correlated measures between methods.

Some metabolites with relatively less prominent spectral peaks (GSH, Scyllo) had fairly

well‐correlated measures between some methods. Combining metabolites improved

the agreement between methods for measures of NAA + NAAG, but not for Glu + Gln.

Conclusions: Given that the ground truth for in vivo MRS measures is never known,

the method proposed here provides a promising means to assess the validity of in vivo

MRS measures, which has not yet been explored widely.
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1 | INTRODUCTION

Magnetic resonance spectroscopy (MRS) is a non‐invasive neuroimaging technique that enables quantification of metabolite concentrations in the

brain in vivo. Although MRS is well‐established and commonly‐used, validation of in vivo MRS metabolite measurements remains an unsolved

problem. The main limitation is that the true absolute metabolite concentrations in tissues are unknown, and with the exception of using invasive

methods to study tissue extracts ex vivo, there are no alternative measurement techniques against which to compare MRS measures. To date,

efforts to assess the reliability of in vivo MRS measures have relied primarily on the following methods: 1) Assessment of fit parameter uncertainty

estimates (Cramer‐Rao lower bound, CRLB etc.), 2) Measures of test–retest reproducibility1-11 and 3) Monte‐Carlo‐style analyses of simulated

datasets in which the input concentrations are known.12-14 However, each of these methods has its own limitations and leaves serious unan-

swered questions about the validity of MRS measures.15 CRLB and test–retest measures reflect the ability of MRS to reproduce similar concen-

tration estimates in repeated measures, but these metrics do not reflect accuracy, nor do they necessarily reflect the ability to detect differences in

concentration between individuals. It is entirely possible, for example, to obtain inaccurate concentration estimates with good reproducibility, or

for fitting routines to misattribute one metabolite's signal to another metabolite (or to another spectral component such as macromolecular base-

line) in a reproducible fashion. Furthermore, the use of CRLB as a quality filtering metric has been criticized for potentially leading to biased con-

centration estimates.16 A major limitation of the Monte‐Carlo‐style assessment of accuracy and reproducibility12,13 is that simulated data do not

generally take into account real‐life experimental imperfections and basis‐set inaccuracies.

The purpose of this study is to demonstrate an alternative method for validation of in vivo MRS metabolite measurements. Specifically, the

method involves the acquisition of MRS datasets from the same brain region using multiple different pulse sequences in a sample of participants.

Metabolite measures from the different pulse sequences are then correlated against each other as a means to assess agreement and reproducibil-

ity. We suggest that by using multiple MRS acquisitions with different localization techniques or acquisition parameters such that the individual

metabolite basis spectra are reasonably dissimilar between acquisitions, these measurements can then be viewed as independent, and used to val-

idate one another. Although this method has been used to a limited extent in previous studies12,17 the method is formalized and extended here.

We applied this method to assess the validity MEGA‐PRESS (both difference spectra and the edit‐OFF spectra) and SPECIAL MRS measures in

both the motor cortex and dorsolateral prefrontal cortex in a sample of 15 healthy participants. Based on our findings, reliability varies between

metabolites, measurement methods and brain regions. In general, good agreement between the different measurement methods was observed for

the metabolites with the most prominent spectral peaks (total creatine, total choline, total NAA, glutamate, and myo‐inositol), whereas poorer

agreement between methods was generally observed for metabolites with less‐prominent spectral peaks (NAAG, glutamine, GABA, lactate, aspar-

tate). For some less‐prominent resonances though, including scyllo‐inositol, and glutathione (GSH), moderate to good agreement was observed

between some of the different measurement methods.
2 | METHODS

2.1 | MRS acquisition

Fifteen healthy participants (12 male, 3 female, age = 24.9 ± 3.5 years) were scanned on a Siemens (Erlangen, Germany) 3 Tesla MagnetomTIM Trio

MRI systemwith a body coil transmitter and a 32‐channel head receiver array. All participants provided informed consent prior to scanning and scans

were approved by the research ethics committee of the McGill University Faculty of Medicine. A three‐plane localizer image was acquired in each

subject, followed by aT1‐weighted MP‐RAGE anatomical scan with 1‐mm isotropic resolution. The anatomical image was used to guide placement

of a 3x3x2 cm3 voxel in the primary motor cortex (M1) and a 3x3x2 cm3 voxel in the dorsolateral prefrontal cortex (DLPFC) (Figure 1a). Short echo‐

time MRS data were acquired from each region using the SPECIAL sequence18 withTE = 8.5 ms, 4096 spectral points, 4000 Hz spectral width and

GABA‐editedMRS data were acquired from each region using theMEGA‐PRESS sequence19,20 withTE = 68ms, 2080 spectral points, 2400Hz spec-

tral width. Both sequences had aTR of 3200 ms, 160 averages, and a scan time of ~8.5 min. The SPECIAL sequence used VAPOR water suppres-

sion,21 while the MEGA‐PRESS sequence used CHESS water suppression.22 A water‐unsuppressed acquisition was also acquired using the

SPECIAL sequence (TR/TE = 3200/8.5 ms, 16 averages) from which the water peak was used as a reference signal for all three sequences. The

MEGA‐PRESS sequence was implemented with a 2.4 ms cosine‐filtered sinc radiofrequency pulse for excitation (bandwidth = 3.15 kHz,

B1max = 21.5μT), a 5.2 ms Mao pulse23 for refocusing (bandwidth = 1.11 kHz, B1max = 24.6 μT), and a 17 ms Gaussian pulse for editing (band-

width = 64 Hz, B1max = 1.15μT, centered at 1.89 ppm for edit‐on scans and 7.41 ppm for edit‐off scans). The SPECIAL sequence was implemented

with a 4.2 ms first‐order hyperbolic secant adiabatic full‐passage pulse for pre‐inversion (bandwidth = 2.60 kHz, B1max = 24.6 μT), a 1.8 ms

asymmetric sinc excitation pulse for excitation (bandwidth = 3.47 kHz, B1max = 22.2 μT), and the same Mao pulse as above for refocusing.

2.2 | MRS processing and analysis

All data were processed in MATLAB (Natick, MA, USA) with the FID‐A toolkit using methods previously described by Simpson et al.24 Specifically,

a weighted combination of receiver channels was performed, followed by removal of motion corrupted averages, spectral registration for



FIGURE 1 A, Axial and sagittal anatomical sections showing the regions of interest for the DLPFC (red) and M1 (blue) MRS acquisitions. B,
Representative SP (left), MP‐off (Centre), and MP‐diff (right) spectra, along with the overall LCModel fits, fit residuals and individual metabolite
component estimates
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frequency and phase drift correction, and alignment of subspectra prior to subtraction. From the MEGA‐PRESS data, both the fully processed

difference‐edited spectrum (‘MP‐diff’), as well as the fully processed edit‐off spectrum (equivalent to a standard PRESS acquisition withTE = 68 ms

and 80 averages, ‘MP‐off’), were prepared for analysis. No filtering, apodization, baseline correction or residual water peak removal operations

were applied to any of the spectra.
2.3 | Absolute quantification

Quantification of processed MP‐diff, MP‐off and SPECIAL (‘SP’) MR spectra was performed in LCModel (Provencher Inc., Oakville, Canada)25,26

using in‐house simulated basis sets to yield three separate measurements for each metabolite. All basis sets were generated in MATLAB using

the FID‐A toolkit.24 Both the MP‐diff and MP‐off simulations took into account the exact sequence timings and RF pulse shapes for the refocusing

and editing pulses as described previously.24 Since the importance of accounting for RF pulse shapes is reduced at short echo times,27 the SPE-

CIAL basis set was simulated as a single spin‐echo sequence (TE = 8.5 ms) with instantaneous RF pulses. For all spectra, LCModel quantification

was performed on the spectral window between 0.2 and 4.2 ppm. Macromolecules (MM) were fit using LCModel's default parametrized MM res-

onances, and the default LCModel baseline parameters were used. For the MP‐diff spectra, LCModel's ‘SPTYPE = ‘mega‐press‐3’ setting was used.

No eddy current correction was performed for any of the analyses.

The FSL FAST protocol28 was used to determine the volume fractions of gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF)

within the DLPFC and M1 voxels for each subject. A correction factor was applied to convert metabolite signal intensity measurements to abso-

lute units of concentration as follows:

cmetabs ¼ LCMoutputmet= concH2O·ATTH2Oð Þ

×
H2O½ �wm·e

−TE=T2wm · 1 − e
−TR=T1wm

� �
·fwm

� �þ H2O½ �gm·e
−TE=T2gm · 1 − e

−TR=T1gm
� �

·fgm
� �

þ H2O½ �csf·e
−TE=T2csf · 1 − e

−TR=T1csf
� �

·fcsf
� �

e−TE=T2met fwm þ fgmð Þ

where:

cmetabs is the absolute concentration of a given metabolite.

LCMoutputmet is the metabolite concentration in institutional units obtained from LCModel.

concH2O is the LCmodel parameter specifying the tissue water concentration (= 35880 mmol/L).

ATTH2O is the LCmodel parameter specifying the attenuation of water due to relaxation and other effects (= 1.0 for SP, 0.7 for MP‐off, 0.43

for MP‐diff).

[H2O]wm is the assumed visible water concentration in WM (= 36100 mmol/L).54

[H2O]gm is the assumed visible water concentration in GM (= 43300 mmol/L).54

[H2O]csf is the assumed visible water concentration in CSF (= 53800 mmol/L).54

T2wm is the assumed water T2 relaxation time of WM (= 79.2 ms).54
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T2gm is the assumed water T2 relaxation time of GM (= 110 ms).54

T2csf is the assumed water T2 relaxation time of CSF (= 503 ms).54

T2met is the T2 relaxation time of metabolite of interest based on literature values (see Table 1).

T1wm is the assumed water T1 relaxation time in WM (= 832 ms).54

T1gm is the assumed water T1 relaxation time in GM (= 1331 ms).54

T1csf is the assumed water T1 relaxation time in CSF (= 3817 ms).54

f wm is the volume fraction of WM within the MRS voxel (determined from structural data).

f gm is the volume fraction of GM within the MRS voxel (determined from structural data).

f csf is the volume fraction of CSF within the MRS voxel (determined from structural data).

TE is the echo time of the experiment (= 8.5 ms for SP and 68 ms for MP‐off and MP‐diff).

TR is the repetition time of the experiment (= 3200 ms).
2.4 | Validation step

Since correlation analyses can be strongly influenced by outliers, Grubb's test, with a significance level of 0.05, was applied for each metabolite,

pulse sequence, and brain region to identify and remove outliers from each sample prior to correlation analysis. For each metabolite, Pearson's

correlation coefficients (r) between pairs of measurements were then calculated, once within each brain region (M1 and DLPFC) individually,

and once across both brain regions. A Pearson's correlation coefficient under a magnitude of 0.4 was considered weak, between 0.4 and 0.7

was considered moderate, and above 0.7 was considered strong. Although null‐hypothesis significance testing was not used in this study due

to its exploratory nature, it may be worth noting that for n = 15, and assuming a true null relationship between two variables, the probability

of finding a positive r‐value of 0.4 or greater is 0.07, while the probability of finding an r‐value of 0.7 or greater is 0.002. All correlations are pos-

itive unless mentioned otherwise. To estimate the uncertainty on the correlation values, we computed a bootstrapped 90% confidence interval for

each r‐value. This was achieved by performing 10,000 pairwise resamples (with replacement) to obtain a distribution of r‐values for each measure-

ment pair. The 90% confidence interval represents the middle 90% of these bootstrapped r‐values.

Intuitively, a strong correlation between two measurement methods suggests that both of those methods are in good agreement about which

participants had higher metabolite levels, and which had lower metabolite levels, thus indicating good precision for both methods. A weak corre-

lation, on the other hand, indicates that for at least one of the two methods, measurement errors are on the same order of magnitude or larger

than the differences in metabolite levels between individuals, making it impossible to reliably detect inter‐individual differences. This can either

be driven by imprecise metabolite quantification, or by small inter‐individual differences. When testing only 2 methods, a weak correlation cannot

tell us which of the two methods is imprecise. However, testing more than 2 methods simultaneously, as was done in this study, can provide more

information about which individual methods are reliable and which are not. For example, if methods A and B produce well‐correlated metabolite

concentration estimates, but methods B and C do not, it can then be deduced that methods A and B have good precision, but method C does not.

For each pair of methods and each metabolite, the average of the r‐values from M1 alone, from DLPFC alone, and across both M1 and DLPFC was

calculated as an indicator of the overall correlation between the two methods for detecting a particular metabolite.
ABLE 1 Listing of the metabolite T2 relaxation values used for quantification

Metabolite T2 (ms) Reference

Asp 130 Wyss et al.47

TCh 207 Wyss et al.,47 Traber et al.48

TCr 158 Wyss et al.,47 Traber et al.,48 Mlynárik et al.49

Glu 191 Ganji et al.,50 Wyss et al.,47 Deelchand et al.51

Gln 191 Wyss et al.47

GABA 88 Edden et al.52

GSH 78 Emir et al.,53 Wyss et al.47

Ins 197 Wyss et al.,47 Ganji et al.50

Lac 125 Wyss et al.47

NAA 288 Mlynárik et al.,49 Traber et al.,48 Ganji et al.,50 Wyss et al.47

NAAG 288 Ganji et al.,50 Wyss et al.47

Scyllo 150 Wyss et al.47
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3 | RESULTS

3.1 | Data quality

Representative SP, MP‐off, and MP‐diff spectra are shown in Figure 1b, along with the overall LCModel fits, fit residuals, and individual metabolite

component estimates. Good spectral quality was obtained in all subjects. For each brain region and measurement method, the average NAA

linewidth and SNR, as estimated using the ‘op_getLW.m’ and ‘op_getSNR.m’ functions in FID‐A,24 respectively, are shown in Table 2. Specifically,

SNR was calculated as the amplitude of the NAA peak, divided by the standard deviation of the noise within the spectral windows defined by

[−1.4, −0.4] ppm and [9, 10] ppm; and Linewidth was calculated as the width of the full width at half maximum of the NAA peak.

Figures 2–9 show scatter plots and corresponding r‐values for metabolites that were detected with all three measurement methods (GABA,

Glu, Gln, Glu + Gln, GSH, NAA, NAAG, NAA + NAAG). For metabolites that were detected with only SP and MP‐off (PCh + GPC, Scyllo, Cr + PCr,

Ins, Lac, and Asp), scatter plots are shown in Figure 11. Data points outlined with a dotted circle in the scatter plots indicate outliers that were not

included in the correlation analysis. Comparative r‐values for all correlations are illustrated in Figures 10 and 12, with error bars representing the

bootstrapped 90% confidence intervals. Finally, all r‐values and confidence intervals are listed in Tables 3–5.
TABLE 2 Spectral quality: Linewidth (LW) and signal‐to‐noise ratio (SNR) for each pulse sequence and brain region

M1 DLPFC

Linewidth (Hz) SPECIAL 6.0 +/− 1.1 6.0 +/− 1.0
MP‐off 4.8 +/− 1.0 4.4 +/− 0.8
MP‐diff 4.9 +/− 1.0 4.4 +/− 0.8

SNR SPECIAL 607 +/− 87 693 +/− 80
MP‐off 290 +/− 56 337 +/− 57
MP‐diff 200 +/− 37 228 +/− 36

FIGURE 2 Correlation plots for γ‐aminobutyric acid (GABA): SP vs. MP‐diff (left), SP vs. MP‐off (Centre), and MP‐diff vs. MP‐off (right). M1
GABA measures are displayed as blue circles and DLPFC GABA measures are displayed as red diamonds. The legend shows the r‐values for
each region separately, and for both regions pooled together

FIGURE 3 Correlation plots for glutamate (Glu): SP vs. MP‐diff (left), SP vs. MP‐off (Centre), and MP‐diff vs. MP‐off (right). M1 Glu measures are
displayed as blue circles and DLPFC Glu measures are displayed as red diamonds. The legend shows the r‐values for each region separately, and
for both regions pooled together



FIGURE 4 Correlation plots for glutamine (Gln): SP vs. MP‐diff (left), SP vs. MP‐off (Centre), and MP‐diff vs. MP‐off (right). M1 Gln measures are
displayed as blue circles and DLPFC Gln measures are displayed as red diamonds. The legend shows the r‐values for each region separately, and
for both regions pooled together

FIGURE 5 Correlation plots for glutamate + glutamine (Glu + Gln): SP vs. MP‐diff (left), SP vs. MP‐off (Centre), and MP‐diff vs. MP‐off (right). M1
Glu + Gln measures are displayed as blue circles and DLPFC Glu + Gln measures are displayed as red diamonds. The legend shows the r‐values for
each region separately, and for both regions pooled together. Circled points indicate outliers that were not included in the correlation analyses

FIGURE 6 Correlation plots for glutathione (GSH): SP vs. MP‐diff (left), SP vs. MP‐off (Centre), and MP‐diff vs. MP‐off (right). M1 GSH measures
are displayed as blue circles and DLPFC GSH measures are displayed as red diamonds. The legend shows the r‐values for each region separately,
and for both regions pooled together. Circled points indicate outliers that were not included in the correlation analyses
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3.2 | Gamma‐aminobutyric acid (GABA)

There was a moderate correlation between SP and MP‐diff measures of GABA (Figure 2) within the DLPFC (r = 0.51) and M1 (r = 0.42) individ-

ually. However, when pooling across both regions, the correlation between SP and MP‐diff was poor (r = 0.3). A moderate correlation was also



FIGURE 7 Correlation plots for N‐acetylaspartate (NAA): SP vs. MP‐diff (left), SP vs. MP‐off (Centre), and MP‐diff vs. MP‐off (right). M1 NAA
measures are displayed as blue circles and DLPFC NAA measures are displayed as red diamonds. The legend shows the r‐values for each region
separately, and for both regions pooled together. Circled points indicate outliers that were not included in the correlation analyses

FIGURE 8 Correlation plots for N‐acetylaspartylglutamate (NAAG): SP vs. MP‐diff (left), SP vs. MP‐off (Centre), and MP‐diff vs. MP‐off (right).
M1 NAAG measures are displayed as blue circles and DLPFC NAAG measures are displayed as red diamonds. The legend shows the r‐values for
each region separately, and for both regions pooled together. Circled points indicate outliers that were not included in the correlation analyses

FIGURE 9 Correlation plots for N‐acetylaspartate + N‐acetylaspartylglutamate (NAA + NAAG): SP vs. MP‐diff (left), SP vs. MP‐off (Centre), and
MP‐diff vs. MP‐off (right). M1 NAA + NAAG measures are displayed as blue circles and DLPFC NAA + NAAG measures are displayed as red

diamonds. The legend shows the r‐values for each region separately, and for both regions pooled together. Circled points indicate outliers that
were not included in the correlation analyses. Note the asterisks in the correlation plot for MP‐diff vs. MP‐off, which indicates the MP‐diff and
MP‐off measures of NAA + NAAG are not independent, since they arise from the same scan, resulting in very high correlation between MP‐diff
and MP‐off measures of NAA + NAAG
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observed between MP‐off and SP measures of GABA in M1 (r = 0.58) and when pooling across both regions (r = 0.46), but the correlation between

MP‐off and SP in the DLPFC was weak (r = 0.06). All GABA correlations between MP‐off and MP‐diff were poor (r = −0.11 in M1, r = 0.37 in

DLPFC, and r = 0.11 across both regions). From Figure 2, in can also be seen that MP‐off GABA estimates are nearly a factor of 10 lower than

both SPECIAL and MP‐diff measures, suggesting that the MP‐off sequence severely underestimates GABA levels.



TABLE 3 R‐values and bootstrapped 90% confidence intervals for SP vs. MP‐diff

Metabolite M1 r [90% CI] DLPFC r [90% CI] Both r [90% CI]

GABA 0.42 [0.03 0.82] 0.51 [0.14 0.76] 0.30 [0.02 0.54]

Glu 0.78 [0.50 0.92] 0.83 [0.67 0.93] 0.83 [0.72 0.90]

Gln 0.59 [0.39 0.77] 0.26 [−0.04 0.54] 0.37 [0.14 0.58]

Glu + Gln 0.75 [0.45 0.89] 0.68 [0.25 0.87] 0.76 [0.57 0.87]

GSH 0.61 [0.32 0.82] 0.13 [−0.44 0.58] 0.61 [0.41 0.77]

NAA 0.67 [0.25 0.97] 0.37 [−0.02 0.72] 0.55 [0.32 0.74]

NAAG 0.49 [0.19 0.73] 0.07 [−0.49 0.48] 0.90 [0.86 0.93]

NAA + NAAG 0.89 [0.75 0.97] 0.50 [0.08 0.88] 0.91 [0.83 0.95]

TABLE 4 R‐values and bootstrapped 90% confidence intervals for MP‐diff vs. MP‐off

Metabolite M1 r [90% CI] DLPFC r [90% CI] Both r [90% CI]

GABA −0.11 [−0.54 0.35] 0.37 [−0.10 0.72] 0.11 [−0.19 0.41]

Glu 0.92 [0.81 0.97] 0.80 [0.58 0.92] 0.84 [0.73 0.92]

Gln 0.55 [0.28 0.79] 0.08 [−0.45 0.55] 0.26 [−0.06 0.56]

Glu + Gln 0.95 [0.91 0.98] 0.54 [0.24 0.75] 0.82 [0.70 0.90]

GSH 0.48 [0.02 0.81] 0.21 [−0.65 0.64] 0.64 [0.51 0.77]

NAA 0.91 [0.84 0.96] 0.66 [0.42 0.83] 0.80 [0.67 0.89]

NAAG 0.21 [−0.22 0.56] 0.67 [0.46 0.86] 0.90 [0.86 0.95]

NAA + NAAG 0.98 [0.96 0.99] 0.69 [0.38 0.89] 0.99 [0.98 0.99]

TABLE 5 R‐values and bootstrapped 90% confidence intervals for SP vs. MP‐off

Metabolite M1 r [90% CI] DLPFC r [90% CI] Both r [90% CI]

GABA 0.58 [0.12 0.81] 0.06 [−0.39 0.53] 0.46 [0.21 0.66]

Glu 0.87 [0.70 0.96] 0.85 [0.65 0.94] 0.87 [0.75 0.94]

Gln 0.28 [−0.06 0.63] 0.08 [−0.52 0.51] 0.36 [0.06 0.61]

Glu + Gln 0.77 [0.53 0.89] 0.76 [0.58 0.91] 0.81 [0.71 0.87]

GSH 0.52 [0.11 0.81] 0.80 [0.56 0.92] 0.81 [0.67 0.90]

NAA 0.70 [0.31 0.96] 0.61 [0.09 0.86] 0.70 [0.44 0.90]

NAAG 0.76 [0.50 0.91] 0.18 [−0.18 0.45] 0.95 [0.93 0.97]

NAA + NAAG 0.89 [0.76 0.96] 0.78 [0.55 0.93] 0.92 [0.87 0.96]

Asp 0.51 [0.11 0.76] −0.30 [−0.56 0.09] 0.37 [0.14 0.59]

Ins 0.81 [0.38 0.97] 0.81 [0.55 0.92] 0.80 [0.62 0.91]

Lac −0.01 [−0.58 0.82] 0.44 [0.09 0.76] 0.21 [−0.18 0.63]

Scyllo 0.88 [0.80 0.96] 0.92 [0.76 0.98] 0.69 [0.47 0.81]

TCh 0.91 [0.74 0.97] 0.96 [0.89 0.98] 0.95 [0.92 0.98]

TCr 0.91 [0.78 0.99] 0.85 [0.59 0.95] 0.86 [0.77 0.92]
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3.3 | Glutamate (Glu) and glutamine (Gln)

Glu measures from each pulse sequence (Figure 3) were strongly correlated, both within M1 and DLPFC, and across both regions (r values ranging

from 0.78 to 0.92), suggesting that all three methods detected Glu levels with good precision. Relative to SP and MP‐diff, MP‐off tended to under-

estimate Glu levels.

Most correlations for glutamine measures (Figure 4) were weak (r = 0.37 or below), with the exception of SP vs. MP‐diff in M1 and MP‐off vs.

MP‐diff in M1, which showed moderate correlations of r = 0.59 and 0.55, respectively. Overall, these results suggest poor precision of glutamine

measures in this study, however, these results do not rule out the possibility that glutamate levels may be reliably detected by only one of the

methods tested.

For Glu + Gln (Figure 5), only two of the correlations were in the moderate range (SP vs. MP‐diff in the DLPFC, r = 0.68; and MP‐diff vs. MP‐

off in M1, r = 0.54), while all other correlations were strong (r values ranging from 0.75 to 0.95). However, the correlations for the combined mea-

sure of Glu + Gln were not generally improved relative to pure Glu measures.
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3.4 | Glutathione (GSH)

Most GSH correlations (Figure 6) were moderate (r values ranging from 0.43 to 0.64). However, strong correlations were observed for SP vs. MP‐

off measures in DLPFC alone (r = 0.80) and across both regions (r = 0.81), and weak correlations were observed for MP‐diff measures vs both SP

and MP‐off in the DLPFC. These results suggest that GSH levels are detected with reasonably good precision using both SP and MP‐off, but with

relatively poor precision using MP‐diff. With all three methods, there was a tendency to observe higher GSH levels in DLPFC relative to M1.
3.5 | N‐Acetylaspartate (NAA) and N‐Acetylaspartylglutamate (NAAG)

All NAA measures (Figure 7) were either moderately or strongly correlated (r values ranging from 0.55 to 0.91), with the exception of SP vs. MP‐

diff measures in DLPFC, which were weakly correlated (r = 0.37).

Within M1 and DLPFC individually, NAAG correlations (Figure 8) were inconsistent, with some being poor, some moderate, and some strong.

However, NAAG correlations were consistently strong when considering measures across both brain regions (r‐values ranging from 0.9 to 0.95).

This was due the small variance of NAAG levels within each brain region, but large variance across regions; all three methods found a 1.75–3‐fold

increase in NAAG levels in M1 relative to DLPFC.

For NAA + NAAG (Figure 9) most correlations were strong, with r values ranging from 0.78 to 0.99, with the exception of SP vs. MP‐diff mea-

sures in DLPFC, and MP‐diff vs. MP‐off measures in DLPFC which were moderate (r = 0.50 and 0.69, respectively). These data suggest that

NAA + NAAG measures are generally detected with good precision using all three methods, and that NAA + NAAG measures appear to be more

reliable than either NAA or NAAG alone. Once again, with all three methods, there was a tendency to observe higher NAA + NAAG levels in M1

compared to DLPFC.

The correlations and bootstrapped 90% confidence intervals for all metabolites that were detected using the MP‐diff sequence are summa-

rized in Figure 10. Figure 10a summarizes the correlations for MP‐diff vs. MP‐off, while Figure 10b summarizes the correlations for MP‐diff vs. SP.

From left to right, each bar graph shows the metabolites in order from the highest average correlation to the lowest average correlation. In both

cases, NAA + NAAG, NAA, Glu and Glu + Gln have the strongest correlations, while GABA and Gln have the lowest correlations.
3.6 | Other metabolites

Scatter‐plots for Asp, Ins, Lac, Scyllo, TCh and TCr, which were each only detected using SP and MP‐off, are shown in Figure 11. Of these, Asp and

Lac both had weak to moderate correlations (r‐values ranging from −0.3 to 0.51), whereas Ins, Scyllo, TCh and TCr all tended to have relatively

strong correlations with r‐values ranging from 0.69 to 0.96. Relative to SP, MP‐off tended to over‐estimate the concentrations of Ins, TCh and

TCr and to under‐estimate the concentrations of Scyllo. These apparent biases could be due to inaccuracies in the assumed T2met values obtained

from literature.

The correlations and bootstrapped 90% confidence intervals for all metabolites that were detected using only the SP and MP‐off sequence

are summarized in Figure 12. From left to right, the bar graph once again shows the metabolites in order from the highest average correlation

to the lowest average correlation. In this case, TCh, TCr, NAA + NAAG, and Glu have the strongest correlations, while Asp, Lac, Gln and GABA

have the weakest correlations.
4 | DISCUSSION

Validation of MRS measures of tissue metabolite concentrations is challenging due to the absence of a known ground truth, and the lack of non‐

invasive alternative measurement techniques available. In the present study, we collected MRS measures using multiple single‐voxel MRS methods

in a sample of healthy participants, and used these to validate each other. Logically, if we assume that method A produces imprecise (noisy) con-

centration estimates for a given metabolite, then it would be unlikely for measures obtained separately using a different method (method B) to be

correlated with those from method A. Conversely then, if the measures from methods A and B are highly correlated across individuals, it is then

reasonable to assume that both methods have good precision. Or, viewed another way, if two measures produce highly correlated measures of

metabolite levels across a sample of participants, then the methods are also in agreement about which participants had higher metabolite levels

and which participants had lower metabolite levels. From this, it follows that either of these two methods could be effectively used to detect dif-

ferences in metabolite concentrations between participants or between groups of participants. We argue that this measure of reliability of MRS

measures “across subjects” is potentially more valuable than the often reported measures of “within‐subject” reproducibility, since the latter does

not necessarily inform on the ability to reliably detect differences between individuals.

Besides the precision of the measurement, the observed strength of the correlations is also impacted by the degree of variability in the true

metabolite levels between individuals. If this variability between individuals is small relative to the measurement error, then a given method will be

unable to reliably detect inter‐individual differences in metabolite levels, and the observed correlations will be poor.



FIGURE 10 Summary of correlations for all metabolites that were detected with the MP‐diff sequence: A, correlations for MP‐diff vs. MP‐off,
and B, correlations for MP‐diff vs. SP. from left to right, each bar graph shows the metabolites in order from the highest average correlation to the
lowest average correlation. Error bars represent the bootstrapped 90% confidence intervals. Note the asterisks in the correlation plot for MP‐diff
vs. MP‐off measures of NAA + NAAG. This indicates that MP‐diff and MP‐off measures of NAA + NAAG are not independent, since they arise
from the same scan, resulting in very high correlation between MP‐diff and MP‐off measures of NAA + NAAG
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Importantly, the acquisition methods tested in this study, namely the MEGA‐PRESS and SPECIAL sequences, involved completely different

localization methods, and had different TEs (8.5 ms for MEGA‐PRESS and 68 ms for SPECIAL). This led to substantially different individual metab-

olite basis spectra, as well as vastly different macromolecular baseline contributions between the two sequences. Thus, the metabolite concentra-

tion measures obtained from each sequence can be considered unique, and there is little reason to suspect that any systematic errors in signal

quantification between the two methods should be correlated. The one exception to this is NAA + NAAG measures obtained using MP‐off and

MP‐diff sequences; the spectral shapes and signal intensities of NAA + NAAG are nearly identical for these two acquisitions, and therefore the

above condition is not met in this special case. For all other metabolites, though, although the MP‐off and MP‐diff spectra were acquired using

the same echo time and localization method, these two methods also differ substantially from one another in terms of both their individual metab-

olite basis spectra and macromolecular baseline signals.

Our results suggest that there are varying levels of reliability across metabolites and brain regions. Most of these variations can be explained

by differences in relative peak “prominence” between metabolites, with the greatest reliability generally corresponding to the metabolites with the

most visually prominent resonances. However, two metabolites with relatively less prominent peaks, Scyllo and GSH, were detected with reason-

ably good precision by some of the methods used in this study. In the correlation plots for both of these metabolites, however, there were strong

deviations from unity slope, indicating a serious quantification bias in at least one of the methods tested. In the case of GSH, such a bias may also

be suggested by absolute GSH values that are substantially higher than some others reported in the literature.29-31

Glu and Gln are similar in their molecular structure and spectral profiles making it difficult to resolve the two metabolites from one another.32

Glu is also the most abundant free amino acid in the brain while Gln is present at much lower levels, thus making accurate Gln quantification more

difficult. This fact explains why the all three methods reliably detected Glu, whereas measures of Gln were generally poorly correlated between

methods. The Glu + Gln signal is often used in studies as it is assumed to provide a more reliable estimate relative to either Glu or Gln measures



FIGURE 12 Summary of correlations between SP vs. MP‐off for all metabolites that were not detected with the MP‐diff sequence. From left to
right, each bar graph shows the metabolites in order from the highest average correlation to the lowest average correlation. Error bars represent
the bootstrapped 90% confidence intervals

FIGURE 11 Scatter plots showing the correlation between SP vs. MP‐off measures for all metabolites that were not detected with MP‐diff:
Metabolites shown include (clockwise from top‐left), aspartate (asp), myo‐inositol (ins), lactate (lac), creatine + phosphocreatine (TCr),
glycerophosphocholine + phosphocholine (TCh), and scyllo‐inositol (Scyllo). M1 measures are displayed as blue circles, and DLPFC measures are
displayed as red diamonds. The legend shows the r‐values for each region separately, and for both regions pooled together
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alone. However, in this study, the aggregate Glu + Gln measures were not found to be any more precise, on average, than Glu levels alone. It

should be noted that the poor agreement between acquisition methods for Gln measures might not be surprising given that neither the MP‐diff,

nor the MP‐off sequences are optimized for detection of glutamine. It would be useful to repeat this experimental design using one or more of the

sequences that have been proposed in literature to provide reliable Gln measurements.13,33

Like Glu and Gln, NAA and NAAG are also similar in their molecular structure and composition differing by an additional glutamate group in

NAAG and, thus, display chemical shifts that are almost identical. NAA has a key peak at 2.0050 ppm while NAAG has a key peak nearby at
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2.042 ppm.32 Additionally, NAA concentrations are much higher than NAAG. As a result, the NAAG signal is more difficult to detect, which

explains the weak‐to‐moderate precision observed in this study. Previous studies have shown that NAAG levels are higher in white matter than

in gray matter.34,35 In this study, although both the M1 and DLPFC regions of interest consisted of a mix of both gray and white matter, we found

that NAAG levels tended to be much higher in M1 than in DLPFC. Unlike the case of Glu + Gln, we found that the aggregate measure of

NAA + NAAG was consistently detected with higher precision compared with measures of either NAAG or NAA alone. It should be noted that

since NAA and NAAG signals at 2.0 ppm are almost completely suppressed in the MEGA‐PRESS edit‐ON scan, and because the MP‐diff scan con-

sists of a subtraction of the MEGA‐PRESS edit‐ON and edit‐OFF scans, the 2.0 ppm NAA + NAAG resonances in MP‐off and MP‐diff scans are

almost identical in amplitude and shape (but with a 180 degree phase offset). As a result, there is a very high correlation between MP‐diff and

MP‐off measures of NAA + NAAG.

GABA, the primary inhibitory neurotransmitter in the brain, is widely studied for its role in many psychiatric and neurological disorders.36-42

GABA measures are most often obtained using the MEGA‐PRESS (MP‐diff) sequence, although detection of GABA has also been reported without

editing using the SPECIAL sequence.12 The correlation between the various GABA measures obtained in this study were weak to moderate, with

r‐values ranging from −0.13 to 0.58. This result is in close agreement with one previous study in which GABA levels were measured in the occipital

cortex in 14 healthy individuals using both short‐TE (SPECIAL) and J‐difference edited (MEGA‐SPECIAL) MRS methods. That study found that the

short‐TE and edited GABA measures were moderately correlated with an r‐value of 0.58 12. MRS GABA measures are known to be confounded by

the presence of MM, which overlap strongly with GABA at 3.0 ppm. Some acquisition strategies have been proposed for mitigating MM contam-

ination in GABA MRS, but in this study we did not attempt to remove MM contamination. Thus, the fact that moderate‐to‐poor correlations are

observed between SP and MP‐diff measures of GABA, despite the two methods each having good within‐subject reproducibility in test–retest

experiments,1,12 may suggest that the different GABA measurement methods contain differing contributions from MM or other contaminating

substances such as homocarnosine, and that the concentrations of those substances may be variable between subjects.

GSH serves as the primary antioxidant in the brain, and has been implicated in several neurological disorders.43,44 Detection of GSH using

conventional (un‐edited) MRS techniques has generally been viewed as being unreliable. As a result, detection of GSH is often performed using

an edited MEGA‐PRESS approach (with different echo times and editing pulse frequencies than the ones used here). Despite this fact, the findings

of this study indicate moderate to strong reliability of GSH measures in the DLPFC and M1 using the unedited MP‐off and SP methods, thus sug-

gesting that conventional, unedited measures of GSH may have good precision. This finding is supported by a recent study which found good

test–retest reproducibility for short echo‐time MRS measures of GSH.45 Correlations for the MP‐diff measures of GSH were generally poor, sug-

gesting that quantification of the co‐edited GSH signal in GABA‐editing experiments is not reliable. Nonetheless, all three methods tested tended

to be in agreement that GSH levels were higher in the DLPFC than in M1.

Other metabolites studied were total choline, scyllo‐inositol, total creatine, myo‐inositol, lactate, and aspartate, but these metabolites were

only detected with MP‐off and SP (not MP‐diff). The strength of the correlations observed for these metabolites varied considerably. Total cho-

line, scyllo‐inositol, total creatine, and myo‐inositol measures showed moderate to strong correlations in the DLPFC and M1 alone, and across

both regions, with r‐values ranging from 0.69 to 0.96. Lactate is normally present in brain tissue at low concentrations and is, therefore, difficult

to detect without tailored MRS methods.32 Lactate exhibited moderate correlation (r = 0.44) in the DLPFC and no correlation in M1 (r = 0.01). The

poor correlations for lactate are unsurprising given that neither the SP, nor the MP‐off sequences are optimized for lactate measurement.

Aspartate also showed poor correlations in both the DLPFC and in M1, suggesting that either one or both measures (SP and MP‐off) of aspartate

is likely imprecise.
4.1 | Limitations

There are several limitations to this study:

• The true metabolite concentrations in the brain are unknown. Therefore, although this method allows us to test how well the various MRS

measures agree with each other, we cannot verify them against true values.

• Only three MRS measurement methods (from two MRS sequences) were tested in this study, but there are many other MRS sequences and

protocols designed for improved detection of certain metabolites. The MP‐diff sequence used in this study is only optimized for detection of

GABA. Therefore, in interpreting the results of this study, it is worth noting that the other metabolite measures obtained with the MP‐diff

sequence may not reflect measures obtained using an optimal detection method. Similarly, the PRESS sequence with an echo‐time of

68 ms (e.g. our MP‐off acquisition) has not been demonstrated in literature to be optimal for detection of any particular metabolite (although

optimal glutamate detection has been shown previously at a similar echo time of 80 ms46), and this should again be kept in mind when

interpreting these results. Despite these facts, reasonably good agreement was obtained for a large number of metabolites. In future studies,

the method presented here could be re‐applied to test the reliability of other MRS sequences or protocols.

• Although it has been shown that metabolite T2 values vary by brain region,47 we chose to use a single value of T2met across both regions of

interest for each metabolite for simplicity. This may have contributed to errors in metabolite concentration estimates in the longer echo‐time

acquisitions.
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• Some errors may have been introduced by the use of LCModel's default parametrized MM resonances. In future work, these errors may be

reduced by using a measured MM spectrum in the LCModel analysis.

• All three MRS methods made use of the same water unsuppressed scan and the same GM/WM/CSF tissue segmentation for quantification.

As a result, the correlation analyses in this study are only influenced by errors related to metabolite quantification, and not errors related to

water quantification or tissue segmentation. These important issues should be considered in a separate study.

• When computing the correlation of measures between twomethods, the finding of a poor correlation indicates that at least one of the twomethods is

imprecise. However this correlation approach cannot tell us which one of the methods is imprecise, or whether both are imprecise. The inclusion of

a third measurement method, as was done in this study, can help to deduce this missing information, as described in the Methods section.

• Correlation analysis is sensitive to outliers. Thus, the observed correlations may appear artificially elevated or reduced due to a relatively small

number of corrupt data points. In this study, we addressed this issue by removing outliers prior to correlation analysis.

• And finally, the MRS data acquired in this study are of very good quality in terms of both SNR and linewidth. Since the reliability of MRS mea-

sures is known to be influenced by spectral quality, the findings of this study may not be generalized to other studies in which SNR or

linewidth are less optimal.
5 | CONCLUSION

Given that the ground truth for in vivo MRS measures is never known, the method proposed here provides a promising means to assess the ability

of various MRS acquisition methods to detect differences in metabolite concentrations between individuals. By using multiple single‐voxel MRS

protocols to assess the reliability of MRS measures of metabolite concentrations in the brain, we have shown that measures of metabolites with

prominent peaks are highly reproducible between methods, whereas the reproducibility generally decreases for measures of metabolites with less

prominent peaks.
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