
GABA-edited MEGA-PRESS at 3T: Does a measured MM 
background improve linear combination modeling?

Christopher W. Davies-Jenkins1,2, Helge J. Zöllner1,2, Dunja Simicic1,2, Steve C. N. Hui3,4,5, 
Yulu Song1,2, Kathleen E. Hupfeld1,2, James J. Prisciandaro6, Richard A.E. Edden1,2, Georg 
Oeltzschner1,2,*

1The Russell H. Morgan Department of Radiology and Radiological Science, Johns Hopkins 
University School of Medicine, Baltimore, MD, USA

2F.M. Kirby Research Center for Functional Brain Imaging, Kennedy Krieger Institute, Baltimore, 
MD, USA

3Developing Brain Institute, Children’s National Hospital, Washington, DC, USA

4Department of Radiology, The George Washington School of Medicine and Health Sciences, 
Washington D.C., USA

5Department of Pediatrics, The George Washington School of Medicine and Health Sciences, 
Washington D.C., USA

6Department of Psychiatry and Behavioral Sciences, Addiction Sciences Division, Center for 
Biomedical Imaging, Medical University of South Carolina, Charleston, SC, USA

Abstract

Purpose—The J-difference edited GABA signal is contaminated by other co-edited signals—the 

largest of which originates from co-edited macromolecules (MMs)—and is consequently often 

reported as “GABA+”. MM signals are broader and less well-characterized than the metabolites, 

and so are commonly approximated using a Gaussian model parameterization. Experimentally 

measured MM signals are a consensus-recommended alternative to parameterized modeling; 

however, they are relatively under-studied in the context of edited MRS.

Methods—To address this limitation in the literature, we have acquired GABA-edited MEGA-

PRESS data with pre-inversion to null metabolite signals in 13 healthy controls. An experimental 

MM basis function was derived from the mean across subjects. We further derived a new 

parameterization of the MM signals from the experimental data, using multiple Gaussians to 

accurately represent their observed asymmetry. The previous single-Gaussian parameterization, 
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mean experimental MM spectrum and new multi-Gaussian parameterization were compared in a 

three-way analysis of a public MEGA-PRESS dataset of 61 healthy participants.

Results—Both the experimental MMs and the multi-Gaussian parameterization exhibited 

reduced fit residuals compared to the single-Gaussian approach (p = 0.034 & p = 0.031, 

respectively), suggesting they better represent the underlying data than the single-Gaussian 

parameterization. Furthermore, both experimentally derived models estimated larger MM 

fractional contribution to the GABA+ signal for the experimental MMs (58%) and multi-Gaussian 

parameterization (58%), compared to the single-Gaussian approach (50%).

Conclusions—Our results indicate that single-Gaussian parameterization of edited MM signals 

is insufficient and that both experimentally derived GABA+ spectra and their parameterized 

replicas improve the modeling of GABA+ spectra.
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1. Introduction

γ-aminobutyric acid (GABA) is the primary inhibitory neurotransmitter in the human 

brain, playing a crucial role in regulating neural activity. Magnetic resonance spectroscopy 

(MRS) is a technique that allows non-invasive in-vivo detection of GABA and several 

other endogenous brain neurometabolites. However, at clinically relevant field strengths, 

the GABA signal strongly overlaps with the resonances of more abundant compounds like 

creatine (Cr). J-difference editing techniques—such as MEGA-PRESS—feature frequency-

selective editing pulses to refocus the coupling evolution of the 3-ppm GABA signal in one 

half of the experiment (“edit-ON”), while allowing the coupling to evolve freely in the other 

half (“edit-OFF”). Subtraction of the two sub-spectra retains only those signals affected by 

the editing pulse and removes overlapping signals that are identical in both halves1–5.

Although spectral editing removes the strong Cr signal, accurate quantification of the 

GABA signal is still not straightforward. The limited frequency selectivity of editing pulses 

causes signals from other J-coupled molecules with similar spin systems to “co-edit”. 

The edited 3-ppm GABA signal is therefore contaminated by contributions from mobile 

macromolecules (MM) and homocarnosine (HCar)6. The co-edited 3-ppm MM contribution 

is attributed to lysine-containing groups with coupling partners at ~1.7 ppm. The elegant 

symmetric MM suppression scheme6,7 features an additional editing pulse in the “edit-OFF” 

sub-experiment, placed at 1.5 ppm so that the MM are equally co-edited in both halves and 

subtracted out. This experiment requires near-perfect symmetry of the editing pulses around 

the MM coupling partner, making it an order of magnitude more susceptible to pulse offsets 

caused by incorrect calibration, subject motion, or thermal scanner drift8–10. Real-time 

transmitter frequency updating methods stabilize the acquisition but are not available for 

all platforms and implementations. Conventional (non-symmetric) editing remains popular 

despite the ‘impure’ GABA measurement, and it is common practice to report “GABA+”—

an acknowledgment that the quantified signal amplitude contains contributions from signals 

other than GABA1.
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Accurate modeling of the GABA+ signal is complicated by the lack of detailed knowledge 

about the shape of the co-edited MM signal. The default LCModel ‘MEGA-PRESS’ settings 

lack an MM model altogether, leaving a substantial part of the observed signal unmodeled. 

Gannet and Tarquin model the composite GABA+ peak with one and two Gaussians, 

respectively, but without a dedicated GABA-only signal model11. We have previously 

investigated strategies for linear-combination modeling of GABA-edited difference spectra, 

representing the co-edited MM as parametrized single-Gaussian signals in separate basis 

functions12. While the inclusion of a dedicated co-edited MM model reduced fit residuals 

and coefficients of variation across a large cohort of healthy participants, it is unclear 

whether the simplified parameterization as a single Gaussian describes the co-edited MM 

signal adequately.

The use of experimentally acquired MM basis functions has been recommended by recent 

MRS expert consensus and is relatively well-investigated in short-TE conventional (non-

edited) spectra13–21, but investigations of GABA-edited MMs are less common. Previous 

studies have attempted to directly subtract subject-level edited MMs from the data22–

24, compared integral areas of GABA and overlapping MMs3, and explored LCModel 

parameterizations, indirectly incorporating MMs25. Additionally, we found two application 

studies that actually incorporated experimentally acquired edited MMs in the basis set26,27, 

but we found no systematic exploration of the effect this has on GABA-edited difference 

spectra.

To address this gap and better characterize the MM background signal in GABA-edited 

difference spectra, we acquired inversion-recovery-prepared MEGA-PRESS data. We 

processed the metabolite-nulled spectra to generate an averaged edited MM spectrum that 

we then converted into a noise-free edited MM basis function. Furthermore, we refined 

our previously published best-practice single-Gaussian parameterization of the co-edited 

MM signals12: we derived a composite, multiple-Gaussian model from the experimental 

MM profile which improved the representation of the asymmetry of the co-edited MM 

signals12,16. Finally, we compared these two new MM modeling methods (experimental and 

multi-Gaussian parametrized MM basis functions) to our previously published best practice 

parameterization, using a large publicly available MEGA-PRESS dataset (“Big GABA”28).

2. Methods

2.1. Experimental edited MMs

2.1.1. ERecruitment—Experimental MM profiles were acquired in 13 healthy 

volunteers (mean age = 31 ± 5 years, 5 female). All participants provided written and 

informed consent, as approved by the local Institutional Review Board.

2.1.2. MM acquisition protocol—MR data were acquired on a 3T Philips Ingenia MR 

system (Philips Healthcare, Best, The Netherlands) using a 32-channel receive array head 

coil. The protocol included a T1-weighted structural image (MPRAGE) for voxel placement. 

Metabolite-nulled GABA-edited MEGA-PRESS spectra (TR/TE = 2000/68 ms; 14-ms 

sinc-Gaussian editing pulses applied at 1.9/7.5 ppm; 256 transients; including interleaved 

water-unsuppressed reference scans8) matching the Big GABA protocol were acquired from 
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a 27-ml cubic voxel placed in the posterior cingulate cortex (PCC). Metabolite signals were 

nulled with a pre-inversion module, exploiting differences in T1 relaxation times between 

MMs and metabolites29–32. Following previous work which identified the null point of Cr 

to be 500–650 ms21, we opted for a denser sampling of inversion time (TI) to accurately 

determine the ideal value. As such, in 2 participants, the TI was iterated between 500–650 

ms at 30-ms intervals. An optimal TI of 650 ms was found to minimize residual metabolite 

signals, as shown in Figure 1A (2nd subject shown in Supplementary Figure S1). This choice 

of TI was further supported by the reported T1 of GABA33 at 3T, which suggests that GABA 

should be almost perfectly nulled at 650 ms (Supplementary Figure S2). GABA-edited MM 

spectra were therefore subsequently acquired at TI = 650 ms in the remaining cohort for a 

total of 13 volunteers (MRSinMRS34 summary may be found in Supplementary Table S1). 

In the same session, a second MEGA-PRESS acquisition was made with identical settings 

but without pre-inversion which, in this study, was used to estimate shim quality.

2.1.3. MM processing—All data were processed in Osprey35 (v2.5.0, Matlab 2022a), 

an open-source LCM toolbox that conforms to expert consensus recommendations36,37. Raw 

data were coil-combined and eddy-current corrected using the water-unsuppressed reference 

scan38. Individual transients were aligned using robust spectral registration39. Lipid filtering 

of the MM spectra was performed using an L2-regularized method40. An artificial lipid basis 

matrix, L, was constructed using the following time-domain signal model:

S t = ∑
k = 1

m
Ak e−dk t − T /2 e−i 2πfkt  +  Φk

where m is the total number of lipid signal components, Ak is the kth amplitude, dk is the 

kth damping factor, T  is the length of the time-domain signal, fk is the kth precessional 

frequency, and Φk is the kth signal phase. For this study, we adapted the parameters 

chosen by Lin et al, reducing the number of lipid components and narrowing the range 

of frequencies and damping factors. This reduced computation time and—upon testing—

satisfactorily removed the lipid signals encountered in our single-voxel in-vivo data. We 

included 128 lipid components with fk in the range 1.0–1.6 PPM, dk = 10–30 Hz, and Φk = 0 

± 1.8 rad. The inverse of the basis matrix, L−1, is defined as:

L−1 = 1 + β L ∙ L† −1

where 1 is the identity matrix, β is a regularization parameter, and L† is the conjugate 

transpose of L. The lipid filtered spectrum, S′, is then calculated simply: S′ = L−1 ∙ S, 

where S is the original lipid contaminated data. Residual metabolite signals remain in the 

nulled spectra due to inherent differences in T1 values. Residual metabolite contributions to 

the MM spectra were removed from the individual sub-spectra using a linear-combination 

modeling approach. The edit-ON and edit-OFF MM spectra were modeled separately with 

a highly flexible cubic spline baseline and basis functions for N-acetylaspartate (NAA), 

glutamate (Glu), and water. In both sub-spectra, the identified residual contributions from 
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these signals were subtracted from the subject-level MMs, prior to the creation of the 

difference spectrum. Contributions from total creatine (tCr) and choline (tCho) compounds 

were satisfactorily removed by subtraction during the creation of the MM difference spectra. 

‘Cleaned’ individual MM spectra were frequency-aligned to the 0.9 ppm MM resonance 

(MM0.94). Individual MM spectra that retained significant lipid contributions or other 

artifacts were manually identified and removed from the analysis. All remaining individual 

MM spectra were averaged, and the resulting mean MM spectrum was fit with a flexible 

cubic B-spline (knot spacing = 0.03 ppm) to generate a smooth noise-free basis function that 

could be used as a basis function during LCM analysis. Figure 1B shows the MM spectra 

at various stages of MM cleanup, as well as the final basis function. Several resonances are 

apparent, resulting from direct and indirect effects of the 1.9 ppm editing pulse.

2.2. Analysis using Big GABA cohort

To examine the effect of including the newly derived experimentally acquired edited MMs, 

we included the edited MM basis function in the analysis of 61 MEGA-PRESS spectra 

from a recent multi-site study (“Big GABA”28). This subset was collected using Philips 

3T scanners and identical acquisition parameters. We compared the experimental MM 

modeling approach to our previously published12 parameterization of the co-edited 3-ppm 

MM signal as a single Gaussian, as well as to a new, refined parameterization informed by 

the experimental MM profiles.

Big GABA data were processed in Osprey as described previously12. In addition to the 

relevant MM parameterization, the basis sets included simulated profiles for ascorbate, 

Asc; aspartate, Asp; Cr; gamma-aminobutyric acid, GABA; glycerophosphocholine, 

GPC; glutathione, GSH; glutamine, Gln; glutamate, Glu; myo-inositol, mI; lactate, 

Lac; N-acetylaspartate, NAA; N-acetylaspartylglutamate, NAAG; phosphocholine, PCh; 

phosphocreatine, PCr; phosphorylethanolamine, PE; scyllo-inositol, sI; taurine, Tau. 

Metabolite and MM amplitudes were quantified as ratios to tCr.

For all three MM modeling approaches, the fit range was fixed at 0.5–4.0 ppm, the 1.2–1.9 

ppm frequency range was excluded from the modeling of the difference spectrum, and a 

spline baseline was included with a knot spacing of 0.55 ppm12. The three MM fitting 

approaches each included a single additional basis function to represent the MMs, as defined 

in the following sections.

2.2.1. Parameterized MM: single-Gaussian—Our previous work investigated a 

range of modeling strategies for MMs in GABA-edited MRS12. The best-practice strategy 

we arrived at uses a single composite MM basis function which included individual 

Gaussian peaks at around 0.9 ppm (chemical shift, 0.915 ppm; FWHM, 11 Hz) and 3 ppm 

(chemical shift, 3.00 ppm; FWHM, 14 Hz) with a fixed amplitude ratio of 3/2. The basis 

function was scaled so that the area under the 3-ppm resonance (MM3.0) corresponded to a 

CH2 group41. During spectral modeling, the MM basis function—like the other metabolites

—was allowed an MM-specific Lorentzian line broadening term but shared a Gaussian 

linebroadening term with the metabolite basis functions.
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2.2.2. Experimental MM—The mean experimental noise-free MM spectrum—as 

derived in 2.1.3—was included in spectral modeling as a single basis function. Scaling of 

the experimental MM basis function was performed by normalizing the integral of MM3.0 to 

a CH2 group, following the subtraction of a linear baseline. As the experimental MM basis 

function was derived from in-vivo data, it had already experienced in-vivo Lorentzian and 

Gaussian linebroadening (in contrast to the simulated basis functions of the metabolites). 

Consequently, separate Gaussian and Lorentzian line-broadening terms were allowed for the 

MM, but initialized to zero.

2.2.3. Parameterized MM: new multiple-Gaussian approach—Upon investigation 

of the experimentally acquired MM spectrum, we noted substantial asymmetries of the 

major MM resonances that would be insufficiently characterized by single-Gaussian models. 

Furthermore, we noticed the presence of an additional co-edited MM resonance around 

2 ppm (MM2.05) that had not been considered in our previous parameterization. This 

motivated us to define a new, more adequate parameterization of the edited MMs. To 

this end, the three main resonances (MM0.94, MM2.05, MM3.0) of the experimentally 

acquired MM spectrum were fit using multiple Gaussians using AMARES42, as previously 

described43. Soft constraints were used to delineate the frequency ranges that fully 

encompassed each of the three main MM resonances. We attempted to minimize the number 

of Gaussian functions that contributed to each resonance, iteratively adding Gaussians 

until the residual was satisfactorily flat. The MM0.94 resonance was modeled using 2 

Gaussians with frequency soft constraints (0.74–0.98 ppm) and the phase fixed to 0. The 

asymmetric resonances at 2.0 and 3.0 ppm were modeled using 3 Gaussians, with frequency 

soft constraints of 1.80–2.15 ppm and 2.85–3.10 ppm, and the phase fixed at 180 and 0, 

respectively. The linewidth soft constraints were set in the range of 0–30 Hz for all Gaussian 

peaks, while the amplitude was left as a free parameter. The resulting parameters of the 

multiple-Gaussian fit are shown in Table 1. The experimental MM, single-Gaussian, and 

multiple-Gaussian basis functions that formed the basis of a three-way comparative analysis 

are shown in Figure 2.

Similar to the previous strategies, the integral over the MM3.0 basis function was scaled 

to a CH2 group prior to fitting. Since this parameterization was derived from in-vivo data, 

separate Gaussian and Lorentzian line-broadening terms were again allowed for the MM and 

metabolites during LCM.

All three MM handling methods are implemented in Osprey and can be specified in the 

job file using the appropriate option for “opt.fit.CoMM3” (https://github.com/schorschinho/

osprey/tree/develop).

2.3. Statistical analysis

We compared metabolite estimates from the GABA-edited difference spectrum fit between 

the different MM analysis approaches with paired t-tests. Specifically, we considered 

the estimates for GABA, MM, and the composite GABA+ (GABA+MM) amplitudes, 

normalized to tCr from the edit-OFF spectrum (which was identical for all three 

approaches). Furthermore, we investigated the quality of the three modeling approaches 
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with two metrics, the amplitude and standard deviation of the fit residual across the fit 

range. Here, the residual amplitude was defined as the difference between the maximum and 

minimum of the fit residual. Both metrics were normalized to the height of the NAA peak 

from the edit-OFF spectrum. This residual analysis was conducted for two frequency ranges: 

(i) the full range (0.5–4.0 ppm, excluding the 1.2–1.9 ppm gap as described above) and (ii) 

specifically the range covered by the GABA+ signal (2.93–3.12 ppm). Statistical analyses 

were conducted in RStudio (version 4.2.0)44.

3. Results

3.1. Experimental MMs

An example inversion recovery series is shown in Figure 1A, which depicts the difference 

spectra and the edit-OFF spectra. Metabolite signal contributions—as evidenced by the 

singlet at 2 ppm, for example—were found to be minimized around TI = 650 ms. To create 

a mean MM basis function that was free from contamination in the MM0.94 signal region, 

we excluded MM spectra with visible lipid signals quite aggressively. 7 MM spectra were 

excluded; the remaining 6 spectra were then used to generate the MM basis function and 

were generally of high quality. The mean full-width at half maximum (FWHM) of the 2 

ppm NAA singlet was 5.7 ± 0.8 Hz, as estimated from the edit-OFF spectrum acquired 

without pre-inversion. The MM0.94 SNR was 15.2 ± 6.2, as calculated using the amplitude 

of the MM0.94 peak in the MM difference spectrum. Both SNR and FWHM fulfilled expert 

consensus recommended quality requirements36.

3.2. Analysis of the Big GABA Cohort

All 61 MEGA-PRESS spectra were successfully quantified by the three MM modeling 

strategies. Figure 3 shows (from top to bottom) the fit residuals, baseline, GABA fit, 

co-edited MM fit, co-edited Glu + Gln + GSH fit, and the overall LCM fit of the Big 

GABA cohort for the three MM modeling approaches. We noted a reduced mean fit residual 

around the GABA+ peak (shaded region) for the experimental MMs—and to a lesser extent 

the multiple-Gaussian MM—compared to the single-Gaussian approach, which features 

a prominent inverted GABA pseudo triplet. This suggested that the two new approaches 

improve the characterization of the observed signal and that the single-Gaussian model is 

overfitting GABA to compensate for inaccuracy in the MM model. Furthermore, including 

the co-edited MM2.05 resonance in the multiple-Gaussian and experimental MM fits led to 

a flatter baseline in the respective region compared to the single-Gaussian parameterization, 

where the MM2.05 is not explicitly handled at the basis-function level and therefore has to 

be absorbed by the spline baseline. Notably, the signal contribution from MM to the GABA+ 

peak is larger for the experimental MMs and multiple-Gaussian parameterization, than for 

the single-Gaussian parametrization. Consequently, the GABA contribution is lower.

Figure 4 summarizes the quantitative analysis of tCr-referenced GABA, MMs, and GABA+ 

estimates obtained with the three approaches. As observed in Figure 3, GABA/tCr was 

significantly lower for the experimental MM (0.015 ± 0.049; mean reduction 21%, 

p < 0.001) than for the single Gaussian (0.19 ± 0.05). The multi-Gaussian approach 

estimated GABA/tCr (0.15 ± 0.043) in line with the experimental MM—albeit with a lower 
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standard deviation—and lower than the single Gaussian (mean reduction 21%, p < 0.001). 

Consequently, higher MM/tCr ratios were found for the experimental MM (0.21 ± 0.039; 

mean increase 11%, p = 0.007) than the single-Gaussian (0.19 ± 0.03) approach, with the 

multi-Gaussian approach again aligning with the experimental MMs, reporting significantly 

higher MM than the single Gaussian (0.21 ± 0.038; mean increase 10%, p = 0.009).

The composite estimate, GABA+/tCr, did not significantly differ between any method. The 

experimental MM (0.36 ± 0.067) and single-Gaussian parameterization (0.38 ± 0.069) came 

the closest to significance (mean difference = 5%, p = 0.10).

Figure 5 shows quantitative model quality metrics, i.e., the amplitudes and standard 

deviations of the fit residual (first for the full fit range, then for the GABA+ signal 

range). Statistical analysis confirmed that overall fit quality was significantly improved by 

the experimental MMs and multiple-Gaussian parameterization compared to the previous, 

single-Gaussian approach. The full-range residual amplitude was 0.092 ± 0.028 for the 

single-Gaussian approach, and 0.081 ± 0.026 for the experimental MM (mean reduction 

12%, p = 0.034) and the multiple-Gaussian MMs 0.081 ± 0.026 (mean reduction 12%, p 
= 0.031). While a similar pattern is qualitatively observed for the GABA-specific residual 

amplitudes (Figure 5), the differences were not statistically significant: Single-Gaussian 

MMs (0.026 ± 0.066), experimental MMs (0.025 ± 0.007), and multiple-Gaussian MMs 

(0.025 ± 0.008).

A similar pattern was observed for the standard deviation of the fit residuals. Compared 

to the single Gaussian (0.011 ± 0.003), the standard deviation of the full-range residual 

was significantly lower for the experimental MMs (0.010 ± 0.0025, mean reduction 9%, 

p = 0.047) and the multiple-Gaussian (0.010 ± 0.0025, mean reduction 9%, p = 0.008). 

Supplementary Table S2 contains the full descriptive statistics of the GABA, MM, GABA+, 

and model performance metrics, while Supplementary Table S3 contains the p-value results 

of the paired t-tests of these measures.

4. Discussion

Adequate modeling of in-vivo MR spectra is important for accurate estimation of metabolite 

concentrations, the primary outcome measures of MRS experiments. The diversity and 

complexity of contemporary linear-combination modeling algorithms has given rise to a 

surprising analytic variability of metabolite level estimates, with great influence wielded by 

fit settings and optimization hyperparameters11,12,45–47. One particularly impactful aspect of 

modeling is the treatment of broad resonances from MMs, i.e., peptides and proteins13. Spin 

systems of low-weight metabolites have been measured with great precision48, allowing 

their spectra to be predicted with density-matrix simulations49,50. In contrast, the origin 

and characteristics of MM signals are less well understood, and an accurate model to 

describe them is still lacking. Their contributions to in-vivo spectra are therefore estimated 

based on simplified parametrizations or experimental data. These practices are relatively 

well investigated in short-TE spectra13–20, but less so for J-difference edited spectra, 

although the relative contribution of MM to the signal of interest is even greater, for 

example, in GABA-edited MEGA-PRESS. Although expert consensus recommends using 
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experimentally acquired MM profiles in LCM13, this practice has not been systematically 

investigated in the context of J-difference editing.

In this study, we acquired MEGA-PRESS spectra with a pre-inversion pulse to characterize 

MM contributions to GABA-edited difference spectra. We generated a cohort-mean 

GABA-edited MM basis function that was then used to fit a large GABA-edited MEGA-

PRESS dataset. We then compared metabolite estimates and fit quality metrics for 

three MM modeling approaches: (1) the new ‘experimental MM’ approach; (2) our 

previously recommended ‘single Gaussian’ parametrization12; (3) a new ‘multiple Gaussian’ 

parametrization based on the experimental MM data.

4.1. Key findings

4.1.1. Improved characterization of edited MM signals—The first key finding was 

that experimental MM and multi-Gaussian approaches significantly reduced fit residuals 

compared to our previously devised single-Gaussian approach. The edited MM spectrum 

features three prominent signals: MM0.94, MM2.05, and MM3.0. The co-edited MM3.0 signal 

in the difference spectrum arises due to coupling to spins at 1.7 ppm, tentatively assigned 

to lysine- and arginine-containing compounds13,30,51,52. Similarly, the MM0.94 signal is co-

edited as a result of coupling to spins at 2 ppm, assigned to branched-chain amino acids, e.g. 

valine, leucine, and isoleucine13,30,51,52. The inverted resonance, MM2.05, contains several 

contributing signals between 1.7 and 2.25 ppm, assigned to Glu/Gln-containing MMs. These 

are—like the tNAA methyl singlets—directly suppressed by the editing pulse during the 

edit-ON acquisition.

All observed MM signals in the difference spectrum exhibit an asymmetry that is 

insufficiently captured by single-Gaussian models such as the ones we have used to 

parametrize MM0.94 and MM3.0 (with a fixed amplitude ratio of 3:2) in our previous 

work12. This asymmetry likely arises because amino acids in MMs are arranged in three-

dimensional chains, resulting in slightly different sets of chemical shifts (and, potentially, 

coupling constants) that depend on the protein structure and amino acid chain sequence. The 

distribution of chemical shifts is not necessarily normal or even symmetric53. Furthermore, 

the editing efficiency of a sinc-Gaussian editing pulse changes substantially over a range of 

~10 Hz, meaning that some MMs will be edited with greater efficiency than others, even if 

their signal arises from the same amino acid.

Generally, different MRS analysis software packages vary greatly in the way that MM 

signals are treated in J-difference edited spectra11. Gannet54 and Tarquin55,56 include 

single- and double-Gaussian parameterizations of the composite GABA+ peak, respectively, 

without attempting to model GABA and MM3.0 separately. The ‘mega-press-3’ setting of 

LCModel57 defaults to a basis set that only includes GABA58 and the spline baseline, but no 

explicit MM3.0 term, although it includes an MM0.94 signal.

While we previously investigated suitable parametrizations for MM0.94 and MM3.0
12, the 

addition of MM2.05 is a new feature of this work, which further improved fit quality. We did 

explore sparser multiple-Gaussian parametrizations that only included subsets of the three 

peaks (MM0.94, MM3.0, and MM2.05) but we found that fit residuals and baseline stability 
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were not as good (Supplementary Analysis 1). This suggested a stabilizing benefit of 

MM0.94 and MM2.05 as “anchor” signals for the MM model. Another suspected drawback of 

the fuller parameterization was the potential presence of unpredictable lipid signals, which 

might overlap with MM0.94 and artifactually impact MM model contributions. We tested 

MM basis functions of varying sparsity in the presence of lipid signals (Supplementary 

Analysis 2) which included synthetic in-vivo-like lipid spectra (Supplementary Figures S6–

S9) and actual lipid-contaminated in-vivo spectra (Supplementary Figures S10–S12). We 

found that utilizing the full parameterization was not detrimental to GABA+ estimation. 

In fact, the more complex MM representations exhibited better accuracy than sparse ones, 

whose GABA+ estimates were biased by the presence of lipids.

4.1.2. GABA/GABA+ ratio—The second key finding was that the relative contribution 

of co-edited MM3.0 to GABA+ was estimated to be significantly larger by the experimental 

and multi-Gaussian approaches (MM3.0/GABA+ = 58% on average) compared to the 

single-Gaussian approach (50% on average). MM3.0/GABA+ values obtained with the new 

methods are at the upper end of previous estimates, which ranged between 41 and 60%, 

although only very few studies have explicitly attempted to quantify this ratio. Like us, 

several studies used inversion recovery to directly measure metabolite-nulled difference 

spectra. Three of these studies22–24 then directly subtracted the subject-level metabolite-

nulled edited MMs from the individual metabolite spectra; however, only one study provided 

an estimate for MM3.0/GABA+ (41–49%)23. Rothman et al. directly compared integrals 

of MM3.0 and GABA+ and estimated the ratio to be 60%, although at 2.1T3. A few 

applied studies described including metabolite-nulled MM spectra in their basis sets26,27, but 

implementation details are scant and did not determine the relative contributions of MM3.0 

and GABA to GABA+. A second set of relevant references compared GABA estimates from 

MM-suppressed acquisitions to GABA+ estimates from MM-unsuppressed MEGA-PRESS 

and MEGA-SPECIAL, estimating MM3.0/GABA+ integral ratios between 51–53%59,60. 

Finally, one study explored LCModel parametrizations of co-edited MMs that improved fit 

quality but did not report direct effects on the estimated relative GABA or MM fractions25.

Our findings provide evidence that the GABA contribution to the GABA+ signal might be 

somewhat lower than the 50/50 ratio that is often referred to. This would have implications 

for the interpretation of MEGA-PRESS studies and observed changes in GABA+. We 

point out that peer-reviewed estimates of the GABA/GABA+ ratio are only provided in the 

second set of studies that compared MM-suppressed to MM-unsuppressed data. Crucially, 

these studies rest on the premise that the symmetric ‘Henry’6 editing scheme (with editing 

pulses at 1.9 and 1.5 ppm) reliably removes all co-edited MM to yield a ‘pure’ GABA 

signal. However, this assumption has come under scrutiny. First, Terpstra et al. estimated 

that the contribution of MM3.0 to GABA+ can be as high as 15% in an (allegedly) MM-

suppressed symmetric MEGA-sLASER experiment at 7T61. It has since been demonstrated 

that lysine, the model metabolite for the MM3.0 signal, is not perfectly nulled with the Henry 

editing scheme41 (as shown in Figure 5 in the respective reference). Even if lysine were 
perfectly nulled, in-vivo MMs are not adequately approximated by lysine in solution, since, 

as discussed above, they will have a much broader set of chemical shifts and couplings. 

Symmetric editing has exactly one symmetry point where the two editing pulses have 
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the exact same inversion efficiency; therefore, it cannot possibly be perfectly symmetric 

with respect to all relevant MM spin systems. Lastly, it has been unequivocally shown 

that symmetric editing is at least an order of magnitude more susceptible to experimental 

instability8,9 such as thermal frequency drift. It is unknown whether drift was sufficiently 

well-controlled in the studies that compared MM-suppressed GABA to MM-unsuppressed 

GABA+, and the ‘purity’ of the MM-suppressed GABA signal is therefore questionable. 

Assuming that the remaining signal—even after symmetric suppression—is not pure GABA, 

but GABA+ with some fraction of MM, the contribution of GABA to the overall GABA+ 

peak in the non-symmetric spectrum must be smaller than the often reported 50%.

4.2. Experimental considerations and limitations

There is some experimental evidence that MM0.94 and MM3.0 have different T1
13, although it 

is far from conclusive. One study estimated T1 at 463–518 ms for MM3.0 and 280–284 

ms for MM0.94 in human brain at 9.4T32; another calculated 400 ms for MM3.0 and 

290 ms for MM0.94 at 3T, although the 400-ms estimate appears to reach a pre-defined 

optimization boundary62. In contrast, another study of the rat brain at ultra-high field 

(17.2T)63 found T1 values of 748 ms for MM0.94 and 574 ms for MM3.0. If substantial 

T1 differences were present, the use of a ‘rigid’ experimentally derived MM basis function 

may be inadequate, since it was acquired with a different T1 weighting than the metabolite 

spectra that are being fit. The MM0.94 and MM3.0 components might therefore require 

appropriate individual scaling. In fact, if T1 MM3.0  were indeed longer than T1 MM0.94 , the 

MM3.0/ MM0.94 area ratio in an up-scaled basis function would be smaller, and therefore 

likely absorb a smaller fraction of the composite GABA+ peak, since the MM0.94 serves 

as a constraining ‘modeling anchor’. However, while not implausible, we did not attempt 

such a correction while generating our basis functions because the current literature does not 

provide sufficiently robust evidence at 3T, and any correction we make may therefore be just 

as likely to introduce error rather than to correct.

In the pilot IR series we used to determine optimal TI, metabolite signals were found to be 

minimized at 650 ms at TR = 2000 ms. This choice of nulling TI is consistent with previous 

work21,64; similar work presented in conference proceedings used TI/TR = 525/1500 ms23 

and 580/1800 ms22. Even if a particular metabolite is perfectly nulled at a certain TI, 

the differences in T1 between metabolites will inevitably lead to small residual signals 

in the nulled spectrum. Thankfully, in the case of J-difference-edited MMs, metabolites 

unperturbed by the editing pulse (e.g., tCr) are subtracted out during the generation of the 

difference spectrum. Contributions from major co-edited coupled metabolites (NAA and 

Glu) were identified in the edit-ON and edit-OFF spectra independently using an LCM 

approach with a reduced basis set.

We did not attempt to separate GABA from HCar, a dipeptide of GABA and histidine. HCar 

is present at considerable concentration in the human brain, but the spin system is so similar 

to GABA that it is virtually indistinguishable (~0.05 ppm chemical shift difference) at 3T. 

Due to this uncertainty, a large range of HCar concentration estimates have been reported 

in the literature (17–50% of the GABA concentration)48,65,66. Our previous attempts to 
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investigate the impact of including HCar in the LCM basis set suggested that it was indeed 

not separable from GABA12.

While our results demonstrate the modeling benefits of experimentally acquired MM 

profiles, these results are presumed to be region- and sequence-specific. The relative 

contributions of GABA and MM to GABA+ will be strongly influenced by the field 

strength, TE, and the frequency/bandwidth of the editing pulses67. The editing pulse 

bandwidth, in particular, is an under-reported parameter in the literature and needs to 

be precisely matched in the experimental MM measurement. RF waveforms and timings 

can also influence the resulting signals, although, for the comparably broad MM profiles, 

we anticipate that these confounds will be less influential. A supplementary analysis of 

test-retest data acquired on a Siemens scanner68 demonstrated improved within-subject CVs 

for GABA+ estimates using our experimental MM profiles compared to the single-Gaussian 

parameterization, despite the test-retest data being acquired using a different scanner vendor 

(Supplementary analysis 3). However, further study is required, and caution should be used 

when applying these experimental profiles beyond the conditions under which they were 

acquired. Furthermore, MM concentrations have been shown to be significantly higher in 

grey matter than white matter69–71, indicating the regional dependence of MMs. Lastly, the 

sample size for our experimentally acquired edited MM basis function was relatively small 

and hampered by lipid contamination in some participants.

Conclusion

We present an improved characterization of GABA-edited difference spectra by using 

experimentally acquired MMs. Our mean MM basis function—and a new multiple-Gaussian 

parameterization method derived from it—reduced the amplitude and standard deviation 

of fit residuals compared to the previous single-Gaussian parameterization but suggested a 

larger relative contribution of the MMs to the GABA+ signal than commonly reported.
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Figure 1. 
(A) An example of the full TI series from a single subject. The left panel shows the 

difference spectrum, while the right panel shows the edit-OFF spectrum. TI = 650 ms was 

selected as optimal, as it minimized the contributions of the metabolites. (B) The stages 

of MM processing. From top-to-bottom: the individual subject-level raw MM spectra, the 

individual subject-level processed MM spectra after ‘clean-up’ (rejected subjects in red), the 

mean MM spectrum across subjects (black) with the standard deviation across the included 

MMs (light shaded area), and the spline fit of the mean MM spectrum (green).
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Figure 2. 
The three composite MM basis functions used in our comparative analysis (solid lines) 

and the areas used to reference them to a CH2 group. From top-to-bottom: our previously 

published “best practice” parameterization of the MMs12, comprised of two single-Gaussian 

functions to represent the MM0.94 and MM3.0 signals with a fixed amplitude ratio (orange); 

the experimentally acquired MM basis function derived from the TI = 650 ms dataset 

(green); and the new multiple-Gaussian parameterization, with the sum (bold purple line) of 

the individual Gaussians (fine purple lines) used as a single basis function.
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Figure 3. 
The individual (fine lines) and mean (bold lines) LCM results are shown. From the top 

to the bottom: fit residual, spline baseline, GABA fits, MM fits, (Glu + Gln + GSH) fits, 

and overall fit are shown for the single-Gaussian parametrization we previously published 

(orange), the experimental MM (green), and the new multi-Gaussian parametrization 

(purple).
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Figure 4. 
Boxplots for fitted amplitudes resolved by MM handling procedure: single-Gaussian 

parametrization previously published (orange), experimental MM (green), and new multi-

Gaussian parametrization (purple). From left to right, boxplots show the reported ratios-

to-tCr for GABA, MM, and GABA+. Significant differences between the analyses are 

identified using paired t-tests and marked with an increasing number of asterisks for 

p-values < 0.05, 0.01, and 0.001, respectively.
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Figure 5. 
Boxplots for fitting metrics resolved by MM handling procedure: single-Gaussian 

parametrization previously published (orange), experimental MM (green), and new multi-

Gaussian parametrization (purple). Boxplots show the amplitude of the residual (top row) 

and standard deviation of the residual (bottom row) across the full fit range (left column) and 

for the frequency range around GABA at 3 ppm (right column), all normalized to total NAA. 

Significant differences between the analyses are identified using paired t-tests and marked 

with an increasing number of asterisks for p-values < 0.05, 0.01, and 0.001, respectively.
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Table 1.

Gaussian parameterization of the experimental MM profile as derived from AMARES. The columns are the 

peak group fitted, center frequencies of the Gaussian functions (ppm), amplitude of the individual Gaussian 

functions, and the linewidth of the Gaussian functions (FWHM, Hz).

Peak group Frequency
[ppm]

Amplitude Phase linewidth
[Hz]

MM0.93 0.86 1.34 0 15.00

MM0.93 0.92 1.90 0 9.70

MM2.05 1.82 0.40 180 22.00

MM2.05 1.95 1.13 180 18.00

MM2.05 2.05 2.90 180 16.00

MM3.0 2.95 1.20 0 14.10

MM3.0 3.02 0.45 0 8.84

MM3.0 3.06 0.15 0 7.06
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