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Supplementary Figure S1. The full TI series from the 2nd pilot subject. The left panel shows the difference spectrum, and the right panel shows the edit-off spectrum.
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Table S1. Minimum reporting standards in MRS table.
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Supplementary Figure S2. A plot of the predicted inversion recovery curves for several metabolites using literature T1 values: mI (light green), NAA (pink), Glx (purple), Cr (orange), and GABA (dark green). The green shaded area illustrates the reported uncertainty in the GABA T1. Note that the TI used in this study, 650 ms, lies directly at the null point of GABA.


















































Single Gaussian
Experimental MM
Multiple Gaussian

GABA
mean
0.19
0.15
0.15


sd
0.051
0.049
0.043


median
0.19
0.16
0.15


CV
0.27
0.33
0.29


IQR
0.062
0.076
0.049

MM
mean
0.19
0.21
0.21


sd
0.033
0.039
0.038


median
0.19
0.21
0.21


CV
0.17
0.18
0.18


IQR
0.049
0.044
0.056

GABA+
mean
0.38
0.36
0.36


sd
0.069
0.067
0.065


median
0.39
0.36
0.36


CV
0.18
0.19
0.18


IQR
0.095
0.089
0.087
Residual
Amp
mean
0.092
0.081
0.081


sd
0.028
0.026
0.026


median
0.083
0.079
0.077


CV
0.3
0.32
0.32


IQR
0.034
0.029
0.031

S.D.
mean
0.011
0.01
0.01


sd
0.0027
0.0025
0.0025


median
0.011
0.01
0.0097


CV
0.24
0.24
0.25


IQR
0.0035
0.0027
0.0034

Amp (GABA)
mean
0.026
0.025
0.025


sd
0.0066
0.0071
0.0075


median
0.026
0.025
0.024


CV
0.25
0.28
0.3


IQR
0.0066
0.0084
0.0088

S.D. (GABA)
mean
0.01
0.0097
0.0098


sd
0.0025
0.0025
0.0024


median
0.01
0.009
0.0093


CV
0.24
0.26
0.25


IQR
0.0037
0.0038
0.0034

Table S2. For the three MM methods: Mean, standard deviation (S.D.), median, coefficient of variation (C.V.), and inter-quartile range (I.Q.R.) are reported for the distributions of GABA/tCr, MM/tCr, GABA+/tCr, overall residual amplitude, overall residual standard deviation, residual amplitude about GABA (2.93–3.12 ppm), and standard deviation of the residual in the same frequency range. Residuals are normalized to the tNAA amplitude. 



















































SG–Exp
SG–MG
Exp–MG

GABA
> 0.001
> 0.001
0.97

MM
0.007
0.009
0.92

GABA+
0.10
0.079
0.93
Overall
Residual Amp.
0.034
0.031
0.96

Residual S.D 
0.047
0.008
0.46
GABA
Residual Amp.
0.34
0.19
0.71

Residual S.D 
0.16
0.26
0.78

Table S3. Paired t-test p-values for single Gaussian versus experimental MMs (SG–Exp), single Gaussian versus multiple Gaussian (SG–MG), and experimental MMs versus multiple Gaussian (Exp–MG). The rows correspond to GABA/tCr, MM/tCr, GABA+/tCr, overall residual amplitude, overall residual standard deviation, residual amplitude about GABA (2.93–3.12 ppm), and standard deviation of the residual in the same frequency range. Residuals are normalized to the tNAA amplitude. 


Supplementary analysis 1: Iteration of the multi-Gaussian MM model

We investigated the effect of fitting the BigGABA dataset using different combinations of the multi-Gaussian MMs: MM3.0 only, MM3.0 + MM2.05, MM3.0 + MM0.93, and MM3.0 + MM2.05+ MM0.93. Like the main study, we examined statistical differences between the amplitude estimates reported by each approach, as well as the residuals around the 3 ppm GABA signal.

Supplementary Figure S3 shows the fitted profiles resulting from this analysis. We noted larger residuals when MM0.93 was excluded and a larger variation in the MM fit, and when MM2.05
Was excluded, we noted an increased baseline undulation, compensating for the resonance’s absence. 
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Supplementary Figure S3. Resulting fits of the BigGABA dataset when only a subset of the parameterized MM peaks are included: just MM3.0 (red), MM3.0and MM2.05 (blue), MM3.0 and MM0.93  (green), and all three MM resonances (purple).
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Supplementary Figure S4. Box plots of GABA, MM, and GABA+ tCr ratio estimates when using subsets of parameterized MM peaks: MM3.0 (red), MM3.0 and MM2.05 (blue), MM3.0 and MM0.93 (green), and all three MM resonances (purple). 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.





While differences in GABA+ tCr ratios are mostly statistically insignificant, the GABA-MM ratio is heavily influenced by the choice of MM basis function. Without the MM0.93 anchor, the standard deviation of the GABA residuals decreases—as the model has more freedom—but there is a substantially larger variation in the fitted MM amplitude. This may be most evidently seen in the CVs of MM/tCr ratios (supplementary table S3) and this variation propagates into the GABA+ estimates. These findings suggest the stabilizing benefit of including MM0.93 in the basis function. Additionally, including MM2.05 improved baseline stability around 2 ppm without substantially impacting GABA+ CVs, suggesting the full basis function, including all three peaks, provided the greatest measurement stability.
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Supplementary Figure S5. Box plots of the amplitude and standard deviation of the residual around GABA for subsets of parameterized MMs: MM3.0 (red), MM3.0 and MM2.05 (blue), MM3.0 and MM0.93 (green), and all three MM resonances (purple). 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.








	





MM3.0
MM3.0+ MM2.05
MM3.0+ MM0.93
MM3.0+ MM2.05+ MM0.93

GABA
mean
0.14
0.12
0.18
0.15


sd
0.045
0.044
0.058
0.043


median
0.14
0.11
0.19
0.15


CV
0.32
0.37
0.33
0.29


IQR
0.057
0.056
0.054
0.049

MM
mean
0.25
0.24
0.21
0.21


sd
0.086
0.11
0.027
0.038


median
0.25
0.28
0.21
0.21


CV
0.35
0.44
0.13
0.18


IQR
0.15
0.19
0.037
0.056

GABA+
mean
0.39
0.36
0.39
0.36


sd
0.087
0.09
0.075
0.065


median
0.4
0.38
0.39
0.36


CV
0.23
0.25
0.19
0.18


IQR
0.12
0.13
0.087
0.087
Residual
Amp (GABA)
mean
0.023
0.022
0.025
0.024


sd
0.0082
0.0077
0.0069
0.0072


median
0.021
0.022
0.025
0.023


CV
0.37
0.35
0.27
0.29


IQR
0.012
0.012
0.0089
0.0085

S.D. (GABA)
mean
0.0086
0.0086
0.01
0.0096


sd
0.0027
0.0028
0.0023
0.0025


median
0.008
0.0078
0.0096
0.0089


CV
0.31
0.32
0.23
0.26


IQR
0.0034
0.0034
0.0031
0.0025

Table S4. For the four configurations of multi-Gaussian MMs (MM3.0, MM3.0+ MM2.05, MM3.0+ MM0.93, MM3.0+ MM2.05+ MM0.93) we report the following: Mean, standard deviation (S.D.), median, coefficient of variation (C.V.), and inter-quartile range (I.Q.R.) for the distributions of GABA/tCr, MM/tCr, GABA+/tCr, overall residual amplitude, overall residual standard deviation, residual amplitude about GABA (2.93–3.12 ppm), and standard deviation of the residual in the same frequency range. Residuals are normalized to the tNAA amplitude. 













































Supplementary analysis 2: The impact of MM representations in the presence of lipid signals.

To determine if (and to what extent) lipid signals could interfere with the modeling, we conducted two related supplementary analyses. 

First, we introduced several categories of synthetic lipid artifacts (with varying amplitude and center frequency) into the 61 Big GABA datasets examined in the main study and modeled these with each of our new MM approaches (the experimental and fully parametrized multi-Gaussian basis functions), as well as subsets of the parameterized profiles (i.e. a multi-Gaussian parametrization with only MM30+MM20, and a multi-Gaussian parameterization that only contained MM30). We then compared the resulting GABA+ estimates to the “ground truth”, i.e., the GABA+ estimates from the ‘lipid-free’ spectra, (the ones before the addition of the lipid artifact).

Secondly, we looked through the larger Big GABA dataset to find real in-vivo MEGA-PRESS spectra with lipid contamination to examine the impact of realistically occurring in-vivo lipids. This allowed us to compile two datasets (with/without lipids, 16 spectra each), and like the synthetic-lipid analysis, modeled each spectrum with the abovementioned MM profiles and, again, compared GABA+ estimates between lipid-contaminated and lipid-free spectra for each method.

Full details of the methods, results, and interpretation may be found in a publicly available OSF repository (DOI: 10.17605/OSF.IO/QD37B; docs/SupplementaryAnalyses.docx)
[image: ]
Supplementary Figure S6. Illustration of synthetic Gaussian lipid basis derived from LCModel’s definitions (top panel), and an implementation of their attenuation resulting from the approximated impact of the MEGA-PRESS inversion pulse (dashed black line).
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Supplementary Figure S7. In-vivo spectra with synthetic lipid artifacts introduced. Edit-off spectra (blue) are plotted alongside the difference spectra (red). Columns represent different relative shifts for the lipid signals (50, 0, and -50 Hz from their default frequency, respectively), and rows represent different relative amplitudes of the lipid artifacts (2, 5, and 10 times the NAA).
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Supplementary Figure S8. Visualization of modeling results of the difference spectra (around GABA). Rows represent different classes of lipid artifacts, and columns represent different MM modeling approaches. The data are plotted in grey, and the MM and GABA fits are overlaid in the colored lines. Models are plotted without baseline contributions to appreciate the effects on GABA+ estimation more clearly.
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Supplementary Figure S9. Boxplots of GABA+ estimates for each MM representation and class of lipid contamination. Each row represents a different underlying MM basis function, and columns/colors represent lipid data scenarios, with the “ground truth” uncontaminated spectra in the left-most column (cyan). Coefficients of variation are noted next to each boxplot, and asterisks are used to mark significant deviations from the ground truth (“*”, p<0.05; “**”, p<0.005).
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Supplementary Figure S10. Real in-vivo spectra derived from the full BigGABA dataset. Edit-off (left) and difference spectra (right) are plotted. We identified 16 lipid-contaminated spectra (red) and 16 corresponding non-lipid-contaminated spectra (black) for analysis.
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Supplementary Figure S12. Boxplots of GABA+/tCr ratios for the lipid-contaminated spectra (red), non-contaminated spectra (blue), with the CVs across the GABA+ estimates shown above. Pairs of boxplots are generated for each basis function. From left-to-right we show: the experimental MM profile (EMM), full multiple-Gaussian parameterization (MM30+MM20+MM09), multiple-Gaussian parameterization without MM09 (MM30+MM20), and multiple-Gaussian parameterization with only MM30 (MM30). Statistically significant differences between methods are marked with an asterisk and color coded according to the data source (lipid-contaminated or non-lipid-contaminated spectra).










Supplementary analysis 3: Test-retest of Siemens MEGA-PRESS

We performed an analysis in a test-retest dataset acquired on a Siemens 3T scanner, which formed the core of a recent investigation into the impact of modeling parameters on test-retest reproducibility for GABA+ and included a MEGA-PRESS sequence acquired with the same sequence parameters as the Philips MEGA-PRESS data presented in this manuscript (TE = 68 ms; 14-ms editing pulses; edit-on at 1.9 ppm)66. We performed a comparative analysis using the three MM methods described in the main manuscript. We calculated within-subject CVs and 90% confidence intervals using the root-mean method (Bland, 2006: https://www-users.york.ac.uk/~mb55/meas/cv.htm), aligning with the reported outcome measures from the original study66.

Supplementary Figure S13 shows the resulting CVs and 90% confidence intervals for the three methods. While there was an overlap in the confidence intervals, we found that the experimental MMs and multiple-Gaussian MMs lowered the within-subject CVs of GABA+ estimates, compared to the single-Gaussian parameterization (6.45% and 6.42%, respectively, versus 9.28% for the single-Gaussian parameterization). This suggests that the new MM methods improve the reproducibility of GABA+ estimation, despite these MM profiles being derived from data acquired using a different scanner vendor. 


[image: ]

Supplementary Figure S13. Dot-whisker plots showing the within-subject CVs of GABA+ estimates and 90% confidence intervals. Three different methods of MM modeling are represented: single-Gaussian MMs (orange), experimental MMs (green), and multiple-gaussian MMs (purple).
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Appendix A: Summary MRSIinMRS Report

Here we provide a summary following the minimum reporting standards in MRS. For further details, see: Lin et
al. ‘Minimum Reporting Standards for in vivo Magnetic Resonance Spectroscopy (MRSInMRS): Experts’ consensus

recommendations. NMR in Biomedicine. 2021;e4484. doi.org/10.1002/nbm.4448

1. Hardware

a. Field strength [T]

b. Manufacturer

c. Model (software version if available)

d. RF coils: nuclei (transmit/receive), number of
channels, type, body part

e. Additional hardware

3T

Philips

R5.1.7

1H (Tx), 32 channel, head coll

. Acquisition

. Pulse sequence

. Volume of interest (VOI) locations

. Nominal VOI size [mm3]

. Repetition time (TR), echo time (TE) [ms]

. Total number of averages per spectrum

f. Additional sequence parameters

g. Water suppression method

h. Shimming method, reference peak, and threshold of
acceptance of shim chosen

i. Trigger or motion correction

O Q0 T[N

MEGA-PRESS (with pre-inversion pulse)
PCC

30 x 30 x 30 mm3

TR 2000 ms, TE = 68 ms

256 total transients

F1: 2000 Hz, 2048 points

VAPOR

2nd-order pencil beam

No active motion correction

3. Data analysis methods and outputs

a. Analysis software

b. Processing steps deviating from Osprey

c. Output measure

d. Quantification references and assumptions, fitting
model assumptions

Osprey 2.4.0

MMs were lipid-filtered using the L2-regularized method
tCr

Baseline knot spacing = 0.55 ppm. Basis set included:
Asc, Asp, Cr, -CrCH2, GABA, GPC, GSH, GIn, Glu, ml,
Lac, NAA, NAAG, PCh, PCr, PE, sl, Tau, and
parameterized lipids (Lip09, Lip13, and Lip20).
Macromolecule modeling implementation was the
subject of study and was implemented using the
experimental profiles, parameterized by a single
Gaussian function, or multi-Gaussian functions.

4. Data quality

a. SNR, linewidth (NAA) [HZ]
b. Data exclusion criteria

c. Quality measures of postporcessing model fitting
(mean +- sd of GABA/MM/GABA+)

d. All spectra, mean spectrum, and standard deviation
across group

MM-SNR: 15.2 +- 6.2, MM-linewidth 5.7 +- 0.8 Hz

MM spectra were manually excluded in the presence of
strong residual lipid signals

GABA 0.19 +- 0.051, MM 0.19 +- 0.033, GABA+ 0.38 +-
0.069

MMs shown in Figure 1B










AppendixA:SummaryMRSinMRSReport

HereweprovideasummaryfollowingtheminimumreportingstandardsinMRS.Forfurtherdetails,see:Linet

al.‘MinimumReportingStandardsforinvivoMagneticResonanceSpectroscopy(MRSinMRS):Experts’consensus

recommendations.NMRinBiomedicine.2021;e4484.doi.org/10.1002/nbm.4448

1.Hardware

a.Fieldstrength[T] 3T

b.Manufacturer Philips

c.Model(softwareversionifavailable) R5.1.7

d.RFcoils:nuclei(transmit/receive),numberof

channels,type,bodypart

1H(Tx),32channel,headcoil

e.Additionalhardware -

2.Acquisition

a.Pulsesequence MEGA-PRESS(withpre-inversionpulse)

b.Volumeofinterest(VOI)locations PCC

c.NominalVOIsize[mm3] 30x30x30mm3

d.Repetitiontime(TR),echotime(TE)[ms] TR2000ms,TE=68ms

e.Totalnumberofaveragesperspectrum 256totaltransients

f.Additionalsequenceparameters F1:2000Hz,2048points

g.Watersuppressionmethod VAPOR

h.Shimmingmethod,referencepeak,andthresholdof

acceptanceofshimchosen

2nd-orderpencilbeam

i.Triggerormotioncorrection Noactivemotioncorrection

3.Dataanalysismethodsandoutputs

a.Analysissoftware Osprey2.4.0

b.ProcessingstepsdeviatingfromOsprey MMswerelipid-filteredusingtheL2-regularizedmethod

c.Outputmeasure tCr

d.Quantificationreferencesandassumptions,fitting

modelassumptions

Baselineknotspacing=0.55ppm.Basissetincluded:

Asc,Asp,Cr,-CrCH2,GABA,GPC,GSH,Gln,Glu,mI,

Lac,NAA,NAAG,PCh,PCr,PE,sI,Tau,and

parameterizedlipids(Lip09,Lip13,andLip20).

Macromoleculemodelingimplementationwasthe

subjectofstudyandwasimplementedusingthe

experimentalprofiles,parameterizedbyasingle

Gaussianfunction,ormulti-Gaussianfunctions.

4.Dataquality

a.SNR,linewidth(NAA)[Hz] MM-SNR:15.2+-6.2,MM-linewidth5.7+-0.8Hz

b.Dataexclusioncriteria MMspectraweremanuallyexcludedinthepresenceof

strongresiduallipidsignals

c.Qualitymeasuresofpostporcessingmodelfitting

(mean+-sdofGABA/MM/GABA+)

GABA0.19+-0.051,MM0.19+-0.033,GABA+0.38+-

0.069

d.Allspectra,meanspectrum,andstandarddeviation

acrossgroup

MMsshowninFigure1B
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