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Abstract

Background—The relationships between scan duration, signal-to-noise ratio (SNR) and sample 

size must be considered and understood to design optimal GABA-edited magnetic resonance 

spectroscopy (MRS) studies.

New Method—Simulations investigated the effects of signal averaging on SNR, measurement 

error and group-level variance against a known ground truth. Relative root mean square errors 

(measurement error) and coefficients of variation (group-level variance) were calculated. GABA-

edited data from 18 participants acquired from five voxels were used to examine the relationships 

between scan duration, SNR and quantitative outcomes in vivo. These relationships were then 

used to determine the sample sizes required to observe different effect sizes.

Results—In both simulated and in vivo data, SNR increased with the square root of the number 

of averages. Both measurement error and group-level variance were shown to follow an inverse-

square-root function, indicating no significant impact of cumulative artifacts. Comparisons 

between the first two-thirds of the data and the full dataset showed no statistical difference in 

group-level variance. There was, however, some variability across the five voxels depending on 

SNR, which impacted the sample sizes needed to detect group differences in specific brain 

regions.
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Comparison with Existing Methods—Typical scan durations can be reduced if taking into 

account a statistically acceptable amount of variance and the magnitudes of predicted effects.

Conclusions—While scan duration in GABA-edited MRS has typically been considered in 

terms of SNR, it is more appropriate to think in terms of the amount of measurement error and 

group-level variance that provides sufficient statistical power.
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1. Introduction

Measurement of in vivo γ-aminobutyric acid (GABA) using J-difference spectral-edited 1H 

magnetic resonance spectroscopy (MRS) at 3 Tesla (T) is increasingly performed in clinical 

and cognitive neuroscience (Ende, 2015; Öz et al., 2014). Spectral editing is the 

recommended approach for detecting GABA due to its inherently low concentration and the 

overlapping signals of more abundant metabolites. Spectral editing exploits the properties of 

scalar coupling to resolve the signals of lower-concentration metabolites that are typically 

overlapped by other stronger signals. Narrowband radiofrequency editing pulses are used to 

selectively modulate the spin systems of scalar-coupled molecules (e.g., GABA) such that 

the overlapping signals of metabolites are removed and the desired signal is retained (Harris 

et al., 2017).

Although spectral editing is effective in resolving the signal of lower-concentration 

metabolites, the detected signals have relatively low amplitudes (due to both low 

concentration and splitting due to coupling). Thus, the relatively low signal-to-noise ratio 

(SNR) of these weak signals requires extensive signal averaging: typically, several hundreds 

of averages are acquired over a timespan of approximately ten minutes. However, there is 

increasing demand to limit the total scan duration for increased participant compliance 

and/or to enable more measurements within a scan session (e.g., to measure metabolites in 

more brain regions or to perform other MRI acquisitions). While the theoretical relationship 

between SNR and signal averages is well-understood, and guidelines exist for the number of 

signal averages to acquire (based on the acquisition parameters of previous studies, for 

instance), there has not been a concentrated effort to understand the relationships between 

SNR, measurement error and group-level variance in the context of edited MRS 

experiments. In an earlier methodological review of MRS of GABA, Puts and Edden (2012) 

noted that the average SNR of GABA measurements reported in studies up until that point 

was equivalent to a 7-min acquisition in a 27-mL voxel at 3T. Currently, a typical scan time 

for editing GABA tends more conservatively toward 10 min, though the balance between 

SNR and measurement time for a given edited measurement varies based on the needs of a 

specific study (Mullins et al., 2014).

For given levels of longitudinal and transverse relaxation and efficacy of RF coil hardware, 

and standardized acquisition methodology, the SNR of an uncoupled singlet resonance can 

be expressed as SNR ∝ B0V√N, where B0 is the main magnetic field strength, V is the 

volume of the MRS voxel and N is the number of repetitions (signal averages). The √N term 
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arises because MR signals are phase-coherent and noise is an inherently random process; 

therefore, signal will increase faster than noise does (Ernst, 1965; Traficante, 1991). The 

noise in the measurement arises from a combination of thermal noise caused by the 

Brownian motion of electrons in tissue and RF coils, system noise in MRI scanners and 

physiological noise in biological samples (Edelstein et al., 1986; Hoult and Richards, 1976; 

Krüger and Glover, 2001; Redpath, 1998).

The physical properties of MR spectra, such as SNR and linewidth, and their impact on 

quantification reliability have been investigated in the past, but only for unedited MRS 

acquisitions. Kanowski et al. (2004) found a moderate effect of SNR and linewidth on error 

estimates of metabolite measurements at 1.5T, which was more pronounced for lower-

concentration metabolites. Macrì et al. (2004) reported similar findings at this field strength 

in the cerebellum. These effects were more unambiguously observed by Bartha (2007) for 

measurements detected at 4T. It should be pointed out that unedited spectra are typically 

quantified using linear-combination modeling, where measurement error will be highly 

dependent on the parameters of the metabolite basis set, and SNR-proportional biases in 

quantified concentrations are commonly observed. Thus, measurement error will also 

depend on which metabolites or macromolecules are included in the basis set as well as on 

the amount of noise filtering that is applied (Bartha et al., 1999; Jiru et al., 2006; Macrì et 

al., 2004).

Experimental design must consider both predicted measurement error (i.e., intraindividual 

variability) and the predicted interindividual variance of a sample cohort. For a given sample 

of MRS measurements, interindividual differences will contribute a fixed amount of variance 

that does not depend on SNR, while intraindividual measurement error will reduce with 

increasing measurement SNR. Especially concerning for edited MRS is the possibility that 

motion-related subtraction artifacts (Evans et al., 2013; Harris et al., 2014) might accumulate 

with increasing scan duration, leading to an increasing variance component. Therefore, an 

objective of this paper is to appraise the effects of signal averaging on the SNR of GABA-

edited spectra, and the associated effects on measurement error and group-level variance. 

Understanding how SNR relates to these sources of variance enables the design of optimized 

edited MRS experiments, both by considering the required number of signal averages for a 

single acquisition and providing guidance on the required sample sizes for a predicted effect.

In this paper, we examine the degree to which signal averaging limits reliable quantification 

in edited MRS measurements, with a specific focus on GABA editing. Through simulations 

and analysis of in vivo data we demonstrate that group-level variance stabilizes (i.e., reaches 

a limit where gains become minimal and not statistically different) in spite of unlimited 

increases in SNR. Using these results, we then calculate the sample sizes required to detect 

group differences of varying magnitudes as a function of number of signal averages.

2. Methods

2.1. Simulations

Simulations were run to assess the effect of SNR on measurement error and group-level 

variance in edited MRS data with a known ground truth. Twenty simulated datasets of 
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GABA-edited MEGA-PRESS (Mescher et al., 1998) acquisitions with known signal 

integrals and fixed linewidth were generated. Each acquisition was then used to generate 160 

pairs of ON/OFF subspectra (320 averages). Randomly generated Gaussian noise was added 

to each subspectrum such that the GABA SNR of the edited difference (DIFF) spectra of the 

full acquisition (320 averages) was ∼25, as estimated from a previous study (Mikkelsen et 

al., 2017). For each dataset, DIFF spectra were generated by binning into 8x averages, where 

1 ≤ x ≤ 40, giving 40 spectra per dataset of increasing SNR. The 3.0 ppm GABA signal in 

each DIFF spectrum was fitted with a two-Gaussian function using nonlinear least-squares 

regression and then integrated. SNR was measured in the frequency domain as the ratio 

between the amplitude of the modeled GABA signal and twice the standard deviation of 

noise signal between 9 and 10 ppm (Mikkelsen et al., 2017). Model fit error was calculated 

as the standard deviation of the fit residuals normalized to the amplitude of the modeled 

GABA signal. Simulations were performed in MATLAB (The MathWorks Inc., Natick, 

MA); the GABA-edited MEGA-PRESS spectra were simulated using FID-A (Simpson et 

al., 2017). ON/OFF subspectra were simulated with a basis set of 14 metabolites, a residual 

water signal and eight macromolecule resonances as described previously (Near et al., 

2013). These simulations were repeated 200 times for each of the 20 datasets, where noise 

was resampled each time.

Measurement error was assessed by calculating the relative root mean square error 

(RRMSE) (Sundin et al., 1999) of the modeled GABA signal integral for each dataset at 

each level of signal averaging:

RRMSE datasetp = 100 1
B ∑b = 1

B (I p − I p
b)

2

I p
2 [1]

where B is the number of simulations run, Ip is the true GABA signal integral for dataset p 

and I p
b is the modeled GABA signal integral for the pth dataset in the bth simulation. As a 

measure of group-level variance, the coefficient of variation (CV) of modeled signal 

integrals across the datasets was calculated at each level of signal averaging for each 

simulation. A square-root function was fitted to the mean of SNR values for each dataset to 

determine how well the estimated SNR followed the expected relationship:

f (n) = a n [2]

where n is the number of binned signal averages and a represents the SNR of the first 8 

averages. Assuming measurement error is inversely proportional to SNR, an inverse-square-

root function was fitted to the mean of model fit errors for each dataset and to the mean of 

RRMSEs:
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f (n) = a n−1 + b [3]

where b accounts for the error arising from imperfect modeling of the GABA signal and a + 

b is the model fit error of the first 8 averages.

2.2. In Vivo Experiments

Similar analyses were performed on in vivo GABA-edited data from a previously published 

study (Harris et al., 2015). Briefly, MEGA-PRESS was used to acquire GABA-edited 

measurements in 18 healthy adults (27.8 ± 4.0 years; 11 females/7 males) in five separate 

voxels (Figure 1): auditory cortex (AUD); dorsolateral prefrontal cortex (DLFPC); frontal 

eye field (FEF); sensorimotor cortex (SM); and occipital cortex (OCC). These voxel 

locations are typical for in vivo MRS studies as described previously (Boy et al., 2011; 

Gaetz et al., 2014; Puts et al., 2011; Sumner et al., 2010). MEGA-PRESS acquisition 

parameters were: 14-ms sinc-Gaussian editing pulses (ON/OFF = 1.9/7.46 ppm); TR/TE = 

2000/68 ms; 320 averages with ON/OFF scans alternating every 2 TRs (∼10 min scan time); 

2048 discrete data points; 2 kHz spectral width. Acquisitions were performed on a 3T 

Philips Achieva scanner (Philips Healthcare, The Netherlands) using a 32-channel phased-

array head coil. Voxel sizes were 3 × 3 × 3 cm3 for all voxels except the AUD voxel, which 

was 4 × 3 × 2 cm3. Scans were performed with approval from the local institutional review 

board and with written informed consent from volunteers.

2.3. Data Processing

Data were analyzed in Gannet (Edden et al., 2014) following the software's automated data 

processing pipeline and using additional custom in-house MATLAB code (Mikkelsen et al., 

2017). To test the SNR dependence of the in vivo GABA-edited measurements, cumulatively 

binned averages of 4x TRs were calculated as above. Due to excessive B0 field drift and/or 

participant head motion that could not be resolved with retrospective frequency-and-phase 

correction (Near et al., 2015), 10 datasets were excluded from further analysis (2 AUD, 2 

DLPFC, 1 FEF, 3 OCC, 2 SM). The outlier rejection algorithm in Gannet removed up to 20 

bad averages, so for consistency, all edited measurements were based on acquisitions with 

up to 300 signal averages. Spectra were generated using 4x averages (as ON/OFF scans were 

interleaved every 2 TRs), where 1 ≤ x ≤ 75. For every spectrum, GABA+/creatine (Cr) was 

quantified, using a three-Gaussian function to fit the 3.0 ppm GABA+ and 3.75 glutamate + 

glutamine (Glx) signals in the DIFF spectrum. A two-Lorentzian function was fitted to the 

choline and Cr signals in the OFF spectrum. GAB A SNR was measured as the ratio 

between the amplitude of the modeled GABA+ signal and twice the standard deviation of 

noise signal based on the algorithm described by Mikkelsen et al. (2017). Model fit error 

was measured as with the simulated data (refer to Section 2.1).

2.4. Statistical Analysis

To examine the impact of the number of signal averages in an acquisition on the group-level 

variance of the in vivo data, and thus the number of averages necessary for an empirical 

study, the variances of the in vivo GABA+/Cr measurements in each of the five voxels 
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binned into 16, 40, 64, 96, 140 and 200 averages were compared against the variance of the 

bin containing 300 averages using Levene tests for equality of variances. Pearson correlation 

coefficients were also calculated to test the linear relationship between the bins containing 

16, 40, 64, 96, 140 and 200 averages and the bin containing 300 averages. A p-value of less 

than 0.05 was considered significant. Corrections for multiple comparisons were not applied 

as the five voxel measurements are from the same subjects and therefore not completely 

independent.

2.4.1 Sample Size Calculations—Assuming equal variances and equal sample sizes per 

group, for a statistical comparison of two groups, the required sample size (s) per group can 

be calculated as:

s =
2(Zα/2 + Z1 − β)2σ2

Δ2 [4]

where Zα/2 is a constant that sets the alpha level (here, Zα/2 = 1.96 for an alpha = 0.05 in a 

two-tailed test), Z1–β is a constant that sets the statistical power (here, Z1–β = 0.842 for 80% 

power), σ is the group standard deviation and Δ is the predicted difference in group means 

(i.e., the effect size). Using the in vivo data, we ran sample size calculations for predicted 

differences in GABA+/Cr of 10–30% in steps of 5%. The value σ was estimated from the 

modeled group-level CV of GABA+/Cr measurements at each level of signal averaging for 

each of the five voxels. More specifically, we modeled the relationship between number of 

signal averages and CV using Eq. [3]. To avoid the scenario where outliers greatly inflated 

the CV and thus caused the fitting routine to fail, a median absolute deviation algorithm 

(Leys et al., 2013) was used to exclude outliers at each level of signal averaging, where the 

recommended deviation threshold of 2.5 was applied. After deriving these models from the 

data, s was calculated for the five effect sizes for each voxel as a function of number of 

signal averages.

3. Results

3.1. Simulations

The simulations showed that model fitting of the GABA signal at the dataset-level resulted 

in decreasing measurement error with increasing number of averages, as expected. 

Additionally, GABA SNR showed increasing gains with the number of averages according 

to Eq. [2]. Conversely, model fit error decreased with the number of averages according to 

Eq. [3]. In Figure 2, example calculated integrals (Figure 2a), SNR values (Figure 2b) and 

model fit errors (Figure 2c) for a single dataset plotted as a function of number of binned 

signal averages for each of the 200 simulations are shown illustrating these observed 

relationships.

Figure 2d shows the RRMSEs of the estimated integrals for each dataset as a function of 

number of signal averages. These also follow an inverse-square-root function, indicating that 

measurement error continues to decrease as the number of signal averages, and SNR, 
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increase. This suggests that uncertainty in the model estimate of signal area is inversely 

related to SNR. Estimation of the CV at the group-level showed a similar inverse-square-

root relationship (Figure 2e), with the estimates approaching the underlying true CV of 

12.3%. More importantly, however, after only half the full acquisition, the observed mean 

CV was already very close to the underlying true CV (12.8% at halfway vs. 12.5% at full 

acquisition vs. 12.3% at ground truth), emphasizing that although there are unlimited (if 

diminishing) SNR gains through signal averaging, the degree of group-level variance is 

acceptable in statistical terms at a relatively early time point.

3.2. In Vivo Experiments

Figure 3 shows example in vivo GABA-edited DIFF spectra and the corresponding GABA

+/Cr values from one participant's dataset acquired in an OCC voxel binned into 16, 40, 64, 

96, 140, 200 and 300 averages. The 3.0 ppm GABA+ signal lineshape is qualitatively similar 

between 140 and 300 averages. Beyond 96 averages, the fit residuals (for this particular 

dataset) are dominated by subtraction artifacts and imperfect modeling of the GABA signal 

with a single Gaussian. Figure 4a shows that the group-level variance (CV) of GABA+/Cr 

measurements stabilizes at approximately 200 averages. The results of the variance tests 

(Table 1) confirmed that there were no statistically significant differences between 200 and 

300 averages. For the OCC and SM voxels, no statistically significant differences in variance 

were observed between 300 and even lower numbers of averages (64 and 16, respectively). 

The results from the correlational tests (Figure 4b) further exemplify the voxel-dependent 

differences in signal averaging effects on the measurement error. That is, for a given voxel 

location, different numbers of averages are required to achieve data quality comparable with 

a full acquisition (300 averages).

The relationship between number of signal averages and SNR (Figure 5a) and between 

number of signal averages and model fit error (Figure 5b) of the in vivo data matched the 

findings from the simulations, there are increasing gains in SNR and reductions in 

measurement error observed with increasing number of averages.

3.3. Sample Size Calculations

Figure 6a displays the relationship between signal averages and group-level CV. This was 

well-approximated by the inverse-square-root function. The sample size calculations (Figure 

6b) showed that the required number of participants per group varies across voxels. More 

importantly, these calculations demonstrate, firstly, that given a large enough effect size, 

scan duration can be reduced by a significant margin (from a practical perspective) while 

still achieving a given degree of statistical power and, secondly, that acquisitions from 

certain voxels require much larger cohorts for a given predicted effect size.

4. Discussion

We have shown that signal averaging does indeed lead to unlimited gains in SNR in edited-

MRS data. This follows a square-root function as predicted by the law of signal averaging. 

In addition, measurement error decreases with the number of signal averages according to an 

inverse-square-root function. We demonstrate that there are minimal gains in the decrease in 
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group-level variance in edited measurements after a certain number of signal averages, but 

there is variation in this resulting from the location of MRS voxels in in vivo data. Finally, 

based on these findings, we determined the sample sizes needed to detect various effect 

sizes, providing a framework for the design of GABA-edited MRS studies.

Our findings indicate that metabolite quantification in GABA-edited MRS is typically not 

SNR-limited in the sense that estimated GABA+/Cr values, and the group-level variance of 

these, reach statistical equivalence (i.e., measured GABA+/Cr levels are not statistically 

different) as early as 7 min into a 10-min scan. Therefore, it appears possible to reduce the 

number of averages while maintaining an empirically acceptable amount of group variance. 

Our results show that group-level variance in GABA+/Cr measurements gradually decreases 

with increasing number of signal averages (Figures 2e and 6a). Table 1 shows there are only 

minimal gains of no statistical benefit after a certain number of averages. However, it should 

be reiterated that the observed measurement error and group-level variance varied across 

voxel locations. This can be seen by the differences in the CV and R2 of GABA+/Cr values 

in Figure 4. Such variability is likely driven by inherent differences in signal quality from 

data acquired in voxels prescribed in regions of poorer B0 and B1 homogeneity (in addition 

to the presence of signal artifacts). It can be further concluded, then, that the required 

number of signal averages may not be equivalent for two voxels of different locations. 

Nonetheless, in the best-case scenario where measurement error is dominated by signal 

noise, we have shown that group-level variance stabilizes earlier than would be expected if 

considering previous assumptions about gains from SNR improvements.

In addition to the effects of signal averaging on measurement error, spectral artifacts also 

have an important impact. The most significant artifact in spectral editing is subtraction 

artifacts (Evans et al., 2013; Harris et al., 2014), which result from frequency and phase 

misalignment of subspectra. This misalignment occurs from B0 field offsets resulting from 

participant head motion and/or the heating/cooling of magnet elements, as often seen 

following heavy gradient duty cycles (Harris et al., 2014). However, in practical 

circumstances, it is challenging to resolve the exact source of artifacts in in vivo data. If they 

are a result of motion, shorter duration scans may reduce some of these artifacts. The exact 

effects of spectral artifacts on reliable metabolite quantification in edited data in the context 

of signal averaging is beyond the scope of the present study.

Aside from evidence of a decoupling between a priori assumptions of the unlimited benefits 

of SNR improvement and reliable metabolite quantification in edited measurements, it is 

worth highlighting that sample size needs to also be considered when designing an MRS 

study. Increasing the number of participants will lead to a nonlinear increase in statistical 

power. In the context of edited MRS experiments, signal averaging has a characteristic 

impact on the number of participants needed to reliably observe a given effect size, which 

we have shown is both predictable based on the expected group-level variance and 

dependent on voxel location. Relatedly, MRS researchers should also consider the expected 

magnitude of the effect under investigation as this will necessarily have an influence on the 

required sample size. Brix et al. (2017) recently illustrated that for a given number of signal 

averages in a GABA-edited MEGA-PRESS acquisition the detectable effect size decreases 

as the number of participants increases (assuming 80% statistical power) according to an 
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inverse-square-root function. Our results extend their findings by fully illustrating the 

systematic effect of number of signal averages on sample size requirements and providing 

evidence that this effect is voxel-dependent.

In conclusion, previous assumptions of the necessity for long scan durations for GABA-

edited MRS acquisitions may not hold when considering the minimal gains achieved from 

reductions in group-level variance after a certain number of signal averages. Put differently, 

the 10-min/27-mL voxel rule-of-thumb need not be a hard-and-fast rule; it is possible to 

achieve reliable results with fewer averages using the same voxel volume. Thus, the number 

of averages required for edited MRS studies is not necessarily contingent on obtaining a 

specific SNR per se but rather on obtaining an empirically acceptable amount of 

measurement error and group-level variance that provides sufficient statistical power to a 

study. For certain cohorts or study designs, the option to shorten measurements in a 

principled manner would be highly beneficial.
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Highlights

• Measurement error and group-level variance can be used to optimize scan 

duration in GABA-edited MRS studies.

• Observed measurement variability depends on voxel location.

• Scan times may be reduced to ∼7 min or less in contrast to current 

recommendations (∼10 min).

• Sample sizes required to detect various effect sizes as a function of scan 

duration were calculated.
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Figure 1. 
Representative placement of the five MRS voxels. The voxel masks for one participant are 

co-registered onto their corresponding high-resolution structural image.
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Figure 2. 
Results from the simulations. (a) The modeled GABA signal integral, (b) GABA SNR and 

(c) GABA model fit error as a function of the number of cumulatively binned signal 

averages for one example simulated GABA-edited MEGA-PRESS dataset. The output from 

each of the 200 repeated simulations is displayed. (d) RRMSEs as a function of the number 

of cumulatively binned signal averages for the 20 simulated datasets. (e) The group-level CV 

of the dataset cohort as a function of the number of cumulatively binned signal averages in 

each of the 200 repeated simulations. The red lines in (b–e) are the modeled relationships of 

SNR, model fit error, RRMSE and CV as a function of the number of signal averages 

according to square-root and inverse-square-root functions. The green lines in (a) and (e) 

indicate the true integral of the example dataset and the CV of the 20 datasets, respectively.
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Figure 3. 
Example GABA-edited DIFF spectra from one in vivo dataset acquired from an OCC voxel. 

Each spectrum represents the data binned into 16, 40, 64, 96, 140, 200 and 300 signal 

averages. The right column shows the edited GABA+ and Glx signals with the 

corresponding three-Gaussian model fits overlaid in red. Fit residuals are shown below the 

fitted data.
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Figure 4. 
(a) Group GABA+/Cr measurements for the five voxels displayed as a function of the 

number of cumulatively binned signal averages. The solid black lines show the mean across 

the group. The grey shaded area is the corresponding standard deviation. The dots and black 

lines show the mean and standard deviation for the data containing 16, 40, 64, 96, 140, 200 

and 300 signal averages. The associated CV is shown as a percentage above or below the 

dashed lines. (b) R2 values from the correlational analyses of the GABA+/Cr data for the 

five voxels. Participants' GABA+/Cr data containing 16, 40, 64, 96, 140 and 200 signal 

averages were correlated against the data containing 300 signal averages. *** p < 0.001, ** 

p < 0.01, * p < 0.05, ns = non-significant.
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Figure 5. 
(a) Group GABA SNR values and (b) GABA model fit errors for the five voxels displayed as 

a function of the number of cumulatively binned signal averages. The solid black lines show 

the mean across the group. The grey shaded area is the corresponding standard deviation. 

The dots and dashed lines show the mean and standard deviation for the data containing 16, 

40, 64, 96, 140, 200 and 300 signal averages. The red lines represent either the 

corresponding square-root (in a) or inverse-square-root (in b) model of the data.
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Figure 6. 
(a) Group-level CV of GABA+/Cr for the five voxels displayed as a function of the number 

of cumulatively binned signal averages. The red lines represent the corresponding inverse-

square-root model of the data. (b) Estimated sample sizes (per group) required for a 

statistical comparison of two groups given various predicted effect sizes (differences of 10–

30% in GABA+/Cr) displayed as a function of the number of signal averages. Statistical 

power = 80%; alpha level = 0.05.
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