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Abstract
Magnetic resonance spectroscopy (MRS) is a research tool for measuring the concen-
tration of metabolites such as γ-aminobutyric acid (GABA) and glutamate in the brain. 
MEGA-PRESS has been the preferred pulse sequence for GABA measurements due to 
low physiological GABA concentrations, hence low signal. To compensate, research-
ers incorporate long acquisition durations (7–10 min) making functional measurements 
of this metabolite challenging. Here, the acquisition duration and sample sizes required 
to detect specific concentration changes in GABA using MEGA-PRESS at 3 T are pre-
sented for both between-groups and within-session study designs. 75 spectra were ac-
quired during rest using MEGA-PRESS from 41 healthy volunteers in 6 different brain 
regions at 3 T with voxel sizes between 13 and 22 cm3. Between-group and within-
session variance was calculated for different acquisition durations and power calcula-
tions were performed to determine the number of subjects required to detect a given 
percentage change in GABA/NAA signal ratio. Within-subject variability was assessed 
by sampling different segments of a single acquisition. Power calculations suggest that 
detecting a 15% change in GABA using a 2 min acquisition and a 27 cm3 voxel size, 
depending on the region, requires between 8 and 93 subjects using a within-session 
design. A between-group design typically requires more participants to detect the same 
difference. In brain regions with suboptimal shimming, the subject numbers can be up 
to 4-fold more. Collecting data for longer than 4 min in brain regions examined in this 
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1  |   INTRODUCTION

Magnetic resonance spectroscopy is a valuable tool used to 
study brain metabolism in vivo in clinical and healthy human 
populations. The technique has recently gained popularity in 
neuroscience research as it allows robust and reliable mea-
surements of glutamate and γ-aminobutyric acid (GABA), the 
brain's primary excitatory and inhibitory neurotransmitters, 
using existing MRI hardware. Research incorporating MRS 
measurements of GABA has enhanced our understanding of 
the underlying biochemistry of healthy brain function such 
as in motor learning (Floyer-Lea, Wylezinska, Wylezinska, 
Kincses, & Matthews, 2006; Stagg, 2014), visual stimulation 
(Lin, Stephenson, Stephenson, Xin, Napolitano, & Morris, 
2012; Schaller, Mekle, Mekle, Xin, Kunz, & Gruetter, 2013), 
pain stimulation (Cleve, Gussew, Gussew, & Reichenbach, 
2015; Gussew et al., 2010; Gutzeit et al., 2011) and cognitive 
function (Lally et al., 2014; Michels et al., 2012). In recent 
years, there have been several studies measuring changes in 
the concentration of metabolites as a function of time, either 
in response to neural activation (Ip et al., 2017; Lin et al., 
2012), or immediately pre- and post-intervention (Antonenko 
et al., 2017; Bachtiar, Near, Near, Johansen-Berg, & Stagg, 
2015), which for the purpose of this paper we term functional 
magnetic resonance spectroscopy (fMRS). However, progress 
in this field is hampered by the long acquisition durations re-
quired to achieve reasonable spectrum signal-to-noise ratio 
(SNR).

Measuring GABA accurately at 3 T using traditional MRS 
acquisition protocols is challenging due to its relatively low 
concentration compared to other metabolites in the brain 
(Govindaraju, Young, Young, & Maudsley, 2000; Stagg, 
Bachtiar, Bachtiar, & Johansen-Berg, 2011). At 3 T, there is 
spectral overlap of the GABA peaks with much larger peaks 
such as creatine (Cr) and phosphocreatine (PCr) at 3.02 ppm, 
glutamate at 2.35 ppm and NAA at 2.02 ppm making quan-
tification of GABA difficult. To overcome this problem, a 
difference-editing technique such as MEGA-PRESS can be 
used, which collects interleaved spectral acquisitions that dif-
fer in their effect on the GABA spin system (Mescher, Merkle, 
Merkle, Kirsch, Garwood, & Gruetter, 1998). MEGA-PRESS 
is the most commonly used method to quantify GABA at 
3 T and has been shown to be robust and reliable (Mullins 
et al., 2014; Gorman, Michels, Michels, Edden, Murdoch, & 

Martin, 2011; Oz et al., 2006; Shungu et al., 2016; Yasen, 
Smith, Smith, & Christie, 2017).

The current practice of GABA measurement in the brain 
using MEGA-PRESS compensates for the low GABA sig-
nal due to low physiological GABA concentrations with 
longer acquisition times (7–10  min) and large voxel sizes 
(generally 3  ×  3  ×  3  cm3) (Mullins et al., 2014; Puts & 
Eden, 2012). This makes functional measurements difficult 
to interpret as neurophysiological changes generally occur 
at faster timescales than this. Reducing the time required 
for robust GABA quantification would also be advantageous 
for general MRS research as current GABA acquisition du-
rations can be prohibitive in terms of total time required in 
the scanner, especially when dealing with populations for 
whom this time must be minimised. Variance in the GABA 
measurement is the only factor of relevance in determin-
ing subject numbers (or acquisition duration or voxel size) 
required to detect a particular effect size; as is clear from 
Equation 3. It is therefore important that we understand the 
relationship between variance in the GABA-edited signal 
and acquisition duration.

In this paper, we examine GABA-edited data collected 
from 6 different brain regions using MEGA-PRESS at 3 T 
to test whether longer acquisition durations are warranted to 
increase the SNR and so improve precision. We demonstrate 
that at the group level, variance in the data reaches a point 
at which it does not reduce any further with acquisition time 
and so collecting data for longer than this may not be useful. 
We estimate the sample size and the necessary acquisition 
duration required to detect statistically significant concentra-
tion changes in GABA (estimated as a ratio relative to NAA) 
for between-groups and within-session study designs in the 
relevant brain regions with an assumed voxel size of 27 cm3 
(3 × 3 × 3 cm). The within-session subject numbers will in-
form the design of fMRS studies and the between-group anal-
yses will be useful for more general MRS research.

2  |   METHODS

All acquisitions were performed on a 3  T MRI scanner 
(Philips Achieva, Best, the Netherlands), using a body 
coil for transmission and a 32-channel head coil for signal 
reception.

study is deemed unnecessary, as variance in the signal did not reduce further for longer 
durations.

K E Y W O R D S

fMRS, GABA, MEGA-PRESS, power calculation, precision, quantification
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2.1  |  Subjects and data acquisition

83 GABA-edited spectra were acquired during rest using 
MEGA-PRESS from 41 healthy volunteers (20 female, 21 
male, age range 20–55 years old, mean age 29.4 ± 9.2) who all 
gave written informed consent in accordance with procedures 
approved by University of Manchester Ethics Committee 
(Refs 04/Q1405/66, 12049, 14/NW/0298, 08/H1004/93). For 
all acquisitions, a 1-mm isotropic T1-weighted image was 
acquired to aid the positioning of the 1H MRS voxel and to 
correct for grey matter concentration. Ten of the volunteers 
had 1H MRS measurements in three different brain regions 
with a voxel size of 32 × 32 × 32 mm3 as follows: left oc-
cipital cortex (LOCC), left motor cortex (LMC) and right 
motor cortex (RMC). Nine of the volunteers had measure-
ments in the anterior cingulate cortex (ACC) with a voxel 
size of 35 × 40 × 20 mm3 and 22 had measurements in the oc-
cipital cortex (OCC) with a voxel size of 30 × 30 × 30 mm3 
and the anterior temporal lobe (ATL) with a voxel size of 
35  ×  25  ×  15  mm3 (see Figure 1). All participants were 
scanned at rest and were instructed to remain with eyes open 
and the lights in the scanning room were switched on.

The GABA-edited MEGA-PRESS spectra (TE/
TR = 70/2000 ms, 1,024 samples, 2kHz bandwidth) were ac-
quired in consecutive blocks of 4 averages when the MEGA 
pulse was set at 1.89 ppm (MEGA-on), referred to as a sin-
gle dynamic, followed by four averages of MEGA pulse set 
at 7.6 ppm (MEGA-off). The dynamics were then repeated 
in an interleaved manner. Most of the peaks in the spectrum 
are unaffected by the editing pulses, therefore subtraction of 
the averaged ON from the OFF spectra results in removal 
of all these peaks, leaving only those peaks targeted by the 
editing pulses (Mullins et al., 2014). The final edited spec-
trum contains all signals close to the 1.89 ppm editing pulse, 
signal from the coupled GABA signal at 3 ppm, as well as 
the coupled signal at 3.75 ppm for the combined measures of 

glutamate and glutamine (Glx) and co-edited macromolecule 
signals.

LMC, LOCC and RMC voxels had 32 dynamics in total 
(acquisition time 4 min 16 s); ACC, ATL, OCC had 74 dy-
namics in total (acquisition time 9  min 52  s). The water 
suppression method had an excitation with a window of 
140  Hz, and the shimming was second-order pencil beam 
(FASTMAP), as described previously (Sanaei Nezhad et al., 
2017). The N-acetylaspartate (NAA) peak at 2.02 ppm was 
used for frequency referencing.

2.2  |  Metabolite quantification

Analysis of the spectroscopic data to quantify GABA was 
performed in jMRUI 6.0 software (Stefan et al., 2009) using 
QUEST (Ratiney et al., 2005), a non-linear least squares fit-
ting algorithm. QUEST is a time-domain algorithm which 
fits a weighted combination of metabolite signals directly to 
the data. An initial metabolite basis set, used as prior knowl-
edge for QUEST quantification, was obtained by scanning 
single metabolite phantoms: NAA, Glu, Gln and GABA. For 
accurate frequency referencing and phase estimation of each 
in vivo spectrum, pre-processing was performed as follows. 
First, the dynamics which had their MEGA frequency set at 
7.6 ppm (MEGA-off) were summed. The NAA peak was set 
as 2.02  ppm and its phase was estimated using AMARES 
(Vanhamme, van den Boogaart, van den Boogaart, & Van 
Huffel, 1997), a resonance-by-resonance quantification 
method based on a non-linear least squares algorithm. Since 
the NAA peak in GABA-edited MEGA-PRESS has a 180° 
phase shift relative to the GABA peak at 3 ppm, the MEGA-
PRESS phase was fixed at the NAA phase minus 180°. Any 
residual water peak was removed using Hankel Lanczos 
Singular Values Decomposition routine in jMRUI. Finally, 
all the dynamics were summed to give the GABA-edited 

F I G U R E  1   Voxel locations are given 
for each of the regions analysed in the 
main study [Colour figure can be viewed at 
wileyonlinelibrary.com]
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spectrum. The implementation of MEGA-PRESS on the 
scanner is such that there is a phase shift of 180° between 
the MEGA-on and MEGA-off dynamics so that the GABA 
signal is always positive.

2.2.1  |  Concentration calculation

GABA concentration was estimated using the NAA signal as 
a concentration reference, according to the following equation:

where SGABA and SNAA are the raw GABA and NAA signals, 
respectively. The factor 2 is to correct for the suppression of the 
NAA peak in the MEGA-on spectra. The nGABA and nNAA are the 
number of protons in the GABA and NAA molecules. [NAA] is 
the concentration of NAA in human brain, which was assumed 
to be 8 mM in all calculations. E is the editing efficiency, defined 
as the ratio of the edited GABA signal intensity compared to 
the non-edited intensity in a sample which only contains GABA. 
This was set to 0.5 (Mullins et al., 2014) though this does not 
take account of signal loss due to chemical shift displacement 
effects when spectroscopic editing is performed with slice-se-
lective pulses (Slotboom, Mehlkopf, Mehlkopf, & Bovee, 1994). 
This effect is sequence-dependent and constant across all the 
studies reported here so has not been factored in.

2.2.2  |  Quality control

All spectra were subjected to quality control assessment as 
per (Sanaei Nezhad et al., 2017). Briefly, GABA SNR, NAA 

linewidth and Glx Cramer–Rao lower bound (CRLB) were 
calculated for every data set with an acquisition duration of 4 
min 16 s of data and the spectra passed quality control if the 
following conditions were met:

1.	 NAA linewidth and Glx CRLB are both less than the 
mean plus 2 standard deviations of all the data within 
that region.

2.	 GABA SNR is greater than the mean minus 2 standard 
deviations of all data within that region.

Note that each spectrum is judged on the basis of the aver-
age data quality within the region it was acquired, rather than 
using the cut-offs suggested in Sanaei Nezhad et al. (2017). 
This was implemented to provide sample size information for 
both high- and low-quality data. On this basis, 8 spectra were 
excluded from further analysis leaving 75 spectra in total. 
Please see Table 1 for a breakdown by region.

2.3  |  Statistical analysis

2.3.1  |  Calculation of variance

The variance across subjects determines the power in a be-
tween-groups study design. As variance depends on acquisition 
time, we calculated the mean and variance in GABA concen-
tration across subjects as a function of acquisition duration for 
each region of interest (ROI). To do this, spectra were averaged 
for each participant up to the specified acquisition duration and 
GABA concentration was quantified as a ratio to NAA. In order 
to remove the impact of any physiological change in GABA 
concentration over the duration of the acquisition, individual 
spectra were sampled (without replacement) from the full set 

(1)[GABA]=
SGABA

2∗SNAA

×
nNAA

nGABA

×[NAA]×
1

E

T A B L E  1   GABA data across subjects are reported in different regions of interest. Mean across subjects of GABA concentration, the grey and 
white matter percentage within the voxel, and the spectral quality factors are given as mean ± SD at 4 min 16 s acquisition time

Region (rejected  
spectra) Voxel Size cm3 [GABA/NAA] GM% WM% GABA SNR NAA LW (Hz) Glx CRLB(%)

ACC
N = 9 (2)

28 4.2 ± 0.8 43.4 ± 2.6 46.1 ± 2.5 3.1 ± 0.8 5.6 ± 0.5 8.5 ± 1.3

ATL
N = 22 (2)

13.1 2.1 ± 1.0 50.9 ± 4.2 46.8 ± 4.7 1.2 ± 0.4 12.1 ± 4.0 36.6 ± 24.7

LMC
N = 10 (0)

32.8 3.0 ± 0.9 31.0 ± 2.7 62.2 ± 4.3 2.6 ± 0.6 6.3 ± 1.0 18.0 ± 22.0

LOCC
N = 10 (0)

32.8 3.3 ± 0.6 42.7 ± 3.0 52.8 ± 6.0 2.5 ± 0.4 6.8 ± 1.5 24.0 ± 46.0

OCC
N = 22 (4)

27 3.8 ± 0.5 54.2 ± 6.0 32.2 ± 10.1 3.7 ± 0.9 5.9 ± 0.6 7.3 ± 2.0

RMC
N = 10 (0)

32.8 3.4 ± 0.7 31.7 ± 4.2 61.0 ± 6.0 1.9 ± 0.9 5.9 ± 0.3 12.0 ± 5.0
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such that the number of averages equated to the acquisition du-
ration of interest. These spectra were then used to determine the 
mean and SD for each duration and ROI.

The variance between repeat measurements in the same 
person determines the power in a within-session study de-
sign. The within-session variance was estimated by splitting 
the data either into two segments (of 2 min 8 s or 4 min 16 s 
duration) or, if enough data were acquired, into four segments 
(of 2 min 8  s duration) to yield two or four measurements 
within a single scan session for each person. For data sets that 
had only two measurements per subject, the Bland–Altman 
variance estimation was used as below (Bland & Altman, 
1996):

where n is the number of subjects and di is the difference be-
tween the two measurements for subject i. For datasets where 
there were four measurements, the per-person variance was av-
eraged across participants. As for the between-groups analysis, 
individual spectra were sampled at random from the complete 
set in order to make up the data segments of different lengths 
for each participant.

For ease of comparison between regions, we calculated 
the relative standard deviation (SD), defined as the SD nor-
malised by the mean (here we used the mean as calculated at 
4 min 16 s as variance in the concentration did not decrease 
past this point). We further normalised the relative SD by 
multiplying by the size of the voxel (in cm3) and dividing by 

27 to give a measurement of relative SD for a voxel of size of 
27 cm3. This was to be able to compare our results per unit 
voxel size. This assumes that the SD of the signal is inversely 
proportional to the voxel size (Macovski, 1996) and is also 
consistent with the expectation that the noise in a voxel is 
independent of voxel size (as it is due to resistive coupling 
of the whole receiver coil with the sample), whereas signal is 
directly proportional to the voxel volume.

2.3.2  |  Power calculation to determine 
sample size

Power calculations were performed in each ROI to determine 
the number of subjects (N) required to detect a given effect 
size (eff). The following equation was used (Noordzij et al., 
2010; Zar, 1996):

where Z1−�∕2 is the Z score (number of standard deviations 
from the mean) related to the significance level which was con-
sidered as 0.05 (Z1−�∕2 =1.96). Z1−� is the Z score of the detec-
tion power which was considered as 80% (Z1−� =0.8416). The 
variance �2 was estimated as described in the section above (we 
used the square of the relative standard devation for a standard 
voxel size of 27  cm3) and the power calculations performed 
for both between-group and within-session study designs for a 
range of effect sizes.

(2)�2 =
1

2n

n
∑

i=1

d
2
i

(3)N =
2�2(Z1−�∕2+Z1−�)2

eff2

F I G U R E  2   GABA/NAA 
concentration measurement is shown for 
each participant as the acquisition duration 
increases for each ROI with mean in bold 
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2.4  |  Regional comparisons

In order to test whether there were regional differences in the 
GABA/NAA concentration, a 1-way analysis of variance test 
(ANOVA) was performed on mean concentrations at 4 min 
16  s across all participants using R (R Core Team, 2017). 
Similar analysis were performed to test for regional differ-
ences in the percentage of grey and white matter.

3  |   RESULTS

3.1  |  Calculation of variance

GABA concentration measurements with increasing acquisi-
tion duration are shown for each brain region for each par-
ticipant in Figure 2. Figure 3 shows the relative SD of the 
GABA concentration measurements with increasing acquisi-
tion duration for each brain region for a standard voxel size of 
27 cm3. The mean concentration of GABA across subjects at 
4 min 16 s is within 13% of the final value for all regions with 
longer acquisitions, suggesting reasonable accuracy at this 
duration. The variance does not continue to decrease after 
4 min 16 s, suggesting that this is sufficient time for precise 
GABA concentration measurements in all ROI’s shown here 
with no benefit of collecting data for longer.

The mean and relative SD of GABA/NAA concen-
tration for a standard voxel size of 27 cm3, the grey and 
white matter percentage within the voxel, and the spectral 

quality factors are given for each region in Table 1. Since 
the variance of the GABA concentration does not continue 
to decrease after 4 min 16 s, values are reported at this du-
ration for all voxels. Figure 4 illustrates a sample spectrum 
in each region.

3.2  |  Sample sizes

Sample sizes for between-group and within-session study 
design were calculated using Equation 3. Figure 5 dem-
onstrates that the number of subjects required to detect a 
given effect size varies according to the region of interest. 
The number of subjects required to detect a 15% change of 
GABA concentration in each region of interest is reported 
in Table 2 for each region, study design and duration inves-
tigated (assuming a standard voxel size of 27 cm3). Here, 
we use 15% as an illustration based on a number of pre-
vious studies who have found a change in GABA in this 
range in response to intervention, for example (Cleve et 
al., 2015; Padulo et al., 2016). As expected it can be ob-
served that for the same effect size, a larger number of sub-
jects is required for between-group studies compared to a 
within-session study, and the longer the acquisition time, 
the fewer subjects that are needed.

3.3  |  Regional comparisons

We performed a 1-way ANOVA on mean GABA/NAA con-
centrations at 4 min 16 s across all ROIs and found a signifi-
cant effect of ROI on GABA/NAA concentrations (F = 7.52, 
p = .008), we note that this effect may be due to variations in 
either metabolite.

We performed a 1-way ANOVA on GM and WM per-
centages across all ROIs and found no effect of ROI on GM 
percentages within the voxels (F  =  0.23, p  =  .64) or WM 
(F = 1.73, p = .19).

4  |   DISCUSSION AND 
CONCLUSIONS

The variance measurements indicate that the implementa-
tion of an fMRS study using GABA-edited MEGA-PRESS 
is feasible in a relatively small group size (<40), provided 
that a minimum acquisition time of 4 min 16 s is allocated 
per measure in the regions we considered except LMC. For 
shorter acquisition times the number of subjects required 
increases depending on the region, but the ability to de-
tect functional changes in a within-session design over a 
2-min duration is still feasible. For acquisition times below 
approximately 2 min, we found that group-level variance 

F I G U R E  3   The relative SD is given for a standard voxel size of 
27 cm3 per ROI as a function of acquisition duration. It can be seen 
that the variance does not reduce any further for acquisition times 
greater than 4 min [Colour figure can be viewed at wileyonlinelibrary.
com]
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was high (Figure 3), reducing the possibility of detecting 
group-wise differences in GABA concentration that occur 
over this timescale.

The decrease in relative SD with increasing acquisi-
tion duration (Figure 3) initially follows approximately the 

relation predicted by theory that SD is inversely propor-
tional to the square root of acquisition duration (Macovski, 
1996), that is to halve the SD, acquisition duration must be 
increased four-fold. However, this holds only up to a cer-
tain point with no clear gain beyond 4 min of acquisition. 

F I G U R E  4   A sample spectrum with 
4 min 16 s acquisition time in each of the 
regions analysed. GABA, Glx and NAA are 
labelled on the first spectrum [Colour figure 
can be viewed at wileyonlinelibrary.com]

F I G U R E  5   The sample size required 
to detect a given effect size in each region 
of interest is plotted for (a) between-group 
design for duration of 4 min 16 s, (b) within-
session design for duration of 4 min 16, (c) 
between-group design for duration of 2 min 
8 s (d) within-session design for duration of 
2 min 8 s. Equation 3 was used to calculate 
the required number of subjects [Colour 
figure can be viewed at wileyonlinelibrary.
com]
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Beyond this point, it seems that true biological variabil-
ity across subjects limits further gain. Therefore, to have 
power to detect smaller effect sizes, either subject numbers 
or voxel volume must be increased. It should be noted that 
the minimum detectable effect size depends on the inverse 
root of the number of subjects (Equation 3) but also on the 
inverse of voxel size, so to halve the effect size either the 
voxel size would need to be doubled, or the number of sub-
jects would need to be quadrupled. The limited acquisition 
duration of our data did not allow us to test beyond 4 min 
16 s for the within-session design so it is unclear whether 
additional gains can be made with longer acquisition dura-
tion in this case.

The ATL region shows the highest variance at 4 min 16 s, 
even after correcting for the smaller voxel size of this region. 
In ATL, the SNR value is the lowest among all studied re-
gions which in part reflects a lower GABA concentration 
(see Table 1), though the lower SNR is more than expected 
simply from a lower concentration. Additionally, the other 
quality control factors NAA linewidth and Glx CRLB, were 
highest in the ATL (see Table 1). Hence, the variance may 
be attributed mainly to lower spectral quality rather than 
greater biological variability. It is worth stating that this re-
gion is particularly hard to shim due to its proximity to the 
sinus. Note that only data from the ACC and OCC pass the 
strict spectral quality test as set out in (Sanaei Nezhad et al., 
2017), that is SNR > 1.0, NAA linewidth < 8 Hz and Glx 
CRLB < 16%. These limits are suggested for quantification 
of Glutamate and Glutamine and so may be too strict for ac-
curate assessment of GABA but nevertheless serve as a guide 
for very high-quality data. The number of subjects required 
to detect a 15% changes in GABA concentration in ACC is 
however markedly greater than for OCC, suggesting greater 
biological variability across people and time for ACC in 
comparison to OCC. However, the relatively low number of 
subjects with data for the ACC region may make this inter-
pretation unreliable.

The significant GABA/NAA signal difference between 
the 6 ROIs suggests a regional neurotransmitter concentration 
variation. This has also been found in different studies map-
ping GABA levels in the brain (Gaetz et al., 2014; Harada, 
Kubo, Kubo, Nose, Nishitani, & Matsuda, 2011; Zhu, Edden, 

Edden, Ouwerkerk, & Barker, 2011). The GM and WM com-
position can also play a role in this variation; however, the 
similar GM content and yet different GABA concentration in 
ROIs such as ACC and LOCC or OCC and ATL weaken this 
hypothesis.

The power calculations show that at 3  T, detecting a 
GABA difference lower than 5% in all investigated regions, 
would not be possible with a reasonable number of subjects 
(<50) (see Figure 5). This is an important finding for stud-
ies that hypothesise a low concentration change in GABA. 
However, for an effect size of around 15%, we predict much 
more reasonable sample sizes (between 8 and 43 depending 
on the region, excluding the LMC) which is evidenced by 
recent literature (Cleve et al., 2015; Padulo et al., 2016). 
The power calculations in this paper are limited to only 
six regions in the brain; however, it is logical to assume a 
similar behaviour in adjacent regions with similar spectra 
quality.

In this study, the within-subject variability was assessed 
by randomly sampling individual spectra from the entire ac-
quisition, as described in the Methods. More typically, with-
in-subject variability is measured by sampling from the same 
subject during different scan sessions separated by a day or 
more. Introducing a time interval and repositioning between 
repeat scanning sessions will likely increase the variability 
of repeat measurements and hence increase the suggested 
sample sizes. We chose our within-session approach to pro-
vide appropriate numbers for a true “functional” MRS ex-
periment in which there is a manipulation altering GABA 
within the same scanning session. The subject numbers for 
the within-subject design are not greatly different than those 
for the between-subject design, suggesting that the variability 
in GABA estimates within the same person from session to 
session is not markedly smaller than the variation from per-
son to person.

The results of this study are only based on the basic 
averaging method for signal acquisition, however statisti-
cal resampling techniques such as bootstrapping or jack-
knife could provide more information about the natural 
variability of the signal. It is also important to note that 
GABA concentration will reflect the ongoing neural activ-
ity and hence it is important to give consistent instructions 

Region
Between-group 
4 min 16 s

Within-session 
4 min 16 s

Between-group 
2 min 8 s

Within-session
2 min 8 s

ACC 27 36 100 88

ATL 40 43 57 93

LMC 86 NA 195 42

LOCC 29 NA 79 20

OCC 14 8 27 13

RMC 39 NA 27 8

T A B L E  2   The number of subjects 
required to detect a 15% change of GABA 
in each region of interest using a standard 27 
cm3 voxel is reported for each region, study 
design and duration investigated
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to participants during scanning in order to reduce this po-
tential variability. In this study, we simply instructed the 
participants to remain still with eyes open but, depending 
on the brain region, it may be worth considering additional 
constraints such as focussing on a fixation cross or provid-
ing a low-level task.

This study illustrates that fMRS measurement of GABA 
with MEGA-PRESS pulse sequence at 3  T is feasible. 
Practical graphs and power calculations in 6 different brain 
regions are presented and can be used in research designs. 
We demonstrate that the acquisition time and the region of 
interest plays an important role on the minimum effect size 
that can be detected with a fixed number of subjects.

ACKNOWLEDGEMENTS
European Commission-TRANSACT-FP7 (316679); UK-
Medical Research Council (MR/K020803/1 and MR/
J004146/1); University of Manchester Stepping Stones 
Award; EPSRC (EP/M005909); NIHR/WT Clinical 
Research Facility in Manchester for support of scanning; 
Dr. Cathy Gregory, Dr. Richard Smallman and the SPRING 
study team for the ACC data; Dr. Richard Edden (Johns 
Hopkins, Baltimore, MD USA) for providing us with the 
original MEGA-PRESS patch supported by tools developed 
under NIH R01 EB016089 and P41 EB015909; RAEE also 
receives salary support from these grants. Dr John Deng 
and Prof. Caroline Rae (UNSW, Sydney, Australia) for pro-
viding an updated MEGA-PRESS and Dr Hamied Haroon 
(University of Manchester) and Dr David Higgins (Philips, 
UK) for converting it to our software version. Dr Caroline 
Lea-Carnall is funded by MRC Grant MR/PO14445/1. The 
authors thank the two anonymous reviewers for their helpful 
comments and suggestions. The authors declare no conflicts 
of interest.

CONFLICT OF INTERESTS
The authors have no competing interests to declare.

AUTHOR CONTRIBUTIONS
FSN, SW, LP designed the study. FSN, CLC, JJ, EM, AA, 
SW, LP collected the data. FSN, SW, LP analysed the data. 
FSN, CLC, LP, SW wrote the paper.

ORCID
Faezeh Sanaei Nezhad   https://orcid.
org/0000-0002-8698-9467 
Caroline A. Lea-Carnall   https://orcid.
org/0000-0001-6814-3356 
Adriana Anton   https://orcid.org/0000-0002-1356-4513 

DATA AVAILABILITY STATEMENT
The data can be found at 10.6084/m9.figshare.9878843.

REFERENCES
Antonenko, D., Schubert, F., Bohm, F., Ittermann, B., Aydin, S., Hayek, 

D., … Flöel, A. (2017). tDCS-induced modulation of GABA levels 
and resting-state functional connectivity in older adults. Journal of 
Neuroscience, 37(15), 4065–4073. https​://doi.org/10.1523/JNEUR​
OSCI.0079-17.2017

Bachtiar, V., Near, J., Johansen-Berg, H., & Stagg, C. J. (2015). 
Modulation of GABA and resting state functional connectivity by 
transcranial direct current stimulation. Elife, 4, 1023.

Bland, J. M., & Altman, D. G. (1996). Statistics notes: Measurement 
error. BMJ, 312(7047), 1654–1654. https​://doi.org/10.1136/
bmj.312.7047.1654

Cleve, M., Gussew, A., & Reichenbach, J. R. (2015). In vivo detection 
of acute pain-induced changes of GABA+ and Glx in the human 
brain by using functional 1H MEGA-PRESS MR spectroscopy. 
NeuroImage, 105, 67–75.

Core Team, R. (2017). R: A language and environment for statistical 
computing. Vienna, Austria: R Foundation for Statistical Computing.

Floyer-Lea, A., Wylezinska, M., Kincses, T., & Matthews, P. M. (2006). 
Rapid modulation of GABA concentration in human sensorimo-
tor cortex during motor learning. Journal of Neurophysiology, 95, 
1639–1644.

Gaetz, W., Bloy, L., Wang, D. J., Port, R. G., Blaskey, L., Levy, S. E., & 
Roberts, T. P. L. (2014). GABA estimation in the brains of children 
on the autism spectrum: Measurement precision and regional corti-
cal variation. NeuroImage, 86, 1–9.

Govindaraju, V., Young, K., & Maudsley, A. A. (2000). Proton NMR 
chemical shifts and coupling constants for brain metabolites. NMR 
in Biomedicine, 13(3), 129–153. https​://doi.org/10.1002/1099-
1492(20000​5)13:3<129:AID-NBM61​9>3.0.CO;2-V

Gussew, A., Rzanny, R., Erdtel, M., Scholle, H. C., Kaiser, W. A., 
Mentzel, H. J., & Reichenbach, J. R. (2010). Time-resolved func-
tional 1H MR spectroscopic detection of glutamate concentra-
tion changes in the brain during acute heat pain stimulation. 
NeuroImage, 49(2), 1895–1902. https​://doi.org/10.1016/j.neuro​
image.2009.09.007

Gutzeit, A., Meier, D., Meier, M. L., von Weymarn, C., Ettlin, D. A., 
Graf, N., … Brügger, M. (2011). Insula-specific responses induced 
by dental pain. A proton magnetic resonance spectroscopy study. 
European Radiology, 21(4), 807–815. https​://doi.org/10.1007/
s00330-010-1971-8

Harada, M., Kubo, H., Nose, A., Nishitani, H., & Matsuda, T. (2011). 
Measurement of variation in the human cerebral GABA level by in 
vivo MEGA-editing proton MR spectroscopy using a clinical 3 T 
instrument and its dependence on brain region and the female men-
strual cycle. Human Brain Mapping, 32(5), 828–833. https​://doi.
org/10.1002/hbm.21086​

Ip, I. B., Berrington, A., Hess, A. T., Parker, A. J., Emir, U. E., & Bridge, 
H. (2017). Combined fMRI-MRS acquires simultaneous glutamate 
and BOLD-fMRI signals in the human brain. NeuroImage, 155, 
113–119.

Lally, N., Mullins, P. G., Roberts, M. V., Price, D., Gruber, T., & 
Haenschel, C. (2014). Glutamatergic correlates of gamma-band os-
cillatory activity during cognition: A concurrent ER-MRS and EEG 
study. NeuroImage, 85, 823–833.

Lin, Y., Stephenson, M. C., Xin, L., Napolitano, A., & Morris, P. G. 
(2012). Investigating the metabolic changes due to visual stimu-
lation using functional proton magnetic resonance spectroscopy 

https://orcid.org/0000-0002-8698-9467
https://orcid.org/0000-0002-8698-9467
https://orcid.org/0000-0002-8698-9467
https://orcid.org/0000-0001-6814-3356
https://orcid.org/0000-0001-6814-3356
https://orcid.org/0000-0001-6814-3356
https://orcid.org/0000-0002-1356-4513
https://orcid.org/0000-0002-1356-4513
https://doi.org/10.1523/JNEUROSCI.0079-17.2017
https://doi.org/10.1523/JNEUROSCI.0079-17.2017
https://doi.org/10.1136/bmj.312.7047.1654
https://doi.org/10.1136/bmj.312.7047.1654
https://doi.org/10.1002/1099-1492(200005)13:3%3C129:AID-NBM619%3E3.0.CO;2-V
https://doi.org/10.1002/1099-1492(200005)13:3%3C129:AID-NBM619%3E3.0.CO;2-V
https://doi.org/10.1016/j.neuroimage.2009.09.007
https://doi.org/10.1016/j.neuroimage.2009.09.007
https://doi.org/10.1007/s00330-010-1971-8
https://doi.org/10.1007/s00330-010-1971-8
https://doi.org/10.1002/hbm.21086
https://doi.org/10.1002/hbm.21086


      |  1793SANAEI NEZHAD et al.

at 7 T. Journal of Cerebral Blood Flow and Metabolism, 32(8), 
1484–1495.

Macovski, A. (1996). Noise in MRI. Magnetic Resonance in Medicine, 
36(3), 494–497. https​://doi.org/10.1002/mrm.19103​60327​

Mescher, M., Merkle, H., Kirsch, J., Garwood, M., & Gruetter, R. 
(1998). Simultaneous in vivo spectral editing and water sup-
pression. NMR in Biomedicine, 11(6), 266–272. https​://doi.
org/10.1002/(SICI)1099-1492(19981​0)11:6<266:AID-NBM53​
0>3.0.CO;2-J

Michels, L., Martin, E., Klaver, P., Edden, R., Zelaya, F., Lythgoe, D. 
J., & O’Gorman, R. L. (2012). Michels L Martin E Klaver P et al. 
Frontal GABA levels change during working memory. PLoS ONE, 
7(4), e31933.

Mullins, P. G., McGonigle, D. J., O'Gorman, R. L., Puts, N. A. J., 
Vidyasagar, R., Evans, C. J., & Edden, R. A. E. (2014). Current 
practice in the use of MEGA-PRESS spectroscopy for the detec-
tion of GABA. NeuroImage, 1(86), 43–52. https​://doi.org/10.1016/j.
neuro​image.2012.12.004

Noordzij, M., Tripepi, G., Dekker, F. W., Zoccali, C., Tanck, M. W., & 
Jager, K. J. (2010). Sample size calculations: Basic principles and 
common pitfalls. Nephrology, Dialysis, Transplantation, 25(10), 
3461–3462. https​://doi.org/10.1093/ndt/gfq563

O'Gorman, R. L., Michels, L., Edden, R. A., Murdoch, J. B., & Martin, 
E. (2011). In vivo detection of GABA and glutamate with MEGA-
PRESS: Reproducibility and gender effects. Journal of Magnetic 
Resonance Imaging, 33(5), 1262–1267. https​://doi.org/10.1002/
jmri.22520​

Öz, G., Terpstra, M., Tkáč, I., Aia, P., Lowary, J., Tuite, P. J., & Gruetter, 
R. (2006). Proton MRS of the unilateral substantia nigra in the human 
brain at 4 tesla: Detection of high GABA concentrations. Magn Reson 
Imaging Med, 55(2), 296–301. https​://doi.org/10.1002/mrm.20761​

Padulo, C., Delli Pizzi, S., Bonanni, L., Edden, R. A. E., Ferretti, A., 
Marzoli, D. … Brancucci, A. (2016). GABA levels in the ventrome-
dial prefrontal cortex during the viewing of appetitive and disgust-
ing food images. Neuroscience, 333, 114–122.

Puts, N. A., & Eden, R. A. (2012). In vivo magnetic resonance spec-
troscopy of GABA: A methodological review. Progress in Nuclear 
Magnetic Resonance Spectroscopy, 60, 29–41.

Ratiney, H., Sdika, M., Coenradie, Y., Cavassila, S., Ormondt, D. V., 
& Graveron-Demilly, D. (2005). Time-domain semi-parametric esti-
mation based on a metabolite basis set. NMR in Biomedicine, 18(1), 
1–13. https​://doi.org/10.1002/nbm.895

Sanaei Nezhad, F., Anton, A., Michou, E., Jung, J., Parkes, L. M., & 
Williams, S. R. (2017). Quantification of GABA, glutamate and glu-
tamine in a single measurement at 3 T using GABA-edited MEGA-
PRESS. NMR in Biomedicine, 31(1), e3847.

Schaller, B., Mekle, R., Xin, L., Kunz, N., & Gruetter, R. (2013). Net 
increase of lactate and glutamate concentration in activated human 
visual cortex detected with magnetic resonance spectroscopy at 7 
tesla. Journal of Neuroscience Research, 91(8), 1076–1083.

Shungu, D. C., Mao, X., Gonzales, R., Soones, T. N., Dyke, J. P., van 
der Veen, J. W., & Kegeles, L. S. (2016). Brain γ-aminobutyric acid 
(GABA) detection in vivo with the J -editing 1 H MRS technique: 
a comprehensive methodological evaluation of sensitivity enhance-
ment, macromolecule contamination and test-retest reliability. NMR 
Biomedicine, 29(7), 932–942.

Slotboom, J., Mehlkopf, A. F., & Bovee, W. M. M. J. (1994). The effects 
of frequency-selective RF pulses on J-coupled spin-1/2 systems. 
Journal of Magnetic Resonance Imaging, 108(A), 38–50.

Stagg, C. J. (2014). Magnetic resonance spectroscopy as a tool to study 
the role of GABA in motor-cortical plasticity. NeuroImage, 86, 19–27.

Stagg, C. J., Bachtiar, V., & Johansen-Berg, H. (2011). The role of 
GABA in human motor learning. Current Biology, 21, 480–484.

Stefan, D., Cesare, F. D., Andrasescu, A., Popa, E., Lazariev, A., 
Vescovo, E., … Graveron-Demilly, D. (2009). Quantitation of mag-
netic resonance spectroscopy signals: The jMRUI software package. 
Measurement Science and Technology, 20(10), 104035–104044. 
https​://doi.org/10.1088/0957-0233/20/10/104035

Vanhamme, L., van den Boogaart, A., & Van Huffel, S. (1997). Improved 
method for accurate and efficient quantification of MRS data with 
use of prior knowledge. Journal of Magnetic Resonance Imaging, 
129(1), 35–43. https​://doi.org/10.1006/jmre.1997.1244

Yasen, A. L., Smith, J., & Christie, A. D. (2017). Reliability of glu-
tamate and GABA quantification using proton magnetic resonance 
spectroscopy. Neuroscience Letters, 643, 121–124. https​://doi.
org/10.1016/j.neulet.2017.02.039

Zar, J. H. (1996). Biostatistical analysis. Upper Saddle River, NJ: 
Prentice Hall.

Zhu, H. E., Edden, R. A. E., Ouwerkerk, R., & Barker, P. B. (2011). High 
resolution spectroscopic imaging of GABA at 3 Tesla. Magnetic 
Resonance in Medicine, 65(3), 603–609. https​://doi.org/10.1002/
mrm.22671​

How to cite this article: Sanaei Nezhad F, Lea-Carnall 
C, Anton A, et al. Number of subjects required in 
common study designs for functional GABA magnetic 
resonance spectroscopy in the human brain at 3 Tesla. 
Eur J Neurosci. 2020;51:1784–1793. https​://doi.
org/10.1111/ejn.14618​

https://doi.org/10.1002/mrm.1910360327
https://doi.org/10.1002/(SICI)1099-1492(199810)11:6%3C266:AID-NBM530%3E3.0.CO;2-J
https://doi.org/10.1002/(SICI)1099-1492(199810)11:6%3C266:AID-NBM530%3E3.0.CO;2-J
https://doi.org/10.1002/(SICI)1099-1492(199810)11:6%3C266:AID-NBM530%3E3.0.CO;2-J
https://doi.org/10.1016/j.neuroimage.2012.12.004
https://doi.org/10.1016/j.neuroimage.2012.12.004
https://doi.org/10.1093/ndt/gfq563
https://doi.org/10.1002/jmri.22520
https://doi.org/10.1002/jmri.22520
https://doi.org/10.1002/mrm.20761
https://doi.org/10.1002/nbm.895
https://doi.org/10.1088/0957-0233/20/10/104035
https://doi.org/10.1006/jmre.1997.1244
https://doi.org/10.1016/j.neulet.2017.02.039
https://doi.org/10.1016/j.neulet.2017.02.039
https://doi.org/10.1002/mrm.22671
https://doi.org/10.1002/mrm.22671
https://doi.org/10.1111/ejn.14618
https://doi.org/10.1111/ejn.14618

