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Two-Dimensional Proton Magnetic 
Resonance Spectroscopy versus 
J-Editing for GABA Quantification 
in Human Brain: Insights from a 
GABA-Aminotransferase Inhibitor 
Study
Andrew P. Prescot1, James J. Prisciandaro2, Steven R. Miller3, Gary Ingenito3, 
Douglas G. Kondo4,5 & Perry F. Renshaw4,5

Metabolite-specific, scalar spin-spin coupling constant (J)-editing 1H MRS methods have become 
gold-standard for measuring brain γ-amino butyric acid (GABA) levels in human brain. Localized, two-
dimensional (2D) 1H MRS technology offers an attractive alternative as it significantly alleviates the 
problem of severe metabolite signal overlap associated with standard 1D MRS and retains spectroscopic 
information for all MRS-detectable species. However, for metabolites found at low concentration, a 
direct, in vivo, comprehensive methods comparison is challenging and has not been reported to date. 
Here, we document an assessment of comparability between 2D 1H MRS and J-editing methods for 
measuring GABA in human brain. This clinical study is unique in that it involved chronic administration 
a GABA-amino transferase (AT) inhibitor (CPP-115), which induces substantial increases in brain GABA 
concentration, with normalization after washout. We report a qualitative and quantitative comparison 
between these two measurement techniques. In general, GABA concentration changes detected using 
J-editing were closely mirrored by the 2D 1H MRS time courses. The data presented are particularly 
encouraging considering recent 2D 1H MRS methodological advances are continuing to improve 
temporal resolution and spatial coverage for achieving whole-brain, multi-metabolite mapping.

Proton (1H) magnetic resonance spectroscopy (MRS) provides a non-invasive means for measuring a wide range 
of pharmacologically important low molecular weight metabolites in human brain1. The MRS quantification of 
brain γ-amino butyric acid (GABA; Fig. 1(a)), the primary inhibitory neurotransmitter in mammalian brain, has 
received significant interest among investigators seeking to enhance understanding of the neurochemical and 
neurobiological underpinnings in a range of psychiatric illnesses2, neurologic disease3–6, and substance abuse dis-
orders7,8. However, at current clinical static magnetic field strengths (B0) of ≤3.0 Tesla (T), the use of conventional 
1H MRS acquisition and data processing schemes is particularly unsuitable for cerebral GABA measurements for 
several reasons. First, GABA is present at relatively low levels throughout the human brain (~1.0 mM)9, and, due 
to low chemical shift dispersion encountered at clinical B0, its resonances are coincident with signals arising from 
high-concentration metabolite species, including creatine (Cre), glutamate (Glu), glutamine (Gln), and N-acetyl 
aspartate (NAA). The coincident, broad underlying 1H MRS component of cytosolic macromolecules (MM) pre-
sents a further challenge for GABA measures. Secondly, signal overlap is further exacerbated by scalar spin-spin 
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(J)-coupling effects, which act to complicate GABA MRS resonance structures and reduce signal-to-noise ratio 
(SNR). Efforts to quantify GABA using standard 1H MRS approaches thus are generally associated unfavorable 
measurement precision and interscan variability10.

Methodological advances have improved the 1H MRS discrimination and quantification of brain GABA11. 
The most common approach is the J-editing 1H MRS technique and its associated variants12,13. In general, the 
J-editing procedure requires two separate scans where frequency-selective radiofrequency (RF) refocusing pulses 
(e.g. Gaussian-modulated RF waveforms) are applied in an interleaved ‘on’-‘off ’ fashion to selectively refocus the 
GABA C4 protons at 3.0 ppm. This is achieved by applying the frequency-selective refocusing pulses either at 
1.9 ppm (the ‘on’ resonance condition for the GABA C3 protons) or at 7.5 ppm (the ‘off ’ resonance condition). 
Multiple ‘on’ resonance and ‘off ’ resonance spectra are collected to build a suitable SNR, and the subsequent 
subtraction of ‘off ’ data from ‘on’ resonance data yields a J-edited spectrum with a refocused GABA C4 3.0 ppm 
proton signal that is free of the larger dominating Cre methyl resonance. The detected 3.0 ppm signal contains 
co-edited contributions from homocarnosine (a dipeptide of histidine and GABA), and from MM, and the com-
posite resonance is often termed GABA+ throughout the MRS literature. Due to its ease of implementation and 
minimal calibration steps prior to data acquisition, the MEGA-PRESS J-editing technique12 has found widespread 
use, and has become the ‘gold standard’, for investigating GABA concentration in healthy brain14,15 and in a vari-
ety of disease states and substance abuse disorders3,6,8,16–19.

A second class of 1H MRS metabolite-specific editing methods for isolating the GABA C4 proton resonance 
involves the excitation and filtration of higher-order multiple quantum coherences (MQC). These methods rely 

Figure 1.  (a) GABA molecular structure. (b) Sagittal (left panel) and axial (right panel) MP-RAGE images 
displaying the typical positioning of the MRS voxel (red box) within the POC. (c) MEGA-PRESS data recorded 
at baseline (day -1) from a subject receiving placebo (top spectrum) and another subject receiving CPP-115 
(bottom spectrum). Signal assignments are provided for GABA + C4 protons, Glx (Gln + Glu), NAA, and MM. 
(d) Expanded MEGA-PRESS spectra recorded at all four time points for a subject receiving placebo. (e) Expanded 
MEGA-PRESS spectra recorded at all four time points for a subject receiving CPP-115. (f) Raw 2D J-resolved 
1H MRS data recorded from a single subject receiving placebo (Asp = free aspartate, mI = myo-inositol). (g) The 
ProFit-estimated 2D spectral fit showing the approximate 2D regions (dashed boxes) for the GABA C2, C3, and C4 
proton groups. (h) The 2D residuum as calculated by subtracting the fit (g) from raw data (f).
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on the principle that MQCs can be stimulated for J-coupled proton nuclei but not for uncoupled singlet spe-
cies, including the Cre methyl nuclei. For human studies, this typically has been achieved by incorporating a 
double-quantum filter (DQF) within single-voxel20–24 or multi-voxel spatial localization schemes25. DQF 1H MRS 
in human brain have largely been limited to methods development in healthy controls, although applications in 
patients with seizure disorders have been reported26,27. Technical details regarding MQC spin dynamics and DQF 
pulse sequences can be found elsewhere28.

Spatially localized variants of two-dimensional (2D) 1H MRS techniques comprise a third class of methods 
that have been employed for GABA quantification29–31. The key concept behind 2D 1H MRS is to encode and 
sample a second frequency dimension, seperating metabolite resonances over a 2D surface, which effectively 
enhance spectral resolution for a given B0. Localized 2D J-resolved 1H MRS is a commonly-employed variant that 
is designed to specifically encode J-coupling information along the second spectral dimension31. For GABA, 2D 
J-resolved 1H MRS resolves the J-coupled C2, C3, and C4 proton resonances along the second frequency dimen-
sion, shifting them away from the larger, overlapping, uncoupled resonances such as the Cre methyl resonance 
at 3.0 ppm. Historically, quantification of 2D 1H MRS data sets has involved integration of one-dimensional (1D) 
row extractions at a GABA-specific frequency position along the second dimension29, or calculation of volume 
integrals for resolved metabolite 2D ‘cross’ peaks32,33. Recent advances in 2D MRS fitting algorithms have signif-
icantly improved the detection and discrimination of metabolite resonances through spectral fitting of the entire 
2D surface, through the incorporation of prior knowledge34,35. For example, the prior knowledge fitting (ProFit) 
algorithm reported by Schulte and Boesiger35 iteratively fits a series of 2D metabolite basis functions to the raw 
in vivo human data, and favorable test-rest measurement reproducibility has been demonstrated for up to nine-
teen brain metabolites across frontal and parietal lobe regions35,36. Localized 2D 1H MRS brain studies have been 
reported for both healthy brain29,37,38, psychiatric illness39–41, and substance abuse disorders7.

Hence, the primary advantage of localized 2D 1H MRS methods is the capability for simultaneously meas-
uring all MRS-detectable metabolites in a single acquisition, including both uncoupled and J-coupled species. 
Although satisfactory test-retest reliability has been established for many metabolites, including GABA36, a 
side-by-side comparison of 2D 1H MRS methods with gold-standard J-editing 1H MRS techniques remains to be 
comprehensively evaluated. Such an assessment could be significantly helped by studies involving a GABAergic 
pharmacological intervention, inducing brain GABA concentration changes that can be monitored using 
both types of measurement techniques. Recently, we reported a study in healthy control subjects that involved 
administration of (1 S, 3 S)-3-amino-4-difluoromethylenyl-1-cyclopentanoic acid (CPP-115; a new-generation 
GABA-aminotransferase (AT) inhibitor), or placebo, for a 6, 10, or 14-day treatment period42. MEGA-PRESS 
1H MRS methodologies were used to demonstrate elevated parietal-occipital cortex (POC) GABA+ levels in 
response to daily CPP-115 treatment, with a subsequent return to baseline levels following drug clearance. In con-
trast, POC GABA+ concentrations for the placebo cohort were highly-stable throughout the treatment period. 
In addition to MEGA-PRESS measures, we also recorded 2D J-resolved 1H MRS data from identical spatial loca-
tions. The main objective of the present report was to utilize all POC 1D (MEGA-PRESS) and 2D 1H MRS data 
obtained in our previous study42 to evaluate the relative performance of the two techniques for measuring GABA 
changes in human brain.

Methods
Subjects and Treatment Regimen.  The University of Utah’s institutional review board (IRB) had 
approved the MRS protocol, and all methods were performed in accordance with the relevant guidelines and 
regulations required for investigations in human subjects (https://www.hhs.gov/ohrp/regulations-and-policy/bel-
mont-report/index.html last accessed on 07/27/2018). Informed written consent was obtained from all subjects 
prior to study participation. Six healthy adult male subjects (mean age ± standard deviation [SD] = 34.2 ± 16.8 
years) were enrolled for a double-blind, randomized, placebo-controlled study. Details regarding screening, and 
subject inclusion/exclusion criteria can be find in our previous report42. Subjects received either a single daily 
80 mg dose of CPP-115 (n = 4) or placebo (n = 2) for 6, 10, or 14 continuous days, with both study drug and 
placebo administered as non-carbonated artificially sweetened beverages. Table 1 presents the unblinded study 
subject information including age, treatment (tx) allocation, and tx duration. All subjects underwent a 1H MRS 
scan at day -1 with study drug or placebo dosing initiated at day1. Two 1H MRS scans then were performed at day 
7 and day 13, with the scans occurring 2.5 hours post-placebo or CPP-115 administration, and at approximately 
the same time-of-day as baseline (day -1) measures. The fourth and final 1H MRS measurement (follow-up) took 
place within the day 20 to day 23 window, to allow for a minimum 7-day washout period from the final dose day.

Subject Age (years) Tx Tx Duration (days)

1 25 CPP-115 14

2 27 Placebo 14

3 19 CPP-115 10

4 54 CPP-115 10

5 23 Placebo 6

6 57 CPP-115 6

Table 1.  Study subject information regarding age at the time-of-scanning, assigned treatment (Tx), and 
treatment duration.

https://www.hhs.gov/ohrp/regulations-and-policy/belmont-report/index.html
https://www.hhs.gov/ohrp/regulations-and-policy/belmont-report/index.html
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Data Acquisition.  All 1H MRS measurements were performed using a 2.89 Tesla Siemens (Erlangen, 
Germany) Verio whole-body MRI scanner installed with VB17 Syngo software. A circularly-polarized 
body radiofrequency (RF) coil and manufacturer-supplied 12-channel phased array head coil were 
used for RF transmission and signal reception, respectively. Three-dimensional (3D) high-resolution 
T1-weighted, magnetization-prepared, rapid gradient echo (MP-RAGE; TR/TE/TI = 2000/3.53/1100 ms; 
FOV = 256 × 256 × 224 mm; 1 mm isotropic resolution) MR images were initially obtained to facilitate MRS voxel 
positioning, and post-hoc tissue segmentation. MEGA-PRESS and 2D J-resolved 1H MRS data were recorded 
from a single voxel measuring 25 × 25 × 30 mm3, positioned bilaterally within predominantly gray matter of 
the parietal-occipital cortex (POC; see Fig. 1(b)). For day-1 MRS scans, the sagittal and axial MP-RAGE slices 
extending through the center of the MRS voxel were saved to an image file, which subsequently was reloaded 
and used to aid the manual POC voxel repositioning at the three later scanning time points on a subject-specific 
basis. Local B0 shimming was performed using the manufacturer-supplied FASTMAP routine43, which resulted 
in water signal linewidths of ≤8 Hz for all voxels and subjects. MEGA-PRESS acquisition parameters were as 
follows: repetition time (TR) = 2000 ms, echo time (TE) = 68 ms, number of signal averages (NAV) = 256 ‘on’ and 
256 ‘off ’. A MEGA-PRESS spectrum also was recorded from the POC without water suppression (NAV = 16). All 
2D J-resolved 1 H MRS measurements utilized a maximum-echo sampling scheme proposed by Schulte et al.44, 
using the acquisition parameters found in our previous publication36 (TR = 2000 ms, TE range = 31–229 ms, 
ΔTE = 2 ms, NAV per TE = 4). A separate 2D J-resolved MRS spectrum was recorded without solvent water 
suppression (NAV per TE = 2). Total imaging and 1H MRS scan measurement time did not exceed 80 minutes for 
each scan session.

Data Processing.  Skull stripping and whole brain tissue-type segmentation was performed on MP-RAGE 
images using the Brain Extraction Tool (BET)45 and Fast Automated Segmentation Tool (FAST)46, respec-
tively, which are provided with the freely-available FMRIB software library47. MATLAB (The MathWorks, 
Natick, MA) functions then were used to extract the 3D volume corresponding to the positioned MRS voxel 
to obtain within-voxel gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF) tissue content 
for each subject. The GM and WM fractional content was calculated as a percentage of total brain tissue, e.g. 
100 × GM ÷ (GM + WM).

GABA-edited MEGA-PRESS 1H MRS data were processed and quantified using the freely-available Gannet 
software48 using the raw Siemens ‘TWIX’ data format. The software’s default preprocessing steps, peak fitting 
parameters, and subtraction procedures were used for all MEGA-PRESS data. To extract POC GABA+ con-
centration, a total creatine (Cre) concentration of 8 mM was assumed and applied as a multiplication factor to 
the GABA+: Cre ratio. The MEGA-PRESS off-resonance data also was used to generate a regular 1D PRESS 
spectrum for each subject, which were analyzed using the Linear Combination (LC)-Model software49 employing 
a simulated basis set created for B0 = 2.89 T and TE = 68 ms. LC-Model outputted metabolite:Cre ratios were 
analyzed for several compounds including NAA, Cho, Gln, Glu, mI, and GABA. The ProFit algorithm35 was 
used to reconstruct and subsequently fit all POC 2D J-resolved MRS data as detailed elsewhere36. An impor-
tant post-processing step performed by ProFit is the required row-dependent phase-shift that reduces the band-
width along the second dimension to ±125 Hz. ProFit-estimated POC metabolite levels, including GABA, were 
expressed as the default GABA:Cre ratio. The relative stability of the Cre denominator was assessed for both 
measurement techniques by normalizing its signal amplitude with that of a short TE unsuppressed water signal 
(TE = 31 ms, NAV = 2) acquired from the relevant voxel location. The unsuppressed water signal also had been 
corrected for within-voxel CSF content as described elsewhere36.

Data Analysis.  Statistical analysis, including analysis of variance with repeated measures (ANOVA-RM), 
was performed using MATLAB and OriginPro (2016, Northampton, MA). Coefficient of variation (CV) was 
expressed as 100 × SD ÷ data mean. To quantify the POC GABA changes induced by CPP-115 vs placebo, the 
effect size was calculated for the day 7 and day 13 time points for both measurement techniques. Subject data 
from both cohorts were included to calculate effect sizes using the relevant pooled SD.

Correlation analysis (Pearson’s rho, r) and Bland-Altman (BA) analysis were performed after converting day 7,  
day 13, and follow-up GABA+ concentration (MEGA-PRESS) and GABA:Cre ratios (2D J-resolved) to the % of 
the respective baseline value (day-1). Whereas correlation analysis explores the relationship between two tech-
niques, BA analysis enables a quantification of agreement between the two measurements by studying mean dif-
ferences and generating limits of agreement. The BA plot was constructed by plotting the difference in % baseline 
between the two measurement techniques, against the mean % baseline of the two measurement techniques. 
Additional BA outputs included calculation of the coefficient of repeatability (RPC), which was performed after 
ensuring the within-subject differences met the Shapiro-Wilk test for normality. The RPC was calculated as 
1.96 × standard deviation (SD) of the within-subject data differences50.

The Gannet GABA+ and ProFit GABA fit estimates were interrogated using the outputted GABA+ fit error 
and Cramer-Rao Lower Bound (CRLB) values, respectively. The Gannet GABA+ fit error is calculated as a per-
centage of the SD of the residual (raw data minus fit) divided by GABA+ peak amplitude48. Calculation of the 
ProFit CRLB has been described elsewhere35.

Results
Table 2 presents mean within-voxel tissue data for both treatment groups. The CV values presented were obtained 
by first determining the CV for each subject, and then calculating the mean within-subject CV for each cohort.

Baseline (day-1) MEGA-PRESS data recorded from a subject receiving placebo (subject 2) and a subject 
receiving CPP-115 (subject 1) are displayed in Fig. 1(c). The chemical shift expanded spectra (0.5–4.25 ppm) 
shown in Fig. 1(d,e) show the MEGA-PRESS data recorded at all four scanning time points for subject 2 (placebo) 
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and subject 1 (CPP-115), respectively. Figure 1(f–h) show the raw baseline 2D J-resolved 1H MRS data (top 
panel), the ProFit spectral fit (middle panel), and the residual data (raw data minus fit; bottom panel) recorded 
from subject 2. Further visualization of the 2D J-resolved MRS data is presented in Fig. 2, which first shows a 
simulated 2D GABA basis spectrum (a) as utilized by the ProFit software, and a representative in vivo dataset 
(b) for direct comparison. Both 2D MRS spectra are presented in the phase-sensitive mode (real component) 
and analysis of the basis spectrum in Fig. 2(a) shows maximum negative GABA peaks residing at approximately 

Cohort GM CV (GM) WM CV (WM)

CPP-115 61 ± 6 1 ± 1 39 ± 6 4 ± 2

Placebo 62 ± 5 1 ± 1 38 ± 5 3 ± 2

Table 2.  Tissue (GM and WM) tissue fractions calculated for both treatment groups. The mean within-
subject coefficient of variation (CV) also is presented for both tissue types. All values are expressed as mean % 
values ± SD.

Figure 2.  (a) Simulated 2D J-resolved 1H MRS spectrum of GABA showing its C2, C3, and C4 resonances 
centered at 2.28, 1.9, and 3.0 ppm, respectively. The spectrum is presented in phase-sensitive mode (real 
component) and signal phases can be appreciated using the colorbar provided. For the GABA resonances, 
maximum positive signals reside along J = 0 Hz whereas, for components J ≠ 0 Hz components, maximum 
negative GABA signals are detected at approximately J = ±5 Hz. The horizontal black lines depict the J = 0 Hz 
and J = ±5 Hz rows. (b) Representative in vivo 2D J-resolved 1 H MRS spectrum recorded from Subject 2 
(day -1) for direct comparison with the simulated GABA data. The simulated and in vivo data are plotted 
with different arbitrary 2D scaling factors for visualization purposes. (c,d) then display the J = −5 Hz row 
extractions, for all four MRS time points, in subjects receiving placebo (Subject 2) and CPP-115 (Subject 1), 
respectively. The ProFit-estimated GABA and Cre spectral fits along J = −5 Hz also are displayed for each MRS 
visit (refer to color coding). Panels (e,f) show the corresponding in vivo time course MRS data and the resulting 
GABA and Cre ProFit-estimated spectral fits along J = 0 Hz for Subject 2 (placebo) and Subject 1 (CPP-115), 
respectively. Signal assignments are provided for major resonances in (e,f). Identical 1D scaling factors were 
used to present (c,d), whereas a different yet identical scaling factor was used to present (e,f). For panels (c) 
through (e), the 1D scaling used to present the ProFit-estimated GABA fits was enhanced threefold (x3) relative 
to the corresponding Cre fits.
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J = ±5 Hz, and maximum positive signals through J = 0 Hz. For two study subjects receiving either placebo or 
CPP-115, 1D row extractions taken through J = ±5 Hz and J = 0 Hz are displayed in Fig. 2(c–f), showing the 
raw in vivo data at each of the four individual time points. Also displayed in Fig. 2(c–f) are the corresponding 
1D J = −5 Hz and J = 0 Hz row extractions taken directly from the Cre and GABA 2D spectral fits estimated by 
the ProFit software (additional details are provided in the Fig. 2 legend). Figure 3 displays, for all six subjects, the 
quantitative POC GABA changes as derived using the MEGA-PRESS and 2D J-resolved 1H MRS methodologies. 
For the placebo group (n = 2), mean GABA CV values of 9% and 10% were calculated for the MEGA-PRESS and 
2D J-resolved MRS methods, respectively. For the CPP-115 group (n = 4), mean GABA CV values of 33% and 
25% were calculated for the MEGA-PRESS and 2D J-resolved MRS methods, respectively. Table 3 displays the 
CV values for Cre reference stability (based on water normalization) for both treatment groups and measurement 
techniques. Also displayed in Table 3 are the day 7 and day 13 effect sizes calculated for GABA changes for the 
CPP-115 treatment group.

Figure 4(a) plots % baseline GABA:Cre for 2D J-resolved MRS versus % baseline GABA+ for MEGAPRESS 
(n = 18, r2 = 0.77, p < 0.001). The corresponding BA analysis for the two techniques displayed in Fig. 4(b) and, 
at the 5% level, normality could not be rejected for the within-subject % GABA differences (p = 0.9). BA analysis 
using all data points showed a mean offset of ~10% with a RPC value of ~40%. Based on the time courses shown 
in Fig. 3, removal of the potential outlier (subject 4, day 13) and re-running BA analysis reduced the mean offset 
deficit to ~6% (RPC reduced to 34%). To effectively use data points deemed free from the effects of CPP-115, BA 
analysis also was ran using all placebo non-baseline data points and only the follow-up data points for CPP-115 
(data not shown). Although a weaker correlation was observed (n = 10; r2 = 0.4), the BA mean offset was almost 
zero (0.8%; RPC = 30).

For the CPP-115 cohort, Fig. 5(a,b) show the Cre-normalized time course data of six selected metabolites 
measured using the 2D 1H MRS/ProFit and 1D 1H MRS/LC-Model methods, respectively. Figure 5(c,d) show 
expansions of (a) and (b), but overlays Cre-normalized POC GABA with POC Cho data for both treatment 

Figure 3.  Time course data for all six participants showing the change in POC GABA levels across the four scan 
sessions, measured using MEGA-PRESS (black data) or 2D J-resolved 1H MRS (red data). Each of the six plots 
are identified by subject number, with the tx allocation and tx duration also provided.
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groups. For 2D 1H MRS and ProFit, ANOVA-RM analysis revealed highly significant changes for POC GABA 
levels in the CPP-115 cohort (F3,9 = 20.5, p < 0.001), but not for placebo (F3,3 = 1.5, p = 0.4). For both groups, 
ANOVA-RM analysis revealed negligible changes for the other five metabolites. Figure 5(e–g) show the mean 
GABA:Cre time course data for both treatment groups, and for each of the three data acquisition and analysis 
approaches.

Spectral fitting estimates derived for GABA using the MEGA-PRESS/Gannet and 2D J-resolved MRS/ProFit 
methods are presented for all time points in Fig. 6. For MEGA-PRESS, the ANOVA-RM showed a trend towards 
significance for the CPP-115 group (F3,9 = 3.59, p = 0.06) but not for the placebo cohort (F3,3 = 0.21, p = 0.90). For 
2D J-resolved 1H MRS, the ANOVA-RM was statistically significant for the CPP-115 group (F3,9 = 3.91, p = 0.05), 
but not for the placebo cohort (F3,3 = 0.45, p = 0.74). The mean ProFit-reported CRLB values for GABA were 
6 ± 2% and 6 ± 1% for the CPP-115 and placebo cohorts, respectively. The corresponding LC-Model CRLB values 
for the 1D 1H MRS data were 15 ± 5% and 16 ± 2%.

Discussion
Improved 1H MRS data acquisition and processing methods have significantly advanced the quality and repro-
ducibility of brain GABA measures in human brain48,51,52. Future studies will be critical for understanding GABA 
abnormalities in studies of neuropsychiatric and neurological disease states, as well as for monitoring the effi-
cacy of pharmacological therapeutics53–55 and medical device interventions56. The J-editing approach remains 
the gold-standard for in vivo GABA measures across most research institutions, and, owing to its relatively 
straightforward implementation, the MEGA-PRESS pulse sequence is the most commonly-employed variant for 
GABA J-editing. In contrast, the utilization of 2D 1H MRS methods for brain GABA measures is less common. 
Issues that have prevented a more widespread use of 2D 1H MRS for biological applications include the lengthier 
associated measurement times, and access to robust 2D MRS fitting algorithms. Efforts to reduce total 2D MRS 
measurement time have recently found traction through the introduction of non-uniform weighted sampling 
(NUWS) procedures57–60, and quantitative treatment of 2D 1H MRS data has been advanced through automated 
methods such as ProFit35. Highly favorable inter- and intra-subject reproducibility 2D 1H MRS and ProFit meas-
ures for cerebral GABA and a wide range of other neurometabolites including free aspartate (Asp), Cho, Cre, Gln, 
Glu, glutathione, glycine, mI, and NAA have been reported36. Promising test-retest metrics aside, several impor-
tant performance-related questions remain. First, how effective are 2D 1H MRS methods and state-of-the-art 
2D fitting algorithms for monitoring changes in low concentration metabolite species, such as GABA, following 

Cohort Technique
CV 
(Cre:water)

ΔGABA Effect 
Size (day 7, 
day 13)

CPP-115
MEGA-PRESS 4 ± 1 7.2, 2.1

2D J-Resolved 7 ± 2 4.3, 2.0

Placebo
MEGA-PRESS 5 ± 2 N/A

2D J-Resolved 9 ± 4 N/A

Table 3.  Mean within-subject Cre CV values presented as % ± SD values for both measurement techniques 
and treatment cohorts. For both techniques, the final column shows the effect size for drug-induced GABA 
changes at day 7 and day 13. Note that the Cre CV and GABA effect size metrics are based on CSF-corrected 
unsuppressed water and Cre normalization, respectively (see text for additional details).

Figure 4.  (a) Plot of % baseline GABA:Cre measures for 2D J-resolved 1H MRS versus % baseline GABA+ 
measures for MEGA-PRESS. The dashed line represents the identity line (y = x). (b) The constructed BA plot, 
displaying the difference in % baseline GABA for both techniques, versus the average % baseline GABA for the 
two methods. The solid horizontal line denotes the mean difference (−9.5%), and the dotted lines represent 
the ± RPC values (i.e. ±1.96 × SD).
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pharmacotherapy or medical device treatment, and how do the detected GABA concentration changes compare 
against the current gold-standard methodology? Second, can the induced changes, detected using 2D 1H MRS 
methods, be shown to be specific to the metabolite under investigation? The present study aimed to address these 
questions by comparing POC J-edited (MEGA-PRESS) and 2D J-resolved 1H MRS data obtained from healthy 
individuals receiving chronic doses of CPP-115 or placebo. Using this unique dataset, we were able to evaluate the 
performance of each method, and a comparison of drug-induced GABA concentration changes as detected using 
MEGA-PRESS and 2D 1H MRS is qualitatively and quantitatively discussed hereafter.

Importantly, CPP-115 does not induce detectable macroscopic POC tissue changes, as stable within-voxel 
GM, WM, and CSF content was detected for both tx groups. MEGA-PRESS 1H MRS spectra recorded from indi-
viduals receiving CPP-115 clearly showed increases in POC GABA that returned to baseline following washout. 
MEGA-PRESS 1H MRS spectra obtained from the placebo cohort showed stable GABA peak amplitudes at all 
four MRS scanning time points. To demonstrate possible GABA changes via 2D 1H MRS we selected to display 

Figure 5.  Mean (±standard error [SE]) metabolite:Cre level time course data obtained for the CPP-115 cohort 
(N = 4) using (a) 2D J-resolved 1H MRS and ProFit and (b) 1D 1H MRS (TE = 68 ms) and LC-Model. (c,d) Show 
expanded zoom plots of (a,b) to show GABA:Cre time course data presented for both cohorts together with the 
corresponding Cho data. Calculated mean (±SE) GABA:Cre time course data for both treatment groups for (e) 
2D 1H MRS and ProFit, (f) MEGA-PRESS 1H MRS and Gannet, and (c) 1D 1H MRS and LC-Model.

Figure 6.  (a) The mean (±SE) Gannet-reported GABA fit error values presented for both cohorts and across all 
MRS scanning time points. (b) The mean ProFit-reported GABA CRLB (±SE) values shown for both cohorts 
across all MRS scanning time points. See text for statistical details.
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row extractions at specific frequencies along the second (J) dimension of raw in vivo data and the corresponding 
ProFit-estimated spectral fits. We analyzed the 1D dimensional rows taken through J = −5 Hz and J = 0 Hz, as 
inspection of the phase-sensitive 2D J-resolved 1H MRS basis spectrum for GABA revealed maximum nega-
tive and maximum positive metabolite peaks along these frequencies. This is contradictory to previous reports 
that have used 1D row extractions through J ~ ±7 Hz, which is the approximate J-coupling constant associated 
with the GABA C4 proton resonance7,29. Those investigations, however, typically involve analysis of 2D 1H MRS 
data presented in magnitude-mode, and it should be noted that calculation and presentation of the GABA 2D 
J-resolved 1H MRS basis spectrum acts to restore the GABA C4 proton cross peaks positioned at J ~ ±7 Hz (data 
not presented). Row J = 0 Hz data, on the other hand, is mathematically equivalent to directly averaging across 
all TE steps (TE-averaged 1H MRS), which simplifies the 1H MRS baseline and metabolite peak structures and 
has found utility Glu detection61. For the placebo condition, J = −5 Hz and J = 0 Hz analysis showed highly-stable 
ProFit-estimated spectral fits for both Cre and GABA, whereas for the CPP-115, treatment group, the same analy-
sis revealed increased GABA levels at days 7 and 13, and a return towards baseline at follow-up. The drug-induced 
GABA modulations detected for the CPP-115 condition are accompanied by stable Cre fits along J = −5 Hz 
and J = 0 Hz. The reader is encouraged to recognize that ProFit does not treat the in vivo 2D 1 H MRS data on a 
row-by-row basis, but instead applies a linear combination of specified 2D metabolite basis functions to fit the 
entire 2D spectral surface35.

The individual time course data showed that GABA changes measured using MEGA-PRESS were generally 
well-mirrored by the corresponding levels obtained using 2D J-resolved 1H MRS. For the CPP-115 cohort, ele-
vated MEGA-PRESS GABA levels were followed by similar changes in 2D J-resolved GABA levels, and only 
subject 4 showed a substantial difference for the two techniques at the day 13 measure. Elevated GABA levels 
returned to baseline values for both measurement techniques, demonstrating that the two methods are compara-
ble for tracking (i) GABA-AT inactivation, and (ii) protein resynthesis following washout. For the placebo cohort, 
closely similar GABA CV values were observed for both measurement techniques (9–10%), whereas, due to the 
increased GABA concentrations at day 7 and day 13, significantly higher GABA CV values were calculated for the 
CPP-115 tx group. These changes were based on Cre-normalization, therefore it was encouraging to note favora-
ble denominator stability (based on tissue water) for both measurement techniques (CV < 10%).

Prior to quantitative correlation and BA analysis, the units for GABA measures for both measurement tech-
niques were standardized by considering the day 7, day 13, and follow-up GABA measures as % baseline (day -1) 
values. Although a significant linear relationship was observed for the two techniques (r2 ~ 0.8), a clearer under-
standing of their agreement can be appreciated through BA analysis, which indicates that the MEGA-PRESS 
method detects ~10% more GABA signal change, compared to baseline, relative to the 2D J-resolved MRS 
approach. This appears to be somewhat driven by mean % baseline GABA levels of greater than 100% baseline, 
which corresponds to CPP-115 measures at days 7 and 13. Overall, the constructed limits of agreement (RPC) 
from BA analysis infer that % baseline GABA levels obtained using 2D J-resolved 1H J-resolved MRS and ProFit 
may be no greater than 50% below or 31% above MEGA-PRESS measures. The BA data also revealed encouraging 
agreement between the two measurement techniques (i.e. an almost zero mean offset and RPC = 30%) when 
including data points that were judged free from the effects of CPP-115 administration.

The larger GABA signal change associated with MEGA-PRESS BA analysis also is reflected by the larger effect 
size calculated its day 7 measures. If MEGA-PRESS is considered as the reference method, the reasoning behind 
reduced estimates (i.e. lower effect size) for 2D J-resolved MRS measures at higher GABA concentrations remains 
unclear. One possible intriguing explanation is conversion of GABA to homocarnosine, a known neuromodu-
lator and storage compound for GABA, and how that metabolism relates to the fitting approaches used by the 
Gannet and ProFit software. Our previous report showed (i) significant increases in homocarnosine levels in 
response to CPP-115 administration, which were estimated to be the same order of magnitude if not greater 
than detected GABA elevations, and (ii) negligible change in MM content associated with CPP-115 GABA-AT 
inhibition55. Whereas the Gannet software fits a single Gaussian line shape to the edited composite 3.0 ppm peak 
in MEGA-PRESS data, the ProFit algorithm applies a 2D basis function for GABA that constrains all chemical 
shift and J-coupling information for each of its methylene proton groups (as well as tailored 2D basis spectra for 
other metabolites). It is thus possible that the GABA changes detected using 2D J-resolved MRS and ProFit are 
reflective of GABA modulation at later time points, i.e. after a chronic period of CPP-115 dosing, carnosine syn-
thase controls GABA levels with its conversion to homocarnosine. This might be characterized by a rise of GABA 
concentration at day 7, with subsequent decreases at day 13 following chronic exposure to CPP-115. Indeed, three 
of the subjects receiving CPP-115 for >10 days showed 2D J-resolved 1H MRS GABA concentration time courses 
that would fit this model. Other biological mechanisms and sources of method-specific error could play their part 
in the differences observed between the GABA measurement techniques, yet the present dataset and similar types 
of BA analysis could prove useful for testing alternative time-domain (e.g. jMRUI62) and frequency-domain (e.g. 
LC-Model49) approaches for quantifying MEGA-PRESS GABA-edited data, as well as the development of novel 
2D MRS quantification algorithms.

To establish whether 2D 1H MRS detection of drug-induced changes were specific to GABA, we analyzed 
the metabolite:Cre time courses for multiple POC compounds, including Cho, GABA, Gln, Glu, mI, and NAA. 
Highly-stable time courses were observed for all other metabolites suggesting that CPP-115 has negligible effect 
on certain measures of neuronal function (stable NAA), cell membrane turnover/synthesis (stable Cho), glial 
activation (stable mI), and glutamatergic metabolism (stable Gln and Glu). The elevated GABA levels are evi-
dent when directly compared with the Cho time course from both tx groups, as well as the GABA time course 
from the placebo group. These observations are reinforced by the drug-induced GABA modulation and relative 
stability of Cho, Gln, Glu, mI, and NAA levels obtained through LC-Model analysis of the off-resonance 1D 1H 
MRS MEGA-PRESS data. However, the increased variance and diminished fit precision (i.e. significantly higher 
CRLBs) associated with 1D 1H MRS and LC-Model analysis should be noted. Increased GABA concentration 
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also is mirrored by changes in the fitting error observed for the 2D 1H MRS and MEGA-PRESS techniques. For 
MEGA-PRESS a trend towards significantly reduced GABA fitting errors was detected for the CPP-115 cohort but 
not for the placebo group, whereas for 2D J-resolved 1H MRS and ProFit, the GABA CRLB values for the CPP-
115 group reached significance at the p = 0.05 level, but not for placebo. The Gannet-reported fitting errors and 
ProFit-reported CRLB calculations are inversely-driven by SNR, and their values are expected to decrease with 
drug-induced increases in GABA concentration35,48.

A potential limitation of this methods comparison concerns the relative sensitivity of the two measurement 
techniques. From a fundamental SNR perspective, MEGA-PRESS methodology should afford approximately 
a 13% higher SNR than the 2D J-resolved 1H MRS approach, i.e. equivalent repetition times, 512 versus 400 
total signal averages for MEGA-PRESS and 2D 1H MRS, respectively. However, owing to the different sampling 
schemes used for MEGA-PRESS (single TE, half-echo sampling) and 2D 1H MRS (multiple TEs, maximum-echo 
sampling), a better appreciation of relative sensitivity is accomplished using the analytical derivations provided by 
Schulte et al.44 that require knowledge of in vivo metabolite spin-spin (T2) relaxation times, the observed T2 (T2*), 
and the total sampling time along the second dimension (TS1) for 2D J-resolved 1H MRS. Assuming a GABA T2 
relaxation of 88 ms63, the measured T2* from the current dataset (53 ms)55, and a TS1 of 200 ms, it can be shown 
that the sensitivity of the maximum-echo sampled 2D J-resolved 1H MRS measures is approximately 55% that 
of a half-echo sampled short-TE PRESS acquisition. This analysis assumes comparison of 2D J-resolved 1H MRS 
with a PRESS acquisition employing the shortest TE within its sampling range (TE = 31 ms), and the relative 
sensitivity of the 2D 1H MRS methods utilized here is expected to be higher when considering the TE associated 
with MEGA-PRESS (TE = 68 ms). This analysis also assumes identical experimental durations, so the sensitiv-
ity gains may be offset due to SNR arguments introduced earlier. Nevertheless, for in vivo GABA measures, we 
approximate a relative sensitivity of 50% for the maximum-echo sampled 2D J-resolved 1H MRS approach versus 
MEGA-PRESS methods. Pulse sequences, GABA proton spin response, and resulting signal yield then are com-
pared for the two measurement techniques. For 2D J-resolved 1H MRS, all GABA proton signals are sampled and 
retained in the final 2D spectrum, whereas ~50% of the GABA C4 proton signal at 3.0 ppm is retained for analysis 
in reconstructed MEGA-PRESS data (only the outer wings of the GABA C4 proton multiplet are constructively 
averaged following data subtraction). For the present study we thus expect a comparable relative technique sensi-
tivity, although spectral simulation studies designed to rigorously assess these concepts are warranted.

These findings demonstrate the direct comparison between spatially localized 2D 1H MRS techniques and 
J-editing 1H MRS methods for GABA quantification in human brain. Technique comparability was greatly facili-
tated through administration of a GABA-AT inhibitor, which induced robust modulation of intracellular GABA 
concentration and permitted subsequent qualitative and quantitative time course evaluation. In general, data 
from the 2D 1H MRS acquisitions closely-mirrored J-editing and, for GABA, it is expected that the methods can 
be substantially improved with further methodological improvements including MM and homocarnosine analy-
sis/fitting, and integration of realistic basis spectra (i.e. incorporating the effects of spatial localization). The per-
formance of 2D 1H J-resolved MRS for measuring a range of other important neurometabolites with J-coupled 
spin systems, including Gln and Glu, is expected be at least comparable with GABA measures given their larger 
intracellular concentration. The integration of data acquisition schemes based on NUWS methods57–60, together 
with integration of multi-voxel sampling methods64–66, are continuing to improve temporal resolution of localized 
2D 1H MRS measurements for human applications. Considering those developments, together with the data pre-
sented here, the future potential for simultaneous whole-brain mapping of multiple metabolites, including GABA, 
with 2D 1H MRS on clinical MRI/MRS systems is particularly encouraging.

Data Availability
The anonymized datasets generated during and/or analyzed during the current study are available from the cor-
responding author upon request.

References
	 1.	 Pouwels, P. J. & Frahm, J. Regional metabolite concentrations in human brain as determined by quantitative localized proton MRS. 

Magn Reson Med 39, 53–60 (1998).
	 2.	 Mason, G. F. & Krystal, J. H. MR spectroscopy: its potential role for drug development for the treatment of psychiatric diseases. 

NMR Biomed 19, 690–701 (2006).
	 3.	 Draper, A. et al. Increased GABA contributes to enhanced control over motor excitability in Tourette syndrome. Curr Biol 24, 

2343–2347 (2014).
	 4.	 Petroff, O. A., Behar, K. L. & Rothman, D. L. New NMR measurements in epilepsy. Measuring brain GABA in patients with complex 

partial seizures. Adv Neurol 79, 939–945 (1999).
	 5.	 Petroff, O. A., Rothman, D. L., Behar, K. L. & Mattson, R. H. Low brain GABA level is associated with poor seizure control. Ann 

Neurol 40, 908–911 (1996).
	 6.	 Tinaz, S. et al. Role of the sensorimotor cortex in Tourette syndrome using multimodal imaging. Hum Brain Mapp 35, 5834–5846 

(2014).
	 7.	 Ke, Y. et al. Frontal lobe GABA levels in cocaine dependence: a two-dimensional, J-resolved magnetic resonance spectroscopy study. 

Psychiatry Res 130, 283–293 (2004).
	 8.	 Prescot, A. P., Renshaw, P. F. & Yurgelun-Todd, D. A. gamma-Amino butyric acid and glutamate abnormalities in adolescent chronic 

marijuana smokers. Drug Alcohol Depend 129, 232–239 (2013).
	 9.	 Govindaraju, V., Young, K. & Maudsley, A. A. Proton NMR chemical shifts and coupling constants for brain metabolites. NMR 

Biomed 13, 129–153 (2000).
	10.	 Mullins, P. G., Chen, H., Xu, J., Caprihan, A. & Gasparovic, C. Comparative reliability of proton spectroscopy techniques designed 

to improve detection of J-coupled metabolites. Magn Reson Med 60, 964–969 (2008).
	11.	 Puts, N. A. & Edden, R. A. In vivo magnetic resonance spectroscopy of GABA: a methodological review. Prog Nucl Magn Reson 

Spectrosc 60, 29–41 (2012).
	12.	 Mescher, M., Merkle, H., Kirsch, J., Garwood, M. & Gruetter, R. Simultaneous in vivo spectral editing and water suppression. NMR 

Biomed 11, 266–272 (1998).



www.nature.com/scientificreports/

1 1SCIenTIFIC REPOrTS |  (2018) 8:13200  | DOI:10.1038/s41598-018-31591-3

	13.	 Rothman, D. L., Petroff, O. A., Behar, K. L. & Mattson, R. H. Localized 1H NMR measurements of gamma-aminobutyric acid in 
human brain in vivo. Proc Natl Acad Sci USA 90, 5662–5666 (1993).

	14.	 Gao, F. et al. Edited magnetic resonance spectroscopy detects an age-related decline in brain GABA levels. Neuroimage 78, 75–82 
(2013).

	15.	 Grewal, M. et al. GABA quantitation using MEGA-PRESS: Regional and hemispheric differences. J Magn Reson Imaging 44, 
1619–1623 (2016).

	16.	 Bhagwagar, Z. et al. Reduction in occipital cortex gamma-aminobutyric acid concentrations in medication-free recovered unipolar 
depressed and bipolar subjects. Biol Psychiatry 61, 806–812 (2007).

	17.	 Bhagwagar, Z. et al. Low GABA concentrations in occipital cortex and anterior cingulate cortex in medication-free, recovered 
depressed patients. Int J Neuropsychopharmacol 11, 255–260 (2008).

	18.	 Gabbay, V. et al. Anterior cingulate cortex gamma-aminobutyric acid in depressed adolescents: relationship to anhedonia. Arch Gen 
Psychiatry 69, 139–149 (2012).

	19.	 Rowland, L. M. et al. In vivo measurements of glutamate, GABA, and NAAG in schizophrenia. Schizophr Bull 39, 1096–1104 (2013).
	20.	 Choi, C. et al. Brain gamma-aminobutyric acid measurement by proton double-quantum filtering with selective J rewinding. Magn 

Reson Med 54, 272–279 (2005).
	21.	 Choi, I. Y., Lee, S. P., Merkle, H. & Shen, J. Single-shot two-echo technique for simultaneous measurement of GABA and creatine in 

the human brain in vivo. Magn Reson Med 51, 1115–1121 (2004).
	22.	 Keltner, J. R., Wald, L. L., Frederick, B. D. & Renshaw, P. F. In vivo detection of GABA in human brain using a localized double-

quantum filter technique. Magn Reson Med 37, 366–371 (1997).
	23.	 McLean, M. A. et al. In vivo GABA+ measurement at 1.5T using a PRESS-localized double quantum filter. Magn Reson Med 48, 

233–241 (2002).
	24.	 Shen, J., Rothman, D. L. & Brown, P. In vivo GABA editing using a novel doubly selective multiple quantum filter. Magn Reson Med 

47, 447–454 (2002).
	25.	 Choi, I. Y., Lee, S. P. & Shen, J. In vivo single-shot three-dimensionally localized multiple quantum spectroscopy of GABA in the 

human brain with improved spectral selectivity. J Magn Reson 172, 9–16 (2005).
	26.	 Simister, R. J., McLean, M. A., Barker, G. J. & Duncan, J. S. A proton magnetic resonance spectroscopy study of metabolites in the 

occipital lobes in epilepsy. Epilepsia 44, 550–558 (2003).
	27.	 Simister, R. J., McLean, M. A., Barker, G. J. & Duncan, J. S. Proton MRS reveals frontal lobe metabolite abnormalities in idiopathic 

generalized epilepsy. Neurology 61, 897–902 (2003).
	28.	 Bogner, W., Hangel, G., Esmaeili, M. & Andronesi, O. C. 1D-spectral editing and 2D multispectral in vivo(1)H-MRS and (1)H-MRSI - 

Methods and applications. Anal Biochem 529, 48–64 (2017).
	29.	 Ke, Y., Cohen, B. M., Bang, J. Y., Yang, M. & Renshaw, P. F. Assessment of GABA concentration in human brain using two-

dimensional proton magnetic resonance spectroscopy. Psychiatry Res 100, 169–178 (2000).
	30.	 Ryner, L. N., Sorenson, J. A. & Thomas, M. A. 3D localized 2D NMR spectroscopy on an MRI scanner. J Magn Reson B 107, 126–137 

(1995).
	31.	 Ryner, L. N., Sorenson, J. A. & Thomas, M. A. Localized 2D J-resolved 1H MR spectroscopy: strong coupling effects in vitro and in 

vivo. Magn Reson Imaging 13, 853–869 (1995).
	32.	 Binesh, N., Yue, K., Fairbanks, L. & Thomas, M. A. Reproducibility of localized 2D correlated MR spectroscopy. Magn Reson Med 

48, 942–948 (2002).
	33.	 Thomas, M. A., Hattori, N., Umeda, M., Sawada, T. & Naruse, S. Evaluation of two-dimensional L-COSY and JPRESS using a 3 T 

MRI scanner: from phantoms to human brain in vivo. NMR Biomed 16, 245–251 (2003).
	34.	 Jensen, J. E. et al. Quantification of J-resolved proton spectra in two-dimensions with LCModel using GAMMA-simulated basis sets 

at 4 Tesla. NMR Biomed 22, 762–769 (2009).
	35.	 Schulte, R. F. & Boesiger, P. ProFit: two-dimensional prior-knowledge fitting of J-resolved spectra. NMR Biomed 19, 255–263 (2006).
	36.	 Prescot, A. P. & Renshaw, P. F. Two-dimensional J-resolved proton MR spectroscopy and prior knowledge fitting (ProFit) in the 

frontal and parietal lobes of healthy volunteers: assessment of metabolite discrimination and general reproducibility. J Magn Reson 
Imaging 37, 642–651 (2013).

	37.	 Bracken, B. K. et al. Brain metabolite concentrations across cortical regions in healthy adults. Brain Res 1369, 89–94 (2011).
	38.	 Northoff, G. et al. GABA concentrations in the human anterior cingulate cortex predict negative BOLD responses in fMRI. Nat 

Neurosci 10, 1515–1517 (2007).
	39.	 Brady, R. O. et al. A longitudinal pilot proton MRS investigation of the manic and euthymic states of bipolar disorder. Transl 

Psychiatry 2, e160 (2012).
	40.	 Brennan, B. P. et al. Rapid enhancement of glutamatergic neurotransmission in bipolar depression following treatment with riluzole. 

Neuropsychopharmacology 35, 834–846 (2010).
	41.	 Ongur, D. et al. Abnormal glutamatergic neurotransmission and neuronal-glial interactions in acute mania. Biol Psychiatry 64, 

718–726 (2008).
	42.	 Prescot, A. P. et al. In Vivo Detection of CPP-115 Target Engagement in Human Brain. Neuropsychopharmacology 43, 646–654 

(2018).
	43.	 Gruetter, R. Automatic, localized in vivo adjustment of all first- and second-order shim coils. Magn Reson Med 29, 804–811 (1993).
	44.	 Schulte, R. F., Lange, T., Beck, J., Meier, D. & Boesiger, P. Improved two-dimensional J-resolved spectroscopy. NMR Biomed 19, 

264–270 (2006).
	45.	 Smith, S. M. Fast robust automated brain extraction. Hum Brain Mapp 17, 143–155 (2002).
	46.	 Zhang, Y., Brady, M. & Smith, S. Segmentation of brain MR images through a hidden Markov random field model and the 

expectation-maximization algorithm. IEEE Trans Med Imaging 20, 45–57 (2001).
	47.	 Smith, S. M. et al. Advances in functional and structural MR image analysis and implementation as FSL. Neuroimage 23(Suppl 1), 

S208–219 (2004).
	48.	 Edden, R. A., Puts, N. A., Harris, A. D., Barker, P. B. & Evans, C. J. Gannet: A batch-processing tool for the quantitative analysis of 

gamma-aminobutyric acid-edited MR spectroscopy spectra. J Magn Reson Imaging 40, 1445–1452 (2014).
	49.	 Provencher, S. W. Estimation of metabolite concentrations from localized in vivo proton NMR spectra. Magn Reson Med 30, 

672–679 (1993).
	50.	 Giavarina, D. Understanding Bland Altman analysis. Biochem Med (Zagreb) 25, 141–151 (2015).
	51.	 Harris, A. D., Saleh, M. G. & Edden, R. A. Edited 1 H magnetic resonance spectroscopy in vivo: Methods and metabolites. Magn 

Reson Med 77, 1377–1389 (2017).
	52.	 Mullins, P. G. et al. Current practice in the use of MEGA-PRESS spectroscopy for the detection of GABA. Neuroimage 86, 43–52 

(2014).
	53.	 Bhagwagar, Z. et al. Increased brain GABA concentrations following acute administration of a selective serotonin reuptake inhibitor. 

Am J Psychiatry 161, 368–370 (2004).
	54.	 Mattson, R. H., Petroff, O., Rothman, D. & Behar, K. Vigabatrin: effects on human brain GABA levels by nuclear magnetic resonance 

spectroscopy. Epilepsia 35(Suppl 5), S29–32 (1994).
	55.	 Prescot, A. P. et al In Vivo Detection of CPP-115 Target Engagement in Human Brain. Neuropsychopharmacology (2017).



www.nature.com/scientificreports/

1 2SCIenTIFIC REPOrTS |  (2018) 8:13200  | DOI:10.1038/s41598-018-31591-3

	56.	 Dubin, M. J. et al. Elevated prefrontal cortex GABA in patients with major depressive disorder after TMS treatment measured with 
proton magnetic resonance spectroscopy. J Psychiatry Neurosci 41, E37–45 (2016).

	57.	 Butts, R. K., Farzaneh, F., Riederer, S. J., Rydberg, J. N. & Grimm, R. C. T2-weighted spin-echo pulse sequence with variable 
repetition and echo times for reduction of MR image acquisition time. Radiology 180, 551–556 (1991).

	58.	 Hugg, J. W., Maudsley, A. A., Weiner, M. W. & Matson, G. B. Comparison of k-space sampling schemes for multidimensional MR 
spectroscopic imaging. Magn Reson Med 36, 469–473 (1996).

	59.	 Kuhn, B., Dreher, W., Leibfritz, D. & Heller, M. Homonuclear uncoupled 1H-spectroscopy of the human brain using weighted 
accumulation schemes. Magn Reson Imaging 17, 1193–1201 (1999).

	60.	 Verma, G. et al. Non-uniformly weighted sampling for faster localized two-dimensional correlated spectroscopy of the brain in vivo. 
J Magn Reson 277, 104–112 (2017).

	61.	 Hurd, R. et al. Measurement of brain glutamate using TE-averaged PRESS at 3T. Magn Reson Med 51, 435–440 (2004).
	62.	 Naressi, A., Couturier, C., Castang, I., de Beer, R. & Graveron-Demilly, D. Java-based graphical user interface for MRUI, a software 

package for quantitation of in vivo/medical magnetic resonance spectroscopy signals. Comput Biol Med 31, 269–286 (2001).
	63.	 Edden, R. A., Intrapiromkul, J., Zhu, H., Cheng, Y. & Barker, P. B. Measuring T2 in vivo with J-difference editing: application to 

GABA at 3 Tesla. J Magn Reson Imaging 35, 229–234 (2012).
	64.	 Andronesi, O. C., Gagoski, B. A., Adalsteinsson, E. & Sorensen, A. G. Correlation chemical shift imaging with low-power adiabatic 

pulses and constant-density spiral trajectories. NMR Biomed 25, 195–209 (2012).
	65.	 Iqbal, Z., Wilson, N. E. & Thomas, M. A. Prior-knowledge Fitting of Accelerated Five-dimensional Echo Planar J-resolved 

Spectroscopic Imaging: Effect of Nonlinear Reconstruction on Quantitation. Sci Rep 7, 6262 (2017).
	66.	 Sarma, M. K., Nagarajan, R., Iqbal, Z., Macey, P. M. & Thomas, M. A. Echo-Planar J-resolved Spectroscopic Imaging using Dual 

Read-outs: Implementation and Quantitation of Human Brain Metabolites. Sci Rep 7, 3087 (2017).

Acknowledgements
This work was entirely supported by Catalyst Pharmaceuticals Inc., whose role was to supply study drug (CPP-
115 and placebo) and to consult on any medical issues that arose during the study. Dr. Renshaw is supported by a 
National Institute on Drug Abuse (NIDA) funding award (NIDA K24 DA015116). None of the authors have any 
competing interests to declare, although Drs Miller and Ingenito are employed by Catalyst Pharmaceuticals Inc., 
the sponsor of the present study and developer of CPP-115.

Author Contributions
A.P.P. contributed extensively to all aspects of work presented in this paper, including study conception and 
design, data acquisition, data processing, data interpretation, statistical analysis, and manuscript preparation. All 
other authors (J.J.P., S.R.M., G.I., D.G.K. and P.F.R.) contributed extensively to study conception and design, data 
interpretation, statistical analysis, and manuscript preparation.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Two-Dimensional Proton Magnetic Resonance Spectroscopy versus J-Editing for GABA Quantification in Human Brain: Insights fr ...
	Methods

	Subjects and Treatment Regimen. 
	Data Acquisition. 
	Data Processing. 
	Data Analysis. 

	Results

	Discussion

	Acknowledgements

	﻿Figure 1 (a) GABA molecular structure.
	Figure 2 (a) Simulated 2D J-resolved 1H MRS spectrum of GABA showing its C2, C3, and C4 resonances centered at 2.
	Figure 3 Time course data for all six participants showing the change in POC GABA levels across the four scan sessions, measured using MEGA-PRESS (black data) or 2D J-resolved 1H MRS (red data).
	Figure 4 (a) Plot of % baseline GABA:Cre measures for 2D J-resolved 1H MRS versus % baseline GABA+ measures for MEGA-PRESS.
	Figure 5 Mean (±standard error [SE]) metabolite:Cre level time course data obtained for the CPP-115 cohort (N = 4) using (a) 2D J-resolved 1H MRS and ProFit and (b) 1D 1H MRS (TE = 68 ms) and LC-Model.
	Figure 6 (a) The mean (±SE) Gannet-reported GABA fit error values presented for both cohorts and across all MRS scanning time points.
	Table 1 Study subject information regarding age at the time-of-scanning, assigned treatment (Tx), and treatment duration.
	Table 2 Tissue (GM and WM) tissue fractions calculated for both treatment groups.
	Table 3 Mean within-subject Cre CV values presented as % ± SD values for both measurement techniques and treatment cohorts.




