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A B S T R A C T   

The neurotransmitters GABA and glutamate have been suggested to play a role in Major Depressive Disorder 
(MDD) through an imbalance between cortical inhibition and excitation. This effect has been highlighted in 
higher brain areas, such as the prefrontal cortex, but has also been posited in basic sensory cortices. Based on 
this, magnetic resonance spectroscopy (MRS) was used to investigate potential changes to GABA+ and gluta
mate+glutamine (Glx) concentrations within the occipital cortex in MDD patients (n = 25) and healthy controls 
(n = 25). No difference in occipital GABA+ or Glx concentrations, nor in the GABA+/Glx ratio, was found 
between groups. An analysis of an extended MDD patient and unmatched control dataset (n = 90) found no 
correlation between metabolite concentrations and depressive symptoms. These results were integrated with 
prior studies through metabolite-specific meta-analyses, revealing no difference in occipital GABA and Glx 
concentrations between patients and controls. An effect of publication year on GABA group differences was 
found, suggesting that previously reported results may have been artifacts of measurement accuracy. Taken 
together, our results suggest that, contrary to some prior reports, MRS measurements of occipital GABA and Glx 
do not differ between MDD patients and controls.   

1. Introduction 

Major depressive disorder (MDD) is a serious psychiatric disorder 
that is prevalent worldwide and contributes significantly to the global 
disease burden (James et al., 2018). Although there has been extensive 
research into MDD over many decades, concrete biological mechanisms 
behind this heterogeneous disorder have not been established (Bel
maker and Agam, 2008). Traditionally, a large proportion of MDD 
research has focused on a monoamine-deficiency model of depression, 
with mixed success (Boku et al., 2018; Hirschfeld, 2000). In more recent 
years this has been joined by a number of alternative models including, 
for example, ones that focus on stress and glucocorticoids (Hirschfeld, 
2000), neurotrophic factors (Price and Duman, 2020), or inflammation 
(Woelfer et al., 2019). 

Another influential hypothesis proposes changes to the 

glutamatergic and GABA-ergic systems in MDD. These represent, 
respectively, the main excitatory and inhibitory transmitters in the 
human brain. Focusing on GABA, direct observations have suggested 
that its concentration is reduced in the plasma, cerebrospinal fluid, and 
brain tissue samples of MDD patients (Croarkin et al., 2011). This pic
ture is less clear, however, when non-invasive magnetic resonance 
spectroscopy (MRS) has been used to measure GABA concentrations in 
MDD patients in vivo. Although some studies have also found GABAergic 
reductions, others have reported no such effect (Godfrey et al., 2018). 
MRS studies of glutamate concentrations in MDD have reported simi
larly conflicting results (Godfrey et al., 2018). 

These inconsistencies in reported differences between patients and 
controls may arise from the apparent independence of metabolite con
centrations across different brain regions within individuals (Duncan 
et al., 2019; Greenhouse et al., 2016). This means that an alteration in 
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one region, or in amalgamated whole-brain measures, may not neces
sarily indicate an alteration in any other specific region. A further cause 
of inconsistent findings may be the range of MRS sequences that have 
been used across prior studies (e.g., SPECIAL, J-Editing, or PRESS) as 
these have variable sensitivity to different metabolites. Given these is
sues, there is a need to replicate results for consistent regions of interest 
(ROIs) using appropriate MRS techniques, as well as a need to combine 
existing results through meta-analyses in order to resolve 
inconsistencies. 

Previously, a large proportion of MDD research focused on “higher” 
brain areas such as the anterior cingulate cortex (ACC) and prefrontal 
cortex due to their involvement in processes, such as emotion regula
tion, that are commonly implicated in MDD pathophysiology (Park 
et al., 2019). More recently, attention has also switched to investigate 
primary sensory cortices, in part in response to alternative theories, such 
as the so-called "predictive coding" or "active inference" accounts of 
psychopathology that incorporate a role for early sensory processing in 
the disease process (Barrett et al., 2016; Kube et al., 2020). Within this 
framework, the primary visual cortex plays an important role in pro
cessing information related to emotion (Barrett and Bar, 2009; Kragel 
et al., 2019) and other higher cognitive processes such as attention, 
working memory, and decision making (Roelfsema and de Lange, 2016). 
A number of studies have used MRS to investigate GABA and glutamate 
within the occipital cortex in MDD. Results have, however, been 
inconsistent, with some studies finding metabolite reductions (Bhag
wagar et al., 2007; Sanacora et al., 2004, 1999) but others finding no 
difference between patients and controls (Price et al., 2009; Shaw et al., 
2013). This inconsistency points to a need for additional studies tar
geting this region, along with a synthesis of existing results through a 
meta-analysis of occipital cortex MRS studies in MDD. 

Based on this, we acquired MRS data from the occipital cortex in a 
group of MDD patients to compare GABA and glutamate+glutamine 
(Glx) concentrations against a group of age and sex matched controls. 
The ratio between GABA and Glx was also compared. These results were 
then integrated with those of prior studies investigating this region in 
MDD through separate meta-analyses of GABA and Glx group differ
ences. In addition to these group comparisons, we also conducted a 
parametric analysis of depressive symptoms against metabolite con
centrations in a larger sample consisting of additional MDD patients and 
unmatched control participants. This supplementary analysis investi
gated how GABA and Glx concentrations may be related to symptom 
load without imposing a categorical classification. 

2. Experimental procedures 

2.1. Participants 

Twenty-five patients diagnosed with MDD (20 females, age 36.6 ±
11.9 years old) were recruited from the out-patient department of the 
Department of Psychiatry, TMU-ShuangHo Hospital, Taiwan. Their 
current depressive episode was confirmed using the Mini International 
Neuropsychiatric Interview (Sheehan et al., 1998). All patients were 
undergoing pharmacotherapy at the time of scanning. Time since onset 
of depressive episodes and medications varied across patients (see 
Table S1 for details). Overall, the patients had an average time since 
their first depressive episode onset of 10.3 ± 11.1 years. The average 
duration of their current depressive episode was 9.1 ± 16.5 months. 
Patients prescribed GABAergic hypnotics were asked to not use them the 
night before scanning. Twenty-five healthy control participants (20 fe
males, age 37.0 ± 11.5 years old) with no history of psychiatric disorders 
were recruited from the local community. This group were directly 
matched for age and sex with MDD patients. The main analyses of this 
paper used this matched MDD-control dataset. 

To further investigate the relationship between depressive symptoms 
and metabolite concentrations, additional MDD and control participants 
were recruited according to the same inclusion criteria as the matched 

group. These additional participants were not matched for age and sex. 
The extended dataset thus includes the previously described matched 
MDD-control participants plus additionally-recruited participants to 
give a total of 33 MDD patients (25 females, age 38.8 ± 13.3 years old) 
and 62 healthy controls (51 females, age 32.9 ± 11.0 years old). 

Exclusion criteria for all participants were: contraindications for 
magnetic resonance imaging (e.g., brain implants, cardiac pacemakers); 
pregnancy; a history of neurological disorders (e.g., stroke, seizure, 
traumatic brain injury); comorbid psychiatric conditions; and alcohol or 
substance dependence. All participants received both oral and written 
information regarding the purpose and procedures of the study. This 
information was given in quiet surroundings and participants had the 
opportunity to ask questions about their participation in the study. 
Written consent was obtained following this. The study was approved by 
the Taipei Medical University Joint Institutional Review Board 
(N201603080). 

2.2. Symptom measures 

Patient symptom severity on the day of scanning was assessed with 
the MADRS instrument (Montgomery and Asberg, 1979). Depressive 
symptoms across patients and controls were measured using the Beck 
Depression Inventory-II (BDI) (Beck et al., 1996). 

2.3. MRI acquisition 

MRS data were acquired on a GE MR750 3-Tesla system using a 
body-coil for transmission and an 8-channel receive head-coil. A high 
resolution T1-weighted 3D structural Image (FSPGR; spatial resolution 
= 1 × 1 × 1 mm3; FoV = 256 × 256 mm2) was firstly acquired. Using this 
image, an MRS voxel was located in the occipital cortex, with a target 
volume of 27 mm3. The exact size and location of the MRS voxel was 
adjusted to accommodate individual differences in brain size and 
morphology whilst avoiding areas with poor signal. Voxel locations are 
shown in Fig. 1A. GABA sensitive MEGA-PRESS data were then acquired 
using the following settings: TR = 2000 ms; TE = 68 ms; data points =
4096; spectral width = 2000 kHz; alternating ON/OFF editing; 14 ms 
editing pulses applied at 1.9 ppm (ON) and 7.46 ppm (OFF); 192 aver
ages; 8 water unsuppressed acquisitions. These settings do not suppress 
the contribution of macromolecules to the signal and so quantified 
measurements are referred to as GABA+. 

2.4. MRI analysis 

All spectra were processed using the Gannet 3.0 toolbox (gabamrs. 
blogspot.co.uk), running in MATLAB R2019a. In brief, the preprocessing 
of MRS data was done automatically through Gannet’s standard proto
col, including frequency and phase correction, fast Fourier transform of 
time-domain acquired data to frequency-domain spectra, and expo
nential line broadening. After that, the GABA+ peak at 3.0 ppm in the 
difference-edited spectrum was fitted with a single Gaussian model and 
a composite measure of glutamate and glutamine (Glx) was obtained by 
fitting the Glx peak at 3.7 ppm with a Gaussian doublet model, as 
described elsewhere (Edden et al., 2013). 

MRS voxel coregistration to each subject’s structural image was 
performed by Gannet, along with tissue segmentation to grey matter 
(GM), white matter (WM) and cerebrospinal fluid (CSF) probabilistic 
partial volume maps by the unified tissue segmentation algorithm in 
SPM12 (fil.ion.ucl.ac.uk/spm). These maps were used to correct for the 
visibility and relaxation of water signals in GM/WM/CSF and for the 
neurotransmitter concentration difference between GM and WM. All 
neurotransmitter concentrations were quantified in institutional units (i. 
u.) with the water signal as the reference. T1 structural images and MRS 
voxel masks from all subjects were co-registered to MNI152 standard 
space using FMRIB Software Library 5.0.11 Linear Image Registration 
Tool (FSL FLIRT; fsl.fmrib.ox.ac.uk). 
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2.5. Data quality and voxel overlap 

For comparison of MRS data between individuals it is important that 
the voxels from which data are acquired cover the same anatomical 
locations. Similarly, group comparisons require there to be no system
atic difference in the anatomical locations covered for groups (Truong 
and Duncan, 2020). To identify potential outlying voxel locations we 
calculated individual voxel centres-of-mass in MNI space and calculated 
the Mahalanobis distance for each against the group 3D distribution 
(Martos et al., 2013). Two participants were excluded based on a 
chi-square probability density function with three degrees of freedom. 
To ensure there was no group difference (MDD vs controls) in voxel 
location, we ran a k-means clustering analysis with two clusters on the 
3D voxel coordinates and compared this to the diagnosis ground-truth. 
Group membership could not be estimated based on voxel location, 
suggesting no overall location difference between groups. MRS spectra 
were visually appraised to identify poor quality data (Fig. 1C). No data 
were excluded following this. Frequency drift was then calculated and 
one participant excluded based on a cut-off value of 15.5 Hz (Tsai et al., 
2016). 

2.6. Statistical analysis 

All statistical analyses were conducted using the Pingouin package 
(pingouin-stats.org) in Python 3.6 and the WRS2 package (cran.r-proj
ect.org/web/packages/WRS2/index.html) in R (version 3.6.1). 

MRS estimates of neurotransmitter concentrations (GABA+, Glx, 
GABA+/Glx ratio) were compared between patients and matched con
trols by Yuen’s test for trimmed means (Wilcox and Rousselet, 2018). 
The correlation between metabolite concentrations (GABA+, Glx or 
GABA+/Glx ratio) and depressive symptoms was then tested in the 
extended dataset using a robust “percentage bending” method (Wilcox 
and Rousselet, 2018). This was done with MADRS scores in the extended 
MDD group (n = 29) and with BDI scores across all participants (n = 90). 
Participant age was included as a covariate in these correlations. 

A number of supplementary analyses were conducted. Firstly, age 
and sex effects on the GABAergic system have been proposed (Pandya 
et al., 2019) and so GABA+ and Glx levels were compared between male 
and female participants and correlated with age in the total extended 
dataset. Secondly, as some studies have suggested that psychotropic 
drugs, such as SSRIs or BDZs, might modulate GABA concentrations in 
the occipital cortex (Bhagwagar et al., 2004; Goddard et al., 2004), we 
also used a robust ANOVA based on trimmed means to compare GABA 
concentrations between matched controls, MDD without SSRI or BDZ 
treatment, and MDD with only SSRI or BDZ treatment. Post-hoc t-tests 
based on trimmed means were computed where a significant main effect 
was found. 

Welch’s corrections were applied for unequal variances between 
groups and multiple comparisons were FDR corrected with the Benja
mini, Hochberg, and Yekutiel method (Benjamini and Yekutieli, 2001). 
Descriptive statistics are presented as mean ± standard deviation unless 
otherwise specified. Effect sizes for t-tests, robust tests on trimmed 

Fig. 1. MRS voxel location and MEGA-PRESS 
difference spectra (Matched MDD–Control 
dataset) (A) Voxel overlap densities for MDD 
patients (n = 25) and their matched controls (n 
= 25), as denoted by red and blue contours. (B) 
Voxel centroids for each MDD patient (n = 25) 
and their matched controls (n = 25), as denoted 
by red and blue colours. Brain outlines were 
created using the nilearn toolbox (Abraham 
et al., 2014). (C) Individual MEGA-PRESS dif
ference spectra along with the average spectra 
for MDD patients (n = 25) and their matched 
controls (n = 25), as denoted by red and blue 
colours. Thicker lines represent the group 
means.   
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means, and robust ANOVAs were reported as Cohen’s d, robust-d, and ξ. 

2.7. Meta-analysis - literature search 

Pubmed and Google Scholar databases were searched for publica
tions up to December 2019 using the search terms: (“gamma-amino
butyric acid” or "γ-aminobutyric acid" or “GABA”) and (“magnetic 
resonance spectroscopy” or “MRS”) and (“major depressive disorder” or 
“MDD” or “unipolar depression”). Additional publications were identi
fied from the reference lists of two previous meta-analyses (Godfrey 
et al., 2018; Romeo et al., 2018) that include MRS estimates of occipital 
GABA or Glx concentrations. 

MRS studies considered for inclusion had to be written in English and 
contain the following information: (1) GABA and/or Glutamate/Gluta
mine (Glx) concentrations (quantified by MRS) in the occipital cortex of 
MDD patients; (2) MDD patients had to be diagnosed with an appro
priate diagnostic criteria such as Diagnostic and Statistical Manual of 
Mental Disorders (DSM), MINI, or International Statistical Classification 
of Diseases and Related Health Problems (ICD); (3) the MRS data in the 
relevant region was also available in a healthy control group. The in
clusion criteria had no restriction on age, gender, mental state, or 
treatment level. The exclusion criteria included: studies with only a 
patient or a healthy group; studies which only compared MDD groups 
with other psychiatric disorders, such as bipolar disorder, schizo
phrenia, and obsessive-compulsive disorder; or studies with depressive 
disorders other than MDD (e.g., peripartum depression). This study se
lection process is summarised in Supplementary figure S1. 

Information extracted from the selected studies included: Types of 
metabolites (GABA, glutamate, glutamine, or Glx); concentrations 
(mean and standard deviation or standard error of the mean); test sta
tistics for group comparisons (if metabolite concentrations were not 
available); voxel placement location; voxel size; number of patients/ 
controls; diagnostic criteria; treatment status at time of scanning; mag
netic field strength; MRS sequence used; and unit of measurement (mM, 
mmol/L, metabolite/Cr, metabolite/water, mmol/kg, institutional unit, 
arbitrary unit). For studies that only reported the concentrations of 
metabolites as figures, a semi-automated tool (WebPlotDigitizer Version 
4.2; automeris.io/WebPlotDigitizer) was utilized to extract the numer
ical data regarding mean and standard deviation. 

Glutamate and glutamine values were summed to give a Glx value in 
studies that reported these separately. The Glx standard deviation was 
calculated as the average standard deviation of both glutamate and 
glutamine (Godfrey et al., 2018). 

2.8. Meta-analysis - statistical analysis 

Data analysis was carried out using the “meta” package in R version 
3.6.1. Standardized mean differences (SMDs) with Hedge’s correction 
(Hedge’s g) between patients and controls were calculated for GABA and 
Glx concentrations. Hedge’s g and its standard error were calculated 
using the “escal” R package. 

After data preparation, a random-effects model was fitted to the data 
due to the presence of different magnetic field strengths, MRS se
quences, and treatment regimes across studies. The corresponding 
pooled effect size and its 95% confidence intervals (CI) were calculated 
from the random-effect model with a Sidik-Jonkman estimator for tau2 

and Hartung-Knapp adjustment (Röver et al., 2015). Heterogeneity was 
assessed with Q statistics and was considered significant when I2 > 50% 
or P < 0.1 (Higgins et al., 2003). An Influence Analysis was also con
ducted to identify any studies that had an extreme impact on the 
meta-analysis result (as in Supplementary figures S2 & S3). The 
random-effects model was then refitted after excluding any such study. 
Outliers were identified based on two criteria: (1) having an extreme 
impact in the Influence Analysis; and (2) having a 95% CI lying outside 
the pooled effect size 95% CI. A permutation test was used to test the 
significance of the pooled Hedge’s g as this can reduce the type I error 

rate compared to the standard Wald and likelihood ratio tests (Follmann 
and Proschan, 1999). Finally, potential publication bias was assessed by 
visual inspection of Begg’s funnel plots. A random effects 
meta-regression analysis was also performed to assess the influence of 
the publication year and magnetic field strength on the effect sizes found 
in individual studies. 

3. Results 

3.1. MRS data quality 

MRS voxel location and spectral quality were compared between 
match MDD and control groups (see Fig. 1 and Table 1). Voxel volumes 
in the MDD group were larger than controls (T(48) = 2.13, p = 0.04, d =
0.60) but frequency drift did not differ between groups (T(48) = 1.43, p 
= 0.16, d = 0.40). GABA+ with water fit error did not differ between 
MDD and control (T(48) = − 1.60, p = 0.12, d = 0.45). Similarly, Glx with 
water fit error did not differ between MDD and control (T(48) = − 1.74, p 
= 0.09, d = 0.49). These fit error values were comparable with other 
studies using the same MRS sequence (Edden et al., 2013; Mikkelsen 
et al., 2019). 

3.2. Group differences in occipital cortex GABA+ and Glx 

Estimated GABA+ and Glx concentrations were compared between 
patients (n = 25) and controls (n = 25) from the matched dataset 
(Fig. 2). No differences were found for these (GABA+: T(26.77) = 0.54, 
pFDR = 0.89, d = 0.17; Glx: T(27.91) = 0.12, pFDR = 0.90, d = 0.04), nor for 
the GABA+/Glx ratio (T(26.52) = 0.68, pFDR = 0.89, d = 0.21). 

3.3. Factors influencing GABA+ and Glx estimates 

The extended dataset of unmatched MDD (n = 29) and control (n =
61) participants was used to investigate factors that correlate with 
GABA+ and Glx concentration estimates. No influence of sex was found 
on either GABA+ (T(16.03) = 1.30, pFDR = 0.42, d = 0.34) or Glx (T(21.11) 
= 0.80, pFDR = 0.43, d = 0.18; Fig. 3A). Age was found to correlate with 
GABA+ estimates (r = 0.25, pFDR = 0.03; Fig. 3B), but not with Glx (r =
0.08, pFDR = 0.47). No relationship was found across all participants 
between depressive symptoms, as measured with the BDI scale, and 
metabolite estimates while controlling for age (GABA+: r = 0.11, pFDR =

0.58; Glx: r = 0.07, pFDR = 0.58; GABA+/Glx: r = 0.06, pFDR = 0.58). In 
MDD patients, no significant correlation between MADRS scores and 
GABA+ (r = − 0.23, pFDR = 0.26), Glx (r = 0.22, pFDR = 0.26), or 
GABA+/Glx ratios (r = − 0.36, pFDR = 0.20) was found after controlling 
for age. 

Testing the influence of medication on metabolite estimates, a robust 
ANOVA showed that there was no difference in the occipital GABA+
concentrations across healthy controls, MDD patients undergoing SSRI 
treatment, and MDD patients not undergoing SSRI treatment (F(2,12.13) 
= 1.38, p = 0.29, ξ = 0.42; Supplementary figure S4A). Similarly, oc
cipital GABA+ concentrations did not differ across healthy controls, 
MDD patients undergoing BDZ treatment, and MDD patients not un
dergoing BDZ treatment (F(2,14.33) = 0.16, p = 0.85, ξ = 0.12; Supple
mentary figure S4B). 

Table 1 
MRS data metrics. Details of MRS voxels and MRS spectral quality metrics for 
matched MDD and control groups.   

MDD (n = 25) Control (n = 25)  

Voxel volume (ml) 24.4 ± 0.9 23.8 ± 1.2 T(48) = 2.13, p = 0.04 
Frequency drift 

(Hz) 
5.2 ± 1.4 4.6 ± 1.4 T(48) = 1.43, p = 0.16 

GABA fit error (%) 3.6 ± 1.6 4.4 ± 2.0 T(48) = − 1.60, p = 0.12 
Glx fit error (%) 3.0 ± 0.9 3.5 ± 1.3 T(48) = − 1.74, p = 0.09  
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3.4. Meta-analysis 

The literature search identified a total of 193 potential studies (see 
Supplementary figure S1 for an overview). An initial abstract screening 
reduced this to 17 studies, from which a further six were removed ac
cording to the defined exclusion criteria (details of excluded studies are 
given in Table S2). A total of 12 studies (eleven previous studies, plus 
this work) were thus included in the meta-analyses (Table 2). Nine of 
these reported GABA results and eight reported Glx (some reporting 
both). One outlying GABA study (Sanacora et al., 1999) was identified 
based on study heterogeneity and excluded from the meta-analysis 
(before exclusion I2 = 70.5%, p < 0.001; after exclusion, I2 = 25.8%, 
p = 0.22; Supplementary figure S2). One Glx study (Sanacora et al., 
2004) was identified as an outlier and was excluded from the analysis 
(before exclusion I2 = 71.6%, p < 0.001; after exclusion, I2 = 36.6%, p =
0.15; Supplementary figure S3). 

A comparison of occipital GABA concentration differences between 
MDD patients and healthy control subjects from seven studies was per
formed. Based on a random-effects model meta-analysis, there was no 
significant difference in occipital GABA concentration between MDD 
and control groups (SMD = − 0.24, permutation test 95% CI = − 0.56 to 
0.08, p = 0.11; Fig. 4A). Visual inspection of the funnel plot suggested 
(Fig. 4B) that there was a minimal risk of publication bias as many 

studies reported non-significant results. A meta-regression of the meta- 
analysis was conducted to test the effect of publication year and mag
netic field strength on reported occipital GABA concentration differ
ences. This showed that publication year (F(1,6) = 22.22, p = 0.003; 
Fig. 4C), but not magnetic field strength (F(1,6) = 5.49, p = 0.058; 
Fig. 4D), was positively related with reported group differences for oc
cipital GABA. 

The same approach was then applied to reported Glx differences 
from seven studies. No significant difference in occipital Glx concen
trations between MDD and control groups was found (SMD = − 0.28, 
permutation test 95% CI = − 0.70 to 0.13, p = 0.11; Fig. 5A). A potential 
publication bias may exist based on the presence of studies with small 
sample sizes and non-significant results (Fig. 5B). In contrast to GABA, 
there was no evidence that publication year (F(1,5) = 0.84, p = 0.40; 
Fig. 5C) influenced reported Glx group differences, nor was there any 
relationship with magnetic field strength (F(1,5) = 0.20, p = 0.67; 
Fig. 5D). 

4. Discussion 

The observed lack of difference in occipital GABA contrasts with 
early work highlighting substantial reductions in MDD (Kugaya et al., 
2003; Sanacora et al., 2004, 1999) but coheres with more recent studies 

Fig. 2. MDD and control metabolite differences. No differences were found between matched patients (n = 25) and controls (n = 25) for estimates of (A) GABA+, 
(B) Glx, and (C) GABA+/Glx ratios. MDD patients are shown in orange and controls in blue. Box plots indicate medians and quartile ranges. Concentrations are given 
in institutional units (i.u.). 

Fig. 3. Relation of occipital GABAþ to age and sex. (A) GABA+ concentrations were compared between female (n = 73) and male (n = 17) participants. No 
difference was observed. (B) A positive correlation between participant age and GABA+ concentrations was found (n = 90). MDD patients are shown in orange and 
controls in blue. The best linear fit to the data is shown with its 95% CI. Box plots indicate medians and interquartile range. * denotes pFDR < 0.05. 
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suggesting no difference between patients and controls (Bhagwagar 
et al., 2004; Godlewska et al., 2014; Price et al., 2009; Shaw et al., 
2013). This includes a recent study that included patients with bipolar 
depression that was excluded from the meta-analysis (Knudsen et al., 
2019). Our meta-analysis result demonstrating an influence of publica
tion year on reported group differences suggests that the early studies 
may have produced false-positives due to methodological issues that are 
not seen in later studies. This highlights the need to replicate findings 
within the psychiatric MRS literature as scanning technology and 
analysis techniques improve. 

GABA concentrations not being altered in the occipital cortex raises 
interesting questions regarding mechanisms for alterations in that sys
tem in MDD given the evidence that there are alterations in other brain 
regions. A recent meta-analysis taking the brain as a whole showed re
ductions in GABA concentrations in patients (Godfrey et al., 2018). The 
same work also showed a reduction in the anterior cingulate cortex 
when integrating results from that region specifically. Other individual 
MRS studies have also suggested changes in the dorsolateral and dor
somedial prefrontal cortices (Bhagwagar et al., 2008; Hasler et al., 
2007). These regions lie within the salience and executive control net
works, which are known to be functionally altered in MDD (Northoff, 
2016), pointing to potential network-specific changes in GABA con
centrations. Although the mechanisms behind such changes remain to 
be identified, there is increasing evidence for localised interactions be
tween stress and GABAergic interneuron function leading to depressive 
symptoms (Fogaça and Duman, 2019; Girgenti et al., 2019). 

Both our MRS analysis and meta-analysis also revealed no difference 
in measured occipital Glx concentrations in MDD. No change was 
observed in GABA/Glx ratios either. Prior work looking at occipital Glx 

Table 2 
Meta-analysis studies. Each study included in the GABA and Glx meta- 
analyses. Magnetic field strength in Tesla, MRS sequence, which transmitters 
were measured, and the referencing approach used are given for each.  

Study Field 
(T) 

Sequence Neurotransmitter Reference 

Sanacora et al. 
(1999) 

2.1 J-editing GABA Creatine 

Kugaya et al. 
(2003) 

2.1 J-editing GABA Creatine 

Mirza et al. 
(2004) 

1.5 PRESS Glx Phantom 

Sanacora et al. 
(2004) 

2.1 J-editing GABA & Glx Creatine 

Rosenberg et al. 
(2005) 

1.5 PRESS Glutamate Creatine 

Bhagwagar et al. 
(2008) 

3 MEGA- 
PRESS 

GABA & Glx Creatine 

Price et al. 
(2009) 

3 PRESS GABA Water 

Abdallah et al. 
(2014) 

4 J-editing GABA & 
Glutamate 

Creatine 

Shaw et al. 
(2013) 

3 MEGA- 
PRESS 

GABA Water 

Godlewska et al. 
(2014) 

3 SPECIAL GABA & 
Glutamate 

Creatine +
phosphate 

Godlewska et al. 
(2018) 

7 Semi- 
LASER 

Glutamate Water 

This study 
(2020) 

3 MEGA- 
PRESS 

GABA & Glx Water  

Fig. 4. Meta-analysis of occipital GABA differences. (A) Forest plot of effect sizes from each study. The overall effect is indicated in red. (B) Funnel plot indicating 
a minimal risk of publication bias. (C) Regression of group difference effect size and year of publication. (D) Regression of group difference effect size and magnetic 
field strength. Best fit straight lines are shown with their CI. Bubbles represent the weight assigned to each study. ** denotes p < 0.001. 
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in MDD has given varied results, with some studies finding increases 
(Sanacora et al., 2004), some decreases (Bhagwagar et al., 2008), and 
others no difference. Our negative result from the occipital cortex fits 
with recent work using high-field strength MRS to look at glutamate in 
other brain regions that also found no difference between MDD patients 
and controls (Godlewska et al., 2018). It may be noted, however, that 
the glutamate-glutamine system plays a metabolic as well as neuro
transmission role and that there may be changes to neuronal energy 
production that are not visible to the MRS methods employed (Abdallah 
et al., 2014) and which may be relevant to the aetiology of depression 
(Allen et al., 2018; Morava and Kozicz, 2013). 

The specific locations of excitatory and inhibitory neurotransmitter 
changes in depression may be informative from the point of view of 
active inference theories of depression (Kube et al., 2020). According to 
these, the processes whereby signals representing sensory inputs are 
compared to the brain’s internal model become distorted. This could in 
principle occur at different stages of the process: in the encoding of 
sensory signals; in the properties of the internal model; in the generation 
of prediction errors; or in the model updates and behaviour selection 
resulting from them. The apparent lack of MRS-based evidence for visual 
cortex changes suggest that sensory signals themselves are not affected. 
The previously described changes in the anterior cingulate and pre
frontal cortices (Godfrey et al., 2018) would instead point to issues with 
the internal model or prediction error generation, processes that are 
thought to be associated with these regions (Alexander and Brown, 
2019; Pezzulo et al., 2014). 

The current work has a number of limitations. Firstly, the patients 
included in the MRS study were predominantly female and so we cannot 
rule out sex effects on occipial metabolites. This could include hormonal 

influences on GABA concentrations (Epperson et al., 2002), although it 
would be unlikely that this effect would be consistent enough across all 
participants to drive the results. Secondly, the number of studies 
included in the meta-analysis is lower than optimum for reliability and 
methodological heterogeneity between studies is inherent (voxel size, 
MRS sequence, etc.). Finally, although the consistent MRS and 
meta-analysis results provide strong evidence for there being no change 
in occipital GABA when taking MDD patients as a whole, increasing 
evidence points to different disease subtypes being subsumed within the 
MDD category (Drysdale et al., 2017; Woelfer et al., 2019). These sub
types may have different biological underpinnings meaning that occip
ital neurotransmitter changes could be present in some but not others 
(Beijers et al., 2019). This would be consistent with the finding of no 
effect across all participants as a whole. 

In conclusion, MRS data from MDD patients and controls were 
compared to identify changes in inhibitory and excitatory neurotrans
mitter concentrations in the occipital cortex. This analysis was then 
complemented by a meta-analysis of similar prior studies. Both analyses 
gave consistent evidence that MRS measures of occipital GABA+ and Glx 
concentrations do not differ between patients with MDD and controls. 
This provides a synthesis of prior work and clarifies inconsistencies in 
the literature, suggesting that early MRS-based reports of occipital 
GABAergic changes in MDD are likely to not have been correct. 
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Martos, G., Muñoz, A., González, J., 2013. On the Generalization of the Mahalanobis 
Distance. In: Ruiz-Shulcloper, J., Sanniti di Baja, G. (Eds.), Progress in Pattern 
Recognition, Image Analysis, Computer Vision, and Applications, Lecture Notes in 
Computer Science. Springer, Berlin, Heidelberg, pp. 125–132. https://doi.org/ 
10.1007/978-3-642-41822-8_16. 

Mikkelsen, M., Rimbault, D.L., Barker, P.B., Bhattacharyya, P.K., Brix, M.K., Buur, P.F., 
Cecil, K.M., Chan, K.L., Chen, D.Y.-T., Craven, A.R., Cuypers, K., Dacko, M., 
Duncan, N.W., Dydak, U., Edmondson, D.A., Ende, G., Ersland, L., Forbes, M.A., 
Gao, F., Greenhouse, I., Harris, A.D., He, N., Heba, S., Hoggard, N., Hsu, T.-.W., 
Jansen, J.F.A., Kangarlu, A., Lange, T., Lebel, R.M., Li, Y., Lin, C.-Y.E., Liou, J.-.K., 

V. Truong et al.                                                                                                                                                                                                                                 

https://osf.io/3znd9/
https://doi.org/10.1016/j.pscychresns.2020.111238
https://doi.org/10.1176/appi.ajp.2014.14010067
https://doi.org/10.1176/appi.ajp.2014.14010067
https://doi.org/10.3389/fninf.2014.00014
https://doi.org/10.3389/fninf.2014.00014
https://doi.org/10.1111/tops.12307
https://doi.org/10.1111/tops.12307
https://doi.org/10.3389/fnins.2018.00386
https://doi.org/10.3389/fnins.2018.00386
https://doi.org/10.1098/rstb.2008.0312
https://doi.org/10.1098/rstb.2008.0312
https://doi.org/10.1098/rstb.2016.0011
https://doi.org/10.1098/rstb.2016.0011
http://refhub.elsevier.com/S0925-4927(20)30210-9/sbref0007
http://refhub.elsevier.com/S0925-4927(20)30210-9/sbref0007
https://doi.org/10.1038/s41380-019-0385-5
https://doi.org/10.1038/s41380-019-0385-5
https://doi.org/10.1056/NEJMra073096
http://refhub.elsevier.com/S0925-4927(20)30210-9/sbref0010
http://refhub.elsevier.com/S0925-4927(20)30210-9/sbref0010
https://doi.org/10.1016/j.biopsych.2006.08.048
https://doi.org/10.1016/j.biopsych.2006.08.048
https://doi.org/10.1017/S1461145707007924
https://doi.org/10.1017/S1461145707007924
https://doi.org/10.1176/appi.ajp.161.2.368
https://doi.org/10.1176/appi.ajp.161.2.368
https://doi.org/10.1111/pcn.12604
https://doi.org/10.1016/j.neubiorev.2010.10.002
https://doi.org/10.1016/j.neubiorev.2010.10.002
https://doi.org/10.1038/nm.4246
https://doi.org/10.1002/jmri.26706
https://doi.org/10.1002/jmri.26706
https://doi.org/10.1002/jmri.24478
https://doi.org/10.1002/jmri.24478
http://refhub.elsevier.com/S0925-4927(20)30210-9/sbref0019
http://refhub.elsevier.com/S0925-4927(20)30210-9/sbref0019
http://refhub.elsevier.com/S0925-4927(20)30210-9/sbref0019
http://refhub.elsevier.com/S0925-4927(20)30210-9/sbref0019
http://refhub.elsevier.com/S0925-4927(20)30210-9/sbref0019
https://doi.org/10.3389/fncel.2019.00087
https://doi.org/10.1111/j.0006-341x.1999.00732.x
https://doi.org/10.1038/s41398-019-0642-z
https://doi.org/10.1038/s41398-019-0642-z
https://doi.org/10.1176/appi.ajp.161.12.2186
https://doi.org/10.1176/appi.ajp.161.12.2186
https://doi.org/10.1016/j.jpsychires.2018.08.015
https://doi.org/10.1017/S0033291717003373
https://doi.org/10.1007/s00213-014-3687-y
https://doi.org/10.1007/s00213-014-3687-y
https://doi.org/10.1016/j.neuroimage.2016.06.007
https://doi.org/10.1001/archpsyc.64.2.193
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1136/bmj.327.7414.557
http://refhub.elsevier.com/S0925-4927(20)30210-9/sbref0030
http://refhub.elsevier.com/S0925-4927(20)30210-9/sbref0030
https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.1017/neu.2018.22
https://doi.org/10.1126/sciadv.aaw4358
https://doi.org/10.1126/sciadv.aaw4358
https://doi.org/10.1016/j.biopsych.2019.07.017
https://doi.org/10.1016/S0006-3223(02)01788-2
https://doi.org/10.1007/978-3-642-41822-8_16
https://doi.org/10.1007/978-3-642-41822-8_16


Psychiatry Research: Neuroimaging 308 (2021) 111238

9

Lirng, J.-.F., Liu, F., Long, J.R., Ma, R., Maes, C., Moreno-Ortega, M., Murray, S.O., 
Noah, S., Noeske, R., Noseworthy, M.D., Oeltzschner, G., Porges, E.C., 
Prisciandaro, J.J., Puts, N.A.J., Roberts, T.P.L., Sack, M., Sailasuta, N., Saleh, M.G., 
Schallmo, M.-.P., Simard, N., Stoffers, D., Swinnen, S.P., Tegenthoff, M., Truong, P., 
Wang, G., Wilkinson, I.D., Wittsack, H.-.J., Woods, A.J., Xu, H., Yan, F., Zhang, C., 
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