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Abstract 

The anterior cingulate cortex (ACC), a brain region that mediates affect and cognition by con- 
necting the frontal cortex to limbic structures, has been consistently implicated in the neurobi- 
ology of Bipolar Disorder (BD). Proton magnetic resonance spectroscopy ( 1 H-MRS) studies have 
extensively compared in vivo neurometabolite levels of BD patients and healthy controls (HC) 
in the ACC. However, these studies have not been analyzed in a systematic review or meta- 
analysis and nor has the influence of mood state and medication on neurometabolites been 
examined in this cortical region. A systematic review and a meta-analysis of 1 H-MRS studies 
comparing ACC neurometabolite profiles of adult BD patients and HC subjects was conducted, 
retrieving 27 articles published between 2000 and 2018. Overall increased ACC levels of Glx 
[glutamine (Gln) + glutamate)/Creatine], Gln, choline (Cho) and Cho/Creatine were found in 
BD compared to HC. Bipolar depression was associated with higher Cho levels, while euthymia 
correlated with higher glutamine (Gln) and Cho. Mood stabilizers appeared to affect ACC Glu 
and Gln metabolites. Increased ACC Cho observed in euthymia, depression and in medication- 
free groups could be considered a trait marker in BD and attributed to increased cell membrane 
phospholipid turnover. Overall increased ACC Glx was associated with elevated Gln levels, par- 
ticularly influenced by euthymia, but no abnormality in Glu was detected. Further 1 H-MRS stud- 

∗ Corresponding author at: Mood Disorders Unit (GRUDA), Institute of Psychiatry, School of Medicine, University of São Paulo (IPq-FMUSP), 
Brazil. 
E-mail address: estevaoscotti@gmail.com (E. Scotti-Muzzi). 

https://doi.org/10.1016/j.euroneuro.2021.01.096 
0924-977X/ © 2021 Elsevier B.V. and ECNP. All rights reserved. 

Please cite this article as: E. Scotti-Muzzi, K. Umla-Runge and M.G. Soeiro-de-Souza, Anterior cingulate cortex neurometabolites in 
bipolar disorder are influenced by mood state and medication: A meta-analysis of 1H-MRS studies, European Neuropsychopharmacology, 
https://doi.org/10.1016/j.euroneuro.2021.01.096 



E. Scotti-Muzzi, K. Umla-Runge and M.G. Soeiro-de-Souza 

ARTICLE IN PRESS 

JID: NEUPSY [m6+; February 11, 2021;2:42 ] 

ies, on other voxels, should assess more homogeneous (mood state-specific), larger BD samples 
and account for medication status using more sensitive 1 H-MRS techniques. 
© 2021 Elsevier B.V. and ECNP. All rights reserved. 

1. Introduction 

Bipolar disorder (BD) is a severe, chronic illness character- 
ized by significant oscillations in mood ranging from de- 
pression to mania ( Merikangas et al., 2007 ). Although lit- 
tle is known about the neurobiology of BD, recent structural 
and functional neuroanatomical studies have reported dis- 
integration in fronto-subcortical circuitry ( Strakowski et al., 
2012 ; Maletic and Raison., 2014 ), particularly circuits medi- 
ated by the anterior cingulate cortex (ACC), a key center 
integrating cognitive and affective neuronal connections . 

The ACC (Supplementary Material, Figure S1) is one of 
the most studied brain region by neuroimaging in BD. Alter- 
ations involving the ACC in BD range from abnormal mor- 
phology and brain connectivity to neurochemistry. Reduc- 
tion in ACC gray matter volume has been one of the most 
consistent findings reported in BD ( Drevets et al., 1997 ; 
Haldane and Frangou., 2004 ; Strakowski et al., 2012 ). In 
fact, the largest structural magnetic resonance image (MRI) 
study to date ( Hibar et al., 2017 ), as well as a recent sys- 
tematic review ( Hanford et al., 2016 ) and a meta-analysis 
( Wise et al., 2017 ), have confirmed this cortical thinning. 
A voxel-based quantitative meta-analysis of functional MRI 
(fMRI) studies has also suggested a fronto-limbic dysfunc- 
tion in the ACC of BD patients relative to HC subjects 
( Chen et al., 2011 ), whilst systematic reviews and meta- 
analyses of diffusion tensor imaging (DTI) studies in BD re- 
port alterations in white matter tracts (decreased fractional 
anisotropy) connecting the ACC to subcortical limbic struc- 
tures ( Vederine et al., 2011 ; Nortje et al., 2013 ). Addition- 
ally, ketamine, a glutamatergic receptor antagonist agent 
that promotes transient antidepressant effects, has been 
shown to increase glutamine levels in the ACC ( Rowland 
et al., 2005 ) and also to modulate the functional connec- 
tivity between the ACC and pre-frontal cortex (PFC) ( Lenner 
et al., 2017 ). Therefore, alterations in the morphology, con- 
nectivity and neurochemistry of the ACC appear to be impli- 
cated in BD neurobiology. 

The neurochemical alterations in BD can be assessed by 
proton magnetic resonance spectroscopy ( 1 H-MRS), a non- 
invasive technique based on the signal intensity arising from 

protons in a given metabolite as a function of their fre- 
quency displayed in a spectrum whose peaks are propor- 
tional to the concentrations of the correspondent metabo- 
lite ( Buonocore and Maddock., 2015 ). Thus, 1 H-MRS provides 
in vivo absolute or relative to creatine (/Cr) measurements 
of several brain neurometabolites, such as Glutamate (Glu), 
Glutamine (Gln), Glx (Glu + Gln), Gamma-Aminobutyric 
Acid (GABA), N - acetylaspartate (NAA), Choline (Cho), and 
Myo-inositol (mI). Precise measurements of Glu and Gln 
require the use of more sensitive techniques with higher 
field strengths ( ≥ 3 T) and the sum of these metabolites 
are commonly referred as Glx ( Buonocore and Maddock, 
2015 ). 

While Glu and GABA are the most common excitatory 
and inhibitory neurotransmitters, respectively, in the cen- 
tral nervous system, Gln is a “non-excitatory” form of stored 
Glu ( Walls et al., 2015 ). NAA, in turn, is an amino acid 
synthesized in neuronal mitochondria and has been con- 
sidered a marker of neuronal energy metabolism, viability 
and health ( Stork and Renshaw., 2005 ). Myo-inositol (mI) is 
an organic osmolyte located in astrocytes and considered a 
glial cell marker ( Brand et al., 1993 ), whilst Cho corresponds 
to phosphoryl and glycerol phosphoryl choline and is an in- 
dicator of cell membrane turnover (synthesis or breakdown) 
( Stork and Renshaw., 2005 ; Moffett et al., 2007 ). Creatine 
(Cr) has been widely used as an internal standard for 1 H- 
MRS because it is assumed that there is very little variation 
in the cr-phosphocreatine (P-Cr) equilibrium, resulting in a 
stable concentration of Cr ( Buonocore and Maddock., 2015 ). 

Previous 1 H-MRS studies in BD have reported increased 
Glx (Glutamate + Glutamine) and/or Glu in cortical frontal 
regions in BD ( Yildiz-Yesiloglu and Ankerst., 2006 ; Yüksel 
and Öngür., 2010 ; Gigante et al., 2012 ; Chitty et al., 
2013 ), commonly interpreted as an increased glutamater- 
gic neurotransmission or excitatory state. Although Glx 
corresponds to not only a greater proportion of Glu, but 
also Gln, GABA and glutathione (GSH), its major contribu- 
tors are Glu and Gln. Regarding NAA, previous systematic 
reviews and meta-analyses ( Yildiz-Yesiloglu and Ankerst., 
2006 ; Kraguljac et al., 2012 ) have found reduced levels in 
frontal regions, the hippocampus and basal ganglia, and has 
been interpreted as an indicator of mitochondrial dysfunc- 
tion and impartment in energy production, resulting in in- 
creased lactate ( Stork and Renshaw, 2005 ). Neuronal dam- 
age has also been suggested by previous systematic reviews 
that pointed to higher levels of Cho ( Yildiz-Yesiloglu and 
Ankerst., 2006 ) and mI ( Silverstone et al., 2005 ) in BD, a 
finding not confirmed by a meta-analysis ( Kraguljac et al., 
2012 ). In contrast, GABA has been consistently reported as 
unaltered in BD ( Schur et al., 2016 ; Chiapponi et al., 2016 ; 
Romeo et al., 2018 ). 

However, 1 H-MRS studies in BD are especially challeng- 
ing because BD subjects can present any of at least three 
mood states (depression, mania and euthymia) at time of 
scan. Therefore, it has been hard to interpret the relation- 
ship between neurometabolite profile and clinical presen- 
tation since most studies have not taken into account the 
influences of both mood state and medication on neuro- 
metabolite dynamics. Indeed, very few 

1 H-MRS systematic 
reviews and meta-analyses performed thus far have taken 
into consideration the effect of mood state or medication 
on metabolites levels, while none have focused specifically 
on a specific brain region such as the ACC. Since understand- 
ing the neurometabolic profile of the ACC in BD and how it is 
affected by mood states and medications is critical to eluci- 
dating the neurobiology of this disorder, the aim of this sys- 
tematic review and meta-analysis was to examine, for the 
first time, ACC-specific cross-sectional 1 H-MRS studies in BD 
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patients compared to healthy controls, and to investigate 
the influence of mood state and medication on results. 

2. Experimental procedures 

2.1. Literature search and inclusion criteria 

We conducted a search of the literature on the PubMed, EMBASE, 
Cochrane Library, Medline, Scopus and Google Scholar platforms 
following the guidelines of the Preferred Reporting Items for Sys- 
tematic Reviews and Meta-Analyses (PRISMA) statement ( Moher 
et al., 2009 ), as depicted in Supplementary Material, Figure S2. 
Using the search strings “proton magnetic resonance spectroscopy 
or 1 H-MRS” AND “bipolar disorder” AND “anterior cingulate cortex”
from database inception until February 2019, a total of 53 articles 
published (2000 - 2018) were identified. Of the 53 manuscripts con- 
sidered eligible for full-text search, only 27 cross-sectional stud- 
ies met the following study inclusion criteria: articles written in 
English; studies performed in subjects with mean age ≥ 18 years; 
ACC as the region of interest; cross-sectional studies comparing BD 
and HC groups; longitudinal studies (2 studies) were included only 
if they provided baseline data comparing BD and HC groups; mag- 
netic field ≥1.5 Tesla (except for Glx, Glu and Gln ≥3 Tesla ); and 
studies using the DSM diagnostic criteria for BD and mood states 
(mania, depression or euthymia). Besides DSM-criteria, the use of 
mood-state classification by a symptoms scale was accepted. 

The quality of each individual study was assessed in relation to 
clinical and demographic aspects (e.g., age, sex, education, ill- 
ness duration and severity, exclusion of systemic diseases, neu- 
rodevelopmental disorder, history of drug or alcohol abuse), sample 
sizes, and 1 H-MRS acquisition and analysis methodology (e.g., voxel 
placement, use of Cramer-Rao lower bound (CRLB) or equivalent 
filtering for spectral quality assessment). 

2.2. Meta-analytic procedure 

Means and standard deviations (SD) of Glx, Glu, Gln, GABA, NAA, 
mI and Cho concentrations, as well as sample sizes for both BD 
and HC groups were extracted from each study or acquired by 
contacting the respective corresponding author if the data was 
presented as graphs or median/quartile range (e.g., Prisciandaro 
et al., 2017 ; Wise et al., 2018 ). In cases of overlapping samples 
involving two publications, only the study with the larger sample 
size was included in the meta-analysis. Absolute and over creatine 
(/Cr) concentrations were considered, but sensitivity and/or sub- 
group meta-analyses stratified by mood state (hypomania/mania, 
depression, or euthymia) and medication status (medication-free) 
were performed. Meanifull meta-analyses were considered if there 
were a minimum ≥3 studies available. The meta-analyses were 
performed using Comprehensive Meta-analysis software version 3.3 
developed by Biostat ( Borenstein et al., 2005 ). The effect size 
used was Hedges’ g ( Hedges and Olkin., 1985 ) using 95% confi- 
dence intervals, adopting the following classification: 0.2 = small; 
0.5 = medium; and 0.8 = large ( Cohen, 1988 ). The p-value was set 
to 0.05 and heterogeneity was estimated using I 2 statistics, consid- 
ering I 2 of 25%, 50% and 75% as small, moderate, and high levels 
of heterogeneity, respectively ( Higgins et al., 2003 ). Random ef- 
fects modeling was used because considerable clinical and method- 
ological heterogeneity among the selected studies was assumed. 
Meta-regressions were performed to assess the relationship be- 
tween moderators (subject age and publication year) and effect 
size of neurometabolites between patients and controls. Publica- 
tion bias (meta-analysis ≥ 10 studies) was evaluated using a funnel 
plot and Egger’s linear regression method test ( Egger et al., 1997 ). 

3. Results 

3.1. Glutamatergic metabolites 

Table 1 shows twelve studies published between 2007 and 
2018 that compared ACC concentrations of Glx, Glu and Gln 
in adult BD patients relative to HC by 1 H-MRS at a magnetic 
field ≥ 3T. 

3.1.1. Glx 

Overview. A meta-analysis of four studies for which data 
were available involving a total of 354 subjects (197 BD, 
157 HC), showed significantly overall higher ACC Glx/Cr in 
BD relative to HC (g:0.47, 95% CI: 0.18 to 0.75, Z: 3.22, 
p = 0.001; tau 2 = 0.01; Q:3.51, df:3; p = 0.31, I 2 = 14.5%), in- 
dependently of the quantification method used ( Fig. 1 ). 
Meta-regression revealed no influence of subject age [co- 
efficient: −0.074; 95% CI: ( −0.169, 0.020); p = 0.12] or year 
of publication [coefficient: 0.0135; 95% CI: ( −0.071, 0.058); 
p = 0.75] on the results. 
Mood states. There were not enough studies ( n < 3) to per- 
form meaninfull meta-analyses in depressive, manic and eu- 
thymic mood states. 
Medication status. There were not enough studies ( n < 3) 
to perform a meaningful meta-analysis in medication-free 
and medicated samples. 

3.1.2. Glutamate (Glu) 

Overview. Table 1 shows ten studies that measured Glu or 
Glu/Cr in the ACC of BD subjects as compared to HC using 
both conventional techniques (e.g. PRESS) with a magnetic 
field ≥ 3T or more sensitive techniques (e.g. JPRESS). The 
pooled meta-analysis of 9 studies (592 subjects: 303 BD; 289 
HC) revealed no significant differences between groups (g: 
0.08, 95% CI: −0.36 to −0.19, Z: 0.58, p = 0.55; tau 2 = 0.18; 
Q: 32.8, df:8; p < 0.0001; I 2 = 75.6%; Supplementary Material, 
Fig. S 3A ). 
Mood states. There were not enough studies ( n < 3) to 
perform meaninfull meta-analyses in depressive and manic 
mood states (Supplementary Material, Fig. S 3A ). The 
pooled meta-analysis of 5 studies that assessed ACC Glu/Cr 
or Glu in euthymic mood state found also no signifi- 
cant differences between groups (g: 0.17, 95% CI: −0.30 
to −0.65, Z: 0.7; p = 0.70; tau 2 = 0.27;Q: 21.82, df:3 
p < 0.0001, I 2 = 86.2%; Supplementary Material, Fig. S 3A ) 
Medication status. There were not enough studies ( n < 3) 
to perform meaninfull meta-analysis in the medication- 
free group (Supplementary Material, Fig. S 3B ). The meta- 
analysis of eight studies performed in medicated subjects 
revealed no differences between groups (Supplementary 
Material, Fig. S 3B ). However, some studies provided evi- 
dence of lower levels of Glu/Cr in euthymic subjects taking 
anticonvulsants ( Soeiro-de-Souza et al., 2013 , 2015 , 2018 a). 

3.1.3. Glutamine (Gln) 

Overview. Four studies ( Table 1 ) measured ACC Gln using 
higher magnetic fields and/or 2D MRS sequences. Three 
of these studies reported increased Gln/Glu or decreased 
Glu/Gln in BD patients relative to controls ( Öngür et al., 
2008 ; Soeiro-de-Souza et al., 2015 ; Kubo et al., 2017 ). The 
meta-analysis of these studies (227 subjects:115 BD; 112 
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Table 1 Cross-sectional 1 HMRS studies comparing ACC neurometabolites concentration between bipolar disorder and healthy 
controls subjects. 

Reference BD type Sample 
Size 
(P/C) 

Mean Age Mood 
State 

Medication Field 
Strength 
(T)/ Echo 
Time (ms) 

MRS 
sequence 

Metabolites 
reported 

Significant 
Results 

Moore 
et al., 2000 

I 9/14 37.9/36 DMS Li, Ac,Ad 1.5/30 STEAM Cho/Cr, mI/Cr Cho/Cr ↑ 

Dager et al., 
2004 

I, II 23/26 30.3/31 DMS, D MF 1.5/variable PEPSI NAA, Cho, mI None 

Amaral 
et al., 2006 

I 13/15 34.5/34 E Li, Ac,Ad, 
Ap 

1.5/144 PRESS NAA/Cr, Cho/Cr None 

Frye et al., 
2007 a 

I, II 23/12 35.6/32 D MF 1.5/30 PRESS Cho, Cho/cr None 

Frye et al., 
2007 b 

I 16/17 37.5/32.9 M/H Li, Ac, Ap 3/20 STEAM Glx/Cr, NAA/Cr, 
Cho/Cr, mI/Cr 

None 

Malhi et al., 
2007 

I 9/9 40.7/41 H Li, Ac, MF 1.5/30 FSPGR NAA, Cho, mI NAA ↓ , Cho ↓ 

Malhi et al., 
2007 

I 9/9 40.7/41 E Li, Ac, MF 1.5/30 FSPGR NAA, Cho None 

Öngür 
et al., 2008 

I 15/21 36.3/34.3 M Li, Ac Ap 4/variable J-PRESS Glu, Gln, NAA, 
Cho, mI 

Gln/Glu ↑ 

Port et al., 
2008 

I, II 21/21 30.8/31 DMS MF 3/ 30 PRESSCI Cho None 

Scherk 
et al., 2009 

I 33/29 33/29 E Li 1.5/30 PRESS NAA/Cr, Cho/Cr, 
mI/Cr 

None 

Brady et al., 
2012 

I 14/21 37.6/35 M Li,Ac,Ap 4/ variable JPRESS NAA/Cr None 

Xu et al., 
2013 

I, II 24/20 34/31 DMS MF 3/30 2D MRSI Glx/Cr, Glu/Cr, None 

Soeiro-de- 
Souza et al., 
2013 

I 40/40 29/29 E Li,Ac,Ad,Ap 3/80 PRESS Glx/Cr, Glu/C, 
NAA/Cr, Cho/Cr, 
mI/Cr 

Glx/Cr ↑ , Glu/Cr 
↑ , Cho/Cr ↑ 

Zhong 
et al., 2014 

NM 20/13 30.5/28 D MF 1.5/ 144 PRESS NAA/Cr, Cho/Cr None 

Ehrlich 
et al., 2015 

I 21/42 45.9/39.3 E Li, Ac,Ad,Ap 3/80 PRESS Glu/Cr, Gln/Cr, 
NAA/Cr, Cho/Cr 

Glu/Cr ↑ , Gln/Cr 
↑ , NAA/Cr ↓ 

Croarkin 
et al., 2015 

I, II 15/9 NM D Li,Ac,Ad,Ap 1.5/30 L-COZY NAA/Cr NAA/Cr ↓ 

Soeiro-de- 
Souza et al., 
2015 

I 40/44 31.7/25.7 E Li,Ac,Ad,Ap 3/variable JPRESS Glu, Gln Glu ↓ , Gln ↑ , 
Glu/Gln ↓ 

Cao et al., 
2016 

I 50/44 35.7/35.4 DMS Li, Ac, Ad, 
MF 

3/80 PRESS Glu/Cr, NAA/Cr, 
Cho/Cr, mI/Cr 

Cho/Cr ↑ 

Li et al., 
2016 

NM 13/20 31/31.7 D MF 3/30 2D 
MRS-PRESS 

Glx, NAA, Cho, 
mI 

Glx ↑ 

Gali ́nska- 
Skok et al., 
2016 

I 27/10 43/40.2 DMS Li, Ac, Ap, 
Ad 

1.5/35 PRESS NAA/Cr, Cho/Cr, 
mI/Cr 

None 

Kubo et al., 
2017 

I, II 20/23 45.0/46.4 DMS, E Li,Ac,Ap 3/18 STEAM Glu, Gln, NAA, 
Cho 

Gln ↑ , Gln/Glu 
↑ , NAA ↑ , Cho ↑ 

Prisciandaro 
et al., 2017 

I, II 20/19 36.8/38.0 D Li,Ac,Ad,Ap 3/ variable JPRESS Glu/Cr None 

Soeiro-de- 
Souza et al., 
2018 a 

I 128/80 32.04/28.1 E Li,Ac,Ap 3/80 PRESS Glx/Cr, Glu/Cr Glx/Cr ↑ , Glu/Cr 
↑ 

Soeiro-de- 
Souza et al., 
2018 b 

I 129/79 32/28.4 E Li,Ac,Ap 3/80 PRESS NAA, Cho, mI NAA ↑ , Cho ↑ 

( continued on next page ) 
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Table 1 ( continued ) 

Reference BD type Sample 
Size 
(P/C) 

Mean Age Mood 
State 

Medication Field 
Strength 
(T)/ Echo 
Time (ms) 

MRS 
sequence 

Metabolites 
reported 

Significant 
Results 

Wise et al., 
2018 

NM 9/20 31.44/30 D MF 3/30 PRESS Glu/Cr None 

Zhong 
et al., 2018 

NM 92/42 25.4/25. D MF 3/ 144 PRESS NAA/Cr, Cho/Cr, 
mI/Cr 

None 

Huber 
et al., 2018 

I, II 19/10 18/19 D NM 3/ variable JPRESS NAA None 

Abbreviations: Ac : Anticonvulsants; Ad: Antidepressants; Ap: Antipsychotics; C : Healthy Controls; D: Depression; DMS: Different mood 
states; E: Euthymia; H: Hypomania; Li : Lithium; M: Mania; MF : Medication-free; MS : Mood stabilizers; N : Number of subjects; NM: Not 
Mentioned; P : Patients. 

Fig. 1 Forest Plot for meta-analysis of ACC Glx/Cr in overall BD. 

HC) revealed significantly increased Gln levels in BD rela- 
tive to HC groups ( Fig. 2 ): g: 0.57, 95% CI: 0.18 to 0.96, 
Z: 2.8, p = 0.004; tau 2 = 0.23; Q = 14.51, df = 4, p = 0.006; 
I 2 = 72.4%. Meta-regression revealed no influence of subject 
age [coefficient: 0.06; 95% CI: ( −0.0046, 0.12); p = 0.06] 
or year of publication [coefficient: 0.048; 95% CI: ( −0.11, 
0.21); p = 0.21] on the results. 
Mood states. There were not enough studies ( n < 3) to 
perform meaninfull meta-analyses in depressive and manic 
mood states ( Fig. 2 ). The sensitivity meta-analysis of three 
studies performed in euthymic state (194 subjects; 100 BD; 
94 HC) revealed increased ACC Gln levels in BD ( Fig. 2 ): g: 
0.94, 95% CI: 0.12 to 1.77, Z: 2.26, p = 0.024; tau 2 = 0.44; 
Q = 12.68, df = 2, p = 0.002; I 2 = 84.24%. Furthermore, de- 
creased Glu/Gln ( Soeiro-de-Souza et al., 2015 ) or increased 
Gln/Glu ( Kubo et al., 2017 ) were found in euthymic BD sam- 
ples. 
Medication status. No study was performed in medication- 
free sample. In one study performed on medicated subjets, 
higher Gln was observed among anticonvulsant users com- 
pared to non-users ( Soeiro-de-Souza et al., 2015 ). 

3.2. N - acetylaspartate (NAA) 

3.2.1. Overview 

Eighteen studies provided NAA data for the ACC ( Table 1 ). 
The pooled meta-analysis of the sixteen of studies that mea- 
sured ACC NAA, comprising 1028 subjects (502 BD and 526 
HC), revealed no significant differences between BD and 
HC: g: - 0.07, 95% CI: −0.31 to 0.16, Z: −0.16, p = 0.52; 

tau 2 = 0.76; Q = 207.5, df = 19, p < 0.0001; I 2 = 90.84% (Sup- 
plementary Material, Fig. S 4A ). Although visual inspection 
of the funnel plot showed some asymmetry (Supplemen- 
tary Material, Fig. S 4B ), no publication bias was detected 
by Egger’s linear regression method [Supplementary Mate- 
rial, Fig. S 4B ; Egger: bias = −1.88 (95% CI = −7.2 to 3.5) 
p = 0.47]. 

3.2.2. Mood states 

It was possible to obtain meaningful meta-analyses for the 
three different mood states regarding NAA (Supplementary 
Material, Fig. S 4A ). A pooled meta-analysis of four stud- 
ies performed in subjects under depression comprising 263 
individuals (159 BD and 104 HC) revealed no significant dif- 
ferences in ACC NAA levels between groups: g: 0.48, 95% CI: 
−1.39 to −0.43, Z: −1.03, p = 0.3; tau 2 = 0.60; Q = 26.8, 
df = 4, p < 0.0001; I 2 = 85% (Supplementary Material, Fig. S 
4A ). Similarly, the sensitivity meta-analysis of three stud- 
ies performed in manic/hypomanic states revealed also no 
differences between BD and HC (g: −0.07, 95% CI: −0.31 to 
0.16, Z: - 0.63, p = 0.52; tau 2 = 0; Q = 1.63, df = 2, p = 0.44; 
I 2 = 0%) and for the euthymic sub-group, a pooled meta- 
analysis of 7 studies revealed similar results (g: −0.16, 95% 

CI: −0.22 to 0.33, Z: 0.39, p = 0.69; tau 2 = 0.12; Q = 13.7, 
df = 5, p = 0.017; I 2 = 63.7%; Supplementary Material, Fig. S 
4A ). 

3.2.3. Medication status 

The meta-analysis of three studies performed in 
medication-free individuals totaling 207 subjects (132 
BD, 75 HC) revealed no differences in ACC levels of NAA 
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Fig. 2 Forest Plot for meta-analysis of ACC Gln-in overall BD as influenced by the mood states. 
DSM: Different mood states; E: Euthymia; M: Mania/hypomania. 

in BD relative to HC (g: 0.38, 95% CI: - 0.60 to −1.37, Z: 
0.76, p = 0.44; tau 2 = 0.84; Q = 21.2, df: 2, p < 0.001; I 2 = 

90%; Supplementary Material, Fig. S 4C ), although all were 
performed in patients during a depressive state. Similalry, 
no between-group was recorded in the medicated sub-group 
regarding NAA (Supplementary Material, Fig. S 4C ). How- 
ever, some studies provided evidence of increased levels 
of NAA in euthymic subjects on lithium ( Soeiro-de-Souza 
et al., 2018 b) and after anticonvulsant treatment ( Croarkin 
et al., 2015 ). 

3.3. Choline-containing compounds (Cho) 

3.3.1. Overview 

Sixteen studies evaluated Cho in the ACC ( Table 1 ), com- 
prising 982 subjects (538 BD and 444 HC). The pooled meta- 
analysis of fifteen of these studies (959 subjects: 529 BD 

and 430 HC) showed significantly increased levels of Cho 
in BD compared to HC ( Fig. 3 A; g: 0.43, 95% CI: 0.28 to 
0.58, Z: 5.8, p < 0.0001; tau 2 = 0.49, Q = 113.6, df = 16, 
p < 0.000, I 2 = 85.9%). Meta-regression revealed no influence 
of subject age [coefficient:0.013; 95% CI: ( − 0.05, 0.08); 
p = 0.7] on Cho, but a positive influence of year of publica- 
tion on these results was observed [coefficient: 0.007; 95% 

CI: (0.006, 0.14); p = 0.03], as shown in Fig. 3 B . Although 
visual inspection of the funnel plot showed some asymme- 
try (Supplementary Material, Fig. S 5 ), no publication bias 
was detected by Egger’s linear regression method (Egger: 
bias = 0.8 (95% CI = 4.1 to 5.7) p = 0.73). 

3.3.2. Mood states 

Sensitivity meta-analyses were performed according to the 
different mood states. A pooled meta-analysis of three 
studies (199 subjects :124 BD, 75 HC) performed in the 
depressive state showed significantly increased ACC Cho 
in the BD group ( Fig. 3 A ; g: 0.40; 95% CI: 0.11 to 
0.69, Z: 2.69, p = 0.007; tau 2 = 0; Q = 1.22, df:2, p = 0.54; 
I 2 = 0%). Meta-regression revealed no influence of subject 
age [coefficient: −0.028; 95% CI: ( − 0.09, 0.042); p = 0.43] 
or year of publication [coefficient: 0.04; 95% CI: ( −0.02, 
0.1); p = 0.25] on the results. Similarly, a pooled meta- 
analysis of six studies performed under euthymia, compris- 

ing 441 subjects (236 BD; 205 HC), revealed increased lev- 
els of ACC Cho in BD ( Fig. 3 A; g:0.48, 95% CI: 0.20 to 0.66, 
Z = 5.01, p < 0.0001; tau 2 = 0, Q = 2.51, df = 6, p = 0.77; 
I 2 = 0%). Meta-regression revealed no influence of subject 
age [coefficient: −0.02; 95% CI: ( − 0.05, 0.014); p = 0.25] or 
year of publication [coefficient: 0.02; 95% CI: ( −0.01, 0.06); 
p = 0.22] on the results. However, for the manic/hypomanic 
sub-group, a pooled meta-analysis of three studies showed 
no significant differences between groups (g: 0.12, 95% CI: 
−0.18 to 0.54, Z = 0.60, p = 0.54; tau 2 = 0; Q = 1.33, df = 2, 
p = 0.5; I 2 = 0%). 

3.3.3. Medication status 

A pooled meta-analysis of three studies performed in 
medication-free individuals, comprising 199 subjects (124 
BD, 75 HC) revealed significantly increased Cho in BD 

( Fig. 3 C; g: 0.40; 95% CI: 0.11 to 0.69, Z: 4.0, p < 0.001; 
tau 2 = 0; Q = 1.22, df:2, p = 0.54; I 2 = 0%), although this in- 
volved the same sample as the depressive state analy- 
sis. Meta-regression demonstrated no influence of subject 
age or year of publication on Cho (see depressive mood 
state). Similalry, the meta-analysis of medicated subjects 
also showed increased Cho and Cho/Cr levels in medicated 
BD ( Fig. 3 C ; g: 0.66; 95% CI: 0.25 to 1.08, Z: 3.1, p = 0.002; 
tau 2 = 0.49; Q = 79, df: 12, p < 0.001 ; I 2 = 87%). 

3.4. Myo-inositol 

3.4.1. Overview 

Twelve studies measured mI in the ACC ( Table 1 ). The pooled 
meta-analysis of eleven of these studies assessing mI (757 
subjects: 432 BD and 325 HC) found no significant differ- 
ence (Supplementary Material, Fig. S 6A ) (g: 0.04, 95% CI: 
−0.11 to 0.19, Z: 0.31, p = 0.60; tau 2 = 0.13 ; Q = 34.8, df: 
12, p < 0.001; I 2 = 65%). Although some asymmetry was ob- 
served in the funnel plot (Supplementary Material, Fig. S 
6B ), no publication bias was detected by Egger’s linear re- 
gression method [Supplementary Material, Fig. S6B; Egger: 
bias = −1.60 (95% CI = −5.06 to 1.85); p = 0.33]. 

3.4.2. Mood states 

Sensitivity meta-analyses were conducted considering the 
different mood-states (Supplementary Material, Fig. S 6A). 
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Fig. 3 A - Forest Plot for meta-analysis of ACC Cho/Cr and Cho in overall BD. B - Meta-regression analyses of the influences of the 
publication year on the effect size of studies assessing ACC Cho/Cr and Cho in overall BD. C- Forest Plot for meta-analysis of ACC 
Cho and Cho/Cr in overall BD as influenced by the medication status. 
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There were too few studies ( n < 3) to conduct a meaningful 
meta-analysis in the depressive mood state. A pooled meta- 
analysis of three studies performed in manic/hypomanic 
state encompassing 87 subjects (40 BD and 47 HC) found 
no differences in ACC mI in BD compared to controls (g: 
−0.05, 95% CI: −0.46 to 0.35; Z: −0.27, p = 0.78; tau 2 = 0, 
Q = 0.50, df:2, p = 0.92; I 2 = 0%) and a pooled meta-analysis 
of four studies in the euthymic state also revealed no 
between-group differences (368 subjects: 211 BD; 157 HC): 
g: 0.11, 95% CI: −0.08 to 0.32, Z: 1.12, p = 0.26; tau 2 = 0; 
Q = 0.36, df = 3, p = 0.94; I 2 = 0%. 

3.4.3. Medication status 

A pooled meta-analysis of three medication-free studies 
(Supplementary Material, Fig. S 6C ), totaling 377 sub- 
jects (271 BD and 106 HC) revealed no differences in ACC 

mI between patients and controls (g: −0.21, 95% CI: - 
1.16 to 0.73, Z: 0.44, p = 0.65; tau 2 = 0.64; Q = 20.9, df = 2, 
p < 0.001, I 2 = 90%). Similarly, the sensitivity meta-analysis 
including only studies with medicated patients showed a 
similar result: g: −0.10, 95% CI: - 0.33 to 0.12, Z: −0.88, 
p = 0.37; tau 2 = 0.0355; Q = 13, df = 9, p = 0.14, I 2 = 32%. 

3.5. GABA 

3.5.1. Overview 

Four studies measured ACC GABA in the ACC involving a to- 
tal of 184 subjects (103 BD; 81 HC) ( Table S1 ). The pooled 
meta-analysis of these studies revealed no significant dif- 
ference between groups: g: 0.18, 95% CI: −0.10 to 0.47, 
Z: 1.24, p = 0.21; tau 2 = 0; Q = 2.72, df = 3, p = 0.23, I 2 = 0% 

(Supplementary Material, Fig. S 7 ). 

3.5.2. Mood states 

There were too few studies ( n < 3) to conduct meaning- 
ful meta-analyses for the depressive, manic and euthymic 
mood states (Supplementary Material, Fig. S 7 ). 

3.5.3. Medication status 

No studies measured GABA in a mediation-free sample. In 
medicated subjects, most authors found no significant dif- 
ferences between groups ( Table S1 ). 

The overall results of the meta-analyses are shown in Sup- 
plementary Material, Table S2 . 

4. Discussion 

To the best of our knowledge, this is the first ACC-oriented 
systematic review and meta-analysis to focus on the neu- 
rometabolic profile in BD, taking into account the mood 
state and medication status. Meta-analyses (Supplementary 
Material, Table S2 ) revealed overall increased ACC levels of 
Glx, Gln and Cho in BD compared to HC but no significant dif- 
ferences for Glu, NAA, GABA or mI. While euthymia was as- 
sociated with increased Cho and Gln, bipolar depression was 
only associated with increased Cho. No consistent data were 
available for mania, largely due to the small number of stud- 
ies. Regarding medication effects on ACC neurometabolites, 

meta-analyses revealed that both medication-free and med- 
icated BD subjects had increased ACC Cho. It was not possi- 
ble to perform further meta-analyses exploring the medica- 
tion effect due to the heterogeneity in medication profiles 
across studies or lack of detailed medication information. 
However, some selected studies provided evidence that an- 
ticonvulsants may impact ACC balance between Glu/Gln in 
BD. 

The overall increased ACC Glx levels in BD patients rel- 
ative to HC revealed by a meta-analysis with moderate ef- 
fect size is in line with previous meta-analyses that simul- 
taneously assessed different voxels and/or mixed adult and 
child/adolescent populations ( Gigante et al., 2012 ; Chitty 
et al., 2013 ). However, there was an insufficient num- 
ber of studies reporting ACC Glx in specific mood states 
to perform meta-analysis, precluding any conclusion as to 
whether increased ACC Glx is a general feature in BD or a 
mood state-dependent phenomenon. Since Glx represents 
the sum of several metabolites, predominantly Glu and Gln 
( Buonocore and Maddock, 2015) , increased Glx has been in- 
terpreted as an indicator of glutamatergic neurotransmis- 
sion ( Govindaraju et al., 2000 ). Thus, it has been postu- 
lated that the putative increased glutamatergic neurotrans- 
mission causes supra-activation of glutamatergic receptors, 
increasing calcium post-synaptic influx, resulting in excito- 
toxicity, cell damage or even neuronal death ( Berk et al., 
2011 ; Mehta et al., 2013 ). Considering that Glx does not dis- 
close whether Glu or Gln are elevated and that the latter is a 
non-neuroactive glutamatergic metabolite ( Albrecht et al., 
2007 ), increased Glx may not necessarily represent en- 
hanced glutamatergic neurotransmission. Indeed, our meta- 
analysis failed to confirm any alteration of ACC Glu in BD, 
and thus did not support the notion of an increased gluta- 
matergic state in the ACC as a general feature in BD. 

Conversely, we found increased overall Gln, which was 
particularly influenced by the euthymic mood state. How- 
ever, there were too few studies to perform meta-analyses 
in mania and depression, precluding any conclusion regard- 
ing the ACC Gln dynamics across mood states in BD. In the 
central nervous system, Gln is synthetized in ascrocytes 
from the extracellular Glu via the Gln synthetase pathway 
and serves as the precursor for neuronal Glu synthesis in the 
glutamatergic neurons ( Walls et al., 2015 ). Such Glu-Gln cy- 
cling across neurons and astrocytes has been interpreted as 
an evolutionary acquisition to buffer glutamate-related ex- 
citotoxicity, since Gln is a “non-excitatory” form of stored 
Glu ( Walls et al., 2015 ; Cooper and Jeitner, 2016). Since the 
increased Gln found was associated with the euthymic mood 
state, we may hypothetise that there might occur a shift in 
Glu-Gln cycle towards the latter under euthymia. Indeed, 
anticonvulsants medication has been reported to both de- 
crease Glu ( Friedman et al., 2004 ; Strawn et al., 2012 ) and 
increase Gln ( Soeiro-de-Souza et al., 2015 ). Furthrmore, 
some selected studies have reported that euthymic BD sub- 
jects taking anticonvulsants had lower Glx/Cr ( Soeiro-de- 
Souza et al., 2013 ) or Glu/Cr ( Soeiro-de-Souza et al., 2013 ; 
2018 a), as well as increased levels of Gln ( Soeiro-de Souza 
et al., 2015 ; Kubo et al., 2017 ). However, our results should 
be interpreted with caution because only 4 studies have as- 
sessed Gln and none were performed unsing a field strength 
higher than 4 T. Therefore, we highly recommend that fur- 
ther studies investigate the exact composition of increased 
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ACC Glx, using more sensitive techniques and higher mag- 
netic fields that allow more precise measurement of Gln and 
Glu, as well as in different mood states. 

The overall increases in ACC Cho in BD demonstrated by 
meta-analyses with larger effect sizes and lower levels of 
heterogeneity strongly suggest it is a potential trait marker 
in BD, given it was observed in euthymia, depression and 
medication-free subjects, but not in mania. However, this 
finding conflicts with a previous meta-analysis focused on 
Cho that mixed data from multiple voxels ( Kraguljac et al., 
2012 ), although some previous reports have correlated in- 
creased Cho to the severity of both depressive ( Moore et al., 
2000 ) and manic ( Cecil et al., 2002 ) states. Elevated Cho 
has been associated mostly with increased phospholipid cy- 
cling or membrane breakdown that results in the release 
of membrane choline compounds, commonly observed in 
neurodegenerative (e.g., Alzheimer Disease) and demyeli- 
nation (e.g., Multiple Sclerosis) processes ( Stork and Ren- 
shaw., 2005 ). Given that cortical thinning in frontal areas 
is one of the most consistent neurobiological findings docu- 
mented in BD, including in the ACC ( Hibar et al., 2017 ), our 
results corroborate the notion that increased Cho could be a 
neurochemical trait associated with increased phospholipid 
turnover and possibly correlated with neuro-morphometric 
losses. Such a phenomenon appeared to be more influenced 
by the depressive than manic episodes, although there were 
only 3 studies performed in both these mood states. In- 
creased Cho was also observed in the pooled meta-analysis 
of studies that mixed subjets under different mood states 
and it appeared not to be influenced by the medication sta- 
tus. Additionally, a positive correlation was also noted be- 
tween publication year and effect size, only for the overall 
meta-analysis, suggesting the robustness of recent studies 
(e.g., Soeiro-de-Souza et al., 2018 a and Zhong et al., 2018 ) 
has contributed to this positive result since these studies 
have assessed larger samples in a single mood state. There- 
fore, further studies assessing homogeneous samples in spe- 
cific mood state using appropriate techniques (e.g. phos- 
phorus magnetic resonance spectroscopy) are warranted. 

Such increased Cho levels, possibly associated with ACC 

lower cortical volume, appear not to stem from mito- 
chondrial dysfunction since no consistent changes in NAA 
were observed in overall, depressed, euthymia, manic or 
medication-free samples. This result contradicts previous 
systematic review and meta-analysis ( Yildiz-Yesiloglu and 
Ankerst., 2006 ; Kraguljac et al., 2012 ) reporting NAA de- 
cline in frontal areas, the hippocampus and basal ganglia 
in BD, considered a surrogate of mitochondrial dysfunction 
and neuronal loss ( Stork and Renshaw, 2005 ; Moffett et al., 
2007 ). Therefore, our data do not corroborate the mito- 
chondrial oxidative metabolism dysfunction theory ( Stork 
and Renshaw., 2005 ) for neuroprogression in BD ( Berk et al., 
2011 ). Such a Cho-NAA discordant result suggests that the 
increased Cho levels might be associated with abnormal- 
ities in white matter microstructures, axonal myelination 
and white matter tracts disconnectivity ( Öngür et al., 2010 
Benedetti et al., 2011 ; Nortje et al., 2013 ) rather than neu- 
ronal damage. Alternatively, it may be related to inflamma- 
tory and neurotrophic pathways ( Berk et al., 2011 ) instead 
of energetic metabolism imbalances. 

No evidence of alterations in ACC GABA in BD patients 
compared to HC was found by the present meta-analysis. 

This finding is in agreement with previous investigations 
( Chiapponi et al., 2016 ; Schür et al., 2016 ) and may poten- 
tilay be confounded by the medication effect since med- 
ications such as anticonvulsants and benzodiazepines are 
known to modulate GABA ( Sanacora et al., 2002 ). Similaly, 
meta-analyses showed no differences in mI between groups, 
contradicting findings of a previous systematic review that 
documented higher mI levels in frontal regions ( Silverstone 
et al., 2005 ). 

The main limitation of the present study was the high het- 
erogeneity observed in some overall meta-analyses, largely 
as a result of the different study designs, stages of illness 
and absence of detailed medication information, as well as 
differences among studies in relation to voxel size, mag- 
netic field strength, 1 H-MRS editing technique, echo-time, 
metabolite quantification method, tissue composition cor- 
rection and software used for quantification. Of these fac- 
tors, voxel size may be the most significant, since there 
are specific cytoarchitectural areas with different functions 
within the ACC ( Bush et al., 2000 ), aside from the fact that 
in overly small voxels, the signal-to-noise ratio might be 
poor. Echo-time also varied widely among studies, a factor 
that has been found to influence the quality of metabolite 
measurements, in particular Glu ( Schubert et al., 2004 ). . Al- 
though the high I 2 values found in the present meta-analyses 
were comparable to those described by previous studies 
( Gigante et al., 2012 ; Schür et al., 2016 ; Romeo et al., 
2018 ), sub-analyses of some of the metabolites (e.g. Cho) 
revealed no heterogeneity, highlighting the need for more 
methodologically homogenous 1 H-MRS studies in BD. Addi- 
tionally, no meaningful publication bias was detected in the 
present study. 

5. Concluding remarks 

The results of the present meta-analysis corroborate the 
relevance of ACC to understanding BD neurobiology across 
different mood states. Although there is still room for im- 
provement in ACC 

1 H-MRS literature, our results strongly 
support the hypothesis of increased ACC cell membrane 
phospholipid turnover and increased Glx in BD. However, 
the nature of Glx increase in the ACC, as well as the Glu- 
Gln balance across mood states, are still poorly understood, 
but there is some evidence that medications can modulate 
the Glu-Gln cycle within the ACC. Further 1 H-MRS studies, in 
the ACC or other voxels, should assess more homogeneous 
(preferentially mood-state specific), larger BD samples and 
account for medication status using more sensitive 1 H-MRS 
techniques. 
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