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Editorial on the Research Topic
Magnetic Resonance Spectroscopy of GABA and Glutamate in Mental Health

This Research Topic presents a variety of studies that illustrate the vast potential that magnetic
resonance spectroscopy (MRS) offers to investigate glutamate (Glu) and/or gamma aminobutyric
acid (GABA) metabolism related to different psychiatric conditions. GABA is the primary
inhibitory neurotransmitter in the brain, and Glu the principal excitatory transmitter. For several
aspects of mental health, it is important that there is a balance between both of these molecules,
and it is already known that in several psychiatric conditions (i.e., schizophrenia, depression,
bipolar disorder, autism), one or both of these metabolites are altered. Currently, MRS is the
only non-invasive neuroimaging technique that allows in vivo investigation of glutamatergic and
GABAergic abnormalities within brain regions of interest.

Four thorough reviews, eight original research papers, three brief research reports, and one
methods paper compose the present Research Topic, in an attempt to bring a diverse overview
about the current possibilities to study the roles of GABA and Glu in mental health by MRS.

The review Glutamate and GABA Homeostasis and Neurometabolism in Major Depressive
Disorder presents a comprehensive introduction about the role of Glu and GABA in brain
homeostasis and metabolism, and describes briefly how these metabolites can be measured by
1H- and 13C-MRS. It then summarizes how these processes appear to be unbalanced in several
psychiatric diseases, with an emphasis in major depressive disorder, and how antidepressant
treatment affects the glutamatergic and GABAergic systems (Sarawagi et al.).

Four of the original research articles in this topic focus on investigating Glu/Glx and/or GABA
alterations in different psychiatric disorders: Obsessive-compulsive disorder, schizophrenia, bipolar
disorder, and depression. Interestingly all of them studied a large group of patients (>40), allowing
the researchers to investigate possible associations with disease duration or other clinical variables,
in an attempt to contribute robust and reproducible results to the field.

The methodologies used in these four studies are very diverse. In Higher levels of
pro-inflammatory cytokines are associated with higher levels of glutamate in the anterior
cingulate cortex in depressed adolescents, the authors used a single voxel PRESS sequence,
a robust and fast acquisition, with the main focus of quantifying Glu and ascorbate (Ho
et al.). In Increased Glutamate plus Glutamine in the Right Middle Cingulate in Early
Schizophrenia but not in Bipolar Psychosis: A Whole Brain 1H-MRS Study, a more time-
demanding (about 17 min) 3D-MRSI EPSI sequence was used, which allows the construction
of whole-brain metabolite maps that can be compared between groups to identify the
location of individual voxels presenting statistical significant differences (Bustillo et al.). This
is a very interesting approach, as metabolic changes can occur at different regions, and
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conventional single voxel spectroscopy also suffers from partial
volume effects due to larger voxel sizes. But none of these
techniques at 3T allow for quantification of GABA. For this
purpose the use of editing techniques like MEGA-PRESS or
2D-JPRESS, as adopted in Lower ventromedial prefrontal cortex
glutamate levels in patients with obsessive-compulsive disorder,
is necessary (Batistuzzo et al.). At ultra-high fields (>7T), the
chemical shift dispersion is large enough to enable the distinction
of GABA, Glu, and glutamine from the other overlapping
metabolites, without the need of using editing pulses, as shown
in Metabolite alterations in adults with schizophrenia, first degree
relatives, and healthy controls: a multi-region 7T MRS study
(Wijtenburg, Wang, et al.). There is no doubt that the MRS
field in psychiatry will hugely benefit from the slowly increasing
number of MRS studies conducted at 7T.

In GABA, glutamate, and neural activity: a systematic review
with meta-analysis of multimodal 1H-MRS-fMRI studies, the
authors successfully gather evidence to elucidate the relationship
between GABA/GIlu and brain activation, in the resting state and
during stimulation (Kiemes et al.).

This Research Topic also includes several examples
of how multimodal 1H-MRS-fMRI studies can enhance
our understanding of brain function and metabolism. In
Simultaneous measurement of the BOLD effect and metabolic
changes in response to visual stimulation using the MEGA-
PRESS sequence at 3 T, the authors implement an interesting
method, using an MEGA-edited GABA-PRESS sequence at
3T, to measure simultaneously the BOLD effect from the
linewidth of the unsuppressed water spectrum, and the changes
in both Glx and GABA levels in the occipital cortex during
visual stimulation (Dwyer et al.). The method proved to be
very reliable for measuring the BOLD effect from the water
signal linewidth, but still needs further validation for proper
metabolite quantification. In Multimodal Neuroimaging Study
of Visual Plasticity in Schizophrenia, the authors are able to
demonstrate, by using a paradigm-based fMRI experiment, that
visual plasticity in schizophrenia is impaired and that it is related
to basal GABA levels (Wijtenburg, West, et al.). In a different
approach, the authors of Glutamate- and GABA-modulated
connectivity in auditory hallucinations—a combined resting state
fMRI and MR spectroscopy study use functional connectivity
results from resting state fMRI data to show that its association
with metabolic levels of Glu and GABA is different according to
auditory verbal hallucination severity in patients with psychosis
(Weber et al.). And in Unaltered Brain GABA concentrations
and Resting fMRI Activity in Functional Dyspepsia with and
without Comorbid Depression, the authors also use resting state
fMRI data to evaluate possible differences in brain activation and
metabolism between patients with functional dyspepsia with and
without major depression disorder (Mak et al.).

The review Local and Interregional Neurochemical
Associations Measured by Magnetic Resonance Spectroscopy
for Studying Brain Functions and Psychiatric Disorders presents
the basis for neurochemical association of glutamate with GABA,
NAA, and glutamine and discusses the importance of observing
this association, as it can be altered in specific mental health

disorders (Shen et al.). In such an endeavor, they highlight the
role of spectral editing spectroscopy techniques in eliminating
unwanted correlations caused by spectral overlapping. The paper
ends with a review of the methods available to correctly quantify
the strength of these neurometabolic associations, not only
locally but also between different brain regions by using chemical
shift imaging (CSI). For CSI, the combination of ultra-high field
strengths (7T) is desired, as it allows the researchers to resolve
Glu and GABA without the use of highly selective editing pulses
and simplifies the multivoxel acquisition process.

In the review paper Elevated brain glutamate levels in bipolar
disorder and pyruvate carboxylase-mediated anaplerosis, the
authors show supporting evidence for the interesting hypothesis
that elevated Glu levels in bipolar disorder can be explained by
increased pyruvate carboxylase-mediated anaplerosis in the brain
(Shen and Tomar).

This Research Topic includes also three brief research
reports that bring very promising preliminary results about
the use of MEGA-PRESS at 3T in longitudinal studies to
monitor treatment or intervention effects: Intermittent theta-
burst stimulation transcranial magnetic stimulation increases
GABA in the medial prefrontal cortex: a preliminary sham-
controlled magnetic resonance spectroscopy study in acute bipolar
depression (Diederichs et al.); Left dorsolateral prefrontal cortex
GIx/tCr predicts efficacy of high frequency 4- to 6-week rTMS
treatment and is associated with symptom improvement in
adults with major depressive disorder: Findings from a pilot
study (Bhattacharyya et al.); and Cortical Glutamate and GABA
changes during Early Abstinence in Alcohol Dependence and their
Associations with Benzodiazepine Medication (Wang et al.).

As a final remark, the importance of the methods paper
Feasibility of measuring GABA levels in the upper brainstem in
healthy volunteers using edited MRS needs to be highlighted,
since it opens up a new scope of research to address some
important brain functions in the brainstem, and their relation
to mental health (Song et al.). The upper brainstem contains
many integrative nuclei that mediate physiological functions,
known to be disrupted in neurodegenerative diseases. In this
paper, the authors show the feasibility of acquiring high-quality
3T GABA-specific MEGA-PRESS spectra in the upper brainstem.

Throughout the Research Topic, methodological rigor,
especially in relation to spectroscopy acquisition techniques, was
one of the top priorities in the preparation of this volume,
as we understand this is necessary for obtaining meaningful
results that can contribute to the field. In the last few years,
the MRS scientific community has been making a huge effort to
establish useful guidelines for MRS acquisition and reports (1-
5). Hopefully this will also facilitate large-scale collaborative MRS
studies about Glu and GABA in psychiatric conditions similar
to that proposed by the ENIGMA consortium for genetic and
neuroimaging data.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

Frontiers in Psychiatry | www.frontiersin.org

March 2022 | Volume 13 | Article 866356


https://doi.org/10.3389/fpsyt.2021.668304
https://doi.org/10.3389/fpsyt.2021.656459
https://doi.org/10.3389/fpsyt.2021.644315
https://doi.org/10.3389/fnhum.2021.644079
https://doi.org/10.3389/fpsyt.2021.644271
https://doi.org/10.3389/fpsyt.2021.643564
https://doi.org/10.3389/fpsyt.2020.549749
https://doi.org/10.3389/fpsyt.2020.00802
https://doi.org/10.3389/fpsyt.2021.640977
https://doi.org/10.3389/fpsyt.2021.665402
https://doi.org/10.3389/fpsyt.2021.665347
https://doi.org/10.3389/fpsyt.2021.656468
https://doi.org/10.3389/fpsyt.2020.00813
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Otaduy

Editorial: MRS of GABA and Glutamate

REFERENCES

1. Wilson M, Andronesi O, Barker PB, Bartha R, Bizzi A, Bolan PJ,
et al. Methodological consensus on clinical proton MRS of the
brain: Review and recommendations. Magn Reson Med. (2019)
82:527-50. doi: 10.1002/mrm.27742

2. Lin A, Andronesi O, Bogner W, Choi 1Y, Coello E, Cudalbu C, et
al. Experts’ Working group on reporting standards for mr spectroscopy.
minimum reporting standards for in vivo magnetic resonance spectroscopy
(MRSinMRS): experts’ consensus recommendations. NMR Biomed. (2021)
34:e4484. doi: 10.1002/nbm.4484

3. Choi IY, Andronesi OC, Barker P, Bogner W, Edden RAE, Kaiser LG, et al.
Spectral editing in ! H magnetic resonance spectroscopy: Experts’ consensus
recommendations. NMR Biomed. (2021) 34:e4411. doi: 10.1002/nbm.4411

4. Near J, Harris AD, Juchem C, Kreis R, Marjaiska M, Oz G, et al.
Preprocessing, analysis and quantification in single-voxel magnetic resonance
spectroscopy: experts consensus recommendations. NMR Biomed. (2021)
34:e4257. doi: 10.1002/nbm.4257

5. Oz G, Deelchand DK, Wijnen JP, Mlynérik V, Xin L, Mekle R, et al. Experts’
Working Group on Advanced Single Voxel 1H MRS. Advanced single voxel

'H magnetic resonance spectroscopy techniques in humans: experts’ consensus
recommendations. NMR Biomed. (2020) 10:e4236. doi: 10.1002/nbm.4236

Conflict of Interest: The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Otaduy. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Psychiatry | www.frontiersin.org

March 2022 | Volume 13 | Article 866356


https://doi.org/10.1002/mrm.27742
https://doi.org/10.1002/nbm.4484
https://doi.org/10.1002/nbm.4411
https://doi.org/10.1002/nbm.4257
https://doi.org/10.1002/nbm.4236
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

:\' frontiers
in Psychiatry

REVIEW
published: 11 August 2020
doi: 10.3389/fpsyt.2020.00802

OPEN ACCESS

Edited by:
Maria Concepcion Garcia Otaduy,
University of Sdo Paulo, Brazil

Reviewed by:

Mark Mikkelsen,

Johns Hopkins University,
United States

Stefania Schiavone,
University of Foggia, Italy

*Correspondence:
Jun Shen
shenj@intra.nimh.nih.gov

Specialty section:

This article was submitted to
Molecular Psychiatry,

a section of the journal
Frontiers in Psychiatry

Received: 08 June 2020
Accepted: 27 July 2020
Published: 11 August 2020

Citation:

Shen J, Shenkar D, An L and Tomar JS
(2020) Local and Interregional
Neurochemical Associations
Measured by Magnetic Resonance
Spectroscopy for Studying Brain
Functions and Psychiatric Disorders.
Front. Psychiatry 11:802.

doi: 10.3389/fpsyt.2020.00802

Check for
updates

Local and Interregional
Neurochemical Associations
Measured by Magnetic Resonance
Spectroscopy for Studying Brain
Functions and Psychiatric Disorders

Jun Shen”, Dina Shenkar, Li An and Jyoti Singh Tomar

Molecular Imaging Branch, National Institute of Mental Health, Bethesda, MD, United States

Magnetic resonance spectroscopy (MRS) studies have found significant correlations
among neurometabolites (e.g., between glutamate and GABA) across individual
subjects and altered correlations in neuropsychiatric disorders. In this article, we
discuss neurochemical associations among several major neurometabolites which
underpin these observations by MRS. We also illustrate the role of spectral editing in
eliminating unwanted correlations caused by spectral overlapping. Finally, we describe the
prospects of mapping macroscopic neurochemical associations across the brain and
characterizing excitation—inhibition balance of neural networks using glutamate- and
GABA-editing MRS imaging.

Keywords: glutamate, GABA, neurochemical correlations, magnetic resonance spectroscopy, spectral editing,
psychiatric disorders

INTRODUCTION

In vivo MRS is the only noninvasive technique that can directly measure brain chemicals in vivo.
Using techniques similar to MRI, MRS can measure concentrations of many neurometabolites as
well as metabolic fluxes from localized brain regions (1). Over the past decades, MRS studies have
found biochemical abnormalities in essentially all neuropsychiatric disorders, providing important
insights into our understanding of etiologies and treatments of various brain diseases. These studies
have, in most cases, focused on alterations in the concentrations of individual brain
neurometabolites by comparing them among different cohorts and/or effects of treatments.

Many significant correlations among neurometabolites and between individual neurometabolites
and non-MRS measures of brain function and disorders have been reported more recently. Altered
correlations have been found in neuropsychiatric disorders, revealing abnormal neurochemical
associations under pathophysiological conditions [e.g., (2-12)]. The strong correlations among N-
acetylaspartate (NAA)/choline in precentral gyrus, midcingulate cortex, and thalamus found in
healthy subjects were absent in patients with amyotrophic lateral sclerosis (4). Correlation between
hippocampal Glx (glutamate + glutamine) and NAA has been demonstrated to be a more sensitive
biomarker differentiating between healthy controls and schizophrenia patients than either
neurometabolite alone (6, 7). In patients with subclinical hepatic encephalopathy the occipital
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lobe phosphodiester measured by *'P MRS and Glx levels were
found to be negatively correlated (13). Interregional correlations
of glutamate and GABA levels have also been reported in many
studies [e.g., (8, 14-17)]. These studies have clearly demonstrated
that neurochemical associations are abnormally altered in many
brain disorders, but the absolute strengths of these correlations
measured by different MRS methodologies have been
inconsistent or controversial [e.g., (5, 14, 15, 18-23)]. In
particular, the effects of spectral overlap on the observed
neurometabolite correlations have yet to be illustrated although
they can significantly confound the intrinsic neurochemical
correlations of interest.

Many studies of neurochemical associations rely on spectral fitting
[e.g,, (24)] to extract neurometabolite concentrations from overlapping
signals. When there is significant spectral overlap between two signals
overestimate of one signal is statistically correlated with underestimate
of the other signal and vice versa, even when there exists no
neurochemical correlation between the two signals. In addition, this
type of statistical correlations can propagate due to the intensity
constraints imposed by LCModel (24) or overlapping with
neurochemically correlated signals. When neurometabolite
concentrations are correlated with other measurements (e.g.,
behavior, resting state fMRI functional connectivity, or gene
expression), statistical correlations due to spectral overlap among
MRS measurements can also affect correlations between MRS
measurements and non-MRS measurements.

In this article we review dominant metabolic pathways
connecting major neurometabolites (25-27) which underpin the
neurochemical associations detected by MRS correlation studies.
Non-MRS neurochemical studies of animal models that found
correlated changes in neurometabolite concentrations under
various pathophysiological conditions are also discussed. Monte
Carlo simulations are performed to demonstrate the existence of
statistical correlations that originated from spectral overlap. Finally,
we discuss MRS techniques that eliminate spectral overlap and
associated statistical correlations. We hope that these discussions
will spur interest in developing MRS techniques for mapping
neurochemical associations across the brain to facilitate a variety of
clinical investigations. In particular, since glutamate and GABA play
dominant roles in the excitation-inhibition balance (28, 29) and in
many neuropsychiatric disorders (30-33), MRS characterization of
glutamate-GABA associations among the nodes of neural networks
may provide considerable insight into the interactions between
glutamatergic and GABAergic systems and their abnormalities.

METABOLIC PATHWAYS UNDERLYING
NEUROCHEMICAL ASSOCIATIONS

Predominant metabolic pathways connecting NAA, glutamate,
glutamine, and GABA are reviewed in detail. For clarity, a table
summarizing these pathways is provided (Table 1).

NAA-Glutamate Association
NAA is the most abundant free amino acid derivative in the
CNS. NAA is found almost exclusively within the nervous

TABLE 1 | Predominant metabolic pathways of NAA, glutamate, glutamine and
GABA in brain.
Neurometabolites

Anabolic enzymes Catabolic enzymes

NAA NAA synthase

glutamate aspartate
aminotransferase,
glutaminase, glutamate

aspartoacylase

aspartate aminotransferase,
glutamine synthetase, glutamate
dehydrogenase, glutamic acid

dehydrogenase decarboxylase
glutamine glutamine synthetase glutaminase
GABA glutamic acid GABA transaminase
decarboxylase

system. In the adult brain, it is mostly confined to neurons. As
such, it is of great clinical interest as it has been considered as a
neuronal marker for assessment of neuronal viability in a variety
of neuropsychiatric disorders using proton MRS. For example,
NAA level is markedly reduced within the infarct of stroke
patients (34), while a higher NAA level is associated with a
better clinical outcome (35). Despite the intense interest in NAA,
both its physiological and metabolic roles in normal brain
functions as well as in neuropsychiatric disorders remain
poorly understood [for a review of the putative role of NAA,
see (36)].

Important metabolic associations exist among major
neurometabolites observable by MRS through precursor—product
relationships and sharing common substrates (26, 37, 38).
Glutamate, the most abundant intracellular amino acids in
mammals, is a key component of intermediary metabolism and a
precursor of numerous cellular components including proteins as
well as neurometabolites such as GABA, N-acetylaspartylglutamate
(NAAG), and glutathione (26). As glutamate is also the primary
excitatory neurotransmitter in the CNS, it is not surprising that the
proton MRS has found abnormal glutamate levels in many
neuropsychiatric disorders including multiple sclerosis (39), major
depression (40), and bipolar disorder (41) where glutamatergic
dysfunction is broadly implicated.

Glutamate is primarily synthesized by transamination from
o-ketoglutarate catalyzed by aspartate aminotransferase (25):

glutamate + oxaloacetate <> o — ketoglutarate + aspartate

Glutamate also is produced, to a much lesser extent, from o
ketoglutarate and ammonium via glutamate dehydrogenase, from
glutamine via hydrolysis catalyzed by phosphate-activated
glutaminase, by other transamination reactions that use o-
ketoglutarate as receptor of the amino group, and during protein
turnover (42).

The transaminases of importance for maintenance of glutamate
homeostasis in the brain are mainly aspartate aminotransferase,
branched-chain aminotransferase, and alanine aminotransferase
with aspartate aminotransferase dominating overwhelmingly,
representing >97% of the glutamate-related aminotransferase
activities (26). °C magnetization transfer MRS experiments have
shown that the aspartate aminotransferase reaction is extremely fast
in the brain in vivo (43). This rapid transamination by aspartate
aminotransferase predominates in the formation of glutamate in the
CNS, forming strong metabolic coupling between glutamate and
aspartate (25). The tight connection between glutamate and
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aspartate becomes conspicuous under many pathophysiological
conditions where the brain is challenged or perturbed metabolically.
For example, during hypoglycemia a decrease in glutamate
concentration was accompanied by an increase in aspartate
concentration (44-46). Similarly, barbiturate anesthesia and
hypothermia were also found to lower the concentration of o-
ketoglutarate accompanied by reduced glutamate concentration and
increased aspartate concentration (47-49). These correlated changes
in glutamate and aspartate were explained by a sizable shift in the
aspartate aminotransferase reaction towards aspartate formation at
the cost of a reduction in glutamate concentration (25, 26). In
contrast, both hypocapnia and hypoxic hypoxia are associated with
an increase in glutamate concentration and a reduction in aspartate
concentration with the aspartate aminotransferase reaction shifting
in the opposite direction (25, 26, 50).

A strong metabolic coupling between glutamate and aspartate
mediated by the rapid and ubiquitous aspartate aminotransferase
reaction also affects NAA, the dominant signal in proton MRS, as
NAA is primarily synthesized from acetyl coenzyme A (CoA)
and aspartate by NAA synthase (51):

acetyl — CoA + aspartate — CoA + H" + NAA

In addition to this indirect connection from glutamate to
NAA synthesis via aspartate, both glutamate and NAA are
products of NAAG catabolism catalyzed by N-acetylated-oi-
linked-amino dipeptidase (52-54). The deacetylation of NAA
catalyzed by aspartoacylase has also been proposed as a
significant metabolic pathway for NAA to act as a reservoir for
glutamate in brain (55).

Glutamate-Glutamine Association

In contrast to glutamate, which is predominantly located in
glutamatergic neurons, glutamine is primarily an astrocytic
chemical. In the MRS literature glutamate + glutamine is often
collectively referred to as Glx as at lower magnetic fields it has

been difficult to separate the two spectroscopically. Abnormal
glutamine concentrations have been found in several brain
disorders including cancer, hepatic encephalopathy, and other
neuropsychiatric disorders (56, 57).

Although the overall glutamate pool in neural tissues rapidly
turns over fueled by primarily glucose under normal
physiological conditions, glutamate released from nerve
terminals is replenished by astroglial glutamine via the
glutamate-glutamine neurotransmitter cycle [Figure 1; (26,
59)]. The negatively charged highly hydrophilic glutamate
cannot diffuse across cell membranes. The concentration of
glutamate in the extracellular space is extremely low due to its
rapid uptake into the astroglia facilitated by high-affinity Na'-
dependent transport systems against a large concentration
gradient (60-62). Once taken up into the astroglial cells,
glutamate is converted into glutamine by glutamine synthetase:

glutamate + NH; + adenosin triphosphate

— glutamine + adenosine diphosphate + P;

or oxidized by assimilation into the tricarboxylic acid cycle of
astroglial cells (26, 63). Once formed, glutamine readily enters
nerve terminals by its own low affinity transport system or by
simple diffusion. There the phosphate-activated glutaminase
converts it into glutamate (26):

glutamine + H,O — glutamate + NHj

A large number of neurochemical as well as autoradiographic
studies have confirmed that glutamate is selectively taken up by
astroglial cells and then converted into glutamine, while
glutamine preferentially enters the neurons and is converted
into glutamate there (64). In vivo 13C and ®N MRS studies have
quantitatively measured the glutamate—glutamine cycling flux in
rodent and human brains [e.g., (58, 65-69)]. Results from these
studies have demonstrated that the glutamate-glutamine cycle
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FIGURE 1 | Schematic diagram of the glutamate—glutamine neurotransmitter cycle between neurons and astroglia (58). Glutamate (Glu) is taken up from the
synaptic cleft into astroglia. There glutamate is converted to glutamine (Gin) by glutamine synthetase. The inactive glutamine is released by the astroglia, enters the
neurons, and then is converted into glutamate by phosphate-activated glutaminase. Glc, glucose; a-KG, a-ketoglutarate; NHs, ammonia.
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between glutamatergic neurons and astroglia is metabolically
significant, providing a major connection between glutamate and
glutamine in the brain (70). In addition, over the range of
glutamate concentrations found in the nerve terminals,
product inhibition appears to be the main mechanism of
control of glutaminase activity with glutamate significantly
attenuating the activity of glutaminase (71).

The metabolic connection between glutamate and glutamine is
manifested in many brain disorders and animal models. For
example, elevated ammonia level in the brain is associated with
increased glutamine synthesis for ammonia detoxification (67). It
has been reported that in hyperammonemia and hepatic
encephalopathy the elevation of glutamine level in the brain is
accompanied by a reduced glutamate level as glutamate acts as a
receptor for the excessive ammonia (72). The changes in glutamate
and glutamine levels, however, do not necessarily go in opposite
directions. Both glutamate and glutamine are abundant in the brain.
Despite efforts to understand the roles of glutamate and glutamine,
the reason for maintaining relatively high concentrations of
glutamate and glutamine in the brain is still poorly understood. It
is possible that a high concentration of glutamate and glutamine
facilitates the generally high metabolic activities in the brain because
glutamate and glutamine are key components of intermediary
metabolism (25). They are also precursors of many other cellular
components (26). Their role as “energy reservoirs” is particularly
clear when the brain is under metabolic stress. For example, when
glucose is scarce, such as in hypoglycemia, both glutamate and
glutamine act as energy fuels. As a result, the concentrations of both
glutamate and glutamine are reduced in synchrony during
hypoglycemia and in many other pathophysiological conditions
when normal oxidative metabolism is impaired (45, 73).

Glutamate-GABA Association

While glutamate is the major excitatory neurotransmitter in the
mammalian brain, GABA is the major inhibitory neurotransmitter.
Since the initial detection of reduced GABA levels in epilepsy
patients by MRS (74) and a strong correlation between GABA
levels and seizure control in epilepsy patients treated by vigabatrin
(75), MRS of GABA has greatly advanced both in terms of MRS
methodologies and their clinical applications in studying
GABAergic abnormalities in neuropsychiatric disorders.

Like glutamate, GABA metabolism proceeds through
important intermediates of the tricarboxylic acid cycle. When
GABA was first discovered (76) it was realized that GABA was
formed from glutamate. Later studies identified that the principal
pathway of GABA goes through a-decarboxylation of glutamate
via glutamic acid decarboxylase which converts glutamate
directly into GABA (77):

glutamate — GABA + CO,

The source of the GABA precursor is believed to be
dominated by neuronal glucose with astroglial glutamine
playing a smaller role (78-80). GABA synthesis from
putrescine and other polyamines is metabolically insignificant
in the brain although polyamines play an important role in the
developing brain (81).

A fundamental aspect of glutamate-GABA association is the
excitation-inhibition balance in the brain (32, 82) because of their
roles as the dominant excitatory and inhibitory neurotransmitters,
respectively, in the CNS. Glutamatergic neurons (e.g., cortical
pyramidal neurons) receive a significant degree of GABA,-
mediated inhibition through interneurons (83). Balanced
excitation and inhibition facilitate normal brain functions, and
failure to maintain excitation-inhibition balance underlies
dysfunction in many brain disorders (32, 33, 84). Many studies
have also revealed altered glutamate and GABA. For example,
GABA levels were found to decrease, whereas Glx levels increased
with increasing visual input in the occipital cortex of healthy
subjects (85). Both glutamate and GABA increased following
vigorous exercise (86). In autistic patients the frontal lobe
[GABA]/[Glu] ratio was found to be significantly lower,
suggesting abnormality in the regulation between GABA and
glutamate (87). Abnormalities in MRS measures of glutamate
and/or GABA in many other neuropsychiatric disorders have also
been reported and reviewed [e.g., (40, 88-90)].

Long range excitatory and inhibitory interactions between
functionally connected brain regions are well established (91-93).
The strong coupling between glutamatergic neurotransmission and
total GABA level is supported by a large body of in vitro and in vivo
evidence [e.g., (16, 75, 94-100)]. A large number of neuroimaging
studies have also shown that total glutamate or Glx concentration is
significantly correlated with neural activity or glutamatergic
neurotransmission [e.g., (28, 101-103)]. Correlations of total
glutamate and total GABA levels locally and among regions
functionally connected in a specific neural network have also been
reported [e.g., (15-17, 19)].

STATISTICAL CORRELATIONS AMONG
MRS SIGNALS DUE TO SPECTRAL
OVERLAP

Many neurometabolites have similar resonant frequencies,
leading to spectral overlap among MRS signals. Effects of
spectral overlap on the Cremer—Rao lower bounds of extracted
neurometabolites have been analyzed previously (104).
Extracting the concentrations of neurometabolites by spectral
fitting is essentially mapping the acquired MRS spectrum (spec)
into a vector (conc) consisting of concentrations by inverting the
matrix equation spec = basis ¢ conc (24). Here, basis is a matrix
consisting of basis spectra of the component neurometabolites,
which transforms the concentration vector conc into the fitted
spectrum that approximates spec in the sense of least squares.
Overlapping neurometabolites become statistically correlated
through the covariance matrix (COV) of conc (105):

COV(conc) = o*(basis' « basis)™

where T denotes Hermitian transposition and ¢ is the noise
variance of the measured spectrum spec. The off-diagonal
elements (proportional to the square of cross-correlation
coefficients) of COV(conc) depend on the frequency separation
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among the resonances of the neurometabolites in basis. Figure 2
shows Monte Carlo simulations of the correlation between two
singlet peaks as a function of their separation in the frequency
domain. Figure 2A shows the correlation between conc, and conc,
across individual fits when spectral overlap between the two signals
is minimal. The correlation between conc, and conc, when their
frequency separation equals their half-height linewidth is plotted in
Figure 2B. Finally, the correlation between conc, and conc, when
their frequency separation equals 0.5* half-height linewidth is
plotted in Figure 2C. As shown by Figure 2 statistical correlation
between these two neurochemically unrelated signals increases as
their spectral overlap increases. Here the large correlation values
occur when the two signals happen to exhibit similar chemical
shifts, not because one signal influences the other neurochemically.
This simple example of two overlapping singlets illustrates a point of
caution in the interpretation of neurometabolite correlation results.
For multiplets and neurometabolites with multiple resonances,
spectral overlap occurs when two resonance lines overlap each
other even when the chemical shifts are not very close.

The off-diagonal elements of the covariance matrix become
highly significant in the presence of severe spectral overlap such
as in short echo time MRS spectra. In addition to overlapping
neurometabolites, a strong baseline can also cause statistical
correlations (106, 107) because the baseline, which arises from
macromolecules and/or lipids and residual water, overlaps with
essentially all neurometabolite signals. Figure 3 compares
spectral fitting of two 3 T short echo time single voxel in vivo
spectra by the commercial LCModel software. The spectrum on
the left was acquired using short echo time Point RESolved
Spectroscopy (PRESS) technique from a cubic voxel in the
anterior cingulate cortex of a healthy subject at 3 T (echo time =
35 ms, voxel size = 8 ml). The spectrum on the right was generated
by broadening the linewidths of the spectrum on the left by 2.0 Hz
and adding random noise to maintain the same signal-to-noise
ratio (107). Both spectra in Figure 3 were fitted using LCModel
with the same default settings (24). With 2.0 Hz line-broadening
the LCModel baseline was conspicuously stronger around the
spectral region near 2.35 ppm where glutamate and the aspartyl

moiety of NAA resonate. Both NAA and glutamate levels reported
by LCModel were lowered by approximately the same amount
(~11%) after the line-broadening [n = 10; (107)]. This reduction in
the extracted metabolite concentrations was found to be generally
more pronounced with greater line-broadening. Although the
concentrations of neurometabolites in the two spectra of Figure
3 are identical, the LCModel produced lower neurometabolite
levels and a more intense baseline after 2.0 Hz line-broadening.
Because of the spectral overlap between baseline and neurometabolites,
overestimating (underestimating) the baseline causes underestimating
(overestimating) neurometabolites and vice versa. Neurometabolites
overlapping with the same broad baseline peak are similarly
underestimated (overestimated) due to the broad baseline signals.
This in turn, contributes to positive statistical correlations
among those neurometabolites regardless of the underlying
neurochemical associations.

Spectral fitting techniques such as the LCModel heavily rely on
the linewidth difference between neurometabolites and background
signals to separate them. Broad neurometabolite peaks in the
presence of a strong baseline, as often seen in clinical short echo
time MRS data, can lead to significant quantification errors and
unwanted statistical correlations because of the large baseline-
metabolite covariances. The results in Figure 3 are also
corroborated by an earlier study which quantitatively analyzed the
estimation uncertainties caused by the baseline using Cramer-Rao
lower bound (CRLB) of the baseline (106), confirming that the
estimation uncertainty significantly increases with decreased
baseline smoothness and increased spectral linewidths.

PROSPECTS FOR MAPPING
MACROSCOPIC NEUROCHEMICAL
ASSOCIATIONS BY MRS IMAGING

Although group comparison of neurometabolite correlations between
healthy controls and patients reveals altered neurochemical
associations in brain disorders, determining the absolute strength
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FIGURE 2 | Monte Carlo simulation of statistical correlation between two unrelated Lorentzian singlets with signal-to-noise ratio = 20. The half-height linewidth of the
two peaks is 8 Hz. The same spectral fitting process was repeated 1,000 times with the same noise level but different noise realizations. For 40 Hz (A), 8 Hz (B), and
4 Hz (C) frequency separations between the two singlets, the correlation coefficient was found to be —0.04, —0.63, and —0.98, respectively.
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FIGURE 3 | (A) Single voxel short echo time spectrum acquired from the anterior cingulate cortex of a healthy subject at 3 T. Data was fitted using LCModel. (B)
LCModel generated a different baseline from the same data after 2.0 Hz line-broadening and noise injection to maintain the same signal-to-noise ratio. The large
change in baseline around 2.35 ppm (marked by an arrow) simultaneously reduced fitted NAA and glutamate concentrations, therefore, causing positive correlation
between NAA and glutamate even though the only difference between the two spectra is their linewidth (i.e., no correlations). Reprinted from reference (107) with

permission from Elsevier.

of these correlations is important for interpreting clinical findings
(20, 21) and for potentially relaying interregional associations
across the brain. As linewidth variations in clinical MRS studies
are very common, our analysis of statistical correlations that
originated from the spectral overlap in the section Statistical
Correlations Among MRS Signals Due to Spectral Overlap has
demonstrated that spectral overlap should be eliminated or
minimized when the absolute strength of neurometabolite
correlations is to be determined. To facilitate measurement of the
absolute strength of neurochemical associations, MRS techniques
that result in flat baselines and isolated signals of interest would be
ideal. Many existing single voxel spectral editing techniques
generate flat or weak baselines while eliminating or minimizing
overlapping resonances (74, 108-115), which are likely suited for
measuring local or intraregional neurochemical associations.
Mapping macroscopic neurochemical associations across the
human brain has the exciting potential to broadly impact studies
of normal brain functions as well as neuropsychiatric disorders
(32, 116, 117). Here we discuss the prospects for measuring
interregional excitation-inhibition balance (32, 118-120) by
spectroscopic imaging of spectrally resolved glutamate and
GABA. Participant motion is a major issue in scanning many
patients of neuropsychiatric disorders. Studying these patients
using chemical shift imaging is technically challenging because of
the relatively long scan time required for phase encoding. As
artifacts in chemical shift images caused by motion are hard
to detect, they can lead to erroneous diagnosis and data
interpretation (121). It is well-known that participant motion
inside a magnetic field causes changes in resonant frequencies.
Incorporating spectral editing techniques based on highly
selective radiofrequency pulses into chemical shift imaging
therefore can lead to even larger errors due to the additional
effects of carrier frequency mismatch on spectral editing yield.
To minimize error due to unavoidable patient movement
during extended scan time necessary for phase encoding, we

focus on techniques that can resolve glutamate or GABA in a
single shot with relatively weak baselines at 7 T. Spectral isolation
of glutamate or GABA accompanied with a weak baseline will
minimize the unwanted correlations that originated from
spectral overlap (107). The emphasis on minimizing spectral
overlap for measuring interregional neurometabolite correlations
may seem counterintuitive. However, it is necessary because, for
example, overlapping with interregionally correlated signals can
relay the correlation to overlapped signals. To spectrally resolve
glutamate or GABA over an extended brain region, highly
frequency-selective pulses popular for single voxel spectral
editing cannot be used because of the unavoidable and
significant residual B, inhomogeneity across a large volume in
the brain, especially at high magnetic field strength. Highly
frequency-selective pulses are sensitive to patient movement,
system instability, and B, inhomogeneity as they will miss or
partially miss the editing target in part of the slice(s) where
resonance frequencies are shifted away (122, 123).

Weak or nearly flat baselines are automatically produced at
long echo times because of the shorter T, values of macromolecules
(1). Serendipitously, the strongly coupled glutamate H4 (2.35 ppm)
forms an intense pseudo singlet at a relatively long echo time
(~100 ms) at 7 T (111, 112). The resonances of glutamine H4 at
245 ppm and glutathione glutamyl H4 at 2.49 ppm also form
pseudo singlets at ~100 ms echo time (see Figure 4). Therefore,
glutamate can be spectrally resolved in a single shot without using
any spectrally selective pulses at ~100 ms echo time at 7 T (111).
At 7 T the multiplet signal of the aspartyl moiety of NAA at 2.49
ppm still overlaps with glutamine H4 and glutathione glutamyl
H4 at ~100 ms echo time (111). The overlapping NAA aspartyl
moiety signals can be eliminated using a J-suppression pulse
acting on the o-H of the aspartyl moiety of NAA at 4.38 ppm
(112). The J suppression pulse can be made band-selective with a
flat top frequency profile (124) to accommodate variations in By,
Either because no frequency selective pulses are needed (111) or
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FIGURE 4 | Single voxel 7 T spectrum acquired using a single-shot echo
time optimized PRESS sequence (112) without signal averaging. Voxel size =
2 x 2 x 2 cm®. Echo time = 106 ms. Line broadening = 8 Hz. Number of
averages = 1. NAA, N-acetylaspartate; Glu, glutamate; Gin, glutamine; GSH,
glutathione; tCr, total creatine; tCho, total choline; ml, myo-inositol. Glutamate
H4 at 2.35 ppm was spectrally resolved with an approximately flat baseline.

with band-selective ] suppression (112), chemical shift imaging of
glutamate is feasible at 7 T in the presence of significant patient
motion and residual static magnetic field inhomogeneity across
the slice(s).

Multiple quantum filtering can be used to edit GABA in a
single shot (125-128). It is also possible to generate a flat baseline
using multiple quantum filtering (127). Chemical shift imaging
of GABA over a large volume in the brain is challenging even at
the high magnetic field strength of 7 T as all available GABA
editing techniques rely on frequency selective pulses that
differentially act on GABA H3 at 1.91 ppm and GABA H4 at

3.02 ppm. At 7 T, the chemical shift dispersion between GABA
H3 and GABA H4 is 328 Hz. This relatively large chemical shift
difference makes it possible to use band-selective pulses with a
flat top (124) to accommodate changes in B, due to patient
movement, system instability, and residual B, inhomogeneity
while still affording a close to uniform editing yield. Figure 5
proposes a band-selective multiple quantum filtering scheme
that combines spectral selectivity while allowing signal to shift
within the flat passband. This multiple quantum GABA editing
scheme is expected to tolerate a large frequency shift with GABA
H3 lying within the flat bandwidth and GABA H4 staying
outside of the downfield transition band of the band-selective
pulse acting on GABA H3.

Although we have focused on discussing chemical shift
imaging of spectrally resolved glutamate and GABA without
using highly selective editing pulses for the magnetic field
strength of 7 T, similar ideas may also be developed for lower
magnetic field strengths such as 3 T. For example, multiecho
time averaging at 3 T can isolate glutamate with a nearly flat
baseline without using any spectral editing pulses (109). Directly
combining this approach with conventional phase-encoding for
chemical shift imaging would not be feasible due to the large
number [e.g., (32)] of echoes required for each phase encoding
step. Instead of using evenly spaced echo times, the averaging
effect may be obtained using fewer echo times with numerical
optimization. Many fast imaging strategies such as echo-planar
readout can also greatly accelerate data acquisition of chemical
shift imaging experiments.

The coordinated variations of glutamate and GABA across
the brain can be assessed using chemical shift images of
spectrally resolved glutamate and GABA. The absolute
strengths of interregional correlations of spectrally resolved
glutamate and GABA have the exciting potential for
characterizing excitatory-inhibitory connections among the
nodes of neural networks, therefore providing novel

Band-selection

GSH GSH
4.56 295 164 Hz
Cr -—
3.|03 /
vy
T N
GABA H-4 GABA H-2
Asp 3.02 As
p -
3.89 2.80,2.65 e

1.91

FIGURE 5 | A proposed scheme for band-selective multiple quantum filtering of GABA. A band-selective refocusing pulse prepares GABA into multiple quantum
state while leaving glutathione in single quantum state by avoiding refocusing its cysteinyl o-H at 4.56 ppm. A band-selective 90’ pulse converts the double quantum
coherence into observable single quantum coherence. The frequency separation between GABA H4 and GABA H3 at 7 T is 164 x 2 = 328 Hz. Asp, aspartate;
GSH, glutathione; Cr, creatine. The chemical shifts (in ppm) of the resonance signals are placed below their labels.
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parameters for gauging interregional excitation-inhibition
balance, the disruption of which is implicated in many
neuropsychiatric disorders [e.g., (33, 103, 117, 129, 130)].

CONCLUSIONS

Previous neurochemical studies of animal models have revealed
coordinated changes in major neurometabolites under various
pathophysiological conditions which were attributed to the well-
studied metabolic pathways connecting them. Recent MRS
findings of neurometabolite correlations in healthy subjects
and altered correlations in patients have further corroborated
these associations, and their disruption is a hallmark of many
neuropsychiatric disorders. To measure the absolute strength of
these correlations, it is necessary to use spectral editing
techniques to minimize or eliminate statistical correlations
among MRS signals that originated from spectral overlap.
Finally, chemical shift imaging of spectrally resolved glutamate
and GABA is technically feasible at 7 T. It is hoped that the
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Purpose: To assess the feasibility of small-voxel MEGA-PRESS in detecting gamma-
aminobutyric acid (GABA) levels of the upper brainstem in healthy volunteers.

Materials and Methods: Forty-two healthy volunteers, aged between 20 and 76 years
were enrolled in this study, and underwent a 3.0T MRI scan using an eight-channel
phased-array head coil. The MEGA-PRESS sequence was used to edit GABA signal from
a 10x25x30 mm?® voxel in the upper brain stem. The detected signal includes
contributions from macromolecules (MM) and homocarmnosine and is therefore referred
to as GABA+. All the data were processed using Gannet.

Results: Thirty-four cases were successful in measuring GABA in the upper brainstem
and 8 cases failed (based on poor modeling of spectra). The GABA+ levels were 2.66 +
0.75i.u. in the upper brainstem of healthy volunteers, ranging from 1.50 to 4.40 i.u. The
normalized fitting residual (FitErr in Gannet) was 12.1 + 2.8%, ranging from 7.4% to
19.1%; it was below 15.5% in 30 cases (71%).

Conclusions: It is possible to measure GABA levels in the upper brainstem using MEGA-
PRESS with a relatively small ROI, with a moderate between-subject variance of under
30%.

Keywords: GABA, MRI, MEGA-PRESS, brainstem, spectroscopy

INTRODUCTION

y-aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the developmentally
mature mammalian central nervous system. GABA acts at inhibitory synapses in the brain by
binding to specific transmembrane receptors in both pre- and postsynaptic neuronal processes. 'H
magnetic resonance spectroscopy (MRS) is a noninvasive technique that can be used to measure
neurotransmitter levels in vivo (1). However, GABA is difficult to detect due to its low concentration
and the presence of overlapping signals from other compounds such as creatine and N-acetyl
aspartate (NAA) (2). Mescher-Garwood point-resolved spectroscopy (MEGA-PRESS) is able to
estimate GABA levels reliably using an editing technique based on refocusing J-couplings (3). To
date, MEGA-PRESS has been measured both in the healthy brain (4-8) and in various
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Edited-MRS Measure GABA+ in Midbrain

neurodegenerative disorders, such as Alzheimer’s disease (AD)
(9, 10), multiple sclerosis (MS) (11, 12), as well as psychiatric
diseases (13-16).

In the human brain, the brainstem includes the midbrain and
the pons and medulla oblongata of the hindbrain. The midbrain
is the recipient of projections from cortex, limbic structures, and
striatum, and exerts essential modulating influences on those
descending and ascending projections (17, 18). The upper
brainstem (19) is under-studied by MRS, even though it
contains many integrative nuclei that mediate physiological
functions disrupted in neurological disease (18). Numerous
studies have been performed on the pathological brainstem
involvement in patients with neurodegenerative disorders (20-
22). One QSM study showed that the pathological changes in the
midbrain (elevated iron) have a direct relevance to the
development of Parkinson’s Disease (PD) (23). Zarow et al.
found that for both PD and AD the greatest neuronal loss was
found in the pons (Locus coeruleus, LC), and demonstrated that
neural loss in the pons and midbrain was correlated with the
duration of these neurodegenerative disorders (24). Some found
that the sites in the upper brainstem that are damaged are likely
to contribute to the physiological deficits emerging in PD and
obstructive sleep apnea (OSA) (18, 25). One study of GABA+ at
7 T in PD showed a correlation between GABA levels in the pons
and the putamen (22). To our knowledge, no study has yet
sought to measure GABA+ levels in the upper brainstem at 3T
using MEGA-PRESS, likely because the small volume in upper
brainstem makes voxel sizes (~27ml) used in most previous
studies impossible (6, 26-29). The objectives of this preliminary
study were to measure the GABA+ levels of the upper brainstem
in a small voxel (10 x 25 x 30 mm®) with MEGA-PRESS in
healthy volunteers.

METHODS

Participants

Between April 2018 and April 2019, 42 healthy volunteers (55%
males and 45% females aged 20-76 years) were recruited to be
scanned by 3T MRI. Written informed consent was obtained
from each participant. The study was approved by the local
institutional ethical review board. For all participants, exclusion
criteria included contraindications for MRI and a history of
alcohol or substance misuse.

MRS Acquisition

All MRI and MRS experiments were carried out using a 3T
scanner (Achieva TX, Philips, Best, Netherlands) equipped with
an eight-channel phased-array head coil.

Magnetic Resonance Spectroscopy
The MEGA-PRESS sequence generates two subspectra with the
editing pulse ON in one and OFF in the other for GABA
detection. The edited spectrum, which reveals the GABA+
signal, is obtained by subtracting one subspectrum from the
other (30). MEGA-PRESS spectra were acquired from a 10 x 25 x
30 mm® voxel in the upper brainstem. Based on axial images, the
voxel was centered left-right and in the midbrain, with the
posterior face aligned to the posterior face of the midbrain.
Based on sagittal images, the voxel was positioned cranially/
caudally so as to maximize inclusion of midbrain and pontine
tissue, and minimizing the inclusion of cerebrospinal fluid, as
shown in Figure 1. Figure 1D illustrates the typical voxel
placement across 15 subjects.

Sequence parameters were as follows: repetition time (TR) =2 s;
echo time (TE) = 68 ms; 320 averages; acquisition bandwidth =

FIGURE 1 | T1-weighted TFE images show the ROI’s position in the upper brainstem in a healthy volunteer. The white box represents the location of the ROI
(10mm*25mm*30mm) in the axial (A), sagittal (B), and coronal (C) planes. Sagittal placement in 15 subjects illustrates the variable geometry and adjusted placement (D).
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2,000 Hz; Total acquisition time 10 min 56 sec; MOIST water
suppression (31) and Philips pencil-beam (PB-auto) shimming
(32) were used. Because the signals detected at 3.02 ppm using
these experimental parameters is also expected to contain
contributions from both macromolecules (MM) and
homocarnosine, in this study the signal is labeled GABA+ rather
than GABA (22).

Structural Magnetic Resonance

A whole-brain structural 3-dimensional MPRAGE (magnetization-
prepared rapid-acquisition gradient echo) scan was acquired with
1x1x1mm’ isotropic resolution (TR = 8.2 ms; TE = 3.7 ms; flip
angle = 8°, matrix = 256 x 256; field of view = 24 x 24 cm?).

Magnetic Resonance Spectroscopy Data Analysis
MRS data were analyzed using the Gannet 3.1 software toolkit, a
GABA-MRS analysis tool that is coded within MATLAB (The
MathWorks, Inc., Natick, MA, USA) using the Optimization and
Statistics toolboxes and is distributed as open-source software (33,
34). The analysis consisted of the following steps: (1) frequency-
and-phase alignment of FIDs with robust spectral correction (35);
(2) averaging and subtraction of aligned spectra to produce GABA+
spectra; (3) fitting a Gaussian to the 3-ppm GABA+ peak to
quantify GABA+ based on the area under the curve. GABA+
levels were quantified in institutional units (iu.) relative to the
unsuppressed water signal. The version of Gannet used for this
analysis has been archived on OSF at: https://osf.io/q92mb/.

The primary data quality metric generated by Matlab is fitting
error (FitErr,%), calculated as the ratio of the standard deviation
of the fitting residual to the GABA+ signal amplitude. A data
quality cut-off of 15% (11, 27, 36) has been applied previously for
brain applications with good SNR. In this study, we used a cut-off
0f 20% (37) to reject spectra of poor quality, using a less stringent
criterion to reflect the lower SNR of the smaller-VOI (voxel of
interest) brainstem acquisition. Using a 20% cut-off allows us to
retain a larger number of datasets in the analysis, at the cost of
increasing the variability of data to include poorer-quality data.
The choice of an appropriate cut-off for future in vivo studies is a
trade-off between variance and sample size (which both impact
statistical power) and possible inclusion bias, e.g. only including
data from more compliant subjects.

Metrics of GABA+ SNR and creatine signal linewidth are also
calculated by Gannet and reported.

Statistical Analysis

Due to the large age-range of subjects, a secondary statistical
analysis was performed to investigate whether the midbrain
GABA+ level was correlated with age. The average GABA+
concentrations for the male and female participants were
compared with a two-tailed unpaired ¢-test, using the
concentrations derived with Gannet 3.1. Statistical analysis was
performed in the Statistical Package for Social Sciences (SPSS
version 20.0; IBM Corp., Armonk, NY). To evaluate age-related
differences in GABA+ of upper brainstem, the Pearson correlation
coefficient was calculated and a Fisher R-to-z transforms to assess
significance with a p-threshold of 0.05.

RESULTS

MRI scans were obtained on 42 healthy volunteers. Table 1 shows
the demographics of these participants. The volunteer group is with
mean age: 45.7 £ 14.7 years (19 females, 45.2%; 23 males, 54.8%).

GABA+ levels were 2.66 + 0.75 i.u. in the healthy volunteers,
ranging from 1.50 to 4.40 i.u (as shown in Table 2). The mean
GABA FitErr for upper brainstem voxel of volunteers was 12.1 +
2.8% (spectra with fitting error below 20% are shown in Figure
2). The median FitErr was 11.7%, and as can be seen in Figure
3A, the distribution of fitting errors is only moderately skewed
(skewness = 0.772). 8 cases have a fitting error below 10%, 20
between 10 and 15%, 6 cases 15-20% and 8 cases over 20%, which
were omitted from the analysis.

The SNR is highly dependent on the experimental conditions
and is modified by such factors as the field strength, voxel size,
total acquisition time, TR, TE, J-coupling modulation, coil

TABLE 1 | Demographics of all subjects.

Demographics of the participants.

HC
Total number of subjects 42
Age in years 45.7 £ 14.7
No.of female (%) 19 (45.2%)
No.of male (%) 23 (54.8%)

FIGURE 2 | In vivo GABA-edited spectra from the upper brainstem from 34
subjects (overlaid).
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TABLE 2 | Subject demographics and MRS results.

number gender Age [GABA+)/i.u.

1 MH-90* F 55 61.89
2 MH-34 M 76 3.66
3 MH-116 M 57 4.397
4 MH-100 F 24 3.69
5 MH-47 M 66 2.278
6 MH-95 M 48 2.892
7 MH-99 F 24 3.539
8 MH-107 M 56 2.623
9 MH-114 M 59 4.055
10 MH-103 F 24 2.58
11 MH-104 M 56 2.731
12 MH-66 F 27 1.674
13 MH-69 M 29 2.38
14 MH-27 F 50 3.375
15 MH-94 M 60 2.796
16 MH-106 F 52 3.455
17 MH-37 F 36 2.586
18 MH-97 F 24 2.294
19 MH-92 M 56 2.537
20 MH-23 F 25 3.271
21 MH-101 M 24 3.374
22 MH-110 F 58 3.318
23 MH-61 M 56 2.209
24 MH-73 F 24 1.52
25 MH-115 F 50 2.937
26 MH-78 F 24 1.971
27 MH-117 F 59 2.329
28 MH-112 M 36 2.209
29 MH-113 M 49 2.608
30 MH-108 M 52 1.678
31 MH-86 F 47 1.712
32 MH-109 M 60 2.131
33 MH-96 F 24 1.503
34 MH-53 M 61 2
35 MH-111 M 38 2.012
36 MH-105* M 57 2.042
37 MH-93* M 53 1.815
38 MH-89* M 44 1.11
39 MH-91* F 61 1.71
40 MH-87* M 55 1.001
41 MH-98* M 40 212
42 MH-88* F 45 211

*Denotes low-quality data with FitErr >20%.

loading, and the number of nuclei in the sample. In this study the
mean SNR for upper brainstem voxel of volunteers was 5.19 +
1.09 (as seen in Figure 3). The median SNR was 5.11. The
distribution of SNR is only moderately skewed (skewness =
0.164 > 0). The linewidth is determined by a combination of
the inherent T2 of the spin system under consideration and the
loss of phase coherence in the sample volume from B,
inhomogeneity caused by local differences in magnetic
susceptibility. In our study the mean Cr linewidth was 8.7 *
2.2 Hz. The median linewidth was 7.8 Hz (as seen in Figure 3).
The distribution of linewidths is only moderately skewed
(skewness = 1.5 > 0).

No significant correlations (p=0.215 > 0.05) with age were
observed. There is no significant gender-related differences
in the GABA+ levels in upper midbrain in the healthy
volunteers (p=0.735>0.05).

GABA+/Cr FitErr (%) GABA+ SNR Cr.FWHM (linewidth)
2.024 2.4 47.3397 11.5112
0.275 7.4 6.7847 6.6656
0.228 8.4 3.8804 7.4313
0.211 8.6 6.83 11.4299
0.159 8.9 5.4383 7.3013
0.148 9.3 6.5632 8.3427
0.219 9.4 5.6473 6.8646
0.124 9.7 3.8066 8.3243
0.209 9.7 5.8652 7.349
0.134 10 7.2623 9.7712
0.156 10.2 4.5534 7.4724
0.09 10.6 6.4 7.9068
0.11 10.7 5.189 13.21
0.092 10.7 7.0929 15.2452
0.148 10.9 4.8486 7.187
0.169 11.1 4.6792 9.2192
0.203 11.4 5.7647 6.2624
0.088 1.7 4.6513 10.9155
0.143 11.7 4.5603 7.5527
0.188 11.9 5.1726 7.7503
0.299 12 5.433 6.4064
0.179 12.4 6.4166 7.049
0.119 12.7 4.0212 7.703
0.01 12.8 5.0426 8.74
0.112 13.2 5.6654 10.2316
0.086 13.6 5.0123 10.00081
0.122 13.8 6.2853 7.601
0.114 14 3.7992 8.0255
0.143 14.2 6.0008 7.7374
0.065 15.1 41782 12.8079
0.068 15.4 3.7966 12.3237
0.101 15.6 4.0376 8.3851
0.085 175 3.2026 7.5706
0.106 18.1 4.6171 7.6339
0.102 19.1 4.085 7.8425
0.118 20.1 3.3165 12.0987
0.078 236 3.9638 9.027
0.006 25 1.4629 7.8561
0.009 26 2.3535 6.5642
0.004 33 1.2958 7.0623
0.111 33 1.2958 7.0623
0.077 45.4 1.1705 6.8163
DISCUSSION

This study demonstrates the feasibility of GABA-edited MEGA-
PRESS in the upper brainstem in a moderately sized cohort of
healthy volunteers and serves as an important foundation for
future patient studies in movement disorders.

The brainstem is a midline structure formed by the midbrain,
pons, and medulla containing a number of critical substructures
(38). The major dopaminergic (DA) neuronal population of the
mammalian brain is located in the ventral midbrain (VM) (39).
The role of the brainstem as a route for all major efferent and
afferent pathways to the periphery relies heavily on GABAergic
connectivity (17). Brainstem pathology is implicated in many
neurodegenerative disorders, including PD (20, 21). Postmortem
evidence in PD indicates that pathological changes in the pons
and medulla precede those in the substantia nigra, a key area of
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FIGURE 3 | Histograms of the distributions of fitting errors (A), linewidth (B),
SNR (C).

neuronal loss (22). It is therefore desirable to develop an MRS
measure of GABA in the brainstem.

Edited MRS of GABA is made challenging by the relatively
low concentration of GABA, signal overlap, and large typical
voxel sizes. In order to measure GABA levels in the brainstem, a
small-region of interest (ROI) MEGA-PRESS protocol has been
developed. In spite of the relatively unfavorable anatomy, the
linewidth achieved (median 7.8 Hz) is comparable to that seen in
parietal lobe of the Big GABA multi-site study (mean 7.7 Hz
(31)). This narrow linewidth is aided by the small voxel size (10 x
25 x 30 mm®, compared to typical volumes of 30 x 30 x 30 mm’
in the brain (31)). The GABA SNR is substantially lower than the
SNR in that study (5.1 vs. 25), which reduction is largely
explained by the 72% reduction in acquisition volume. The
remaining reduction in SNR is likely attributable to the greater
distance between the midbrain and the receive coil elements.

While the brainstem is under-studied with MRS compared to
many cortical regions, there is some literature applying conventional
(unedited) MRS there. For example, one MRS study at 1.5T showed
higher N-acetylaspartate (NAA)/creatine (Cr) ratios ina 7.5 x 7.5 x
10 mm® voxel in bilateral rostral dorsal pons in patients with
episodic migraine (EM) than those in patients with chronic
migraine (CM) and normal controls (40). This study initiated the
MRS scan if the water linewidth reported by the prescan process was
less than 6 Hz. The ability of linear-combination modeling of
conventional spectra and to resolve GABA signals without editing
at 3T (and 7T) remains the subject of discussion. Macky et al.
conducted conventional (unedited) PRESS-localized MRS at 3T in
the midbrain (15 x 15 x 15 mm® voxel) and reported no differences
in the ratio of GABA:creatine in patients with OSA compared with
controls (18). Uzay et al. performed unedited MRS at 7T in the
midbrain (30 x 10 x 15 mm? voxel), and showed the GABA+ level
was increased in the pons in 11 patients with PD. In controls, the

GABA+ level was 1.0 + 0.2 mmol/g, with substantially larger relative
variance than our study. One prior MEGA-PRESS pilot study
showed GABA+ levels were significantly lower in the brainstems
(25x18x30) of 12 possible Sleep Bruxism (SB) patients compared
with 12 controls (41). This study conducted higher-order shimming
to achieve linewidths of <25 Hz.

A number of studies have suggested that there is an age-related
decrease of GABA+ levels in frontal and parietal regions in healthy
control subjects (4, 42-44). While this effect is largely driven by bulk
tissue changes, GABA+ levels still correlate with cognitive function
(42). No MRS studies have investigated age-related changes in
GABA+ concentrations in the upper brainstem of HC. The
current study found no significant relationship between GABA+
levels and age. It is not currently possible to determine whether this
negative result is due to reduced sample size, increased
measurement variance or reduced neurodegenerative aging of the
brainstem. Previous studies examining age-related volumetric
decline in the brainstem have found no age effects for the volume
of the whole brainstem, metencephalon or medulla, with only the
midbrain showing a trend for age-related shrinkage (45, 46). In our
study, the ROI mainly consists of midbrain and pons. Besides, a
number of studies have suggested that there is a gender-related
difference of GABA+ levels in dorso-lateral prefrontal cortex (4, 47).
However, one edited-MRS study (48) showed that there is no
gender differences were detected in anterior cingulate cortex,
which was consistent with our study. The current study found no
significant relationship between GABA+ levels and gender.

An eight-channel head coil was employed in our study. It is
likely that higher-order, e.g. 32-channel, coils and other hardware
innovations such as digital receiver chain would deliver higher SNR
data that reported here. Measures of gray and white matter volume,
white matter connectivity (fractional anisotropy and diffusivity
measures) and functional connectivity in resting state networks
are improved with 32- rather than 8-channel receive hardware (49).
One MRS study showed that 32-channel would be better than 8 or
16-channel in SNR variations due to different hardware, pulse
sequences, and post-processing between imaging and spectral
scans (50). However, in our results, the SNR (mean: 5.19 + 1.09;
median: 5.11) is acceptable. We are confident that this demonstration
of feasibility on an 8-channel head coil is applicable to other scanners
with 32-channel hardware.

This study has several limitations. Firstly, the MEGA-PRESS
sequence parameters give a GABA+ signal contaminated with
MM and homocarnosine signals. Editing-based methods have
been proposed to suppress the MM contribution (51), but the
degree of MM suppression (and the polarity of the MM residual
signal) is highly dependent on changes in the scanner frequency
associated with motion and gradient heating (6). Secondly, the
small size of the brainstem requires a small voxel. This results in
a GABA+ measurement that has substantially lower SNR than is
commonly achieved for brain measurements using a larger voxel.
However, even though the voxel size is small for GABA MRS, it is
large relative to the complex internal anatomy of the brainstem
and includes a number of distinct structures without
differentiation. This is a limitation inherent to MRS of low-
concentration metabolites. We also recognize that the lack of a
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gold standard for validation is a general concern for MRS
measurements. Phantom validation of MRS protocols can be
performed (and will indicate good linearity of measurements),
but the challenges of MRS in the brainstem mostly center around
subject and physiological motion, and local magnetic
inhomogeneity, which phantom measurements do not address.

In conclusion, we have demonstrated that it is feasible to
measure GABA+ levels in the upper brainstem using MEGA-
PRESS. Understanding alterations in upper brainstem
neurotransmitters will provide insight into pathological
dysfunction in neurodegenerative disorders.
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Background: GABA-deficit characterizes depression (MDD), which is highly comorbid
with Functional Dyspepsia (FD). We examined brain GABA concentrations and resting
activities in post-prandial distress subtype FD (FD-PDS) patients with and without MDD.

Methods: 24 female age/education-matched FD-PDS with comorbid MDD (FD-PDS-
MDD), non-depressed FD-PDS, and healthy controls each were compared on GABA
concentrations, resting fMRI (FALFF) in bilateral pregenual anterior cingulate (pgACC), left
dorsolateral prefrontal cortex (DLPFC), insula, and somatosensory cortex (SSC).

Results: FD-PDS-MDD patients had mild though elevated depressive symptoms. FD-
PDS patients had generally mild dyspeptic symptoms. No significant between-group
differences in GABA or fALFF were found. No significant correlations were found between
GABA and depressive/dyspeptic symptoms after Bonferroni correction. In patients,
GABA correlated positively with left insula fALFF (r = 0.38, Bonferroni-corrected p = .03).

Conclusion: We did not find altered GABA concentrations or brain resting activity in FD-
PDS or its MDD comorbidity. The neurochemical link between MDD and FD remains elusive.

Keywords: major depressive disorder, functional dyspepsia, GABA, magnetic resonance spectroscopy,
resting fMRI

INTRODUCTION

Functional dyspepsia (FD) is a common and chronic functional gastrointestinal disorder
characterized by symptoms attributed to gastroduodenal origin in the absence of any organic,
systemic, or metabolic disease likely to explain the symptoms (1).

Substantial evidence exists for gut-brain directed etiological mechanisms in FD, such as
infection, inflammatory mechanisms, and altered gut microbiota. On the other hand, associations

Frontiers in Psychiatry | www.frontiersin.org 26

September 2020 | Volume 11 | Article 549749


https://www.frontiersin.org/articles/10.3389/fpsyt.2020.549749/full
https://www.frontiersin.org/articles/10.3389/fpsyt.2020.549749/full
https://www.frontiersin.org/articles/10.3389/fpsyt.2020.549749/full
https://www.frontiersin.org/articles/10.3389/fpsyt.2020.549749/full
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles
http://creativecommons.org/licenses/by/4.0/
mailto:arthurdpmak@cuhk.edu.hk
https://doi.org/10.3389/fpsyt.2020.549749
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://doi.org/10.3389/fpsyt.2020.549749
https://www.frontiersin.org/journals/psychiatry
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyt.2020.549749&domain=pdf&date_stamp=2020-09-11

Mak et al.

GABA in the FD-MDD Comorbidity

of FD with personality traits, serotonin polymorphism and
experience of childhood adversity provide some evidence for the
brain-gut basis to FD (2). In particular, the significantly increased
risk of comorbid Major Depressive Disorder (MDD) in
community FD samples (3-5), bidirectional chronological
relationship in the respective onsets of FD and MDD in
community subjects (6), and response of non-depressed FD
subjects to serotonin-modulating antidepressant drugs (7, 8)
suggested substantial pathophysiological overlap between FD
and MDD. In addition, both MDD and FD have been
associated with trait characteristics of neuroticism (9, 10) and
alexithymia. Alexithymia has even been shown to contribute to
both somatization, depressive and anxiety symptoms, as well as
suicide risk (11, 12). MDD has also been associated with trait-
alterations in sensory processing patterns unique to the individual
(13) that is akin to the experience-based alterations in salience
computation of visceral signals in functional gastrointestinal
disorders (14, 15). Examining neural mechanisms underlying
the rich linkages in the FD-MDD comorbidity should help
understand the brain-gut mechanisms that determine
symptomatology and treatment response.

Visceral, cognitive and emotional processing occurs in
cortical glutamatergic networks, including somatosensory
cortex (SSC) [Sensorimotor Network (SMN) (15)] that relays
visceral sensory input to the Salience Network (SN-insula) which
integrates affective and interoceptive information (16) and send
control signals to the (i) the Default Mode Network [DMN:
midline structures including perigenual anterior cingulate cortex
(pgACC)] (16) and (ii) engages the Executive Network [EN:
Dorsal-lateral prefrontal cortex (DLPFC)]. These glutamatergic
networks are modulated by inhibitory GABA-ergic interneurons
(16), in turn innervated by serotonergic neurons at pgACC,
VMPEC, and raphe nuclei (17). Dysfunction in these affective
networks may lead to impaired gating of somatosensory signals
(2, 16), contributing to somatosensory amplification (11, 14) in
FD and MDD (18).

In MDD, inhibition of GABA-ergic neurons by dysfunctional
serotonergic neurons at the pgACC may reduce GABA (19, 20), in
turn disinhibiting glutamatergic neurons and resulting in DMN
hyperactivity (21-23). This altered pgACC GABA/glutamate
balance may underlie increased self-focus in MDD and has been
suggested to be the neurochemical substrate of antidepressant
action (24). MDD is also associated with resting-state hypoactivity
in the EN (DLPFC) (22, 25) while in the insula, depressive affect is
associated with reduced GABA concentration and insula
hypoactivity in processing self-related information (26).

In FD-PDS, the predominant FD subtype where psychiatric
comorbidity is the commonest, resting-state positron-emission
tomography (PET) (27) and functional MRI (28) showed
increased SN, DMN, thalamus, and precuneus resting activity,
as well as lowered SMN and SN activation threshold to gastric
distension and failure of pain-related pgACC activation (29).
These correlated positively with dyspeptic (27), anxiety, and
depressive symptoms (29), suggesting abnormal mood-related
processing of somatic signals in the SMN, SN, and DMN (29-
31). In our earlier magnetic resonance spectroscopy (MRS)

study, we found significant increase in SSC glutamate levels in
FD that correlated with anxiety and dyspeptic symptom severity
but were independent of depressive severity (32). The short-TE
PRESS sequence used for resolving glutamate peaks from
glutamine (TR/TE = 3,000/24ms) did not yield accurate
measurements of GABA. In fact, there have been no studies on
GABA transmission in FD. As such, it is unknown whether FD-
PDS would be similar to MDD in GABA-deficit-driven SN and
DMN abnormal activities.

In the present investigation, we used MEGAPRESS (33) to
examine GABA concentrations in major nodes of the SN, SMN,
DMN, and EN in matched FD-PDS patient groups differentiated
by the presence of MDD, to clarify the pathophysiological
abnormalities peculiar to FD and depressive comorbidity. To
reduce demand on sample size and owing to evidence showing
gender effects in neural activities in the brain (34), as well as the
female predominance in MDD and FD (32), we decided to
perform the study on female subjects only. We hypothesized
that altered GABA concentrations in representative regions in
the DMN, SN, EN, and SMN would be found amid subjects with
FD-PDS with and without comorbid MDD as compared to
healthy controls, with those with comorbid MDD showing a
greater deficit than their counterparts.

MATERIALS AND METHODS

Participants and Recruitment

Twenty-six FD-PDS with comorbid MDD (FD-PDS-MDD) and
28 FD-PDS without comorbid MDD were consecutively
recruited at a specialist gastrointestinal clinic. Inclusion criteria
were as follows: (i) currently satisfying ROME III criteria for
FD-PDS as assessed by a gastroenterologist (1), (ii) normal
oesophago-gastroduodenoscopy results within 2 years from
recruitment, (iii) for FD-PDS-MDD group only, comorbid
Major Depressive Disorder (MDD) as meeting DSM-IV-TR
criteria for MDD, and (iv) right-handed. Exclusion criteria
included having other functional gastrointestinal disorders
(irritable bowel syndrome or history of symptoms of acid
regurgitation, heartburn or those with abdominal pain as the
predominant symptom), consuming drugs that may affect
gastrointestinal motility (neuroleptic drugs, non-steroidal anti-
inflammatory drugs, aspirin and steroids) within 2 weeks prior
to scan, chronic or severe medical conditions, intellectual
disability, organic brain syndromes, having other mental
disorders including anxiety disorders, psychosis, bipolar
disorder, substance abuse, or dependence and presence of any
metallic devices or materials in the body that are contraindicated
for magnetic resonance imaging.

Thirty age-sex-education matched healthy controls (HC)
were recruited via hospital posters and online advertisements,
after a baseline assessment screening against the same exclusion
criteria described above, along with any personal history of
gastrointestinal complaints and personal or family history of
any mental disorders.
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Ten subjects with excessively noisy MRS spectra were
excluded from analyses, resulting in a final sample consisting
of 24 subjects per arm.

All eligible participants provided valid written informed
consent. All experimental protocols were approved by the New
Territories East Cluster-Chinese University of Hong Kong
Clinical Research Ethics Committee and all procedures were
performed in accordance with the approved guidelines
and regulations.

Sociodemographic and Symptomatic
Assessments

Socio-demographic data including age, marital status,
employment status, monthly family income, and educational
background were obtained using a questionnaire. Diagnoses of
MDD and other mental disorders stated within the exclusion
criteria were obtained by trained clinician interviewers using the
Chinese-Bilingual version of the Structured Clinical Interview for
DSM IV-TR Mental Disorders-I (35). Current dyspeptic
symptoms and other gastrointestinal disorder symptoms were
enquired with a structured Rome III symptom assessment
questionnaire. Dyspeptic symptom severity was measured with
the dyspepsia items from FGI-Checklist, a validated 20-item
structured questionnaire assessing common upper and lower
gastrointestinal symptoms (36), each self-rated on a scale of 0 to
3. A global dyspeptic symptom severity score was generated by
averaging the scores for the items included. Current depressive
and anxiety symptoms were evaluated with the commonly-used
interviewer-administered scales of MADRS (37) and HAM-A
(38), respectively. MADRS consists of 10 items rated on a 0 to 6
continuum that evaluate core symptoms of depression, with a
total score of 7-19 denoting mild depression, 20-34 for moderate
depression, and >34 for severe depression. HAM-A consists of 14
items on psychic and somatic aspects of anxiety, each rated from
0 (not present) to 4 (severe), with a total score of <17 denoting
mild severity, 18-24 for mild to moderate, and 25-30 for
moderate to severe. Interoceptive awareness was measured
using the Body Perception Questionnaire, a 122-item self-
report instrument consisting of subscales on body awareness,
stress response, autonomic nervous system reactivity, stress style,
and health history, respectively (39). General severity of somatic
symptoms was measured using a Chinese version of the 15-item
Patient Health Questionnaire (PHQ-15) which has been
validated in the local community, showing satisfactory
reliability and validity (40). General health-related quality of
life was measured by a validated Chinese version of the Short-
form-36 health survey (SF-36) (41). Current medication history
was enquired and checked with hospital records. The Three-
subtest Short Form of the Wechsler Adult Intelligence Scale-III
(42) was conducted on all participants at baseline to control for
confounding effects of intelligence on scan results.

Imaging
All imaging protocols were performed using a 3 Tesla MRI scanner
(Achieva TX series, Philips Healthcare, Best, Netherlands).

Anatomical MRI

High resolution structural images were acquired using an eight-
channel receive-only head coil using a sagittal 3D T1-weighted
sequence (TR/TE: 7.4/3.4 ms; field of view: 250,250 mm, 285
contiguous slices, 0.6-mm (RL) thickness, reconstruction matrix:
240,240, flip angle 8°). T1-weighted images were segmented into
gray matter (GM), white matter and cerebrospinal fluid (CSF)
maps using SPM12 (43). GM volume of each MRS volume-of-
interest (see below) was extracted using FSL (44).

Magnetic Resonance Spectroscopy

Anatomical MRI images were used to guide positioning of
MRS volumes-of-interest in bilateral pregenual anterior
cingulate cortex (pgACC), left insula, left SSC, and left
dorsolateral prefrontal cortex (DLPFC). The bilateral pgACC
voxels (30 mm x 30 mm x 30 mm) were positioned bordering
the lower edge of the genu of the corpus callosum and with its
posterior limits just touching the anterior border of the genu of
the corpus callosum (Figure 1A) (45). The left insula voxels
(25 mm x 40 mm x 25 mm) were aligned along the edge of the
insula cortex in an anterior-posterior direction with the anterior
edge of the volume-of-interest aligned to the anterior limit of the
insula (Figure 1B) (26). The left SSC (30 mm x 30 mm x 30 mm)
was placed on the post-central gyrus (Brodmann areas 1, 2, and
3) (Figure 1C) (46). The left DLPFC (30 mm x 30 mm X 30 mm)
was placed in the left inferior frontal gyrus between the inferior
frontal sulcus and horizontal ramus (Figure 1D) (47, 48).

Signal reception for H-MRS were achieved using the same
eight-channel received-only head coil under the following
parameters: TE, 68 ms; TR, 2,000 ms; 400 transients of 4,096
data points acquired in 12 min; 14-ms Gaussian editing pulses to
be applied either to the GABA spins (at 1.9 ppm) or symmetrically
about the water peak (7.5 ppm) in an interleaved manner. A
further eight transients were acquired, without water suppression,
as an internal concentration reference.

GABA concentrations in the 4 volumes-of-interest were
gauged as GABA signal intensities relative to water, as derived
from GABA-edited MEGA-PRESS MRS spectra using Gannet
v3.0 (33). GABA signal was scaled to account for the fraction of
cerebrospinal fluid (CSF) within the voxel, and the water signal
was scaled to account for the different water content in CSF, gray,
and white matter. A concentration measurement in institutional
units is derived from the ratio of the GABA and water signals by
further adjusting for the editing efficiency and the T1 and T2
relaxation times of water and GABA. The overall fit errors,
represented by the standard deviation of the fitting residuals
relative to the GABA and water fitting peaks, converged to mean
values of 6.5%, 5.1%, 5.3%, and 4.1% for left DLPFC, left insula,
pgACC, and left SSC, respectively.

Functional MRI - fALFF

Subjects were instructed to have their eyes closed for 6 min
and hold still without falling asleep. Resting fMRI data was
collected with a single-shot echo-planar sequence sensitive to
BOLD contrast (TR, 2,050 ms; TE, 25 ms; flip angle, 90°% slab
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somatosensory cortex, and (D) left dorsolateral prefrontal cortex.

FIGURE 1 | Positioning of regions of interest in fALFF (Top) and MRS (Bottom) for (A) bilateral pregenual anterior cingulate cortex, (B) left insula, (C) left

thickness, 150 mm; field of view, 205" 205 mm; image matrix,
6,464; parallel imaging acceleration factor of 2) to acquire 150
dynamic scans under each condition. BOLD images acquired
had a nominal in-plane resolution of 3.23.2 mm and a temporal
resolution of 2 s per dynamic scan.

The first three volumes were removed to eliminate the effects of
start-up transients. Resting-state imaging data were preprocessed
using AFNI (Analysis of Functional Neuro-Images) (49).
Preprocessing steps included slice-timing correction, alignment
between the structural image and the third functional volume,
estimation of motion correction parameters (three translational
and three rotational components) that co-register each functional
volume to a reference volume with the lowest motion, and
warping structural image to the Talaraich space. Fractional
amplitude of low frequency fluctuations (fALFF) were derived
from the rsfMRI data using AFNI’s 3dRSFC program (50, 51).
First, each voxel time series was converted into the frequency
domain (0-0.25 Hz) using a fast Fourier transform without band-
pass filtering and the square root of each frequency of the power
spectrum was calculated. Second, each voxel time-series was band-
pass filtered (0.01-0.10 Hz) before converting to the power
spectrum and the sum amplitude of this low frequency domain
was calculated. Finally, the ratio between the sum amplitude of the
low frequency domain and the full frequency domain was
extracted for each voxel. Also, mean fALFF was calculated for
each volume-of-interest.

Statistical Analysis

Baseline demographic characteristics were compared between the

three arms using chi-square and one-way ANOV As as appropriate.
Mean GABA concentrations were compared between the three

groups using generalized estimating equations, ANCOVA, and a

t-test where healthy controls were compared against a combined

patient group (FD with comorbid MDD + pure FD). Generalized
estimating equation analyses were all adjusted for age, 1Q, and
same-region GM volume, whereas ANCOVA and t-test included
any of these covariates only when correlation with GABA
concentration was presented.

Pearson correlation was used to identify relationships between
GABA concentrations of each region with dyspeptic severity
(FGISQ), introspective awareness (BDQ), depressive severity
(MADRS), anxiety severity (HAMA), somatization (PHQ15),
health-related quality of life (SF36), and same region fALFF. For
each VOI, the mean fALFF was extracted and its correlation with
same-region GABA concentrations was examined by Pearson
correlation, corrected for age, IQ and same-region GM volume,
or any combination therefor, whichever correlated with GABA
concentration. All correlation analyses were performed across the
whole sample, for each patient group individually, and for a
combined patient group (FD-PDS and FD-PDS-MDD).

Between group mean difference of fALFF was assessed using
voxel-wise permutation analysis, corrected for the effect of age,
IQ and same-region GM volume.

IBM SPSS Statistics v23 for Windows was used for all statistical
analyses. Results of p < 0.05 were considered significant. All tests
were two-tailed. To account for multiple comparisons in four ROIs,
Bonferroni correction was applied to all statistical analysis involving
GABA and fALFF.

RESULTS

Demographics
Twenty-four female subjects were recruited in each group: 1. FD-
PDS patients with comorbid MDD (FD-PDS-MDD), 2. FD-PDS
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patients without MDD (FD-PDS), and 3. healthy controls (HC).
10 subjects with noisy MRS spectra were excluded (see Materials
and Methods). All subjects were female and had a mean age of
42.44 and on average 11.86 years of education. Over half of the
sample were married and had full-time employment. No
significant differences were found in age, education, marital
status, and employment status between the 3 groups (Table 1).

Clinical

FD-PDS-MDD patients had a mean Montgomery-Asberg
Depression Rating Scale (MADRS) and Hamilton Anxiety
Rating Scale (HAMA) scores of 18.01 (SD 6.08) and 15.38 (SD
7.1), which were within the mild range (37, 38). These were
significantly greater than the FD-PDS group (ps <.001) and HC
(ps < .001) (Table 1).

Patients had generally mild dyspeptic symptoms. On a
composite score of current dyspeptic symptom derived by
summing self-rated scores on four dyspeptic symptoms (36)
(epigastric pain, epigastric burning, postprandial fullness, early
satiety), FD-PDS patients with and without MDD comorbid
showed significantly elevated dyspeptic symptoms compared to
HC (p < 0.001), while no significant differences were found
between FD-PDS and comorbid FD-PDS-MDD patients
(Table 1).

Group Difference in GABA Concentration
and fALFF
Figure 2 shows the GABA concentration in different VOIs in the
three groups. No significant differences were found between the
three groups in GABA concentrations in any of the voxels of
interest, using AN(C)OVA (Table 2), generalized estimating
equation (Table 2), or in the T-test comparing HC against a
combined patient group (Table 3).

No significant difference was found in fALFF among the three
groups in any of the four regions examined (5,000 permutations,
adjusted for age, IQ, and same-region GM volumes) (Table 4).

Correlations Between GABA
Concentration and Clinical Measurements
Negative correlations of left insula GABA with dyspeptic
symptom severity for FD-PDS-MSS (r = -0.49, corrected p =
0.06) and across all patients (r = —0.35, corrected p = 0.06)
became insignificant after correction for multiple comparison
(Table 5). The negative correlation between bilateral pgACC
GABA and anxiety symptoms also rendered insignificant after
Bonferroni’s correction (r = —0.29, p = 0.19) (Table 5).

No correlations between GABA and health-related quality of
life, somatization and introspective awareness were found.

Correlations Between GABA
Concentration and fALFF
In the combined patient group (FD-PDS and FD-PDS-MDD),
left insula GABA correlated with same-region fALFF (r = 0.38,
corrected p = 0.03) (Table 6).

There were no significant GABA-fALFF correlations in any
regions within each patient group or across all subjects.

TABLE 1 | Demographics.
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FIGURE 2 | Group difference in GABA/water in four regions of interest: left dorsolateral prefrontal cortex, left insula, bilateral pregenual anterior cingulate cortex, and

TABLE 2 | Group difference of GABA/water.

AN(C)OVA
FD-PDS-MDD FD-PDS HC AN(C)OVA?
(n =24) (n =24) (n =24)
ROI mean SD mean SD Mean SD F df p Bonferroni-corrected p
Left Dorsolateral Prefrontal Cortex® 2.2 0.49 2.08 0.38 2.05 0.39 1.7 2,1,68 0.19 0.76
Left Insula 253 0.22 2.53 0.23 2.46 0.24 0.8 2,69 0.46 >0.99
Bilateral Pregenual Anterior Cingulate 2.3 0.23 2.38 0.25 2.28 0.22 1.3 2,69 0.28 >0.99
Left Somatosensory Cortex 228 0.33 2.34 0.22 2.33 0.23 0.4 2,69 0.67 >0.99
Generalized Estimating Equation®

ROI Group B Zz P Bonferroni-corrected p 95% CI
Left DLPFC FD-PDS-MDD

FD-PDS -0.16 -1.26 0.21 0.84 0.85 (0.67-1.09)

HC -0.21 -1.63 0.1 0.4 0.81 (0.63-1.04)
Left Insula FD-PDS-MDD

FD-PDS 0.002 0.03 0.98 >0.99 1(0.89-1.13)

HC -0.07 -1.02 0.31 >0.99 0.94 (0.82-1.06)
pgACC FD-PDS-MDD

FD-PDS 0.1 1.41 0.16 0.64 1.1 (0.96-1.27)

HC 0.003 0.04 0.97 >0.99 1(0.88-1.14)
Left SSC FD-PDS-MDD

FD-PDS 0.08 1.03 0.3 >0.99 1.09 (0.93-1.28)

HC 0.1 1.1 0.27 >0.99 1.1 (0.93-1.31)

AL evene's test confirmed equal variances across groups.
PCovariate: IQ.
“Adjusted for age, gray matter volume in same-region MRS ROl and Q.

DISCUSSION

This is the first study reporting on GABA concentrations in the
major somatic-cognitive-affective network in patients with
functional gastrointestinal disorders. We failed to find any

evidence for altered GABA concentrations in representative
regions in the DMN, SN, EN, and SMN in these age/
education-matched group of female subjects with FD-PDS with
or without comorbid FD-PDS, and healthy subjects. As such, the
neurochemical link between FD-PDS and MDD remains elusive.
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TABLE 3 | Group difference of GABA/water between healthy controls and combined patient group tested with t-test (n = 72).

ROI All patients (n = 48) HC (n = 24) t-test®
mean SD mean SD t df P Bonferroni-corrected p
Left Dorsolateral Prefrontal Cortex 214 0.44 2.05 0.39 -0.8 70 0.2 0.8
Left Insula 2.53 0.22 2.46 0.24 -1.3 70 0.11 0.44
Bilateral Pregenual Anterior Cingulate 2.34 0.24 2.28 0.22 -1 70 0.15 0.6
Left Somatosensory Cortex 2.31 0.28 2.33 0.23 0.4 70 0.35 >0.99
“No significant correlation present in GABA/water of individual ROI against age, same-region gray matter volume and IQ.
TABLE 4 | Group difference of fALFF from voxel-wise permutation analysis.
ROI ANCOVA? Talaraich coordinates
p° Bonferroni-corrected p F° x y z
Left DLPFC 0.707 >0.99 67.076 29 53 34
Left insula 0.738 >0.99 16.02 37 26 25
pgACC 0.543 >0.99 36.084 26 47 22
Left SSC 0.353 >0.99 87.685 40 23 37
“Corrected for the effect of age, IQ and same-region GM volume.
PMinimum p and maximum F across all voxels in the corresponding ROI.
TABLE 5 | Correlations between GABA/water and clinical measures.
MRS ROI Measure All subjects (n = 72) Combined patient group FD-PDS-MDD (n = 24) FD-PDS (n = 24)
(n=48)
r P Bonferroni- r P Bonferroni- r P Bonferroni- r P Bonferroni-
corrected p corrected p corrected p corrected p
Left Insula FGISQ -0.05 0.66 >0.99 -0.35 0.01 0.06 -0.49 0.01 0.06 -0.23 0.28 >0.99
Bilateral Pregenual HAMA -0.11 0.35 >0.99 -0.29 0.05 0.19 -0.34 0.10 0.40 -0.09 0.66 >0.99

Anterior Cingulate

MRS ROlIs tested: left dorsolateral prefrontal cortex, left insula, bilateral pregenual anterior cingulate, left somatosensory cortex.
Clinical measures tested: FGISQ, Functional Gastrointestinal Standard Questionnaire; BPQ, Body Perception Questionnaire; MADRS, Montgomery-Asberg Depression Rating Scale;
HAMA, Hamilton Anxiety Rating Scale; PHQ15, Patient Health Questionnaire-15; SF36, 36-item Short Form Survey.

TABLE 6 | Correlations between GABA/water and same-region fALFF.

Group n MRS ROI Pearson’s Correlation
p Bonferroni-corrected p r
All Subjects 72 Left Dorsolateral Prefrontal Cortex 0.92 >0.99 0.01
72 Left Insula 0.02 0.09 0.27
72 Bilateral Pregenual Anterior Cingulate 0.47 >0.99 0.09
72 Left Somatosensory Cortex 0.27 >0.99 -0.13
FD-PDS-MDD 24 Left Dorsolateral Prefrontal Cortex 0.89 >0.99 0.03
24 Left Insula 0.06 0.24 0.39
24 Bilateral Pregenual Anterior Cingulate 0.37 >0.99 0.19
24 Left Somatosensory Cortex 0.33 >0.99 -0.21
FD-PDS 24 Left Dorsolateral Prefrontal Cortex 0.99 >0.99 0.003
24 Left Insula 0.08 0.32 0.37
24 Bilateral Pregenual Anterior Cingulate 0.95 >0.99 -0.01
24 Left Somatosensory Cortex 0.03 0.10 -0.45
Patient 48 Left Dorsolateral Prefrontal Cortex 0.97 >0.99 0.006
48 Left Insula 0.009 0.03 0.38*
48 Bilateral Pregenual Anterior Cingulate 0.42 >0.99 -0.12
48 Left Somatosensory Cortex 0.07 0.26 -0.27

*Bonferroni-corrected p < 0.05.
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In measuring GABA concentrations, we used MEGAPRESS
which is the standard tool in resolving GABA and with which
significant differences had been detected in the DLFPC, pgACC,
insula, and somatosensory cortices in (52) patients with various
psychiatric conditions using comparable parameters (53-56).
We only included subjects with good spectral quality into the
analysis; therefore, poor spectral quality, which would have
ensued from poor voxel placement, was unlikely to explain the
unequivocal findings.

This could be a case of type-II error, although sample size
calculation based on previous depression study (GABA = 0.89
(sd =0.11) in MDD, 1.0 (sd = 0.11) in controls, Cohen’s d = 1.0)
showed that 17 subjects were already sufficient to achieve a
power of 0.8 with type I error = 0.05 (19). However, the dyspeptic
subjects had largely mild dyspeptic severity and for the comorbid
MDD group, all met DSM criteria for MDD but also with
mild-to-moderate severity of depressive symptoms. While, in
lieu of precedence, no comparison can be made with GABA
concentrations in other studies on FD, our comorbid FD-
MDD did not show changes in GABA in SN (26), DMN
(19, 20), and EN (22, 25) reported in previous studies on
depressed patients.

Although we used rigorous recruitment assessment for DSM-
IV-TR MDD, and Rome III FD-PDS, with negative upper
endoscopy results in all recruited dyspeptic subjects to
minimize recruitment error, by excluding subjects on centrally-
acting drugs we might have recruited subjects with milder
symptoms, which may not represent the full spectrum of
clinical severity we usually see in our patients. GABA deficit
may be obvious only in more clinically severe patients. In order
to elucidate the role of GABA in the FD/MDD comorbidity, it is
likely that a much larger sample size would be required.

We found, only in depressed dyspeptic subjects, subsignificant
negative correlation of GABA concentration in left insula with
dyspeptic symptoms. This would require examination in a larger
sample to ascertain if SN GABA deficit actually contributed to
somatic symptoms, as previous studies on depression suggested
(22). However, the weakly positive correlation between GABA
concentration with fALFF contradicted the possibility of GABA
deficit driving these symptoms by reduction of its inhibitory
drive (23, 57). Further examination in larger, well-defined
clinical samples would help test against the possibility of
spurious associations linked to multiple testing and small
sample sizes.

Even more difficult to explain were the unequivocal findings in
ALFF from resting state fMRI in all of the regions of interest. This
contradicted with two previous reports (27, 28) showing
significant increase in SN and DMN resting activity in FD. It is
unclear if the difference was attributed to the sample sizes in the
dyspeptic comparison arms (40 in Zeng et al., 49 in Liu et al., both
from the same group of investigators). Nevertheless, earlier PET-
CT studies were not in agreement on resting state findings. One
research group in Sichuan reported increased resting activity in
pgACC, insula, SSC, and thalamus in FD-PDS patients, positively
correlating with dyspeptic symptom severity (27), while the
Leuven group reported reduced somatosensory, insula, and

cingulate resting glucose metabolism (29). Notwithstanding the
fine rigor in these experiments, reports on resting state fMRI
changes in FD have remained sparse. Worryingly, after the
publication of a number of highly influential studies earlier in
the past decade, few if any further neuroimaging studies on FD
have been published in the recent few years.

If we accept the validity of our results, their conflict with
existing reports may be reconcilable with the complex gut/
brain origins of FD and the vast heterogeneity of its
pathophysiology across different patients. This may not
be entirely surprising if randomized controlled trials of
central serotonergic agents have so far reported conflicting
results (7, 58, 59). Replication of the previously reported
resting state activity findings on larger, cross-national
samples including patients of different sociodemographic
characteristics and clinical profiles and subsequently, meta-
analytic examination will be warranted.

Apart from sample size and potential recruitment bias as
mentioned above, our investigation also suffered from a few
limitations. Firstly, we did not include a group of MDD-only
subjects with no FD and low on somatic symptom scores. Given
that somatic symptoms are common in MDD and are even
considered a marker of depressive severity (60-63), it would be
hard to presume that MDD-only patients without somatic
symptoms such as dyspepsia would have more abnormal brain
GABA and resting state activity findings. Secondly, we only
examined resting-state activity but did not examine brain
activations to gastric stimuli. Although significant correlation
of anterior cingulate resting activity with regional GABA
concentration has been demonstrated (57), GABA was linked
to altered task-dependent insula activation in an interoceptive
awareness paradigm (26). It should be of interest to examine the
link of GABA with task-dependent activation in FD and MDD
(29). Thirdly, owing to time constraints, we only included voxels
on the left side of the brain (apart from pgACC which was
bilateral) considering the vast literature reporting left EN
underactivity in major depression (64), but considering the
bilateral involvement of prefrontal resting activity reported in
FD (27), including right-sided DLPFC, insula and somatosensory
voxels may reveal different GABA-resting activity interactions in
the FD-MDD comorbidity. Lastly, the present study was planned
for comparison of regional GABA concentration and their
respective correlation with resting-state activity measure
(fALFF). A larger sample size, would be preferred for
examination of the correlation of regional GABA concentration
with functional connectivity measures in the various different
networks owing to the increased number of comparisons
involved (57).

In summary, we were unable to identify significant GABA
alterations or any contingent changes in resting brain activity in
FD-PDS nor could we identify any impact of the FD-depressive
comorbidity on neural activity and brain GABA concentrations
in the major affective-cognitive-somatosensory networks. FD is a
complex and heterogeneous disease of the brain-gut axis (2) with
a link to depression—from etiology to treatment—that is
fascinating and intriguing. It is possible that the main cortical
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neurochemical disturbance in FD is glutamatergic (32). A study
with larger sample size to delineate the stimulus-dependent
activity/glutamate-GABA interactions in the anterior cingulate
and bilateral brain networks on patients of a more representative
spectrum of clinical severity is clearly indicated. Until then, the
foundations for FD to hold claim as a brain-gut disorder will
remain uncertain.
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Background: Auditory verbal hallucinations (AVH) have been linked to aberrant
interhemispheric connectivity between the left and the right superior temporal gyrus
(STG), labeled the interhemispheric miscommunication theory. The present study
investigated if interhemispheric miscommunication is modulated at the neurochemical
level by glutamate (Glu) and gamma-aminobutyric acid (GABA) concentrations in
temporal and prefrontal lobe areas, as proposed by the theory.

Methods: We combined resting-state fMRI connectivity with MR spectroscopy (MRS)
in a sample of 81 psychosis patients, comparing patients with high hallucination
severity (high-AVH) and low hallucination severity (low-AVH) groups. Glu and GABA
concentrations were acquired from the left STG and the anterior cingulate cortex (ACC),
an area of cognitive control that has been proposed to modulate STG functioning in AVH.

Results: Functional connectivity showed significant interaction effects between AVH
Group and ACC-recorded Glu and GABA metabolites. Follow-up tests showed that there
was a significant positive association for Glu concentration and interhemispheric STG
connectivity in the high-AVH group, while there was a significant negative association for
GABA concentration and interhemispheric STG connectivity in the low-AVH group.

Conclusion: The results show neurochemical modulation of STG interhemispheric
connectivity, as predicted by the interhemispheric miscommunication hypothesis.
Furthermore, the findings are in line with an excitatory/inhibitory imbalance model for
AVH. By combining different neuroimaging modalities, the current results provide a more
comprehensive insight into the neural correlates of AVH.

Keywords: schizophrenia, psychosis, neurochemistry, neurotransmitters, functional connectivity, neuroimaging
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Weber et al.

fMRI and MR Spectroscopy in Auditory Hallucinations

INTRODUCTION

Auditory verbal hallucinations (AVH) have been associated
with aberrant functioning of the left superior temporal gyrus
(STG), a brain area associated with auditory processing and
speech perception (1-3). Concurrent evidence from diffusion-
tensor imaging (DTI), functional magnetic resonance imaging
(fMRI) and electrophysiology (EEG) shows in particular
abnormal connectivity between the left STG and its right-
hemispheric homolog in patients with AVH [e.g., (4-7)].
Findings of hyper-connectivity are thought to reflect an
overactive positive feedback-loop where the left and the right
STG continuously activate each other, causing abnormalities
of auditory processing (8, 9). Recently, these findings have
been summarized in the interhemispheric miscommunication
theory of AVH (10). The theory also proposes neurochemical
modulation of interhemispheric STG connectivity by glutamate
(Glu) and gamma-aminobutyric acid (GABA), the brain’s main
excitatory and inhibitory neurotransmitters, respectively. Glu
and GABA concentrations are altered in schizophrenia patients
compared to healthy control subjects (11, 12). In addition, altered
Glu concentrations have specifically been associated with AVH
(13-15). Glu and GABA have also been linked to AVH in
studies using ketamine, which blocks Glu binding to GABAergic
neurons. Administration of ketamine exacerbates psychotic
symptoms such as hallucinations in schizophrenia patients (16,
17) and induces schizophrenia-like symptoms in healthy subjects
(16, 18-20). Interestingly, ketamine-induced AVH have also
been found to be related to increased interhemispheric STG
gamma-band connectivity (20), which arises from synchronous
firing of GABAergic neurons (21). Together, these findings
suggest that Glu- and GABA-modulated interhemispheric STG
connectivity plays a role in the occurrence of AVH (10). The
interhemispheric miscommunication theory proposes that Glu
and GABA in the left STG and prefrontal brain regions might be
of particular importance, based on reports of AVH-related altered
Glu concentrations in those regions (13, 15). Furthermore, the
prefrontal cortex is an area of cognitive control which is central to
the interplay between different brain regions, and has previously
been suggested to modulate left STG functioning in AVH (22).
The current study investigated the relationship between left
STG connectivity and Glu and GABA concentrations in a sample
of psychosis patients, with a focus on how this relationship
might differ between patients with high hallucination severity
(high-AVH) and patients with low hallucination severity (low-
AVH). Glu and GABA were measured with hydrogen magnetic
resonance spectroscopy (!H-MRS). Regions of interest for Glu
and GABA measurements were the left STG in the temporal
lobe and the anterior cingulate cortex (ACC) in the frontal lobe
(10, 14, 22). Glu and GABA were hypothesized to modulate
interhemispheric STG functional connectivity, as predicted by

Abbreviations: ACC, anterior cingulate cortex; AVH, auditory verbal
hallucinations; DDD, defined daily dose; DTI, diffusion tensor imagining;
EEG, electroencephalography; fMRI, functional magnetic resonance imaging;
GABA, gamma-aminobutyric acid; Glu, glutamate; MRS, magnetic resonance
spectroscopy; NMDA, N-methyl-D-aspartate; PANSS, Positive and Negative
Syndrome Scale; STG, superior temporal gyrus.

TABLE 1 | Demographic and clinical data for the patient sample.

Age 30.92 (11.56)
Gender (m/f) 58/23
Duration of illness 3.63 (6.31)
PANSS scores
Total 62.28 (17.65)
Positive 15.24 (5.52)
Negative 14.91 (5.16)
General 32.13 (9.73)
Medication
DDD antipsychotics 1.05 (0.59)
Antidepressants 10
Mood stabilizers 3
Opioids 1
Benzodiazepines 13

Anticholinergic
ADHD

Mean values (and SD) are given. For additional medications, the number of patients per
respective group Is indicated. PANSS, Positive and Negative Syndrome Scale; DDD,
Defined Daily Dose of antipsychotic medication.

the interhemispheric miscommunication theory (10). More
specifically, we predicted increased Glu concentrations to be
associated with increased connectivity, while we predicted
increased GABA concentrations to be associated with decreased
connectivity, based on the respective excitatory and inhibitory
action of these transmitters. Since AVH have previously been
associated with an increase in interhemispheric STG connectivity
(4, 5, 20), excitatory effects should be more pronounced in
high-AVH patients, whereas inhibitory effects should be more
pronounced in low-AVH patients.

METHODS
Subjects

Data were collected from 81 patients with a psychosis
diagnosis, predominantly with a schizophrenia spectrum
disorder according to the ICD-10 diagnostic manual (F20-F29:
Schizophrenia, schizotypal and delusional disorders) (23). Ten
of the patients fulfilled the criterion of hallucination proneness
and psychosis but were diagnosed with drug-induced psychotic
disorder (n = 7) or mood disorders with psychotic symptoms
(n = 3). The majority of patients used antipsychotic medication,
of which all used second-generation antipsychotics, with some
patients in addition using first-generation antipsychotics (see
Table1 for details). There were no significant differences
between high-AVH and low-AVH patients with respect to
duration of illness (p = 0.689) or defined daily dose (DDD)
of antipsychotic medication (p = 0.818). Further information
on sample characteristics can be found in Table 1. All subjects
gave written informed consent to take part in the study prior
to participation.

Clinical Data Acquisition
Clinical data were acquired at the Psychiatric Clinic at the
Haukeland University Hospital in Bergen, Norway. The study
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was approved by the Regional Committee for Medical Research
Ethics in Western Norway (REK Vest) (REK # 2010/3387) and
conducted according to the Declaration of Helsinki. Severity
of AVH was assessed with the P3 item of the Positive and
Negative Syndrome Scale [PANSS, (24)]. All PANSS raters
were trained and certified, and satisfactory inter-rater reliability
was documented. Although the PANSS P3 item does not
explicitly differentiate between different sensory modalities of
hallucinations, auditory hallucinations are by far the most
common type of hallucination in psychotic patients (25), typically
in the form of hearing voices (26). Furthermore, AVH are also the
main focus during the PANSS P3 interview (27). Therefore, the
PANSS P3 is a good indicator of AVH.

MR Data Acquisition

MR data were acquired on a 3T GE Signa HDx MR scanner
in the Haukeland University Hospital in Bergen. In the course
of the study, the MR scanner was upgraded to Discovery
MR750 and the head coil was changed from 8-channel to
32-channel. The scanner/head coil version was included as a
regressor of no interest in all statistical analyses. fMRI resting-
state data were collected during a 5.3-min eyes-closed scanning
session. There were 160 volumes acquisitions, each with 30
slices containing a 0.5 mm gap between slices (voxel size 1.72
x 1.72 x 3 mm) with the following parameters: repetition time
(TR)/echo time (TE)/flip angle (FA)/field of view (FOV) 2,000
ms/30 ms/90°/220 mm. In addition, a structural T1-weighted
image was acquired using a 3D SPGR sequence (7.42min)
with the following parameters: TR/TE/FA/FOV 7.78 ms/2.94
ms/14°/256 mm  (post-upgrade: 6.9 ms/3.0 ms/12°/256 mm),
isotropic voxel size of 1 mm?>.

'H-MRS-spectra were obtained from the left STG (voxel
size 24 x 40 x 30mm; FigurelA) and from the ACC
(voxel size 40 x 40 x 25mm; Figure 1B) by using a single-
voxel point-resolved spectroscopy (PRESS) sequence (TE/TR
= 35 ms/1,500 ms, 128 repetitions, ~ 4 min), followed by a
Mescher-Garwood PRESS (MEGA PRESS) sequence (TE/TR =
68 ms/1,500 ms, 128/192 repetitions pre/post-upgrade with edit
pulse at 1.9/7.5 ppm, ~12min). Unsuppressed water reference
spectra (eight repetitions) were acquired automatically after
the water-suppressed metabolite spectra. Due to a change in
the scanning protocol during the course of the study, only a
subsample of patients (n = 42) completed the ACC-scan, whereas
all patients completed the left STG-scan.

Data Preprocessing

Functional MRI Data

Data were pre-processed in the SPM12 software package
(https://www.fil.ion.ucl.ac.uk/spm/). This included realignment
of functional volumes for head motion correction, coregistration
of the T1 structural image to the mean functional image,
normalization of functional data into the MNI (Montreal
Neurological Institute) standardized space, and smoothing
with a Gaussian kernel of 6 mm FWHM. Data then went
through a default denoising procedure implemented in the
CONN toolbox (version v.17.f http://www.nitrc.org/projects/
conn) where motion realignment parameters (including their

first derivatives), as well as time courses from white matter and
cerebrospinal fluid were regressed out. Lastly, a band-pass filter
of 0.008-0.09 Hz was applied to the data.

MR Spectroscopy Data

PRESS and MEGA-PRESS data were processed with the
LCModel analysis software, version 6.3-I]. For details of
the processing procedure and quality control of the spectra
see (14). Glx (the composite signal of Glu and GIn) and
GABA+ (GABA including an unknown macromolecule
contribution) levels were used for further analyses. Glx is
commonly used as an indicator of Glu concentration levels,
since it is a more robust measure than Glu and Gln alone,
which can be difficult to separate at 3T. Therefore, the
term Glx will hereafter be used when referring to specific
results, whereas Glu will be used when discussing general
neurochemical mechanisms in a theoretical context. After
quality-control, the following number of valid data sets
remained: left STG Glx/left STG GABA/ACC GIx/ACC
GABA = 81/76/42/41.

Data Analysis

Seed-based functional connectivity analyses were conducted
using the CONN toolbox (https://web.conn-toolbox.org/). A
seed region of interest was defined and created for the left
STG which covered the MRS voxel location (i.e., voxels that
were covered by the left STG MRS voxel in 80% of subjects,
transformed into standard space, see Figure 1A). In order to
investigate relationships of Glx- and GABA-concentrations with
BOLD functional connectivity data, MRS data were included as
regressors in seed-to-voxel analyses, together with age, gender
and scanner version, which were defined as regressors of no
interest. Furthermore, all analyses were repeated with daily
defined dose (DDD) of antipsychotic medication as an additional
regressor, since antipsychotic medication can affect N-methyl-
D-aspartate receptor (NMDA-receptor) functioning and might
therefore also affect the Glx and GABA measurements (36,37).
However, all results remained substantially unchanged when
adding the medication regressor to the analyses. Two groups of
patients were compared: patients with high hallucination severity
(high-AVH; n = 38; PANSS P3 score of >3) and patients with
low hallucination severity (low-AVH; n = 43; P3 score of <3).
For the connectivity analyses, a cluster correction procedure
was applied with an initial threshold of p < 0.001 uncorrected
at the single-voxel level and p < 0.05 at the cluster-level,
FDR-corrected for multiple comparisons. For analyses that did
not yield significant results at the pre-set threshold level, the
threshold was lowered in order to further explore statistically
weaker results.

RESULTS

Functional Connectivity and Gix and GABA

in the Left STG
Glx in the Left STG
There was a significant difference between the high-AVH and
the low-AVH group for the relationship between Glx and left
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FIGURE 1 | Placement of the MRS voxel in the left superior temporal gyrus (A) and the anterior cingulate cortex (B). The three squares indicate the areas that were
covered by the individually placed MRS voxels in 95% of subjects (green), 50% of subjects (orange), and 5% of subjects (red).

STG connectivity with several clusters, primarily bilaterally in the
postcentral gyrus and in occipital areas. Investigating Glx effects
separately per group showed a negative correlation between
Glx and left STG connectivity with the thalamus for the high-
AVH group. For the low-AVH group, there was a negative
correlation between Glx and connectivity between left STG and
left postcentral gyrus. There was no overlap of areas with a
significant group difference and those with within-group effects.
The results are shown in Table 2 and Figure 2.

GABA in the Left STG

There were no significant group differences between the high-
AVH and the low-AVH group for the relationship between left
STG GABA and left STG connectivity. Furthermore, left STG
GABA did not show any significant correlations with left STG
connectivity within either of the two groups separately, even
when lowering the statistical threshold to voxel-level p < 0.01,
cluster p > 0.05.

Functional Connectivity and Gix and GABA

in the ACC

Glx in the ACC

There was a significant Group by Glx interaction, with ACC
Glx levels having a significantly stronger effect on left STG
connectivity with bilateral STG/MTG and frontal orbital cortex
in the high-AVH group compared to the low-AVH group.
Within the high-AVH group, there was a positive correlation
between Glx and left STG connectivity with left and right
STG/MTG, when lowering the voxel-level threshold to voxel-
level p < 0.01. These STG/MTG clusters overlapped with the
areas found significant in the between-group analysis. The results
are shown in Table 3 and Figures 3A, 4. For the low-AVH group,
there was no significant relationship between Glx and left STG
connectivity, irrespective of the statistical thresholding level.

GABA in the ACC

There was a significant Group by GABA interaction, with
ACC GABA levels having a stronger effect on left STG
connectivity with right STG/MTG in the low-AVH group
compared to the high-AVH group. Within the low-AVH
group, there was a significant negative correlation between
GABA and left STG connectivity with an overlapping
right STG/MTG cluster. For the high-AVH group, there
was no significant relationship between GABA and STG
connectivity. The results are displayed in Table4 and
Figures 3B, 5.

DISCUSSION

The current study investigated how functional connectivity of the
left STG is related to Glx and GABA concentrations in temporal
and frontal brain regions and how this relationship is associated
with AVH. As hypothesized, Glx and GABA concentration levels
in the ACC showed relationships with interhemispheric STG
connectivity that were in opposite directions for patients with
high vs. low AVH severity. In contrast, Glx and GABA in the
left STG did not show any relationships with interhemispheric
STG connectivity.

ACC-Measured Gix and GABA
Relationships With Functional Connectivity

The modulation of interhemispheric STG connectivity by
Glx and GABA and the AVH-related group differences
in this modulation are in line with the interhemispheric
miscommunication theory of AVH (10). ACC Glx levels were
positively related to interhemispheric STG connectivity, but
only in the high-AVH group. In contrast, ACC GABA levels
were negatively related to interhemispheric STG connectivity,
but only in the low-AVH group. The dissociation between
Glx and GABA effects is particularly interesting given that
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TABLE 2 | Relationships between Glx concentration in left STG and left STG functional connectivity.

Brain area Coordinates Cluster size Beta Voxel-level p Cluster p
High-AVH - low-AVH
Postcentral gyrus 56 —14 56 83 0.05 < 0.001 0.011
Postcentral gyrus —-15 —43 77 51 0.04 < 0.001 0.034
Lingual gyrus 23 —54 -1 7 0.04 < 0.001 0.011
Lateral/temporo-occipital gyrus 49 —62 2 67 0.05 < 0.001 0.015
Effects within the high-AVH group
(n=38) Thalamus 4 —26 14 52 —0.03 < 0.001 0.046
Effects within the low-AVH group
(n =43) Postcentral gyrus —41 —29 59 7 —0.03 < 0.001 0.023

The listed clusters showed a group difference in the relationship between Glx and connectivity (high-AVH — low-AVH) or a relationship between Gix and connectivity within one of the
groups (effects within high-AVH group and effects within low-AVH group, respectively). Coordinates are given in MNI space. Brain areas are derived from the FSL Harvard-Oxford atlas
in Conn. Cluster size is given as the number of voxels.

z=-1

z=152

z=09

FIGURE 2 | Group comparison of high-AVH patients (n = 38) and low-AVH patients (n = 43). GIx in left STG had a significantly stronger effect on left STG connectivity
with the areas shown in red for high-AVH vs. low-AVH.

TABLE 3 | Relationships between Glx concentration in ACC and left STG functional connectivity.

Brain area Coordinates Cluster size Beta Voxel-level p Cluster p
High-AVH - low-AVH
STG/MTG —66 -5 2 54 0.11 < 0.001 0.027
STG/MTG 64 3 -4 66 0.09 < 0.001 0.021
Frontal orbital 16 19 -19 49 0.08 < 0.001 0.028
Effects within the high-AVH group
(h=21) STG/MTG —65 -5 -1 256 0.08 <0.01 0.004
STG/MTG 63 0 -13 141 0.08 <0.01 0.044
hippocampus/amygdala 20 —-16 -19 157 0.05 < 0.01 0.035
Cerebellum 6 —67 -25 244 —0.02 < 0.01 0.004

Effects within the low-AVH group
(n=21)

The listed clusters showed a group difference in the relationship between Glx and connectivity (high-AVH — low-AVH) or a relationship between Glx and connectivity within one of the
groups (effects within high-AVH group and effects within low-AVH group, respectively). Coordinates are given in MINI space. Brain areas are derived from the FSL Harvard-Oxford atlas
in Conn. Cluster size is given as the number of voxels.
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A ACC GIx effect: high-AVH > low-AVH patients

High-AVH patients Low-AVH patients

no effect

from MNI coordinates z = —15 for Gix effects and z = —4 for GABA effects.

FIGURE 3 | Effects of ACC Glx and GABA on left STG connectivity in relation to AVH. (A) Top: Interaction effect between Glx and AVH group: Gix has a stronger effect
in high-AVH (n = 21) than in low-AVH patients (n = 21) on left STG connectivity with the areas shown in red. Bottom: post-hoc tests for within-group effects of Gix on
connectivity. Higher GIx is associated with increased connectivity between left STG and areas shown in red. (B) Top: Interaction effect between GABA and AVH group:
GABA has a stronger effect in low-AVH (n = 20) than in high-AVH patients (n = 21) on left STG connectivity with the areas shown in blue. Bottom: post-hoc tests for
within-group effects of GABA on connectivity. Higher GABA is associated with decreased connectivity between left STG and areas shown in blue. Slices were taken

B ACC GABA effect: low-AVH > high-AVH patients

High-AVH patients Low-AVH patients

no effect

the two neurotransmitters are linked, with Glu (the dominant
component in Glx measurements) binding to NMDA-receptors
on GABAergic neurons as a trigger for the release of GABA.
In a previous paper (14), Glx concentrations in the ACC were
elevated in low-AVH patients compared to high-AVH patients,
and even compared to healthy controls, in a sample that is
largely overlapping with that of the current study. This finding
was confirmed for the current study’s sample. Elevated Glx
levels might reflect a compensation mechanism in low-AVH
patients to counter schizophrenia-related NMDA-receptor hypo-
functioning (13, 28), with elevated Glx concentrations increasing
the probability of binding. Such a compensation mechanism
might result in sufficient Glu amounts to bind to GABAergic

neurons in order to allow for the release of GABA. This would
explain the GABA effect on interhemispheric STG connectivity
in the low-AVH patients. In contrast, in high-AVH patients,
the reduced levels of Glx may prevent a sufficient amount
of Glu binding to GABAergic cells, which could explain the
absence of a significant GABA effect on connectivity in the high-
AVH group. This lack of inhibitory GABA effect to balance the
excitatory Glu effect found in the high-AVH group might lead
to an increase in interhemispheric STG connectivity in high-
AVH patients compared to low-AVH patients, as predicted by the
interhemispheric miscommunication theory of AVH (10).

Thus, the current results suggest that it is the interplay
between Glu and GABA - ie, between excitatory and
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relationship, r = 0.83, p = 0.000.

Glx concentration in ACC

FIGURE 4 | Relationship between ACC GlIx concentration and the strength of interhemispheric STG connectivity. The scatterplot offers a numerical depiction of the
effect shown in the bottom row of Figure 3A with functional connectivity values extracted from the significant cluster in the right STG/MTG. For low-AVH patients,
there was no significant relationship between ACC Gix and left STG connectivity with that cluster, p = 0.160. For high-AVH patients, there was a significant positive

L Low-AVH group
® High-AVH group

25 30

TABLE 4 | Relationships between GABA concentration in ACC and left STG functional connectivity.

Brain area Coordinates Cluster size Beta Voxel-level p Cluster p
High-AVH - low-AVH
STG/MTG 57 -28 —4 147 0.31 < 0.005 0.027
Effects within the high-AVH group
(n=21) - - - - - -
Effects within the low-AVH group
(n =20) STG/MTG 47 -33 —4 88 -0.22 < 0.001 0.005
Medial superior frontal gyrus 4 51 44 58 —-0.25 < 0.001 0.030

The listed clusters showed a group difference in the relationship between Glx and connectivity (high-AVH — low-AVH) or a relationship between Gix and connectivity within one of the
groups (effects within high-AVH group and effects within low-AVH group, respectively). Coordinates are given in MNI space. Brain areas are derived from the FSL Harvard-Oxford atlas

in Conn. Cluster size is given as the number of voxels.

inhibitory effects - that modulates functional connectivity in
AVH, and dysfunction in one system may go together with
dysfunction in the other system (15). An excitatory/inhibitory
imbalance has previously been suggested as a key factor
in AVH (14, 29, 30). The current study suggests that
one of the mechanisms underlying the relationship between
this imbalance and AVH might be altered interhemispheric
STG connectivity.

Left STG-Measured Glx and GABA

Relationships With Functional Connectivity
Contrary to our hypothesis, Glx and GABA concentrations
in the left STG did not have any AVH-dependent effects on
interhemispheric STG connectivity. There were Glx effects on
left STG connectivity with occipital and postcentral areas and the
thalamus, all of which have been associated with hallucinations

(3, 31, 32). However, these findings are difficult to interpret and
should be taken with caution, given the lack of overlap of any
group differences with within-group effects.

Limitations of the Study and Directions for

Future Research

When interpreting the results of the current study, it should be
borne in mind that, for some of the analyses, the sample sizes
were relatively small. This may have reduced statistical power
and could be the reason that some analyses failed to survive
conservative statistical thresholding. These findings should be
taken with caution and should be replicated. The fact that
the current results were corrected for potential effects of age,
gender and medication, should enhance the generalizability to
different samples. It is interesting to note that accounting for
exposure to antipsychotic medication did not change the results
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FIGURE 5 | Relationship between ACC GABA concentration and the strength of interhemispheric STG connectivity. The scatterplot offers a numerical depiction of the
effect shown in the bottom row of Figure 3B with functional connectivity values extracted from the significant cluster in the right STG/MTG. For high-AVH patients,
there was no significant relationship between ACC GABA and left STG connectivity with that cluster, p = 0.867. For low-AVH patients, there was a significant negative
relationship, r = —0.84, p = 0.000.

compared to a model where medication was not accounted
for. This suggests that antipsychotics did not significantly
modulate the relationship between Glx or GABA and left STG
connectivity. However, future studies with a pre/post design with
fMRI assessment before and after antipsychotic drug exposure
might provide more insight into effects of antipsychotics
on neurotransmitter concentrations and relationships with
functional connectivity.

The current findings on the modulation of interhemispheric
STG connectivity by ACC Glx and GABA showed high inner
consistency in the sense that group differences were reflected in
differential within-group effects in the same brain areas, which
strengthens the confidence in these results. The fact that only
Glx and GABA in the ACC but not in the left STG showed the
expected effects on interhemispheric connectivity is noteworthy
and emphasizes the modulatory role of the ACC in AVH. Based
on findings of impaired cognitive control in patients with AVH
during an auditory task (33) as well as abnormal connectivity
between the ACC and the STG (2), it has been suggested that
AVH arise from impaired top-down control of prefrontal areas
over bottom-up processes in auditory areas (2, 22, 29). The exact
role of Glx and GABA in the left STG for brain functioning in
AVH remains less clear but could potentially be more strongly
related to brain activity, rather than connectivity, given the
activation of the left STG during AVH (3, 32, 34).

Conclusion
Given the rich evidence for AVH-related alterations on the
level of brain structure, brain functioning and neurochemistry

when studied in isolation, any explanation of AVH will
ultimately have to integrate these separate effects at the
different levels of explanation (35, 36). The interhemispheric
miscommunication theory provides a promising model for such
an endeavor since it is based on robust evidence from different
levels of explanation, incorporating behavioral, structural and
functional abnormalities in interhemispheric STG connectivity.
The current study provides an investigation of this model and
shows how it is linked to other existing hypotheses about
AVH, such as impaired prefrontal top-down control (22) and
excitatory/inhibitory imbalances (30). Thereby, the study shows
an example of how a combination of different neuroimaging
modalities can lead to a more comprehensive understanding of
AVH, with possible implications for the development of new
therapeutic interventions.
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Elevated Brain Glutamate Levels in
Bipolar Disorder and Pyruvate
Carboxylase-Mediated Anaplerosis

Jun Shen* and Jyoti Singh Tomar

Section on Magnetic Resonance Spectroscopy, Molecular Imaging Branch, National Institute of Mental Health Intramural
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In vivo 'H magnetic resonance spectroscopy studies have found elevated brain
glutamate or glutamate + glutamine levels in bipolar disorder with surprisingly high
reproducibility. We propose that the elevated glutamate levels in bipolar disorder
can be explained by increased pyruvate carboxylase-mediated anaplerosis in brain.
Multiple independent lines of evidence supporting increased pyruvate carboxylase-
mediated anaplerosis as a common mechanism underlying glutamatergic hyperactivity
in bipolar disorder and the positive association between bipolar disorder and obesity are
also described.

Keywords: glutamate, magnetic resonance spectroscopy, pyruvate carboxylase, bipolar disorder, obesity

INTRODUCTION

The etiologic and disease mechanisms of bipolar disorder remain poorly understood. A growing
body of evidence indicates a central role of mitochondrial dysfunction in the pathophysiology
of bipolar disorder. Post-mortem brain studies have revealed abnormal size, structure and
distribution of mitochondria as well as a pronounced and extensive decrease in nuclear gene
expression governing oxidative phosphorylation in bipolar disorder (1-3). These post-mortem
results are consistent with in vivo findings of elevated cerebrospinal fluid pyruvate and lactate
levels (4, 5), decreased adenosine triphosphate production and a significant shift from oxidative
phosphorylation to glycolysis in brain in bipolar disorder accompanied by elevated brain lactate
levels and lowered intracellular pH as reported by in vivo *'P and 'H magnetic resonance
spectroscopy (MRS) studies (6-10). Paradoxically, despite the impaired mitochondrial function
and oxidative metabolism in bipolar disorder in vivo 'H MRS studies have also reported a highly
reproducible pattern of elevated total glutamate or glutamate + glutamine levels (11) (glutamate +
glutamine is dominated by glutamate in MRS spectra).

Pyruvate carboxylase is a mitochondrial enzyme. It catalyzes the thermodynamically irreversible
carboxylation of pyruvate to oxaloacetate which is a tricarboxylic acid (TCA) cycle intermediate
used for various biosynthetic pathways depending on the tissues. The biotin-dependent pyruvate
carboxylase employs pyruvate and the polar molecule bicarbonate instead of CO; as its substrates:

pyruvate + HCOj + adenosine triphosphate — oxaloacetate + adenosine diphosphate
+inorganic phosphate

Pyruvate carboxylase-mediated anaplerosis is at the metabolic crossroad of carbohydrate and
lipid metabolism, playing a key role in gluconeogenesis, lipogenesis, and glutamate homeostasis
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(see Figure 1). In brain, released neurotransmitter glutamate is
replenished by the glutamate-glutamine neurotransmitter cycle
and de novo glutamate synthesis via pyruvate carboxylase-
mediated anaplerosis in astrocytes (12-21). In this work we
propose that the elevated brain glutamate levels in bipolar
disorder observed by 'H MRS with very high consistency
can be explained by an increase in pyruvate carboxylase-
mediated anaplerosis. Evidence supporting increased pyruvate
carboxylase-mediated anaplerosis as a common mechanism
underlying glutamatergic hyperactivity in bipolar disorder
and the positive association between bipolar disorder and
obesity is also discussed. The pyruvate carboxylase-mediated
anaplerotic pathway may represent future therapeutic targets for
bipolar disorder.

BRAIN PYRUVATE CARBOXYLATION IN
BIPOLAR DISORDER

Pyruvate Carboxylase-Mediated
Anaplerosis Is Essential for Maintaining

Glutamate Homeostasis

Presynaptic release of neurotransmitter glutamate is
accompanied by its rapid uptake into astrocytes to maintain
an extremely low extracellular glutamate level. The released
neuronal glutamate is replenished predominantly by astrocytic
glutamine supplied by the glutamate-glutamine neurotransmitter
cycle and de novo glutamate synthesis (22-24). Abundant
evidence shows that neurons lack the anaplerotic enzyme
pyruvate carboxylase required for de mnovo synthesis of
TCA cycle intermediates (19, 21, 25). Through pyruvate
carboxylase-mediated anaplerosis in astrocytes pyruvate and
bicarbonate enter the TCA cycle to replenish carbon skeletons
lost via glutamine efflux. The subsequently formed TCA cycle
intermediate a-ketoglutarate is converted to glutamate by
transamination via aspartate aminotransferase or reductive
amination via glutamate dehydrogenase. Glutamate can be
subsequently converted to glutamine by glutamine synthetase
(15), an enzyme exclusively expressed in astrocytes (26).
Numerous in vivo 13C MRS studies have established that the
glutamate-glutamine neurotransmitter cycle between astrocytes
and neurons is a major metabolic flux in brain (12, 13, 16, 20, 23).
In the meanwhile, glutamine efflux from the brain is highly
significant (27). Many studies have demonstrated that de novo
synthesis of glutamate is a significant metabolic pathway essential
for maintaining glutamate/glutamine homeostasis in the central
nervous system (16, 18).

Glutamate and Glutamatergic

Hyperactivity in Bipolar Disorder

Glutamate is the major excitatory neurotransmitter in the
central nervous system. Although the pathophysiology of
bipolar disorder is still poorly understood, growing evidence
suggests that glutamatergic abnormalities play a key role
in the pathogenesis and treatment of bipolar disorder. For
example, many rodent studies have demonstrated that mood
stabilizers modulate glutamatergic receptors while manipulation

of glutamatergic receptors causes significant changes in
mood-associated behaviors (28, 29). Post-mortem studies of
bipolar disorder have also produced evidence of excitotoxicity in
the frontal cortex (30), altered glutamatergic function on both
presynaptic and post-synaptic sides, and abnormal excitatory
synaptic connections (31, 32). In keeping with the preclinical and
post-mortem findings of glutamatergic hyperactivity in bipolar
disorder an in vivo transcranial magnetic stimulation study has
reported impaired cortical inhibition in bipolar disorder (33).

High glutamate + glutamine levels were shown to correlate
with cognitive impairment in many brain disorders associated
with glutamatergic abnormalities (34). The increased glutamate
availability suggests activity-dependent vesicular glutamate
release of larger quantal size because vesicle glutamate filling
levels are dependent on the concentration of cytoplasmic
glutamate to be packaged into synaptic vesicles (35). As excessive
glutamate activates ionotropic receptors in extra-synaptic sites
and causes neurotoxicity by calcium influx and generation of
free radicals including nitric oxide, the sustained elevation of
glutamate levels therefore may be a significant part of the
pathogenesis of the widespread glutamatergic abnormalities in
bipolar disorder (36).

Elevated Glutamate Levels in Bipolar
Disorder Can Be Explained by Increased
Pyruvate Carboxylase-Mediated

Anaplerosis in Brain

Despite the highly reproducible evidence of elevated brain
glutamate levels in bipolar disorder from numerous in vivo
MRS studies, to the best of our knowledge, a connection
between the MRS results and pyruvate carboxylase-mediated
anaplerosis has not been made in the literature. However, several
drugs used in the treatment of bipolar disorder have important
links to pyruvate carboxylase. For example, carbamazepine has
long been a therapeutic option for bipolar disorder. It has
been used in the treatment of bipolar disorder in both acute
mania and maintenance therapy. In rats chronically administered
dietary carbamazepine the abundance and activity of biotinylated
pyruvate carboxylase were significantly reduced in both liver and
brain (37, 38). The potential connection between the efficacy of
carbamazepine in bipolar disorder treatment and its effect on
pyruvate carboxylase has yet to be investigated.

The important role of the mitochondrial enzyme pyruvate
carboxylase in brain function is also well-recognized clinically.
Pyruvate carboxylase deficiency, a rare autosomal recessive
inborn error of metabolism, is characterized by impairment
of lactate metabolism and gluconeogenesis, producing severe
lactic acidosis accompanied by compromised psychomotor
development and intellectual disability (39). Certain drugs
used in the treatment of bipolar disorder improve cerebral
metabolism. For example, lithium was demonstrated to enhance
oxidative phosphorylation in post-mortem human brain tissue
(40) and quetiapine reduced lactate in rapid cycling manic
bipolar patients (41).

Despite numerous variations across the studies (e.g., patient
selection, disease state, medication history, and 'H MRS
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PC-mediated anaplerosis plays

glutamate a crucial role in obesity.

FIGURE 1 | Pyruvate carboxylase (PC)-mediated anaplerosis in bipolar disorder and comorbid obesity. Glucose first undergoes glycolysis with pyruvate as the end
product. Pyruvate is in rapid exchange with lactate catalyzed by lactate hydrogenase (LDH). Brain pyruvate and lactate levels were found to be elevated in bipolar
disorder. Pyruvate enters mitochondria either for oxidation to acetyl-CoA catalyzed by pyruvate dehydrogenase (PDH) or carboxylation to oxaloacetate catalyzed by
PC. PC uses bicarbonate as its substrate instead of CO,. Carbonic anhydrase (CA) inhibition limits bicarbonate supply to PC. For de novo glutamate synthesis in
astrocytes, oxaloacetate formed by pyruvate carboxylation condenses with acetyl-CoA and is converted to citrate and subsequently to a-ketoglutarate as part of the
tricarboxylic acid (TCA) cycle. a-ketoglutarate can be further converted into glutamate, which was found to be elevated bipolar disorder. Formation of oxaloacetate
from pyruvate via PC represents the first committed step of gluconeogenesis which primarily takes place in liver and, to a lesser extent, the cortex of kidneys. For
lipogenesis, citrate synthesized via pyruvate carboxylation and subsequent condensation with acetyl-CoA in mitochondria is exported to the cytosol to supply
acetyl-CoA for de novo fatty acid synthesis. Both fatty acid and triglyceride synthesis take place mainly in liver and adipose tissue.

methodologies) in vivo 'H MRS studies of bipolar disorder  samples (10.68 £ 2.59 nmol/mg tissue, n = 15, p = 0.013) (47). In
have found elevated glutamate or glutamate + glutamine with  contrast, only a few studies have reported no change in glutamate
surprisingly high consistency (8, 11, 36, 42-45). Consistent, 4+ glutamine or reduced glutamate + glutamine in brain areas
mood phase-independent elevation in glutamate levels in the  studied (36).

frontal brain areas was measured in adult bipolar disorder It is well-known in the neurochemical literature that brain
patients by many 'H MRS studies (43) while treatment of bipolar  relies on pyruvate carboxylase-mediated anaplerosis for de novo
disorder patients by lithium and valproate resulted in glutamate  glutamate synthesis (15-21). Because of the unique role of
+ glutamine reduction (45). A meta-analysis (11) of the 'H  pyruvate carboxylase in brain glutamate formation the highly
MRS measurement of glutamate + glutamine found elevated  consistent findings of elevated glutamate or glutamate +
glutamate + glutamine levels in bipolar patients when compared  glutamine levels in bipolar disorder observed by in vivo 'H
with healthy controls with an effect size of 0.72 and a 95% MRS, serum and post-mortem studies can be readily explained
confidence interval of 0.17-1.27 (p = 0.01) for the pooled studies ~ by increased pyruvate carboxylase-mediated anaplerosis in
that reported glutamate + glutamine in all area of the brain  brain of patients with bipolar disorders. This explanation is
(nine studies with 162 bipolar disorder patients and 165 healthy  also supported by the significant comorbidity between bipolar
controls). Analyses of medicated and non-medicated bipolar  disorder and obesity as described in section Glutamate, Bipolar
disorder patients found that the effect size for glutamate level  Disorder, and Comorbid Obesity.

increase in non-medicated patients was much higher (1.91; p =

0.03) than in medicated patients (0.31; p = 0.03), consistent with  Elevated Glutamate Levels in Bipolar
that medications decreased brain glutamate. Increased serum o- Disorder Is Consistent With a Chronic

ketoglutarate and glutamate and increased glutamate in post- A . A
mortem brain tissue samples obtained from bipolar disorder Mismatch Between Glucose Utilization and

individuals have also been reported (46-49). For instance, plasma  OXidative Metabolism

glutamate levels in patients with bipolar mania (n = 20) were A large body of evidence has consistently demonstrated
significantly higher in both mania phase (46 = 19 uwM, p =0.03)  that there is a significant mismatch or uncoupling between
and remission (57 £ 27 uM, p = 0.04) than matched controls  glucose utilization and oxidative metabolism in stimulated
(36 £ 9uM, n = 20) (46). After correcting for post-mortem  brain accompanying increased glutamatergic activities (50).
changes the level of glutamate at the time of death measured  Similar mismatches have also been observed in brain after
from post-mortem frontal cortex samples (Brodmann area 6) of ~ vigorous physical exercise (51). Many functional 'H MRS
bipolar disorder patients (15.33 & 5.72 nmol/mg tissue, n = 15)  studies have reported transient elevation of glutamate or
was found to be significantly higher than in the normal control ~ glutamate + glutamine levels in activated brain tissue in
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response to stimuli or tasks (52). In preclinical studies, increased
glutamatergic activities were found to cause an increase in
pyruvate carboxylation, resulting in enlarged glutamate and
glutamine pools (17). These results suggest that enhanced
glutamatergic activity increases de novo synthesis of glutamate
from glucose (17). It should be noted that literature evidence
for a transient increase in glutamate levels following a functional
task or stimulus is not conclusive (52). Recent in vivo >C MRS
studies of anesthetized rodents found that acute stimulation did
not increase pyruvate carboxylase-mediated anaplerotic flux rate
in brain (53, 54).

The molar ratio of the arterio-venous difference of oxygen
to glucose + ¥ lactate is commonly referred to as the oxygen-
to-carbohydrate index. The oxygen-to-carbohydrate index is
reduced when more glucose and lactate are taken up into the
brain than are oxidized to CO;. As lactate accumulation can
only account for a portion of the large decrease in oxygen-
to-carbohydrate index accompanying the mismatch between
stimulation of glucose utilization and oxidative metabolism, it
has been proposed that increased de novo glutamate synthesis
via pyruvate carboxylase-mediated anaplerosis contributes to the
large decrease in oxygen-to-carbohydrate index when glucose
utilization outpaces oxidative metabolism during stimulation of
brain activity (17, 51).

3P and 'H MRS studies have found reduced oxidative
phosphorylation and elevated lactate and glutamate + glutamine
levels in brain in bipolar disorder, indicating impaired oxidative
metabolism (7-10, 36, 42, 43). In contrast, positron emission
tomography (PET) studies using [!3F]fluorodeoxyglucose have
reported small or no differences between healthy controls and
bipolar disorder patients in glucose utilization rate in the
prefrontal cortex or brain as a whole (55-58). There is no
consensus in the directionality of the reported differences by
the PET studies (55-58). Considering the variations across
the PET studies, the lack of consensus in the direction of
the changes suggests that the overall abnormalities in cerebral
glucose utilization in bipolar disorder are likely very small. The
31p and 'H MRS and PET results, taken together, indicate that
there is a considerable mismatch between oxidative metabolism
and glucose utilization in brain in bipolar disorder. Therefore,
the elevated glutamate 4+ glutamine levels are consistent
with mitochondrial dysfunction and a chronic mismatch
between glucose utilization and oxidative metabolism in bipolar
disorder accompanied by incomplete carbohydrate oxidation and
increased pyruvate carboxylase-mediated anaplerosis.

GLUTAMATE, BIPOLAR DISORDER, AND
COMORBID OBESITY

Glutamate Levels and Body Mass Index in

Bipolar Disorder

Bipolar disorder and obesity are positively associated (59-62)
with cardiovascular disease as the most common cause of death
in bipolar disorder patients (63). Bipolar disorder patients are
two-thirds more likely to be obese than the age-, race-, and
sex-adjusted general population (60). A study of the association
between body weight and bipolar illness in drug-naive patients

reported that ~41% of untreated patients with bipolar disorder
were overweight or obese (59). Obese bipolar disorder patients
also have a more severe mood illness than normal weight
patients (61). The underlying causes of the effects of obesity
on bipolar disorder are still being investigated (61, 64). Recent
neuroimaging studies reported that structural and neurochemical
abnormalities in brain characteristic of bipolar disorder were
more prominent with higher body mass index (65, 66). In
particular, the increase in bilateral hippocampal glutamate +
glutamine in patients with first-episode mania measured by 'H
MRS was found to be more pronounced with higher body mass
index (67). In comparison, the correlation between glutamate
+ glutamine and body mass index in healthy individuals was
insignificant (67).

Obesity Is Associated With Increased
Pyruvate Carboxylase-Mediated

Anaplerosis

Pyruvate carboxylase plays a crucial role in lipogenesis and
gluconeogenesis in mammals. It converts pyruvate and
bicarbonate into oxaloacetate for further conversion into
citrate  which is then exported from mitochondria and
cleaved in cytosol to supply precursors for de novo fatty
acid synthesis [(68); Figure1]. The activity of pyruvate
carboxylase is dramatically increased during adipocyte
differentiation. Over expression of pyruvate carboxylase is
associated with obesity and type 2 diabetes (69). Of the four
gluconeogenic enzymes (phosphoenolpyruvate carboxykinase,
fructose-1,6-bisphosphatase,  glucose-6-phosphatase,  and
pyruvate carboxylase) pyruvate carboxylase reaction is the first
committed step and likely rate-limiting in gluconeogenesis
(70). The pyruvate carboxylase reaction provides oxaloacetate
for subsequent conversion into phosphoenolpyruvate by
phosphoenolpyruvate carboxykinase and regulates hepatic
glucose production. In humans, increased hepatic pyruvate
carboxylase expression was closely correlated with plasma
glycemia, indicating that hepatic pyruvate carboxylase is a key
determinant of gluconeogenesis in liver (71). Animal studies
have demonstrated that increased pyruvate carboxylase flux
is an important pathway responsible for increased hepatic
glucose production in diabetes development (72). Furthermore,
selective inhibition of pyruvate carboxylase expression in liver
and adipose tissue significantly reduced adiposity, plasma lipid
levels and hepatic steatosis (71). A recent in vivo 'H and '*C
MRS study of a mouse model of high-fat diet consumption
has also found significantly elevated glutamate and glutamate
+ glutamine levels as well as increased pyruvate carboxylase-
mediated anaplerotic flux rate in the hypothalamus of treated
animals (73). Taken together, the above evidence demonstrates
that increased pyruvate carboxylase-mediated anaplerosis is a
metabolic hallmark of obesity.

Carbonic Anhydrase Inhibition in Bipolar
Disorder and Obesity

Catalysis by carbonic anhydrase is necessary to speed up
the reversible hydration of CO, for a variety of biological
processes. In the central nervous system carbonic anhydrase
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inhibition enhances inhibitory neurotransmission. Many
anticonvulsants are strong carbonic anhydrase inhibitors.
Adjunctive acetazolamide, a sulfonamide carbonic anhydrase
inhibitor, improved prophylactic efficacy in 44% of the
treatment-resistant bipolar disorder patients (74). One of
the common adverse effects of acetazolamide is weight loss.
Adjunctive topiramate and zonisamide have been used in the
treatment of bipolar disorder. They are also strong carbonic
anhydrase inhibitors and caused persistent weight loss in obese
patients (75-79). Of the three anticonvulsants, the efficacy
of topiramate in the treatment of bipolar disorder has been
demonstrated by many studies (77). Topiramate also caused
substantial weight loss in patients with bipolar disorders in those
studies (77).

Inhibition of carbonic anhydrase limits the access of CO;-
fixing enzymes pyruvate carboxylase and acetyl-CoA carboxylase
to bicarbonate and decreases pyruvate carboxylase-mediated
anaplerosis in peripheral tissues (Figurel). It has been
demonstrated that carbonic anhydrase activity is required for
optimal activity of hepatic pyruvate carboxylase in de novo
synthesis of both fatty acids and non-saponifiable lipids (80).
Carbonic anhydrase inhibitors are known to inhibit de novo
lipogenesis and gluconeogenesis in liver (81, 82). In cultured
adipocytes inhibition of carbonic anhydrase by sulfonamides also
significantly decreased lipogenesis (83).

Carbonic anhydrase in brain is predominantly expressed
in glial and choroid cells (84-88). The much lesser carbonic
anhydrase expression in neurons facilitates rapid removal of
CO», which is generated by the highly active neuronal oxidative
metabolism, from neurons by free diffusion. This distinct
distribution of intracellular carbonic anhydrase in brain leads to
the conversion of CO, into bicarbonate primarily in astrocytes,
rendering astrocytes as sinks of CO; (89). In cultured astrocytes
inhibition of carbonic anhydrase caused a large reduction in
pyruvate carboxylase-mediated CO, fixation by limiting the
supply of bicarbonate to pyruvate carboxylase, resulting in
reduced TCA cycle intermediate levels and reduced glutamate
production (90). Since in the central nervous system astrocytes
are the predominant site for both CO, hydration catalyzed
by carbonic anhydrase and pyruvate carboxylation catalyzed
by pyruvate carboxylase (Figure 1), limitation of de novo
synthesis of glutamate by carbonic anhydrase inhibition may
play a significant role in the antiepileptic properties and mood
stabilization effects of anticonvulsants that are also carbonic
anhydrase inhibitors. Therefore, both mechanistic and clinical
studies of carbonic anhydrase inhibition support the proposed
connections among bipolar disorder, obesity and pyruvate
carboxylase-mediated anaplerosis.

Pyruvate Carboxylase-Mediated
Anaplerosis Is a Potential Therapeutic
Target for Bipolar Disorder and Comorbid
Obesity

A single pyruvate carboxylase isoform is expressed in humans
and found in mitochondria only (91). Pyruvate carboxylase

expression is regulated by complex mechanisms and many
exogenous and endogenous modulators (80, 91). Many
modulators of pyruvate carboxylase pass the blood brain barrier
(80) therefore may affect pyruvate carboxylase activities in
both peripheral tissues and the brain. Obesity and diabetes
are associated with increased pyruvate carboxylase expression
in liver and adipose tissue (69). In contrast, insulin inhibits
pyruvate carboxylase expression in liver (80). In the central
nervous system increased pyruvate supply was found to augment
pyruvate carboxylase-mediated anaplerotic flux and glutamate
production in astrocytes (15).

Previous studies have shown that pharmacological inhibition
of pyruvate carboxylase by phenylacetic acid markedly reduced
hepatic gluconeogenesis in rats (92). The effects of pyruvate
carboxylase on glucose and lipid metabolism in several rodent
models were measured using a specific antisense oligonucleotide
to selectively decrease pyruvate carboxylase expression in liver
and adipose tissue (71). The specific antisense oligonucleotide
approach significantly reduced plasma glucose concentrations
and endogenous glucose production. In a high-fat-diet rat
model, pyruvate carboxylase antisense oligonucleotide reduced
adiposity, plasma lipid levels, and hepatic steatosis (71). It
has been suggested that pyruvate carboxylase is a potential
therapeutic target for several diseases associated with obesity
(71, 92). As the experimental findings discussed here indicate
that elevated pyruvate carboxylation may be a significant
part of the pathogenesis of glutamatergic hyperactivity and
comorbid obesity in bipolar disorder, designing inhibitors of
pyruvate carboxylase to pharmacologically modulate pyruvate
carboxylase-mediated anaplerosis may be a useful new treatment
strategy for bipolar disorder and comorbid obesity.

CONCLUSIONS

Increased pyruvate carboxylase-mediated anaplerosis can readily
explain the elevated glutamate or glutamate + glutamine levels in
brain in bipolar disorder observed by in vivo 'H MRS. Multiple
independent lines of evidence suggest that increased pyruvate
carboxylase-mediated anaplerosis is a common mechanism
underlying glutamatergic hyperactivity and the significant
positive association between bipolar disorder and obesity. As
the increased prevalence of obesity in bipolar disorder is
associated with illness severity and poor treatment outcomes
development of preventive and treatment strategies targeting
pyruvate carboxylase-mediated anaplerosis may be warranted.
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Multimodal neuroimaging studies combining proton magnetic resonance spectroscopy
("H-MRS) to quantify GABA and/or glutamate concentrations and functional magnetic
resonance imaging (fMRI) to measure brain activity non-invasively have advanced
understanding of how neurochemistry and neurophysiology may be related at a
macroscopic level. The present study aimed to perform a systematic review and
meta-analysis of available studies examining the relationship between 'H-MRS glutamate
and/or GABA levels and task-related fMRI signal in the healthy brain. Ovid (Medline,
Embase, and PsycINFO) and Pubmed databases were systematically searched to
identify articles published until December 2019. The primary outcome of interest was
the association between resting levels of glutamate or GABA and task-related fMRI.
Fifty-five papers were identified for inclusion in the systematic review. A further 22 studies
were entered into four separate meta-analyses. These meta-analyses found evidence
of significant negative associations between local GABA levels and (a) fMRI activation
to visual tasks in the occipital lobe, and (b) activation to emotion processing in the
medial prefrontal cortex (mPFC)/anterior cingulate cortex (ACC). However, there was
no significant association between mPFC/ACC glutamate levels and fMRI activation
to cognitive control tasks or to emotional processing, with the relationship to emotion
processing related neural activity narrowly missing significance. Moreover, our systematic
review also found converging evidence of negative associations between GABA levels
and local brain activity, and positive associations between glutamate levels and distal
brain activity, outside of the TH-MRS sampling region. Albeit less consistently, additional
relationships between GABA levels and distal brain activity and between glutamate levels
and local brain activity were found. It remains unclear if the absence of effects for
other brain regions and other cognitive-emotional domains reflects study heterogeneity
or potential confounding effects of age, sex, or other unknown factors. Advances in
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GABA, Glutamate and Neural Activity

"H-MRS methodology as well as in the integration of '"H-MRS readouts with other
imaging modalities for indexing neural activity hold great potential to reveal key aspects of
the pathophysiology of mental health disorders involving aberrant interactions between
neurochemistry and neurophysiology such as schizophrenia.

Keywords: glutamate, GABA, magnetic resonance spectroscopy, fMRI, multimodal neuroimaging

INTRODUCTION

Excitation-inhibition balance plays a major role in determining
neural activity (1). At a microscopic level, the influence of
the brain’s major excitatory and inhibitory neurotransmitters
[glutamate and y-aminobutyric acid (GABA)], on neural
activity has been studied in detail [see Isaacson and Scanziani
(1), Lauritzen et al. (2)]. At a macroscopic level, this
investigation has been achieved through the development and
optimisation of neuroimaging techniques enabling quantification
of GABA and glutamate concentrations via proton magnetic
resonance spectroscopy (!H-MRS), and of neural activation via
measurement of blood oxygen level dependent (BOLD) signal
with functional magnetic resonance imaging (fMRI). BOLD
signal has been linked to local field potentials of dendritic origins,
implying the signal is likely to reflect incoming input (3), thereby
being closely linked to, and affected by, neurotransmission.
However, the relationship between neurotransmitter levels and
task-related neural activity remains unclear.

A previous narrative review by Duncan et al. (4) sought to
address this question with a comprehensive overview of studies
using imaging techniques such as magnetoencephalography,
electroencephalography, fMRI, positron emission tomography
and 'H-MRS, as well as behavioural measures as proxies
for neural activity and pharmaceutical manipulations of
neurotransmitter levels. The authors reported that GABA
levels were related to reduced positive BOLD response or
reduced negative BOLD response (NBR) within the same brain
region, while glutamate levels were more commonly related to
inter-regional neural responses. The number of publications
using multimodal fMRI and 'H-MRS techniques has more than
doubled since this review was published, and studies using this
type of multimodal combination are expected to keep increasing
in the future due to the ease of collecting both types of data
within a single scanning session. More recent reports outside
of the previous review include studies on regions of interest
that had previously been examined too infrequently to permit
meta-analysis, providing important insights into the nature of
neurochemistry-neurophysiology associations in a variety of
brain regions and task domains.

The present study aims to address these issues by conducting
a systematic review and meta-analysis of 'H-MRS and task-
based fMRI studies in the healthy brain. We then meta-analyse
homogeneous studies based on the location of 'H-MRS voxel
placement and fMRI paradigm. Finally, we discuss the findings
in light of abnormalities in these relationships in psychiatric
populations, such as schizophrenia patients, and their potential
implications on brain processes in psychiatric disorders.

METHODS

Systematic searches were performed on Pubmed and Ovid
(Medline, Embase and PsycINFO) databases from database
inception to 4 December 2019. Search strategies for the
individual databases included the terms “functional magnetic
resonance imaging” AND “magnetic resonance spectroscopy”
AND (“GABA” OR “glutamate”) (for full search syntax see
Supplementary Table 1). We included studies that used 'H-MRS
to measure GABA, glutamate or Glx (combined glutamate and
glutamine) metabolite levels to test associations with task-related
fMRI activation. Eligible study designs included observational
studies, cohort studies, case-control studies, cross-sectional
studies, or experimental studies (for full eligibility criteria see
Supplementary Table 2). The population of interest were healthy
human participants, or healthy human control groups from
case-control studies. Interventional studies were excluded, unless
those studies conducted and reported the outcome of interest
analysis with baseline measures. Studies assessing only changes
in metabolite levels before, during and after a task together with
BOLD activation were not included as they do not investigate the
relationship between resting-state neurotransmitter levels and
neural activity modulated by stimuli. Two reviewers (AK and CB)
independently screened search result titles and abstracts of papers
for eligibility according to the inclusion and exclusion criteria. All
potentially eligible studies were screened full-text for inclusion.
Reference lists of eligible studies were hand-searched for further
relevant articles.

Two independent reviewers (AK and PBL) extracted data
using a standardised template datasheet. The primary outcomes
extracted were the metabolite type, !H-MRS metabolite sampling
region, fMRI task paradigm, neural activation region, and
relationship between metabolite and neural activity. Studies
investigating the relationship between 'H-MRS GABA or
glutamate and task-related BOLD signal performed analyses in
one or both of two different ways: by including metabolite levels
as a covariate in a regression, or by extracting the percentage of
BOLD signal change (%SC) from a region of interest (ROI) and
using correlation analysis with the metabolite levels. Both types
of analysis methods were included in this review. Regressions
either covered the whole-brain or a predetermined ROI such as
the 'H-MRS voxel, an anatomical ROI or a mask derived from an
activation cluster. Correlation analyses used %SC extracted from
sources such as the peak voxel within or mean activation across
an activated cluster, an anatomically defined ROI, or the 'H-
MRS voxel. Additional extracted data for the systematic review
included the statistical significance of the relationship, covariates
tested in the analysis, sample size, age and sex characteristics of
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the sample, scanner strength, 'H-MRS sequence, and reference
metabolite. In cases where no statistical significance value
was reported for the relationship itself and only Pearson’s r
correlation coefficients were reported [e.g., (5)], p-values were
calculated through conversion of r values to test statistic t with
the formula

,
V(1 =r2)/(df))

The p-value was then derived using the sampling distribution of
Student’s . This calculation of the p-value was used to ascertain
the significance of the correlation coefficient.

Some studies verified their main findings (H-MRS x fMRI
response) in the following ways: (1) substituting the metabolite
levels from their primary region of interest with those from
a different, control sampling region; (2) substituting the fMRI
response from their primary task paradigm with that from a
control task; (3) substituting the fMRI response from their
primary region of interest with that from a control region
during the same task. Such control analyses may be found in
Supplementary Tables 7, 8. A formal quality assessment was not
conducted due to a lack of standard quality assessment for
such types of studies. Imaging and study design parameters
were, however, collected (Supplementary Tables 3-6, 9). Review
findings [see Figure 1 for PRISMA flowchart (6)] are presented
according to the brain region from which metabolite levels
were sampled.

Meta-Analysis
Studies were further subdivided by 'H-MRS voxel location, task
domain and fMRI activation foci. For quantitative analysis, r
correlation coefficients, t-values, z-values and sample sizes were
compiled. Although the recommended minimum number of
studies for meta-analysis is two, this does not apply to random-
effect models (7), which the MetaNSUE method employs (8).
Additionally, given the likelihood of a non-statistically significant
unreported effect, the minimum number of comparable studies
was set at a more conservative number of >4. Meta-analysis
was conducted using the MetaNSUE package for R (8), where
r correlation coefficients were converted into effect sizes for a
meta-analytic pooled effect size. This tool was used due to its
ability to impute results for unreported correlation coefficients,
which can often be the case when correlations are non-significant.
Authors were contacted for unreported r correlation coefficients.
However, in the case of unreported r correlation coefficients, the
number of imputations was kept at the package’s default of 500
imputations per study.

In instances where studies reported both t- and z-values
of significantly correlated clusters from a regression analysis,
t- and z-values were converted into r correlation coeflicients
as follows:

L

o T du
2. P-value to student t-value: using Microsoft Excel’s TINV

function

1. Z-score to p-value calculation: P (Z < z) = [~

Additional records identified
through other sources
(n=0)

v

Records after duplicates removed
(n=4,321)

Records identified through
database searching
(n=6,472)

v

v

Records screened
(n=4,321)

v

Full-text articles assessed
for eligibility
(n=108)

v

Studies included in

Records excluded
(n=4,213)

—>

Full-text articles excluded
(n=53)

No absolute resting GABA
or glutamate (12)

No correlation (22)

Only group comparison (2)

systematic review No fMRI (3)
(n=55) No healthy controls (4)

¢ No BOLD signal (1)

Not English (1)
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Not peer-reviewed (2)

(meta-analysis)
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FIGURE 1 | PRISMA Flowchart.

Significance was determined using two-tailed 95% confidence
intervals. Further sensitivity analyses are detailed in the
Supplementary Material.

RESULTS

Systematic Review of Associations With

GABA and Glutamate Concentrations
Occipital Cortex

'H-MRS studies sampling GABA levels from the occipital lobe
have been largely homogeneous (Table 1): using visual fMRI
tasks and focusing only on co-localised neural activity. The first
few studies in this domain found negative associations between
occipital lobe GABA levels and local BOLD response to visual
stimuli (9-12, 14). Muthukumaraswamy et al. (11) not only
found a negative association to BOLD response amplitude, but
also a positive correlation with BOLD response width. However,
this relationship to response amplitude was not replicated in
subsequent studies (13, 15, 16, 18). Harris et al. (15) investigated

3. T-value to r correlation coefficient conversion:  this relationship empirically, and combined their result with
r = /(2 + df) prior studies in a meta-analysis, where they found no evidence
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TABLE 1 | Occipital lobe "H-MRS studies.

Authors n System Reference  fMRI task/stimuli Relationship Covariates
Male % Sequence
Age M(SD)
GABA
Medial occipital cortex/Visual cortex
Muthukumaraswamy et al. (9) 12 3T /Wt Stationary visual grating Visual stimuli (<) GABA -
100 MEGA-PRESS
34.8
Donahue et al. (10) 12 3T /Cr Flashing checkerboard Visual stimuli (<) GABA+ -
50 MEGA-PRESS
30 (4)
Muthukumaraswamy et al. 14 3T /Wt Stationary visual grating Visual stimuli (<) GABA -
(11) 100 MEGA-PRESS
24.2 (2.4)
Violante et al. (12) 26 3T /Cr Stationary visual grating Visual stimuli (-) GABA -
38.5 MEGA-PRESS
13.1 (2.9)
Bridge et al. (13) 13 3T /tCr Visual stimuli (diffuse Visual stimuli (#) GABA -
0 SPECIAL light/flickering
30 (6) checkerboard)
Bednarik et al. (14) 12 7T /Wt Flickering checkerboard Visual stimuli (<) GABA -
46.7 Semi-LASER
33(13)
Harris et al. (15) 18 3T /Wt, /Cr Stationary visual grating Visual stimuli (#) GABA+ -
38.9 MEGA-PRESS
27.8 (4.0)
Duncan et al. (16) 31 3T /Wi Stationary visual grating Visual stimuli (#) GABA- -
0.65 MEGA-PRESS
23.0(3.1)
Wijtenburg et al. (17) 18 3T /Wt Visual plasticity task Visual plasticity (+) GABA- age
50 MEGA-PRESS Baseline visual stimuli (-)
36.2 (16) GABA-
Costigan et al. (18) 40 3T /Wt Odd-one-out task Scene viewing (#) GABA -
30 MEGA-PRESS
22.1(21)
Schallmo et al. (19) 22 3T /Wt Visual spatial suppression Visual spatial suppression -
12 MEGA-PRESS task (#) GABA+
24 (3.6)
Lateral occipital cortex/visual motion complex
Schallmo et al. (19) 22 3T /Wi Visual spatial suppression Visual spatial suppression -
12 MEGA-PRESS task (#) GABA+
24 (3.6)
Glutamate
Medlal occipital lobe/Visual cortex
Muthukumaraswamy et al. (9) 12 3T /Wt Stationary visual grating Visual stimuli (#) Glx -
100 MEGA-PRESS
34.8
Violante et al. (12) 26 3T /Cr Moving visual grating Visual stimuli (#) Glx -
38.5 MEGA-PRESS
13.1(2.9)
Bridge et al. (13) 13 3T /tCr Visual stimuli (light/flickering Visual stimuli (#) Glu -
0 SPECIAL checkerboard)
30 (6)
Bednarik et al. (14) 12 T /Wi Flickering checkerboard Visual stimuli (#) Glu -
46.7 Semi-LASER
33(13)
Ip et al. (20) 13 T /Wt Flickering checkerboard Visual stimuli (#) Glu -
50 Semi-Laser
28.7 (5.6)
(Continued)
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TABLE 1 | Continued

Authors n System Reference  fMRI task/stimuli Relationship Covariates
Male % Sequence
Age M(SD)
Wijtenburg et al. (17) 18 PR-STEAM Visual plasticity task Visual plasticity (+) Glu Age
50
36.2 (16)
Schallmo et al. (21) 22 MEGA-PRESS /Wt Visual spatial suppression Visual spatial suppression -
40.9 task (#) GlIx
24 (3.7)
Lateral occipital cortex/visual motion complex
Schallmo et al. (21) 22 MEGA-PRESS /Wt Visual spatial suppression Visual spatial suppression -
40.9 task (+) GIx
24 (3.7)

Wt, Water; Cr, Creatine; (+) positive association; (#) no association; (-) negative association; GABA+, GABA+macromolecules; Glx, Glutamate + Glutamine.

for a significant association between the two measures. More
recently, Duncan et al. (16) attempted to address this issue using
improved methodology. A MEGA-PRESS sequence that was
adapted to suppress macromolecule signal was used so that both
GABA+ and GABA- were measured from the occipital lobe.
Although their empirical study found no significant relationship,
Duncan et al. (16) added their results to the five studies
meta-analysed in Harris et al. (15)—using the same Hunter-
Schmidt method employed by the metafor R package—and found
evidence in favour of a negative relationship between GABA and
BOLD, regardless of macromolecule suppression.

Neural activity in the occipital lobe was also studied in
different contexts beyond simple visual perception. Wijtenburg
(17) found a positive correlation between GABA and neural
activation difference before and after a high frequency visual
stimulus, an effect thought to reflect visual plasticity. In
agreement with other studies, when only baseline visual
stimulation-related activation was used, a negative correlation
was found with GABA levels. However, results for this analysis
were not published and only mentioned in the discussion.
Schallmo et al. (19) used a spatial suppression paradigm where
participants had to indicate the direction of moving gratings
with varying contrasts. No correlations between GABA levels
in the early visual cortex and the more laterally located visual
motion complex and neural response in the same regions
were found.

Glutamate levels repeatedly did not show a relationship to
co-localised neural activity in studies of the occipital lobe (9, 12—
14, 20, 21). Some of these studies utilised the same sequence
to measure GABA and glutamate levels simultaneously (9, 12—
14, 21). Two studies reporting a relationship with GABA levels
found no association between neural activity and co-localised
Glx (9, 12). Wijtenburg et al. (17) found a relationship between
glutamate levels and an activation contrast comparing neural
response before and after a high frequency visual stimulus. This
relationship was also a positive one, similar to what had been
observed with GABA levels. However, in this case, the association
between glutamate levels and activity related to baseline visual
stimuli was not reported. Finally, within the visual motion
complex glutamate levels were positively correlated with neural

response during motion perception in a spatial suppression
paradigm (21).

Sensorimotor Cortex

Studies sampling metabolite levels in the sensorimotor cortex and
adjacent areas (Table 2) mostly utilised a simple paradigm, in this
case some form of finger-tapping task. In multiple studies, no
significant associations were found between sensorimotor cortex
GABA levels and local neural activity (15, 22-24). Using the same
finger-tapping task, Draper et al. (24) also found no correlation
between GABA levels in a supplementary motor area and BOLD
%SC. Only one study (25), using a visually cued reaction time
task, indicated a negative relationship between BOLD and GABA
concentrations in the sensorimotor cortex. This same study was
the only one to look at neural activity with glutamate levels in
the sensorimotor cortex area and found no correlated activation
clusters in a whole-brain regression.

Anterior Cingulate Cortex/Medial Prefrontal Cortex
GABA Concentrations in the Anterior Cingulate
Cortex/Medial Prefrontal Cortex

Due to the involvement of the anterior cingulate cortex (ACC)
and medial prefrontal cortex (mPFC) in different processes
such as emotion, attention and cognition (26), various task
contexts have been used (Table 3). Many studies investigated
NBR within this region, due to the close coupling between
the ACC/mPFC and the default mode network (DMN). Four
studies investigating GABA levels in the mPFC/ACC region
found a positive relationship with regional NBR, i.e., a negative
relationship with neural activity (27, 30, 31, 35). Northoft et al.
(35) found that during conditions that produced little NBR
compared to rest, this negative relationship between GABA levels
and neural activity was not apparent. In agreement with these
findings, using facial expressions Stan et al. (29) observed that
mPFC GABA+ concentration was negatively correlated with
subgenual ACC (sgACC) fMRI response to sadness. However,
neural activity during other emotion categories—happy, fear, or
anger—was not correlated with GABA+ concentrations. When
using an emotion processing task, Levar et al. (32) only found
a negative correlation with GABA+ levels when contrasting
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TABLE 2 | Sensorimotor cortex 'H-MRS studies.

Authors n System Reference  fMRI task/stimuli Relationship Covariates
Male % Sequence
Age M(SD)
GABA
Sensorimotor cortex
Bhattacharyya et al. (22) 9 3T Absolute Bilateral finger tapping Finger tapping (#) GABA -
Bhattacharyya et al. (23) 1.1 MEGA-PRESS
38.3 (14.1)
Draper et al. (24) 14 7T /NAA Finger-thumb opposition Finger tapping (#) GABA -
92.86 STEAM task
15.8(3.2)
Harris et al. (15) 18 3T /Wt, /Cr Finger tapping Finger tapping (#) GABA+ -
38.9 MEGA-PRESS
27.8 (4.0)
Stagg et al. (25) 12 3T /NAA Visually cued reaction time Movement performance (-) -
50 MEGA-PRESS task GABA
23
Supplementary motor area
Draper et al. (24) 14 a /NAA Finger-thumb opposition Finger tapping (#) GABA -
92.86 STEAM task
15.8(3.2)
Glutamate
Primary motor cortex
Stagg et al. (25) 12 3T /NAA Visually cued reaction time Motor performance (#) GIx -
50 MEGA-PRESS task
23

Wt, Water; Cr, Creatine; NAA, N-acetylaspartate; (+) positive association; (#) no association; (-) negative association; GABA+, GABA + macromolecule; Glx, glutamate + glutamine.

neural activity during negative emotional stimuli with response
to positive emotional stimuli. Other studies failed to find
negative correlations between regional GABA concentrations
and neural activity, or positive relationships with NBR, during
cognitive control tasks (34, 36), a verbal working memory task
(5), a reward-guided decision-making task (28), and a fear
conditioning, extinction, and extinction retrieval task (33).
Correlations between GABA levels and distal neural activity
were also found in some of these studies (32-34). Neural activity
related to fear recovery in the amygdala was positively correlated
with dACC GABA levels, while neural activity related to late
phases of fear extinction in the right amygdala, cerebellum,
middle cingulate gyrus, and right insula were negatively
correlated with GABA (33). Levar et al. (32), using non-
facial picture stimuli, found that dACC GABA concentrations
correlated positively with activity in the left amygdala during
positive emotion, negative emotion, all emotion and positive
over negative emotion. Right amygdala activity related to positive
emotion was also positively correlated with dACC GABA levels.
Activity of the right superior frontal gyrus during negative
pictures was negatively correlated with GABA levels. BOLD
signal related to all picture conditions was positively correlated
with GABA levels in the left and right hippocampi. ACC GABA
concentrations were negatively associated with cognitive control-
related BOLD signal in two clusters. The first was localised mainly
to the left parietal cortex, spanning the postcentral gyrus, inferior
parietal lobe, supramarginal gyrus, angular gyrus, and the middle
occipital lobe. The second cluster was found mainly in the left

dIPFC, including regions within the middle frontal lobe, inferior
frontal lobe, precentral gyrus, superior temporal lobe, rolandic
operculum, and postcentral gyrus.

Glutamate Concentrations in the Anterior Cingulate
Cortex/Medial Prefrontal Cortex

Twenty-one studies sampled glutamate levels within the
mPFC/ACC regions and investigated its relationship to neural
activity within the same region as well as in other brain
regions. Of those, 15 studies did not find an association between
mPFC/ACC glutamate levels and local activation. These studies
used a variety of tasks encompassing: emotion (31, 32), cognitive
control (34, 37-40), working memory (5, 27), reward (28, 41),
intero- and exteroceptive awareness (30), aversion (42), and a
verbal fluency task (43). Nonetheless, other studies did find
relation between glutamate concentration and regional neural
activity. Stan et al. (29) found mPFC glutamate levels were
correlated with pregenual ACC (pgACC) response to anger, but
not with regional activity during viewing of other emotional
categories. Using an empathy task, Duncan et al. (44) sought to
investigate the relationship between pgACC glutamate levels and
neural activity in the task-activated supragenual ACC, as well
as between supragenual ACC glutamate with pgACC activity.
A whole-brain regression with pgACC Glx levels showed a
relationship to empathy-related BOLD in the supragenual ACC
(a cluster overlapping with the supragenual ACC 'H-MRS voxel).
supragenual ACC Glx levels, however, were not associated with
pgACC activation during the empathy task. ACC glutamate
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TABLE 3 | Medial prefrontal cortex/anterior cingulate cortex 'H-MRS GABA studies.

Authors n System Reference  fMRI task/stimuli Relationship Covariates
Male % Sequence
Age M(SD)
Medial prefrontal cortex/pregenual anterior cingulate cortex
Chen et al. (27) 19 3T /Wt Working memory task High cognitive load NBR (+)  Sex,
31.6 MEGA-PRESS (Sternberg item recognition GABA co-localised
24 (2) paradigm) Low cognitive load NBR (#) Glu
GABA
Jocham et al. (28) 25H 3T /Cr Reward-guided Value difference BOLD -
100 MEGA-PRESS decision-making task signal (+) GABA
- Raw BOLD signal (#) GABA
Stan et al. (29) 16 3T /Cr Implicit emotion processing Subgenual, pregenual, -
50 MEGA-PRESS and regulation task dorsal ACC:
22.42 (2.9) happy/fear/anger (#)
GABA+ subgenual ACC:
Sad (-) GABA+
Wiebking et al. (30) 9H 3T /NAA Intero- & exteroceptive Interoceptive awareness GM
55.6 MEGA-PRESS awareness paradigm NBR (#) GABA
21.11 (2.9 Exteroceptive awareness
NBR (+) GABA
Witt et al. (5) 20 3T /Wt Verbal working memory task  Encoding NBR (#) GABA+ -
40 MEGA-PRESS Recognition NBR (#)
17.4(2.6) GABA+
Walter et al. (31) 24 3T /Cr Emotional stimulation Emotional stimulation NBR Age
25 2D-JPRESS paradigm (+) GABA
34.6
Dorsal anterior cingulate cortex
Levar et al. (32) 70 3T /Cr Fear conditioning and Fear retrieval (#) GABA+ R -
100 MEGA-PRESS extinction task + extinction amygdala: Fear retrieval (+)
21.8(3.2) retrieval GABA+ R amygdala,
cerebellum, middle
cingulate gyrus, R insula:
Late fear extinction (-)
GABA+ Fear extinction
retrieval (#) GABA+
Levar et al. (33) 68 3T /Cr Emotion processing task Hippocampus, cerebellum, -
100 MEGA-PRESS R fusiform gyrus: all stimuli
21.7 (3.2) (+) GABA+
L amygdala: emotion >
neutral (+) GABA+
Amygdala, L PCu, L middle
occipital gyrus: positive >
neutral (+) GABA+
L amygdala: negative >
neutral (+) GABA+
R superior frontal gyrus:
negative > neutral (-)
GABA+
dACC, superior frontal
gyrus, R MCC: negative >
positive (-) GABA+
Overbeek et al. (34) 21 7T /Wt Stroop task L postcentral gyrus, L Glu, Gin,
76.2 STEAM inferior parietal lobe, L WM
23.5 (4.5) supramarginal gyrus, L
angular gyrus, L middle
occipital lobe, L middle
frontal lobe, L inferior frontal
lobe, L precentral gyrus, L
superior temporal lobe, L
rolandic operculum, L
postcentral gyrus: cognitive
control () GABA
(Continued)
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TABLE 3 | Continued

Authors n System Reference  fMRI task/stimuli Relationship Covariates
Male % Sequence
Age M(SD)
Anterior cingulate cortex
Northoff et al. (35) 12 3T /Cr Emotion processing task All pictures NBR (+) GABA Gilx, GSH
33.3 JD-PRESS Picture judgement NBR (+)
33.8 GABA
Picture viewing NBR (#)
GABA
Wang et al. (36) 25 3T Cognitive control hybrid task  Fronto-striatal regions: -
0 MEGA-PRESS cognitive control (#) GABA
27.5 (6.6)

Wt, Water; Cr, Creatine; NAA, N-acetylaspartic acid; NBR, negative BOLD response; (+) positive association; (#) no association; (-) negative association; GABA+, GABA +
macromolecule; Glx, glutamate—+glutamine; GSH, glutathione; PCu, Precuneus; dACC, dorsal anterior cingulate cortex; MCC, middle cingulate cortex; WM, white mater volume fraction
within ' H-MRS voxel; GM, grey mater volume fraction within ' H-MRS voxel; /, OR. Neural activity is co-localised with the 'H-MRS sampling region unless otherwise specified in the

relationship column [i.e., Region: task related activity (+/#-) GABA/GIu/Glx].

levels were also studied in conjunction to neural activity
during a salience processing task using emotional and erotic
pictures (45). Activation in the sgACC related to unexpectedness
of emotional pictures displayed a negative correlation with
glutamate. Dissecting this association, the authors found that a
positive relationship between glutamate and expected emotional
picture viewing drove this finding. In a separate study, Cadena
et al. (46) scanned a control group twice with a 6-week
interval (46). ACC Glx levels were positively correlated with
ACC activation during cognitive control at the baseline scan, a
relationship that was not observed at the second scanning session
6 weeks later. Enzi et al. (47) sampled Glx concentrations from
the pgACC, where they found a partial positive correlation to
NBR during anticipation of reward and of no outcome. Through
further investigation, the authors found that Glx concentrations
were correlated to the rest condition and hypothesised that
this relationship was largely driving the relationship between
glutamate levels and deactivation during reward anticipation.

In terms of associations between glutamate levels and
neural activity outside of the 'H-MRS region, three studies
reported positive correlations with neural activity outside of
the ACC/mPFC. Duncan et al. (42) found mPFC glutamate
levels were correlated positively with sensorimotor cortex and
left insula activation during the anticipation of aversion. In a
different study, Duncan et al. (44) showed, through whole-brain
regression with Glx levels in the pgACC, a significant correlation
with empathy-related activation in the left precuneus, bilateral
amygdala and putamen, right superior frontal gyrus and right
supramarginal gyrus. Cadena et al. (46) observed a correlation
with cognitive control-related activation within the insula,
hippocampus, inferior parietal lobule and precuneus. Notably,
the findings in the bilateral insula and left inferior parietal lobule
were replicated in the sample 6 weeks later. Interestingly, one
study observed different correlations depending on task load.
Falkenberg et al. (39) found three activation clusters where there
was a significant interaction between glutamate levels and the
parameters of a cognitive control task: five auditory intensity
difference conditions and the instruction of which ear to pay

attention to. Post-hoc tests showed that in individuals with lower
levels of glutamate, neural response was higher during high
cognitive control conditions, i.e., when attention was directed
towards the less salient stimulus, whereas in individuals with
high levels of glutamate, neural activity was higher during
low cognitive control conditions. Four studies found negative
correlations between glutamate or Glx levels and neural activity
outside of the ACC/mPFC. Overbeek et al. (34) observed ACC
glutamate levels were positively associated with NBR in a cluster
spanning from the PCC and precuneus to the occipital cortex
and cerebellum. Von During et al. (45) also found that ACC
glutamate levels were positively associated with NBR in the PCC,
with higher glutamate predicting higher deactivation of this area
in response to a variety of stimuli. Neural activity in a variety of
other regions were also negatively correlated with ACC glutamate
levels in this study (see Table 4). One study investigated ACC
glutamate levels with cognitive control-related activation within
the striatum only, to which a negative relationship was found in
a composite group of ADHD patients, unaffected siblings and
healthy controls (48). Similarly, Gleich et al. (41) found a negative
relationship with ventral striatum activation in adolescents but
not in adults.

Dorsolateral Prefrontal Cortex

All studies sampling GABA or glutamate levels from the
dorsolateral prefrontal cortex (dIPFC) used a working memory
fMRI task (Table 5). Only one study, comparing children and
adolescents with sport-related injuries not involving the head
and with no history of concussion, to a group of concussed
individuals, found a significant positive correlation between
dIPFC GABA levels and local activation (50). Two studies did
not find a relationship (15, 27). Similarly, three studies that
investigated glutamate levels also found no relationships to
regional neural activity (27, 51, 52).

Temporal Lobe
Within studies of the temporal lobe (Table6), the auditory
cortex, anterior temporal lobe and hippocampus were sampled
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TABLE 4 | Medial prefrontal cortex/anterior cingulate cortex 'H-MRS glutamate studies.

Authors n System Reference  fMRI task/stimuli Relationship Covariates
Male % Sequence
Age M(SD)
Medlial prefrontal cortex/rostral anterior cingulate cortex
Brennan et al. (40) 28 3T /Cr Emotional Stroop task Cognitive control (#) Glu Age, sex
46.4 2D-JPRESS
32.4 (12.1)
Chen et al. (27) 19 3T /Wt Working memory task Working memory (#) Glu Sex,
31.6 Semi-LASER (Sternberg item recognition co-localised
24 (2) paradigm) GABA
Duncan et al. (44) 13 3T /Cr Empathy task supragenual ACC/MCC, L -
30.8 PRESS precuneus,
31.6 (-) amygdala/putamen, R
superior temporal gyrus, R
supramarginal gyrus:
empathy (+) Glx
Duncan et al. (42) 12 3T /NAA Aversion Task Sensorimotor cortex, L -
50 MEGA-PRESS posterior supramarginal
23 (3.5) gyrus, L Insula/operculum:
anticipation of certain
aversion (+") Glu
Anticipation of certain
aversion (#) GIx Anticipation
of uncertain aversion (#)
Glu/Glx
Enzi et al. (47) 19 3T /Cr Modified monetary incentive  Fixation (+) GIx Reward Age
52.6 PRESS delay task anticipation (#) Glx
29.6 () Punishment anticipation (#)
Gix No outcome (#) Glx
Fixation > Reward
anticipation (+) Gix Fixation
> Punishment anticipation
(#) GlIx Fixation > No
outcome (+) Glx
Jocham et al. (28) 25 3T /Cr Reward-guided Value difference BOLD -
100 MEGA-PRESS decision-making task signal (+) Glu
- Raw BOLD signal (#) Glu
Naaijen et al. (48) 32 3T /Cr Stroop task Striatum: cognitive control -
68.7 PRESS (-) Glu
22(3.8), 21 (4.9),
20.7 (2.5)
Stan et al. (29) 18 3T /Cr Implicit emotion processing Happy/sad/fear (#) pre-task ~ Age
50 PRESS and regulation task Glu
22.79 (3.04) Anger (+) pre-task Glu
Happy/fear/anger/sad (#) Co-localised
post-task Glu GABA+
Walter et al. (31) 24 3T /Cr Emotional stimulation Emotional stimulation NBR Age
25 2D-JPRESS paradigm (#) Glu
34.6
Wiebking et al. (30) 18 3T /NAA Intero- & exteroceptive Interoceptive/exteroceptive GM
50 MEGA-PRESS awareness paradigm awareness NBR (#) Glx
17.4 (2.6)
Witt et al. (5) 20 3T /Wit Verbal working memory task  Encoding/recognition (#) Glx ~ —
40 MEGA-PRESS
17.7 (2.6)
Dorsal anterior cingulate cortex
Cadena et al. (46) 20 3T /Cr Stroop task (baseline) Insula, R ACC: cognitive -
70 PRESS control (+) Glx
33.0 (9.3) Hippocampus, inferior
parietal, precuneus:
cognitive control (+) Glx
(Continued)
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TABLE 4 | Continued

Authors n System Reference  fMRI task/stimuli Relationship Covariates
Male % Sequence
Age M(SD)
19 Stroop task (6 weeks later) Insula: cognitive control (+) -
GIx L inferior parietal:
cognitive control (+) Glx
Duncan et al. (44) 13 3T /Cr Empathy task Empathy (#) Gix -
30.8 PRESS
31.6 ()
Levar et al. (33) 68 3T /Cr Emotion processing task All stimuli/positive>neutral/ -
100 MEGA-PRESS negative>neutral/negative>
21.7 (3.2) positive//emotion>neutral
(#) Gix
Overbeek et al. (34) 21 7T /Wt Stroop task PCu, calcarine sulcus, GABA, Gin,
76.2 STEAM cuneus, lingual gyrus, WM
23.5 (4.5) middle cingulum, posterior
cingulum, cerebellum:
cognitive control (-) Glu
Reid et al. (38) 18 3T /Cr Stroop task Cognitive control (#) Glx -
61.1 PRESS
36.8 (12.0)
Von During et al. (45) 27 7T /Cr Salience processing R PCC/PCu, R occipital, Age, sex,
65 STEAM cerebellum: all picture GM
29.8 (7.8) viewing (-) Glu
PCC: erotic picture
viewing/unexpected
emotional picture viewing (-)
Glu
Emotional picture viewing
(#) Glu
R vStr, sgACC: expected
emotional picture viewing
(+) Glu
Yicel et al. (37) 24 3T Absolute Multi-source interference Cognitive control (#) Glx
54.2 PRESS task
29.6 (6.5)
Anterior cingulate cortex
Falkenberg et al. (39) 40 3T /Cr Dichotic listening task ACC: cognitive control (#)
50 PRESS Glu Basal ganglia, R
m 25.0 (3.6), orbitofrontal cortex, L
£26.0 (4.0) inferior parietal lobe: high
cognitive control (-) Glu
Basal ganglia, R
orbitofrontal cortex, L
inferior parietal lobe: low
cognitive control (+) Glu
Fusar-Poli et al. (43) 17 3T Verbal fluency task Verbal fluency (#) Glu -
58.8 PRESS
25.5(3.6)
Gleich et al. (41) 26 adults 3T Virtual slot machine vStr, ACC: win>loss (#) Glu -
46.2 PRESS
26.1 (4.4)
28 adolescents 3T Virtual slot machine vStr: win>loss (-) Glu -
53.6 PRESS ACC: win>loss (#) Glu
14.4 (0.6)
Modinos et al. (49) 21 low 3T /Wi Emotional viewing task Emotional viewing (#) Glu -
schizotypy PRESS
571
27.0 (5.6)
(Continued)
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TABLE 4 | Continued

Authors n System Reference  fMRI task/stimuli Relationship Covariates
Male % Sequence
Age M(SD)
Northoff et al. (35) 12 3T /Cr Emotion processing task Emotion processing (#) Glx -
33.3 2D-JPRESS
33.8

Wt, Water; Cr, Creatine; NAA, N-acetylaspartic acid; NBR, negative BOLD response; ACC, anterior cingulate cortex; MCC, middle cingulate cortex; vStr, ventral striatum, PCu, precuneus;
PCC, posterior cingulate cortex; sgACC, subgenual ACC; Glx, glutamate+glutamine; WM, white mater volume fraction within 'H-MRS voxel: GM, grey mater volume fraction within
"H-MRS voxel; *, uncorrected finding; (+) positive association; (#) no association; (~) negative association; /= OR. Neural activity is co-localised with the 'H-MRS sampling region
unless otherwise specified in the relationship column [i.e., Region: task related activity (+/#/-) GABA/GIu/GIx].

TABLE 5 | Dorsolateral prefrontal cortex 'H-MRS studies.

Authors n System Reference  fMRI task/stimuli Relationship Covariates
Male % Sequence
Age M(SD)
GABA
Harris et al. (15) 18 3T /Wt, /Cr Working memory task Working memory (#) -
38.9 MEGA-PRESS (n-back task) GABA+
27.8 (4.0)
Friedman et al. (50) 10 3T /Cr Working memory task Working memory (+) GABA -
50 MEGA-PRESS (1-back task)
15.2(1.2)
Chen et al. (27) 19 3T /Wit Working memory task Working memory (#) GABA Sex,
31.6 MEGA-PRESS (Sternberg item recognition co-localised
24 (2) paradigm) Glu
Glutamate
Moon and Joeng (51) 18 3T /Cr Working memory task with Working memory (#) Glx
61.1 PRESS face distractors
30.7 (7.5)
Chen et al. (27) 19 3T /Wt Working memory task Working memory (#) Glu Sex,
31.6 Semi-LASER (Sternberg item recognition co-localised
24 (2) paradigm) GABA
Kaminski et al. (52) 35H 3T PRESS /Wt Working memory task Working memory (#) Glu age
82.9 (n-back task)
34.3 (8.5)

Wt, water; Cr, creatine; tCr, creatine+phosphocreatine; Glx, glutamate+glutamine.

for metabolites and fMRI tasks were largely based on the
respective functions of the 'H-MRS sampling regions. Two
studies found a negative relationship between GABA levels and
local activation during thought retrieval and though suppression
(54) and during semantic processing (53). However, Harris et al.
(15) found no relationship between fMRI activity in the auditory
cortex and local GABA levels.

Unlike GABA, hippocampal glutamate levels were not found
to be correlated with local activity in several studies (43, 55, 56).
Glutamate levels were, however, positively correlated to neural
activity outside of the hippocampus: parahippocampus (55),
inferior frontal gyrus (56) and ventral striatum (57).

Insula

Three studies (30, 58, 59) measured relationships between
metabolites and neural activity in this region (Table 7). Lipp
et al. (58) reported a negative association between GABA
concentration and insula neural activity only to animal picture

stimuli, while pictures of other categories did not elicit
such association. Interestingly, another study (30) identified
a positive correlation between GABA levels and neural
response to interoceptive awareness. Insula GABA levels were
additionally correlated to distal neural activity: positively to
activation in the amgydala and ventral striatum (58), and
negatively to activation in the medial cingulate cortex and
supplementary motor area (59). Meanwhile, glutamate levels
did not correlate with neural activity in the insular cortex
(30, 59).

Posterior Cingulate Cortex/Precuneus

Two studies investigated both GABA and glutamate levels within
the posterior cingulate cortex (PCC)/precuneus (PCu) region
(18, 60) (Table 8) that typically deactivate during some cognitive
tasks but activate putatively during processing of scenes to
support autobiographical memory and imagined events (61).
Deactivation of the PCC/PCu region as well as the entire DMN
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TABLE 6 | Temporal lobe "H-MRS studies.

Authors n System Reference  fMRI task/stimuli Relationship Covariates
Male % Sequence
Age M(SD)
GABA
Auditory cortex
Harris et al. (15) 18 3T /W, /Cr Auditory white noise Auditory stimuli (#) GABA+ -
38.9 MEGA-PRESS
27.8 (4.0)
Anterior temporal lobe
Jung et al. (53) 20 3T /NAA Semantic association task Semantic association (-) GM
35 MEGA-PRESS GABA
23 (4)
Hippocampus
Schmitz et al. (54) 30 3T /Cr Thought suppression task Think (-) GABA Sex, GM,
23.3 2D-JPRESS (Think/No think task) No-Think (-) GABA co-localised
24.7 (4.3) Glu, dIPFC
GABA,
functional
control signal
Glutamate
Anterior temporal lobe
Jung et al. (53) 20 3T /NAA Semantic association task Semantic association (#) Glx ~ GM
35 MEGA-PRESS
23 (4)
Hippocampus
Fusar-Poli et al. (43) 17 3T Verbal fluency task Verbal fluency (#) Glu -
58.8 PRESS
25.5(3.6)
Valli et al. (55) 14 3T /Wit Episodic memory task Parahippocampus: Memory — —
42.9 PRESS encoding (+) Glu
25.62 (3.7)
Hutcheson et al. (56) 28 3T /Cr Episodic memory task Encoding/Retrieval (#) Glx -
60.7 PRESS IFG: retrieval (+) Glx
35.6 (11.1)
Bossong et al. (57) 19 3T Monetary incentive delay vStr: Reward anticipation -
52.6 PRESS task (+) GIx
25.8 (5.6)

Wt, water; Cr, creatine; GABA+, GABA+macromolecules; NAA, N-acetylaspartic acid; GM, grey matter volume fraction within ' H-MRS voxel; dIPFC, dorsolateral prefrontal cortex; IFG,
inferior frontal gyrus; vStr, ventral striatum; /, OR. Neural activity is co-localised with the 'H-MRS sampling region unless otherwise specified in the relationship column (i.e. Region: task

related activity (+/#/-) GABA/GIu/GIx).

(including the mPFC, PCC/PCu, and bilateral parahippocampus)
during a working memory task were investigated separately in
relation to glutamate and GABA concentrations (60). Regression
models showed that as glutamate increased NBR decreased (i.e.,
weaker deactivation). Conversely, GABA levels were positively
correlated with NBR for all but the lowest cognitive load (1-
back condition), i.e., as GABA levels increased, deactivation
increased, in both the model with PCC/PCu deactivation and
DMN deactivation as dependent variable. In contrast, when
using a perceptual discrimination task, Costigan et al. (18) found
no association between PCC/PCu activation and local Glx and
GABA+ levels.

Other Regions
A few studies have sampled GABA and glutamate levels from
less frequently inspected regions combined with neural activity

(Table 9). Harris et al. (15) found no relationship between
activation related to eye saccades and GABA levels in the
frontal eye field. Two studies sampled glutamate from the
thalamus, both using a verbal fluency task. Fusar-Poli et al.
(43) found no significant effects, while Allen et al. (64) found
significant correlations with activation in the right superior
frontal gyrus/sulcus and the right cingulate sulcus. Two studies
found a positive correlation between Glx levels and local activity
in two different brain regions: the substantia nigra (63) and the
dorsal striatum (62).

Meta-Analysis of Associations With GABA

Concentrations

Within the studies sampling GABA, two groups of more
than four studies emerged: occipital lobe GABA levels in
combination with a visual task, and ACC GABA levels in
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TABLE 7 | Insula "H-MRS studies.

Authors n System Reference  fMRI task/stimuli Relationship Covariates
Male % Sequence
Age M(SD)
GABA
Wiebking et al. (30) 15 3T /NAA Intero- & exteroceptive Interoceptive awareness (+) GM
66.7 MEGA-PRESS awareness paradigm GABA
23.13 (4.58) Exteroceptive awareness (#)
GABA
Lipp et al. (58) 29 3T /Wi Fear inducing paradigm Whole brain: -
0 MEGA-PRESS negative>neutral (#)
GABA+
L amygdala, insula, vStr,
frontal cortex:
spiders>animals (+)
GABA+
Neutral/negative/spiders (#)
GABA+
Animals (-) GABA+
Cleve et al. (59) 27 3T /Cr Pain stimulation Pain perception (#) GABA+ -
100 MEGA-PRESS MCC/SMA: pain perception
24.9 (3.0) (-) GABA+
Glutamate
Wiebking et al. (30) 15 3T /NAA Intero- & exteroceptive Interoceptive awareness (#) GM
66.7 MEGA-PRESS awareness paradigm Glu/Glx
23.13 (4.58) Exteroceptive awareness (#)
Glu/Glx
Cleve et al. (59) 27 3T /Cr Pain stimulation Pain perception (#) Glx -
100 MEGA-PRESS
24.9 (3.0)

Wt, water; NAA, N-acetylaspartic acid; tCr, creatine+phosphocreatine; GM, grey matter volume within 'H-MRS voxel; vStr, ventral Striatum; MCC, middle cingulate cortex; SMA,
supplementary motor area; /, OR. Neural activity is co-localised with the ' H-MRS sampling region unless otherwise specified in the relationship column (i.e. Region: task related activity

(+/#/~) GABA/GIL/GI).

combination with emotion processing tasks. For illustration
of the voxel positions of each study per meta-analysis see
Figures 2, 3.

For the relationship between GABA levels and BOLD
within the occipital lobe, the systematic search for articles
identified nine eligible studies for quantitative analysis (9-
16, 18). The results of the meta-analysis demonstrated a
significant relationship between GABA and BOLD in the
occipital lobe (r = —0.45 [—0.63, —0.22], p = 0.002, I* = 47.06%)
(Figure 2).

Another four studies investigated ACC GABA in relation to
local response to emotion tasks (29, 31, 32, 35). Correlation
coeflicients were available for three of these, while Levar et al.
(32) used a regression with ACC GABA levels as a covariate. The
latter found a negatively correlated cluster in the dorsal ACC
for negative vs. positive emotion, however, this result was not
used for the main meta-analysis for which comparable contrasts
were selected only (specific or all emotion vs. baseline). The main
meta-analysis of this relationship yielded a significant negative
relationship between ACC GABA and regional emotion-related
neural activity (r = 0.53 [—0.79, —0.11], p = 0.02, I? = 34.04%)
(Figure 3).

Meta-Analysis of Associations With

Glutamate Concentrations

Two meta-analyses were performed. One combined glutamate
levels in the ACC and local activation during cognitive control
tasks. The other combined glutamate levels in the ACC and local
activation during emotional tasks. For illustration of the voxel
positions of each study per meta-analysis see Figures 4, 5.

Six studies (34, 37-40, 46) were included in the meta-
analysis of the relationship between ACC glutamate levels and
local activation during cognitive control. These were a mixture
of studies using correlation and regression analysis. When
regression analysis had been performed on the whole-brain level
and no significant correlation with the ACC was found, this
was entered into the meta-analysis as a non-significant result
to avoid bias. The meta-analysis did not find support for a
relationship between ACC glutamate levels and neural activity
during cognitive control [r = 0.19 (—0.24, 0.56), p = 0.39, I* =
71.62] (Figure 4).

For the meta-analysis investigating the relationship between
ACC glutamate levels and local activation during emotion
processing, seven studies were included (29, 31, 32, 35, 44, 45, 49).
As with the previous meta-analysis on cognitive control, studies
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TABLE 8 | Posterior cingulate cortex/precuneus 'H-MRS studies.

Authors n System Reference  fMRI task/stimuli Relationship Covariates
Male % Sequence
Age M(SD)
GABA
Hu et al. (60) 24 3T /Wt Working memory task Low cognitive load NBR (#) Age, GM,
58.3 MEGA-PRESS (n-back) GABA+ co-localised
34.4 (8.6) Mid/high cognitive load Glu
NBR (+) GABA+
DMN: low cognitive load
NBR (#) GABA+
DMN: mid/high cognitive
load NBR (+) GABA+
Costigan et al. (18) 40 3T /Wit QOdd-one-out task Scene discrimination (#) -
30 MEGA-PRESS GABA+
22.1(2.1)
Glutamate
Hu et al. (60) 24 3T /Wt Working memory task All cognitive loads NBR (-) Age, GM,
58.3 MEGA-PRESS (n-back) Glu co-localised
34.4 (8.6) DMN: low/mid cognitive GABA
load NBR (-) Glu
DMN: high cognitive load
NBR (#) Glu
Costigan et al. (18) 40 3T /Wt Odd-one-out task Scene discrimination (#) Glx -
30 MEGA-PRESS
221 (2.1)

Wt, water; GM, grey matter volume within ' H-MRS voxel: Glx, glutamate+glutamine; NBR, negative BOLD response; DMN, default mode network; /, OR. Neural activity is co-localised
with the 'H-MRS sampling region unless otherwise specified in the relationship column (i.e. Region: task related activity (+/4#/-) GABA/GIu/GIX).

TABLE 9 | Remaining 'H-MRS studies.

Authors n System Reference fMRI task/stimuli Relationship Covariates
Male % Sequence
Age M(SD)
GABA
Frontal eye field
Harris et al. (15) 18 3T /Wt, /Cr Eye saccades Saccades (#) GABA+ -
38.9 MEGA-PRESS
27.8 (4.0)
Glutamate
Thalamus
Allen et al. (2015) 27 3T Verbal fluency task R superior frontal -
66.7 PRESS gyrus/sulcus, R cingulate
24.4 (4.6) sulcus: verbal fluency (+)
Glx
Fusar-Poli et al. (43) 17 3T Verbal fluency task Verbal fluency (#) Glu -
58.8 PRESS
25.5 (3.6)
Dorsal striatum
Lorenz et al. (62) 32 3T /Wt Modified stop signal task L caudate nucleus: -
59.4 PRESS response inhibition (+) Glx
47.3 (19.9)
Substantia nigra
White et al. (63) 19 3T /Cr Monetary reward decision vStr/NAc: prediction error -
57.9 PRESS task (#) GIx substantia nigra:
36.5 (12.1) prediction error (+) Glx

Wt, water; /, OR; GABA+, GABA-+macromolecules; Glx, glutamate-++glutamaine; vStr, ventral striatum; NAc, nucleus accumbens. Neural activity is co-localised with the 'H-MRS
sampling region unless otherwise specified in the relationship column (i.e. Region: task related activity (+/#/-) GABA/GIu/Glx).
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FIGURE 2 | Meta-analysis of studies investigating occipital lobe GABA levels and visual perception-related neural activity in the occipital lobe. (A) Position of occipital
voxels per study. (B) Forest plot of meta-analysis results. p < 0.10; *p < 0.05; *p < 0.01; **p < 0.001.

{ -0.29[-0.66, 0.19]

-0.45[-0.63,-0.22 ] ***

utilised a mixture of correlation and regression analyses. This
analysis marginally missed significance for a positive relationship
between ACC glutamate levels and regional emotion related
neural activity [r = 0.41 (—0.04, 0.72), p = 0.07, I> = 79.69%]
(Figure 5).

DISCUSSION

The main finding of this meta-analysis was that GABA levels
were negatively correlated with co-localised neural activity within
the ACC during emotion processing and within the occipital
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FIGURE 3 | Meta-analysis of studies investigating GABA levels and emotion related neural activity in the anterior cingulate cortex. (A) Position of ACC voxels per
study. (B) Forest plot of meta-analysis results. p < 0.10; *p < 0.05; **p < 0.01.
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FIGURE 4 | Meta-analysis of studies investigating ACC glutamate levels and regional cognitive control-related neural activity in the anterior cingulate cortex. (A)
Position of ACC voxels per study. (B) Forest plot of meta-analysis results. p < 0.10; **p < 0.001.
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FIGURE 5 | Meta-analysis of studies investigating ACC glutamate levels and regional emotion related neural activity in the anterior cingulate cortex. (A) Position of
ACC voxels per study. (B) Forest plot of meta-analysis results. p < 0.10; **p < 0.01; **o < 0.001.
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lobe during visual stimulation. Further meta-analyses showed
that glutamate levels within the ACC were not correlated with
co-localised neural activity during either cognitive control or
emotion processing, however, the latter meta-analysis narrowly
missed significance. These findings were further supported by
a systematic review of all fMRI-'H-MRS association studies
to date, where increasing resting GABA levels were repeatedly
associated with either weaker neural activation or stronger neural
deactivation. On the other hand, glutamate levels were largely
not correlated with intra-regional neural activity, although a
handful of studies did find a positive correlation. An additional
finding was that glutamate concentrations were largely positively
correlated with regions outside of the 'H-MRS sampling area;
however, negative inter-regional associations were also identified
in multiple studies. GABA concentrations were less likely to
be associated with regions outside of the 'H-MRS sampling
area with only a few studies providing evidence of a positive
or negative relationship with inter-regional neural activation
depending on the metabolite sampling region and the neural
activation region.

These findings support and extend prior reported trends.
Previously, in a narrative review Duncan et al. (4) highlighted
that GABA tended to be negatively correlated with regional
neural activity in the visual, auditory, sensorimotor and anterior
cingulate cortices, while glutamate was positively correlated with
neural activity in regions outside of the sampling region of
the metabolite. In the present study, by using a systematic
rather than narrative review method and capitalising on the
large increase in available studies specifically using 'H-MRS
and fMRI, a more region-dependent relationship between these
specific measures emerged. The negative relationship between
GABA levels and regional neural activation was confirmed
within the occipital cortex, ACC/mPFC, temporal lobe, and
PCC. However, regions such as the sensorimotor cortex, auditory
cortex and dorsolateral prefrontal cortex either did not exhibit
this relationship clearly or in a few studies the relationship
was in the opposite direction (30, 50). A negative relationship
between GABA levels and regional neural activation appears
intuitive: increased inhibition as measured through resting state
'H-MRS would be associated with decreased net activation of a
region through regulation of resting excitatory activity (4, 65).
Prior work in animals found that pharmacological manipulation
increasing endogenous GABA concentrations produced lower
positive BOLD signal changes (66). In the context of NBR,
previous work in rats found hyperpolarisation of neurons
through neuronal inhibition to correspond to a decrease in blood
oxygenation (67). Findings of a positive relationship between
GABA levels and neural activity may be a result of more complex
neural processes that require suppression of neural response
to irrelevant stimuli to promote concurrent activation to target
stimuli (68). A relationship between GABA levels and neural
activity in distal regions had not previously been identified in the
literature (4). While initial studies suggested that the relationship
between GABA levels and neural activity was limited to the same
region (4, 68), a handful of recent studies reported both negative
and positive relationships with activation outside of the 'H-MRS

voxel (32-34, 58-60). Negative relationships with inter-regional
neural activity may be the result of local inhibition of excitatory
projections that regulate activity in other regions (32-34).

In terms of glutamate, a few studies observed a positive
relationship between glutamate and local neural activity in the
ACC and PCC (29, 44, 46, 60). Additionally, both positive and
negative relationships with distal neural activity were found.
These findings add to the simplified positive relationship with
inter-regional neural activity reported in Duncan et al. (4). A
negative relationship between BOLD activity in DMN regions,
such as the PCC/PCu, were speculated to be due to higher ACC
glutamate levels supporting facilitation of salience processing,
thus resulting in stronger deactivation of DMN regions (39,
45). However, this relationship seems to be region-dependant
as glutamate levels measured within the DMN, specifically the
PCC, were positively related with DMN neural activation, where
higher glutamate levels predicted lower local deactivation (60).
The positive relationship between glutamate levels and intra-
regional neural activity may stem from an excitatory drive
stimulating neural activation within the same region through
recurring feedback (46, 69). However, the relationship between
glutamate levels and intra-regional neural activity may be difficult
to replicate: one study failed to replicate a positive correlation
between ACC glutamate and ACC neural activity at a 6-week
follow-up scan within the same cohort (46). In fact, Enzi et al.
(47) suggested resting glutamate levels may be more closely
related to resting-state activation, thus being less intimately
linked with task-related activity. As previously observed by
Duncan et al. (4), glutamate levels were positively associated with
neural activity outside of the sampling regions for glutamate. The
long-range projections of glutamatergic neurons (70) are thought
to influence neural activity in distal regions, thus giving rise to
this relationship. However, a number of studies have shown that
these projections may not simply reflect positive relationships
with neural activity, but may also indicate that glutamate levels
can negatively predict neural activity inter-regionally.

The ACC has been commonly investigated across studies, for
which effects have been inconsistent. The discrepancies in 'H-
MRS x fMRI relationships may arise from functional segregation
within the ACC (71), its involvement in different behaviours (72),
and that it hosts both task-positive and task-negative subdivisions
(e.g., pgACC and supragenual ACC). The ability of 'H-MRS to
discriminate between ACC subregions is still limited due to the
'H-MRS voxel size, especially in the case of GABA. This may be
improved by the use of high-field MRI scanners that will allow
for smaller voxel sizes (73). An additional consideration is that
relationships between metabolite levels and neural activity may
also be task-specific. Studies that used an active control task,
rather than a low-level baseline condition such as a fixation cross
[e.g., (44, 53, 54)], indicate that baseline metabolite levels are
not simply correlated with any type of neural response. When
neural response was confirmed for both the task of interest and
the control task, different relationships between GABA levels and
neural response were found indicating that metabolite levels may
not be simply associated with all types of neural activity within a
region (54).
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Despite some incongruent findings, a pattern of
neurochemical-neurofunctional relationships has emerged,
which give valuable insight into psychiatric disorders where
this relationship is aberrant. Measurement of metabolite
levels at rest with 'H-MRS is thought to reflect individual
differences in number of glutamatergic and GABAergic
neurons, number of glutamatergic and GABAergic synapses,
and glutamate and GABA turnover (68). It is conceivable,
then, that abnormalities in metabolite levels would be reflected
in differential neurochemical-neurofunctional relationships.
In psychiatric disorders such as schizophrenia, case-control
studies have suggested an aberrant relationship between ACC
glutamate and local neural activity (46) and in regions receiving
inputs from the ACC, such as the insula and DMN (34, 46, 74).
Differences were found in the relationship between hippocampal
Glx and inferior frontal gyrus activation, with medicated
schizophrenia patients showing a less robust relationship (56)
potentially reflecting differential coupling between the two
regions (75). Activation related to prediction error within the
substantia nigra was not correlated with regional glutamate
levels in schizophrenia patients, which was interpreted as a
glutamatergic dysfunction leading to abnormal prediction error
coding (38). Furthermore, a relationship between glutamate
and working memory activation, both within the dIPFC, was
found in unmedicated schizophrenia patients where no such
relationship existed in healthy controls—potentially due to
compensatory action to glutamatergic insensitivity (52). Given
the known and increasingly well-characterised abnormalities
in glutamatergic and GABAergic function associated with this
psychiatric disorder (76, 77) and the close relationship between
metabolites and neurofunction, abnormalities in brain function
should arise. The neurochemical-neurofunctional relationship
has been investigated less frequently in other psychiatric
disorders such as obsessive-compulsive disorder and major
depressive disorder. While this line of investigation showed
no differences in the relationship in patients with obsessive
compulsive disorder (40, 51), patients with major depressive
disorder showed stronger coupling between glutamate levels
and NBR compared with healthy controls (31). Walter et al.
(31) concluded that reduced resting state activity was driven
by glutamatergic metabolism in patients with major depressive
disorder. Differences in 'H-MRS x fMRI relationships may
be the result of variations in neurochemistry, differential
abnormal functions regionally and inter-regionally, as well as
structural abnormalities. Despite the correlational nature of all
the studies identified here, understanding healthy relationships
between metabolite and neural activity allows some insight into
compensatory action within mental illness and can provide
potential pharmaceutical targets for intervention. Targeting
GABAergic or glutamatergic neurotransmission may be a
promising avenue to treating symptoms of schizophrenia (78)
and major depressive disorder (79).

Considerations on the Choice of Analytical
Approaches

The studies included in this review used two main types of
methods to derive relationships. Harris et al. (15) demonstrated
that when using the correlational technique with %SC, the

source of sampling for %SC could have a large effect on the
observed relationship. Harris et al. (15) tested five different BOLD
activation sources: peak within the 'H-MRS voxel, mean across
the 'H-MRS voxel, mean across significant activation, peak
within anatomical ROI and mean across anatomical ROI. From
the peak within 'H-MRS voxel to the mean across significant
activation, there was a maximum change in effect size of r =
0.47, although it should be noted that these individual correlation
coefficients were not statistically significant due to Bonferroni
correction. Despite these potential sources of variation, the vast
majority of articles cited in our systematic review that used the
correlational technique with %SC only tested the relationship
between metabolites and neural activation with one source of
%SC, which may cause inconsistencies in findings.

Effects of Potential Confounders

Previously published studies controlled for potential confounds
in diverse ways. Commonly used covariates were age, voxel tissue
composition and sex. Age may have region-specific effects on
levels of glutamate (80) and of GABA (81) and thus should
be consistently controlled for. Our systematic review was not
restricted to a certain age limit and instead attempted to collect
data on all age ranges and noted whether studies controlled
for age. Similarly, a potentially confounding effect of sex on
metabolite levels was not consistently considered in individual
studies, although sex has previously been identified to alter levels
of glutamate (82) and GABA (83).

A further issue refers to the use of other regions as specificity
control (4). In order to confirm that a significant association
is not a global effect, metabolite analyses should be conducted
both for the main region of interest as well as for a control
region. Similarly, to ensure relationships can be specific to
the experimental task, researchers should also evaluate the
relationship between metabolite levels and a control, unrelated
task. However, time constraints and participant fatigue during
scanning may not enable such control measures in all studies.

Future Directions
Although it is tempting to suggest that future studies using
the correlational approach should test various sources of %SC
[e.g., (15)], the multiple testing corrections needed would require
strong relationship effects between metabolite and BOLD signal.
However, the present systematic review and meta-analyses seem
to suggest such effect sizes are moderate at best for the metabolite
glutamate. An alternative suggestion would be to consistently
utilise %SC derived from the peak voxel within the 'H-MRS
voxel as many studies have done, with deviations from a standard
source of %SC needing to be specifically addressed and justified.
Other future suggestions for studies of this kind are
to include age and sex as confounding covariates more
consistently. Similarly, task and region specificity controls should
be included wherever possible. One reason for the lack of
substantial conclusions to be made from the above listed
studies is the heterogeneity of 'H-MRS locations, BOLD %SC
sampling locations and region coverage within regression studies.
Replication studies would allow more insight into studies that
used emotional, working memory, reward and motor tasks.
Additionally, combination with additional modalities such as
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arterial spin labelling as a different measure of brain function
may help parse out the less consistent relationships seen here.
Future studies should also aim to investigate the 'H-MRS x
fMRI relationship in further psychiatric disorders that feature
glutamatergic or GABAergic abnormalities, such as autism
spectrum disorder (ASD). Abnormalities in excitation-inhibition
balance are well-known and characterised in individuals in ASD
(84, 85), where reduced neural activity in corticostriatal circuits
have been proposed (86, 87) to be linked to the reduction of
striatal glutamate (85). However, further investigation of these
hypotheses and the nature of the neurochemical-neurofunctional
relationship in ASD is required. Finally, capitalising on the
findings presented here, future studies in psychiatric populations
such as schizophrenia patients may modulate metabolite levels
such as glutamate to test whether neurofunction can be
modulated as a result.

CONCLUSIONS

The significant expansion of studies combining multi-modal
'H-MRS and fMRI in recent years has enabled more detailed
examination of the interactions between neurochemistry and
neurophysiology in the healthy brain. These studies have
shown robust negative correlations between GABA levels and
local activation in regions such as the occipital cortex and
ACC, and positive correlations between glutamate levels and
activation in distal regions. These findings have implications for
our understanding of pathophysiology of psychiatric disorders
such as schizophrenia, a field in which studies combining
'H-MRS and fMRI are burgeoning in recent years. In this
context, findings from multimodal studies may provide key
insights into the neurobiology of schizophrenia not only by
informing how the interplay between neurochemistry and
neurophysiology may be altered prior and across disease stages,
but also by their translational potential to elucidate whether
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The blood oxygen level dependent (BOLD) effect that provides the contrast in functional
magnetic resonance imaging (fMRI) has been demonstrated to affect the linewidth of
spectral peaks as measured with magnetic resonance spectroscopy (MRS) and through
this, may be used as an indirect measure of cerebral blood flow related to neural activity.
By acquiring MR-spectra interleaved with frames without water suppression, it may be
possible to image the BOLD effect and associated metabolic changes simultaneously
through changes in the linewidth of the unsuppressed water peak. The purpose of
this study was to implement this approach with the MEGA-PRESS sequence, widely
considered to be the standard sequence for quantitative measurement of GABA at
field strengths of 3T and lower, to observe how changes in both glutamate (measured
as Glx) and GABA levels may relate to changes due to the BOLD effect. MR-spectra
and fMRI were acquired from the occipital cortex (OCC) of 20 healthy participants
whilst undergoing intrascanner visual stimulation in the form of a red and black radial
checkerboard, alternating at 8Hz, in 90's blocks comprising 30s of visual stimulation
followed by 60 s of rest. Results show very strong agreement between the changes in the
linewidth of the unsuppressed water signal and the canonical haemodynamic response
function as well as a strong, negative, but not statistically significant, correlation with
the Gix signal as measured from the OFF spectra in MEGA-PRESS pairs. Findings from
this experiment suggest that the unsuppressed water signal provides a reliable measure
of the BOLD effect and that correlations with associated changes in GABA and Gix
levels may also be measured. However, discrepancies between metabolite levels as
measured from the difference and OFF spectra raise questions regarding the reliability of
the respective methods.
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INTRODUCTION

Performing magnetic resonance spectroscopy (MRS) in a time-
resolved or functional manner makes it an ideal complement
to functional magnetic resonance imaging (fMRI) in that it has
the potential to allow patterns of neural activity to be related to
associated biochemical events. Due to their roles as the principal
excitatory and inhibitory neurotransmitters in the human brain,
functional MRS studies have largely focused on dynamic changes
in glutamate, or a composite signal of glutamate and glutamine
denoted “Glx,” and y-aminobutyric acid (GABA) levels. To date,
functional spectroscopy paradigms have been used to measure
increases in glutamate and lactate in the occipital cortex (OCC)
in response to visual stimulation (Mangia et al., 2006, 2007; Lin
etal., 2012; Schaller et al., 2013; Bednarik et al., 2015; Mekle et al.,
2017; Boillat et al., 2019), changes in glutamate in the anterior
cingulate cortex (ACC) and insula in response to pain (Mullins
et al., 2005; Gussew et al., 2010; Gutzeit et al., 2011; Cleve et al.,
2017) as well as dynamic changes in GABA in the sensorimotor
cortex in response to learning (Floyer-Lea et al., 2006) and in the
dorsolateral prefrontal cortex (DLPFC) under a working memory
task (Michels et al., 2012).

Activity within a neural circuit may be characterized in
terms of the balance of excitatory and inhibitory inputs to the
circuit, commonly referred to as the excitation-inhibition balance
(Denéve and Machens, 2016; Jardri et al.,, 2016). As Isaacson
and Scanziani (2011) illustrate, inhibition plays a critical role
in shaping spontaneous and sensory-evoked cortical activity,
placing a particular importance on the ability to quantify GABA
in understanding the relationship between neural activity and
the excitation-inhibition balance. Furthermore, where glutamate
serves a myriad of functions in addition to its role as a
neurotransmitter, including its roles in energy metabolism,
protein synthesis and as a precursor to GABA (Agarwal and
Renshaw, 2012; Mangia et al., 2012), in the brain GABA is
almost exclusively a neurotransmitter, suggesting that changes
in GABA levels as measured with MRS are likely to be more
closely related to changes in the excitation-inhibition balance and
synaptic transmission.

As challenging as it may be to investigate relationships
between neural activity and glutamate or Glx, investigating
relationships with GABA are further complicated by factors
such as the relatively low biological concentration of GABA
and significant spectral overlap with other more abundant
metabolites. At lower field strengths (i.e, <3T) many
spectroscopy sequences may not sufficiently resolve GABA
signals for accurate quantification (Gussew et al., 2010;
Siniatchkin et al.,, 2012; Apsvalka et al., 2015). The MEGA-PRESS
(MEscher-GArwood Point RESolved Spectroscopy) sequence
(Mescher et al., 1998), widely considered to be the standard
for performing MRS of GABA at field strengths of 3T or less
(Mullins et al., 2014), may facilitate accurate quantification of
GABA, but requires the acquisition of two interleaved spectral
datasets: one with a frequency selective editing pulse (“ON”
spectrum) and one without (“OFF” spectrum) to create a
difference spectrum, effectively reducing temporal resolution
and complicating its implementation for functional paradigms.

Despite the usefulness of functional MRS, many
implementations give no indication of neural activity or
how it relates to changes in measured metabolite levels.
Similarly, the blood oxygen level dependent (BOLD) effect that
provides the contrast used in BOLD-fMRI provides a measure
of changes in cerebral blood flow, which infers neural activity,
but says little about its nature. However, the BOLD effect also
induces a decrease in Rj rate, i.e., the inverse of T5, resulting in
a decrease in linewidth and increase in height of spectral peaks
(Just, 2020). Previous studies have utilized this phenomenon as
an indirect measurement of the BOLD effect through changes
in the linewidth of an unsuppressed water signal (Hennig et al.,
1994; Frahm et al., 1996; Zhu and Chen, 2001). By interleaving
spectral frames with and without water suppression, Apsvalka
et al. (2015) demonstrated that it may be possible to exploit this
effect to perform functional measurement of both the BOLD
effect and related changes in Glx levels simultaneously.

The purpose of this study was to implement this approach
with a GABA specific MEGA-PRESS sequence at 3 T, effectively
permitting simultaneous functional imaging of the BOLD effect
and changes in both Glx and GABA levels with the linewidth
of the unsuppressed water signal as an indirect measure of the
BOLD effect. MR-spectra were acquired from the occipital cortex
(OCC) in response to visual stimulation in the form of a red-
black radial checkerboard, alternating at a frequency of 8 Hz,
a stimulation paradigm previously demonstrated to induce a
measurable positive BOLD response (Kwong et al., 1992; Ogawa
et al., 1992) and metabolic changes in the OCC (Mangia et al.,
2006, 2007; Ip et al., 2017; Boillat et al., 2019). Previous studies
suggest that visual stimulation will induce a measurable increase
in Glx levels (Mangia et al., 2006, 2007; Ip et al., 2017; Boillat et al.,
2019) and a possible decrease in GABA levels (Lin et al., 2012;
Bednarik et al., 2015; Mekle et al., 2017). Assessment of activity
through BOLD related linewidth changes predicts a significant
difference in the linewidth of the unsuppressed water signal
between spectra acquired during stimulation and at rest.

MATERIALS AND METHODS

This study was conducted under regional review board approved
protocols (REK-Vest, REK case number 2016/1629) with written
informed consent from all participants.

Participants

The participant group for this study comprised 20 healthy
individuals (mean age: 29 years, range: 20-40 years, 11 male).
Based on self-report, participants were free from psychiatric
and neurological conditions, and not currently using any
psychoactive/psychotropic substances.

MR-Imaging and Spectroscopy

All imaging and spectroscopy was performed on a 3T GE
750 Discovery Scanner from GE Healthcare (General Electric,
Milwaukee, United States of America) using a standard 8-
channel head coil from Invivo (Invivo corp., Gainsville, Florida,
United States of America).
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FIGURE 1 | Voxel placement in the midline OCC in coronal (left), sagittal (middle), and axial (right) views.
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FIGURE 2 | Experimental design showing one 90 s round of a 30's active
block (red) and 60 s rest block (blue). MEGA-PRESS spectra acquired with
water suppression and editing pulse (“ON,” blue), with water suppression and
without editing pulse (“OFF,” dark blue), and without water suppression or
editing pulse (“REF” light blue). fMRI volumes acquired continuously with one
volume acquired every 3's (green).

FIGURE 3 | Radial red and black checkerboard used for visual stimulation.

Following a 3-plane localiser sequence (2D Spin Echo,
TE =80ms, FOV = 240mm, slice thickness = 8 mm, slice
spacing = 15 mm) structural anatomical imaging was performed
using a 3D T1 weighted fast spoiled gradient sequence (number
of slices =192, slice thickness 1.0mm, repetition time
(TR) = 7.8 ms, echo time (TE) = 2.95 ms, field of view = 260 x
260 mm?, flip angle = 14 degrees, matrix = 256 x 256). These

structural images were used to position a 31 x 26 x 24 mm? voxel
in the midline occipital cortex, across the longitudinal fissure and
angled parallel to the parieto-occipital sulcus (Figure 1).

Spectroscopy was performed using a GABA-specific MEGA-
PRESS sequence (Mescher et al., 1998) (TE/TR = 68/1500 ms,
editing pulses at 1.9 and 7.5 ppm) consisting of 600 spectral
frames for a total acquisition time of 15min and 30s with an
additional 16 frames acquired without water suppression to be
used for scaling in quantitative metabolite estimates. Shimming,
RF calibration and frequency adjustment were performed using
an automated pre-scan prior to each spectral acquisition,
providing a measure of the linewidth of the unsuppressed water
signal that would be used in assessment of spectral quality.
Spectra were acquired in groups of six spectral frames, first
with water suppression and the MEGA-editing refocusing pulse
(“ON”), secondly with water suppression and without the editing
pulse (“OFF”), and thirdly without the editing pulse and without
water suppression (“REF”), then with the ON and OFF spectra
acquired in reverse order before the next reference frame (i.e.,
ON—OFF—REF—OFF—ON—REF repeated, Figure 2).

Following spectroscopy, BOLD-fMRI was performed using an
echo-planar imaging (EPI) sequence (TR = 3000 ms, TE = 30 ms,
image matrix = 96 x 96, FOV = 220 mm, flip angle = 90°,
slice thickness = 3.0 mm, slice spacing 0.5 mm) with the same
visual stimulation parameters, also for a total of 15 min and 30s.
In order to minimize the effects of thermal frequency drift on
spectra, fMRI data were acquired after MRS for all participants.

Visual stimulation was delivered to participants through a
set of MR-compatible binocular video goggles (NordicNeurolab
Inc., Bergen, Norway) as an alternating, red-black, radial
checkerboard (Figure 3) flickering at 8 Hz. Stimulation was
delivered in blocks of 30 s followed by 1 min of a white fixation
cross on black background, repeated for 8 blocks, with 2 min
of fixation cross presented before the first and after the final
stimulus presentation.

Spectral Analysis

Following zero and first order phase correction, coil combination
and frequency alignment, ON and OFF pairs were combined to
produce MEGA-PRESS difference spectra providing quantitative
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FIGURE 4 | Upper: Voxel placement (blue) and activation map (red) in one participant. Lower: fMRI time course of same participant showing % signal change.
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FIGURE 5 | Time resolved analysis of changes in FWHM of unsuppressed water signal compared to predicted BOLD response between active blocks (gray
background) and rest (white background). Zero line indicates average linewidth during rest blocks.

estimates of Glx, GABA, and NAA. MEGA-PRESS OFF spectra
were used to provide quantitative estimates of Glx, NAA,
Creatine, Choline, lactate and glucose, equivalent to a PRESS
sequence with TE = 68 ms. For each participant, four spectra
were produced, a difference and OFF spectrum containing all
frames acquired during visual stimulation blocks, referred to
as the “Active” condition, and a difference and OFF spectrum
containing all frames acquired as the white fixation cross was
present, referred to as the “Rest” condition (Figure 2).
Quantitative spectral analysis was performed with LCModel
(version 6.3-1]) (Provencher, 1993, 2001) using a simulated basis
set (Dydak et al., 2011) with Kaiser coupling constants (Kaiser
et al., 2008) to provide quantitative estimates of Glx, GABA
and N-acetyl aspartate (NAA) from the MEGA-PRESS difference
spectra, and from the OFF spectra in the MEGA-PRESS pairs: Glx

(GIx OFF), NAA (NAA OFF), creatine (Cr OFF), choline (Cho
OFF), lactate (Lac OFF), and glucose (Glc OFF).

It is important to note that when performing MEGA-
edited GABA spectroscopy, co-edited macromolecule resonances
contaminate the GABA signal. Thus, when referring to GABA as
measured with a MEGA-PRESS sequence in this study, this refers
to both GABA and the co-edited macromolecule (Edden et al.,
2012).

Unsuppressed Water Signal Analysis

In order to investigate how changes in the linewidth of the
unsuppressed water signal relate to the haemodynamic response
function (HRF), and how they may be used as a proxy measure
of neural activity in the same manner as BOLD-fMRI, a response
curve was constructed as a time course of the response for each
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TABLE 1 | Metabolite estimates and Cramér-Rao lower bounds (%SD) for the active and rest conditions (Mean, SD) with results of repeated-measures t-tests.

Metabolite Active (IU) Active %SD Rest (IU) Rest %SD Mean of the difference t P

GABA 0.89 (0.33) 18.27 (11.64) 0.92 (0.32) 18.18 (14.87) -0.02 -0.39 0.71
Glx 3.82 (0.30) 8.36 (2.50) 3.90 (0.25) 7.45 (3.17) —0.08 -0.75 0.47
NAA 6.03 (0.60) 1.64 (0.50) 6.23 (0.78) 1.36 (0.50) -0.20 —1.43 0.18
Glx OFF 8.91 (2.68) 11.18 (11.91) 9.05 (2.02) 8.91 (4.46) -0.14 —0.46 0.65
NAA OFF 14.22 (4.16) 2.00 (2.05) 14.14 (4.18) 1.91 (2.07) 0.08 0.77 0.45
Cr 9.08 (0.93) 4.71 (0.90) 8.98 (0.74) 4.67 (0.74) 0.09 1.22 0.25
Cho 1.53 (0.23) 1.84 (6.11) 1.51(0.20) 0.45 (1.51) 0.02 0.92 0.38
Lac 0.67 (0.71) 304.64 (446.44) 0.31(0.33) 282.00 (365.40) 0.36 1.53 0.16
Glc 2.79 (0.51) 19.45 (4.03) 2.66 (0.92) 22.00 (8.10) 0.13 0.76 0.46

TABLE 2 | Correlation matrix for differences between active and rest for linewidth of the unsuppressed water signal (H,O) and measured metabolites.

Correlation (Pearson’s r)

H,0 GABA Gilx NAA Glx OFF NAA OFF Cr Cho Lac Glc
H>O 1.00
GABA 0.40 1.00
Glx 0.14 -0.25 1.00
NAA —0.06 —0.60 0.76 1.00
GIx OFF —0.66 —0.56 0.29 0.37 1.00
NAA OFF 0.15 0.39 —0.23 —0.19 —0.38 1.00
Cr 0.51 -0.25 -0.19 —0.04 -0.27 0.18 1.00
Cho 0.53 -0.15 —0.33 —0.05 —0.37 0.02 0.86 1.00
Lac —0.08 0.01 -0.17 —0.07 0.33 —0.04 0.05 0.22 1.00
Glc 0.08 0.66 0.10 -0.18 -0.28 0.06 —0.48 —0.22 0.23 1.00

p-values (lower) and FDR-adjusted p-values (upper)

H>O 0.93 0.95 0.31 0.93 0.62 0.62 0.95 0.95
GABA 0.48 0.54 0.83 0.91 0.93 0.99 0.31
Glx 0.68 0.15 0.91 0.91 0.91 0.91 0.91 0.95
NAA 0.87 0.05 0.83 0.91 0.95 0.95 0.95 0.91
GIx OFF 0.03 0.07 0.38 0.83

NAA OFF 0.67 0.24 0.49 0.58

Cr 0.11 0.46 0.58 0.90

Cho 0.10 0.65 0.33 0.89

Lac 0.82 0.99 0.61 0.84

Glc 0.81 0.03 0.78 0.60

stimulation block for each subject based on a method previously ~ Statistical Parametrical Mapping software toolkit version 12
used by Brix et al. (2017) for investigating reproducibility of  (SPM12, http://www fil.ion.ucl.ac.uk/spm/).
GABA measurements.
Linewidth was measured as the full-width at half-maximum  fMRI Analysis
(FWHM) in Hz. The time course was constructed using a  Prior to analysis, all fMRI volumes acquired using the EPI
Gaussian-weighted combination of between 60 and 100 time  sequence were converted from DICOM to NIfTT format
points of the FWHM of the unsuppressed water signal to produce  using the dcm2nii program (http://people.cas.sc.edu/rorden/
a curve reflecting the change in FWHM of the unsuppressed  mricron/dcm2nii.html). Pre-processing of the converted images
water signal over the course of each 90s stimulation block,  was performed using the Matlab/SPM based toolbox CONN
including both active and rest periods. (Whitfield-Gabrieli and Nieto-Castanon, 2012). Volumes were
Correlation was performed between the time courses for  realigned to the first volume in each set and unwarped to correct
unsuppressed water FWHM and the task model convolved with  for subject motion (Friston et al., 1995) then spatially normalized
a canonical haemodynamic response function (HRF) from the  to an EPI template based on the Montreal Neurological Institute
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FIGURE 7 | Correlation plot depicting differences in linewidth of unsuppressed
water signal (H2O) and all measured metabolites.

(MNI) standard reference brain (Evans et al., 1992). Images
were finally smoothed through spatial convolution with a 5mm
Gaussian kernel.

Following pre-processing, beta values (i.e., parameter
estimates in the general linear model) were extracted from a
region of interest defined by a mask based on the placement of
the spectroscopy voxel for each participant, using an in-house
script drawing on the tools for NIfIT and ANALYZE image
toolbox (https://se.mathworks.com/matlabcentral/fileexchange/
8797-tools-for-nifti-and-analyze-image).

Statistical Analyses

All statistical analyses were performed using R (R Development
Core Team, 2020). Repeated measures t-tests were performed
comparing the measured linewidth of the unsuppressed water
signal (i.e., the measured difference, not subject to convolution
with the HRF) and LCModel estimates for each of the
measured metabolites between the rest and active conditions for
each participant.

In order to investigate how changes in metabolite levels may
relate both to one another and to changes in the local BOLD
response, particularly with respect to the excitation/inhibition
balance and Glx and GABA levels within the region (Isaacson
and Scanziani, 2011), a correlation analysis was performed on the
differences in all measured metabolite levels and the difference in
unsuppressed water signal linewidth changes as measured (i.e.,
not subject to convolution with the HRF) between the active and
rest blocks. Given the multiple comparisons performed as part
of the correlation matrix, p-values for the correlation analysis
were adjusted for using the false discovery rate (FDR) method
(Benjamini and Hochberg, 1995; Benjamini and Yekutieli, 2001)
as part of the p.adjust function in the R base package. Significance

was tested at o = 0.05, results were considered statistically
significant if the FDR adjusted p-value was <0.05.

RESULTS

Due to poor quality data or withdrawal before fMRI data could
be acquired, four participants were excluded from fMRI analyses.
The resulting participant group for the fMRI analysis component
comprised 16 individuals (mean age: 29 years, range: 20-40 years,
10 male).

The fMRI data showed that the visual stimulation paradigm
used elicited a positive BOLD response within the region of
interest (Figure 4) with a mean difference in intensity between
the active and rest blocks that was statistically significant [t(15)
=6.62, p < 0.001].

Figure5 depicts the changes in the FWHM of the
unsuppressed water signal reconstructed as a time-resolved
curve. Linewidth changes in the unsuppressed water signal
showed a very strong correlation between the group average of
time courses for unsuppressed water FWHM and the task model
convolved with a canonical haemodynamic response function
(HRF) and the predicted haemodynamic response (r = —0.98, p
< 0.001) with a mean change in FWHM between the active and
rest blocks of 1.2%.

Prior to statistical analysis, spectral quality was assessed based
on FWHM of the unsuppressed water peak measured during
the automated prescan and Cramér-Rao lower bounds (%SD)
for quantitative estimates provided by LCModel. Spectra with a
prescan FWHM >12Hz and %SD for GABA, Glx or Glx OFF
great than or equal to 50 were excluded from further analyses.
The resulting participant group for the MRS analysis comprised
11 individuals (mean age: 30 years, range: 21-40, seven male).

Repeated measures t-tests revealed no significant difference
between the active and rest conditions for the linewidth of the
unsuppressed water signal as it was measured [¢(10) = 0.09,
p =0.92]. There were also no significant changes in GABA
[£(10) = —0.39, p = 0.71] or Glx levels whether measured from
the difference spectra [t(10) = —0.75, p = 0.47] or the OFF
spectra [t(10) = —0.46, p = 0.66] (Figure 6). Differences were
found in NAA levels as measured from the difference spectrum
[£(10) = —1.43, p = 0.18] but did not reach statistical significance
at the @ = 0.05 level. Full results from the repeated measures
t-tests are presented in Table 1.

Correlation analysis of the differences between the active and
rest blocks revealed a moderate negative correlation between the
change in the measured water peak linewidth and the change in
Glx as measured from the OFF spectra (r = —0.66, p = 0.03,
FDR adjusted p = 0.31) but not from the difference spectra
(r = 0.14, p = 0.67, FDR adjusted p = 0.93). Correlations
were also observed between GABA levels as measured from the
difference spectra and NAA (r = —0.60, p = 0.05, FDR adjusted
p = 0.48) and glucose (r = 0.66, p = 0.03, FDR adjusted p =
0.31), and a moderate negative correlation was observed between
GABA and Glx as measured from the OFF spectra (r = —0.56,
p = 0.07, FDR adjusted p = 0.54). However, none of these
correlations were statistically significant when accounting for
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multiple comparisons. Full results from the correlation analysis
are provided in Table 2 and depicted graphically in a correlation
plot in Figure 7.

DISCUSSION

The purpose of this study was to determine whether a MEGA-
PRESS sequence, modified to include spectral frames without
water suppression, could be used to perform simultaneous
measurement of the BOLD effect and associated metabolic
changes. This implementation is based on one previously used
by Apsvalka et al. (2015) with a PRESS sequence (TE/TR =
105/1500 ms) for simultaneous measurement of the BOLD effect
and glutamate dynamics in response to a repetition suppression
paradigm. The advantage to this implementation with a MEGA-
PRESS sequence is the ability to measure both GABA and
glutamate (as Glx) dynamics at a field strength of 3T. The
results show that the unsuppressed water signal provides a
reliable measure of the BOLD effect, and the experimental
design and analysis methods used allow differences in the
water signal linewidth and differences in metabolite levels to
be assessed in terms of how they correlated with one another.
However, this study also illustrates a number of problems
regarding the use of spectral editing methods in functional
spectroscopy paradigms.

One of the issues adversely affecting this this study was the
amount of data that had to be excluded from analysis as part
of the MRS component. Though 20 participants were scanned,
nine were excluded from final analyses, mostly due to large errors
surrounding metabolite estimates. Though small, this number is
comparable to other, similar studies employing fMRS paradigms
(e.g., N =13 (Apsvalka et al., 2015), N = 13 (Kupers et al., 2009),
N = 12 (Mullins et al., 2005). A power analysis conducted with
G*power (Faul et al., 2009) found that the correlation analysis
component of this study had sufficient power to detect a medium
to strong effect (for d > 0.6, 1-f = 0.74, « = 0.05). However,
for changes in Glx and GABA in the OCC in response to visual
stimulation, the effect may be much smaller.

According to both the fMRI acquisition and the changes in the
FWHM of the unsuppressed water signal, the visual stimulation
paradigm used in this experiment was able to elicit a BOLD effect
in the area of interest (Figure 4). The agreement between the
changes in FWHM over the course of a 90 s experimental block
and the modeled response show that the unsuppressed water
signal provides a reliable measure of the BOLD effect (Figure 5),
echoing the findings of Frahm et al. (1996) and Hennig et al.
(1994) who, in the early days of fMRI suggested that it could
be a useful alternative on systems where appropriate imaging
sequences could not be implemented.

Despite this, measuring changes in spectral linewidth offers
little advantage over conventional BOLD-fMRI in measuring
haemodynamic responses. The advantage to this method was
the ability to measure both the BOLD response and associated
metabolic changes. The repeated measures t-tests revealed no
significant changes between the rest and active conditions, and
while the correlation analysis similarly revealed no statistically

significant correlations when adjusted for multiple comparisons,
a number of the finds warrant further discussion.

The observed correlation between the change in water signal
linewidth and Glx OFF is consistent with many of the common
findings from both fMRS and combined fMRI/MRS studies that
glutamate or Glx levels correlate positively with a positive BOLD
signal or a task/stimulus positive condition (Mullins et al., 2005;
Mangia et al., 2007; Gussew et al., 2010; Lin et al., 2012; Aps$valka
et al.,, 2015; Bednarik et al., 2015; Cleve et al,, 2015; Ip et al,,
2017). It is worth bearing in mind that the linewidth of the water
signal is expected to decrease as a result of the BOLD effect,
hence the negative correlation. What is interesting, however,
is that the correlation was only observed in the Glx signal as
measured from the MEGA-PRESS OFF spectrum, and not from
the difference spectrum.

Although previous studies have found the MEGA-PRESS
sequence to be comparable to standard short echo time
PRESS sequences for quantitative estimates of the Glx signal
(Henry et al, 2011), the presence of such a strong, positive
correlation between Glx measured from the OFF spectra but
not from the difference spectra raises questions regarding
both the accuracy and sensitivity of the two approaches
to quantifying Glx when using the MEGA-PRESS sequence.
Maddock et al. (2018) compared the two measurements of
the Glx signal, ie., from the difference and OFF spectra
from a MEGA-PRESS sequence (TE/TR = 68/1500 ms), with
the Glx signal from a glutamate optimized PRESS sequence
(TE/TR = 80/1500 ms) and found that in healthy participants,
Glx measured from the OFF spectra correlated much more
strongly (r > 0.88) than the difference spectra (r < 0.36)
with the PRESS measurements. This discrepancy suggests that
difference spectra may not be as sensitive to dynamic changes in
metabolite levels as unedited spectra, but as there is no alternative
measure for GABA in the OFF-spectra, there is insufficient
evidence to determine how it applies to GABA in this study.
It is possible that the reduced amount of spectral information
available in the difference spectrum makes it less sensitive to
dynamic changes.

In addition to being considered the optimal method for
quantitative measures of GABA at field strengths of 3T and
lower, the findings of Mullins (2018) suggest that another
benefit to measuring GABA with the MEGA-PRESS sequence,
particularly in a functional capacity, may be the ability to
distinguish synaptic GABA from vesicular GABA. Due to
restrictions on their ability to tumble and move when packaged
in synaptic vesicles, vesicular neurotransmitters may have a
shorter T time than neurotransmitters in the cytosol or synapse.
Using short echo time sequences (i.e., <15ms) such as those
frequently used with STEAM sequences and similar at 7T, the
measurement of neurotransmitters such as glutamate and GABA
include contributions from both the vesicular and synaptic
compartments, whereas with a longer echo time sequence,
vesicular neurotransmitter signals may have dephased to the
extent that they no longer contribute significantly to the
measured signal. Thus, measurements performed with longer
echo time sequences may more accurately reflect changes related
to GABAergic synaptic transmission.
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Though not statistically significant when adjusted for multiple
comparisons, it is worth noting that a negative correlation was
observed between Glx OFF and GABA (r = —0.56, p = 0.07,
FDR adjusted p = 0.54). This observation is also consistent with
previous studies finding that GABA levels correlate negatively
with BOLD or a task/stimulus positive condition (Lin et al,
2012; Bednarik et al., 2015; Cleve et al., 2015; Chen et al., 2017;
Just and Sonnay, 2017; Mekle et al., 2017) but further suggest
a relationship between glutamate and GABA within neural
circuits. GABA levels did not show a statistically significant
correlation with the FWHM of the water signal, though the
differences between Glx signals from the difference and OFF
spectra suggest that in a similar fashion, the difference spectrum
lacks sufficient spectral information to detect changes with
sensitivity comparable to the OFF spectra. Options for measuring
GABA in a functional manner at 3 T without spectral editing do
exist, such as the STEAM sequence (TE = 20 ms) as used by
Kupers et al. (2009) and SPECIAL sequence (TE = 8.5 ms) used
by Kiihn et al. (2016), both of which were able to measure large,
significant changes in GABA in the ACC. In light of the issues
raised by this study, they may provide a promising alternative
for functional imaging of the BOLD effect and metabolic changes
and their use warrants further investigation. However, as stated
previously, short echo time sequences may include contributions
from vesicular, cytosolic and synaptic GABA, making them less
sensitive to compartmental changes in GABA.

The visual stimulation paradigm used in this study was chosen
as previous studies have shown it to unambiguously produce a
positive BOLD response in the visual cortex, a part of the brain
ideal for fMRS experiments as it typically allows placement of
a large voxel away from areas of air, bone or fluid that typically
contribute to spectral artifacts, and it is typically associated with
an increase in glutamate or Glx levels (Mangia et al., 2007;
Bednarik et al., 2015; Ip et al, 2017), and decrease in GABA
levels (Lin et al., 2012; Mekle et al, 2017). In this study, the
MRS voxel was placed in the midline occipital cortex, crossing
the longitudinal fissure. It was believed that placing a large voxel
in this location would help increase signal-to-noise ratio, and
improve spectral quality, however, as can be seen in Figure 4, the
positive BOLD signal from an individual participant does not fill
the entire voxel. As Just (2020) states, one of the critical issues
in determining BOLD responses is positioning of the voxel with
respect to the activated area. It is possible that blind placement
of the voxel lead to some participants having less positive BOLD
signal generated in the MRS voxel. Future studies may benefit
from voxel placement guided by fMRI. This was not performed
in the present study because it was believed that performing fMRI
before MRS could adversely affect the MRS component due to
thermal frequency drift.

Taken together, the absence of any statistically significant
differences according to the repeated measures t-tests suggest
that it is possible that no consistent changes were observed
between the active and rest conditions due to differences in
the amount of activity within the spectroscopy voxel across
participants. However, the correlation analysis suggests that for
those participants in which there was a haemodynamic response
within the spectroscopy voxel that was able to elicit a measurable

change in the linewidth of the unsuppressed water peak, there
were corresponding metabolic changes. However, this represents
only a portion of an already limited sample, and lacks statistical
power for reliable conclusions to be drawn.

The main difference between the present study and others
in which a change in either Glx or GABA was measured in
response to a similar visual stimulation paradigm is firstly that the
majority of these studies were conducted using 7 T scanners, and
secondly that, with the exception of Ip et al. (2017), participants
viewed stimulation in blocks of at least 5 min. The theory behind
the shorter, 30s blocks used in this experiment was that it
would be possible to disentangle metabolic changes related to
synaptic transmission from changes related to shifts in energy
metabolism and possibly the effects of long term potentiation
that may be seen with longer stimulation blocks. The absence of
any significant measured change in GIx levels between the active
and rest blocks in this study suggests that the more consistently
measured changes in glutamate or Glx levels measured in other
studies represent changes in energy metabolism, but make it
difficult to evaluate the performance of the modified MEGA-
PRESS technique. It is possible that a longer stimulation block
may have elicited a more significant response in the measured
Glx levels, however, visual stimulation may not be the optimal
form of stimulation for inducing a large, measurable change in
neurotransmitter levels.

Mullins (2018) illustrates that with regard to changes in
glutamate or Glx in fMRS studies, larger changes were observed
in event-related paradigms 13.429% (£3.59) compared to block
designs 4.749% (£1.45%) and of those stimuli that elicited a
metabolic response, visual stimuli elicited the smallest response,
with a mean glutamate increase of 2.318% (£1.227%) with
painful stimuli eliciting the largest change 14.458% (£3.736%).
This observation holds for MRS studies into GABA changes as
well, with studies using some form of pain stimulus recording
~15% changes in GABA in the anterior cingulate cortex (ACC)
(Kupers et al.,, 2009; Cleve et al., 2017) compared to a ~5%
change measured with visual stimulation in the OCC (Mekle
etal, 2017). Kithn et al. (2016), in a study measuring changes in
the ACC in response to an interference task, namely the Stroop
task, measured an 18% increase in GABA in the ACC between
the pre-task and task windows. It is possible that the changes
in both glutamate and GABA related to synaptic transmission
are transient, and that these short-lived changes are diluted
when averaging over the entire block. Unfortunately there were
too few stimulation blocks per participant for the data to be
analyzed as an event-related design. Future studies in evaluating
fMRS methods for detecting changes in GABA levels may benefit
from implementing event-related or hybrid event-related/block
designs where possible.

Finally, one of the fundamental problems facing functional
spectroscopy is that of how to disentangle the BOLD effect on
spectral linewidth from its consequences on quantitative spectral
analysis. It has been established that the BOLD effect affects all
peaks in an MR-spectra, not just the unsuppressed water signal,
and that this may lead to an overestimation in metabolite levels in
quantitative analyses (Zhu and Chen, 2001; Mangia et al., 2006;
Bednarik et al., 2015; Ip et al., 2017) and should be corrected
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for. Creatine is noted for being particularly stable under normal
physiological conditions, so much so that metabolite levels are
often reported as a ratio relative to creatine (Stagg and Rothman,
2014), a practice that has attracted some criticism as creatine has
been shown to be affected in some pathologies as well as being
susceptible to the influence of sex hormones (Hjelmervik et al.,
2018). Apsvalka et al. (2015) and Mullins et al. (2005) suggest that
because no statistically significant change in the concentration
of creatine, nor total NAA or choline, was measured in their
study, the significant differences in glutamate measured represent
a genuine change rather than a generalized effect. Bednarik et al.
(2015) and Ip et al. (2017), under the assumption that levels
of total creatine should remain stable across changes in neural
activity, used the change in the FWHM of the creatine signal
between active and rest conditions as a correction factor for
the other measured metabolites. Similarly, Mangia et al. (2007)
used the difference between spectra acquired during rest and
stimulation to calculate a line-broadening correction function to
be applied to spectra acquired during the stimulation conditions.

Many of the suggested correction factors for BOLD
interference, however, are applied generally and do not
account for how the BOLD effect may affect different metabolite
signals to different degrees. Zhu and Chen (2001) show the
larger, singlet peaks typically found in an MR-spectrum, such as
those from creatine, choline and NAA, to be more susceptible
to BOLD interference than the smaller multiplets from GABA
and Glx. Given the absence of significant correlation between the
difference in creatine and choline levels and the change in BOLD
signal, there is insufficient evidence to conclude that the BOLD
effect has significantly interfered with quantitative analyses. The
experimental results are presented as they were measured with
the caveat that no correction has been applied and that while
significant interference from the BOLD effect appears unlikely it
cannot be ruled out entirely.

In conclusion, the modified MEGA-PRESS sequence
presented here provides a reliable measure of the BOLD effect
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United States

Schizophrenia is a severe mental illness with visual learning and memory deficits, and
reduced long term potentiation (LTP) may underlie these impairments. Recent human
fMRI and EEG studies have assessed visual plasticity that was induced with high
frequency visual stimulation, which is thought to mimic an LTP-like phenomenon. This
study investigated the differences in visual plasticity in participants with schizophrenia
and healthy controls. An fMRI visual plasticity paradigm was implemented, and proton
magnetic resonance spectroscopy data were acquired to determine whether baseline
resting levels of glutamatergic and GABA metabolites were related to visual plasticity
response. Adults with schizophrenia did not demonstrate visual plasticity after family-wise
error correction; whereas, the healthy control group did. There was a significant regional
difference in visual plasticity in the left visual cortical area V2 when assessing group
differences, and baseline GABA levels were associated with this specific ROl in the SZ
group only. Overall, this study suggests that visual plasticity is altered in schizophrenia
and related to basal GABA levels.

Keywords: visual plasticity, schizophrenia, fMRI, GABA, glutamate, healthy adults, magnetic resonance
spectroscopy

INTRODUCTION

Schizophrenia (SZ) is a severe psychiatric illness with well-documented visual learning and
processing deficits (1-3), which may be due to alterations in long-term potentiation (LTP). LTP is
a basic cellular plasticity mechanism underlying learning and memory, and it has been previously
studied in a variety of regions including the hippocampus and visual cortex using high frequency
electrical or visual stimulation, respectively (4-7). Clapp et al. adapted a visual plasticity paradigm
that employed low and high frequency stimulation known to induce LTP-like changes in rodents
and successfully tested the paradigm in healthy adults using EEG and fMRI. In these studies,
increased visual evoked potentials (8) or increased fMRI BOLD activation (9) were observed
following high frequency stimulation, which was similar to previous animal studies. A similar visual
plasticity paradigm has been used in several other studies in healthy adults and shown elevations in
visual evoked potentials or fMRI BOLD activation post-high frequency stimulation (10, 11) as well
as a variable response in fMRI BOLD activation post-high frequency stimulation (12).

Several studies have utilized visual paradigms to assess visual plasticity in adults with SZ vs.
healthy controls using EEG. Cavus et al. demonstrated impaired visual cortical plasticity in adults
with SZ compared to healthy controls as evidenced by a lack of persistent visual evoked potentials
in the visual cortex post-high frequency stimulation (13). In a study where participants were given
D-cycloserine or placebo, exploratory analyses by Forsyth et al. (14) showed impaired visual evoked
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potentials post-high frequency stimulation in adults with SZ who
received placebo compared to healthy controls who received
placebo. The visual plasticity response in the SZ group did
not change with administration of 100 mg of D-cycloserine.
D’Souza et al. reported an LTP-like enhancement with a dose
of a glycine transporter-1 (~75% occupancy) in adults with SZ
(15). Another study by Wynn et al. demonstrated a plasticity
effect (visual evoked potential post-high frequency stimulation)
in both healthy controls and adults with SZ; however, the groups
were not significantly different (16). In other visual paradigms
that employed monocular deprivation or sensory adaption,
adults with SZ have significantly reduced visual evoked potential
amplitudes compared to controls (17, 18). Thus, in the literature
to date, there appears to be mixed results regarding whether
visual plasticity is impaired in SZ.

Glutamate, the primary excitatory neurotransmitter in the
human brain, is significantly involved in LTP such that it
modulates NMDA receptors, which triggers a cascade of events
leading to a long-lasting increase in signal transmission between
neurons (4, 19). Currently, in humans, the only non-invasive
methodology to quantify glutamatergic metabolites in vivo is
proton magnetic resonance spectroscopy. This technique has
been used to show altered levels of glutamatergic metabolites
in several different brain regions in adults with SZ (20). In
addition to glutamate, magnetic resonance spectroscopy can
be used to measure glutamine, of which 80% is derived
from glutamate involved in neurotransmission, and GABA,
the primary inhibitory transmitter in the human brain and
modulator of LTP in vivo (21). Gaining a better understanding of
basal glutamate, glutamine, and GABA levels and the relationship
to visual plasticity may provide insight into the mixed visual
plasticity results in SZ and in the future, serve as a potential
pharmacological treatment target.

The first aim of this study was to test the hypothesis that
visual plasticity is reduced in SZ using fMRI. A second aim was
to use a multimodal approach to determine whether baseline
resting levels of occipital cortex glutamatergic metabolites and
GABA as measured using magnetic resonance spectroscopy were
related to visual plasticity response as assessed using fMRI. Given
that glutamatergic function is altered in SZ and a previous
study by our group in healthy controls showed that glutamine
was related to visual plasticity (11), we hypothesized that the
relationship between glutamine to visual plasticity would be
weaker in adults with SZ compared to healthy controls. We
expected the magnitude of the relationship between glutamate
and visual plasticity as well as GABA and visual plasticity to be
smaller in adults with SZ compared to healthy controls.

MATERIALS AND METHODS

All research was conducted at the University of Maryland Center
for Brain Imaging Research (CBIR) at the Maryland Psychiatric
Research Center. This study was approved by the University
of Maryland Baltimore Institutional Review Board, and all
participants (both SZ and healthy controls) provided written,
informed consent prior to study initiation. Adults with SZ were

TABLE 1 | Participant characteristics, mean (standard deviation).

Schizophrenia Healthy controls p-value

Gender (M/F) 10/7 9/9 0.6
Age (years) 41.5 (15) 36.2 (16) 0.32
Education (years) 13.7 (2.9 14.6 (1.6) 0.22
liness duration (years) 20.4 (14) N/A
Smoker (Yes/No) 3/14 2/16 0.58
Psychiatric ratings

BPRS (total) 39.7 (15.0) N/A

BPRS (positive) 8.9 (6.0 N/A

BPRS (negative) 7.1 (2.0 N/A

BNSS 17.5(10.1) N/A
Antipsychotics’

1st Generation 1 N/A

2nd Generation 1 N/A

Both 3 N/A

None 2 N/A
Cognitive measures

HVLT 221 (6.3) 26.8 (3.6) 0.01*

BVMT 17.1(9.1) 25.6 (5.1) 0.02*

UPSA 92.0 (11.5) 100.8 (9.6) 0.023*

*p < 0.05, — number of participants taking these medications, BNSS, Brief Negative
Symptom Scale; BPRS, Brief Psychiatric Rating Scale; BVMT, Brief Visuospatial
Memory Task; HVLT, Hopkins Verbal Learning Task; UPSA, UCSD Performance Based
Skills Assessment.

evaluated for capacity to consent to ensure that each participant
fully understood the study procedures. The healthy control data
was previously reported in (11).

Participant Characteristics

Seventeen adults with SZ and 18 healthy controls participated
in the study. Participant demographics are described in Table 1.
Adults with SZ were characterized and evaluated with the
Structured Clinical Interview for DSM-IV (SCID), the Brief
Psychiatric Rating Scale (BPRS) (22), and the Brief Negative
Symptom Scale (BNSS) (23). For both groups, inclusion criteria
for the study were: (1) no contraindication for magnetic
resonance imaging scanning, (2) no current or past neurological
condition, head trauma, or focal findings on an magnetic
resonance imaging, or (3) no substance abuse in the past 6
months or lifetime dependence excluding nicotine. The healthy
control group had no current or past psychiatric, neurological,
or major medical disorders or substance abuse/dependence.
Functional capacity was assessed using the UCSD Performance
Based Skills Assessment (UPSA-2) (24). From the MATRICS
Consensus Cognitive Battery (MCCB), verbal and visuo-spatial
learning were assessed using the Hopkins Verbal Learning Task—
Revised (HVLT) and the Brief Visuospatial Memory Task—
Revised (BVMT) (25, 26).

Neuroimaging
A Siemens TIM Trio 3T MR system with a 32-channel phased
array head coil was utilized for this study. The imaging protocol
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consisted of axial T1-weighted MP-RAGE images used for both
magnetic resonance spectroscopy voxel and echo planar imaging
placement, spectroscopy data acquisition, and finally fMRI.

MRS methods were previously described (11). Briefly,
the magnetic resonance spectroscopy voxel was placed
along the midline in the occipital cortex (Figure 1) in both
groups. Participants were asked to rest but remain awake. To
detect glutamate and glutamine, spectra were acquired with
phase rotation STEAM (PR-STEAM) (27-30): TR/TM/TE =
2,000/10/6.5-ms, VOI ~ 3.0 x 4.0 x 2.0-cm?, NEX = 128, and
water reference NEX = 16. Data were post-processed offline
using in-house MATLAB code and then quantified in LCModel
(6.3-0I). For GABA detection, a macromolecule-suppressed
MEGA-PRESS sequence was utilized (31): TR/TE = 2,000/68 ms,
VOI ~ 3.0 x 4.0 x 2.0-cm?, NEX = 256 (128 ON and 128
OFF), and water reference NEX = 16, and data were quantified
in Gannet 2.0. In-house MATLAB code based on Gasparovic
et al. (32) was used to calculate metabolite levels using water
as a reference as well as correct for the proportion of the gray
matter (GM), white matter (WM), and cerebrospinal fluid
(CSF) within each spectroscopic voxel and relaxation effects.
More details regarding quantification are outlined here (33). All
metabolite levels are reported in institutional units. See Figure 1
for representative voxel placement and spectra.

fMRI methods were previously described (11). In brief, E-
Prime 2.0 (Psychology Software Tools, Inc., Sharpsburg, PA,
USA) was used to display the visual stimulus: a centrally located
flashing checkerboard, based on based on previous studies (5, 8,
10, 12, 13) and similar to Cavus et al. (13) and Lahr et al. (12).
The task involved two low frequency (0.9 Hz) stimulation runs,
one high frequency (9 Hz) stimulation to induce visual plasticity,
2min of rest, and two runs of low frequency stimulation.
During the low frequency stimulation and high frequency
stimulation, participants were asked to fixate on a centrally
located crosshair except during the 2-min rest period where eyes
were closed. During the low frequency stimulation blocks, echo-
planar imaging data were acquired TR = 2,100 ms, TE = 27 ms,

FOV =220 x 220 mm, matrix size = 128 x 128, Number of slices
= 39,143 measurements, voxel size = 1.7 x 1.7 x 4.0 mm). Echo
planar imaging data were analyzed using MATLAB (R2013a)
(The Mathworks Inc., Natick, Massachusetts) and Statistical
Parametric Mapping (SPM) 8.0 (Wellcome Trust Center for
Neuroimaging, Department of Cognitive Neurology, Institute of
Neurology, London: http://www.filion.ucl.ac.uk/spm).

First and second level models were previously described
(11). Briefly, first level models were performed for each group,
and second level modeling involved the following contrasts:
(post-high frequency stimulation “on”—%“off”) minus (pre-high
frequency stimulation “on”—%“off”). Second level analysis for
both healthy controls and adults with SZ tested for visual
plasticity via a one sample t-test, appropriate for within subject
designs. A mask of the spectroscopic voxel was applied to restrict
the analyses to only the magnetic resonance spectroscopy region.

Statistical Analyses

Using SPSS 23.0 (IBM SPSS Statistics, Armonk, NY, USA), group
differences were assessed among the demographic variables via
chi-square or f-test as appropriate with significance set to p <
0.05. Normality assessments conducted via the Shapiro-Wilk-test

TABLE 2 | Magnetic resonance spectroscopy metabolite means (standard
deviation).

Metabolites (I.U.) Schizophrenia  Healthy controls  p-value
Glutamate (Glu) 7.4(1.3) 6.6 (0.7) 0.021*
Glutamine (GIn) 2.2(0.6) 1.8 (0.4) 0.016*
GABA 0.87 (0.2) 0.95(0.2) 0.22
Linewidth (LW)2 0.046 (0.02) 0.042 (0.01) 0.55
Signal-to-Noise Ratio (SNR)? 73 (18) 76 (16) 0.67

*p < 0.05, 1 Gluand 1 GIn were excluded, 3 GABA datasets were excluded.
LW and SNR as computed by LCModel.
1.U., institutional units.

acid.

Glu GABA
Gln \
X
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FIGURE 1 | (Left) T1-weighted images showing voxel placement along the midline in the occipital cortex. Representative PR-STEAM spectrum (center) and
MEGA-PRESS spectrum (right) from the same participant showing excellent quality data. tCr, total creatine; Glu, glutamate; Gin, glutamine; GABA, y-aminobutyric
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revealed that the data were normally distributed. For the three
metabolites of interest, t-tests with significance set at p <
0.05 were performed to examine differences between the two
groups. Similarly, t-tests with significance set at p < 0.05 were
also computed for magnetic resonance spectroscopy quality
factors such as linewidth (LW), signal-to-noise ratio (SNR),
and metabolite Cramer Rao Lower Bounds (CRLBs) or GABA
fit errors to examine whether data were of similar quality
between groups.

Visual plasticity within group differences were considered
significant with a threshold set to p < 0.05 FWE-corrected.
For between group visual plasticity differences, small volume
correction with a region of interest diameter of 4 mm was applied
to examine differences in visual plasticity between adults with SZ
and healthy controls with significance threshold set to p < 0.05,
Family Wise Error (FWE)-corrected.

To examine the relationship between visual plasticity and
metabolites, correlations were computed using SPSS 27.0 (IBM

SPSS Statistics, Armonk, NY, USA) between region of interest
values extracted from significant activations using MarsBar
(5) with 4mm radius and the three metabolite levels (p =
0.05/3). In the SZ group, exploratory analyses were conducted
to determine whether cognition function or symptom ratings
related to visual plasticity.

RESULTS

Demographics

The two groups were well-matched in terms of gender, age,
education, and smoking (p’s > 0.05, Table1). There were
significant differences in terms of Hopkins Verbal Learning Test
(p = 0.01), Brief Visuospatial Memory Test (p = 0.02), and
UPSA-2 (p = 0.023) such that the SZ group performed worse
on measures of memory and functional capacity compared to the
healthy control group.

GluLevels (lLU)
GlnLevels {lLU)
0

11 12
1

10

GABA Levels (LU.)

06 07 08 08

T T T
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FIGURE 2 | Violin plots with individual data points overlayed in red showing metabolite levels in institutional units (I.U.) for (A) glutamate (Glu), (B) glutamine (GIn), and
(C) GABA in adults with SZ and healthy controls (Controls). There were significant differences between groups for Glu (p = 0.021) and Gin levels (p = 0.016) such that

Glu and GIn were higher in SZ vs. healthy controls. *p < 0.05.
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FIGURE 3 | (Left) Group differences in visual activation within the magnetic resonance spectroscopy voxel between healthy controls and SZ using small volume
correction that survived Family Wise Error (FWE)-correction (p < 0.05). One region of interest emerges at —12, —82, 26 (scale is from 1.5 to 4) in the left V2 visual
cortical area. (Right) Scatter plot showing the significant relationship between GABA and visual plasticity response (r = 0.622, p = 0.013) in the left V2 region of

interest in SZ only (A) compared to HC (A).
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TABLE 3 | Correlations between left V2 region of interest (ROI) and metabolites in
SZ.

r p-value
Left V2 ROl and Glutamate 0.18 0.51
Left V2 ROI and Glutamine 0.23 0.42
Left V2 ROl and GABA 0.62 0.013*
*p < 0.05/3.

Table 2 summarizes mean metabolite levels and quality factors.
One PR-STEAM dataset was not acquired, and three GABA
datasets were excluded due to fit error > 15%. All glutamate and
glutamine CRLBs from both healthy controls and SZ were <20 or
30%, respectively. Overall, data were of excellent quality in both
groups, and there were no significant differences between groups
for linewidth, signal-to-noise ratio, glutamate CRLB, glutamine
CRLB, or GABA fit error (p’s > 0.05). There were significant
differences between healthy controls and SZ for glutamate (p =
0.021) and glutamine levels (p = 0.016) such that glutamate and
glutamine levels were higher in SZ compared to healthy controls
as shown in Figure 2. There were no differences in GABA levels
between groups (p = 0.22).

fMRI

For the healthy control group, visual plasticity was observed
in dorsal V2 and V3 and positively related to glutamine with
details reported elsewhere (11). There were no significant
regions of interest showing visual plasticity in the SZ group
that survived FWE-correction. The opposite contrast of
pre-high frequency stimulation vs. post-high frequency
stimulation yielded no significant regions in both healthy
controls and SZ.

Between group differences in visual plasticity were observed in
left V2 with region of interest at —12, —82, 26 (p = 0.003 FWE-
corrected, T'= 3.72) such that healthy controls had greater visual
plasticity compared to SZ (Figure 3).

Regression Analyses

As previously described by Wijtenburg et al. (11), higher
glutamine was related to greater visual plasticity in healthy
controls. In SZ, there were no significant regions of interest
that demonstrated visual plasticity therefore the relationships
between glutamine, glutamate, or GABA with visual plasticity
were not assessed. However, the left V2 region of interest from the
group difference analysis was significantly correlated with GABA
in the SZ group (r = 0.622, p = 0.013) with significance set to p
= 0.05/3 for the 3 metabolites of interest (Table 3). Higher levels
of GABA were associated with greater visual plasticity response
in the left V2 region of interest in SZ.

Correlations With Cognitive Function and
Symptom Ratings

Since visual plasticity was not observed in any regions of
interest in adults with SZ, there were no relationships to be

explored between cognitive function and symptom ratings.
Using the left V2 region of interest from the group difference
analysis, there were no significant relationships between the
left V2 region of interest and cognitive function with p =
0.05/3 (for three cognitive function variables). Further, there
was a relationship between visual plasticity in the left V2
region of interest and Brief Negative Symptom Scale score
(r = —0.510, p = 0.044) that did not survive correction for
multiple comparisons.

DISCUSSION

This study reports for the first time impaired visual plasticity,
assessed with fMRI, in adults with SZ compared to healthy
controls. While no significant visual plasticity regions of interest
survived FWE correction in SZ, group difference analyses
revealed a significant visual plasticity region of interest in
the left V2. This visual plasticity response region of interest
was positively related to GABA levels in SZ. As a whole,
these add to the body of evidence implicating altered LTP-like
phenomena in SZ.

The study results add to the growing body of literature
surrounding impaired visual plasticity in SZ. The majority
of EEG studies examining visual plasticity in SZ and
healthy controls utilized a flashing checkerboard during
the high frequency stimulation component of the protocol
(8, 13, 14). Similarly, the two studies that showed visual
plasticity in healthy controls also used the same paradigm
as part of a fMRI task (9, 11). In contrast, a recent paper
by Wynn et al. reported comparable visual plasticity in
both healthy control and SZ groups using EEG (16).
There were two major differences between the Wynn et al.
study and this study that may account for the different
study findings: the high frequency stimulus and the time
when low frequency stimulation was sampled post-high
frequency stimulation. Wynn et al. used a set of vertical
or horizontal gratings and recorded post-high frequency
stimulation visual evoked potentials 30min after the high
frequency stimulation. Thus, the differences in high frequency
stimulus and sampling intervals could account for the
differing results.

One question is whether there was a blunted or complete
lack of visual plasticity in the SZ group compared to healthy
controls. From the double subtraction analysis, examination
of the subject level data in the SZ group revealed that 12
of the 17 subjects did show visual plasticity in visual cortical
area V3; however, the finding was significant at p < 0.01
uncorrected. Upon further inspection, there was a difference
between participants that had a visual plasticity response and
participants that did not have a visual plasticity response on
the negative symptom subscale of the Brief Psychiatric Rating
Scale (p = 0.042) such that participants with a visual plasticity
response had greater negative symptom severity than those that
did not have a plasticity response. There were no other differences
between participants that had a visual plasticity response and
participants that did not have a visual plasticity on measures
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of cognitive function, symptom ratings, or chlorpromazine
equivalents (all p’s > 0.05). The varied amount of visual
plasticity in the patient group reflects the heterogeneity of
the illness.

While there were no relationships between the glutamatergic
metabolites with visual plasticity in SZ, there were significantly
higher levels of glutamate and glutamine in SZ compared
to healthy controls in the occipital cortex. Three previous
studies in the occipital cortex region over a range of illness
durations have not found any glutamate to creatine ratio or
glutamate4-glutamine to creatine ratio differences (34-36). Our
data are the first to show an elevation in these metabolites
in the SZ group compared to the healthy control group.
This may be due to the fact that our sequence is specifically
optimized for glutamatergic metabolite detection; whereas the
three previous studies used a spectral editing technique that
cannot separate glutamate from glutamine. In terms of GABA
in the occipital cortex region, previous study findings are mixed
when comparing healthy controls and SZ in that lower GABA
to creatine ratio in a SZ group was found in mixed illness
duration SZ group (34) to no differences in first episode SZ
(35) or chronic group when removing those on anticonvulsants
(36). This study also found no significant GABA differences
between healthy controls and SZ. Our previous work in healthy
controls suggested that optimal basal levels of Glu and Gln
are necessary for plasticity and in particular, higher Gln was
related to greater visual plasticity response (11). Despite higher
levels of glutamate and glutamine, there was no significant
visual plasticity in SZ that survived FWE-correction. However,
there was one region of interest that was significant at p <
0.01 uncorrected, but there were no significant correlations
between the visual plasticity region of interest in SZ and any
of the three metabolites (p’s > 0.5). Further, there were no
significant differences in glutamate, glutamine, or GABA levels
between adults with SZ that had visual plasticity and those
that did not.

The mechanism underlying the relationship between higher
levels of GABA associated with higher visual plasticity in
the left V2 in SZ implies that inhibition plays a role in
plasticity mechanisms consistent with non-human animal work
(37-39). In a previous study using less stringent multiple
correction criteria for the region of interest analyses, a
similar positive relationship between visual plasticity and
GABA levels was observed in healthy controls (11). Here,
a similar relationship observed in SZ suggests GABAergic
inhibition may influence excitation necessary for visual plasticity
and lower GABA levels consistent with alterations in the
GABAergic system are documented in the SZ literature (40—
42). Examining a rough estimate of excitation/inhibition
balance in the occipital cortex (GABA/Glu and GABA/GIn)
revealed a trend level difference in GABA/GIn such that
GABA/GIn was lower in SZ compared to healthy controls
(see Supplementary Material). Further, both ratios were related
at trend level (see Supplementary Material) to higher visual
plasticity response in SZ only and not in healthy controls.
Given the highly complex nature of excitation/inhibition balance

(43, 44), these exploratory findings plus the main findings of
the manuscript must be interpreted with caution given the
small sample size. More studies are needed to thoroughly
investigate the inhibition/excitation as it relates to visual
plasticity in SZ.

There are several limitations to this study. Glutamate and
GABA levels measured via magnetic resonance spectroscopy are
a reflection of multiple pools involved in neurotransmission and
other mechanisms (e.g., protein synthesis, glutathione formation,
etc.). All but one of our SZ participants were taking antipsychotic
medications at the time of the study, and the exact effects
of these medications on visual plasticity remains unknown.
A limitation of the study was that visual attention was not
assessed during the fMRI portion of scan. While participants
were reminded before each run to stare at the crosshair in
the middle of the screen, future studies may benefit from
incorporating a means of ensuring attention such as a button
to a specific stimulus similar to (13, 16). Another limitation of
the study was that post-hoc power calculations revealed that the
significant findings were underpowered (61-75%) compared to
the standard of 80%. Significant results in this study should be
interpreted with caution as further studies are needed with a
larger sample size to definitively answer whether visual plasticity
is different in SZ and whether baseline metabolite levels in the
occipital cortex are related to visual plasticity in SZ. A final
limitation is that the adults with SZ are in the chronic phase of
the illness, and these study findings may not translate to first
episode SZ or those at clinical high risk for psychosis. Future
studies are needed to assess visual plasticity response across the
illness course.

Thus, this fMRI study tested a visual stimulation paradigm
in SZ, and the results further supports several previous
EEG studies that show adults with SZ have reduced
response to high frequency visual stimulation. The results
also show that unlike in healthy controls, glutamatergic
levels did not predict plasticity activations in SZ. Future
studies may utilize pharmacological or brain stimulation
(e.g, TMS) interventions that modulate the glutamatergic
or GABAergic systems and potentially improve visual
plasticity response.
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Animal models of stress and related conditions, including depression, have shown that
elevated peripheral levels of inflammatory cytokines have downstream consequences
on glutamate (Glu) in the brain. Although studies in human adults with depression
have reported evidence of higher inflammation but lower Glu in the anterior cingulate
cortex (ACC), the extent to which peripheral inflammation contributes to glutamatergic
abnormalities in adolescents with depression is not well-understood. It is also unclear
whether antioxidants, such as ascorbate (Asc), may buffer against the effects of
inflammation on Glu metabolism. Fifty-five depressed adolescents were recruited
in the present cross-sectional study and provided blood samples, from which we
assayed pro-inflammatory cytokines, and underwent a short-TE proton magnetic
spectroscopy scan at 3T, from which we estimated Glu and Asc in the dorsal
ACC. In the 31 adolescents with usable cytokine and Glu data, we found that IL-6
was significantly positively associated with dorsal ACC Glu (8 = 0.466 + 0.199,
p 0.029). Of the 16 participants who had usable Asc data, we found that
at higher levels of dorsal ACC Asc, there was a negative association between
IL-6 and Glu (interaction effect: B —0.906 + 0.433, p =0.034). Importantly,
these results remained significant when controlling for age, gender, percentage of
gray matter in the dorsal ACC voxel, BMI, and medication (antidepressant and
anti-inflammatory) usage. While preliminary, our results underscore the importance
of examining both immune and neural contributors to depression and highlight the
potential role of anti-inflammatory compounds in mitigating the adverse effects of
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inflammation (e.g., glutamatergic neuroexcitotoxicity). Future studies that experimentally
manipulate levels of inflammation, and of ascorbate, and that characterize these effects
on cortical glutamate concentrations and subsequent behavior in animals and in humans

are needed.

Keywords: glutamate, depression, magnetic resonance spectroscopy, interleukin-6, ascorbate

INTRODUCTION

Depression is an impairing and prevalent disorder that
commonly emerges during adolescence (1, 2). While there
is growing evidence that elevated inflammation, measured by
peripheral levels of pro-inflammatory cytokines and proteins, are
implicated in the development and maintenance of depression
in adults [(3, 4); for reviews see also (5, 6)], the role of these
immune markers in adolescent depression is unclear [although
see (7, 8) for recent research in non-depressed adolescents].
It is well recognized both that life stress is one of the most
potent risk factors for depression during adolescence (9-11),
and that the effects of stress on the immune and nervous
systems are critical in understanding the onset and persistence
of depression. Extensive research has shown that psychosocial
stressors activate the immune system by initiating a cascade
of inflammatory responses, including increased production of
pro-inflammatory cytokines in the peripheral nervous system
(12). Importantly, peripheral cytokines can cross and alter
the permeability of the blood-brain barrier (13) and influence
processes that affect glutamate metabolism through a variety of
mechanisms, including, but not limited to, increased production
of quinolinic acid-which binds to glutamatergic NMDAreceptors
and provokes release of glutamate into the synapse-and the
impediment of astrocyte reuptake of glutamate (5, 12, 14, 15).
Indeed, preclinical data indicate that inflammatory cytokines
stimulate glutamate release that, over time, leads to cell apoptosis
and to damage to oligodendrocytes (16, 17). Thus, glutamatergic
excitotoxicity may be one mechanism by which inflammatory
cytokines effect depression-related changes both in the brain and
in behavior (18).

Consistent with this framework, investigators have conducted
studies in adults of translocator protein 18 kDA (TSPO)-
positron emission topography (PET) binding that index
microglial activation by measuring TSPO expression; these
researchers report higher TSPO binding in the ACC in
patients with depression compared to healthy controls (19, 20).
Neuroinflammation and mediators of the immune response (e.g.,
microglia) in the central nervous system cannot be measured
non-invasively; however, technologies such as proton magnetic
resonance spectroscopy (MRS) can be used to measure non-
invasively the downstream effects of peripheral cytokines on
levels of neurotransmitters, including glutamate. Studies using
MRS to examine depression-related alterations in glutamate have
primarily focused on the anterior cingulate cortex [ACC; for
reviews and meta-analyses, see (21, 22)], a large brain region with
distinct subdivisions (23). While these recent reviews report that
the published literature thus far has identified lower glutamate

in the ACC in depressed individuals compared to healthy
controls, these patterns have been equivocal in the nine MRS
studies conducted with depressed adolescents. Prior studies have
focused primarily on adults with depression, in which measures
of glutamate are often confounded by medication usage,
chronicity of illness, and age-related effects on overall brain
development (e.g., thinner gray matter) that likely complicate
the nature of how, and the extent to which, inflammation
affects glutamate in the context of MDD. Importantly, with
the exception of one study (24), all MRS studies of depressed
adolescents conducted to date have each recruited fewer than
17 depressed adolescents (22), and many have acquired spectral
data on MR scanners at 1.5 Tesla (22), which have poorer
signal-to-noise ratios and more limited resolution for resolving
spectral resonances than do scanners at 3 Tesla.

The present study was designed to examine the role
of glutamatergic abnormalities in adolescent depression by
testing associations between peripheral levels of inflammation,
indexed by pro-inflammatory cytokines, and levels of Glu in
the dorsal ACC (dACC) in clinically depressed adolescents
scanned at 3 Tesla. Our focus on the dACC is motivated in
part by previous studies that have identified functional and
structural abnormalities in this division of the ACC in depressed
vs. non-depressed adolescents. From a neurodevelopmental
perspective, the dACC has been shown to be a key region
in which there are dramatic changes in connectivity with
limbic and cortical regions that underlie affective processing
and cognitive control during adolescence (25, 26). Thus,
it is likely that insults in the form of psychosocial stress
and psychiatric disease have a profound impact on dACC
development and, subsequently, on psychosocial skills associated
with adaptive emotion regulation (23, 27). Indeed, our group
has reported that depressed adolescents exhibit lower dACC
network connectivity than do psychiatrically healthy controls
and, further, that dACC network connectivity is associated
with an earlier age of depression onset (28). Together, these
results suggest that the dACC is a critically important region
to examine in understanding the neurobiological substrates of
adolescent depression.

An exploratory aim of the study was to examine the role
of antioxidants in a model of inflammatory contributions
to glutamatergic metabolism in adolescent depression. Basic
researchers have begun to report that antioxidants, such as
ascorbate (Asc, also known as Vitamin C), buffer against the
neurotoxic effects of excessive glutamate in neurons, and may
serve a neuroprotective role against glutamatergic excitotoxicity
(29-32). These findings, however, have yet to be replicated
in humans.
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To address these gaps, we recruited 55 clinically depressed
adolescents who wunderwent short-TE MRS scans that
permitted modeling of Glu and Asc resonances at 3 Tesla,
and who provided blood samples from which we assayed
inflammatory cytokines. We tested whether peripheral
levels of inflammation were positively associated with
glutamate concentrations in the dorsal ACC, and explored
whether levels of ascorbate in the dACC moderated the
associations between peripheral levels of inflammation and
dACC glutamate.

METHODS AND MATERIALS

Participants

Fifty-five adolescents between the ages of 13 and 18 years were
recruited from the San Francisco Bay Area community as part
of a longitudinal study examining neurobiological mechanisms
underlying adolescent stress and depression (18). We interviewed
participants and their caregiver at an initial session to assess study
eligibility (see below) using the Kiddie Schedule for Affective
Disorders and Schizophrenia-Present and Lifetime [K-SADS-
PL; (33, 34)], the Children’s Depressive Rating Scale-Revised
[CDRS-R; (35)], and the Family Interview for Genetics Studies
[FIGS; (36)]. Eligible participants were invited to complete
additional questionnaires, and to complete an MRI scan and
provide blood samples at a subsequent session held ~2 weeks
after the initial baseline session (interval: 10.85 £ 6.08 days).
Inclusion criteria for potentially depressed adolescents included
being 13-18 years of age, being fluent in English, and having
a depressive disorder (Major Depressive Disorder, Dysthymia,
or Depressive Disorder Not Otherwise Specified) based on a
combination of the K-SADS-PL and CDRS-R (i.e., t-scores >55
or raw scores >30) for those who did not meet full criteria
for MDD or Dysthymia in the K-SADS-PL screening, provided
that the participant also endorsed at least 2 symptoms of
MDD or Dysthymia in the K-SADS-PL screening [see (18) for
more details]. Exclusion criteria included meeting lifetime or
current criteria for Mania, Psychosis, or Alcohol Dependence
(based on DSM-IV) or Moderate Substance Use Disorder with
substance-specific threshold for withdrawal (based on DSM-V),
premenarchal status (for females), history of concussion within
the past 6 weeks or history of any concussion with loss of
consciousness, contraindications for MRI scanning (e.g., braces,
metal implants, or claustrophobia), and any serious neurological
or intellectual disorders that could interfere with the ability to
complete study components. The study was approved by the
Institutional Review Boards (IRBs) at Stanford University and
the University of California, San Francisco. All participants and
their legal guardian(s) gave written assent and informed consent,
respectively, in accordance with the Declaration of Helsinki, and
were compensated for their participation.

Depression Symptom Severity

Trained research assistants administered the CDRS-R to
participants and their parents/legal guardians as a measure of
depression symptom severity. The CDRS-R is a clinician-rated
scale composed of 17 questions; both participants and caregivers

were administered the first 14 questions to assess depressive
symptomology, while the last 3 questions were rated based
on the interviewer’s observation of the adolescent participant
to assess non-verbal characteristics of depression including
depressed affect, listless speech, and hypoactivity. Interviewers
integrated responses from both parent and child interviews to
produce summary items ratings, which were then summed to
attain a total summary score for each participant. All item
ratings were discussed by a subset of the co-authors to ensure
consistency across interviewers to maximize reliability and
validity. The CDRS-R is the most widely used rating scale in
clinical research trials for assessing the severity of depression
and change in depressive symptoms in children and adolescents
with depression. While there are no thresholds for distinguishing
mild, moderate, and severe levels of depression beyond the cutoft
score of 30 that is used to determine depression and the score
of <28 that is used to determine remission, there is evidence
that scores of 35-40 indicate mild depression (37). In our full
sample, 37 participants (67.3%) met the clinical cutoff score of
40 on the CDRS-R, 15 participants (27.3%) scored 35-40, 2
participants (3.6%) scored 28-35, and 1 participant (1.8%) had
a score <28. In our final analytic sample with usable ACC Glu
and cytokine data, 20 participants (64.5%) had scores higher than
40 and 11 participants (35.5%) scored 35-40; no participants had
scores <35.

Pro-inflammatory Cytokines

Peripheral levels of pro-inflammatory cytokines were assayed
from dried blood spot (DBS) samples. Blood samples were
collected using mini contact-activated lancets (BD 366594
Microtainer, BD Biosciences, San Jose, CA) that were used to
prick the participant’s finger from their non-dominant hand
after running their hand under hot water for 2 min. Blood spots
were collected on 1.3 cm filter paper cards (Whatman #903, GE
Healthcare, Piscataway, NJ) with ~150-250 pL amount of blood
per spot; spots were then dried overnight at room temperature
before being transferred to Ziplock bags with a desiccant for
storage in a —20°C freezer. Sample extraction and Luminex
analysis was performed by the Human Immune Monitoring
Center at Stanford University. Samples were extracted and
diluted 3-fold in the Luminex assay buffer prior to being run on
a 62-plex Procarta plex assay (Thermo Fisher, Santa Clara, CA)
on the Luminex FlexMap 3D. Custom Assay Chex control beads
were added to all wells (Radix Biosolutions, Georgetown, Texas).
Data were analyzed using MasterPlex software (Hitachi Software
Engineering America Ltd., MiraiBio Group). Both median
fluorescence intensity (MFI) and calculated concentration values
(in pg/mL) were estimated for each analyte. Based on prior
work demonstrating advantages of using MFI over concentration
values for low abundant analytes from multiplex assays (38), we
conducted all analyses using median fluorescence intensity (MFI)
values (log-transformed). To correct for non-specific binding, we
employed ordinary non-linear least squares (ONLS) regression
by regressing cytokine values (log MFI) on CHEX4 values;
the resulting residualized scores were thus used in subsequent
statistical analyses (39). To minimize multiple comparisons, we
focused our analyses on the pro-inflammatory cytokines IL-1f,
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IL-6, TNF-a, as these cytokines have been previously linked
with depression (4, 7, 8, 40-43) and have been shown to be
assayed reliably from DBS (44, 45). Of the 55 participants, 1
participant did not return after their initial assessment, and
1 did not feel comfortable providing a blood sample. Of the
53 participants who provided blood samples, 6 had samples
that were collected and assayed differently (for the purposes of
piloting protocols), and 9 did not provide sufficient blood volume
for the assay.

MR Scanning Acquisition

All MRI scans were acquired at the Stanford Center for Cognitive
and Neurobiological Imaging (CNI) with a 3T GE Discovery
MR?750 (General Electric Healthcare, Milwaukee, WI, USA) and
Nova 32-channel head coil (Nova Medical, Wilmington, MA,
USA). Participants completed a T1-weighted anatomical scan
based on the GE BRAVO IR-prep, fast spoiled gradient (SPGR)
sequence: TR/TE/TT = 8.2/3.2/600ms; flip angle = 12°; 156
axial slices; FOV = 256 mm; matrix = 256 mm x 256 mm,
voxel resolution = 1 x 1 x 1 mm?; total scan time = 3 min
40ss. Participants also completed proton MRS scans based on
a modification of the GE Healthcare PRESS product sequence,
PROBE-p™. Two features were added to the product PROBE-
p™ sequence for improved localization: (1) 16 step phase
cycling (EXORCYCLE on the two refocusing RF pulses) and
(2) application of a sensitive point echo planar (EP) waveform
during acquisition to further eliminate out-of-slice artifact in the
logical z direction (46-48). The bandwidth of the CHESS RF
water-suppression pulses was reduced from 150 to 75 Hz to avoid
suppression of the ascorbate peak at 4.1 ppm. We performed
single voxel spectroscopy using this sequence with TE/TR =
35/2,000 ms, 128 averages, total scan time = 5min 4s on the
graphically prescribed region of the dACC based on the 3D
T1-weighted anatomical images using anatomical landmarks (all
prescriptions confirmed by TCH).

MR Spectral Processing

Concentrations of Glu, Asc, and other metabolites in the dACC
were quantified and expressed as ratios to total creatine (i.e.,
creatine and phosphocreatine) levels using LCModel (49), which
models in vivo spectrum as a linear combination of basis in
vitro spectra from individual metabolites. Experimental Asc basis
spectrum was acquired using the same sequence as for the in vivo
studies from a custom built 50 mM Asc spherical phantom with
pH of 7.2 at 37°C in an otherwise synthetic basis set to improve
accuracy, due to the complexity of the Asc resonances and their
dependence on temperature. Previous studies have indicated that
Asc can be reliably measured from the human brain at 3 Tesla
(50); independent data from our group also indicate that Asc
at physiological concentrations can be reliably estimated from
LCModel using this method at 3 Tesla with a mean Cramer-
Rao Lower Bound (CRLB) of 16% in cortical gray matter (51).
We used CRLB, a measure of the reliability of the fit, with a
quality criterion set at <35% for each individual metabolite. All
T1-weighted MR images were run through FreeSurfer 6.0 [(52);
http://surfer.nmr.mgh.harvard.edu/fswiki/recon-all] to perform
tissue segmentation and to estimate percentage of gray matter,

white matter, and cerebrospinal fluid in the dACC voxel. For all
statistical analyses involving Glu or Asc, we included percentage
of gray matter in the prescribed dACC voxel as a covariate (see
below). See Figure 1 for exemplary spectra from a representative
subject. Of the 55 participants, 1 participant did not return after
their initial assessment and 2 did not feel comfortable completing
the MR scan. Of the 52 participants who completed the MRS
scans, 44 provided usable data for Glu and 19 for Asc, based on
CRLB criteria.

Statistical Approach

All analyses were conducted in R (version 3.5.3; R Core
Team). All associations between main variables of interest were
tested using Pearson’s correlations. We conducted multiple
linear regressions to test whether baseline levels of pro-
inflammatory cytokines were associated with concentrations of
Glu in the dACC and whether levels of Asc in the dACC
moderated any of these associations. To probe significant
interaction effects, we applied the Johnson-Neyman procedure
for continuous predictors using sim_slopes in R. In all statistical
models, we covaried for age, gender (male, female, non-binary),
psychotropic medication use (coded as a dichotomous variable),
percentage of gray matter in the dACC voxel, Body Mass Index
(BMI), and anti-inflammatory medication usage (coded as a
dichotomous variable). We selected these covariates based on
previous work identifying potential influences of these factors
on both peripheral cytokine levels and MRS-based estimates of
neurometabolites. To estimate standardized coefficient weights
(B), all predictor and response variables were z-scored.

Code Availability

Scripts for conducting functional clustering and statistical
analyses can be found at: https://github.com/tiffanycheingho/
TIGER/.

RESULTS

Demographic and Clinical Characteristics
Demographic and clinical characteristics of participants at
baseline are presented in Table 1. Of the 55 participants enrolled
in the study, 11 did not provide usable Glu data, 36 did not
provide usable Asc data, and 17 did not provide usable blood
data. We compared the 16 participants who were not missing any
data on any measure to the 39 participants who were missing data
on at least one measure of interest on baseline demographic and
clinical characteristics. None of the effect sizes of the differences
were statistically significant (all ps > 0.081) and all were small
or negligible, with the exception of highest level of parental
education, which had a large effect size [Cramer’s ¢ = 0.586,
X5, s0) = 17:193, p < 0.01].

Descriptive statistics of the main variables of interest are
presented in Table2. A correlation matrix of the primary
predictors and outcomes of interest, covariates, and clinical
characteristics is presented in Figure2. As expected, the
inflammatory cytokines of interest were all highly intercorrelated
(all rs > 0.67, all ps < 0.0001). IL-6 was positively correlated
with Glu in the dACC (r = 0.41, p = 0.02), and both IL-6 and
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FIGURE 1 | Voxel placement of dorsal anterior cingulate cortex and spectra data from a representative participant.
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TABLE 1 | Descriptive statistics of participant demographic and
clinical characteristics.

Variable Descriptive
statistics
Age at V1 (years) 16.25 +1.32
(13.65 -
18.37)
Time between V1 and V2 (Days) 10.85 £+ 6.08
(1-29) [1]
Sex (Female/Male) 65.45%
(36)/34.55%
(19)
Gender
Male 34.55% (19)
Female 60.00% (33)
Non-binary/Other 5.45% (3)
Sexual orientation?
Straight/Heterosexual 49.09% (27)
Gay/Lesbian 3.64% (2)
Bisexual 27.27% (15)
Other 5.45% (3)
Prefer not to say/Missing 14.55% (8)
Body Mass Index (BMI) 23.39 + 5.63
(16.59 —
38.51) [2]
CDRS-R total 48.22
+12.12 (26 -
81)
Age of current depressive episode onset 13.65+24
4-17)
Number of depressive episodes 1.78 £1.04
(1-9)
Current psychotropic medication 47.27% (26)
Antidepressant 34.55% (19)
Antipsychotic 5.45% (3)
Stimulant 10.91% (6)
Benzodiazepine 1.82% (1)
Other® 12.73% (7)
Concurrent therapy 27.27% (15)
Therapy® 49.09% (27)
Anti-inflammatory medication? 12.73% (7)
Ethnicity
Hispanic/Latinx 16.36% (9)
Not Hispanic/Latinx 83.64% (46)
Race
White 47.27% (26)
Black/African American 3.64% (2)
American Indian/Alaska Native 3.64% (2)
Asian 18.18% (10)
Native Hawaiian/Pacific Islander 0% (0)
Multiracial 21.82% (12)
Other 5.45% (3)
Highest parental education
Less than a high school diploma 0% (0)
(Continued)

TABLE 1 | Continued

Variable Descriptive
statistics
High school graduate or equivalent (e.g., GED) 1.82% (1)
Some college (no degree) 9.09% (5)
Associate’s degree (e.g., AA, AS) 3.64% (2)
Bachelor’s degree (e.g., BA, BS) 27.27% (15)
Master’s degree (e.g., MA, MS, MEd) 34.55% (19)
Doctoral or Professional degree (e.g., MD, DDS, 14.55% (8)
DVM, Ph.D., EdD)
Unknown/Missing 9.09% (5)
Annual household income
<$20,000 5.45% (3)
$20,000-$34,999 0% (0)
$35,000-$49,999 1.82% (1)
$50,000-$74,999 7.27% (4)
$75,000-$99,999 5.45% (3)
Over $100,000 69.09% (38)
Unknown/Missing 10.91% (6)
Comorbidity Lifetime
reports
Anxiety disorders® 43.64% (24)
Obsessive compulsive disorder 3.64% (2)
Eating disorders' 5.45% (3)
Disruptive, impulse control, and conduct disorders? 3.64% (2)
Post-traumatic stress disorder 20.00% (11)
Attention deficit hyperactivity disorder 23.64% (13)
Other" 1.82% (1)
Unknown/Missing 14.55% (8)

All continuous values are reported as mean + SD (min — max). Numbers in brackets
[ ] indicate the number of missing or unusable responses. Categorical variables are
reported as percentage (count). Lifetime comorbidities (includes past and current reports
integrated across parent and child interviews) are reported as percentage (count).
CDRS-R, Children’s Depression Rating Scale-Revised.

aQther sexual orientations indicated by participants, with () indicating count, include
pansexual (1), queer (1), and demi-sexual (1).

bOther medications taken by participants, with () indicating count, include Gabapentin
(1), Trazodone (4), Prazosin (1), Buspar (1), Dextromethorphan (1), and Cannabidiol (1).
CTherapy indicates the percentage (count) of participants who reported attending therapy
sessions for their depression in the 2 months prior to their first visit.

9 Anti-inflammatory medication includes any anti-histaminergic, antibiotic, or steroid
medications participants reported taking at the time of their session. In the subsample
that provided a usable blood sample (n = 38), 7.89% (3) participants reported use of
anti-inflammatory medication.

eAnxiety disorders reported with counts across participants: Panic Disorder (4), Social
Phobia (11), Simple Phobia (5), Agoraphobia (2), Generalized Anxiety Disorder (16).
"Eating Disorders: Anorexia Nervosa (2), Bulimia Nervosa (0), Eating Disorder Not
Otherwise Specified (2).

9Disruptive, Impulse Control, and Conduct Disorders: Oppositional Defiant Disorder (1),
Conduct Disorder (1).

hOther Disorders: Disruptive Mood Dysregulation Disorder (1), Austism Spectrum
Disorder (1).

TNF-o were negatively correlated with Asc in the dACC (both
rs < —0.54, both ps < 0.03). Finally, age of study assessment
was associated with age of onset for current depressive episode
(r=10.46, p < 0.001).
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TABLE 2 | Descriptive statistics for main variables of interest.

Variable Descriptive statistics

Glu/Cr + PCr
Asc/Cr + PCr
Gray Matter Percentage dACC Voxel (%)

1.40 + 0.17 (1.10 - 2.25) [11]
0.24 £ 0.05 (0.17 - 0.32) [36]
0.56 + 0.06 (0.35 — 0.68) [11]

IL-6 (log) 457 +0.13 (4.3 - 4.86) [17]
TNF-a (Iog) 4.83 +0.17 (4.51 - 5.13) [17]
IL-1B (log) 4.02 £ 0.17 (3.64 - 4.45) [17]

All values are reported as mean + SD (min — max). Numbers in brackets [ ] indicate the
number of missing or unusable responses.

Higher Levels of IL-6 Are Associated With
Higher Concentrations of Glutamate in the

Dorsal Anterior Cingulate Cortex

Thirty-one participants provided both usable cytokine and Glu
data. Levels of IL-6 were significantly positively associated with
concentrations of dACC Glu (8 = 0.466 + 0.199, t;; = 2.339,
p = 0.029, AR? = 0.199). Levels of IL-18 and TNF-a were not
significantly associated with concentrations of Glu in the dorsal
ACC (all ps > 0.288). See Figure 3 for more details.

One participant who exhibited abnormally high levels of Glu
in the dACC was a statistical outlier despite having adequate
CRLB for estimates of Glu. Although winsorizing the outlier data
(based on a median-unbiased estimator interpolated from the
sample without strict distribution assumptions, see quantile in
R) did not change the significance of the association between
IL-6 and dACC Glu (p < 0.05), removal of the outlier changed
the statistical significance (p = 0.235). The associations between
IL-18 and TNF-o with dACC Glu remained non-significant
regardless of the treatment of the outlier (all ps > 0.397 when
winsorizing, all ps > 0.764 when removing the statistical outlier).

Exploring the Moderating Role of
Ascorbate in the Dorsal Anterior Cingulate
Cortex on the Association Between IL-6
and Glutamate in the Dorsal Anterior
Cingulate Cortex

Sixteen participants provided usable cytokine, Glu, and Asc
data. Higher levels of Asc in the dorsal ACC moderated the
associations between levels of IL-6 and Glu in the dorsal ACC,
even after accounting for age, gender, BMI, percentage of gray
matter in the voxel, and antidepressant and anti-inflammatory
medication usage (interaction effect: B = —0.906 £ 0.433,
te = —2.74, p = 0.034, AR?> = 0.557). We used the Johnson-
Neyman procedure to compute the values of dACC Asc where the
linear correlation between IL-6 and dACC Glu was statistically
significant. We found that whereas Asc levels lower than 0.16
were associated with a significantly positive correlation between
IL-6 and Glu, Asc levels higher than 0.32 were associated with
a significantly negative correlation between IL-6 and Glu; Asc
values between 0.16 and 0.32 were not associated with significant
correlations between IL-6 and Glu. See Figure 4 for more details.

DISCUSSION

The present study was designed to examine, in depressed
adolescents, associations between peripheral levels of
inflammation, as indexed by pro-inflammatory cytokines,
and concentrations of glutamate (Glu) in the dorsal anterior
cingulate cortex (dACC), a region that has been implicated in
adolescent depression in a range of structural and functional
MRI studies but that has been relatively neglected in studies
using MRS. We found that levels of IL-6, but not of IL-18 or
TNF-a, were positively associated with concentrations of Glu in
the dACC. In an exploratory analysis, we also found that higher
concentrations of Asc in the dACC moderated the association
between IL-6 and concentrations of Glu in the dACC, such that
these markers were negatively correlated at higher levels of Asc
only.

Our primary finding that higher levels of inflammatory
cytokines, specifically IL-6, are associated with higher
concentrations of glutamate in the dACC significantly advances
our understanding of glutamatergic abnormalities in adolescent
depression, particularly given the sparse and conflicting research
in this area. First, our results are consistent with animal
models demonstrating the role of inflammatory cytokines in
contributing to glutamatergic excitotoxicity (12, 18); they appear
to be inconsistent, however, with findings from MRS studies
indicating lower concentrations of Glu in the ACC of depressed
adults (22). One explanation for this discrepancy involves the
specific region examined in this study. We focused on the dorsal
division of the ACC based on findings of previous studies that
abnormalities in this region may be a neurodevelopmentally
sensitive marker of adolescent depression (28), in contrast to the
rostral (pregenual) or medial ACC (22). Studies focused on the
rostral and medial ACC in depressed adolescents, however, have
found evidence of higher Glx (sum of glutamate and glutamine,
a precursor to glutamate and GABA) in depressed adolescents
with suicidal ideation than in healthy controls (53), as well as
reductions in the ratio of glutamine to glutamate (Gln/Glu)
in response to treatment-related symptom improvement (54).
Although these studies examined Glx and GIn/Glu rather
than solely Glu, their data are nonetheless consistent with our
findings that higher levels of Glu may contribute to depressive
symptomatology. Thus, a second explanation of the discrepancy
between our findings and those of previous studies is that higher
levels of Glu in the ACC may characterize depression that
occurs at earlier developmental stages, when the consequences
of chronically high levels of glutamate on brain structure
(e.g., cell apoptosis, cortical thinning, etc.) have not yet had
as large an impact. Future research with larger samples that
include both adolescents and adults and that image the distinct
portions of the ACC are needed to test these hypotheses more
explicitly and to determine whether higher Glu in the ACC is an
adolescent-specific indicator of depression.

Our finding that the positive association IL-6 and Glu in
the dACC was found only at lower levels of Asc is broadly
consistent with basic science work showing that Asc prevents
excitotoxic damage to cells by inhibiting the binding of Glu
to NMDA receptors and by limiting the effects of oxidative
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FIGURE 2 | Correlation matrix among key variables of interest. Correlation matrix of primary predictor and outcome variables of interest, covariates, and clinical
characteristics. Pearson correlation coefficients are presented in black text. Significant correlations at p < 0.05 (uncorrected) are highlighted in color (blue, positive

stress markers, including quercetin (29-32). Other studies have
also shown that Asc is pharmacologically effective against
glutamate-induced phosphorylation of AMPK, a mechanism
of neuronal cell death (55). While preliminary, these results
highlight the potential role of antioxidants in mitigating the

downstream effects of inflammation on the brain, including
glutamate metabolism. Indeed, several studies have reported
that ascorbic acid supplements produce an antidepressant (and
not anxiolytic, suggesting specificity) effect [for a review, see
(56)]. The low toxicity and high tolerance of Asc may make
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Asc a possible adjuvant to first-line antidepressant treatments.  pharmacological agents, psychosocial therapies targeting stress
An important direction of future research will be to test reduction, or lifestyle and behavioral changes (e.g., changes
the extent to which anti-inflammatory strategies—including in sleep, exercise, and/or diet)—affect levels of Asc in the
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brain and whether they help to reduce or prevent depression
in adolescents.

Although the effect size of the association between IL-1f as
well as TNF-a and Glu in the dACC was in the same direction
as that of IL-6 and Glu, it is notable that we detected effects that
were specific to IL-6. IL-1f, IL-6, and TNF-a are similar in their
role in mediating immune responses; all three are released into
circulation by innate immune cells to act on organs throughout
the body [e.g., signaling the release of acute phase reactants such
as C-reactive protein; (57)]. All three have also been shown to
alter glutamate production (58, 59); in particular, TNF-a, has
been strongly linked with glutamate-mediated oxidative stress
and impairment of glutamate reuptake from astrocytes (59).
Importantly, however, in vivo studies conducted with rodents
have found that chronic stress paradigms that upregulate levels
of IL-6 do so in the absence of increases in IL-1b and, further,
that administration of IL-6 specifically produces depressive-like
phenotypes in rodents (60). In vivo studies in human adolescents
who are not clinically depressed have also showed that IL-6
predicts subsequent changes in depressive symptoms, although
the extent of these effects appears to be conditional on other
factors, including sex, stressful life events, and time or, possibly,
developmental stage (7, 61). Our findings are consistent with
much of the emerging human research in adults (12, 14, 15),
by showing that in depressed adolescents higher levels of IL-
6 specifically are associated with higher levels of glutamate.
Nevertheless, it is critical that future studies with larger sample
sizes replicate our findings and reconcile important differences
between humans and animals in neuroimmune systems in order
to facilitate forward and backward translation.

There are several limitations of our investigation that warrant
additional discussion and that should be addressed in future
research. First, our sample size was relatively small with a high
degree of psychiatric comorbidity and medication use (including
agents with some anti-inflammatory effects); it is important
to note, however, that our study is one of the largest MRS
studies to date conducted with depressed adolescents and the
first to focus on the dACC (22), and also includes a sample
that is representative of the type of patients who often present
at clinics. Second, we did not exclude participants on the
basis of medication history or usage. While we included both
antidepressant and anti-inflammatory medications as statistical
covariates in all of our analyses, it is possible that the effects of
these medications nevertheless influenced our results. Bearing
in mind issues concerning the generalizability of the findings
(for example, many depressed adolescents seek treatment and are
medicated), it will be important for future studies to consider
recruiting unmedicated adolescents with depression. Third, we
did not assess healthy control participants in our study. Future
research will benefit from including psychiatrically healthy
adolescents to clarify the extent to which the associations we
observed are specific to adolescents who are depressed. Fourth,
the reliability of Asc at 3 Tesla was significantly worse than the
reliability of Glu; the advent of ultra-field MR imaging (e.g., 7
Tesla) may prove to be especially fruitful in improving detection
and quantification of Asc. Finally, our study was a naturalistic
observational study, which precluded our ability to make causal

interpretations of the associations among IL-6, Glu, Asc, and
depressive symptoms. Studies are needed that experimentally
manipulate levels of inflammation, and of ascorbate, and that
characterize these effects on cortical glutamate concentrations
and subsequent behavior in samples of both depressed and non-
depressed adolescents.

Despite these limitations, this study is important in
establishing the associations among peripheral levels of
inflammation and concentrations of glutamate and ascorbate
in the dACC in humans with depression. In a cohort of
depressed adolescents, we found that higher levels of IL-6
were associated with higher concentrations of Glu in the
dACC and, further, that higher concentrations of Asc in the
dACC moderated this effect, such that the positive association
between IL-6 and Glu in the dACC was present only at lower
levels of Asc. Although preliminary, our results underscore the
importance of examining both immune and neural contributors
to depression in adolescence and highlight the potential role of
anti-inflammatory compounds in mitigating the adverse effects
of inflammation (e.g., glutamatergic neuroexcitotoxicity) in
depressed adolescents.
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Maijor depressive disorder (MDD) is a leading cause of distress, disability, and suicides. As
per the latest WHO report, MDD affects more than 260 million people worldwide. Despite
decades of research, the underlying etiology of depression is not fully understood.
Glutamate and y-aminobutyric acid (GABA) are the major excitatory and inhibitory
neurotransmitters, respectively, in the matured central nervous system. Imbalance in
the levels of these neurotransmitters has been implicated in different neurological
and psychiatric disorders including MDD. 'H nuclear magnetic resonance (NMR)
spectroscopy is a powerful non-invasive method to study neurometabolites homeostasis
in vivo. Additionally, "3C-NMR spectroscopy together with an intravenous administration
of non-radioactive '3C-labeled glucose or acetate provides a measure of neural
functions. In this review, we provide an overview of NMR-based measurements of
glutamate and GABA homeostasis, neurometabolic activity, and neurotransmitter cycling
in MDD. Finally, we highlight the impact of recent advancements in treatment strategies
against a depressive disorder that target glutamate and GABA pathways in the brain.

Keywords: antidepressant, brain, '*C-NMR spectroscopy, glutamine, ketamine, neurocircuitry, neurometabolism,
neurotransmitter

INTRODUCTION

Major depressive disorder (MDD) is a neuropsychiatric condition, characterized by low mood,
loss of interest in pleasurable activities, and suicidal ideation. It affects ~5% of the population
worldwide (1). As per the WHO report (2020), around 0.8 million people commit suicide
every year, and more than 90% of these had a psychiatric diagnosis (2, 3). MDD is one of the
major contributors to chronic disease burden over the world population, and imparts a high
socioeconomic impact (4). Despite several decades of research, there are no robust physiological
and molecular markers for psychiatric disorders. Therefore, diagnosis of these disorders is achieved
mostly by questionnaire-based psychiatric evaluation. The diagnostic criteria for psychiatric
disorders have been evolving continuously. The diagnostic standards and specifiers of MDD as
per the latest edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5, 2013)
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entire 2-week period (5).

Consistently feeling sad, empty, and hopeless

Markedly diminished interest in pleasurable activities

Significant weight loss or weight gain

Increased or decreased appetite

Insomnia or hypersomnia

Fatigue or loss of energy

Feeling of worthlessness, feeling excessive, or inappropriate guilt
Diminished ability to think or concentrate, or indecisiveness

Recurrent thoughts of death and suicidal ideation without a specific plan
Psychomotor agitation or retardation

Oooooooooo

BOX 1| Symptoms of MDD: as per diagnostic and statistical manual of mental disorder (DSM-V) at least five of the following symptoms must be present during

These symptoms cause clinically significant distress or impairment in social, occupational, or other important areas of functioning. Moreover, the episode is not
attributable to the physiological effects of a substance or another medical condition.

are described in Box 1 (5). Very often, the symptoms of different
neuropsychiatric disorders overlap with each other and interfere
in precise diagnosis. Hence, there is a need for extensive research
on the identification of biomarkers for the development of
novel diagnostic strategies for MDD. Depression is a highly
variable disorder with multiple risk factors and causes that vary
at the individual level. Certain environmental factors such as
prematernal stress, childhood abuse, physical and sexual abuse,
continuous failures, substance abuse, sadness and severe trauma
increase the risk of depression (6, 7). Depression has been often
seen to be associated with various neurodegenerative disorders
(8) such as Parkinson’s disease, Alzheimer’s disease, amyotrophic
lateral sclerosis, and systemic diseases like diabetes (9) and
cancer (10).

Despite enormous efforts made by the global psychiatric
research community, the molecular mechanism of MDD is not
yet very clear. Several neuroimaging and postmortem studies
have shown a loss of neuronal and glial population in the
cingulate cortex, prefrontal cortex (PFC) (11) and hippocampus
(12, 13) of depressed subjects (Figure 1) (14, 15). Various genetic
factors (16), epigenetic changes (17) and endocrine pathways (18)
are believed to be involved in the pathophysiology of the disorder.
The elevated activity of the hypothalamic-pituitary—adrenal
(HPA) axis is at the heart of the neurobiological presumptions
of depression (19). Higher activity of HPA axis increases levels
of glucocorticoids in blood, plasma and cerebrospinal fluid
(CSF), which are greatly associated with stress. Additionally,
environmental factors and stress influence neuronal function
epigenetically. These factors alter gene expression by histone
acetylation or DNA methylation (20).

The role of epigenetics in depression is supported by
studies reporting antidepressive effects of histone deacetylase
inhibitors in rodent models of depression (20, 21). Additionally,
a large number of studies have reported a reduced level of
brain-derived neurotrophic factor (BDNF) in the hippocampus
(HPC) and PFC of depressed subjects (22). BDNF is crucial
for the activity-dependent formation and maintenance of
synapses by regulating the activity of the mTORC1 complex.
Activation of mMTORCI1 pathways promotes de novo synthesis of

various synaptic proteins, including GluA1, a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptor subunits
and postsynaptic density protein 95 (PSD95) (23). Interventions
with different antidepressants have shown increased expression
of BDNF in PFEC of the rodent brain (24, 25).

Neurotransmitters are the chemical messengers present
in presynaptic nerve terminals and are released into the
synaptic cleft in response to the action potential (26). These
neurotransmitters bind to specific receptors present on the
postsynaptic membrane, and thus facilitate the transmission of
the action potential across the synapse (26). Neurotransmitters
are broadly classified into amino acids, peptides, and
monoamines depending on their chemical properties. Amino
acid neurotransmitters include glutamate, y-aminobutyric acid
(GABA), aspartate and glycine, which are abundant in the central
nervous system (CNS). Substance P, cholecystokinin, opioids and
neuropeptide Y belong to the peptide neurotransmitter category
(27). In the monoamine category, several neurotransmitters
including serotonin, dopamine, norepinephrine and epinephrine
are well-studied, and are shown to be involved in various
neuropsychiatric disorders (28, 29). Functionally, glutamate,
aspartate, dopamine, epinephrine and norepinephrine are
considered as excitatory neurotransmitters, while GABA, glycine
and serotonin are the major inhibitory neurotransmitters in the
matured mammalian CNS (30).

'H magnetic resonance spectroscopy (MRS) has emerged as
a powerful non-invasive method for the measurement of levels
of neurometabolites including glutamate and GABA in the brain
(31). In addition, '*C-MRS in conjunction with administration
of 13C-labeled respiratory substrates (glucose and acetate) allows
analysis of the cell-specific metabolic activity in animals as
well as in the human brain. This provides a non-invasive
measurement of the cerebral metabolic rate of glucose oxidation,
ATP production and neurotransmitter cycling (32, 33).

Neurocircuitry of Reward and Emotions

Depression is characterized by a deficit in various aspects
of reward, which is defined as responses toward positive
emotional stimuli such as food, sex and social interaction (34).
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FIGURE 1 | Schematic of glutamatergic and GABAergic projections involved in mood regulation and reward pathway. A subset of several known interconnections
among different brain regions are shown. Major glutamatergic projections (red color) arise from the frontal cortex to the anterior cingulate cortex (ACC), thalamus (TH),
ventral tegmental area (VTA), hippocampus (HPC) and nucleus accumbens (NAc). Additionally, glutamatergic neurons originate from hippocampus, and innervate into
hypothalamus (HT), VTA, NAc and PFC and from amygdala to HT, ACC and NAc. The GABAergic projections (green color) are widely distributed throughout the brain.
The major projections that are relevant to this review are from HT to the occipital and parietal cortex, HPC to PFC, and NAc to the thalamus and VTA. The structural
changes observed in the brain regions of depressed subjects are shown in the respective boxes.
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Several brain regions such as prefrontal cortex (PFC), nucleus
accumbens (NAc), ventral tegmental area (VTA), hippocampus
(HPC) and amygdala are interconnected with each other
via dopaminergic, serotonergic, glutamatergic and GABAergic
neurons, which comprise the reward circuit (35, 36). The reward
circuitry mainly includes dopaminergic projection from VTA
to NAc, PFC, hippocampus, amygdala, as well as other brain
regions. Additionally, glutamatergic and GABAergic projections
interconnect these regions very densely (Figure 1). The cortical
glutamate connections can be divided broadly into five major
arcs that include PFC to the brainstem, PFC to the striatum
and NAg, cerebral cortex to the thalamus, intracortical glutamate
projections, and from the thalamus to the cerebral cortex (37, 38).
Moreover, glutamatergic connections are found in subcortical
regions: hippocampus to VTA, hypothalamus, NAc and PFC;
and amygdala to NAc, hypothalamus and ACC. GABAergic
neurons also make dense connections between brain regions
that include projections from the striatum to substantia nigra
(SN) and brainstem; thalamus to SN; HPC to occipital and
parietal cortex; HPC to thalamus and striatum; NAc to VTA and
thalamus; and VTA to PFC and NAc (Figure 1) (37, 39). The
brain reward regions have been linked with specific behavioral

functions, e.g., PFC for decision making and intelligence, HPC
for emotional management, amygdala as the fear center, and
NAc-VTA for motivation, pleasure and reward. These brain
regions have broader functions in the management of emotional
and cognitive behavior. Various imaging and postmortem studies
have shown reduced volume and atrophy in these brain regions
of depressed subjects and animal models of depression (11-15).

Neurometabolites Homeostasis in Healthy

Brain
Neurometabolites homeostasis plays a very important role in
brain function, and has been shown to be affected in animal
models and human subjects of various neuropsychiatric disorders
including MDD (40, 41). Several small molecules including
N-acetyl-aspartate (NAA) (~9 pwmol/g), alanine (~1 pmol/g),
aspartate (~1.2 pwmol/g), choline (~1.5 pmol/g), creatine (~7
pmol/g), GABA (~1.5 pmol/g), glutamate (~10 pmol/g),
glutamine (~2.5 pwmol/g), glycine (~1 pmol/g), myo-inositol
(~6 pmol/g) and taurine (~1.2 pmol/g) contribute to major
fraction of neurometabolites pool in healthy brain (42).

In addition to precursors for different metabolites, these
molecules play various critical functions that include signal
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transduction, osmoregulation, cell growth and protein synthesis
(42). Glutamate released into synaptic cleft increases the
membrane potential of postsynaptic neurons, making them
more likely to lead to an action potential. Moreover, it plays a
critical role in long-term potentiation (43), synaptic plasticity
(44), learning and memory (45), and various cognitive functions
(46). Likewise, GABA, the major inhibitory neurotransmitter in
the matured CNS, inhibits the propagation of action potential
(47). Several studies have revealed the involvement of GABA
in learning and memory (48-50), aggressive—defensive behavior,
and impulsivity (51, 52). NAA is localized mostly in neurons, and
is known to be a marker of neuronal viability and health. It acts as
a precursor for NAAG, the storage form of aspartate, and serves
a variety of other functions (53). Myo-inositol, mostly localized
in astroglia, acts as an osmolite, plays an essential role in cell
growth, and is believed to be a marker of the glial population (42).
Moreover, it is considered an inflammatory marker in CNS (42).
Nearly 20 vital metabolites, which include the above-mentioned
molecules, can be detected and quantified in vivo by different
MR spectroscopic approaches in human (54) and animal brains
(55) (Figure 2). The most commonly used NMR methods for
detection and quantification of brain metabolites are described
in the subsequent section.

Glutamate and GABA Energy Metabolism
in Brain

The human brain accounts for 2% of the body weight, but it
contributes to 20% of the total energy consumed, indicating
the overwhelming energy demand of the brain (56, 57). In
a matured brain, this energy requirement is majorly fulfilled
by the oxidation of glucose. Most of the energy harvested
in the brain is utilized for the processes associated with
glutamatergic and GABAergic neurotransmission (57). The
glutamate released from glutamatergic neurons into the synaptic

cleft is taken up by astrocytes and converted to glutamine
by glutamine synthetase. Glutamine is transported back to
neurons, hydrolyzed to glutamate, and repackaged into vesicles
for the next release. This process is referred as glutamate-
glutamine neurotransmitter cycling (58). Similarly, substrate
cycle involving GABA and glutamine (GABA-glutamine) occurs
between GABAergic neurons and astrocytes (58). In this
cycle, the released GABA into the synapse is taken up
majorly by astrocytes, wherein it is metabolized to succinate
by GABA-transaminase, and enters into the TCA cycle and
ultimately converted to glutamine. The glutamine thus formed
is further transported to GABAergic neurons and converted to
GABA by the successive action of glutaminase and glutamate
decarboxylase (59, 60). The rates of neuronal glucose oxidation
and neurotransmitter cycling have been monitored by a
tracer approach, wherein '3C-labeled glucose is administered
intravenously, and labeling of brain amino acids is measured in
vivo by '*C-NMR spectroscopy (61). The metabolism of [1,6-
13C;, ]glucose via glycolysis followed by TCA cycle labels Glucy in
glutamatergic and GABAergic neurons (Figure 3). In GABAergic
neurons, Glucy is decarboxylated to GABAc, by glutamate
decarboxylase (GAD). Glncys gets labeled from Glucs and
GABA(;, through glutamate-glutamine and GABA-glutamine
neurotransmitter cycling, respectively. Further metabolism of
Glucy and GABA(; in the corresponding TCA cycle labels
Aspcascss Gluca/cs, and GABAcs/cs. The kinetics of label
incorporation in different amino acids is analyzed to determine
the rate of glucose oxidation in the glutamatergic, GABAergic
neurons, and rate of neurotransmitter cycling (59). Energy
budget estimates for the cost of signaling based on anatomic
and physiological data in the cerebral cortex indicated that most
of the signaling energy is utilized on postsynaptic glutamate
receptors, followed by action potentials and resting potentials.
In the cerebellar cortex, glutamatergic neurons use 75%, while

v

| | | | |
4.5 4.0 35 3.0

N-acetyl aspartate; Tau, taurine.

2.5

FIGURE 2 | A representative localized in vivo "H-NMR spectrum from mouse cerebral cortex. NMR spectrum was recorded using, a vertical wide bore magnet
interfaced with 600 MHz MR spectrometer. "H-MR spectroscopy was carried out using STEAM method in conjunction with outer volume suppression (OVS) and
water suppression (VAPOR) from a voxel (4.0 x 1.2 x 2.5 mm?®) with TE/TR = 4/4,000 ms with 512 averaging: Peak labels are Asp, aspartate; Cho, choline; Cr,
creatine; GABA, y-aminobutyric acid; Gin, glutamine; Glu, glutamate; Glx, glutamate + glutamine; Lac, lactate; m-Ino, myo-inositol; MM, macromolecule; NAA,
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FIGURE 3 | A schematic of three compartment metabolic model showing '3C
labeling of amino acids from [1-'8C]glucose. Metabolism of [1-'3C]glucose via
glutamatergic and GABAergic TCA cycle labels Glucs. In GABAergic neurons,
Glucy is further decarboxylated to GABAc, by glutamate decarboxylase
(GAD). The labeling of Gincs occurs by release and uptake of Glucs and
GABAG; in astrocytes followed by transamination by glutamine synthetase
(GS). Further metabolism of Glucs and GABAG, transfers the label into
Aspcocs. a-KGes, a-ketoglutarate-C4; AcCoA,, acetyl co-enzymeA-C2;
Aspcz/cs, aspartate-C2/C3; GABAc,, y-aminobutyric acid-C2; Gluca,
glutamate-C4; GAD, glutamate decarboxylase; GInga, glutamine-C4; GS,
glutamine synthetase; OAAcz,c3, oxaloacetate-C2/C3; PAG, phosphate
activated glutaminase; Succs, succinate-C3; Veyecasa—-ain, GABA-glutamine
cycling flux; Veye@iu-ain)» glutamate-glutamine cycling flux; Vspunt, flux of GABA
shunt; Vrcaia), astroglial TCA cycle flux; Vrcaeasa), GABAergic TCA cycle
flux; Vrca@iy, glutamatergic TCA cycle flux.

GABAergic neurons use 25% of the signaling energy (57). Hence,
an estimate of the energy expenditure of the glutamatergic and
GABAergic neurons using '*C-MRS approach directly reflects
their functional status.

HYPOTHESIS

The most prevalent hypothesis of depression posits that
depletion in monoamine neurotransmitters level is the
underlying cause of the disease (62, 63). Recent studies in animal
models and human subjects have suggested an association of
glutamatergic and GABAergic systems with the pathophysiology
of depression (64-66). Reduced expression of receptor subunits,
imbalances in their levels, decreased glutamatergic and
GABAergic neurotransmission, and altered energy metabolism
are known to play a critical role in the progression of
depression (64, 65).

Glutamatergic Hypothesis of Depression
Glutamatergic neurons constitute approximately 80% of
the synapses in the neocortex (67). Glutamate is released
at synapses throughout the brain, and exerts changes in
postsynaptic excitability and neuroplasticity (68). It activates
various downstream pathways of nuclear genes by binding
to a variety of membrane-bound receptors present on the
postsynaptic membrane, which regulate secondary messenger
systems.  a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPAR), N-methyl-D-aspartate (NMDAR), and kainate
are the fast-acting ionotropic receptors that get activated by
glutamate binding (69). Glutamate also binds to G-protein-
coupled receptors, known as metabotropic glutamate receptors,
which mediate various cellular processes and slow-acting
changes through secondary messengers such as cyclic adenosine
monophosphate (cAMP), cyclic guanosine monophosphate
(cGMP) and phosphatidylinositol (69). AMPA and kainate
receptors help in the conduction of action potential primarily
through the flux of Na™ ions, while NMDAy, is distinguished by
its more permeability to Ca?" ions. NMDA receptor signaling
promotes various responses such as excitation, neurotrophic
function, and can even activate cell death pathways. Abnormal
activity of NMDA receptor imparts harmful effects on neurons
(69). Overexcitation of NMDAR by excessive glutamate release
or impaired synaptic clearance leads to the death of neurons by
excitotoxicity (70).

A large number of clinical as well as animal studies have
reported impairment in the glutamatergic system in various
limbic and cortical areas of the brain of depressed subjects
(71, 72). Additionally, postmortem histopathology (73) and a
number of 'H-MRS studies (74, 75) have shed light on the
association of the aberrant glutamate system with maladaptive
changes in the structure and function of excitatory circuitry.
Several studies have reported decreased expression of NMDA
(73, 76, 77) and AMPA receptor subunits (77, 78) in PFC of
depressed individuals. Reduced expression of NMDA receptor
subunits has also been seen in the postmortem brains of
suicide victims (73, 79). Moreover, the decreased availability
of metabotropic receptor mGluR5 in PFC, cingulate cortex,
thalamus, hippocampus, and other cortical regions has been
reported in depressed individuals (80, 81). Additionally, loss of
glutamatergic neurons in the orbitofrontal cortex is associated
with the pathophysiology of depression (82). These shreds of
evidence suggest the involvement of glutamatergic system with
the pathophysiology of MDD.

GABAergic Hypothesis of Depression

Glutamate acts as the precursor for GABA, the predominant
inhibitory neurotransmitter in the matured brain (83).
GABAergic neurons contribute to one-third of total synapses
in the CNS and help in shaping the neural network dynamics
(84). These inhibitory neurons are known to play a pivotal role
in physiological processes that are often affected in psychiatric
disorders such as neural plasticity, sensory processing, stress
reactivity, memory formation, and attention (84, 85). GABA
binds to two different classes of receptors, the fast-acting ligand
gated or ionotropic receptor GABA and GABAg. Activation
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of GABA, receptor leads to an influx of chloride ions, which
inhibits the propagation of action potential. However, activation
of GABAp receptors stimulates K™ channel opening, which
helps in achieving a hyperpolarized state that leads to reduced
transmission of action potential (86, 87).

GABAergic interneurons are identified by their expression
of specific receptors for somatostatin (SST), parvalbumin (PV),
and 5-HT3a. SST and PV interneurons make up to 30 and
40%, respectively, of the total GABAergic neuronal pool (88).
Postmortem studies of depressed subjects have shown a reduced
level of SST and PV interneurons in PFC as well as in other
cortical areas (89). Additionally, a decrease in the level of
SST messenger RNA (mRNA) has been reported in several
brain regions, including dorsolateral PFC (90, 91), ACC (92)
and amygdala (93) in depression (47). Moreover, multiple
studies have reported reduced expression of GAD67 and GABA
transporters in the brain of MDD subjects (90, 93, 94). In
addition, genetically modified animals with deletion of specific
GABA receptor subunits show depressive phenotypes (95,
96). Furthermore, treatment with various antidepressants (97),
electroconvulsive therapy (ECT) (98) and cognitive behavioral
therapy (74) tends to restore GABA level in depressed
subjects (47). These multiple evidence suggest that impairment
in GABAergic transmission plays a significant role in the
pathophysiology of depression (99).

IN VIVO 'H-MR SPECTROSCOPY

Proton ('H) is the most abundant and sensitive NMR active
nucleus, and is an integral part of every neurometabolite. Due
to the presence of different functional groups, 'H belonging
to different molecules or attached to different carbon atoms
within the same molecule experiences variation in the electronic
environment. This results in differences in 'H frequencies, which
is commonly known as chemical shift. This parameter is used for
the distinction of metabolites by 'H-MR spectroscopy without
administering any chemical agent.

The neurochemical profile provides valuable information
when measured from a well-defined region/volume of the brain.
This is measured using localized in vivo MR spectroscopy.
The localization methods in MR spectroscopy are generally
based on magnetic field gradients and radiofrequency pulses.
A three dimensional voxel is selected by application of band
selective radiofrequency (RF) pulses together with magnetic field
gradient along X-, Y- and Z-axes. The most commonly used MR
localization methods are described below.

Image Selected in vivo Spectroscopy

This approach employs three frequency selective inversion
pulses followed by non-selective excitation of the entire sample
in the presence of three orthogonal magnetic field gradients.
Image selected in vivo spectroscopy (ISIS) achieves complete 3D
localization of voxel in eight scans (100).

Point-Resolved Spectroscopy (PRESS)
This is referred as a double spin-echo localization method,
wherein a 90° radiofrequency pulse is followed by two 180°

pulses together with magnetic field gradients along three
orthogonal axes (101). This produces signals exclusively from the
desired volume of interest. Due to complete refocusing of the
magnetization, the signal-to-noise ratio (SNR) is relatively higher
in point-resolved spectroscopy (PRESS).

Stimulated Echo Acquisition Mode
(STEAM)

It is a single scan localization technique, which involves
application of three 90° radiofrequency pulses together with
magnetic field gradients along three orthogonal axes. Due
to selection of stimulated echo using three slice-selective
90° radiofrequency pulses, stimulated echo acquisition mode
(STEAM) provides signals from metabolites at a very short echo
time (~5ms) (102). Furthermore, as all the three pulses are 90°
in STEAM, the amount of energy absorbed per mass of tissue
is lower in this sequence as compared with PRESS. However, as
STEAM focuses only 50% of the magnetization, the SNR of NMR
signal in STEAM is 50% of that obtained in PRESS approach.

A combination of these localization methods together
with outer volume suppression (103) provides better quality
localization, especially when the voxel is relatively small to
the entire excited volume. Furthermore, in vivo measurements
of metabolites whose concentration is in the range of 1-30
wmol/g often encounter huge water signals (55,555 pwmol/g),
hence requires effective suppression of water for quantification.
Various NMR characteristics like relaxation time, scalar coupling,
chemical shift and diffusion have been exploited to develop
several effective approaches for water suppression. Chemical shift
selective (CHESS) (104) and variable pulse powers and optimized
relaxation delay (VAPOR) (105) are commonly used approaches
for water suppression during in vivo 'H-MR spectroscopy.

13C-MR Spectroscopy

'H-MRS provides static information for metabolites from a given
brain region. In contrast, '*C-MRS is very useful in monitoring
the flow of labels from !*C-labeled substrates to different
neurotransmitters such as GABA, glutamate and aspartate,
similar to that is used in the tracer approach to evaluate the
functional status of tissues and organs (Figure 4). The kinetics
of 13C labeling of brain amino acids from *C-labeled precursors
(glucose/acetate) is useful to estimate the rates of synthesis and
catabolism, and thus offer a measurement of neuroenergetics in a
given brain region. >C-NMR spectroscopy in the brain has been
exploited extensively to understand brain energy metabolism in
healthy and different neurological disorders (61).

NEUROMETABOLITES HOMEOSTASIS
AND METABOLISM IN DEPRESSION

As mentioned earlier, the maintenance of neurometabolites
homeostasis is critical for the proper functioning of a healthy
brain. The changes in the levels of glutamate, GABA, and NAA
are often reported under MDD. These are described in details in
the following sections.
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Glutamate Homeostasis Under Depression
The 'H-MRS method has been used extensively for the
assessment of glutamate and other metabolite levels in the brain
of depressed subjects and rodent models of depression (Table 1).
Reduced level of glutamate has been reported in PFC of mice
in different models of depression such as chronic unpredictable
mild stress (CUMS) (66), chronic social defeat stress (CSDS)
(112, 116), and chronic forced swim stress (CFSS) (122). The
decreased glutamate level in PFC has also been reported during
the first episode of depression (107, 114). The progress of
depression plays a crucial role in abnormalities in glutamate,
e.g., chronic or remitted-recurrent MDD subjects showed further
reduction in glutamate level in PFC as compared with the
first episode depressed subjects (119). Antidepressive medication
aids in the restoration of neurometabolite homeostasis to
normal level. The unmedicated subjects exhibited lower levels
of glutamate plus glutamine (Glx) in the dorsomedial/dorsal
anterolateral prefrontal and ventromedial prefrontal cortex as
compared with the medicated ones (71). However, there are
few inconsistencies in the level of glutamate in depression, as
some reports have shown increased glutamate in PFC of the
postpartum depressed female subjects (117) and animal model
of depression (125).

Glutamate level was reported to be decreased together with
myo-inositol (a glial marker) and NAA in ACC of depressed

subjects (120, 126). Reduced levels of Glx and glutamine have
also been reported in the hippocampus of unipolar MDD subjects
(121). In accordance with these findings, a reduction in the levels
of Glu and NAA have been reported in the hippocampus of
chronic mild stress (CMS) (118) and CFSS mouse models of
depression (122). In a very recent study, levels of glutamate and
glutamine have been reported to be reduced in the sensorimotor
cortex of the chronic restraint stressed (CRS) rat model of
depression. However, several studies have shown an increase in
the level of glutamate in ACC of depressed subjects (106, 111),
hippocampus of MDD subjects with alcoholic tendencies (115),
and CSDS model of depression in mice.

A meta-analysis of 'H-MRS studies involving depressed
subjects has revealed a decrease in levels of glutamate and
glutamine primarily in ACC including the reduced level of Glx
in other brain regions (127). Additionally, a very recent meta-
analysis involving a greater number of participants concluded
that lower levels of glutamatergic metabolites (glutamate and
glutamine) in the medial frontal cortex are linked with the
etiology of MDD (128). The reduced level of glutamate in
MDD may be due to a lower supply of precursor glutamine
by glutamate-glutamine, impaired glucose metabolism, and
altered glial activity (64). The impaired functionality of glial
cells in depression could lead to a reduction in synaptic
glutamate uptake, which may result in elevated extracellular
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TABLE 1 | Brain glutamate homeostasis in depression.

S. No. Diagnosis/model Brain region Species Technique Quality index Glu GIx NAA References

1. MDD dACC Human (H 25, D51)  MEGAPRESS, 4T CRI < 19% I - - Bensonetal (106)

2. MDD vmPFC Human (H 683, D 31) PRESS, 3T CRLB < 30% 1 N - Draganov et al.
2020 (107)

3. MDD RFL Human (H 32, D 32) EPSI, 3T CRLB < 25% NS - | Kahletal. (108)

4. Depression (CRS)  SSC Rat (H 8, D 33) PRESS, 9.4T CRLB < 15%,NR>9.5 | 1 —  Seewo et al. (109)

5. Depression (CRS)  NAc Mice (H 14, D 14) SPECIAL, 141T CRLB < 20% 3 - | Cherixetal. (110)

6 BID EU ACC Humans (H 80, D 128) PRESS, 3T CRLB <20%,SNR>10 1 1 NS Soeiro-de-SouZa
etal (111)

7. Depression (CSDS) PFC Mice (H 24, D 25) Ex vivo, "H-['*C]-NMR, 14T - J - | Mishraetal. (112)

MDD rdPFC Human (H 33, D 25) SPECIAL CRLB < 20% NS | | Jollant et al. (113)
MDD PFC Human (H 27, D 22) PRESS, 3T CRLB < 10% N 1 - Shirayama et al.

(114)

10. MDD HPC Human (H 38, D 63) PRESS, 3T CRLB < 20% A - - Hermensetal.
(115)

11, Depression (CSDS) PFC Mice (H 15, D 30) Ex vivo, "H-['®C]-NMR, 14T - L - | Veeraiah et al.
(116)

12. PPD mPFC Humans (H12, D 12)  STEAM, 3T CRLB < 20% » NS NS McEwenetal
(117)

13. Depression (CMS)  PFC & HPC Rat (H 10, D 10) PRESS, 7T CRLB < 20% 1 5 | Hemanth Kumar
etal. (118)

14. MDD vmPFC Humans (H 15, D 45)  PRESS, 3T CRLB < 30% J - | Portellaetal. (119)

15. MDD ACC Humans (H 26, D 23)  PRESS, 3T CRLB <20%,SNR>15 | NS | Jamumetal (120)

16. MDD HPC Humans (H 10, D 18)  PRESS, 3T - - 1 - Blocketal. (121)

17. Depression (CFSS) PFC Mice (H 12, D 12) Exvivo, "HNMR, 11.7T - 1 I NS Lietal (122

HPC J NS |

18. MDD dm/da PFC Humans (H 20, D 20) PRESS based J editing, 3T - - l NS Hasler et al. (71)

19. MDD Subcortical nuclei Humans (H21, D 20) PRESS, 1.5T - J 1 - Ajilore et al. (123)

20. MDD OCC Humans (H 38, D 33)  ISIS, J-editing, 2.1T - A - - Sanacora et al.
(72)

21. MDD ACC Humans (H 18, D 19)  PRESS, 1.5T - 1 I NS Aueretal. (124)

ACC, anterior cingulate cortex; BID EU, euthymic bipolar | disorder; CFS, chronic forced swim stress; CRS, chronic restraint stress; CUMS, chronic unpredictable mild stress; CSDS,
chronic social defeat stress; CRI, Cramer-Rao index; CRLB, Cramer-Rao lower bound; dACC, dorsal anterior cingulate cortex; dm/daPFC, dorsomedial/dorsal anterolateral PFC;
EPSI, echo planar spectroscopic imaging; EAF, experimental autoimmune prostitis;, HPC, hippocampus; ISIS, image selected in vivo spectroscopy; LD, light deprivation; MDD, major
depressive disorder; mPFC, medial prefrontal cortex; MEGA-PRESS, Meshcher-Garwood point-resolved spectroscopy; NAc, nucleus accumbens; NS, no significant change; OCC,
occipital cortex; PFC, prefrontal cortex; PPD, postpartum depression; PRESS, point-resolved spectroscopy; rdPFC, right dorsal PFC; RFL, right frontal lobe; SNR, signal-to-noise ratio;
SPECIAL, spin echo full intensity acquired localized sequence; SSC, sensorimotor cortex; STEAM, stimulated echo acquisition mode; TRD, treatment resistant depression; UDR, unipolar
depression; vmPFC, ventromedial prefrontal region; | depicts decrease, 1 represents increase. The numbers in the parenthesis under species represent the number of healthy (H) and

depressed (D) subject.

glutamate level that ultimately accelerates neuronal death by
glutamate excitotoxicity (129). In fact, reduced expression of
excitatory amino acid transporter (EAAT2) and glutamate
synthetase (GS) transcripts, which are localized in glia, have been
reported in CSDS mouse model of depression (116, 130). These
studies support the hypo-glutamatergic hypothesis of depression
and suggest that modulation of the glutamatergic system for
remission of depression.

GABA Homeostasis Under Depression

GABAergic system is involved in most psychiatric disorders
including major depressive disorder (131), schizophrenia (132),
bipolar disorder (133) and autism (134). Several approaches
including epigenetics, postmortem studies, and measurement of
GABA level in cerebrospinal fluid and plasma have been used
to unravel the role of the GABA system in the pathophysiology

of psychiatric disorders (131). Lower GABA levels in plasma
(135) and cerebrospinal fluid (136) have been reported in
depressed subjects. A summary of 'H MRS-based measure of
GABA level in the depressed subjects as well as in animal
models of depression is presented in Table 2. Several studies
have shown a lower level of GABA in MDD subjects as
compared with healthy controls (131, 154). These include lower
GABA concentration in OCC (72, 75, 144), dorsomedial/dorsal
anterolateral PFC (71) and ACC of depressed subjects (137,
139, 142, 143, 155). Moreover, a very recent report has
shown reduced GABA level in ventromedial PFC (107) of
depressed subjects. Additionally, reduced level of GABA has
been reported in PFC of chronic stress model of depression
in rodents (112, 118). Hence, lower GABA level is often
considered as one of the most promising endophenotypes of
MDD (156).
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TABLE 2 | Brain GABA homeostasis in depression.

S. No. Diagnosis/model Brain region Species Technique Quality index GABA NAA References
1. MDD vmPFC Human (H 683, D 31) PRESS, 3T CRLB < 30% 0 - Draganov et al.
(107)
2. MDD Striatum Human (H 16, D 20) J-edited MEGAPRESS, 3T - b - Bradley et al.
(137)
ACC | -
CUMS HPC Rat (H 12, D 12) PRESS, 9.4T CRLB < 10% 1 NS Sekar et al. (138)
MDD ACC Human (H 36, D 44) J-edited, 3T - l - Gabbay et al.
(139)
5. MDD ACC Human (H 26, D 33) J-edited, 3T - 1 - Abdallah et al.
(140)
6. MDD ACC Humans (H 21, D 20) J-edited, 3T - J - Gabbay et al.
(141)
7. CMSs PFC and HPC Rat (H 10, D 10) PRESS, 7T CRLB < 20% J l Hemanth Kumar
etal. (118)
MDD ACC and OCC Humans (H 24, D 33) J-edited, 3T - 1 - Price et al. (142)
MDD pgACC Humans (H 24, D 19) 2D-JPRESS, 3T CRLB < 20% NS NS Walter et al.
(143)
10. MDD-R OCC and ACC Humans (H 11, D 12) MEGA-PRESS, 3T CRLB < 20% 1 NS Bhagwagar et al.
(144)
11. MDD dm/da PFC Humans (H 20, D 20) PRESS based J editing, 3T - 1 NS Hasler et al. (71)
12. PPD OcC Humans (H 14, D 9) J-editing, 2.1T - l - Epperson et al.
(145)
13. MDD OCC Humans (H 38, D 33) J-editing, 2.1T - 1 - Sanacora et al.
(72)
14. MDD OCC Humans (H 18, D 14) J-editing, 2.1T - 1 - Sanacora et al.

(75)

ACC, anterior cingulate cortex; CMS, chronic mild stress; CUMS, chronic unpredictable mild stress; CRLB, Cramer-Rao lower bound; dm/daPFC, dorsomedial/dorsal anterolateral PFC;
HPC, hippocampus; MDD, major depressive disorder; MDD-R, recovered depression; MEGA-PRESS, Meshcher-Garwood point-resolved spectroscopy; NS, no significant change;
OCC, occipital cortex; pgACC, pregenual anterior cingulate cortex; PFC, prefrontal cortex; PPD, postpartum depression; PRESS, point-resolved spectroscopy; SNR, signal-to-noise
ratio; vmPFC, ventromedial prefrontal region; | depicts decrease, 1 represents increase. The numbers in the parenthesis under species represent the number of healthy (H) and

depressed (D) subject.

In contrast to glutamate, whose level is independent of
the mood of depressed subjects, the GABA level is state
dependent, as its concentration in remitted MDD subjects
is similar to healthy controls (40). It has been observed
that unmedicated patients had reduced level of GABA in
the dorsomedial/dorsal anterolateral PFC as compared with
medicated subjects. Additionally, longitudinal 'H-MRS studies
in MDD subjects have shown restoration of GABA level after
electroconvulsive therapy (98), cognitive behavioral therapy (74),
treatment with ketamine (150), and selective serotonin reuptake
inhibitors (SSRIs) (97). Moreover, 'H-MRS measurements have
shown lower OCC GABA level in treatment-resistant depressed
subjects as compared with non-resistant depressed subjects and
healthy volunteers (142, 157).

N-Acetyl Aspartate Homeostasis Under

Depression

NAA is the strongest signal in 'H-MRS, and is exclusively
localized in neurons. Although the physiological role of NAA
in neural function is unclear, it is typically associated with
neuronal integrity and mitochondrial health (158). Reduced level
of NAA is reported in different brain regions of depressed
subjects, including PFC (112, 113), ACC (120, 126), right frontal
and parietal lobe (108), and in the hippocampus (122, 159)

(Tables 1, 2). A lower level of NAA has also been seen in
the hippocampus (122), nucleus accumbens (110) and PFC
(112, 116) of rodent models of depression. Reduced levels of
NAA along with glutamate suggest decrease in viability of
glutamatergic neurons in depression.

Glutamate and GABA Energy Metabolism

in Depression

Positron emission tomography (PET) (160, 161) and 13c.
MRS are widely used techniques for evaluating brain energy
metabolism (162) in humans and rodents. Neurometabolic
activities have been investigated using '*C-MRS with an
administration of 3C-labeled substrates (59, 61). As 3C-
MRS can distinguish labeling of different carbon positions of
glutamate, glutamine, GABA and aspartate, it is possible to
measure TCA cycle fluxes separately for glutamatergic neurons,
GABAergic neurons and astrocytes by appropriate modeling
of the *C turnover of neurometabolites (60, 163). Early *C-
MRS studies from Shulman et al. have led the foundation
of quantitative measurement of rates of neuronal glucose
oxidation and neurotransmitter cycling (164, 165). The 13c.
NMR measurements together with the infusion of *C-labeled
substrates in mice (60), rats (163) and human (166) have
shown that neuronal mitochondrial TCA cycle in the cerebral
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cortex contributes ~70-85% of the total energy produced
and the remaining (~15-30%) by astroglia. The GABAergic
mitochondrial TCA cycle contributes to ~20% of total neuronal
TCA cycle in rats (59) and mice cerebral cortex (60). Most of the
neuronal energy is used to support the processes associated with
glutamate signaling such as postsynaptic glutamate receptors
(50%) and action potential (20%) in the cerebral cortex (56,
57). Most importantly, *C-NMR measurements have shown
that rates of oxidative glucose metabolism in neurons and
neurotransmitter cycling are stoichiometrically (1:1) coupled
(165, 167), indicating that energy requirement for cycling of each
glutamate molecule is powered by complete oxidation of one
molecule of glucose in neurons (168, 169).

There is limited information about brain mitochondrial
energetics in depressed subjects. A recent '*C-MRS study
performed by the Yale Psychiatric group has reported a
~25% reduction in the mitochondrial energy production in
glutamatergic neurons in the occipital cortex of depressed
subjects (64). However, there was no change in the GABA
synthesis rate and glutamate-glutamine neurotransmitter cycling
flux. Using CSDS mouse model of depression, we have
reported a reduction in the rate of glucose oxidation in
glutamatergic and GABAergic neurons in PFC of C57BL6
mice (116). Additionally, glutamate-glutamine cycling was
reduced in mice exhibiting depression-like phenotype (112).
Moreover, a very recent measurement has revealed decreased
glutamatergic (40%) and GABAergic (20%) neurometabolic
activity in PFC of CUMS model of depression (66). These
alterations were reflected in a large reduction in the rate of
neuronal ATP synthesis. Additionally, excitatory and inhibitory
synaptic transmissions were reduced by ~40% in these mice. The
reduced synaptic transmission in CUMS mice was corroborated

by decreased labeling of GABA-C2, Glu-C4, and GIn-C4 from
[2-13Clacetate (66).

Effect of Antidepressants on the
Glutamatergic and GABAergic Systems

Antidepressants are categorized into different classes: selective
serotonin  reuptake inhibitors, serotonin-norepinephrine
reuptake inhibitors, and selective norepinephrine reuptake
inhibitors, which increase the level of synaptic monoamine
neurotransmitters by blocking their reuptake in neurons.
The antidepressants belonging to the monoamine oxidase
inhibitors category increase tissue levels of monoamines by
suppressing the activity of corresponding oxidases. These
molecules increase synaptic plasticity, activate neurogenesis
in the adult hippocampus, and enhance the expression of
neurotrophic factors (170, 171). However, despite the increase
in brain monoamine level with few doses of conventional
antidepressants, the desired outcomes are usually achieved only
after several weeks to months of continuous administration
(172). Moreover, a significant fraction of subjects, commonly
referred to as treatment-resistant, do not respond to these
antidepressants despite the use of various therapeutic
strategies (173).

Interestingly, a single subanesthetic dose of ketamine,
a non-competitive NMDA channel blocker, produces rapid
antidepressant actions within hours of administration, and the
effects last for several days (150, 174) (Table 3). Although, the
precise mechanism of ketamine action is elusive, various studies
have reported that acute intervention with a low dose of ketamine
increases glutamate efflux in PFC of mice and rats (112, 175,
176). These studies led to hypothesize that partial antagonism
of NMDA receptor by a subanesthetic dose of ketamine may

TABLE 3 | Impact of ketamine on neurometabolites homeostasis in depression.

S. No. Species Brain region Sample size Dose Technique Quality index Glu Gix GABA References
1. Human (MDD) pgACC HP: 12, HK: 11 0.5 mg/kg (iv) for ~ PRESS, 7T SNR> 150 NS - - Evans et al. (146)
DP: 16, DK: 18 40min
2. Human (HV) ACC HP: 16, HK: 31 0.23 mg/kg (iv) in  PRESS, 3T - - 1 - Javitt et al. (147)
1h
3. Humans (HV) pPgACC HP: 14, HK: 12 0.5 mg/kg (iv) for ~ STEAM, 7T CRLB <20% | - - Li M. etal. (148)
40 min
4. Human (HV) HPC HP: 12, HK: 15 0.27 mg/kg (iv) PRESS, 3T CRLB <20% - 1 - Kraguljac et al.
(149)
5. Human (MDD) mPFC DK: 11 0.5 mg/kg (iv) for  J-editing, 3T - - 1 1 Milak et al. (150)
40 min
6. Rats (Social isolation) ACC HP: 8, HK: 8 25 mg/kg (ip) PRESS, 7T CRLB <25% NS - \ Napolitano et al.
(1561)
7. Rat (CUS) ACC HP: 5, HK: 6 40 mg/kg (ip) Exvivo CPMG, 11.7T CRLB <20% NS NS 1 Perrine et al. (152)
DP: 6, DK: 7
8. Rat (H) PFC HP: 12, HK: 12 30 mg/kg (sc) for  PRESS, 4.7T CRLB <30% 1t - - Kimetal. (153)

6 days

ACC, anterior cingulate cortex; CPMG, Car-Purcell-Meiboom-Gill; CRLB, Cramer-Rao lower bound; CUS, chronic unpredictable stress; DK, depressed subject with ketamine; DF,
depressed subject with placebo; HK, healthy subject with ketamine; HF, healthy subject with placebo; HPC, hippocampus; HV, Healthy volunteer; ip, intraperitoneal; iv, intravenous, MDD,
major depressive disorder; NS, no significant change; PFC, prefrontal cortex; pgACC, pregenual anterior cingulate cortex; PRESS, point-resolved spectroscopy; SNR, signal-to-noise
ratio; sc, subcutaneous; STEAM, stimulated echo acquisition mode; | depicts decrease, 1 represents increase.
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induce antidepressive effects by increasing neurotransmission
and neurometabolism in PFC (175). Moreover, the antidepressive
effects of ketamine could be related to the selective impact on
GABAergic interneurons. Ketamine blocks the NMDA receptors
of GABA interneurons, thus suppresses their ability to inhibit
pyramidal neurons, thereby induces cortical excitation (11, 177).

A very recent pilot study has evaluated the impact of
intravenous ketamine administration on neurotransmitter levels
in the medial prefrontal cortex (mPFC) of MDD subjects (150).
GABA/water and Glx/water peaked ~38% above baseline within
30min of ketamine infusion (150) (Table 3). However, the
majority of the studies reported insignificant changes in GABA
and glutamate levels following ketamine treatment (178, 179).
As mentioned above, the antidepressant effects of ketamine
could be related to its impact on neurotransmitter cycling,
oxidative energy metabolism, and neuronal-astroglial coupling.
Very recently, we have shown that the subanesthetic dose of
ketamine (10 mg/kg, intraperitoneal) increases *C labeling
of glutamate, GABA and glutamine from glucose and acetate
in PFC of CSDS mice. These findings indicate that ketamine
normalizes the neurometabolic activity of glutamatergic and
GABAergic neurons along with astrocytes in depression (112,
175). Moreover, recent studies with ketamine in MDD subjects
indicated an increase in the rate of glutamate-glutamine
neurotransmitter cycling without any change in oxidative energy
production in neurons (180, 181).

OUTLOOK

The homeostasis of tissue glutamate and GABA plays important
role in neural activity. The GABAergic neurons are known to
control the dopaminergic reward circuitry in the VTA (182,
183). Alteration in the GABAergic neurotransmission with
defective GABA, receptor subunits (94, 95, 184) and GAD67
(90, 93) have been reported in depressed subjects. Moreover,
modulation of GABAergic activity in mice using genetic and
optogenetic approaches leads to anhedonia and neophobia,
which are characteristics of depressive disorder (185, 186).
The reduced regulatory inhibition on principal neurons may
lead to the excessive release of excitatory neurotransmitters
in the synapse. The elevated glutamate level in the synaptic
cleft stimulates prolonged and excessive activation of NMDA
receptors (187). This increased neural activity ultimately leads
to atrophy of glutamatergic neurons by excitotoxicity. A
homeostatic reduction in glutamate receptors and functional
impairment of glutamatergic synapses in the hippocampus and
medial prefrontal cortex have been reported in y2-subunit of
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Transcranial Magnetic Stimulation
Increases GABA in the Medial
Prefrontal Cortex: A Preliminary
Sham-Controlled Magnetic
Resonance Spectroscopy Study in
Acute Bipolar Depression

Chad Diederichs’, Marilena M. DeMayo "2%%%5, Jaeden Cole %%, Lakshmi N. Yatham?’,
Ashley D. Harris?>*%¢ and Alexander McGirr"2%*

" Department of Psychiatry, University of Calgary, Calgary, AB, Canada, ? Hotchkiss Brain Institute, University of Calgary,
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Background: Magnetic resonance spectroscopy (MRS) has been used to identify
gamma-aminobutyric acid (GABA) alterations in mood disorders, particularly in the medial
prefrontal cortex (MPFC) where decreased concentrations have been associated with
anhedonia. In major depressive disorder (MDD), prior work suggests that repetitive
transcranial magnetic stimulation (-TMS) increases mPFC GABA concentrations
proportional to antidepressant response. To our knowledge, this has not been examined
in acute bipolar depression.

Methods: As part of a multicentre 4-week randomized, double-blind, sham-controlled
trial using intermittent theta-burst stimulation (iTBS) of the left dorsolateral prefrontal
cortex (DLPFC) in individuals with acute bipolar depression, we quantified mPFC GABA
and Gix (glutamate+glutamine) concentrations using a 3T MRS scan at baseline and
after the intervention. Depressive symptoms were measured using the Montgomery-
Asberg Depression Rating Scale (MADRS) and the Hamilton Depression Rating Scale-
17 (HRDS-17), and anhedonia was measured using the Snaith-Hamilton Pleasure
Scale (SHAPS).

Results: The trial was terminated for futility and magnetic resonance spectroscopy
data was acquired for 18 participants. At baseline, there were no associations between
GABA or GIx concentrations and anhedonia, however GABA was negative correlated
with depressive symptom severity on the HRDS-17. Compared to the sham-iTBS
group, participants receiving active-iTBS had a significant increase in mPFC GABA
concentrations. This was unrelated to antidepressant outcomes or improvements
in anhedonia.
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mPFC GABA Concentration After iTBS

Conclusion: Our data suggests that iTBS targeting the DLPFC is associated with
physiological changes in the mPFC. In acute bipolar depression, our preliminary data
suggests that mPFC GABA is dissociated from antidepressant iTBS treatment outcomes

and anhedonia.

Keywords: repetitive transcranial magnetic stimulation, intermittent theta burst stimulation, bipolar disorder,
bipolar depression, magnetic resonance spectroscopy, gamma-aminobutyric acid

INTRODUCTION

Bipolar disorder (BD) is a leading cause of global disability that is
defined by episodes of mania or hypomania (1). Yet, patients with
BD type I spend as much as 70% of the time of the symptomatic
periods experiencing syndromic or sub-syndromic depressive
symptoms, while this proportion is over 80% in patients with BD
type II (2). There are currently only four treatments that have
been approved by the US Food and Drug Administration for the
treatment of acute bipolar depression, namely olanzapine and
fluoxetine combination, quetiapine, lurasidone, and caripirazine,
and limited alternatives for those who do not respond to or
tolerate these treatments (3).

Non-invasive  neurostimulation techniques, such as
transcranial magnetic stimulation (TMS), are efficacious in the
treatment of Major Depressive Disorder (MDD). Accordingly,
they are often considered in acute bipolar depression, however
the literature in BD is small (4, 5). Newer TMS protocols, such
as intermittent theta-burst stimulation (iTBS), are efficacious
in MDD (6, 7) but have not demonstrated efficacy in BD to
date (8, 9). Given lack of efficacy in BD, this may provide an
opportunity to dissociate physiological effects that are and are
not treatment mechanisms.

A growing body of research highlights alterations in brain
gamma-aminobutyric acid (GABA) and glutamate systems in
mood disorders (10, 11). 'H-MRS studies report decreases in
cortical GABA in unipolar depression that correlate inversely
with glutamate (12-15). Lower GABA levels have been repeatedly
seen in the medial prefrontal cortex (mPFC) in depression, and
this has been associated with anhedonia (16-18). Importantly,
mPFC GABA levels increase with successful pharmacological
treatment of MDD (19), as well as with repetitive transcranial
magnetic stimulation (rTMS) treatment (20).

Several lines of evidence highlight the importance of the
mPFC, and the anterior cingulate cortex more specifically, in the
therapeutic effects of rTMS when the target is the dorsolateral
prefrontal cortex (DLPFC). Indeed, a single treatment to the
left DLPFC is associated with sustained changes in fMRI BOLD
response and the GABA/GIx ratio in the anterior cingulate (21).
Hyperactivity of the anterior cingulate predicts successful rTMS
treatment (22), and clinical response to rTMS is associated with
the degree of anticorrelated activity between the precise DLPFC
target and the anterior cingulate cortex (23-25). In light of these
findings, GABA concentrations in the medial prefrontal cortex
(mPFC) may represent a physiological marker associated with
large scale network changes in depression (26) that are amenable
to r'TMS.

To our knowledge, mPFC GABA concentrations during rTMS
treatment in acute bipolar depression have not been measured.
Therefore, in a randomized sham-controlled trial that examined
the efficacy of iTBS in comparison to sham-iTBS (9), we used
magnetic resonance spectroscopy (MRS) to assess mPFC GABA
in the study patients. We hypothesized that mPFC GABA
would be related to anhedonia, would increase with active-iTBS
but not sham-iTBS, and that the change would be related to
antidepressant response.

METHODS

We conducted a double-blind randomized controlled study in
two Canadian centers (the University of British Columbia and
University of Calgary) between October 2016 and March 2020.
The study was registered with ClinicalTrials.gov (NCT02749006)
and was approved by the clinical ethical review boards of the
University of British Columbia and conjoint health ethical review
board of the University of Calgary. The University of Calgary
site, but not the University of British Columbia site, acquired
GABA-edited MEGA-PRESS data in the mPFC.

The primary outcomes are described elsewhere (9). Briefly,
the trial was terminated for futility after 37 participants were
randomized due to the absence of an efficacy signal and overall
low rates of clinical response (15.7% sham-iTBS vs. 16.6% active-
iTBS). This low rate of clinical response was also observed after a
4-week open-label continuation for those that had not responded
in the double-blind phase (23.8%).

Participants

Participants were recruited by referral or by online and
community advertisements. Participants provided written
informed consent. Eligibility criteria included: males and females
18-70 years of age with a primary diagnosis of Bipolar I Disorder
or Bipolar II (BD1 or BD2), experiencing a major depressive
episode with >15 on the 17-item Hamilton Depression Rating
Scale (HRDS-17) (27), and having failed to achieve clinical
response with CANMAT first-line recommended treatments
(lithium, lamotrigine, quetiapine, lurasidone with or without
concurrent lithium or valproate) for an acute major depressive
episode (3). Participants were required to have been on a stable
pharmacological regimen for 2 weeks prior to screening that had
to include a mood stabilizer (lithium >0.6 mEq/L or valproate
>350 mM/L), an atypical antipsychotic, or a combination of a
mood stabilizer and an atypical antipsychotic. For participants
with BD2 only, lamotrigine monotherapy was acceptable if the
dose was >100 mg daily.
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FIGURE 1 | Representative T1 weighted image with mPFC voxel placement
and GABA-edited MEGAPRESS.

Exclusion criteria were acute suicidality; current psychosis;
a substance use disorder within the last 3 months; seizures; a
pacemaker or metallic implant; an unstable medical condition;
previous TMS; current use of more than three antipsychotic
agents; failed response to ECT in current episode; psychotherapy
initiated within the last 3 months; a psychiatric condition other
than BD that was deemed to be primary.

Treatment Protocol and Randomization
We generated three 1:1 randomization sequences for patients
treated with (a) mood stabilizers, (b) atypical antipsychotics,
or (c) a combination of mood stabilizer and antipsychotics
to ensure that randomization was stratified according to
current pharmacotherapy. Eligible patients were randomized
with allocation concealment. Patients and clinical evaluators
remained blind to their treatment condition. We utilized a
MagPro X100 stimulator (MagVenture, Denmark), and a COOL-
B70 or MCF-P-B70 placebo coil in conjunction with participant
anatomical MRIs and neuronavigation (Visor2, ANT Neuro, the
Netherlands). Resting motor threshold (rMT) was determined
using electromyographic (EMG) electrodes placed over the first
dorsal interosseous muscle, with threshold determined by the
stimulus intensity required to elicit 5/10 EMG responses >50 pV.
Patients were randomly allocated to either active or sham
iTBS, consisting of a total of 600 pulses per session. Pulses were
delivered as triplets at 50 Hz repeated at 5Hz (2 on 8s off) and
at 120% rMT. These parameters reflect the stimulus parameters
that have been shown to be non-inferior to gold standard high-
frequency stimulation in a large single blind study (28). We
targeted the participants’ left DLPFC using neuronavigation
(Visor 2, ANT Neuro) using the T1-weighted MRI acquired at
baseline. For participants who could not tolerate the MRI, we
used the BeamF3 method which was then registered to a template
MRI to permit reliable targeting for the duration of the study (29).

Clinical Measures and Self-Reports
Participants were assessed by an independent evaluator
(AM) blinded to treatment conditions. The diagnosis of BD
was confirmed with the MINI International Neuropsychiatric
Interview 7.0. Clinician rated instruments included the Hamilton
Rating Depression Scale 17-item (HRDS-17), the Montgomery-
Asberg Depression Rating Scale (MADRS) (30), the Young
Mania Rating Scale (YMRS) (31), and the Clinical Global
Impression (CGI) subscales for severity and improvement (32)
at baseline, after 2 weeks, and after 4 weeks of double-blind
treatment. Clinical response was defined as a reduction of 50%
or more in MADRS score, and clinical remission was defined as a
MADRS score of 12 or less. To measure anhedonia, participants
completed the Snaith-Hamilton Pleasure Scale (SHAPS) (33) at
baseline and at the conclusion of the double-blind phase.

GABA-MRS

Imaging was performed at 3T (MR750, General Electric
Healthcare, USA). Because the GABA peaks are overlapped
by more abundant metabolite peaks, advanced spectroscopy
methods are required for its accurate quantification; the most
common being J-difference editing (34). For voxel localization
and subsequent segmentation, first a T1-weighted acquisition
was performed (TR/TE = 8.3/3.2ms, Imm isotropic voxels,
aligned to the AC-PC line). Gamma-aminobutyric acid data
were acquired from a 30 x 30 x 30 mm?® voxel in the mPFC
using a GABA-edited MEGA-PRESS acquisition (TR/TE = 2
s/68 ms, 320 averages, 14 ms editing pulses alternating between
1.9 and 7.46 ppm every two averages, and eight unsuppressed
averages for metabolite quantification). Voxels were then placed
parallel to the AC-PC line anterior to the genu of the corpus
callosum (Figure 1). Gamma-aminobutyric acid and the co-
edited Glx (glutamate+glutamine) peak were analyzed in Gannet
(35) including voxel localization and segmentation with SPM12,
tissue correction for tissue specific T1 and T2 relaxation, and
water visibilities (36, 37). Gamma-aminobutyric acid data also
included tissue correction for concentration differences of GABA
in white and gray matter, assuming the concentration of GABA
in gray matter is twice that of white matter (38).

Data quality was visually assessed, which included assessing
the GABA peak and resolution of subtraction artifact following
spectral alignment, confirming the stability of water frequency
(indicative of movement or scanner drift), confirming the quality
of creatine alignment and fit of the spectrum and residuals. The
included MEGA-PRESS acquisitions had a GABA fit error of 7.74
=+ 3.28, full-width half-maximum of 22.03 + 4.48 Hz, and signal
to noise ratio of 11.97 £ 3.05.

Voxel Placement Consistency

The T1-weighted image from the follow-up session was
registered to the baseline acquisition [FSLs FLIRT (39, 40)]
and the transformation matrix for that registration was then
applied to the follow-up voxel such that both voxels for each
subject could be visualized in the same space to ensure voxel
placement consistency. In addition to visual confirmation of
voxel placement consistency across sessions, the dice coefficient
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FIGURE 2 | CONSORT flow diagram.
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of the voxel overlap was calculated. The average dice coefficient
was 72% (standard deviation = 10%).

Statistical Analysis

Statistical analysis was performed in SPSS (IBM SPSS Statistics
Version 26, IBM). Data normality was confirmed using the
Shapiro-Wilk test and outliers were identified using Tukey’s
Fences (41). Cross-sectional analyses of continuous data were
performed using Student’s t-test or Mann Whitney U Test. Chi-
square was used for dichotomized variables. One way ANOVA
and linear regression was used to explore relationships between
mPFC GABA and clinical characteristics. Change in mPFC
GABA was quantified with repeated measures ANOVA. Two
tailed significance was set at o < 0.05.

RESULTS

The progress of participants through the University of Calgary
site within this multisite study is described in the CONSORT flow
diagram (Figure 2). Twenty-one participants were randomized
between sham-iTBS (n = 10) and active iTBS-rTMS groups (n
= 11). Three individuals did not tolerate the MRI, and therefore
we acquired valid GABA data at baseline from 18 participants

(n = 7 sham-iTBS and n = 11 active-iTBS). Sociodemographic
and clinical characteristics were comparable between groups
at baseline, and treatment outcomes also did not differ
(Table 1).

mPFC GABA concentrations at baseline were skewed with one
notable outlier >3 standard deviations from the mean. When
this participant was removed, this data was normally distributed.
There were no significant baseline differences in GABA levels
between sham-iTBS and active-iTBS groups [n = 7 sham-iTBS
2.13 £ 0.36 mmol vs. n = 10 active-iTBS 1.96 £ 0.45 mmol £(;5)
= —0.84, p = 0.41]. mPFC GIx concentrations were normally
distributed and there was a trend toward higher Glx levels at
baseline in the sham-iTBS group [n = 7 sham-iTBS 11.20 &= 2.53
mol/kg vs. n = 10 active-iTBS 9.41 & 0.94 mmol t(;5) = —2.06, p
=0.057].

At baseline, there were no significant associations between
GABA and SHAPS score [F(;, 15y = 0.07, p = 0.79], medication
regimen [F(, 16y = 0.02, p = 0.97], MADRS score [F(j, 1¢)
241, p = 0.14], or CGl-severity score [F(j 15 = 1.53, p =
0.23], however there was a significant association withHRDS-17
scores [Figure 3A; F(; 1) = 5.18, p = 0.038, Standardized B =
—0.50]. mPFC Glx did not significantly correlate with any clinical
characteristic (p > 0.18).
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TABLE 1 | Sample characteristics and clinical outcomes.

Sham-iTBS Active-iTBS Statistic p
n (%) or M + SD n (%) or M + SD
Age 42.20 + 138.32 45.27 £ 14.52 t(19) = 0.50 0.62
Female sex 5 (50.0%) 5 (45.5%) ¥2 =0.04 0.83
Education (years) 16.00 + 2.16 16.64 + 3.72 t(19) = 0.47 0.64
Diagnosis %2 =0.11 0.73
BD1 2 (28.6%) 4 (36.4%)
BD2 5 (71.4%) 7 (63.6%)
Medication stratification ¥? =0.06 0.96
Mood stabilizer 4 (40.0%) 5 (45.5%)
Atypical antipsychotic 1(10.0%) 1(9.1%)
Mood stabilizer + atypical antipsychotic 5 (50.0%) 5 (45.5%)
Baseline characteristics
HRDS-17 20.50 £ 3.30 22.54 + 3.88 (19 =1.29 0.21
MADRS 31.60 £ 3.89 32.90 £+ 4.30 (19 =0.72 0.47
CGl-Severity 4.20 +0.42 4.70 + 0.94 t(19) = 1.52 0.14
SHAPS 11.00 + 3.09 10.30 £ 4.00 t(18) = —0.43 0.66
Treatment outcomes
Percent MADRS improvement at 4 weeks 40.33 + 34.93 24.69 + 36.48 t(15)= —0.90 0.38
Clinical response 3 (33.3%) 1(12.5%) ¥x2=1.02 0.31
Clinical remission 3 (33.3%) 1(12.5%) ¥2=1.02 0.31
A
Baseline Sham-iTBS Active-iTBS
30 * r=0.25 ¢ *
3 25 3 3- S 5
£ S £
£ E| &= &
< 207 < 2- < 2
o 1] [11]
< < @% <
O 1.51 (O) (O)
1 14
1.0:,
4 f T ) T 1 c ) T c ) Ll
15 20 25 30 é\‘\z 4 é‘g, é\‘\e 3 e‘@
HRDS-17 Score Q’qf) b;t‘ Q;go b:x\
FIGURE 3 | (A) Baseline mPFC GABA concentrations were negative associated with HRDS-17 scores. (B) Active-iTBS, but not sham-iTBS, was associated with an
increase in MPFC GABA concentrations after 4 weeks of treatment. *time interaction p < 0.05.

At the conclusion of double-blind treatment, paired pre-
post MRS data were available for n = 6 sham-iTBS and n =
6 active-iTBS participants. We observed a significant increase
in mPFC GABA in the active-iTBS group, but not the sham-
iTBS group [Figure 3B; Time F(;, 19y = 4.65, p = 0.056, Time
* Group F(, 19) = 6.99, p = 0.025]. This significant effect
persisted after controlling for percent change in MADRS scores
[Tlme F(l, 9) = 0.69, p = 0.42, Time * %MADRS F(l, 9) =
1.51, p = 0.24, Time * Group F(; ¢y = 8.68, p = 0.016]. We
found no evidence for mPFC Glx time or treatment group
effects [Time F(; gy = 0.00, p = 0.99, Time * Group F(; ¢y =
0.00, p = 0.98].

DISCUSSION

To our knowledge, this is the first study to use GABA-edited MRS
to investigate mPFC metabolite changes during TMS therapy in
acute bipolar depression. Though preliminary, our data suggests
that iTBS results in increased GABA in the mPFC, consistent
with previous data in MDD samples for the mPFC (20) and
in the DLPFC (42). However, contrary to both of these rTMS
studies, and others using pharmacological interventions (19), the
GABA effect we observed was dissociated from antidepressant
outcomes. We also failed to observe an association between
mPFC GABA and anhedonia.
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This data is interesting because it confirms a common
physiological effect of DLPFC TMS stimulation in different
pathologies. Yet, the lack of antidepressant effect in this
subsample or in the larger multisite trial from which it is drawn
highlights that not all physiological effects of therapeutic TMS are
causally associated with improvement in depressive symptoms.
Moreover, we did not observe associations between mPFC GABA
and clinical features such as anhedonia, a replicated finding in
MDD (18). While it is possible that the physiological effect we
observe precedes symptomatic improvement, the 4 week open
label extension of this trial for non-responders also had a low rate
of clinical response (9).

Given the small sample and inference from a null finding,
further research is required to determine whether our findings
represent a physiological difference between acute bipolar
depression and unipolar depression. It is possible that MRS
quantified GABA in the mPFC is not as tightly linked to
mood state in BD, given that previous studies in BD have
not found differences compared to healthy controls in either
depression (43) or euthymia (44, 45), and this has also been
suggested in meta-analyses (46). Post-mortem staining for
GABAergic subpopulations in the anterior cingulate cortex
indicate heterogeneity between BD and MDD, however this
is principally for calbindin positive neurons and appears layer
specific and therefore cannot be resolved with MRS methods
(47). Alternatively, concomitant medications indicated for acute
and prophylactic treatment in BD may confound MRS GABA
measures. Indeed, mood stabilizers modulate GABA (48-50) and
lithium modulates Glx (51), and all but one participant was
treated with these medications.

LIMITATIONS

Our preliminary data comes from a single site from a randomized
controlled trial that was terminated for futility. As a result,
the sample size is small, and the availability of paired pre-
post MRS data is further reduced. As such, the magnitude of
change seen in GABA concentrations in the active-iTBS group
may be inflated due to to small sample size bias. Nevertheless,
this increase is not observed in the sham-iTBS group, and
therefore is likely to be a physiological effect of iTBS. Larger
studies are required to more reliably determine the effect size,
and independence from clinical improvements in acute bipolar
depression. Participants in this trial were required to have
stable dosing of an antimanic agent, which resulted in 20
of the 21 participants using medications known to influence
GABA (48-50). While an unmedicated sample would resolve
this limitation, it represents a safety concern as even with
antimanic agents in this sample a treatment emergent affective
switch occurred after a single active-iTBS treatment, and another
participant experienced a treatment emergent affective switch
within eight treatments after transitioning from sham-iTBS to
open-label iTBS.

There is an inherent challenge in resolving GABA at 3T
due to its low concentration and overlapped, more abundant
metabolites. The use of editing techniques, such as the MEGA-
PRESS sequence used in this study, is preferable to the use of
short-echo point resolved spectroscopy sequences for measuring

GABA, particularly at 3T (52-54). Nonetheless, there are some
limitations and caveats worthy of discussion. Given the low signal
and the J-difference editing approach used in MEGA-PRESS,
a large voxel and many signal averages are required to obtain
high signal-to-noise data for a reliable GABA measurements (53).
The voxel used in the present study was 27 cm?, placed in the
mPFC. This large voxel limits the regional specificity of our
results as it encompasses multiple functionally or anatomically
distinct structures. Secondly, the measured GABA signal at 3
ppm includes a macromolecule contribution due to the limited
specificity of the editing pulses applied at 1.9 ppm (55, 56).
Macromolecules are typically considered functionally irrelevant,
though the macromolecular signal is variable between subjects
(53, 57). Finally, while frequency drift is known to affect
efficiency of the editing pulses, the level of macromolecular signal
contribution and can cause subtraction artifacts (58), the scanner
used in this study is highly stable and no included data showed a
frequency drift of >0.1 ppm.

CONCLUSION

Our sham-controlled data in acute bipolar depression suggests
that iTBS targeting the DLPFC is associated with physiological
changes in the mPFC. Unlike previous reports in MDD, in
acute bipolar depression mPFC GABA concentrations appear
to be dissociated from antidepressant treatment outcomes and
anhedonia or have a much smaller effect. Future research
is needed to better understand the clinical implications and
network level changes associated with neural metabolites in acute
bipolar depression.
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Proton magnetic resonance spectroscopy (MRS) studies in schizophrenia have shown
altered GABAergic, glutamatergic, and bioenergetic pathways, but if these abnormalities
are brain region or illness-stage specific is largely unknown. MRS at 7T MR enables
reliable quantification of multiple metabolites, including GABA, glutamate (Glu) and
glutamine (GIn), from multiple brain regions within the time constraints of a clinical
examination. In this study, GABA, Glu, Gin, the ratio GIn/Glu, and lactate (Lac) were
quantified using 7T MRS in five brain regions in adults with schizophrenia (N = 40),
first-degree relatives (N 11), and healthy controls (N = 38). Metabolites were
analyzed for differences between groups, as well as between subjects with schizophrenia
with either short (<5 years, N = 19 or long (>5 years, N = 21) illness duration.
For analyses between the three groups, there were significant glutamatergic and
GABAergic differences observed in the anterior cingulate, centrum semiovale, and
dorsolateral prefrontal cortex. There were also significant relationships between anterior
cingulate cortex, centrum semiovale, and dorsolateral prefrontal cortex and cognitive
measures. There were also significant glutamatergic, GABAergic, and lactate differences
between subjects with long and short illness duration in the anterior cingulate, centrum
semiovale, dorsolateral prefrontal cortex, and hippocampus. Finally, negative symptom
severity ratings were significantly correlated with both anterior cingulate and centrum
semiovale metabolite levels. In summary, 7T MRS shows multi-region differences
in GABAergic and glutamatergic metabolites between subjects with schizophrenia,
first-degree relatives and healthy controls, suggesting relatively diffuse involvement that
evolves with illness duration. Unmedicated first-degree relatives share some of the same
metabolic characteristics as patients with a diagnosis of schizophrenia, suggesting that
these differences may reflect a genetic vulnerability and are not solely due to the effects
of antipsychotic interventions.
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INTRODUCTION

Recent proton magnetic resonance spectroscopy (MRS) studies
in schizophrenia (SZ) have shown altered GABAergic (1-3),
glutamatergic (4-7), and more recently, bioenergetic pathways
(8) across multiple brain regions and illness durations. Often
these studies quantify metabolites from one or two brain regions
within a single session, and many have been performed at the
standard field strength of 3T. An advantage of higher field
strength magnets, such as 7T, is the increased signal to noise
ratio (SNR) and improved spectral separation compared to
lower field strengths (9-11). This can be used to acquire high
quality MRS data in a shorter period of time, or alternatively to
improve the measurement precision in similar periods of time.
Several 7T MRS studies have reported good reproducibility in
difficult to quantify metabolites like glutamate, glutamine, and
GABA (12-14). Most previous 7T studies in schizophrenia have
focused only on the anterior cingulate (7, 8, 15, 16) while others
have expanded to acquisitions from two or three brain regions
within a session (3, 17, 18). A recent study used 7T MRS to
examine group differences in first episode patients (2 years or less
illness duration) and healthy controls in five brain regions (19);
however, there has not yet been a study that examined multiple
brain regions thought to be involved in the pathophysiology of
schizophrenia which also considers illness phase, or genetic risk
for schizophrenia by investigating first-degree relatives (FDRs).
In this study, GABA, glutamate (Glu), glutamine (Gln),
lactate, and the ratio of Gln/Glu were quantified from five brain
regions [anterior cingulate cortex (ACC), dorsolateral prefrontal
cortex (DLPFC), centrum semiovale (CSO), thalamus (Thal), and
hippocampus (HP)] in each of the three groups: participants
with schizophrenia (SZ), first-degree relatives (FDR), and healthy
controls (HC). Glu and GABA, the primary excitatory and
inhibitory neurotransmitters in the human brain, were included
because animal and post-mortem studies have implicated them
in the pathophysiology of SZ (20-22). Since 80% of glutamine is
involved in glutamatergic neurotransmission (23), is quantifiable
at 7T, and shown to be altered in previous SZ studies (24, 25),
it was also included as a metabolite of interest. Total glutamate
levels measured by MRS cannot differentiate glutamate involved
in neurotransmission, GABA synthesis, protein synthesis, etc.;
however, the ratio of GIn/Glu has been suggested as an index
for glutamatergic neurotransmission (26, 27), so is also reported
here. Lactate was included due to its integral role in energy
metabolism, recent post-mortem SZ studies showing increased
lactate in several brain regions including the DLPFC and
hippocampus (28), and our prior work in a smaller sample
size that showed elevated lactate levels in adults with SZ were
related to reduced cognitive function and functional capacity (8).
The five regions of interest (ACC, CSO, DLPFC, HP, and Thal)
were chosen due to their implicated role in the pathophysiology
of SZ in pre-clinical, post-mortem, and neuroimaging studies.
The ACC and hippocampus have been extensively studied in
SZ across the illness duration (19, 26, 29-34) so were included.
Studies focused on the thalamus, a key node in many functional
circuits, showed reduced thalamic volume in adults with SZ (35)
and altered glutamatergic metabolites in clinical high risk for

psychosis and chronic SZ participants (30, 36, 37). The CSO
was included because it is a predominantly white matter region,
and white matter is increasingly implicated as altered in SZ (38,
39). The DLPFC was included because reduced GAD67 mRNA
expression, leading to reduce GABA synthesis in parvalbumin-
expressing subpopulation of GABA neurons has been found in
SZ and as noted above elevated Lac levels (20). First-degree
relatives were chosen because they may share common, albeit
sub-threshold psychopathology, traits as SZ patients. This group
is genetically (40, 41), physiologically (42), cognitively (43, 44),
and neurochemically (17, 45, 46) similar to adults with SZ,
but without exposure to antipsychotic medications. In addition,
within the SZ group, metabolite differences between short (<5
years illness duration) and long (>5 years illness duration) were
examined as previous studies have suggested an aging effect in SZ
(2, 4). Further, MRS studies of SZ suggest that Glu and Gln may
change across the course of the illness with elevated glutamatergic
metabolite levels being reported in clinical high risk for psychosis
(30, 47) and first-episode (19, 48) populations. In contrast, lower
glutamatergic metabolite levels have been reported in chronic SZ
populations (31, 37). To our knowledge, this will be the first study
to examine glutamatergic metabolites in multiple brain regions in
SZ participants with short and long illness durations.

METHODS

This study was approved by the University of Maryland
Baltimore and the Johns Hopkins University School of Medicine
Institutional Review Boards, and all participants provided
written informed consent prior to study enrollment. Forty
adults with SZ [N = 19 with short illness duration (<5
years) and N = 21 with long illness duration (>5 years)],
38 healthy controls (HC), and 11 FDRs participated in this
study. Some data from 29 HC and 27 SZ were previously
reported (8). Participant demographics are shown in Table 1.
The Brief Psychiatric Rating Scale (BPRS) (49) for assessment
of positive symptoms and general psychopathology and the
Brief Negative Symptom Scale (BNSS) (50) were administered
to each participant with SZ. The BPRS evaluates the participant’s
positive symptoms such as suspiciousness, grandiosity, unusual
thought content, and hallucinations. The BNSS contains specific
subscales that evaluate the participant’s negative symptoms such
as anhedonia, asociality, avolition, blunted affect, and alogia.
In addition, the Structured Clinical Interview for DSM-IV-
TR (SCID), the UCSD Performance-Based Skills Assessment
(UPSA) (51), Level of Functioning test (LOF) (52), and
the MATRICS battery (53, 54) were administered to all
participants. The UPSA assesses a participant’s functional
capacity in areas of household chores, communication, finance,
transportation, and planning recreational activities. The LOF
assesses the participant’s physical functioning, personal care
skills, interpersonal relationships, social acceptability, activities
of community living, and work skills. The MATRICS battery
evaluates the participant’s processing speed, attention, verbal and
non-verbal working memory, verbal learning, visual learning,
reasoning, and social cognition. For all groups, inclusion criteria
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TABLE 1 | Participant demographics.

sz FDR HC

Mean Age (years =+ stdev) 342+124 37.2+12.7 30.5+£10.5
Gender (M/F) 23/17 2/9 19/19
Mean Education Level (years + stdev)*™ 129+ 1.6 145+1.9 14.4+18
Smoking Status (Yes/No) 11/29 1/10 8/30
Mean lliness Duration (years =+ stdev) 124+ 119 N/A N/A
Cognitive Variables

Matrics Composite Score (mean =+ stdev)* 28.5+14.0 46.5 +13.0 441 +8.9

UPSA Score (mean =+ stdev)™ 87.4 +£19.5 101.56 £ 13.3 101.4 £95

LOF Score (mean + stdev)™* 232 +52 34.7+2.0 33.6+ 3.6
Symptom Ratings

BPRS total score (mean = stdev) 38.1 +£8.1 N/A N/A

BPRS positive score (mean =+ stdev) 7.9+3.6 N/A N/A

BPRS negative score (mean =+ stdev) 6.8+2.3 N/A N/A

BNSS score (mean =+ stdev) 16.3 £ 10.5 N/A N/A
Chlorpromazine Equivalents (mean + stdev) 336.7 +£ 329.0

**statistically significant (o < 0.05), FDR, first degree relative; HC, healthy control; stdev, standard deviation; SZ, schizophrenia.

were: (1) age range: 18-55 years old; (2) no lifetime substance
dependence or abuse in the last 6 months; (3) no contraindication
for 7T MRI scanning; (4) not pregnant or nursing; (5) no major
medical or neurological illness. HC were included if he/she did
not have psychiatric illness, while adults with SZ had a diagnosis
of SZ or schizoaffective. FDRs have a first degree relative with
SZ, but are not related to anyone in the SZ group. Also, FDRs
did not have a DSM-IV psychosis diagnosis or current substance
abuse or dependence. 10 out of 11 participants were not taking
psychotropic medications.

Imaging Protocol
A 7T Philips Achieva scanner (Best, the Netherlands) equipped
with a dual-transmit and 32-channel receive head coil (Nova
Medical, Wilmington, MA) was used to scan each participant.
Using an isotropic 0.8 mm T -weighted MPRAGE sequence for
guidance, spectroscopic voxels were prescribed in ACC, left CSO,
left DLFPC, left hippocampus, and bilateral thalamus (Figure 1).
Voxel sizes were 12 (3 x 2 x 2) cm® in the ACC, 12 (4 x 2
x 1.5) cm? in the CSO, 10 (2.5 x 2 x 2) cm? in the DLPFC,
~7.9 (3.5 x 1.5 x 1.5) cm? in the hippocampus, and 9 (2 x 3
x 1.5) cm?® in the thalamus. Spectroscopic data were acquired
using a STEAM sequence with TR/TM/TE = 3,000/33/14 ms,
VAPOR (55) water suppression, and 128 excitations for all
regions. A spectrum without water suppression (two excitations)
was also acquired for phase and eddy current correction, and
use as a quantitation reference (scan time 6min 30s per
region for both suppressed and non-suppressed acquisitions).
Prior to acquisition, shimming was applied up to 2nd order
using a projection based method (56), and a localized power
optimization performed (57) on the region of interest. High-
resolution (0.5 x 0.5 x 1.0 mm) multi-slice coronal T,-weighted
images were also recorded.

Spectra were analyzed using the ‘LCModel’ software
package version 6.3 (58). A basis set was created using the

‘VESPA' program (59), and chemical shifts and coupling
constants from (60) for the following metabolites: alanine
(Ala), aspartate (Asp), creatine (Cr), y-aminobutyric acid
(GABA), glutamate (Glu), glutamine (Gln), glutathione
(GSH), glycerophosphocholine (GPC), glycine (Gly), lactate
(Lac), myo-inositol (mlI), N-acetylaspartate (NAA), N-
acetylaspartylglutamate (NAAG), phosphocholine (PCh),
phosphocreatine (PCr), phosphorylethanolamine (PE), scyllo-
inositol (sI), serine (Ser), and taurine (Tau). In the LCModel, a
fit range of 0.6-4.0 ppm was used and the baseline spline control
parameter (“dkntmn”) set to 0.2 (58). All metabolites except
lactate were corrected for the proportion of cerebrospinal fluid
(CSF) within the MRS voxel, using [X]corrected = [X]/(1-fcsg)
where [X] is the metabolite concentration [expressed in in
institutional units (i.u.)] as output by LCModel, and fcsr is the
fraction of CSF within the voxel (8). fcsg, as well as the fractions
of the gray and white matter within the voxel, were calculated by
segmentation of the anatomical T;-weighted images using the
“SPM12” program. Lactate was not corrected for the proportion
of CSF because this metabolite can be quantified from the CSF
using MRS (61, 62). No metabolite relaxation time corrections
were performed.

Data were excluded from further analyses if the full-width
half maximum (FWHM) > 0.1 ppm for all regions and SNR <
10 for ACC, CSO, DLPEC or SNR < 5 for hippocampus and
thalamus (values reported by LCModel). There following datasets
were excluded from further analyses: two from the AC (1 HC and
1 SZ), one from the CSO (1 FDR), two from DLPFC (2 SZ), 14
from the hippocampus (7 HC, 6 SZ, and 1 FDR), and none from
the thalamus. Metabolites were included in statistical analyses if
atleast 75% of the possible datasets met the CRLB criteria listed of
CRLBs < 20% (Asp, Cr, GABA, Glu, GPC, GSH, mI, NAA, PCh,
PCr, PE, s, Tau, tCho, tNAA, tCr, Glx, mI+Gly) or CRLBs < 30%
(Ala, Gln, Gly, Lac, NAAG, Ser). In terms of the main metabolites
of interest, Lac analyses were only conducted in the AC and CSO
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FIGURE 1 | (A) Representative voxel location chosen for the anterior cingulate cortex region in one subject (female, 28 yrs. old) and proton spectrum (LCModel output
in red) with peak assignments indicated, (B) Representative voxel locations (overlaid in two planes on T4 or To-weighted images) from the left centrum semiovale, left
dorsolateral prefrontal cortex, bilateral thalamus, and left hippocampus with a corresponding representative spectrum from each region.
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while GABA, Glu, Gln, and GIn/Glu analyses were conducted in
all five regions.

Statistics

Due to non-normality, non-parametric tests (Kruskal-Wallis,
Mann-Whitney or chi-square) were utilized to assess group
differences between HC, SZ, and FDR for demographic variables,
voxel composition, spectral quality, and metabolite levels. Based
on the stated hypotheses, group differences were examined
in each region for GABA, Glu, Gln, GIn/Glu, and Lac with
significance set to p < 0.05. False discovery rate correction
for multiple comparisons was performed for each metabolite
across the five regions (p < 0.05). In addition, non-parametric
tests (Mann-Whitney) were utilized to assess group metabolite
level differences between patients with short (<5 years illness
duration) or long (>5 years illness duration) illness durations.
Similar to the three group analyses, group differences were
assessed for GABA, Glu, Gln, Lac, and Gln/Glu ratio with
significance set to p < 0.05, and false discovery rate correction
for multiple comparisons was performed across the five regions
(p < 0.05). To examine whether the differences between illness
duration groups were a function of illness length or an age
effect, non-parametric tests (Mann-Whitney) were conducted to
assess metabolite differences between the short illness duration
SZ group and an age-matched (within 1 year) subset of HC as well
as non-parametric ANCOVAs with age as a covariate to assess
metabolite differences between the short and long illness duration
groups. Significance was set to p < 0.05.

For the three groups, Spearman’s rho correlations were
performed for cognitive and function variables (MATRICS
total score, UPSA, and LOF) and MRS metabolite levels. Only
metabolites that were significantly different between groups
were used in the correlation analyses with significance set to
p < 0.05. Within the SZ groups, Spearman’s tho correlations
were performed between symptom severity (BPRS total, BPRS
positive, and BNSS) and metabolites that were statistically
significant between groups with significance set to p < 0.05.

RESULTS

Participant Demographics

Participant demographics are given in Table 1. Adults with SZ,
HC, and FDR did not differ in terms of age (H = 298, p = 0.23),
gender (X* = 3.9, p = 0.14), and smoking status (X* = 2.0,
p = 0.37). There was a significant difference in education level
(H = 11.25, p = 0.004) such that adults with SZ had less years
of formal education than HC. The FDR’s education level was
not significantly different from HC or SZ. Adults with SZ had
lower total LOF score (H = 57.1, p < 0.001), MATRICS total
score (H = 25.5, p < 0.001), and UPSA total score (H = 13.33,
p =0.001) compared to HC and FDR.

Group Differences in Metabolites

Means and standard deviations for the main metabolites for each
group are summarized in Figure 2 and Supplementary Table 1.
The supplement (Supplementary Table2) information
regarding voxel GM, WM, and CSF percentage differences

and quality metrics FWHM and SNR as reported by the
LCModel for the three groups. Of the five regions investigated,
the SNR was the highest in the ACC followed by the CSO,
DLPEC, thalamus, and hippocampus. Similarly, the narrowest
FWHM was measured from the ACC, followed by the CSO and
DLPEC, then the thalamus and hippocampus. For completeness,
mean, standard deviations, N, and statistical significance for
other quantifiable metabolites e.g., NAA, ml, tCr, tCho, etc.
that may be of interest are summarized in the supplement
(Supplementary Table 5).

In the ACC, Glu levels were significantly different between
groups (H = 6.4, p = 0.04) such that adults with SZ had lower
Glu levels than HC and FDR.There were no significant group
differences for GABA, Gln, Gln/Glu ratio, or Lac. After applying
correction for multiple comparisons, there were no significant
group differences for the other quantifiable metabolites (p’s
=0.168-0.933).

In the CSO, GABA, GlIn, and GIn/Glu ratio were significantly
different between groups with (H = 6.8, p = 0.034, H = 7.4,
p=0.025,and H = 9.2, p = 0.010), respectively. GIn and GIn/Glu
were significantly higher in the SZ group compared to the HC
group. The FDR group’s Gln and Gln/Glu levels fell in between
the other two groups but were not significantly different. GABA
levels were similar between SZ and HC but were significantly
lower in the FDR group. After applying correction for multiple
comparisons, there were no significant group differences for the
other quantifiable metabolites (p’s = 0.05-0.98).

In the DLPFC, hippocampus, and thalamus, there were
no significant differences for GABA, Glu, Gln, and Gln/Glu
ratio among the three groups. In addition, there were
no other significant group differences for the remaining
quantifiable metabolites.

Correlations Between Metabolites and

Cognitive Measures

In the ACC, Glu was the only metabolite significantly different
between groups. ACC Glu was strongly correlated to UPSA
(rho = 0.321, p = 0.004) across groups (Figure 3A). Separating
by diagnostic group revealed a trend correlation only in the SZ
group (rtho = 0.329, p = 0.054), and not in the HC (p = 0.511) or
FDR (p = 0.374) groups. ACC Glu was also strongly correlated
with LOF (rho = 0.364, p = 0.001) across groups and within the
SZ group (rtho = 0.360, p = 0.024) (Figure 3B). There were no
significant correlations in HC (p = 0.229) or FDR (p = 0.728)
groups. Finally, ACC Glu was also significantly correlated with
MATRICS total score (rho = 0.383, p < 0.001) across groups,
within the FDR group (rho = 0.693, p = 0.026), but not within
the HC (p = 0.132) or SZ (p = 0.524) groups (Figure 3C). After
correction for multiple comparisons, all three combined group
correlations between Glu with UPSA, LOF, and MATRICS total
score remained significant.

For the CSO, Gln and GIn/Glu were significantly correlated
with LOF but not with other measures. Gln/Glu was correlated
with LOF across groups (rho = —0301, p = 0.005) and
within the SZ group (tho = —0.362, p = 0.023) but not HC
(p = 0.671) or FDR (p = 0.377). Similarly, Gln was correlated
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FIGURE 2 | Violin plots with individual data points highlighting metabolite differences between adults with SZ (@), first-degree relatives (®), and healthy controls (@) in
the anterior cingulate cortex (ACC), left centrum semiovale (CSO), left dorsolateral prefrontal cortex (DLPFC), left hippocampus (HP), and bilateral thalamus (Thal). (a)
GABA levels differed significantly between groups in the CSO (**p < 0.05) and at trend level (*p < 0.1) in the ACC. ACC GABA was significantly lower in the SZ
compared to the HC and FDR groups. CSO GABA in the FDR group was trend level lower than the SZ or HC groups. (b) Glu levels differed significantly between
groups in the ACC only such that adults with SZ had lower Glu levels than HC and FDR. (¢) CSO Gin levels were significantly higher in the SZ group compared to HC
and FDR while DLPFC Gin levels in the HC group was lower at trend level than the SZ and FDR groups. (d) CSO GIn/Glu ratio was significantly higher in the SZ group
compared to the other two groups. (e) There were no significant Lac findings.

A B C
140 70 40
n
120 60 = A 35 1 iem wmPY
v, o ML g =Y 24
2 o SR A £ 50 e % | VY ey
3 v Vv, v o v, ] oy g = Y o.v v
= v - 5 40 » g 251 v v vyv. i
S 80 Vv % ° v?Y n w
i & vy = 30 v oY v v & 20 4 vvy
S 60 9 TR v = v v
e v g 20 v v e 15 4 v
= v sz v Yy v v v
40 v v = FDR 10 “ v 10 = v
HC Y b
20 . 0 . . 5 . .
6 7 8 9 10 1 6 7 8 9 10 1 6 7 8 9 10 11

ACC Glutamate Levels (I.U.) ACC Glutamate Levels (I.U.) ACC Glutamate Levels (1.U.)

FIGURE 3 | Regression plots of the significant relationships between (A) ACC Glu levels and UPSA total scores, (B) ACC Glu and MATRICS total scores, and (C)
ACC Glu levels and LOF scores. (A) Separating by diagnostic group revealed a trend level relationship in only the SZ group (H) and not the HC () or FDR (M). (B) ACC
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Similarly, ACC Glu levels were significantly correlated to LOF scores across diagnostic groups and in the SZ group. There were no significant relationships between HC
and FDR. Similarly, ACC Glu levels were significantly correlated to MATRICS total score across diagnostic groups. Further analyses revealed a significant relationship in
the FDR group only.

with LOF (rtho = —0.229, p = 0.036) across groups, but did not
remain significant at the diagnostic group level (p’s = 0.076—
0.96). GABA did not correlate with any measure. After
correcting for multiple comparisons, none of these correlations
remained significant.

Early vs. Later lliness Duration

Participant Demographics

Adults with SZ with shorter (<5 years) and longer (>5
years) illness durations differed significantly with age (U = 21,
p < 0.001) such that the shorter illness duration group was
younger than the longer illness duration group (Table 2). The two

illness groups did not differ on education level (p = 0.49), gender
(p = 0.18), smoking status (p = 0.39), and CPZ equivalents
(p = 0.73). There were no significant group differences for LOF
(p = 0.18), UPSA (p = 0.07) MATRICS total score (p = 0.09),
BPRS total (p = 0.71), BPRS positive (p = 0.16), and BNSS
(p = 0.32) scores.

Metabolite Differences Between Short vs. Long
lliness Duration

Means and standard deviations for the main metabolite
levels for the two groups are summarized in Figure 4
and Supplementary Table 3, and the supplement contains
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TABLE 2 | Participant demographics for short and long illness duration.

Short Long

Mean Age (years + stdev)™* 24.3+3.9 431 +11.0
Gender (M/F) 13/6 10/11
Mean Education Level (years + stdev) 13.1+£1.0 128 £ 2.0
Smoking Status (Yes/No) 4/19 7/21
Mean lliness Duration (years =+ stdev) 27+17 21.2+10.3
Cognitive Variables

Matrics Composite Score (mean =+ stdev) 32.7 +13.4 24.6 +£13.7

UPSA Score (mean = stdev) 94.6 +13.2 80.7 +£22.3

LOF Score (mean =+ stdev) 2472 + 4.4 21.9+5.7
Symptom Ratings

BPRS total score (mean =+ stdev) 37.2+6.8 39.0+9.2

BPRS positive score (mean =+ stdev) 71+33 8.6+3.7

BPRS negative score (mean =+ stdev) 6.7+ 23 6.9+23

BNSS score (mean =+ stdev) 141 +9.2 182+ 11.3
Chlorpromazine Equivalents (mean + stdev) 290.9 £+ 286.0 372.8 £ 362.8

**statistically significant (o < 0.05).

information regarding the voxel GM, WM, and CSF percentage
differences and quality metrics (FWHM and SNR as reported
by LCModel) for the two groups (Supplementary Table 2).
In addition, results from other quantifiable metabolites e.g.,
NAA, ml, tCr, tCho, etc. are summarized in the supplement
(Supplementary Table 6).

In the ACC, there were significant group differences for Glu
(U = 286, p = 0.006), but not for GABA, GlIn, or GIn/Glu.
Glu levels were higher in the early illness duration group vs.
the later illness duration group. Lac levels between groups were
trend level different (U = 96, p = 0.06) such that Lac levels
were higher in the longer illness duration vs. the shorter illness
duration group. After correcting for multiple comparisons for
the other metabolites, Glx was also different between groups
(U = 284, p = 0.007) such that higher Glx was observed
in the short compared to the longer illness duration group.
No other quantifiable metabolites were significantly different
between groups.

In the CSO, Lac levels were significantly different between
groups (U = 13, p = 0.003) such that the longer illness duration
group had higher levels of Lac compared to the shorter illness
duration group. However, the sample size for each group,
particularly the short illness duration group, for the Lac analyses
was much smaller than the sample size for the other metabolites
so this finding should be interpreted with caution. There were
no Gln, Glx, Gln/Glu, or GABA differences between groups.
No other quantifiable metabolites were significantly different
between groups.

In the DLPFC, there was a significant difference between
groups for Glu (U = 285 p = 0.002) such that the
short illness duration group had higher Glu levels than the
long illness duration group. There were no significant group
differences for Gln, GIn/Glu, or GABA. After correction for
multiple comparisons for the other quantifiable metabolites, Glx
(U = 279, p = 0.003) was the only metabolite with significant

differences between groups. Glx was higher in the shorter illness
duration group.

In the hippocampus, there here were no significant group
differences for GABA, Glu, Gln, or GIn/Glu ratio. After
correcting for multiple comparisons for the other quantifiable
metabolites, there were no significant differences between groups.

In the thalamus, there were no significant group differences
for GABA, Glu, GIn, or GIn/Glu ratio. After correcting for
multiple comparisons for the other quantifiable metabolites,
mI (U = 96, p = 0.008) and mI+Gly (U = 92, p = 0.006)
were significantly different such that mI and mI4-Gly were
significantly higher in the long illness duration group vs. the short
illness duration group.

Detailed results of the group difference analyses between age-
matched short illness duration group and HC group are in the
supplement (Supplementary Text and Supplementary Table 7).
CSO Lac and ACC Glu were the only two metabolites
that were different (significantly for Lac at p = 0.037 and
trend level for Glu at p = 0.083) between the short illness
duration and HC analyses. Detailed results regarding the illness
duration group difference analysis that co-varied for age are
in the Supplementary Text. Results from the non-parametric
ANCOVA revealed no significant differences between the short
and long illness duration groups for any metabolites after
controlling for age; however, given the highly correlated nature
of age and illness duration, these results should be interpreted
with caution.

Correlations Between Metabolites and Clinical
Measures

ACC Glu and Glx were significantly different between the three
groups (SZ, FDR, HC) or the two patient groups and therefore
waere included in correlation analysis. ACC Glu was trend level
related to BNSS (rho = —0.290, p = 0.072), and not significantly
related to BPRS total or BPRS positive symptom score. Separating
by illness duration revealed a significant relationship between
ACC Glu and BNSS (rtho = —0.445, p = 0.043) for the long illness
duration group only. ACC Glx was not significantly related to
the symptom ratings in the SZ group as a whole (p’s > 0.129)
or when broken down by short or long illness duration groups
(all p’s > 0.146). None of the relationships presented survived
multiple comparison correction.

For the CSO, GlIn, Gln/Glu, GABA, and Lac were significantly
different between the three groups (SZ, FDR, HC) or the two
patient groups and therefore were included in the correlation
analysis. Gln was significantly associated with BPRS total score
(rho =0.363, p = 0.023) across groups, and a similar relationship
was present in the long (tho = 0.433, p = 0.050) both not
short (p = 0.335) and illness duration groups. Gln/Glu was
significantly associated with BNSS (rho = 0.362, p = 0.023) across
groups, and a similar trend relationship was present in the short
illness duration group (rho = 0.468, p = 0.05) but not the long
(p = 0.479) illness duration group. The other metabolites were
not significantly associated with any of the symptom ratings (all
p’s > 0.07). Similar to ACC, these correlations did not survive
correction for multiple comparisons.
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FIGURE 4 | Violin plots with individual data points summarizing the significant (*p < 0.05) and trend level (o < 0.1) differences between adults with SZ with short (@)
and long iliness (@) durations in the anterior cingulate cortex (ACC), left centrum semiovale (CSO), left dorsolateral prefrontal cortex (DLPFC), left hippocampus (HP),
and bilateral thalamus (Thal). (a) There was a trend level difference in GABA in the HP such that GABA was higher in the short illness duration group compared to the
long illness duration group. (b) Glu levels were significantly higher in the short illness duration group vs. the long illness duration group in both the ACC and DLPFC. A
similar relationship, but at trend level, was observed in the CSO. (c,d) There were no significant relationships between groups across all regions for GIn and GIn/Glu.
(e) For Lac, there was a significant difference in the CSO such that the long illness duration group had higher Lac levels compared to the short iliness duration group.

DLPEC Glu, and Glx, as well as thalamus mI and mI+Gly
were significantly | different between the three groups (SZ, FDR,
HC) or the two patient groups and therefore were included in
the correlation analysis. There were no significant relationships
between symptom rating and these metabolites for the SZ group
as a whole (all p’s > 0.095), but there was a relationship between
thalamus mI4-Gly and BPRS total symptoms in the long illness
duration group only (rho = 0.472, p = 0.031). This did not
survive correction for multiple comparisons.

DISCUSSION

This study examined metabolite differences in five brain regions
in adults with SZ, HC, and FDR at 7T. It also compared
metabolite differences in adults with SZ earlier in the illness
(<5 years) compared to later in the illness (>5 years). The
results add to the growing body of literature of glutamatergic
and GABAergic differences in the ACC in SZ, and report
7T metabolite differences in the CSO, DLPFC, thalamus, and
hippocampus, regions implicated in the pathophysiology of SZ.
The ACC and the CSO emerged as key regions for metabolite
differences that were related to psychopathology and function in
SZ in this study. In terms of metabolic abnormalities, the longer
illness group was more severely affected than the short illness
group for all brain regions.

This study found lower ACC Glu and GABA in the SZ
group and higher ACC lactate in the longer illness group, which
are consistent with neuroimaging, post-mortem, and behavioral
research implicating ACC abnormalities in SZ (7, 21, 29, 63-67).
With respect to 7T MRS studies focused on ACC Glu, results have
been mixed. Recent 7T MRS work by Posporelis et al. (16), Brandt

et al. (15), Kumar et al. (18), and Taylor et al. (36) observed no
differences in ACC Glu when comparing either recent onset SZ
or chronic SZ with healthy controls. In contrast, Reid et al. (7)
showed ACC Glu was lower in first episode patients (within 2
years of starting treatment) than in healthy controls in the dorsal
ACC, and these results were similar to those by Wang et al. (19)
showing lower Glu in the ACC in first episode patients (2 years
from first psychotic symptoms) compared to healthy controls.
The current results are similar to these studies in that lower ACC
Glu was observed in the SZ group as a whole, and especially so
in the longer illness duration group. ACC Glu levels may have
functional relevance in schizophrenia, as lower levels were related
to poorer functional capacity, functioning, and greater negative
symptoms. These results suggest that ACC Glu may be impacted
by illness chronicity and contribute to impaired function and
negative symptom severity as indicated by findings in the longer
illness group. It is not clear as to the cause of lower ACC Glu in
schizophrenia since the MRS Glu signal provides a total tissue
level and cannot differentiate between glutamate levels in specific
cell types (i.e., neurons and glia), location (i.e., intracellular,
extracellular, or synaptic), or function (i.e., neurotransmission,
GABA synthesis, glutathione synthesis, and protein synthesis). It
is possible that lower ACC Glu reflects reduced number or size
of glutamatergic pyramidal neurons, consistent with previous
research (68), reduced Glu synthesis, and/or impaired Glu-Gln
neurotransmitter cycling (69). Interventions to increase ACC
Glu levels, especially later in the illness, may reduce negative
symptoms and enhance everyday function.

There was a trend for lower ACC GABA in SZ compared to
HC which was related to lower level of function as a whole, and
greater negative symptom severity in the longer illness group.
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Three previous 7T MRS studies that did not report differences
between SZ and HC (7, 15, 19) but differences in voxel placement,
voxel size, acquisition parameters, and illness duration of the SZ
group may contribute to this inconsistency. Lower GABA in SZ
likely reflects reduced GABA synthesis, consistent with studies
of lower GAD67 in SZ (70), resulting in reduced inhibition as
suggested from studies of SZ (71).

Our previous paper showed higher ACC lactate in the
SZ group compared to the HC group (8). Here, using an
overlapping sample but larger N, we did not observe a significant
group difference in the ACC when examining adults with SZ,
HC, and FDR; however, ACC lactate levels were trend level
higher in the longer illness group. This was consistent with
the finding of higher CSO lactate in the longer illness group.
In the longer illness group, higher ACC lactate was related
to greater negative symptoms. Recent work has suggested that
lactate may be altered in schizophrenia, potentially due to a
bioenergtic or mitochondrial dysfunction (72, 73). The specificity
of this relationship to the chronic phase of SZ (>5 years
illness duration), in addition to a recent study that did not
observe peripheral mitochondrial dysfunction in a clinical high
risk for psychosis group (74), suggests that increased lactate
may be a long-term consequence of impaired mitochondrial
function. However, longitudinal studies are needed to assess the
progression of brain lactate levels over the illness course. Further,
while adults in both illness duration groups were predominantly
treated with antipsychotics, long term antipsychotic medication
exposure in rats does not result in increased frontal cortex
lactate (72).

The CSO white matter region also revealed higher Gln/Glu
ratio and Gln in SZ, which were related to poorer function across
all groups, and greater negative symptom severity (Gln/Glu) and
greater psychopathology (Gln) in the SZ group. In addition,
CSO Glu was lower in the longer illness group and GABA
lower in the FDR group. To our knowledge, there is one other
study that has examined the CSO at 7T, and no differences
in CSO Glu, Gln, or GABA were observed in first episode
patients compared to controls (19). Since similar sequences, voxel
placement, and voxel size were used, the significant Gln/Glu
and Gln findings in this study may be attributed to the longer
illness duration of the SZ group. These findings also lend further
support to significant white matter alterations in SZ (39, 75)
and the possibility that white matter alterations are related to
abnormal glutamatergic function (38). Similar to the ACC, the
reason for lower Glu or increased Gln/Glu and Gln in SZ is
unclear. Abnormalities in the synthesis, degradation, or Glu-Gln
cycling could be explanations. Also, specific neural cell types
could be affected such as oligodendrocytes in white matter that
play an important role in removing synaptic glutamate and the
subsequent conversion to glutamine. It should also be noted
that glutamine is synthesized in the brain from glutamate and
ammonia; ammonia in blood crosses the blood-brain barrier,
and if elevated (e.g., due to liver dysfunction or other factors) is
known to drive brain glutamine synthesis (76). Blood ammonia
levels were not measured in this study, so it is unknown if this is
a significant factor or not in the subjects reported here.

There were no significant differences in metabolites across the
three groups for the DLPFC, hippocampus, or thalamus. A trend
for higher DLPFC Gln in both SZ and FDR compared to HC
was found but this was not related to cognitive or functioning
measures. Lower DLPFC Glu, lower hippocampal GABA, and
higher thalamic mI were found in the longer compared to the
shorter illness group. Only thalamus mI was related to a clinical
measure, with greater thalamic ml related to more severe general
psychopathology. One 7T MRS study of DLPFC did not find
any group differences in first episode patients (19), which is in
line with these results showing only a trend Gln difference and
that lower Glu is likely associated again with illness duration.
To our knowledge, there are no other studies examining the
hippocampus at 7T in SZ. Finally, there were no group differences
for the metabolites of interest in this study in bilateral thalamus,
which was similar to another study (19). Another study at 7T
that examined metabolite differences the left thalamus from an
early illness SZ cohort and HC found higher Gln in the SZ group
compared to the HC group (36). Our results showed higher Gln
in the SZ group compared to the HC group for the thalamus, but
the difference did not reach statistical significance (p = 0.064).

The FDR group was not distinguishable except for lower CSO
GABA compared to HC and SZ and a similar trend as SZ for
higher DLPFC Gln compared to HC. Since the FDR sample size is
small, these analyses were restricted to non-parametric tests, and
the results should be interpreted with caution. One prior study
has compared patients with schizophrenia with both healthy
siblings and unrelated control subjects using 7T MRS (17); that
study found that reduced GABA in occipitalcortex was specific to
the patient group only, but that glutamate was reduced in patients
and relatives compared to healthy controls. These results suggest
that glutamatergic metabolism may be altered both in patients
with schizophrenia as well as those who may have genetic risk
for schizophrenia.

There are a few limitations that are worth noting. First, the
sample size for the FDR group was small compared to the SZ
and HC groups. Second, the macromolecule background present
in all short TE MRS studies was handled using the built-in
capabilities of LCModel. While this methodology has been used
previously and shown to be an effective means of handling the
background, it remains unclear whether the proteins and lipids
that make up the macromolecule spectrum are different in SZ
or FDR. It should also be noted that spectral quality (including
factors such as linewidth and SNR) vary depending on location
within the human brain; this depends on both the size and
location of the MRS voxel. For instance, it is well-known that
structures such as the hippocampus are somewhat less favorable
compared to more superior and/or posterior brain regions, both
because of its small size and also proximity to intracranial
air spaces that cause magnetic field inhomogeneity. Lower
spectral quality implies more variance in the determination of
metabolite concentration values, hence it may be more difficult
to demonstrate statistically significant findings for regions with
lower spectral quality; in the current study, quality metrics were
lower for hippocampus and thalamus as compared to the other
three, more superior, brain regions.
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This study contributes to the building evidence of in-
vivo glutamatergic and GABAergic abnormalities and relation
to functional and clinical symptoms in schizophrenia. The
results emphasize the potential worsening with illness chronicity
and indicate the need for future studies focused on the
chronic phase of the illness. The study also highlights the
importance of lactate and potentially bioenergetic dysfunction
in the pathophysiology of SZ, which are likely linked to
abnormalities in glutamatergic and GABAergic systems and
illness features.
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Increased Glutamate Plus Glutamine
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Psychosis: A Whole Brain TH-MRS
Study

Juan R. Bustillo ™, Elizabeth G. Mayer', Joel Upston 2, Thomas Jones', Crystal Garcia’,
Sulaiman Sheriff®, Andrew Maudsley?®, Mauricio Tohen', Charles Gasparovic* and
Rhoshel Lenroot’
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2 Department of Mathematics and Statistics, University of New Mexico, Albuquerque, NM, United States, ° Department of
Radiiology, University of Miami, Miami, FL, United States, * Mind Research Network, Albuquerque, NM, United States

Proton magnetic resonance spectroscopy ('H-MRS) studies have examined
glutamatergic abnormalities in schizophrenia and bipolar-I disorders, mostly in single
voxels. Though the critical nodes remain unknown, schizophrenia and bipolar-1 involve
brain networks with broad abnormalities. To provide insight on the biochemical
differences that may underlie these networks, the combined glutamine and glutamate
signal (GIx) and other metabolites were examined in patients in early psychosis with
whole brain TH-MRS imaging ("H-MRSI). Data were acquired in young schizophrenia
subjects (N = 48), bipolar-I subjects (N = 21) and healthy controls (N = 51). Group
contrasts for Glx, as well as for N-acetyl aspartate, choline, myo-inositol and creatine,
from all voxels that met spectral quality criteria were analyzed in standardized brain
space, followed by cluster-corrected level alpha-value (CCLAV < 0.05) analysis.
Schizophrenia subjects had higher Gix in the right middle cingulate gyrus (19 voxels,
CCLAV = 0.05) than bipolar-I subjects. Healthy controls had intermediate Gix values,
though not significant. Schizophrenia subjects also had higher N-acetyl aspartate (three
clusters, left occipital, left frontal, right frontal), choline (two clusters, left and right
frontal) and myo-inositol (one cluster, left frontal) than bipolar-I, with healthy controls
having intermediate values. These increases were likely accounted for by antipsychotic
medication effects in the schizophrenia subgroup for N-acetyl aspartate and choline.
Likewise, creatine was increased in two clusters in treated vs. antipsychotic-naive
schizophrenia, supporting a medication effect. Conversely, the increments in GIx in right
cingulate were not driven by antipsychotic medication exposure. We conclude that
increments in Glx in the cingulate may be critical to the pathophysiology of schizophrenia
and are consistent with the NMDA hypo-function model. This model however may
be more specific to schizophrenia than to psychosis in general. Postmortem and
neuromodulation schizophrenia studies focusing on right cingulate, may provide critical
mechanistic and therapeutic advancements, respectively.

Keywords: glutamate, choline, N-acetyl-aspartate, creatine, spectroscopy, psychosis, schizophrenia, bipolar
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INTRODUCTION

The N-methyl-D-aspartate receptor (NMDAR) hypo-function
model of psychosis originated from pharmacological studies
documenting the emergence of positive and negative symptoms
as well as cognitive deficits in healthy volunteers exposed acutely
to the NMDAR blocker ketamine (1). Also, acute systemic
NMDAR blockers in the awake rat lead to an increase in frontal
extracellular glutamate (1). Consistent with these findings, a
single ketamine infusion in healthy controls (HC) results in an
increase in the combined glutamate and glutamine signal (Glx)
(2) in medial frontal cortex, as measured with proton magnetic
resonance spectroscopy (\H-MRS). This paradoxical increase in
glutamate release with NMDAR blockers has been postulated to
result from higher sensitivity of NMDAR receptors in GABAergic
interneurons than in pyramidal neurons, leading to disinhibition
of pyramidal neurons (1).

Schizophrenia studies using single-voxel 'H-MRS suggest
glutamate increases in “basal ganglia” (3) though more recent
studies at 7T in early antipsychotic-treated psychosis found
prefrontal glutamate reductions (4, 5). Furthermore, never-
treated schizophrenia patients had no glutamate differences
relative to healthy control subjects in dorsal anterior cingulate
(6), but increases have been documented in the dorsal striatum
in this population (7). Like schizophrenia, bipolar-I is a
chronic, neurodevelopmental disorder, often presents with
psychotic symptoms, and is commonly treated with antipsychotic
medications (8). Several 'H-MRS studies have reported increased
glutamatergic measures in bipolar-I (9) [but see (10)]. Hence, the
literature on ' H-MRS-measured glutamate in psychotic disorders
is far from clear, with region of interest, medication status,
chronicity and co-morbidity as possible confounders. To partially
address some of these issues, a few direct comparisons between
bipolar-I and schizophrenia have been implemented. Two of
these used single-voxel 'H-MRS and did not ascertain a history
of psychosis in the bipolar-I sample (11, 12). Our previous study
used single slice spectroscopic imaging and involved mainly
chronic patients, all with history of psychosis (13). However,
none of these three studies found glutamatergic differences
between the two clinical groups.

Schizophrenia and bipolar-I are disorders that likely involve
distributed brain networks and subtle global brain volume
reductions (generally greater in schizophrenia than bipolar-
I) have been repeatedly documented (14). Three-dimensional
proton MR spectroscopic imaging (3D !'H-MRSI) enables
measurement in much larger brain regions, thereby reducing the
bias of voxel selection intrinsic to single-voxel studies. Using 3D
'H-MRSI with a short echo time (TE) and a voxel-wide approach,
we recently reported reduced Glx in the left superior temporal
gyrus (STG) in early schizophrenia vs. healthy control subjects
as well as more widespread creatine increases in antipsychotic
treated schizophrenia (15).

Here we report the use of the same imaging tool to compare
Glx and other metabolites of interest in early schizophrenia vs.
early bipolar-I disorder with psychotic features. Healthy control
subjects (HC) were also examined to assist in interpretation.
We include the schizophrenia (N = 36) and HC (N = 29)

subjects’ data previously reported plus an additional sample
of schizophrenia, HC, and bipolar-I subjects. Consistent with
our previous findings we expected Glx reductions in STG in
schizophrenia (15) but not in bipolar-I. We also hypothesized
higher creatine in antipsychotic-treated vs. antipsychotic-naive
schizophrenia (15).

METHODS AND MATERIALS

Subjects

Schizophrenia (Sz) and bipolar-I (BP-I) subjects were recruited
from the University of New Mexico Hospitals (UNMH).
Inclusion criteria were: (1) Schizophrenia, schizophreniform,
schizoaffective or bipolar-I disorder with psychotic features made
using the SCID-DSM-5; (2) Age between 16 and 40. Exclusion
criteria were diagnosis of current substance use disorder (except
for nicotine) or a neurological disorder. Healthy controls in
the same age range were recruited from the community and
excluded if they had: (1) any current DSM-5 disorder (SCID-
DSM-5 Non-Patient-Version; except for nicotine use); (2) history
of neurological disorder; or (3) first-degree relatives with any
psychotic disorder. The UNMH Institutional Review Board
approved the study and all subjects provided written informed
consent and were reimbursed for their participation. Forty-eight
Sz, 21 BP-I, and 51 HCs participated.

Clinical and Neuropsychological

Assessments

Cognitive function was assessed in clinical and HC groups
using the Measurement-and-Treatment-Research-to-Improve-
Cognition-in-Schizophrenia (MATRICS) battery (11). Patients
were assessed for psychopathology with the Positive-and
Negative-Syndrome-Scale (16), the Young-Mania-Rating-
Scale (17), and the Calgary-Depression-Scale (18). Patients
were also evaluated for extra-pyramidal side-effects with the
Abnormal-Involuntary-Movements-Scale (19), Simpson-Angus-
Scale for Parkinsonism (20), and the Barnes-Akathisia-Scale
(21). These assessments were completed within 1 week of the
scan acquisition.

Magnetic Resonance Studies

Acquisition

Subjects underwent an MR study at 3T using a Siemens TIM Trio
scanner as previously described (15). 3D 'H-MRSI was acquired
using an echo-planar-spectroscopic-imaging (EPSI) sequence
with the following parameters: TE = 17.6ms, TR = 1,551 ms,
TR (H,0) = 511 ms, non-selective lipid inversion nulling with
TI = 198 ms, FOV = 280 x 280 x 180 mm, voxel size of 5.6 x
5.6 x 10mm, echo train length of 1,000 points, bandwidth of
2,500 Hz, reduced k-space sampling (acceleration factor = 0.7),
a nominal voxel volume of 0.313 cm® and acquisition time of
17 min (15). EPSI included a water reference measurement that
was interleaved with the metabolite signal acquisition. The data
processing pipeline has been fully described (15) and is briefly
summarized below.
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FIGURE 1 | GIx mask showing (A) axial brain slices with useful spectral coverage (color grading from blue- [0.75 coverage in each group] to red- [1.0 coverage in
each group]) and (B) example of one fitted spectrum. Gix is glutamate plus glutamine, NAA is N-acetyl-aspartate compounds, t-Cho is choline,
glycerol-phospho-choline, and phosphocholine and t-Cr is creatine plus phospho-creatine.
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Reconstruction and Registration

EPSI reconstruction and analysis was carried out using the
MIDAS package (22). Processing included corrections for
By shifts, generation of white-matter, gray-matter, and CSF
tissue segmentation maps using FMRIB Software Library
(FSL) FAST (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/), lipid k-space
extrapolation and linear registration of the T;-weighted MR
images to the EPSI images. Metabolite maps were interpolated
to 64 x 64 x 32 points (voxel size 4.375 x 4.375 x 5.625mm).
Following spatial smoothing the effective voxel volume was 1.55
cm?®. EPSI water reference measurement was spatially registered
to the MPRAGE T -weighted image.

Spectral Fitting

The fitted metabolite values from the spectra were estimated
using MIDAS and spectral analysis was carried out using
the FITT2 program for: Glx, N-acetyl-aspartate compounds
(NAA), total creatine (creatine and phosphocreatine, denoted
t-Cr), total choline (choline, glycerol-phosphocholine, and
phosphocholine, denoted t-Cho), and myo-inositol (Figure 1).
Individual metabolite maps were normalized and corrected for
any bias field variations using the signal from the water reference
measurement corrected for tissue water density from literature
values. These values were not corrected for relaxation rates and
represent institutional units.

Warping and Quality Filtering

The metabolite maps were exported from MIDAS and warped
using Statistical Parametric Mapping-8 (SPMS8; https://
www.fil.ion.ucl.ac.uk/spm/software/spm8/) to the Montreal
Neurological Institute (MNI) space (http://brainmap.org/
training/BrettTransform.html), keeping the interpolated voxel
size, so that group analysis could be performed. Subsequently,

to correct for partial volume effects, the metabolite maps values
are divided by 1-fcsr at the voxel level. For spectral quality,
the metabolite maps were filtered according to three criteria:
overall line widths = 2-12Hz; specific spectral fits for each
metabolite of Cramér-Rao lower bound (CRLB) = 1-20%; and
fese < 0.3 (these were labeled best spectra). Spectra that failed
to meet these criteria were divided into two groups, poor and
intermediate spectra. Intermediate spectra met the following
criteria: linewidths >1 and less than or =16; CRLB = 1-99%;
fese < 0.3; and at least 18 of the 26 nearest neighboring voxels
were best spectra. Intermediate spectra were considered to have
some potential useful spectral information and hence their
metabolite values were kept. All others were considered poor
spectra and their metabolite values were discarded.

Metabolite Group Mask

These masks (one for each metabolite) included only the best
and intermediate spectra voxels that were present in > 75% of
subjects in each diagnostic group (Figure 1). The masks were
then smoothed using a spatially stationary Gaussian filter with
a kernel width of 10mm in SPM12 to minimize potential spatial
warping errors.

Imputation

Since up to 25% of subjects in each diagnostic group may not
have a particular voxel value in the metabolite group mask after
filtering out voxels according to the above quality criteria, the
metabolite values for the poor spectra voxels were imputed using
the diagnostic group (Sz, BP-I, HC) mean concentration for
that voxel. This allowed us to preserve the maximum number
of voxels possible for the analysis, without adding variability
to the populations’ metabolite concentrations. Imputations only
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TABLE 1 | Demographic and clinical characteristics.

Healthy controls  Schizophrenia Bipolar-I
(N =51) (N = 48) (N=21)

(Mean + SD or %)
Age (years) 237 +4.2 224 +£39 22.2 £ 3.1
Gender (male/female) 57/43% 71/29% 57/43%
Race 80/8/12% 85/4/11% 95/5/0%
(Caucasian/Native/Other)
SES? 41 +£1.4* 6.2+14 58+ 13
Familial SES 36+£1.7 4.2+1.8 3.7+£17
Vascular risk scoreP 0.02 £0.14 0.06 £0.2 0.19+05
MATRICS-overall T 482 +7.1* 3150+ 11.7 34.7 £11.9
score
Smoker (yes/no) 2/98%* 10/90% 19/81%
Alcohol (yes/no) 5/95% 12/86% 14/86%
Cannabis (yes/no) 0/100%* 52/48% 57/43%
Stimulant (yes/no) 0/100% 4/96% 5/95%
Opioid (yes/no) 0/100% 2/98% 10/90%
Phencyclidine (yes/no) 0/100% 4/96% 10/90%
Hallucinogens (yes/no) 0/100% 0/100% 0/100%
Sedative (yes/no) 0/100% 0/100% 0/100%
Inhalants (yes/no) 0/100% 0/100% 0/100%
Psychosis onset (years) - 202+4.4 211 +4.2
Positive symptoms - 16.0 £ 5.0 14.5 £ 6.6
Negative symptoms - 16.3 £ 5.2 12.6 £5.3"
Manic symptoms - 22 +3.8 94 111"
Depressive symptoms - 28+ 3.9 3.7+35
Parkinsonism - 81+04 82+0.9
Akathisia - 05+1.0 05+1.6
Tardive dyskinesia - 7.0+0.0 7.0+0.0
Antipsychotic use - 62/38% 60/40%
(yes/no)
Antipsychotic - 6.3+£7.0 4.7 £5.9%
dose (mg)°®

aSES is Socioeconomic Status. °Vascular risk score, 0-4 (score of 1 each for cardiac
iliness, hypertension, dyslipidemia and diabetes). ¢Antipsychotic dose, as olanzapine
equivalents (25).

Smoker refers to current use. Alcohol, cannabis, stimulant, opioid, phencyclidine,
hallucinogens, sedative, inhalants, refer to past substance use disorder per SCID-5.

*p < 0.05 for healthy controls vs. schizophrenia or bipolar-I.

p < 0.05 for schizophrenia vs. bipolar-I.

accounted for an average of between 2 and 7% of the total spectra
in each metabolite group mask.

Statistical Analyses

The principal analyses examined diagnostic group (Sz vs. BP-I)
differences separately for each of the five metabolites of interest.
Adjustments were made for age at a subject level and for gray
matter proportion [GM/(GM+WM)] at the voxel level. These
two factors have large effects on metabolite’s variability (23).
Analysis of Functional Neurolmages [AFNT’s; (24)] 3dttest++,
3dclust and 3dClustSim packages were used because they
support both subject and voxel-level covariates (24). 3dClustSim
computed cluster-size thresholds using 10,000 simulated noise-
only t-tests for a more accurate spatial autocorrelation function

FIGURE 2 | Increased Gix in Schizophrenia (Sz) vs. Bipolar-I (BP) (healthy
controls [HC] intermediate) in one cluster (19 voxels), CCLAV = 0.05, including
the right cingulate gyrus (60.3%). Boxplot shows weighted-average Gix cluster
concentrations in institutional units.

of the noise. It estimated the probability of false positive
clusters and then corrected the voxel threshold to reduce the
likelihood of false positive clusters. With 3dttest++, voxel-
wise Student t-tests were implemented for all voxels that
fell within the supported quality group mask. The resulting
maps were clustered using 3dclust following three criteria:
(1) each voxel differed between the groups with p < 0.001;
(2) group differences for each voxel in the cluster were in
the same direction; and (3) voxels had faces-touching. The
corrected clustering thresholds from ClustSim were compared
to the number of voxels clustered in 3dclust to insure the
cluster met a corrected cluster-level alpha-value (CCLAV) of
<0.05. Lastly, Kendall's Tau (t) tested correlations between
the gray matter proportion-weighted average concentrations
for clusters that differed between groups and clinical and
cognitive assessments.

RESULTS
Demographic and Clinical Variables

Subjects were similarly aged, with no significant differences in
gender, race, parental socioeconomic status (SES), cardiovascular
risk, or history of substance use disorders, except for cannabis
and current smoking (Table 1). Sz and BP-I had greater history of
cannabis use disorder (p < 0.001) and current smoking (p = 0.03)
as well as worse personal SES (p < 0.001) and MATRICS overall t-
scores (p < 0.001) than HCs. The psychosis groups were similarly
young (Sz age = 22.4, BP-I = 22.2) and early in the illness (Sz
onset = 20.2, BP-I = 21.1). The two groups did not differ in
any demographic measures, substance use history, positive or
depressive symptoms, proportion of antipsychotic-naive subjects
or antipsychotic dose. Sz subjects had greater negative (p = 0.009)
and lower manic symptoms (p < 0.001) than BP-I subjects.
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FIGURE 3 | Increased NAA in Schizophrenia (Sz) vs. Bipolar-I (BP) (healthy controls [HC] intermediate) in three clusters: (1) 114 voxels, CCLAV < 0.01, including the
left lingual gyrus (29.9%) and left posterior cingulate (13.0%). (2) 61 voxels, CCLAV < 0.01, including the left precentral gyrus (34.7%%) and left middle frontal gyrus
(22.1%). (3) 42 voxels, CCLAV = 0.05, including the right middle frontal gyrus (60.6%) and right precentral gyrus (10.2%). Boxplots shows weighted-average NAA

cluster concentrations in institutional units.

Cluster

FIGURE 4 | Increased t-Cho in Schizophrenia (Sz) vs. Bipolar-I (BP) (healthy controls [HC] intermediate) in two clusters: (1) 40 voxels, CCLAV = 0.02, including the left
superior frontal gyrus (47.3%) and left middle frontal gyrus (39.2%). (2) 29 voxels, CCLAV = 0.03, including the right middle frontal gyrus (47.3%) and the right superior
frontal gyrus (14.6%). Boxplots shows weighted-average t-Cho cluster concentrations in institutional units.

Effect of Diagnosis: Sz vs. BP-l Group

Differences in Neurometabolites

Glutamate + Glutamine

One cluster (19 voxels) had higher Glx in Sz vs. BP-I's (CCLAV
= 0.05; mainly in right middle cingulate gyrus (Figure 2,
Supplementary Table 1). In this cluster, the HC group had values
intermediate, but not significantly different from the clinical
groups. Because BP-I subjects had slightly higher Glx CRLB than
Sz (Supplementary Table 3), we co-varied for CRLB in the AFNI
analysis. The significant Glx cluster (still Sz > BP-I) completely
overlapped with the original 19 voxel cluster, but it increased
in size to 44 voxels. Finally, within Sz, the antipsychotic-naive
subgroup tended to have higher Glx than the treated patients
(though not significantly); this pattern was not present in the BP

group (Supplementary Figure 1). The hypothesized left STG Glx
reduction was not observed in Sz relative to BP-I or in Sz relative
to HCs with CCLAV < 0.05. When a more lenient statistical test
focusing on the left STG cluster previously reported (15) was
further explored, only 3/19 voxels had lower Glx (p < 0.01) in
Sz vs. HC.

N-acetyl Aspartate

NAA was higher in Sz vs. BP-I in three clusters (Figure 3,
Supplementary Table 1): (1) left occipital (114 voxels; CCLAV
< 0.01); (2) left frontal (61 voxels; CCLAV < 0.01); and (3)
right frontal (42 voxels; CCLAV = 0.05). The HC group had
values intermediate (not significant) to those of the clinical
groups. Because in the first cluster BP-I subjects had slightly
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FIGURE 5 | Increased inositol in Schizophrenia (Sz) vs. Bipolar-1 (BP) (healthy
controls [HC] intermediate) in one cluster (19 voxels), CCLAV = 0.05, including
the left superior frontal gyrus (65.7%) and the left middle frontal gyrus (23.1%).
Boxplot shows weighted-average inositol cluster concentrations in

institutional units.

higher NAA CRLB than Sz (Supplementary Table 3), we co-
varied for CRLB. The significant NAA cluster 1 (still Sz >
BP-I) completely overlapped with the original 114 voxel cluster,
but it increased in size to 274 voxels. In all three clusters, for
each of the Sz and the BP-I groups, the treated subjects had
numerically higher NAA values than antipsychotic-naive subjects
(Supplementary Figures 2a-c).

Total Choline

t-Cho was higher in Sz than in BP-I subjects in two clusters
(Figure 4, Supplementary Table 1): (1) left superior mid-frontal
(40 voxels; CCLAV = 0.02); and (2) right superior mid-
frontal (29 voxels; CCLAV = 0.03). The HC group had values
intermediate (not significant), to those of the clinical groups. In
both clusters, for each the Sz and the BP-I groups, the treated
subjects had numerically higher t-Cho values than antipsychotic-
naive subjects (Supplementary Figures 3a,b).

Myo-Inositol

Myo-inositol was higher in Sz vs. BP-I subjects in one left
superior frontal cluster (27 voxels; CCLAV = 0.03; Figure 5).
The HCs had intermediate (not significant) metabolite
values to those in Sz and BP-I. Amongst the BP-I group,
medicated subjects tended to have numerically higher myo-

inositol than naive subjects (Supplementary Figure 4).
Finally, there were no differences between Sz and
BP-I'in t-Cr.

Antipsychotic Medication Effects:
Antipsychotic-Naive vs. Treated Patients
Total-Creatine

Because we previously detected higher t-Cr in treated Sz relative
to HC in three clusters (15) but not in antipsychotic-naive Sz
vs. HCs, we examined in our largest patient sample (i.e., Sz)

the effect of antipsychotic medication. Hence, we compared
the treated (N = 29) and naive (N = 19) Sz subgroups.
t-Cr was higher in two clusters in treated patients (Figure 6,
Supplementary Table 2): (1) left Para hippocampal (34 voxels;
CCLAV = 0.02); and (2) right occipital (27 voxels; CCLAV =
0.03). There were no significant differences between the naive and
treated BP-I subgroups, but the samples were small (N = 8 and
N = 13, respectively).

Other Neurometabolites

Because the diagnostic group comparisons suggested effects of
antipsychotic medication for Glx, NAA and t-Cho, we compared
the Sz naive and treated subgroups. For NAA there were
increments in treated vs. naive in one left middle frontal cluster
(21 voxels; CCLAV = 0.05; Figure 7, Supplementary Table 2).
There was higher t-Cho in treated vs. naive groups in four
clusters: (1) right cerebellar cluster (28 voxels; CCLAV =
0.02); (2) left middle frontal cluster (23 voxels; CCLAV =
0.03; (3) left insula cluster (18 voxels; CCLAV = 0.03; and
(4) left Para hippocampal cluster (16 voxels; CCLAV = 0.04;
Figure 8, Supplementary Table 2). There were no significant
group differences for Glx. There were no significant differences
between the naive and treated BP-I subgroups.

Symptom and Cognitive Relationships

We examined the correlations between symptoms and cognition
with the weighted-average neurochemical concentrations in the
clusters that differed between Sz and BP-I (Glx, NAA, t-Cho
or myo-inositol; see Supplementary Figures 5-13). Both t-Cho
clusters correlated positively with negative symptom severity:
(1) left superior mid-frontal (z = 0.26, p = 0.002); and (2)
right superior mid-frontal (z = 0.26, p = 0.002). They also
correlated negatively with the MATRICS overall t-score: (1)
left superior mid-frontal (r = —0.24, p = 0.01); and (2) right
superior mid-frontal (r = —0.24, p = 0.01). The one myo-
inositol left superior frontal cluster positively correlated with
negative symptoms (7 = 0.2, p = 0.02). Finally, the three NAA
clusters correlated positively with negative symptom scores: (1)
left occipital (v = 0.23, p = 0.007); (2) left frontal (z = 0.21,p =
0.01); and (3) right frontal (z = 0.2, p = 0.01). The left frontal
NAA cluster correlated negatively with MATRICS overall t-score
(t = —0.23, p = 0.01). There were no relationships with positive,
manic or depressive symptoms.

DISCUSSION

To our knowledge this is the first study to compare Glx as
well as the other more commonly measured neurometabolites
in early schizophrenia and BP-I with psychotic features with a
voxel-wise whole brain spectroscopic imaging approach. Several
metabolites were higher in Sz subjects compared to BP-I subjects
across various regions. Glx was higher in the right middle
cingulate, NAA was higher in the left occipital and bilateral
frontal areas of cortex, t-Cho was higher in bilateral frontal
cortices and myo-inositol was higher in the left frontal regions.
These differences were not due to demographic, clinical or
spectral quality metrics (see Supplementary Tables 3, 4). The HC
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AP-naive

FIGURE 6 | Increased t-Cr in antipsychotic treated (AP) vs. antipsychotic naive (AP-naive) Schizophrenia in two clusters: (1) 34 voxels (CCLAV = 0.02), including the
left parahippocampal gyrus (25.0%) and left culmen (10.5%). (2) 27 voxels, CCLAV = 0.03, including the right declive (51.9%) and the right fusiform gyrus (16.5%).

Boxplots show weighted-average t-Cr cluster concentrations in institutional units.

AP-naive

group had intermediate values of these metabolites (though not
significantly different) relative to the clinical groups, supporting
the view that the two early-psychosis groups may have opposite
neurometabolic abnormalities: increases in Sz and reductions
in BP-I. Additionally we demonstrated effects of antipsychotic
treatment in t-Cr in the Sz group, as previously suggested (15).
Likewise, the left frontal increases in NAA and t-Cho at least in
part appear to be related to antipsychotic treatment. However, the
elevated Glx in the right cingulate in Sz appears to be accounted
for mainly by the antipsychotic-naive subjects. Contrary to our
hypothesis, Glx in Sz was not lower in the left STG relative to the
other groups.

Three 'H-MRS studies have directly compared chronically-ill
Sz and BP-I subjects at magnetic fields >1.5T (3T and 4T). Two
used single-voxel 'H-MRS and also did not restrict their sample
to BP-I with psychosis (11, 12). In a previous study we used single
slice spectroscopic imaging and only included BP-I with history
of psychosis (13). None of these three studies found significant
glutamatergic differences between Sz and BP-I. Atagun et al. (11)
did find higher t-Cr and inositol in the left STG in Sz vs. BP-1. We
found some age-related differences with higher NAA and inositol
in younger Sz (<40) as well as higher NAA in older Sz relative to
older BP-I (13). These results are somewhat consistent with the
higher NAA and myo-inositol in early Sz relative to BP-I in the
current study.

Increased glutamate, glutamine, and GIx (glutamate +
glutamine) in the “basal ganglia” has been reported in one
schizophrenia meta-analysis (3). This is consistent with the
NMDAR hypo-function pharmacological model of psychosis:
acute ketamine induces increased extracellular frontal glutamate
in rodents and of 'H-MRS glutamatergic measures in healthy
humans (1). Though concentrations of glutamate and glutamine
measured with H-MRS do not directly assesses synaptic
glutamate turnover, it has been proposed that the acute
increment in extracellular glutamate in rodents measured

with micro-dialysis reflects synaptic function (1). In humans,
the largest published 'H-MRS ketamine challenge study
reported increased Glx in anterior cingulate in a single-
voxel (2). Hence, though less specific, Glx may be a more
sensitive 'H-MRS index for the paradoxical effect of higher
glutamate observed in acute NMDAR inhibition by ketamine.
In the present study, the one cluster with increased Glx
in Sz involved a more posterior aspect of the right dorsal
cingulate. We note, however, that with the whole-brain 'H-
MRSI approach we used, we may have been less able to
detect group differences in the ventral and anterior cingulate,
due to worse spectral quality in these regions (Figure 1).
Likewise, the head of the caudate and the anterior thalamus,
regions where glutamate increments have been described in
antipsychotic-naive schizophrenia (3), were mostly inaccessible
with our approach.

The failure to confirm our previously reported Glx reduction
in left STG in early Sz (15) was not due to differences in
spectral quality between the original (CRLB = 7.58 £ 1.24) and
the added Sz samples (CRLB = 7.07 £ 1.33). Also, the voxel
coverage was the same in both groups (16 voxels over left STG).
The two samples did differ in the number of antipsychotic-
naive Sz subjects: 57% in the original and 12% in the added
samples (Supplementary Table 5). A histogram of z-scores of
the examined voxels (Supplementary Figure 14) shows that the
data from the current sample had a greater spread of Sz vs. HC
differences, with the added subjects having z-scores around zero
(i.e., no group effect). However, examination of the histogram z-
scores did not support a greater effect in antipsychotic-naive vs.
HC than in treated Sz vs. HC (Supplementary Figure 14).

Results of previous spectroscopic studies examining
glutamatergic metabolites are likely to have been affected
or limited by antipsychotic medication, chronicity, and the
brain region examined. More recent single-voxel studies at
7T in treated early schizophrenia have reported reduced
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FIGURE 7 | Increased NAA in antipsychotic treated (AP) vs. antipsychotic
naive (AP-naive) Schizophrenia in one cluster: 21 voxels (CCLAV = 0.04),
including the left middle frontal gyrus (61.5%%) and left precentral (15.7%).
Boxplot shows weighted-average NAA cluster concentrations in
institutional units.

glutamate in anterior cingulate (4, 5), suggesting an effect
of antipsychotic medication. Consistently, antipsychotic-
naive schizophrenia patients had increased dorsal striatal
glutamate, which normalized with prospective risperidone
treatment (7). However, a recent study in antipsychotic-naive
schizophrenia failed to detect any differences in anterior
cingulate glutamate (6). Furthermore, two 7T studies of the
anterior cingulate in chronically-ill patients found glutamate
reductions (26, 27). Hence, the inconsistencies in the results
of glutamate studies in schizophrenia may be in part due to
differences in stage of illness, medication effects and regions
of interest with the single-voxel approach. Clearly, psychotic
disorders involve multiple distributed brain networks (14)
hence, examining glutamatergic measures with an unbiased
voxel-wise approach offers advantages for future studies.
Though antipsychotic medications may lower glutamate
in some regions (7), glutamatergic dysfunction intrinsic to
the illness is supported by the report of several glutamate-
related risk-conferring genes in in the largest GWAS study in
schizophrenia (28). Finally, in terms of diagnostic specificity
our results suggest that glutamatergic abnormalities may
differ fundamentally in bipolar-I and schizophrenia, with
elevations in schizophrenia, consistent with a primary NMDAR
hypofunction in GABA-ergic interneurons, and reductions in
bipolar-1, suggestive of a different glutamatergic deficit, perhaps
of NMDAR dysfunction in pyramidal neurons. However, the
Glx differences were not related to symptom severity, like
manic or negative symptoms, which suggests a trait effect
of diagnosis.

Higher NAA, t-Cho and myo-inositol in Sz relative to BP-
I were unexpected findings in the current study. The majority
of the literature on schizophrenia reports lower NAA mainly
in “basal ganglia” and frontal lobe (29). However, a recent

meta-analysis of cross-sectional studies reported progressive,
stage of illness-related NAA reductions: only in hippocampus
in high-risk subjects; in frontal and thalamic regions in
early schizophrenia; and more widespread reductions (frontal,
hippocampal, temporal, thalamic and parietal regions) in
chronically-ill patients (30). This is consistent with progressive
brain volume reductions from multiple longitudinal MRI studies
(31). In BP-I, lower NAA in “basal ganglia” has been reported
(29). There is no consistent evidence of alterations in t-Cho
or t-Cr in either disorder (29). The findings on myo-inositol
have been more sparse, but lower concentrations in the medial
frontal region was reported in a meta-analysis in schizophrenia
(32). However, the great majority of the analyzed data came
from single-voxel studies (29, 32). None of the studies included
involved whole brain with voxel-wise analyses.

The literature on antipsychotic medication effects on 'H-
MRS measures was recently expanded by a meta-analysis of
single-voxel longitudinal schizophrenia studies before and after
treatment (33). Frontal Glx was found to be reduced and thalamic
NAA increased by medication. In this meta-analysis no changes
in inositol were found and t-Cho and t-Cr were not examined.
However, one study reported increased medial temporal t-Cr
and inositol in treated vs. anti-psychotic-naive schizophrenia,
suggesting a medication effect for these metabolites (34).

Antipsychotics clearly have acute metabolic effects with
increased subcortical and reduced cortical metabolism (35,
36). In addition, these agents can induce striatal volume
expansion in humans as well as cortical volume reductions
as early as 12 weeks after treatment (37). In monkeys,
antipsychotics induce global gray matter volume reductions
(38) with a 14% glial reduction and 10% increase in neuronal
density (39). Hence, because NAA is mainly found in neurons
(40) [though also reported in immature oligodendrocytes
(41)], it is possible that increased neuronal density causes a
relative increase in NAA tissue concentration, which could
account for the higher NAA findings in the treated early
schizophrenia subgroup of the present study. The consistent
more widespread NAA reductions reported later in the illness
(30) suggest an effect of chronicity, perhaps related to loss
of neuropil without gliosis as described in the postmortem
literature (42).

We did confirm increased t-Cr in antipsychotic-treated vs.
naive Sz subgroups consistent with our previous report (15).
The higher t-Cr with treatment suggests an effect on energy
metabolism. A reduction in the forward rate constant of creatine
kinase, the enzyme that converts creatine to phosphocreatine,
was reported in antipsychotic-treated schizophrenia (43). Hence,
the increase in t-Cr may represent an adaptation to the
cortical metabolism-lowering effects of antipsychotics (35, 36),
by increasing the total pool of creatine available for energetic
transfer. Though alterations in t-Cho have not been consistently
reported in single-voxel studies of schizophrenia (29), long-
term exposure to antipsychotics in monkeys has been reported
to result in increased frontal glial density (44) and reduced
parietal glial density (39). Because the t-Cho signal represents
cell membrane turnover (40), we speculate that the finding of
higher t-Cho only in treated vs. naive schizophrenia patients may
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FIGURE 8 | Increased t-Cho in antipsychotic treated (AP) vs. antipsychotic naive (AP-naive) Schizophrenia in four clusters: (1) 28 voxels; (CCLAV = 0.02), including
the right declive (35.6%), right pyramis (19.6%), right tuber (16.3%), and right uvula (11%). (2) 23 voxels; (CCLAV = 0.03), including the left middle frontal gyrus
(49.7%), and left inferior frontal gyrus (40%). (3) 18 voxels; (CCLAV = 0.03), including the left insula (21.7%), left claustrum (7.4%) and left lentiform nucleus (7.3%). (4)
16 voxels; (CCLAV = 0.04), including the left parahippocampal gyrus (46.9%), and the left culmen (38.4%).
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suggest an adaptive glial response to antipsychotics in frontal
cortex bilaterally.

The associations between some of the metabolite clusters
that differed between Sz and BP-I and symptoms and cognition
(for the whole clinical sample) were not predicted and do
not survive multiple comparison correction. However, some
intriguing patterns emerged. Mainly in bilateral frontal regions,
higher t-Cho correlated with worse negative symptoms and
more impaired cognition. Not surprisingly, negative symptoms
and cognition were negatively correlated (r = —0.38, p
< 0.001). This may suggest that increased frontal glial
density (as reflected in higher t-Cho) may result in worsened
negative symptoms and cognition in psychosis. However, the
similar association between bilateral frontal NAA clusters
and negative symptoms is harder to interpret as higher
NAA is usually described as an index of improved neuronal
viability (40).

This study has several strengths. 3D EPSI allowed examination
of most of the brain, including numerous gray and white

matter regions known to be affected in schizophrenia and
bipolar-I (14). The use of AFNI permitted a voxel-wise
approach with false-positive correction, as is standard with
other neuroimaging modalities. AFNT also allowed introduction
of co-variates at the voxel level, a critical issue in 'H-MRS
analyses since the partial volume tissue effects are substantial
(23). However, some limitations should be acknowledged. First,
the spectral resolution with the current sequence did not allow
reliable discrimination of glutamate from glutamine, hence Glx
results are presented. Second, though whole brain 'H-MRSI
was acquired, greater magnetic field inhomogeneity precluded
examination of more ventral regions, such as orbitofrontal
and inferior temporal areas. Third, our sample of 21 BP-
I is small relative to the other two groups. Finally, as this
was a case-control design, mechanistic interpretations are
inherently limited.

In summary, this study of early psychosis using voxel-
wise examination with 3D 'H-MRSI revealed an increase in
glutamate metabolism (Glx) in the right middle cingulate in
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schizophrenia but not in bipolar-I. This increase did not appear
to be related to antipsychotic treatment or due to other common
confounders, such as substance use or chronicity. Also, the
metabolite levels of the HC group, were intermediate between
those of that Sz and BP-I groups. This suggests that Sz and BP-
I may have abnormalities in metabolism that alter glutamate
in opposite directions. In other regions explored in the current
study, NAA, t-Cho, and myo-inositol were also higher in
Sz. This differs in particular with the broad schizophrenia
literature of reduced NAA in mainly chronically-ill schizophrenia
populations examined with single voxels. However, in our
sample medication status appears to account statistically for
the higher NAA and t-Cho. Likewise, higher t-Cr appears
clearly related to antipsychotic treatment. Replication of these
findings would support mechanistic postmortem investigations
and therapeutic neuromodulation studies of the right cingulate
in schizophrenia.
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Department and Institute of Radiology, University of S&o Paulo (InRad-FMUSP), S&o Paulo, Brazil, * Laboratdrio
Interdisciplinar de Neurociéncias Clinicas (LINC), Universidade Federal de Sao Paulo (UNIFESP), Sdo Paulo, Brazil

Background: Recent studies using magnetic resonance spectroscopy ('H-MRS)
indicate that patients with obsessive—compulsive disorder (OCD) present abnormal
levels of glutamate (Glu) and gamma aminobutyric acid (GABA) in the frontal and
striatal regions of the brain. These abnormalities could be related to the hyperactivation
observed in cortico-striatal circuits of patients with OCD. However, most of the
previous 'H-MRS studies were not capable of differentiating the signal from metabolites
that overlap in the spectrum, such as Glu and glutamine (GIn), and referred to
the detected signal as the composite measure—GiIx (sum of Glu and Gin). In
this study, we used a two-dimensional JPRESS "H-MRS sequence that allows the
discrimination of overlapping metabolites by observing the differences in J-coupling,
leading to higher accuracy in the quantification of all metabolites. Our objective
was to identify possible alterations in the neurometabolism of OCD, focusing on
Glu and GABA, which are key neurotransmitters in the brain that could provide
insights into the underlying neurochemistry of a putative excitatory/inhibitory imbalance.
Secondary analysis was performed including metabolites such as Gin, creatine (Cr),
N-acetylaspartate, glutathione, choline, lactate, and myo-inositol.

Methods: Fifty-nine patients with OCD and 42 healthy controls (HCs) underwent 3T
"H-MRS in the ventromedial prefrontal cortex (vmPFC, 30 x 25 x 25 mm?3). Metabolites
were quantified using ProFit (version 2.0) and Cr as a reference. Furthermore, Glu/GABA
and Glu/Gin ratios were calculated. Generalized linear models (GLMs) were conducted
using each metabolite as a dependent variable and age, sex, and gray matter fraction
(fGM) as confounding factors. GLM analysis was also used to test for associations
between clinical symptoms and neurometabolites.

Results: The GLM analysis indicated lower levels of Glu/Cr in patients with OCD
(z = 2.540; p = 0.011). No other comparisons reached significant differences between
groups for all the metabolites studied. No associations between metabolites and clinical
symptoms were detected.
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Conclusions: The decreased Glu/Cr concentrations in the vmPFC of patients with
OCD indicate a neurochemical imbalance in the excitatory neurotransmission that could
be associated with the neurobiology of the disease and may be relevant for the

pathophysiology of OCD.

Keywords: obsessive-compulsive disorder, magnetic resonance spectroscopy, prefrontal cortex, neurometabolic

alterations, Glutamate, GABA

INTRODUCTION

Obsessive-compulsive disorder (OCD) is a psychiatric disease
that affects 1-4% of the population (lifetime) around the
world (1, 2). Although its pathophysiology remains not
entirely understood, there is a consensus that OCD is
characterized by abnormalities in the cortico-striato-thalamo-
cortical (CSTC) circuitry. In the last decade, studies using
proton magnetic resonance spectroscopy (!H-MRS), the only
technique that allows to non-invasively estimate the levels of
brain neurochemicals in vivo, showed that patients with OCD
could present altered glutamatergic (excitatory) and GABAergic
(inhibitory) neurotransmission in the prefrontal cortex and
striatal brain regions (3-8). However, inconclusive findings in
the literature indicate that there is still a need for a thorough
investigation (9).

The role of glutamate (Glu) signaling in the treatment of
OCD has been investigated in therapeutic clinical trials in the
literature (10-14), including positive randomized clinical trials
that used glutamatergic agents as the main outcome or as an
enhancer (15-18). On the other hand, augmentation studies
with glutamatergic agents in patients with OCD did not show
superiority to the simple administration of selective serotonin
reuptake inhibitors (19, 20). In addition, candidate gene studies
showed the involvement of genes coding for the glutamate
signaling cascade, especially the DLGAP/SAPAP family genes
(21, 22). Overall, these studies advanced the field by adding
information on the neurobiological model of OCD, by testing
modulation effects or associated genes, but they did not measure
glutamate directly. Therefore, neurobiological research and,
more specifically, in vivo neurochemical research on patients with
OCD, is important to elucidate the glutamatergic hypothesis in
OCD (11) and the role of other metabolites as well.

The most prominent neurobiological model of OCD involves
abnormalities (typically hyperactivation) in the multiple and
parallel CSTC circuits (22, 23). Generally, the role of gamma
aminobutyric acid (GABA) in these circuits has been relatively
understudied, but one hypothesis is that diminished levels of
this metabolite in the prefrontal cortex (PFC) would be one
of the reasons for the striatal dopaminergic and glutamatergic
hyperactivity observed in patients with OCD (24). In this sense,
two possible GABA paths are postulated: a direct path, in which
GABA projections from the ventromedial PFC (vmPFC) reach
the striatum, and a second one, indirectly, via projections to the
orbitofrontal cortex.

Brain circuits related to fear and reward that encompass the
vmPFC are relevant for the neurobiology of OCD and have

been previously associated with the disorder both in theory and
practice (25, 26). Structural, but mainly functional, abnormalities
within the vmPFC were detected in imaging studies and could
be related to alterations in the CSTC circuits described in the
neuroimaging literature (22, 27). The vmPFC is thought to be
involved with the “affective system,” participating, for example,
in affective behaviors as processing affects or rewards (26). Of
note, this region has been shown to be crucial to the retention
of extinction learning in fear conditioning paradigms. As the
habituation promoted by one of the main psychotherapeutic
treatments of OCD (cognitive behavioral therapy, with exposure,
and response prevention techniques) is somehow similar to
extinction as evaluated in fear conditioning paradigms, some
authors have proposed that proper activation of the vmPFC
could be implicated in the treatment response to psychotherapy
among OCD patients (28). Therefore, due to its importance in
the neurobiological model of OCD, we investigated the vmPFC
in the present study.

'H-MRS studies evaluating Glu concentrations in the brain of
patients with OCD have found mixed results. Some of them show
a reduction in Glu concentration in patients when compared to
controls (29) while others have reported increased Glx (Glu +
glutamine) levels (30). However, most of the findings did not
report any differences (4, 6, 8, 9, 31). Therefore, despite the
growing literature in the OCD 'H-MRS field in recent years
(14, 32), there is still no consensus on the role of the glutamatergic
cycle in OCD. Regarding GABA, this is a much more difficult
metabolite to detect, as it requires specific 'H-MRS editing
techniques. In a recent review of the literature that included
only 'H-MRS studies that used scan fields strength of 3T, the
authors concluded that most studies did not demonstrate any
neurometabolic abnormalities in OCD patients when compared
to healthy controls, although they indicated that altered GABA
levels in the rostral anterior cingulate cortex (rACC) is one
of the most consistent findings (9). Still, while they reported
two studies showing lower GABA concentrations in rACC in
adults with OCD (4, 6), a more recent study has found higher
concentrations of this metabolite in patients with OCD in the
ACC (7). Therefore, the current evidence is not sufficiently strong
for elucidating the role of neurometabolites in OCD, particularly
Glu and GABA, and further research is needed in this field.

Factors that can contribute to results heterogeneity among
different studies include voxel size and anatomical placement
and the inherent variability of the OCD population. Moreover,
since conventional 'H-MRS is not ideal to detect Glu, glutamine
(Gln), and GABA due to their low signal and partial overlap
with other metabolites, this could be considered a limitation

Frontiers in Psychiatry | www.frontiersin.org

June 2021 | Volume 12 | Article 668304


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Batistuzzo et al.

Lower vmPFC Glutamate in OCD

of the previous studies, since most of them were incapable of
disentangling the specific signal from each metabolite. Hence,
this study used a two-dimensional JPRESS 'H-MRS sequence
that allows the discrimination of overlapping metabolites by
observing the differences in J-coupling (second dimension of the
spectrum), leading to higher accuracy of all metabolites in the
brain, including Glu, Gln, and GABA (33, 34).

The main objective of this study was to quantify specific
metabolites (especially Glu/Cr and GABA/Cr) in the vmPFC of
OCD patients and to compare them with HC. In our statistical
model, we considered demographic data (such as age and
sex) and also the fraction of gray matter (fGM) in the MRS
voxel, aiming to control for possible confounders. Additionally,
since alterations in Glu/Cr levels could be accompanied by
corresponding GABA/Cr alterations [for example, see Scotti-
Muzzi (35), which used the same 'H-MRS technique to acquire
the data], an imbalance in the Glu/GABA ratio between groups
could also add information regarding the neurochemistry of
OCD. Thus, we also explored the Glu/GABA ratio, which has
not been systematically studied previously in the OCD field. We
hypothesized that the current investigation could improve our
comprehension of prior results with mixed findings, by studying
a large sample of OCD patients with a !H-MRS sequence more
specific for overlapping metabolites.

MATERIALS AND METHODS

Ethical Issues

This project was approved by the Ethics Committee for Analysis
of Research Projects (CAPPesq) at Faculdade de Medicina da
Universidade de Sao Paulo (FMUSP). All participants signed a
written informed consent after a thorough description of the
study and the assurance that their decision to participate would
not interfere with their access to treatment. Participants received
financial compensation for transportation and refreshments
during the study.

Participants and Inclusion and Exclusion

Criteria

Participants were recruited from 2014 to 2017, during a period of
3 years and 1 month. Inclusion criteria for OCD patients were the
following: (a) age between 18 and 65 years; (b) primary diagnosis
of OCD according to the Diagnostic and Statistical Manual
of Mental Disorders, fourth edition (DSM-IV), confirmed by
the Structured Clinical Interview for DSM-IV Axis I disorders
(SCID-I); (¢) Y-BOCS score >16 or >10 only for only obsessions
or compulsions; and (d) to be on a stable medication regimen
for the last 6 weeks or off medication. Exclusion criteria were the
following: (a) IQ below 80; (b) comorbidity with schizophrenia
or bipolar disorder; (c) any contraindication to MRI, such
as pacemakers or cochlear implant, etc; (d) claustrophobia
or not being able to tolerate the exam; (e) past or current
substance abuse or dependence; and (f) head trauma with loss
of consciousness. HC had no history of physical or psychiatric
disorders on the basis of the SCID interview and had to meet
the same inclusion/exclusion criteria, with the exception of the
OCD-related ones.

Clinical Measures

All participants were interviewed by experienced clinical
psychologists and completed the same battery of clinical
assessments with the standardized instruments described below.
All interviews were conducted in person and lasted ~2h.
To evaluate psychiatric disorders, the SCID-I (axis I) and an
additional module for impulse-control disorders according to
DSM-1V criteria were used for all participants (36). The OCD
diagnosis was established by clinicians with long experience in
OCD assessment and treatment (ACL, AM, JBD, RMFS, and
RGS). The present Portuguese version of the SCID showed good
interrater reliability (37).

OCD severity was measured using the Y-BOCS severity scale
(38), which is a 10-item semistructured clinician-administered
measure of obsession and compulsion severity. Each item can
score from 0 to 4, with a maximum of 40 (20 for obsessions and
20 for compulsions). The Y-BOCS has been considered the gold-
standard instrument for the assessment of OCD symptoms (38),
with good psychometric properties including Brazilian samples
evaluated in Portuguese (39).

Finally, the 21-item Beck Depression Inventory (BDI)
(40) measures cognitive, behavioral, and somatic symptoms
associated with depression. The Beck Anxiety Inventory (BAI)
is a 21-question multiple choice, each answer being scored on a
scale value of 0 (not at all) to 3 (severely), used for measuring
the severity of anxiety in adults (41). Both scales were applied to
all participants, they are consolidated scales that were translated
into Brazilian Portuguese and validated in our environment
previously (42).

Procedures

Image Acquisition

The entire MRI scan lasted ~1h, and the images were acquired
on a Philips 3T Achieva scanner (Philips Healthcare, Best, The
Netherlands) using a 32-channel head coil. Spectroscopy was
acquired with a two-dimensional JPRESS ' H-MRS sequence (33),
a technique based on a conventional PRESS spin echo (single
voxel) that varies the echo time of the acquisition, encoding
the J coupling evolution in an additional dimension. In other
words, the 'H-MRS signal is measured not only as a function
of the chemical shift (expressed by the Larmor frequency, as
in conventional one-dimensional spectroscopy) but also as a
function of the coupling constant J in Hz. With the coupling
constant J, it is possible to resolve the signals from overlapping
multiplets, such as Glu and Gln. This sequence lasted ~25 min
and was obtained with the following parameters: the voxel was
positioned in the ventromedial PFC (Figure 1) with a size of
30mm (L-R) x 25mm (I-S) x 25mm (A-P); minimum echo
time (TE) used was 31 ms, and TE was incremented in 100 steps
of 2 ms each; for every time increment ATE, the maximum-echo
sampling started the acquisition ATE/2 earlier with respect to the
echo top, the repetition time (TR) was 1,600 ms, and 8 averages
were acquired for each TE step. One non-water suppressed
spectrum was also acquired at each TE. The number of points per
spectrum was 1,024, and the spectral bandwidth was 2,000 Hz.
An automatic second-order BO shimming routine was used, and
water suppression was achieved by VAPOR (43). Additionally, in
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FIGURE 1 | Axial, coronal, and sagittal images from the voxel position in the ventromedial prefrontal cortex: blue lines are suppression bands, used in the Y- and
Z-axes. We analyzed that only the voxel that was the overlap between the white and red squares in order to reduce effects of chemical shift voxel displacement. The
following rationale was used: the bottom portion of the voxel was aligned with the anterior-posterior commissure; in the anterior/posterior axis, the corpus callosum
was used as reference (just ahead of the genu of corpus callosum); and in the lateral axis, the voxel was situated in the most medial portion of the brain.

order to reduce the effect of chemical shift voxel displacement,
four suppression bands were positioned at the voxel edges along
the Y- and Z-axes, which present a more pronounced chemical
shift artifact due to the use of 180-slice selective pulses (see
Figure 1).

Data Processing

Metabolite quantification was obtained using Prior Knowledge
Fitting (ProFit) version 2.0 running on Matlab R2011b (44).
ProFit (34) works as an extension of LCModel (45) principles
to fit 2D data sets. Fuchs et al. (44) improved the quantification
program (ProFit, version 2.0) by introducing an experimentally
acquired 2D macromolecular baseline into the fitting model and
allowing for a more accurate and precise fit by accounting for
the actual line shape and additional baseline distortions by self-
deconvolution and spline modeling approach. An example of a
'H-MRS JPRESS spectrum can be found in the supplementary
files (Supplementary Figure 1).

The metabolite basis set used by ProFit includes spectra from a
total of 18 brain metabolites. The metabolites of interest that were
analyzed in this study were Glu, GABA, Gln, N-acetylaspartate
(NAA), creatine (Cr), glutathione (GSH), choline (Cho), lactate
(Lac), and myo-inositol (ml). The first two metabolites, and
the ratio among them (Glu/GABA), were the main objective of
this study. All the other metabolites described above were also
extracted and quantified but analyzed as secondary outcomes.
Basis set metabolite spectra were calculated with the GAMMA
library (46) using the chemical shift and J-coupling values from
the literature (47, 48). Quantitative results in ProFit are given in
the form of ratios to Cr signal (met/Cr). These ratios are already
corrected for T2 relaxation effects since ProFit automatically
calculates T2 relaxation times for each metabolite from the signal
obtained at the different TEs.

To determine the brain tissue composition contained in the
MRS voxel of interest, three-dimensional volumetric T1 images
were obtained using the 3D turbo field echo technique [fractional
anisotropy (FA) = 8°; TE = 3.2ms; TR = 7 ms; inversion time
(TT) = 900 ms] with an isotropic voxel size of 1 mm?>. With

the help of the voxel tissue segmentation tool incorporated into
Gannet 3.0 software (49), percentages of white matter (WM),
GM, and cerebrospinal fluid (CSF) were calculated for each voxel.
The fraction of GM (fGM) contributing to the observed MRS
signal was calculated as f{GM = GM%/(GM% + WM%) and was
inserted into the statistical model as a covariate.

The ProFit program also provides a Cramér-Rao lower bound
(CRLB), a measure of the quality of the metabolite quantification
for each metabolite (50). Metabolites with CRLBs above 20% were
excluded from the statistical analysis.

Statistical Analysis

Two-sided independent f-tests and two-sided asymptotic
Pearson chi-square, at the 5% significance level, were performed
comparing demographic data between patients and HC. In
addition, each metabolite was entered as a dependent variable
in a univariate Generalized Linear Model (GLM) with group as
the fixed factor and age, sex, and f{GM as covariates. Finally, we
performed GLM analyses only at the OCD group to investigate
eventual associations between metabolic values and clinical
data covarying for sex, age, and fGM. Statistical analysis was
performed using Python version 3.6, and Bonferroni correction
was applied considering the number of comparisons/metabolites
analyzed in the study: separate corrections were performed for
the main outcomes (three comparisons) and for the secondary
outcomes (seven comparisons). The same rule was applied for
the GLM seeking to evaluate the clinical associations; however,
once we had three scales (Y-BOCS, BDI, and BAI) for each
metabolite, corrections were performed for nine comparisons
regarding the main outcomes and 21 comparisons for the
secondary ones.

RESULTS

Demographic Group Comparisons

One hundred forty-five volunteers were scanned with the two-
dimensional JPRESS 'H-MRS sequence. Forty-four participants
were excluded due to excessive movement or bad quality
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TABLE 1 | Clinical and demographic variables in patients with
obsessive-compulsive disorder and healthy controls.

TABLE 2 | Ventromedial PFC metabolites levels in patients with
obsessive-compulsive disorder and healthy controls.

Patients Controls t/X? p-value
(n = 59) (n=42)
Age (SD) 35.1(10.0) 33.4(11.5 078  0.435
Sex, female (%) 37 (62.7)  23(57.5)  0.80  0.427°
Y-BOCS (SD) 29.3 (6.7) - - -
BDI (SD) 17.7 (10.1) - - -
BAI (SD) 16.0 (9.9) - - -
Medications SSRI or SRI' (%) 37 (62.7) - - -
Other antidepressants? (%) 4(5.1) - - -
Benzodiazepines® (%) 4 (5.1) - - -
Neuroleptics® (%) 12 (20.3) - - -
Anticonvulsants® (%) 1(1.7) - - -
Stimulants® (%) 1(1.7) - - -
fGM (SD) 0.69(0.07) 0.71(0.09) —120 0234

Y-BOCS, Yale-Brown Obsessive-Compulsive Scale; BDI, Beck Depression Inventory; BAI,
Beck Anxiety Inventory; fGM, fractioned gray matter.

" Fluoxetine, fluvoxamine, paroxetine, sertraline, citalopram, escitalopram, clomipramine.
2Mirtazapine, venlafaxine, duloxetine.

3Clonazepam.

40lanzapine, ziprasidone, quetiapine, aripiprazole.

5Gabapentin.

SRitalin.

aStudent’s t-test for two independent samples (patients and healthy controls).
bTwo-sided asymptotic significance, Pearson chi-square.

spectroscopy data. The final sample consisted of 101 participants:
59 patients with OCD and 42 healthy controls. Descriptives of
demographic and clinical characteristics of both groups can be
seen in Table 1: groups did not differ in age, sex, or gray matter
fraction (fGM) in the voxel. It is worth mentioning that the
mean Y-BOCS score was 29.3, which indicates a moderate to
severe level of symptomatology according to Storch et al. (51)
criteria. Regarding previous treatments, 42 patients have failed
at least one selective serotonin reuptake inhibitor (SSRI), and 34
have failed to improve symptomatology after cognitive behavior
therapy (CBT).

TH-MRS Results

Mean metabolite ratios relative to Cr are listed in Table 2 for each
group. Due to CRLB above 20%, it was necessary to exclude 10
subjects for GABA and Gln and 62 subjects for Lac evaluation.
Mean CRLB were 10.66% for GABA, 2.73% for Glu, 0.68% for
Cr, 13.08% for Gln, 0.65% for NAA, 4.88% for GSH, 0.80% for
Cho, 14.75% for Lac, and 2.99% for ml.

Generalized Linear Model

A summary of the group effect in the Generalized Linear Model
(GLM) for each metabolite, together with the average for each
group, is shown in Table 2. Multivariate regressions using GLM
aimed to predict the variation in metabolites quantities using the
following set of explanatory variables: (1) group, (2) sex, (3) age,
and (4) f{GM. We found a significant group effect for Glu/Cr,
indicating that patients presented a lower concentration of this
metabolite (z = 2.540; p = 0.011), a result that persisted after

N ocDh HC Group-effect GLM
Mean (SD) Mean (SD) z p-value

Primary outcomes
Glu/Cr 101 0.70 (0.36) 0.77 (0.37) 2.540 0.011
GABA/Cr 91 0.29 (0.19) 0.30 (0.20) -1.015 0.310
GIu/GABA 91 3.71(3.68) 4.58 (5.37) 0.353 0.724
Secondary outcomes
GIn/Cr 91 0.29 (0.15) 0.27 (0.13) —0.658 0.511
Glu/GIn 91 2.96 (1.87) 3.23(1.92) 1.821 0.069
NAA/Cr 101 1.05 (0.17) 1.04 (0.12) 1.578 0.110
GSH/Cr 101 0.26 (0.09) 0.26 (0.09) 0.028 0.977
Cho/Cr 101 0.16 (0.02) 0.16 (0.02) 0.021 0.983
Lac/Cr 39 0.15 (0.15) 0.14 (0.13) —0.206 0.837
ml/Cr 101 0.43 (0.13) 0.43 (0.13) 0.096 0.923

Glu, glutamate; GABA, gamma aminobutyric acid; Gln, Glutamine; NAA,
n-acetylaspartate; GSH, glutathione; Cho, choline; Lac, lactate; ml, myo-inositol,
z, t-stats.

Bonferroni correction (Figure 2). On the other hand, GABA/Cr
and the Glu/GABA ratio did not present any difference between
groups (Table 2).

Regarding the secondary outcomes, none of the following
models reached statistical significance or presented group effects:
Gln/Cr, Glu/GIn, NAA/Cr, GSH/Cr, Cho/Cr, Lac/Cr, and mI/Cr
(Table 2).

Association With Clinical Symptoms

None of the clinical measures were associated with the
metabolites for the primary or secondary outcomes: severity of
OCD (Y-BOCS scores) and depressive or anxiety symptoms (BDI
and BAI scores) (Supplementary Table 1).

DISCUSSION

The present study used a two-dimensional JPRESS 'H-MRS
sequence to investigate specific metabolites in the ventromedial
PFC (vimPFC) in one of the largest samples of patients with
OCD reported to date. We found lower levels of Glu/Cr in
patients compared with HC but no alterations in GABA/Cr or
Glu/GABA ratio. We also did not observe any association of the
metabolites with age or clinical symptoms nor group differences
in the secondary outcomes.

Up to now, the literature regarding 'H-MRS of vmPFC in
patients with OCD has presented inconclusive findings. Results
are especially inconsistent when metabolites are reported as Glx:
some studies reported higher levels of Glx in OCD compared
with controls (8, 30), while others showed lower levels of Glx
in patients (52). However, the vast majority of studies reported
no differences (4, 6, 53). One explanation for the mixed findings
could be related to the fact that most studies could not separate
the spectral peaks of Glu and Gln, leading to ambiguity. Recent
'H-MRS techniques (as JPRESS) at high-field scanners (3T)
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FIGURE 2 | Boxplots showing the distribution of Glu/Cr in healthy controls (HCs) and patients with obsessive-compulsive disorder (OCD).

0OCD (n=59)

are able to disentangle each metabolite concentration due to
better spectral resolution, offering more precise results, i.e., Glu
minimally contaminated by precursors and other metabolites.

Studies measuring Glu levels in adults with OCD and
evaluating regions similar to ours have also found inconsistent
results. While most of the literature found no differences in Glu
values when comparing patients and controls (30, 53, 54), one
study has found lower levels in the mPFC of OCD patients (29).
Our results replicated, in a larger sample, the previous findings
of Zhu et al. (29), who evaluated 13 patients with OCD. At
first, these findings may seem contradictory, once the postulated
hyperactivation of the CSTC would demand increased levels of
Glu in frontal areas. However, it is noteworthy that no study
using a 3T scan observed higher Glu values in the mPFC [for
a review see Vester et al. (9)]. Moreover, the small sample size
of previous studies (n = 16, 30, and 40) and the fact that only
one study (53) used a JPRESS sequence could also account for
the inconclusive results.

Lower levels of Glu in the vmPFC were also detected in
children with OCD when compared to control youths (55, 56).
While a straightforward comparison with these studies is difficult
because of two main reasons, (1) a developing brain can be totally
different in terms of functioning and neurochemistry from an
adult brain and (2) both studies assessing children have used
1.5T scans (and their samples were 20 and 14, respectively), it is
possible that the brain mechanisms that underlie OCD symptoms
could present similar pathophysiology, independently of age or
developmental stage (57). In fact, our results support this view:
even without having youth in our sample, we had participants
with a wide age range. Although we tried to observe a pattern
of association (reduction or increase) over the lifespan, we could
not find age influences in any metabolite. In addition, this was

a cross-sectional design study, which is not appropriate for this
type of investigation.

The Glu alterations mentioned above and reported in our
results may underlie the abnormalities in the frontostriatal
circuits detected in OCD patients. The imbalance in Glu
concentrations, especially in this frontal region, may reflect
changes in the excitatory/inhibitory neurotransmission of the
frontostriatal circuits, crucial in OCD pathophysiology, or
even a compensatory mechanism. Finding similar results to
ours, Rosenberg and colleagues (55), speculated that the
pathophysiological model of OCD was associated with tonic-
phasic dysregulation of Glu in CSTC circuits. Translating this
hypothesis to our results, reduced tonic Glu levels in vmPFC
could predispose to phasic Glu hyperactivity in the striatum and
OFC. Although we did not measure metabolites concentrations
in other areas, future studies should assess more than one voxel
to have a greater view of the neurochemistry balance behind
the CSTC circuitry in OCD patients. The clinical implication
of a better understanding of the neurobiological model of
the disease is relevant and useful. For example, a disrupted
excitatory or inhibitory system in the vmPFC could be related to
dysregulations in affective (26, 28) and cognitive systems (58), as
reported in patients with OCD.

Overall, the lower levels in Glu/Cr presented by OCD patients
support the glutamatergic hypothesis for OCD (10). The evidence
for glutamatergic dysregulation in OCD has been increasingly
strong in the literature (22), with alterations being detected in
studies that analyzed neurochemical levels in the cerebrospinal
fluid of unmedicated patients (59, 60) and also in 'H-MRS
studies (29), as previously mentioned. Therefore, even with most
'H-MRS studies presenting negative results regarding Glu in
several regions of the brain, we remember once more that most
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of the previous studies were underpowered and did not have a
proper 'H-MRS sequence capable of separating Glu from Gln.

Regarding GABA/Cr, our findings are in line with other
studies reporting no differences in vmPFC (5), including more
recent studies that have used newer 'H-MRS sequences capable
of measuring those metabolites more precisely (9). Although
part of the literature emphasizes GABAergic abnormalities in
the vmPFC of patients with OCD, with two studies reporting
lower levels (4, 6) and a more recent one reporting higher levels
(7) of this metabolite, we could not find any difference between
groups. In fact, looking at the means for each group, they were
impressively similar. Comparing the studies, our sample was
larger than two of the previous studies (4, 7), and although the
study of Zhang et al. (6) had a larger sample than ours, the
voxel position was not exactly in the same region: while they
preferred to evaluate the orbitofrontal cortex, in our study, we
positioned the voxel in a more superior location, delimited by
a straight line between the anterior and posterior commissures.
These factors may have influenced and diverged our results from
the previous studies.

Our JPRESS sequence allowed us to measure the Glu/Gln
ratio, differently from previous studies that mainly reported
only Glx (4, 6, 29, 30). Although we could not find differences
between patients with OCD and HC, this ratio is particularly
informative and was previously shown to be associated with other
psychiatric disorders, like depression (61), autistic traits (62), and
schizophrenia (63). Therefore, new H-MRS studies using pulse
sequences that can distinguish Glu signals from Gln in OCD are
warranted, not only to study their ratio but also to have a more
precise and clear measure of each metabolite.

Regarding the secondary outcomes, our results also extend
previous investigations of the involvement of these metabolites
in the physiopathology of OCD: except for some studies that
reported lower concentrations of NAA in the PFC of OCD
patients (6, 64), most studies reported no alterations of Gln,
NAA, GSH, Cho, Lac, or mlI in the ventromedial PFC (29-
31, 54, 65). Although this region is thought to be one of the
most important of the cortico-striatal circuits involved with
OCD symptoms, it seems that the evidence so far is insufficient
to demonstrate alterations in other metabolites except Glu or
GABA. Nevertheless, future studies with larger samples should
investigate the longitudinal role of specific metabolites in OCD,
whether they could be valid predictors of treatment response or
if they could play a role in OCD symptoms improvement, as
suggested in a recent umbrella review of biomarkers in OCD (58).

Even though we have found group effects in the Glu/Cr in
this sample, none of the metabolites correlated with clinical
symptoms, as measured by the Y-BOCS, BAI, or BDI, after
a strict multiple comparisons correction, indicating that their
levels are independent of clinical presentation or severity. Before
correcting for multiple comparisons, GABA/Cr was associated
with the severity of OCD symptoms and Glu/GABA with
depression scores (regarding the mains outcomes), while Cho
was associated with OCD and anxiety symptoms (secondary
outcomes). With a sample of 59 patients with OCD, we cannot
say that we were underpowered to observe correlations. On the
other hand, the elevated number of comparisons does not allow

us to interpret results without multiple comparison corrections.
The literature offers mixed findings in this regard, with studies
showing both positive (52) and negative (6) correlations of Glu
(or Glx) and GABA in the vmPFC. However, previous studies did
not control for multiple comparisons, and most 'H-MRS studies
in the OCD literature did not find metabolic-clinical associations
(4, 7, 54, 65). Therefore, it is difficult to establish a pattern, as
concluded by a recent review of the literature (9), but our results
reinforce these negative findings.

Limitations of this study should be observed. First, we
did not exclude patients with comorbid depression. On the
other hand, BDI scores definitely differed between groups and
were not associated with metabolites levels, suggesting that
depressive symptoms were independent of those measures.
Second, although most of our patients were medicated at the
time of the scan, we admitted patients taking medications only
if they were stable for at least 6 weeks. Nevertheless, this could
have influenced our findings. Thus, we ran analyses without
patients taking anticonvulsants and benzodiazepines, and the
results remained the same. Finally, we used a unique and non-
commercial pulse sequence of MRS that could separate Glu/Cr
and GIn/Cr, which strengthens our study. However, this was
a very long sequence (lasting ~25min), and thus, there was a
higher chance that some subjects needed to be excluded from the
analysis, simply because they moved their heads during this very
long scanning. In addition, the voxel size was relatively large and
positioned at the midline (as opposed to bilateral), encompassing
diverse cortical subregions. Inevitably, the voxel contained also
some white matter, which could affect results. In order to control
for that, we verified that white matter portion was equal for
both groups, and the gray matter fraction was considered in the
statistical analysis.

To conclude, we found a group effect in the Glu/Cr
concentration, which may indicate a neurochemical imbalance in
the vmPFC of patients with OCD that could be associated with
the corticostriatal dysregulation consistently implicated in the
neurobiology of this disorder. It is hard to establish if the lower
Glu/Cr levels found in patients with OCD in this study could be
the cause or consequence of the disease or even related to any
other pathophysiological process. They also could be the result
of a compensatory system, as hypothesized before. Moreover,
clinical severity of OCD, depression, and anxiety symptoms did
not associate with metabolites levels, replicating previous studies.
Our study sheds light on the relevance of further studying the
glutamatergic system for understanding the neurobiology of the
disease, for example, studies designed to test the predictive value
of this metabolite and if/how it is affected by first-line treatments.
It is possible that different OCD subtypes or patients that exhibit
different clinical profiles would present different metabolite levels
in the brain. Finally, future studies should evaluate other areas
of the brain, particularly related to the CSTC circuits in patients
with OCD.
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In this report, we present cross-sectional and longitudinal findings from single-voxel
MEGA-PRESS MRS of GABA as well as Glu, and Glu + glutamine (GIx) concentrations in
the ACC of treatment-seeking alcohol-dependent patients (ADPs) during detoxification
(first 2 weeks of abstinence). The focus of this study was to examine whether the
amount of benzodiazepine administered to treat withdrawal symptoms was associated
with longitudinal changes in Glu, Gix, and GABA. The tNAA levels served as an internal
quality reference; in agreement with the vast majority of previous reports, these levels
were initially decreased and normalized during the course of abstinence in ADPs. Our
results on Glu and Gix support hyperglutamatergic functioning during alcohol withdrawal,
by showing higher ACC Glu and Gix levels on the first day of detoxification in ADPs.
Withdrawal severity is reflected in cumulative benzodiazepine requirements throughout
the withdrawal period. The importance of withdrawal severity for the study of GABA and
Glu changes in early abstinence is emphasized by the benzodiazepine-dependent Glu,
Glx, and GABA changes observed during the course of abstinence.

Keywords: alcohol dependence, glutamate, GABA, benzodiazepine, withdrawal, N-acetylaspartate, 1H-MR-
spectroscopy

INTRODUCTION

Although benzodiazepines (BZD) are often used in clinical management of alcohol withdrawal,
little is known about their effects on cortical concentrations of gamma aminobutyric acid (GABA)
and glutamate (Glu) in alcohol dependent patients (ADPs). The present study aimed to detect
longitudinal changes of the Glu and GABA concentrations in the anterior cingulate cortex (ACC)
during alcohol detoxification treatment, by using proton magnetic resonance spectroscopy (MRS).
Furthermore, we hypothesized a potential role of BZD in these longitudinal dynamic changes.

The alcohol withdrawal syndrome is characterized by excessive glutamatergic
neurotransmission and reduced GABA functioning as well as a reduced number of GABA,
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receptors which regulate the chloride channel, both indicated
as key features of alcohol-dependent neuroplasticity (1-3). Our
previous studies had focused on the excitatory neurotransmitter
Glu and other brain metabolites [total N-acetylaspartate (tNAA),
and total choline (tCh)] (4-6) during acute withdrawal and
continued abstinence in non-medicated ADPs. The ACC was
chosen as region of interest due to its important role in
alcohol dependence and relapse. Our previous findings indicated
that ACC Glu concentrations were elevated in non-medicated
ADPs during acute withdrawal and normalized after 2 weeks of
abstinence. In addition, a lower ACC NAA level due to chronic
alcohol consumption and partial recovery during continued
abstinence was observed repeatedly (7, 8).

GABA is the primary inhibitory neurotransmitter, and
abnormalities in synaptic inhibition mediated by GABAergic
neurons are associated with alcohol dependence (9). This
GABAergic dysfunction leads to neuronal disinhibition, adding
to the hyperarousal of hyperglutamatergic states which are
thought to be the basis for alcohol withdrawal (10). Since cortical
GABA concentrations are small and the peak is hidden under
the creatine resonance without spectral editing, only a few MRS
studies have reported on the effects of alcohol dependence on
concentrations of GABA, showing non consistent results (10—
12). Moreover, recent studies report that brain GABA levels
in healthy subjects decreased after administration of BZD (13,
14). However, although BZD are the first-line pharmacological
treatment of alcohol withdrawal symptoms by enhancing the
activation of GABAergic neurons (2), their role in modulating
brain GABA and Glu is still not clear.

This report presents cross-sectional and longitudinal findings
of single voxel MEGA-PRESS MRS, focusing on absolute
quantification of GABA, Glu, and Glu + glutamine (Glx)
concentrations in the ACC of treatment-seeking ADPs during
detoxification and early abstinence. Our primary focus of this
study was to explore, whether the amount of BZD administered
to ameliorate withdrawal symptoms was associated with the
extent of longitudinal changes of Glu, Glx, and GABA.

METHODS

The present study comprised 20 ADPs and 22 age- and sex-
matched healthy controls (HCs). Patients seeking voluntary
treatment for their alcohol use disorders were recruited from a
specialized inpatient treatment facility. All participants provided
written informed consent before study participation. The study
was approved by the Ethics committee of the Medical Faculty
Mannheim, Heidelberg University (2007-234N-M).

Twenty (15 males, 5 females) ADPs were scanned twice
with MRS at 3T (Siemens, TimTrio systems), during alcohol
withdrawal (TP1: day 1 of detoxification) and on day 14
of abstinence (TP2), respectively. HCs (18 males, 4 females)
were scanned once. Of the 20 ADPs, 15 patients received
BZD medication after the 1st MRS measurement. BZD doses
varied according to withdrawal severity, assessed via Clinical
Institute Withdrawal Assessment for alcohol (CIWA-Ar) until
withdrawal symptoms had subsided (see Table1). CIWA-Ar

scores reflect the number and intensity of typical alcohol
withdrawal symptoms (e.g., sweating, tremor, headache, nausea)
assessed by trained personal. Scores above 10 typically indicate
the need for BZD treatment to prevent seizures or delirium
tremens. Diazepam was the only BZD used in the present sample.

MRS data was obtained using a MEGA-PRESS sequence (15)
with TR/TE = 3,000/68 ms, 192 averages (96 “edit on,” 96 “edit
off”), voxel size 20 x 30 x 40 mm?> as we had previously
used in other studies (16). The MEGA-PRESS employed was
based on the Siemens WIP package for VB15 which was ported
to VB17 and expanded to include control of the reflection
frequency. The editing pulse (gauss shape, duration: 20.36 ms,
bandwidth: 44 Hz) was mirrored at 1.7 ppm, thus suppressing
MM contributions in the GABA signal (17). Due to the low
sensitivity of the GABA signal we chose a bigger voxel - suitable
for GABA detection compared to our previous Glu study (4).
For absolute quantification, an additional water-unsuppressed
PRESS spectrum was acquired with TR/TE = 10,000/30 ms
to minimize water relaxation effects. No other measurements
except localizer and a 3D-anatomical MPRAGE were conducted
preceding MEGA-PRESS spectroscopy.

The acquired raw data (Siemens “twix” files) was post-
processed via an in-house-developed algorithm written in
MATLAB (The Mathworks Inc.). After reading the raw data,
the single coil elements were phased and weighted. Weighting
was based on coil SNR. The coil elements were then combined
and the water-unsuppressed data was not further processed. The
individual averages of the water-suppressed data were split in
“edit on” and “edit oft” and further processed separately but
in the same manner. Correction of spectral misalignments was
done by adjusting frequency and phase using a Nelder-Mead
simplex algorithm (implemented in MATLAB’s “fminsearch”)
minimizing the least square error between the single spectra and
a template within a predefined area in the frequency domain. As
template the very first obtained “edit on” and “edit oft” spectra
were chosen, respectively, and a frequency range of 2.1-5.8 ppm
for alignment correction was selected, thus covering the water
and metabolites signal except NAA. Furthermore, to minimize
the influence of noise on the adjustment, the spectra underwent
temporarily an apodization of 15Hz during correction. To
identify outlier spectra, the absolute sum of square differences of
all spectra to their median spectrum in a range of 1.85-4.2 ppm
was calculated. Averages were excluded in case of a more than
three scaled median absolute deviation (MATLAB’s “isoutlier”).
This procedure of finding outliers and redetermination of the
median was repeatedly done until no more outliers were detected.
Exclusion of spectra was always pairwise. Lastly, the two resulting
“edit on” and “edit off” spectra were aligned to each other,
subtracted and saved for further quantification.

Quantification was performed with LCModel (v6.3-1k) using
a basis dataset which was created with VeSPA (https://scion.duhs.
duke.edu/vespa/project) and the available “MEGA-PRESS” pulse
sequence simulation. It includes the resonances of the following
metabolites: GABA, Gln, Glu, GSH, NAA, Cr, NAAG, Eth, mI,
Lac, Ala, Asp, Tau, Scyllo, GPC, PCr, PCh, Glyc (for difference
spectrum: GABA, Gln, Glu, GSH, NAA, NAAG, Eth, Glyc). As
recommended the option “SPTYPE = "mega-press-3”” was used
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TABLE 1 | Characteristics and ACC metabolites concentrations of the ADP and HC samples.

ADP (Mean + SD) HC (Mean + SD) Fort P Partial Eta Squared Observed power
Age 45.70 £ 9.62 46.41 £ 11.67 0.214 0.345
Male/Female 15/5 18/4 -0.27 0.789
LDH_Total (g) 654,963 + 301,312 55,481 + 77,205 66.861 0.000 0.663 1.000
LDH_last 1 2Months (g) 66,842 + 46,482 1,963 + 2,117 16.529 0.000 0.327 0.977
Diazepam (mg) 59.00 £ 39.29 -
CIWA_unmed (max)* 8.94 + 4.63 -
Glu TP1 (i.u.) 10.20 £ 1.14 9.56 + 0.67 5.002 0.031 0.111 0.588
GIx TP1 (i.u.) 12.53 £ 1.19 11.86 £ 0.94 4.181 0.047 0.095 0.514
GABA TP1 (i.u.) 2.71+0.77 2.70 £ 0.58 0.002 0.965 0.000 0.050
INAA TP (i.u.) 13.41 £0.75 14.07 £ 0.64 9.261 0.004 0.188 0.844
tCr TP1 (i.u.) 12.23 +1.21 1191 £1.14 0.805 0.375 0.020 0.141
Glu TP2 (i.u.) 9.80 + 0.63
Gix TP2 (i.u.) 12.31 +0.84
GABA TP2 (i.u.) 2.55+0.49
tNAA TP2 (i.u.) 17.09 £ 0.91
tCr TP2 (i.u.) 12.20 £0.82

ADR, alcohol dependent Patients; HC, healthy controls; BDZs, benzodiazepine; HC, healthy controls; Mean + SD, Mean + Standard Deviation; Glu, glutamate; Glx, glutamate plus
glutamine; GABA, gamma aminobutyric acid; tNAA, total N-acetylaspartate;LDH, Lifetime drinking history; CIWA, clinical institute withdrawal assessment for alcohol.
#CIWA_unmed (max): maximum CIWA score of non-medicated patients before BZDs were administered.

TP1 (day 1 of detoxification before BZDs were administered); TP2 (day 14 of abstinence).

for the difference spectra. Absolute quantification was done based
on (18) with voxel tissue compartments calculated by “SegSpec”
(19) and, thus, adjusted for chemical shift displacement. Water
and metabolite relaxation values were taken from (12) and (20-
22), respectively, whereby the latter were averaged for GM and
WM. All spectra underwent visual inspection by MRS experts
to rate spectral quality and identify any spectra of poor quality.
Furthermore, all LCModel Cramér Rao Lower Bounds of the
analyzed metabolite signals were < 20%. The voxel location
as well as spectra are shown in Figure 1. The GABA levels
were obtained from the “difference” spectra, all other reported
metabolite levels from the “edit-oft” spectra.

Statistics
Cross-sectional analysis of the absolute quantified metabolite
levels were performed using multivariate analysis of variance
(MANOVA) with group as between-subject factor and four
dependent variables (GABA, Glu, Glx, tNAA). For longitudinal
analysis repeated measurements ANOVA with total BZD dosage
as covariate were used, followed by simple correlations between
total BZD dosage and metabolites’ respective difference values.
We regarded p-values < 0.05 as significant. All second level
analyses were preformed using SPSS (IBM SPSS Statistics 26).
To investigate the comparability of spectral quality and voxel
location among groups and sessions, frequency drifts, linewidths
evaluated by LCModel and voxel overlap were analyzed.
Although the hypothesis is clearly directed to Glu, we decided
to present Glu and Glx since the MEGA-PRESS sequence is not
optimal to distinguish both measures.

RESULTS

Cross-Sectional Group Comparisons on

Day 1 of Detoxification (TP1)

On day 1 of detoxification, a MANOVA analysis yielded a
significant lower ACC tNAA concentration [F (1, 40) = 9.261,
p = 0.004, partial 1% =0.188), higher ACC Glu [F (1,40) = 5.002,
p = 0.031, partial n? = 0.111] and higher Glx levels [F (1,40)
= 4.181, p = 0.047, partial n> = 0.095] in ADPs compared to
HCs. Neither tCr, nor GABA concentrations differed significantly
between groups (all p > 0.1) (see Table 1).

Longitudinal Changes in ADPs of Glu, Gix
and GABA Are Associated With BZD
Dosage

Since we aimed to investigate the influence of BZD on the
neurotransmitters Glu and GABA during detoxification and
continued abstinence, we evaluated the correlation between
the amount of BZD received for amelioration of withdrawal
symptoms and Glu, Glx, and GABA levels. For this we used
the subgroup of patients that received BZD (n = 15, 11 male, 4
female, age = 47.07 & 8.34). Additionally, we used the amount of
BZD as a covariate in a repeated measurements ANOVA analysis.

The amount of BZD received was negatively correlated with
the change of Glx (r = —0.762, p = 0.001), Glu (r = —0.718, p =
0.003) and GABA (r = —0.578, p = 0.024) between TP1 and TP2
(TP2-TP1). No such relation was observed for tCr (r = —0.345,
p = 0.208) and tNAA (r = —0.128, p = 0.650) although tNAA
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FIGURE 1 | On the left: representation of spectra among groups and sessions. The individual spectra (transparent red) are overlaid by the standard deviation (gray
area) and corresponding mean spectrum (blue). On the right: overlap of mean voxel location of HC (blue) and ADP (red) at TP1 after transformation in a template space.
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FIGURE 2 | Scatterplot with linear fit line of the significant negative association between Diazepam and longitudinal changes of GIx, Glu, and GABA concentrations
during first 2 weeks of abstinence [day14 of abstinence (TP2) - day 1 of detoxification (TP1)].
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levels increased significantly [F(1, 13) = 9.563, p = 0.009, partial
n? = 0.424] in ADPs from TP1 to TP2 (see Figure 2).

We found a significant increase in GABA levels [F (1, 13) =
6.147, p = 0.028, partial n2 = 0.321, TP1: 2.71 = 0.82 i.u., TP2:
2.84 £ 0.36 i.u.] as well as significant decreases in Glx [F (1, 13)
= 8.799, p = 0.011, partial n> = 0.404, TP1: 12.41 + 1.18 i.u,,
TP2: 12.20 £ 0.88 i.u.] and Glu levels [F (1, 13) = 4.758, p =
0.048, partial T]2 =0.268, TP1:10.12 £ 1.28 i.u.,, TP2: 9.74 4 0.68
i.u.] after 2 weeks of abstinence in the 15 patients receiving BZD.
BZD dosage showed a significant interaction effect with all three
neurotransmitter measures (see Figure 3).

Comparability of Spectroscopic

Measurements Between Groups

Figure 1 depicts a visual overview of acquired spectra and voxel
overlap of HCs and ADPs at TP1. Analysis of standard deviations
of individual frequency drifts [HCrp;: 0.73 £ 0.33; ADPrp;: 0.86
+ 0.24; ADPrp;: 0.72 + 0.29; mean =+ SD (Hz)] and linewidths
[HCrp;: 0.0367 =+ 0.0037; ADPrp;: 0.038 %+ 0.0046; ADPrpy:
0.0387 £ 0.0067; mean £ SD (ppm)] revealed no significant
differences (all p > 0.1). The calculated individual voxel overlap
in ADPs between TP1 and TP2 yielded a mean coverage of 90
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FIGURE 3 | Estimated Marginal Means and standard error of GABA, Glu, Glx, tNAA concentrations in the ACC in ADP across two MRS scans: TP1 (day 1 of
detoxification); TP2 (day 14 of abstinence). Estimated marginal means: mean value adjusted for covariate (amount of Diazepam) in the repeated ANOVA model.

£ 5 % (including one outlier with 78% coverage) and revealed
no significant difference in bulk tissue fractions calculated as
gray matter/(gray matter 4+ white matter) (HCrp;: 0.594 & 0.031,
ADPrp;: 0.597 & 0.046, ADPrpy: 0.602 % 0.045; mean =+ SD).

DISCUSSION

In line with our previous findings, we found decreased tNAA
on day 1 of detoxification in ADPs compared to HCs and a
significant increase in tNAA levels during the first 2 weeks of
abstinence in ADPs. This was repeatedly and robustly found
before (7), which speaks for the plausibility of the sample and the
data. Moreover, although the present study consists of patients
with and without severe withdrawal symptoms, indicated by big
variations in the CIWA score and the BZD values, patients at the
first day of abstinence showed higher Glu and Glx concentrations
in the ACC. However, in compliance with our previous findings
from a different sample (4, 23) our results support the glutamate
hyperexcitability hypothesis of alcoholism (24), representing an
up-regulated glutamatergic activity during alcohol withdrawal
as a consequence of counterbalancing the effects of chronic
alcohol intake.

The correlation results indicate patients with greater decline
in ACC GABA levels after 2 weeks of abstinence have received
higher amounts of Diazepam. This is in line with previous
MRS findings, showing a decrease in GABA levels after BZD
administration in healthy subjects (13, 14). Notably, contrasting
with previous studies indicating that BZD have no effects on Glx
and Glu levels in HCs (25-27), our finding suggests that with

higher total BZD dosages the patients received, ACC Glx and
Glu levels declined to a bigger extent between TP1 and TP2.
Unlike other studies, which mostly investigate Glx (Glu) level
changes after acute administration of BZD, our sample received
prolonged administration of BZD.

Moreover, when including total BZD dosage as a covariate, the
Glx and Glu levels showed significant decreases between day 1
of detoxification and after 14 days of abstinence. This finding is
in line with (4) showing elevated Glu levels during acute alcohol
withdrawal and their amelioration within 2 weeks of abstinence.
Opposite to our findings, Umhau et al. (28) reported a non-
significant trend for an increase of Glu in a placebo-treatment
abstinent ADPs group. This discrepancy may be driven by
different baseline levels of Glu between the two studies. Instead
of a measurement during acute withdrawal before BZD were
administered, their first scan was on day 5 of abstinence, when
some ADPs already had 4 days of BZD treatment. Moreover, as
they did not include a healthy control group in their study, no
conclusions on relative Glu levels at the beginning of treatment
can be drawn.

Like in the study of Mon A, et al. (10), the group comparisons
on day 1 of detoxification did not yield significant differences
for GABA levels in our study. But our longitudinal analyses that
included BZD dosage as covariate showed comparable patterns
of GABA increase as did another MRS study in ADPs (11). The
finding of a decrease in GABA after alcohol injection in healthy
participants supports a GABA decrease as a result of alcohol
consumption rather than withdrawal from alcohol (29).

The MRS detectable metabolite concentrations of Glx, Glu
and GABA largely represent the signal from the respective
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neurotransmitters stored in presynaptic vesicles (state-related
intracellular levels) rather than representing transient synaptic
activity. This background in mind, we assume that the inverse
trajectories of Glu and GABA after 14 days of abstinence in ADPs
are associated with withdrawal-induced imbalance and recovery
from neuroadaptations in the glutamine/glutamate - GABA cycle
(30) where glutamine acts as a precursor for the synthesis of Glu,
which itself is the direct precursor of GABA.

Interactions between chronic alcohol exposure, receptor
expressions and binding potentials are beyond the scope of
this article and are not yet fully understood (31). In addition,
glutamatergic and GABAergic system modulations after chronic
ethanol exposure are suggested to last over 120 days or even
the whole life (9, 32). We assume that after the BZD treatment
cessation the “hyperexcitable withdrawal-like” neurochemical
state can occur repeatedly in ADPs over the long-term
abstinence. This might manifest in heightened Glu levels caused
by exposure to alcohol-related cues (smell, pictures) or social
stress. Further research is needed to elucidate this hypothesis.

A limitation of the used MM suppression scheme is
its susceptibility to frequency drift. Although neither a
significant difference between TP1 and TP2 in frequency
drift nor its associations with spectral quality were found,
numerical differences point to slightly more movement
in ADPs at TP1. Therefore, as drift can induce both
increases and decreases of the GABA signal (33), we cannot
completely rule out that this affected our findings of increased
GABA levels.

Despite the limitations of a small sample size and a
voxel that is much bigger and contained more white matter
compared to our previous study on Glu changes during
alcohol withdrawal (4), our findings corroborate our own
previous studies and those of other groups. Addressing the
question raised by (11) our results furthermore indicate that
withdrawal severity during the full period of withdrawal
(reflected by cumulated BZD needs) has to be taken into account
when investigating neurotransmitter changes in ADPs during
early abstinence.

REFERENCES

1. Brousse G, Arnaud B, Vorspan E Richard D, Dissard A, Dubois M, et al.
Alteration of glutamate/GABA balance during acute alcohol withdrawal
in emergency department: a prospective analysis. Alcohol Alcohol. (2012)
47:501-8. doi: 10.1093/alcalc/ags078

2. Lejoyeux M, Solomon J, Ades J. Benzodiazepine treatment
for alcohol-dependent patients. Alcohol Alcohol. (1998)
33:563-75. doi: 10.1093/alcalc/33.6.563

3. Sachdeva A, Choudhary M, Chandra M. Alcohol withdrawal

syndrome: benzodiazepines and beyond. ] Clin Diagn Res. (2015)
9:VE01-VE7. doi: 10.7860/JCDR/2015/13407.6538

4. Hermann D, Weber-Fahr W, Sartorius A, Hoerst M, Frischknecht U, Tunc-
Skarka N, et al. Translational magnetic resonance spectroscopy reveals
excessive central glutamate levels during alcohol withdrawal in humans and
rats. Biol Psychiatry. (2012) 71:1015-21. doi: 10.1016/j.biopsych.2011.07.034

5. Frischknecht U, Hermann D, Tunc-Skarka N, Wang GY, Sack M, van Eijk
J, et al. Negative association between MR-spectroscopic glutamate markers
and gray matter volume after alcohol withdrawal in the hippocampus: a

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

This study was reviewed and approved by the Ethics Committee
of the Mannheim Medical Faculty of the Heidelberg University,
Germany. All patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

GW was involved in data acquisition, statistical analysis, and
writing of the manuscript. MS was responsible for MRS
data, post-processing, and writing the manuscript. UF was
involved in the planning of the study, patient recruitment and
characterization, and interpretation of the results. WW-F was
involved in statistical analysis and writing of the manuscript. GE
was involved in the planning of the study, responsible for the
supervision of the study, and coedited the manuscript. FK and
DH were involved in the planning of the study and recruitment of
ADP patients. All authors contributed to the article and approved
the submitted version.

FUNDING

This study was supported by a grant from the Deutsche
Forschungsgemeinschaft (DFG) to GE and FK within the
SFB 636.

ACKNOWLEDGMENTS

We acknowledge Gunilla Oberthuer for her technical skills
operating the scanner and obtaining the best possible shim and
her social skills in handling the ADP patients and convincing
them to endure the measurement.

translational study in humans and rats. Alcohol Clin Exp Res. (2017) 41:323-
33. doi: 10.1111/acer.13308

6. Ende G, Welzel H, Walter S, Weber-Fahr W, Diehl A, Hermann D, et al.
Monitoring the effects of chronic alcohol consumption and abstinence on
brain metabolism: a longitudinal proton magnetic resonance spectroscopy
study. Biol Psychiatry. (2005) 58:974-80. doi: 10.1016/j.biopsych.2005.05.038

7. Meyerhoff DJ, Durazzo TC, Ende G. Chronic alcohol consumption,
abstinence and relapse: brain proton magnetic resonance spectroscopy
studies in animals and humans. Curr Top Behav Neurosci. (2013) 13:511-
40. doi: 10.1007/978-3-642-28720-6_131

8. Zahr NM, Pfefferbaum A. Alcohol’s effects on the brain: neuroimaging results
in humans and animal models. Alcohol Res. (2017) 38:183-206.

9. Olsen RW, Liang J. Role of GABAA receptors in alcohol use disorders
suggested by chronic intermittent ethanol (CIE) rodent model. Mol Brain.
(2017) 10:45. doi: 10.1186/s13041-017-0325-8

10. Mon A, Durazzo TC, Meyerhoft DJ. Glutamate, GABA, and other cortical
metabolite concentrations during early abstinence from alcohol and their
associations with neurocognitive changes. Drug Alcohol Depend. (2012)
125:27-36. doi: 10.1016/j.drugalcdep.2012.03.012

Frontiers in Psychiatry | www.frontiersin.org

July 2021 | Volume 12 | Article 656468


https://doi.org/10.1093/alcalc/ags078
https://doi.org/10.1093/alcalc/33.6.563
https://doi.org/10.7860/JCDR/2015/13407.6538
https://doi.org/10.1016/j.biopsych.2011.07.034
https://doi.org/10.1111/acer.13308
https://doi.org/10.1016/j.biopsych.2005.05.038
https://doi.org/10.1007/978-3-642-28720-6_131
https://doi.org/10.1186/s13041-017-0325-8
https://doi.org/10.1016/j.drugalcdep.2012.03.012
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Wang et al.

Glutamate, GABA, Benzodiazepine and Alcohol-Withdrawal

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Prisciandaro JJ, Schacht JP, Prescot AP, Brenner HM, Renshaw PE
Brown TR, et al. Intraindividual changes in brain GABA, glutamate,
and glutamine during monitored abstinence from alcohol in treatment-
naive individuals with alcohol Addict Biol. (2020)
25:e12810. doi: 10.1111/adb.12810

Prisciandaro JJ, Schacht JP, Prescot AP, Renshaw PE, Brown TR, Anton RF.
Brain glutamate, GABA, and glutamine levels and associations with recent
drinking in treatment-naive individuals with alcohol use disorder versus light
drinkers. Alcohol Clin Exp Res. (2019) 43:221-6. doi: 10.1111/acer.13931
Ferland MC, Therrien-Blanchet JM, Proulx S, Klees-Themens G,
Bacon BA, Dang Vu TT, et al. Transcranial magnetic stimulation and
H(1)-magnetic resonance spectroscopy measures of excitation and
inhibition following lorazepam administration. (2021)
452:235-46. doi: 10.1016/j.neuroscience.2020.11.011

Goddard AW, Mason GE Appel M, Rothman DL, Gueorguieva R, Behar
KL, et al. Impaired GABA neuronal response to acute benzodiazepine
administration in panic disorder. Am ] Psychiatry. (2004) 161:2186-
93. doi: 10.1176/appi.ajp.161.12.2186

Mescher M, Merkle H, Kirsch J, Garwood M, Gruetter R. Simultaneous in
vivo spectral editing and water suppression. NMR Biomed. (1998) 11:266-
72.  doi:  10.1002/(SICI)1099-1492(199810)11:6<266::AID-NBM530>3.0.
CO;2-]

Aufhaus E, Weber-Fahr W, Sack M, Tunc-Skarka N, Oberthuer G, Hoerst M,
et al. Absence of changes in GABA concentrations with age and gender in
the human anterior cingulate cortex: a MEGA-PRESS study with symmetric
editing pulse frequencies for macromolecule suppression. Magn Reson Med.
(2013) 69:317-20. doi: 10.1002/mrm.24257

Henry PG, Dautry C, Hantraye P, Bloch G. Brain GABA editing
without macromolecule contamination. Magn Reson Med. (2001) 45:517-
20. doi: 10.1002/1522-2594(200103)45:3<517::AID-MRM1068>3.0.CO;2-6
Gasparovic C, Song T, Devier D, Bockholt HJ, Caprihan A, Mullins PG, et
al. Use of tissue water as a concentration reference for proton spectroscopic
imaging. Magn Reson Med. (2006) 55:1219-26. doi: 10.1002/mrm.20901
Weber-Fahr W, Ende G, Braus DE Bachert P, Soher BJ, Henn FA, et
al. A fully automated method for tissue segmentation and CSF-correction
of proton MRSI metabolites corroborates abnormal hippocampal NAA in
schizophrenia. Neuroimage. (2002) 16:49-60. doi: 10.1006/nimg.2002.1057
Mlynarik V, Gruber S, Moser E. Proton T (1) and T (2) relaxation times
of human brain metabolites at 3 Tesla. NMR Biomed. (2001) 14:325-
31. doi: 10.1002/nbm.713

Puts NA, Barker PB, Edden RA. Measuring the longitudinal relaxation
time of GABA in vivo at 3 Tesla. ] Magn Reson Imaging. (2013) 37:999-
1003. doi: 10.1002/jmri.23817

Wyss PO, Bianchini C, Scheidegger M, Giapitzakis IA, Hock A, Fuchs
A, et al. In vivo estimation of transverse relaxation time constant (T2)
of 17 human brain metabolites at 3T. Magn Reson Med. (2018) 80:452-
61. doi: 10.1002/mrm.27067

Streit F Treutlein ], Frischknecht U, Hermann D, Mann K, Kiefer
E et al. Glutamate concentration in the anterior cingulate cortex in
alcohol dependence: association with alcohol withdrawal and exploration
of contribution from glutamatergic candidate genes. Psychiatr Genet. (2018)
28:94-5. doi: 10.1097/YPG.0000000000000202

use disorder.

Neuroscience.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Gass JT, Olive MF. Glutamatergic substrates of drug addiction and alcoholism.
Biochem Pharmacol. (2008) 75:218-65. doi: 10.1016/j.bcp.2007.06.039
Brambilla P, Stanley JA, Nicoletti M, Harenski K, Wells KE Mallinger
AG, et al. 1H MRS brain measures and acute lorazepam administration
in healthy human subjects. Neuropsychopharmacology. (2002) 26:546—-
51. doi: 10.1016/S0893-133X(01)00388-8

Henry ME, Jensen JE, Licata SC, Ravichandran C, Butman ML, Shanahan M,
etal. The acute and late CNS glutamine response to benzodiazepine challenge:
a pilot pharmacokinetic study using proton magnetic resonance spectroscopy.
Psychiatry ~ Res. (2010) 184:171-6. doi: 10.1016/j.pscychresns.2010.
08.003

Yildiz A, Gokmen N, Kucukguclu S, Yurt A, Olson D, Rouse ED,
et al. In vivo proton magnetic resonance spectroscopic examination
of benzodiazepine action in humans. Psychiatry Res. (2010) 184:162-
70. doi: 10.1016/j.pscychresns.2010.07.004

Umbhau JC, Momenan R, Schwandt ML, Singley E, Lifshitz M, Doty L, et
al. Effect of acamprosate on magnetic resonance spectroscopy measures of
central glutamate in detoxified alcohol-dependent individuals: a randomized
controlled experimental medicine study. Arch Gen Psychiatry. (2010) 67:1069-
77. doi: 10.1001/archgenpsychiatry.2010.125
Gomez R, Behar KL, Watzl J, Weinzimer SA,
et al. Intravenous ethanol infusion decreases
aminobutyric acid and N-acetylaspartate as
magnetic resonance spectroscopy at 4 tesla.
71:239-46. doi: 10.1016/j.biopsych.2011.06.026
Walls AB, Waagepetersen HS, Bak LK, Schousboe A, Sonnewald U.
The glutamine-glutamate/GABA cycle: function, regional differences in
glutamate and GABA production and effects of interference with GABA
metabolism. Neurochem Res. (2015) 40:402-9. doi: 10.1007/s11064-014-
1473-1

Roberto M, Varodayan FP. Synaptic
alcohol actions. Neuropharmacology.
99. doi: 10.1016/j.neuropharm.2017.01.013

Ron D, Wang J. The NMDA receptor and alcohol addiction. In: Van Dongen
AM, editor. Biology of the NMDA Receptor. Boca Raton, FL: CRC Press/Taylor
& Francis (2009).

Edden RA, Oeltzschner G, Harris AD, Puts NA, Chan KL, Boer
VO, Prospective frequency
suppressed GABA editing at 3T. ] Magn Reson Imaging.
44:1474-82. doi: 10.1002/jmri.25304

Gulanski B, Sanacora G,
human cortical gamma-
measured with proton
Biol Psychiatry. (2012)

chronic
122:85-

targets:
(2017)

macromolecule-
(2016)

et al correction for

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Wang, Weber-Fahr, Frischknecht, Hermann, Kiefer, Ende and
Sack. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Psychiatry | www.frontiersin.org

174

July 2021 | Volume 12 | Article 656468


https://doi.org/10.1111/adb.12810
https://doi.org/10.1111/acer.13931
https://doi.org/10.1016/j.neuroscience.2020.11.011
https://doi.org/10.1176/appi.ajp.161.12.2186
https://doi.org/10.1002/(SICI)1099-1492(199810)11:6$<$266::AID-NBM530$>$3.0.CO
https://doi.org/10.1002/mrm.24257
https://doi.org/10.1002/1522-2594(200103)45:3$<$517::AID-MRM1068$>$3.0.CO
https://doi.org/10.1002/mrm.20901
https://doi.org/10.1006/nimg.2002.1057
https://doi.org/10.1002/nbm.713
https://doi.org/10.1002/jmri.23817
https://doi.org/10.1002/mrm.27067
https://doi.org/10.1097/YPG.0000000000000202
https://doi.org/10.1016/j.bcp.2007.06.039
https://doi.org/10.1016/S0893-133X(01)00388-8
https://doi.org/10.1016/j.pscychresns.2010.08.003
https://doi.org/10.1016/j.pscychresns.2010.07.004
https://doi.org/10.1001/archgenpsychiatry.2010.125
https://doi.org/10.1016/j.biopsych.2011.06.026
https://doi.org/10.1007/s11064-014-1473-1
https://doi.org/10.1016/j.neuropharm.2017.01.013
https://doi.org/10.1002/jmri.25304~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

l\' frontiers
in Psychiatry

BRIEF RESEARCH REPORT
published: 03 December 2021
doi: 10.3389/fpsyt.2021.665347

OPEN ACCESS

Edited by:
Maria Concepcion Garcia Otaduy,
University of Sdo Paulo, Brazil

Reviewed by:

Jeffrey A. Stanley,

Wayne State University, United States
Frank P MacMaster,

University of Calgary, Canada

*Correspondence:
Pallab Bhattacharyya
bhattap@ccf.org

Specialty section:

This article was submitted to
Neuroimaging and Stimulation,
a section of the journal
Frontiers in Psychiatry

Received: 07 February 2021
Accepted: 08 November 2021
Published: 03 December 2021

Citation:

Bhattacharyya F, Anand A, Lin J and
Altinay M (2021) Left Dorsolateral
Prefrontal Cortex GIx/tCr Predicts
Efficacy of High Frequency 4- to
6-Week rTMS Treatment and Is
Associated With Symptom
Improvement in Adults With Major
Depressive Disorder: Findings From a
Pilot Studly.

Front. Psychiatry 12:665347.

doi: 10.3389/fpsyt.2021.665347

Check for
updates

Left Dorsolateral Prefrontal Cortex
GIx/tCr Predicts Efficacy of High
Frequency 4- to 6-Week rTMS
Treatment and Is Associated With
Symptom Improvement in Adults
With Major Depressive Disorder:
Findings From a Pilot Study

Pallab Bhattacharyya"?*, Amit Anand?®, Jian Lin' and Murat Altinay?

" Cleveland Clinic, Imaging Institute, Cleveland, OH, United States, 2 Department of Radiology, Cleveland Clinic Lerner
College of Medicine, Cleveland, OH, United States, ° Cleveland Clinic, Neurological Institute, Cleveland, OH, United States

About 20-40% of estimated 121 million patients with major depressive disorder (MDD)
are not adequately responsive to medication treatment. Repetitive transcranial magnetic
stimulation (rTMS), a non-invasive, non-convulsive neuromodulation/neurostimulation
method, has gained popularity in treatment of MDD. Because of the high cost involved in
rTMS therapy, ability to predict the therapy effectiveness is both clinically and cost wise
significant. This study seeks an imaging biomarker to predict efficacy of rTMS treatment
using a standard high frequency 10-Hz 4- to 6-week protocol in adult population.
Given the significance of excitatory and inhibitory neurotransmitters glutamate (Glu) and
gamma aminobutyric acid (GABA) in the pathophysiology of MDD, and the involvement
of the site of rTMS application, left dorsolateral prefrontal cortex (IDLPFC), in MDD, we
explored IDLPFC Gix (Glu + glutamine) and GABA levels, measured by single voxel
magnetic resonance spectroscopy (MRS) with total creatine (tCr; sum of creatine and
phosphocreatine) as reference, as possible biomarkers of rTMS response prediction.
Mescher-Garwood point-resolved spectroscopy (MEGA-PRESS) MRS data from 7
patients (40-74 y) were used in the study; 6 of these patients were scanned before and
after 6 weeks of rTMS therapy. Findings from this study show inverse correlation between
pretreatment IDLPFC GIx/tCr and (i) posttreatment depression score and (i) change
in depression score, suggesting higher GIx/tCr as a predictor of treatment efficacy. In
addition association was observed between changes in depression scores and changes
in GIx/tCr ratio. The preliminary findings did not show any such association between
GABA/tCr and depression score.

Keywords: repetitive transcranial magnetic stimulation (rTMS), major depressive disorder (MDD), magnetic
resonance spectroscopy (MRS), glutamate, gamma aminobutyric acid (GABA)
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DLPFC GIx/tCr Predicts rTMS Response

INTRODUCTION

Major depressive disorder (MDD), which has a lifetime
prevalence of 15% (1), does not respond adequately to medication
treatment in ~20-40% of affected patients (2), and these
patients have higher morbidity and mortality than those with
disease that responds to medication (3, 4). Although electrical
stimulation techniques such as electroconvulsive therapy (5-
7), vagus nerve stimulation (8-10), and deep brain stimulation
(11-13) are suitable for medication-resistant MDD, they are
invasive in nature. Repetitive transcranial magnetic stimulation
(rTMS), on the other hand, is a non-invasive, non-convulsive
neuromodulation/neurostimulation method that has gained
popularity for the treatment of MDD that is not responsive
to medication (14-37). In particular, high-frequency (>5Hz)
r'TMS applied to the left dorsolateral prefrontal cortex (IDLPFC)
has been found to significantly decrease Hamilton Depression
Rating Scale (HAM-D) scores in patients with medication-
resistant MDD (38, 39). Standard and most optimal rTMS
therapies are administered at a frequency of 10 Hz (40, 41) over
4-6 weeks (40).

In patients with MDD, rTMS has been reported to change the
balance of excitation and inhibition in cortical networks (42, 43),
and the antidepressant effect from rTMS has been attributed
in part on modulation of the major excitatory neurotransmitter
glutamate (Glu) and the major inhibitory neurotransmitter
gamma aminobutyric acid (GABA) (44). Multiple studies have
documented the involvement of these neurotransmitters in
the pathophysiology of MDD (45-51). Changes in cortical
Glu or Glx (Glu + glutamine) and GABA levels in patients
with MDD have been investigated using in vivo magnetic
resonance spectroscopy (MRS). In spite of some differences in
acquisition (e.g., Mescher-Garwood point-resolved spectroscopy
[MEGA-PRESS] vs. short echo time [TE] PRESS), analysis, and
quantification methodologies (e.g., absolute levels vs. ratios),
these studies have demonstrated a reduction in cortical Glu or
Glx and GABA levels associated with MDD (45, 48-50, 52).
More specifically, reduced PFC Glx level in patients with MDD
has been reported in several studies (45, 53, 54). Researchers
have suggested that dysfunction of the glutamatergic system and
malfunction in Glu metabolism are contributing factors to the
neurobiology and pathophysiology of MDD (55, 56), and the
efficacy of glutamatergic agents (glutamatergic targets/receptors
such as ketamine, mamantine, riluzole, dextromethorphan,
AZD6765 etc.) for the treatment of MDD has been reported
(56, 57). Studies have also shown that reduced cortical GABA
level is associated with dysfunctional GABAergic interneurons
and GABA, receptors; affected GABAergic transmission has
been proposed as a mechanism of MDD (58-60). rTMS
studies have shown deficits in cortical inhibition in adults with
MDD (61, 62); while in children and adolescents increased
excitatory cortical facilitation with unchanged cortical inhibition
was observed (63).

Multiple in vivo studies of Glu and GABA modulation after
rTMS in patients with MDD have been performed (58, 64-
66). In one study using MEGA-PRESS, the medial prefrontal
cortex (MPFC) Glu level was unchanged but the GABA

level was elevated after 25 sessions of 10-Hz rTMS therapy
applied at the IDLPFC (58). In another study using PRESS
and involving 10 sessions of 20-Hz rTMS, an increase in Glu
level was seen in the DLPFC, with no changes seen in the
anterior cingulate cortex (64). In a short TE PRESS study
of young adults treated with 10-Hz rTMS for 15 days, the
IDLPEC Glu level was increased in responders but reduced
in non-responders (65). Another study using MEGA-PRESS
demonstrated an increase in DLPFC GABA level after 6 weeks
of 10-Hz rTMS therapy (67).

The prefrontal cortex has been shown to be important in
the pathogenesis of MDD (68, 69), and decreased activation
of the cortical areas of the mood-regulating circuit has also
been reported in patients with MDD (70, 71). More specifically,
several studies have shown abnormalities in the DLPFC in
patients with MDD (72-76), with affected patients demonstrating
reduced levels of GABA and GIx (Glu + glutamine [Gln])
in the DLPFC (45, 77, 78). Lower metabolic activity in
the DLPFC (79) as well as lower functional connectivity
within the cognitive control network (80), a network that
contains the DLPFC, has been reported in depression. In
addition MDD is associated with reduced prefrontal cortex
gray matter volume, cell counts and glucose metabolism (81).
These abnormal (mostly left) prefrontal cortex activities in
MDD therefore make the DLPFC a logical and popular rTMS
target (73, 81-83).

Differences in Glu levels between responders and non-
responders to antidepressants (84) and rTMS therapy (64, 65)
suggest that Glu level is a predictor of therapy outcomes
in MDD. More specifically, studies have demonstrated that
responders to rTMS therapy have lower baseline DLPFC Glu
levels than non-responders (64, 65), suggesting that baseline
Glu level could be a predictor of response to rTMS therapy.
However, most of these studies included only young adults
or were carried out over a different period of time than the
standard and optimal 4- to 6-week period (40). Thus, additional
research is needed to establish an imaging biomarker that can
be used to predict the success of rTMS treatment using a
standard 10-Hz (40, 41) 4- to 6-week protocol in the adult
population. Identifying such biomarker is significant from out
of pocket patient expense also, since rTMS therapy is quite
costly (can range from ~6,000 to ~$15,000 for 30 sessions
in the USA depending on the location, center, applicable
discounts and insurance coverage) and is often not covered
by insurance.

In this longitudinal study, we measured GIx/tCr and
GABA/tCr at the IDLPFC, the site of rTMS application, to
determine whether the baseline measures of these could be used
to predict outcomes after 6 weeks of 10-Hz rTMS therapy. To
this end, we assessed the association between these baseline
ratios (Glx/tCr and GABA/tCr) and change in 17-item Hamilton
Depression (HAM-D) score after rTMS, as well as the association
between the baseline ratios and posttreatment HAM-D score. In
addition, we evaluated the Glx/tCr and GABA/tCr ratios to track
recovery after rTMS therapy, i.e., we assessed the association
between the changes of these ratios and HAM-D scores in
response to rTMS therapy.
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MATERIALS AND METHODS

The study was performed following an IRB-approved protocol.
All patients provided written informed consent. We initially
enrolled 12 patients (4 men; mean age, 53 y &+ 15 y; range,
23-74 y) who had an HAM-D score >15 and who met the
DSM-IV-TR (85) criteria for MDD inadequately responsive to
at least one antidepressant despite treatment with an adequate
dosage for at least 8 weeks (the indication for rTMS approved
by the Food and Drug Administration). Patients were recruited
from Center of Behavioral Health outpatient psychiatry clinic
for mood disorders at our center. Two of these patients did not
complete the study, undergoing only 1 MR imaging session and 3
patients had excessive motion during the pretreatment scan; thus,
the final analysis consisted of 7 patients.

Of the 7 subjects included in the final analysis, 6 subjects
were on antidepressants in combination with low dose 2nd
generation neuroleptics (n = 4), mood stabilizers (n = 2),
stimulants (n = 2) and other augmentation agents (n = 2). Low
dose anti-anxiety medications were allowed per inclusion criteria
(n = 4). Patients were asked to remain on the same dosages on
all of the medications during the course of the rTMS treatment.
No new medications and/or other non-medication treatment
modalities were started at least 1 month before or during the
acute r'TMS series.

rTMS Protocol

r'TMS was performed using a MagPro R-30 magnetic stimulator
(MagVenture, Farum, Denmark) with “cool B-65” magnetic
coil, a device that has been used effectively in previous studies
(14, 86, 87). Each patient underwent rTMS therapy sessions
5 times per week for a total of 6 weeks (total of 30 rTMS
sessions); we selected a duration of 6 weeks because previous
studies have used 4-6 weeks of treatment to testy for rTMS
effectiveness (14, 88, 89). Each session lasted ~40 min and used
the following parameters: frequency, 10 Hz; power, 120% of the
motor threshold (i.e., minimum amount of energy needed to
trigger thumb movement); duration of stimulus, 4s; intertrain
interval, 26 s; number of pulses per train, 75; and total number
of pulses, 3,000. In order to locate the IDLPFC, first the left
motor strip controlling the movements of the right thumb was
located. The coil was then advanced 5cm on to the anterior
of the motor strip to target the IDLPFC. An experienced staff
psychiatrist (MA) administered the rTMS and also performed
HAM-D assessment at baseline and every 2 weeks.

MR Imaging

MR scans were performed on a Siemens 3T Prisma scanner
(Erlangen, Germany) using a 20-channel coil head/neck coil.
Each patient was scanned within 1 week before starting rTMS
therapy (pretreatment scan) and within 1 week after the end of
6 weeks of therapy (posttreatment scan).

Each MR session consisted of the following scans: (1)
Localizer scan to obtain scout images: scan time, 9s; (2)
Gradient recalled echo scan for field-mapping: 32 axial slices;
thickness, 4 mm; field of view (FOV), 256 mm x 256 mm; dual
echo times (TE1/TE2)/repetition time (TR)/flip angle (FA), 4.89

ms/7.35 ms/388 ms/60°; matrix, 64 x 64; bandwidth, 260 Hz;
scan time, 36s; (3) Tl-weighted anatomical magnetization
prepared rapid acquisition gradient echo (MPRAGE) scan:
120 axial slices; thickness, 1.2 mm; FOV, 256 mm X 256 mm;
inversion time/TE/TR/FA, 1,900 ms/1.71 ms/900 ms/8°; matrix,
256 x 128; bandwidth, 62kHz; scan time, 4min 5s; and
(4) Mescher-Garwood point-resolved spectroscopy (MEGA-
PRESS) scan for GABA and GIlx measurement of a 2
X 2 x 2 cm’ voxel in the IDLPFC: TR, 2,700ms; TE,
68 ms; frequency-selective 180° pulses at 1.9 (ON-resonance)
and 1.5 ppm (OFF-resonance, to minimize macromolecule
contamination of GABA); minimum achievable frequency
selective pulse bandwidth (~44 Hz); number of averages, 128
per condition (ON-/OFF-resonance); weak water suppression
(to use residual water fluctuation to assess patient motion);
scan time, 10 min 53s. A trained technologist ensured that the
IDLPEC voxel locations (Figure 1) were closely matched between
the pretreatment and posttreatment sessions. The patients bit
onto a bite-bar during all scans to reduce head motion. For
all spectroscopy scans, shimming was performed using the
FASTESTMAP shimming routine (90).

MRS Data Analysis

Postprocessing of MRS data was performed using the MRUI
software package (91) following the method described by
Bhattacharyya et al. (92). Postprocessing consisted of zero-order
phase correction and frequency shift correction of the individual
subspectra using residual water as a reference, averaging the
individually phase- and frequency-corrected spectra, residual
water suppression with Hankel-Lanczos squares singular value
decomposition (HLSVD) filter (93), apodization by a 5-Hz
Gaussian filter, and zero filling The OFF-resonance spectrum
was subtracted from the ON-resonance spectrum to obtain the
final edited spectrum. Motion was identified retrospectively using
residual water signal fluctuation as an indicator (92).

Next the ~3.75-ppm Glx and 3.01-ppm GABA peaks from
the edited spectrum were fitted as double Gaussian peaks using
the AMARES algorithm (94) with zero-order phase correction.
The 3.04-ppm creatine (tCr) peak was fitted similarly from the
OFF-resonance spectrum. Glx/tCr and GABA/tCr levels were
obtained from Igic/Iicy and Igapa/licy, respectively, where Igy,
IgaBa, and Iicy represent areas of the Glx, GABA, and tCr fits,
respectively. Edited spectral fitting was done by including the
~2.3 ppm GABA+Glu and inverted NAA peaks as well, but that
did not have any effect on Igix or Igapa.

Statistical Analysis
Percent (%) changes in HAM-D score and Glx/Cr were
determined using the expressions

(Posttreatment HAMD) — (Pretreatment HAMD)
X
Pretreatment HAMD

100

and

(Posttreatment Glx/ Cr) — (Pretreatment Glx/Cr)

x 100 (1)
Pretreatment Glx/Cr
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FIGURE 1 | Placement of a2 x 2 x 2 cm® dorsolateral prefrontal cortex voxel with the outer volume suppression bands and representative single-patient
MEGA-PRESS edited spectra (original, estimate and residue). Glx, glutamate + glutamine; GABA, gamma aminobutyric acid; Glu, glutamate.

respectively. Non-parametric Wilcoxon signed rank test was
between pre- and posttreatment HAM-D scores. Spearman
correlation coefficient was used to characterize the association
between (1) pretreatment DLPFC GIx/tCr (and GABA/tCr)
ratios and changes in HAM-D scores (from pretreatment to 6
weeks posttreatment) and (2) changes in DLPFC Glx/tCr (and
GABA/tCr) ratios and changes in HAM-D scores.

RESULTS

Some MRS datasets had to be discarded because of excessive
motion. A total of 3 patients had pretreatment scans that
could not be used because of excessive motion, and 1 of
these patients also had a posttreatment scan that could not
be used because of excessive motion. Thus, 7 motion-free
pretreatment scans and 6 motion-free posttreatment scans were
used for analysis. A Representative single-patient edited spectra
(original, estimate and residual spectra) at the IDLPEC are
shown in Figure 1.

From Wilcoxon signed rank test, significant decrease in HAM-
D scores was observed for the 10 patients who completed the
study (pretreatment score, 20 & 3; posttreatment score, 8 £ 6;
p = 0.006). Of the 7 patients (age: 59 % 13 y) with motion-free
pretreatment scans the pretreatment and posttreatment HAM-D
scores were 21 £ 3 and 11 = 8, respectively (p = 0.016), while the
pretreatment and posttreatment HAM-D scores for the 6 patients
(age: 59 £ 13 y) with both motion-free scans were 20 & 3 and 10
=+ 8, respectively (p = 0.031).

Overall, no significant changes in Glx/tCr or GABA/tCr were
observed as a result of rTMS therapy (Table 1). Inverse Spearman
correlations were observed between (1) posttreatment HAM-D
score and pretreatment IDLPFC GIx/tCr (n = 7; p < 0.0005)
and (2) change in HAM-D score and pretreatment IDLPFC
GIx/tCr (n = 7; p = 0.001; Figures 2A,B). No such significant
correlations were observed between (1) posttreatment HAM-D
score and pretreatment GABA/tCr (n = 7; p = 0.66) and (2)
change in HAM-D score and pretreatment IDLPFC GABA/tCr
(n=7; p=0.39). A significant correlation was observed between
change in HAM-D score and change in Glx/tCr in the IDLPFC
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TABLE 1 | Depression ratings, Glx and GABA levels before and after rTMS treatment.

Variable Pretreatment value Posttreatment value P
HAM-D score (n = 10) 20+ 3 Mt7 0.0007
GIx/tCr (n = 6) 0.21 £0.04 0.24 £0.05 0.21
GABA/tCr (n = 6) 0.11 £0.02 0.13 + 0.06 0.20

Data are presented as mean + SD. HAM-D, Hamilton Depression Rating Scale; Glx, glutamate + glutamine; tCr, total creatine; GABA, gamma aminobutyric acid.

(n = 6; p = 0.02; Figure 3); no such association was observed
between change in HAM-D score and change in GABA/tCr
(n=6; p=0.45).

It should be pointed out that HAM-D scores were obtained
every 2 weeks and similar analyses were run using the 4-week
HAM-D scores. Significant decrease in HAM-D scores were
observed in 7 patients with motion-free pretreatment scans (4-
week HAM-D score = 10 & 7, p = 0.022). Similar to 6-week
data, inverse Spearman correlations were seen between (1) 4-
week HAM-D score and pretreatment IDLPFC Glx/tCr (n = 7;
p < 0.0005) and (2) change in HAM-D score in 4 weeks and
pretreatment IDLPFC GIx/tCr (n = 7; p < 0.0005).

DISCUSSION

In this study, patients treated with 6 weeks of 10-Hz rTMS
targeting the IDLPFC demonstrated a decrease in HAM-D score;
however, no overall changes in Glx/tCr or GABA/tCr ratios
(averaged over 6 patients) were observed. One previous study
reported no change in the MPFC Glu level after 25 sessions
of 10-Hz rTMS therapy (58); however, an increase in MPFC
GABA+ (GABA-+macromolecule) level was observed. Although
this previous study had a higher number of patients (n = 23) than
the current study, the region of interest (MPFC) was different
from the site of rTMS application (IDLPFC), which was evaluated
in the current study.

In this study, patients with higher pretreatment Glx/tCr had
lower posttreatment HAM-D scores and larger reductions in
HAM-D score after 6 (as well as 4) weeks of rTMS. This finding,
albeit from a small sample, is promising and suggests that
IDLPEC Glu level may be a predictor of 4- to 6-week rTMS
outcome. It should be noted that a higher baseline IDLPFC
Glu level has also been previously reported in responders to
antidepressant therapy (84), indicating that the predictive power
of IDLPFC Glu level may not be limited to rTMS. On the
other hand, a lower baseline Glu level has also been reported
in youth responders to 3 weeks of rTMS (65), which is the
opposite of what we observed in the current study. We speculate
that this difference results from the difference in age groups
between the studies. Cerebral Glu level has been reported to
decrease with age (95); hence, in the older patient population
as in this study (40-74 y for the patients who completed
the study and had motion-free pretreatment scans), a higher
pretreatment Glu level may favor the therapeutic action of
r'TMS. There was no overall change in Glx/tCr after rTMS. Our
results indicate that while Glx/tCr in the IDLPFC increased in

4 patients and decreased in 2 patients, a decrease in HAM-
D was associated with a lesser increase or larger decrease in
GIx/tCr ratio.

Baseline GABA level in this preliminary study was not
associated with response to rTMS therapy, and no previous
studies have demonstrated evidence of such a relationship.
Additionally, no association between baseline prefrontal cortex
GABA level and improvement in MDD was observed in a study
assessing ketamine infusion therapy (96). It is likely, therefore,
that the baseline GABA level does not predict recovery from
MDD irrespective of the treatment regimen.

Test-retest reliability of Glx/Cr and GABA/Cr measurements
of a2 x 2 x 2 cm® voxel in the IDLPFC using MEGA-PRESS
sequence was evaluated independently in our center as described
in the Supplementary Material. The test-retest variability (9.2%)
of GIx/Cr is less than that observed in response to rTMS
treatment, while the corresponding GABA/Cr changes for two
subjects were less than the variability (16.6%).

While a direct connection between Glx and excitatory
neurotransmission is not obvious, it should be noted that Glx
measured with the MEGA-PRESS sequence (97, 98) used in this
study has been reported to contain mostly Glu with little or no
Gln and is therefore considered a good measure of Glu (58, 99—
101). Based upon those reports, we speculate that much of our
findings pertain to the involvement of excitatory Glu in rTMS
therapy. However, we do recognize that there could be a small
contribution of Gln in the Glx peak.

A higher IDLPFC Cr in MDD than in healthy controls has
been reported (102). In this study, Glx/tCr and GABA/tCr ratios
are reported, with areas of the respective resonances in the
MEGA-PRESS edited spectra normalized to tCr area from OFF-
resonance spectra. For technical reasons, water-unsuppressed
MEGA-PRESS scans were not incorporated in the protocol
at the beginning of the study; however, those scans were
added after the scans of the first 2 patients were completed.
Normalizing Glx and GABA to tCr is a well-established
method (103-105), and we validated this in our dataset by
correlating Glx and GABA normalized to unsuppressed water
with Glx/tCr and GABA/tCr from all studies with unsuppressed
water acquisition (i.e., from both MRI sessions for patients
who completed the study and from pretreatment visits for
patients who dropped out after 1 MRI session). The 2 metrics
were correlated (p = 0.001 for Glx and 0.0001 for GABA),
which validated usage of ratio with respect to tCr for this
patient population.

Lack of any observed association of GABA in this preliminary
study should be treated with caution. It is possible that the main
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FIGURE 2 | Patients with higher pretreatment glutamate + glutamine (Glx)/total creatine (tCr) at the left dorsolateral prefrontal cortex (IDLPFC) demonstrated (A) lower
posttreatment Hamilton Depression Rating Scale (HAM-D) scores and (B) greater change in HAM-D scores after repetitive transcranial magnetic stimulation (rTMS).
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FIGURE 3 | Association between change in glutamate + glutamine (Glx)/total creatine (tCr) in the left dorsolateral prefrontal cortex and change in Hamilton Depression
Rating Scale (HAM-D) score.

reason for the lack of any significant changes in GABA/tCr ratios
or any correlations therewith in this study is the lack of statistical
power with 6 subjects. Spectral fitting error was ~30% worse in
GABA than in case of Glx, which would result in lower sensitivity

of detecting GABA association. Signal to noise ratio and fitting
error can be improved with GABA+ acquisition (103), but our
choice of macromolecule-minimized GABA accounts for any
inter-subject macromolecule level differences (106).
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This study had some limitations, including its small sample
size. However, a power analysis with n = 7 yielded power of
0.95 and 0.85, respectively, for the inverse correlation observed
between pretreatment IDLPFC GIx/tCr and change in HAM-
D and posttreatment HAM-D, respectively. In addition, with
n = 6 the study had power of 0.80 to detect 18% change in
GIx/tCr ratio. The study also did not include a sham treatment
population, which may raise questions regarding glutamatergic
involvement in the improvement of MDD as an effect of
rTMS. Use of the standard 5-cm rule for rTMS target selection
is another limitation, as use of neuronavigation instead has
been shown to ensure more reliable, precise, and consistent
targeting of the desired brain region (107). Finally, low doses
of neuroleptics, benzodiazepine (not more than 1-2mg), and
mood stabilizers were allowed in the study; we did not assess
the potential effects of these medications on the study findings.
However, for all medications a fixed dose for 4 weeks (6
weeks for benzodiazepines) before rTMS with no change in
medication during rTMS treatment was followed as part of
the study protocol to minimize any medication effect to the
observations reported in this study. We have covered a wide
range of age in this study. We hypothesize that while the baseline
metabolite levels may be varying due to age and drug regimen,
the change in those levels in 6 weeks (study period) will be due to
rTMS therapy.

CONCLUSION

This study found that the most commonly used rTMS protocol
(10 Hz, 4-6 weeks, IDLPFC target) did not significantly change
IDLPFC GIx/tCr or GABA/tCr ratios in adults with MDD.
Patients with higher pretreatment IDLPFC GIx/tCr ratio did
respond better to rTMS therapy; they had a greater reduction in
HAM-D score and a lower posttreatment HAM-D score. These
findings suggest that excitatory Glu is associated with recovery
from MDD and can potentially be used as a biomarker to predict
response to rTMS treatment, whereas no such relationship
between inhibitory GABA and MDD/rTMS outcome was
observed in this preliminary study. The results of this pilot study
should be interpreted with caution because of the small sample
size and absence of a sham arm; further studies using larger
sample sizes are needed to assess these preliminary results.
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