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Neuropsychiatric disorders, covering both psychotic and depressive disorders, but 
also autism and attention-deficit hyperactivity disorder (ADHD), are characterized 
by abnormal behavior and brain structure. Accumulating evidence suggests that 
altered neurochemistry plays a role in these disorders and may have a causal rela-
tionship with the observed behavioral and structural abnormalities. To improve the 
understanding of neurochemical anomalies and (patho)physiological changes in 
psychiatric conditions, in vivo assessment of the affected tissue, the brain, is wanted 
and needed. Magnetic resonance spectroscopy (MRS) is a non-invasive technique 
which allows in vivo assessment of the molecular composition of brain tissues and 
identification of metabolites involved in physiological and pathological processes, 
which is otherwise virtually impossible. Only in the last decade with the development 
of high field MR methodologies, MRS has become sensitive enough for broader use in 
clinical studies. The implications are many, but proper guidance and elucidation of the 
pros and cons for the specific methods is needed to optimally exploit the potential.
This Research Topic updates the reader on the possibilities and pitfalls of MRS today 
and highlights methodologies and applications for the future. 
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Editorial on the Research Topic

MR Spectroscopy in Neuropsychiatry

Magnetic resonance spectroscopy (MRS) is a non-invasive neuroimaging technique with the
unique ability to reveal the role of neurometabolites in brain physiological and pathophysiological
processes. MRS-visible metabolites include the neurotransmitters glutamate and GABA, as well as
compounds implicated in oxidative stress or inflammation, such as glutathione and myo-inositol.
Optimal application of MRS techniques therefore has significant potential for revealing brain
pathophysiological mechanisms in psychiatric disorders.

The last decade has seen substantial developments in MRS capability. These advances have been
driven by the availability of high field strength MR scanners, in parallel with new MRS acquisition
and data analysis methods. It is now possible to accurately detect previously indistinguishable MRS
metabolites, such as GABA and glutathione, or to measure dynamic changes in metabolite levels
occurring during behavioral challenges or in response to other stimuli. The articles in this research
topic together provide an update on the current state-of-the-art MRS methodology, and, using
schizophrenia as an example, illustrate how MRS may be applied to increase understanding of
neurochemical abnormalities across the psychiatric disorders.

Three articles in this research topic focus on current state-of-the-art MRS methodology.
Godlewska et al. provide an overview of ultra-high-field (UHF) MRS. In UHF MRS, data are
acquired at MR field strengths of 7 Tesla (7T) or more, resulting in high sensitivity and resolution,
and allowing quantification of numerous metabolites in the MR spectra. This review provides a
practical guide to the advantages and disadvantages of UHF MRS, together with examples of its
application in psychiatric disorders. Development of UHF methodology is further described in the
article of Marsman et al. which presents a comparison of two different acquisition sequences for
glutamate quantification at 7T; the more common approach of STEAM vs the recent approach
of sLASER. Comparing test-retest reproducibility in healthy volunteers, this study demonstrates
advantage of sLASER acquisition in robustly and sensitively determining glutamate levels in the
frontal cortex.

In the third article of the research topic focussing on methodology, Stanley and Raz describe the
emerging and innovative approach of functional MRS (fMRS). Typically, MRS is used to measure
metabolite levels while the subject is at rest in the scanner. In contrast, fMRS can measure the
dynamic changes in metabolites, particularly glutamate, which occur while subjects perform a
behavioral task. This review provides a summary of the technological advances, strengths and
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limitations of fMRS, and describes how this approach is
contributing to our understanding of the glutamatergic basis of
cognitive impairments in psychiatric disorders.

Marsman et al. then bring together the themes of UHF
MRS and the role of glutamate in cognition in their study at
7T examining the relationship between working memory and
the level of glutamate and GABA in the frontal and occipital
cortex. The results indicate that working memory performance
in healthy individuals is related to the balance between these
excitatory and inhibitory neurotransmitters.

The remaining articles in the research topic relate to
schizophrenia, and provide complementary examples of MRS
application in psychiatric research. A principal focus of MRS
research in schizophrenia has been on the measurement of brain
glutamate levels, due to its core implication in schizophrenia
pathophysiology. Bustillo et al. provide a significant step
forward, by combining glutamate genetic data with MRS
imaging in schizophrenia, and thereby linking two fields of
glutamatergic research. This study found that in younger
patients with schizophrenia, the combined score for three single
nucleotide polymorphisms in glutamatergic genes associated
with schizophrenia risk partially contributes to elevated levels of
Glx (the combined MRS signal from glutamate and glutamine)
in gray matter. Interestingly this association was not apparent in
older patients, which suggests that other factors affect Glx levels
during the course of schizophrenic illness.

There is some debate as to whether antipsychotic medication
may alter brain glutamate levels, and the article of Egerton et al.
provided a systematic review of longitudinal MRS studies that
have addressed this question. Although these studies have used
a range of methodological approaches and have investigated
different brain regions, the majority report a numerical reduction
in Glx levels over the course of antipsychotic treatment,
suggesting that to at least some degree antipsychotics may reduce
glutamate elevation in schizophrenia.

The study of Bojesen et al. addresses potential associations
between schizophrenia-related abnormalities in glutamate levels
and brain activity, measured as regional cerebral blood flow
(rCBF). To avoid the potential confounds of medication or
prolonged illness that may be present in a patient sample, this
study used administration of the N-methyl-D-aspartate (NMDA)
antagonist ketamine in healthy volunteers as a glutamatergic
experimental model of schizophrenia pathophysiology. The

observed associations between glutamate and rCBF in the
anterior cingulate cortex may suggest a mechanistic link between
these neurobiological features relevant to schizophrenia.

The development of MRS techniques to accurately measure
GABA has permitted investigation of GABA abnormalities in
schizophrenia in vivo, which were previously mainly understood
on the basis of post-mortem data. The review of de Jonge
et al. summarizes the findings to date from GABA MRS
studies in relation to post-mortem evidence, and suggests key
future directions for this emerging field. Finally, included in
this research topic is the study of Rowland et al. which
used levels of the MRS metabolites myo-inositol and choline-
containing compounds as an innovative proxy measure of brain
inflammation in schizophrenia. This exploratory study found
correlations between antiglandin antibody levels and the MRS
“inflammation measures,” and may open new avenues for MRS
application in testing inflammatory theories of brain disorders.

Through these examples from schizophrenia research, these
articles demonstrate how MRS can be applied to increase our
understanding of neurochemical abnormalities or inflammation
across neurological and psychiatric disorders. Recent advances
in MRS technology will play a major role in achieving this
goal, and this research topic provides a practical guide to
the emerging MRS technologies of UHF MRS and fMRS.
Together these articles provide a resource for researchers
interested in MRS approaches and understanding their strengths
and limitations, and also some inspiration for future research
applications.
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The advantages of ultra-high-field (UHF ≥ 7T) MR have been demonstrated in a variety 
of MR acquisition modalities. Magnetic resonance spectroscopy (MRS) can particularly 
benefit from substantial gains in signal-to-noise ratio (SNR) and spectral resolution at 
UHF, enabling the quantification of numerous metabolites, including glutamate, gluta-
mine, glutathione, and γ-aminobutyric acid that are relevant to psychiatric disorders. The 
aim of this review is to give an overview about the advantages and advances of UHF 
MRS and its application to psychiatric disorders. In order to provide a practical guide for 
potential applications of MRS at UHF, a literature review is given, surveying advantages 
and disadvantages of MRS at UHF. Key concepts, emerging technologies, practical 
considerations, and applications of UHF MRS are provided. Second, the strength of UHF 
MRS is demonstrated using some examples of its application in psychiatric disorders.

Keywords: ultra-high-field, magnetic resonance spectroscopy, psychiatric disorders, neurochemicals,  
 magnetic resonance spectroscopic imaging

Psychiatric disorders are related to substantial personal, public, and economic burdens and are 
responsible for nearly 13% of the global burden of disease in terms of disability-adjusted life years, 
and a staggering 32% of years lived with disability (1). Multiple lines of research, including brain 
imaging, analysis of post-mortem brain tissue, and genetic studies have resulted in the identifica-
tion of potential dysfunctions in psychiatric disorders, including schizophrenia (SCZ) (2), major 
depressive disorders (MDD) (3), bipolar disorder (BD) (2), anxiety disorders (4), autism spectrum 
disorder (5), and anorexia nervosa (6). In addition, the development and research application of 
newer imaging modalities such as mapping the “human connectome” employing magnetic reso-
nance imaging (MRI) is opening new avenues to study brain mechanisms underlying psychological 
processes non-invasively in the living brain (7).

Most MRI-based imaging modalities (for example, structural imaging) are sensitive to macro-
scopic alterations. Complementary to MRI, magnetic resonance spectroscopy (MRS) techniques 
may be utilized to reveal abnormalities before any visible macroscopic changes in brain anatomy 
and physiology occur, since they provide unique information on the neurochemical composition of 
the brain tissue (8–10). For instance, neurochemicals that can be measured non-invasively in human 
brain include (1) endogenous neurotransmitters; glutamate (Glu) and gamma-aminobutyric acid 
(GABA) (11) (2), psychotropic medications, such as lithium (12) and fluorinated drugs (13). Thus, 
when applied to in vivo brain imaging, MRS can be used to measure the neurochemical composi-
tion of brain in order to characterize metabolic processes and identify aberrant neurochemical or 
metabolic relationships related to psychiatric disorders.

http://www.frontiersin.org/Psychiatry/
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyt.2017.00123&domain=pdf&date_stamp=2017-07-11
http://www.frontiersin.org/Psychiatry/archive
http://www.frontiersin.org/Psychiatry/editorialboard
http://www.frontiersin.org/Psychiatry/editorialboard
https://doi.org/10.3389/fpsyt.2017.00123
http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:uzay.emir@ndcn.ox.ac.uk
https://doi.org/10.3389/fpsyt.2017.00123
http://www.frontiersin.org/Journal/10.3389/fpsyt.2017.00123/abstract
http://www.frontiersin.org/Journal/10.3389/fpsyt.2017.00123/abstract
http://www.frontiersin.org/Journal/10.3389/fpsyt.2017.00123/abstract
http://loop.frontiersin.org/people/415654
http://loop.frontiersin.org/people/269706
http://loop.frontiersin.org/people/359021


FiGURe 1 | In vivo stimulated echo acquisition mode spectrum (volume  
of interest, 8 ml, TE = 6 ms, TR = 5 s and number of transients, 160) and 
LCModel fit, modeling metabolite contributions to the neurochemical  
profile. Model spectra for glycerophosphocholine, phosphocholine, creatine, 
phosphocreatine, γ-aminobutyric acid, glucose, glutamine, Glutamate, 
glutathione, lactate, myo-inositol, N-acetylaspartate,  
N-acetylaspartylglutamate, scyllo-inositol, and taurine were imported into 
LCModel (17) and used for spectroscopic quantification [reprint McKay and 
Tkác (18)].
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The recent progress in MRI technology such as the use of 
ultra-high-field (UHF ≥ 7T) magnets, advanced magnetic field 
(B0) shim coils, improved gradient systems, and radio frequency 
(RF) coils have been enabling robust in vivo application of MRS 
techniques by providing the improved sensitivity and resolution. 
Specifically, using MRS at UHF, it is possible to measure the sig-
nals from 10 to 15 metabolites that might be a marker of different 
pathophysiological processes of psychiatric disorders (Figure 1) 
(14). Signal-to-noise ratio (SNR) (defined as peak height divided 
by root mean square noise) is approximately 1.6 times higher at 
7  T relative to 3  T (Figure  2) (15). From 3  T to 7  T, gains in 
sensitivity are particularly prominent for Glu, glutamine (Gln), 
and GABA (16). As a result, metabolites are quantified with lower 
errors (lower Cramér-Rao Lower Bounds) at 7  T than at 3  T, 
which can be translated to improved quantification metabolite 
concentrations. Thus, UHF MRS methods have the potential to 
improve the understanding of the etiology, progression, and the 
response to therapy in psychiatric disorders due to the improved 
quantification of metabolites, such as Glu, Gln, and GABA that 
are relevant to psychiatric disorders.

The aim of this review is to give a comprehensive overview 
of the advantages, challenges, and advances of UHF MRS with 
regard to methodological development, discoveries, and applica-
tions in psychiatric research from its beginnings around 15 years 
ago up to the current state. At lower magnetic field strengths, 
MRS has been used in vivo for different nuclei, including 1H, 31P, 
13C, 15N, 19F, and 23Na; however, psychiatric disorder applications 
of UHF MRS are limited to 1H. For this reason, this review will 
focus on the use of 1H for MRS at 7 T.

CHALLeNGeS AT UHF

In vivo MRS at UHF is ready to make important contributions not 
only in the evaluation of disease (19) but also more importantly 
because it may assist to study disease progression and treatment 
(20, 21). Despite this potential, implementing MRS in the human 
brain at UHF involves multiple challenges, such as magnetic field 
and RF inhomogeneity, increased spectral bandwidth and short 
relaxation times of metabolites.

At UHF, the interaction between the brain tissue and RF pulse 
results in strong inhomogeneities since the RF wavelength is in 
the order of human head. For instance, at 7  T, the wavelength 
of the RF pulse used in the human brain is around 12 cm and 
generates varying destructive interferences throughout the brain, 
resulting in RF pulse inhomogeneity. As a result, the insufficient 
transmit power with conventional volume head coils requires 
increased RF pulse durations with smaller bandwidths and this 
in turn introduces a large chemical shift displacement error in the 
spectra. This problem is worsened in many regions of the brain 
since volume coils can only provide high enough transmit power 
in the central region of human head compared with the periphery 
region (22).

Recent noteworthy investigations demonstrated the feasibil-
ity of the use of multiple transmit array coils used to control 
the distribution of electromagnetic fields and overcome this 
limitation. It has been demonstrated that such adjusting of RF 
amplitude and phase to each transmit array coil (RF shimming) 

results in considerable gains in the efficiency of RF pulses used  
in single-voxel MRS and magnetic resonance spectroscopic 
imaging (MRSI) localizations in the brain at 7  T (23). Data 
quality has been further improved with dynamic RF shimming, 
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especially for MRSI, and several MRSI studies have already 
demonstrated this approach by utilizing several RF shim settings 
generated to ensure optimal transmit fields for a VOI-specific 
homogeneous excitation, a ring-shaped excitation of the skull 
area for lipid suppression and a global uniform excitation for 
water suppression (24).

Problems resulting from limitations in available RF magni-
tude can be partially avoided by utilizing dedicated new excita-
tion and saturation pulses without modifying any hardware at 
UHF. These pulses should have a high degree of tolerance to RF 
inhomogeneity with broadband sharp slice-selection profiles. It 
has been demonstrated that broadband frequency-modulated 
RF pulses can partially overcome these problem, as in semi-
localization by adiabatic selective refocusing (semi-LASER) 
and localization by adiabatic selective refocusing (LASER) 
pulse sequences, albeit with a cost of long echo times [50 and 
80 ms, respectively (25, 26)]. Alternatively, composite broadband 
refocusing pulse designs can be used (27). For example, MRSI 
data can be obtained using the free induction decay acquisition 
localized by outer volume suppression (FIDLOVS) technique 
(28), based on 2D pre-localization by outer volume suppression 
and frequency-modulated excitation pulse for slice-selection.

In addition to RF inhomogenetity, significant main magnetic 
field (B0) inhomogeneity will be introduced as the subject is 
placed in the scanner due to the magnetic susceptibility of the 
different tissues. At UHF, the effect is even more marked, since 
the magnitude of the B0 shift is proportional to static field (29).  
The process of B0 shimming usually mitigates these effects. 
However, for the size of voxels used in single-voxel MRS at UHF, 
the vendor-provided approaches are not always optimum. At 
UHF, it is better to use an approach focusing on the volume of 
interest to minimize strong B0 inhomogeneities. One approach 
is to acquire a B0 field map using two gradient-echo images with 
different echo times. When choosing the difference in echo time 
to use for B0 shimming, there is a balance between long evolution 
times giving the best sensitivity and short evolution times giving 
better signal and avoiding phase wraps. Typically, an evolution 
time of 2–4 ms is appropriate (30) or it can be better to use mul-
tiple evolution times (31). An alternative approach is to use the 

FASTMAP and its echo-planar-based derivative (32, 33), which 
measures B0 field plots along projections around the voxel of 
interest. This approach is faster and can be run at a higher resolu-
tion than an imaging-based method. For both methods, iterations 
minimize the B0 inhomogeneities.

For MRSI at UHF, where a larger volume of interest needs to 
be shimmed, it appears to be most beneficial to use higher order 
(third or fourth) shim terms (34) to achieve narrow linewidths. 
However, even with these extra terms, it is not possible to 
completely remove all B0 variation. An alternative approach that 
has shown much promise for MRSI is dynamic B0 shimming 
(35); however, this again requires specialist hardware for the 
scanner. A number of researchers have shown the benefits of 
using diamagnetic or paramagnetic passive shims, such as those 
placed in the mouth (36); however, these approaches are often 
less comfortable to the subject and require a much more involved 
optimization procedure. More recently shim coil designs that are 
not based on spherical harmonics, but that can drive current in 
an arbitrary pattern, have been proposed (37). These solutions 
are again technically complex and are some way from being 
routine.

Transverse relaxation times, T2, of metabolites in the human 
brain decrease as the magnetic field increase (38, 39) and the 
SNR advantages quickly disappear with increasing echo times. 
Therefore, short echo times are critical for not only minimizing T2 
losses and preserving intensity from J-modulation but also when 
using UHF to study patient populations, who potentially have 
different metabolite T2 values (40).

Recent developments have demonstrated that challenges can 
be overcome, and the gap between bench and their potential for 
clinical application can get narrower. As clinical UHF systems 
become increasingly available, in vivo MRS detection of metabo-
lites at UHF benefits from gains in SNR and chemical shift 
dispersion, which may enable the detection of subtle changes in 
metabolite levels. MRS allows detection of a variety of metabo-
lites, including N-acetylaspartate (NAA) as a marker of neuronal 
loss/dysfunction, total creatine [tCr, creatine (Cr) + phospho-
creatine (PCr)] as a marker for deficits in energy metabolism, 
total choline (phosphocholine  +  glycerophosphocholine) as a 
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marker for cell membrane turnover, and Glu and GABA, the 
primary excitatory and inhibitory brain neurotransmitters, 
respectively. The improved detection of these metabolites at 
UHF is of potential value in understanding the neuropathology 
or biochemical abnormalities in mental health disorders as well 
as in evaluating disease progression and response to therapeutic 
interventions. In the following sections, we will review clinically 
relevant and MRS-detectable metabolites and illustrate potential 
applications in psychiatric conditions. Furthermore, if applica-
ble, we will provide examples from translational research as they 
relate to psychiatric disorders.

wHY UHF MRS CAN Be USeFUL iN 
PSYCHiATRiC ReSeARCH

As stated above, one of the clear advantages of UHF MRS is an 
increased SNR, which can allow for a more precise assessment of 
molecules that would not pass the quality threshold at lower fields 
due to sensitivity issues. Yet, possibly the greatest advantage for 
clinical research is the higher spectral resolution that UHF offers 
and which allows for a more reliable measurement of metabolites 
that cannot be resolved at lower magnetic fields and are relevant 
to the pathogenesis of psychiatric symptoms. Up to date, there 
have only been a few MRS studies at UHF, which we will report in 
the context of UHF benefits and with a short summary of findings 
at lower fields.

Glu, Gln, AND GABA

Effective separation of Glu and Gln may be one of the most 
important advantages derived from the use of UHF in the context 
of psychiatric disorders (41). While the role of Glu and Gln has 
been postulated in the pathogenesis of major psychiatric condi-
tions, the clear separation of Glu and Gln resonances at UHF 
compared to lower magnetic fields (Figure 3) might shed light on 
understanding their plausible mechanisms (41). Glu is the main 

excitatory neurotransmitter in the brain, present in about 80% of 
synapses, and it is one of the key components of cellular energy 
metabolism. It has an average concentration of 6–13  µmol/g 
with significant differences between gray and white matter (42). 
Released Glu is taken up into astrocytes where it is converted to 
Gln. This process prevents the toxic effect of excess Glu on neu-
rons. Subsequently, Gln is released into the extracellular space, to 
be taken into the presynaptic terminals and converted back into 
Glu. Gln concentrations are around 2–4 µmol/g (42). GABA, the 
main inhibitory neurotransmitter, is closely linked to the Glu and 
Gln molecules. It is produced from Glu by glutamate decarboxy-
lase and has concentration of circa 1–µmol/g (42). GABA plays an 
important role in maintaining the correct excitation–inhibition 
balance of cortical networks. Due to its low natural concentrations 
and proximity of more abundant metabolites of NAA at 2 ppm, 
tCr at 3 ppm, and Glu and Gln at 2.3 ppm, reliable quantification 
of GABA benefits from improved SNR and increased resolution 
offered by UHF compared to lower magnetic fields (43).

To our knowledge, only a few studies have assessed the gluta-
matergic system at UHF, and most of them focused on SCZ. One 
study has shown no differences in Glu levels between patients with 
SCZ and healthy controls in medial prefrontal cortex (mPFC) 
and parieto-occipital cortex (OCC) (44). There was, however, an 
effect of age and gender on mPFC Glu concentration, with lower 
Glu in older participants and in males, irrespective of disease. 
These are also found lower GABA/Cr ratio in patients in mPFC 
but not in parieto-OCC.

Another 7  T study explored differences between medicated 
patients with SCZ, their healthy relatives and healthy non-related 
controls – finding reduced cortical Glu in patients with SCZ 
compared to healthy controls, as well as reduced Glu in healthy 
relatives, suggesting that Glu concentrations were associated with 
genetic load for illness (45). They also found reduced cortical 
GABA in patients compared with both healthy relatives and the 
pooled sample of healthy individuals (relatives and non-relatives), 
suggesting an association of altered GABA concentrations in SCZ 
with either illness state or medication effects. There were no dif-
ferences in metabolite concentrations in basal ganglia.

One other 7 T study has showed an effect of age in relation to 
illness, with higher Glu levels in ACC in patients with SCZ under 
the age of 40 compared to controls, with no differences between 
patients over 40 and controls (46). An inverse correlation of Glu 
with age was found for patients but not controls, suggesting an 
ongoing pathological process during which Glu might decline 
through the course of the disease. There were no differences in 
Glu, Gln, Glu/Gln ratio, or GABA when comparing all patients 
to all controls.

To our knowledge, there has been only one UHF study in 
mood disorders—a 7  T MRSI investigation in MDD, which 
showed no statistically significant difference in Glu, Gln, and 
GABA levels across the number of regions, although there was 
an increase in Glu after 8 weeks of mindfulness-based cognitive 
therapy (MBCT) (47).

A pilot 7 T study has shown widespread reductions in Glu 
in anorexia patients as compared to healthy controls (48). 
Previous studies at 3 T in this group of patients measured Glx 
(a combined measure of Glu and Gln), and some, although not 
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all of them, reporting a decrease. A separation enabled by UHF 
MRS allowed for the identification of the likely key contributor 
to this change.

Complementary to the fMRI, functional MRS (fMRS) could 
help relate functional impairments to psychiatric disorder. The 
potential of fMRS has been demonstrated by detecting meta-
bolic changes in the brain induced by different types of physi-
ological interventions (49–52). For instance, a recent study has 
demonstrated a correlation between Glu and BOLD-fMRI time 
courses using a novel combined fMRI-MRS sequence (53). Thus, 
fMRS could be used to measure neurochemical levels to study 
glutamatergic response and/or energy metabolism in psychiatric 
disorders during different physiological interventions. A recent 
fMRS study at 7  T has successfully demonstrated differential 
response of the glutamatergic system to a Stroop task in patients 
with SCZ, MDD, and healthy controls (54).

Ultra-high-field studies are a potentially useful tool in drug 
discovery. They can help to understand more precisely mecha-
nisms of action of medications and explore their potential in the 
context of known pathophysiology of psychiatric conditions. 
This would apply to both existing treatments, with the view of 
repurposing, and new ones, whose mode of action may suggest 
their potential use in known pathologies. Two UHF studies on 
medication effect can serve as a good example. One of them 
studied the effect of gabapentin, indicated for treatment of focal 
seizures, peripheral neuropathic pain, and migraine prophylaxis, 
which has also been used as an adjunctive treatment in mood 
disorders. In a 7  T study Cai et  al. (20) found a mean 55.7% 
increase in occipital GABA in response to gabapentin challenge 
in healthy volunteers. This was consistent with another study in 
healthy volunteers performed at 4.1 T (55). Given that a decrease 
in GABA in MDD has been postulated (56), this effect, although 
obtained in healthy volunteers, is of potential interest to MDD 
treatment. Another study in healthy participants has shown 
a decrease in Glu and Gln under the influence of ebselen, a 
potential lithium-mimetic and glutaminase inhibitor, in healthy 
volunteers (57). This finding supports its further exploration as 
treatment for BD in the light of postulated increased in Glx levels 
in this condition (the effect of ebselen on myo-inositol (myo-Ins) 
is described below).

These findings at UHF would be important for interpretation 
of lower magnetic field studies in psychiatric disorders where 
there are many conflicting results, partly because distinguishing 
Glu, Gln, and GABA is difficult due to the lower SNR and spectral 
resolution. For instance, a meta-analysis by Merritt et al. (58) in 
SCZ suggested elevations in glutamatergic metabolites across 
several brain regions, including limbic areas and frontal regions. 
Another meta-analysis (59) suggested reduced Glu and elevated 
Gln in frontal regions in patients, with their levels decreasing with 
age but only in the patient group. A review by Poels et al. (60) 
suggested that Glu activity (as indexed by Glu and Glx levels) 
might be elevated in medication-free early-stage patients with 
psychosis, while they decrease after treatment and in chronic 
patients.

Again at conventional magnetic fields, GABA-related findings 
in SCZ show increase, decrease, and no difference (61). One 
meta-analysis showed a trend toward lower GABA in patients, 

which, however, did not reach significance (56). This, however, 
would be consistent with two of the 7  T studies in SCZ noted 
above (44, 45).

Findings from 3 T studies suggest, to a reasonably consistent 
degree, decreased Glu and Glx levels in MDD and increased 
levels in BD, as suggested by meta-analyses (62–64) and reviews 
(65–68). The changes were shown across a number of regions 
important for mood processing, such as prefrontal cortex, the 
hippocampus and the amygdala, across different ages (69), and, 
in BD, seemed to be independent of the current mood state 
or medication status. Only a few studies attempted discrimi-
nation between Glu, Gln, and GABA at 3  T using J-resolved 
(70) and J-editing MRS sequences (71) in depressed patients. 
Both a decrease (71) and no change in GABA (70) levels were 
reported. A recent meta-analysis (56) has shown reduced 
GABA concentration in currently depressed MDD patients but 
not in remitted MDD patients compared with healthy controls, 
while there were no differences between patients with BD and 
controls.

NAA AND N-ACeTYLASPARTYLGLUTAMiC 
ACiD (NAAG)

Another two molecules that can benefit from increased separa-
tion at UHF are NAA and NAAG (15). NAA is mainly found in 
neurons, it is considered a marker of neuronal integrity/func-
tion, and its concentration is in the range of 8–14 µmol/g under 
normal conditions (42). NAAG is a derivate of NAA and Glu 
and acts as an agonist at metabotropic Glu receptor type 3 (72). 
Animal studies indicate that it may play a role in psychiatric con-
ditions. For instance, it has been demonstrated that an alteration 
of synaptic NAAG levels represents a new therapeutic approach 
to treating the positive and negative symptoms of SCZ (73). 
Rare reports on NAAG encourage further exploration, showing 
differences in its concentration between patients with SCZ and 
healthy controls (74). The singlet of NAA at 2.02 ppm is the most 
prominent metabolite signal, whereas the detection of NAAG in 
human brain by MRS is challenging at lower magnetic field due 
to its relatively low concentration and the overlap with intense 
signals of NAA and Glu. Similar to the separation of Glu and Gln 
at UHF, the separation of NAA and NAAG also benefits from 
improved resolution and increased SNR at UHF. Interestingly, 
a recent 7 T study has shown a reduction in NAA/tCr levels in 
patients with MDD, which normalized after 8 weeks of MBCT 
treatment (47).

Large meta-analyses of lower field studies in SCZ, reported 
possibly disease stage-related NAA reductions in frontal and 
medial temporal regions (75, 76) and in basal ganglia (75). In 
BD, a large meta-analysis (76) found an NAA decrease in basal 
ganglia only, while there were elevations in dorso-lateral pre-
frontal cortex; in this second region, data heterogeneity across 
the included studies was high, however. It was suggested that 
in BD, medication status, particularly with lithium, might be a 
confounder. Indeed, some studies showed a decrease in NAA in 
drug-free BD patients, with some of NAA increases after treat-
ment with lithium (63). There is no convincing evidence of NAA 
changes in MDD (62, 69, 77).
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Cr AND PCr

Total Cr, a combined measure of Cr and PCr (tCr, Cr + PCr), 
is often used as a reference molecule in MRS analysis. However, 
tCr level should be used with caution as an internal concentra-
tion reference since it might change with disease, complicating 
the interpretation of changes in ratios relative to tCr (78, 79). Cr 
and PCr have an important physiological role acting as a system 
for quick generation and storage of energy by moving phosphate 
groups between ATP and ADP in anaerobic processes in tissues 
and organs with high and quickly changing energy demands, 
such as the brain. Changes in their concentration may be linked 
to disturbances in energy metabolism and their assessment can 
provide important information about underlying pathologies. 
Most studies assessing PCr-Cr cycle used 31P MRS, with changes 
reported in a number of psychiatric conditions, such as SCZ 
(80). While this is an informative way of assessing PCr-Cr cycle 
activity, information on other metabolites of interest cannot be 
acquired simultaneously, which would be the main benefit of 
UHF in this context (81). A discussion of 31 P studies is beyond 
the scope of this paper.

myo-ins AND GLYCiNe (Gly)

The main, resolved resonance of myo-Ins is at 3.56  ppm (42). 
This resonance, at lower magnetic field strength also contains 
contributions from the amino acid, Gly (42). myo-Ins is one of 
the larger signals in short echo time spectra, with a concentration 
of 5–10 µmol/g whereas Gly present in normal human brain at up 
to a 1 µmol/g concentration (42). myo-Ins is a precursor for the 
phosphatidylinositol second messenger system. Predominantly 
located in astrocytes, it is often considered to be a glial marker.  
It also has an established role in osmoregulation. Gly is a co-ago-
nist of Glu for the NMDA receptor and is necessary for Glu effect. 
Due to this, it may play an important role in the pathogenesis 
of disorders for which dysfunction of the glutamatergic system 
has been postulated, such as mood disorders and SCZ. In addi-
tion, it has been shown that Gly administration to SCZ patients 
improves the efficacy of conventional antipsychotic drugs, such 
as olanzapine and risperidone (82).

At lower magnetic fields, Gly detection requires specific MRS 
sequences to separate myo-Ins and Gly signals, such as the two-
dimensional J-PRESS (83) and TE-optimized triple refocusing 
(84). At UHF, the improvement in separation of myo-Ins and Gly 
resonances has been demonstrated without requiring any spe-
cific MRS sequence (85). Thus, the use of UHF creates a unique 
opportunity for the separation of these two molecules, a finding 
potentially important for treatment development.

As for myo-Ins, two recent 7 T studies have reported decreased 
levels of myo-Ins in MDD, one in the insula (47), with levels 
correlating with depression severity as measured by Hamilton 
Depression Rating Scale (HAMD-17), and one in ACC and 
thalamus (86). Another 7 T study has shown a reduction in myo-
Ins in the ACC and OCC of patients with anorexia nervosa (48). 
Two studies in patients with SCZ that reported myo-Ins found no 
differences in ACC (44) and thalamus (86) between patients and 
controls. As for Gly, a recent 7 T study (86) found reductions in 

the thalamus but not ACC of patients with SCZ as compared to 
healthy controls and patients with MDD.

myo-inositol is perhaps most interesting in the therapeutic 
context, given that lithium, an effective mood stabilizer, has 
an ability to diminish its levels and potentially thereby lower 
signaling through synapses employing the PI cycle as a second 
messenger system. A 3 T study in healthy volunteers aimed to 
assess the effect of ebselen, a putative lithium-mimetic and 
IMPase inhibitor and found a decrease in ACC myo-Ins under its 
influence (78); the finding was then replicated on a 7 T scanner 
(57), with the additional benefit of providing information on Glu 
and Gln changes, described above.

Only a few studies at lower fields showed differences in myo-
Ins levels between patient populations and healthy controls,  
e.g. decreased myo-Ins in frontal areas of the brain in MDD (87). 
However, due to signal overlap between myo-Ins and Gly, Gly 
has not been reported in low-field MRS studies of psychiatric 
disorders.

GLUTATHiONe (GSH)

The importance of GSH relates to its role as a major endogenous 
antioxidant removing free radicals and, hence, protecting cells 
against the effect of oxidative stress. GSH peaks appear as a 
singlet at 3.77 ppm, multiplets at 2.15 and 2.55 ppm, and doublet 
of doublets at 2.93, 2.98, and 4.56 ppm (42). It has relatively high 
concentrations in the brain (2–3 µmol/g) (42). However, it is chal-
lenging to measure in vivo due to significant resonance overlap 
with other metabolites. GSH can be detected using selective edit-
ing techniques at lower magnetic fields. In addition, a reasonably 
robust measurement from non-edited short echo spectra using 
fitting routines such as LCModel has been demonstrated (88). 
Recent MRS studies without special editing techniques at UHF 
demonstrated improved GSH quantification providing valuable 
new insights into physiatrist disorders (89).

The role of increased oxidative stress has been postulated in 
the pathogenesis of major psychiatric conditions. Measurement 
of GSH is challenging at lower fields and it was reported in 
only a few 3  T studies (90, 91). MRS at UHF improves GSH 
quantification providing (89). A 7 T study in MDD observed 
a decrease in GSH in the putamen, in line with the findings  
of a 3 T study (47), which has shown a decrease in the OCC of 
MDD patients. The aforementioned 7 T study on the effect of 
ebselen has shown a decrease in GSH under the influence of the 
drug (57). Two other 7 T studies, one in SCZ (46) and one in 
anorexia (48) did not observe any differences between patients 
and healthy controls.

LiMiTATiONS AND POTeNTiAL

Scanning at UHF, although in many ways advantageous, is not 
free from limitations, which can hamper its use for clinical 
applications. One such limitation is potential safety hazards. 
While no physiological health hazards have been identified in 
connection to UHF, there are potential dangers related to higher 
magnetic fields, such as the potential for tissue heating, and 
effects of UHF on implanted devices, such as surgical clips, coils, 
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and stimulation effects. More research is underway in the cent-
ers across the world to assess dangers related to specific devices. 
In practical terms, however, safety protocols lead to a significant 
proportion of patients being excluded from studies, which may 
make results from 7  T investigations difficult to generalize. 
Another issue is the cost of scanning, which is likely to change 
with time but currently can make clinical applications impracti-
cal. Last but not least, UHF studies share some of the limitations 
with lower field studies. Such limitations include, among others, 
differences between volunteers in different studies, the lack of 
clinically relevant stratification, for instance in terms of disorder 
severity or stage of the condition, medication status, differences 
in study design or MRS signal acquisition, and post processing, 
which can make results difficult to compare. The emerging, 
albeit at this point limited, picture of UHF studies suggests that 
they may not be free from inconsistencies characterizing lower 
field studies.

Despite these limitations, UHF MRS may offer important 
advantages over lower fields, thanks to which it could become a 
useful and powerful tool in the clinical context. It can provide 

information about molecules crucial to both physiological func-
tions of the brain and pathogenesis of psychiatric conditions, 
assessment of which could not be reliably performed at lower 
fields. In the future, UHF MRS may explore approaches based 
on other nuclei, such as 31P, which will increase the amount 
of information that can be obtained. Importantly, UHF MRS 
may also be useful as a tool for drug discovery in terms of both 
understanding existing treatments and testing the neurochemi-
cal effects of novel pharmacological approaches.
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Purpose: To assess reproducibility of glutamate measurement in the human brain 
by two short echo time (TE) 1H-MRS sequences [stimulated echo acquisition mode 
(STEAM) and semi-localized by adiabatic selective refocusing (sLASER)] at 7 T. Reliable 
assessment of glutamate is important when studying a variety of neurological and neu-
ropsychiatric disorders. At 7 T, the glutamate signal can be separated from the glutamine 
signal and hence more accurately measured as compared to lower field strengths. A 
sLASER sequence has been developed for 7 T, using field focusing at short TE, resulting 
in twice as much signal as can be obtained using STEAM and improved localization 
accuracy due to a decreased chemical shift artifact.

Materials and methods: Eight subjects were scanned twice using both STEAM and 
sLASER. Data were acquired from the frontal and occipital brain region. Subsequently, 
intraclass correlations were computed for the estimated metabolite concentrations.

results: sLASER has higher ICC’s for glutamate concentration as compared to STEAM 
in both the frontal and occipital VOI, which is probably due to the higher sensitivity and 
localization accuracy.

conclusion: We conclude that sLASER 1H-MRS at 7 T is a reliable method to obtain 
reproducible measures of glutamate levels in the human brain at such high accuracy that 
individual variability, even between age-matched subjects, is measured.

Keywords: glutamate, magnetic resonance spectroscopy, reproducibility, brain, 7 T

inTrODUcTiOn

In vivo 1H magnetic resonance spectroscopy (1H-MRS) can be used to determine glutamate levels in 
the human brain. Glutamate is the primary excitatory neurotransmitter in the mammalian central 
nervous system. Examining glutamate levels is important when studying a variety of neuropsy-
chiatric conditions, including schizophrenia, bipolar disorder, depression, Alzheimer’s dementia, 
and anxiety disorders (1). Up until now, the majority of studies examining glutamate in psychiatric 
disorders using 1H-MRS were conducted at magnetic field strengths of 4  T or lower. However, 
measurement of glutamate with 1H-MRS is challenging at lower field strengths, due to its spectral 
overlap with glutamine. A magnetic field strength of 7 T not only results in an increased signal-
to-noise ratio (SNR) but also in an increased chemical shift dispersion. Therefore, the glutamate 

http://www.frontiersin.org/Psychiatry/
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyt.2017.00060&domain=pdf&date_stamp=2017-04-21
http://www.frontiersin.org/Psychiatry/archive
http://www.frontiersin.org/Psychiatry/editorialboard
http://www.frontiersin.org/Psychiatry/editorialboard
https://doi.org/10.3389/fpsyt.2017.00060
http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:r.mandl@umcutrecht.nl
https://doi.org/10.3389/fpsyt.2017.00060
http://www.frontiersin.org/Journal/10.3389/fpsyt.2017.00060/abstract
http://www.frontiersin.org/Journal/10.3389/fpsyt.2017.00060/abstract
http://www.frontiersin.org/Journal/10.3389/fpsyt.2017.00060/abstract
http://www.frontiersin.org/Journal/10.3389/fpsyt.2017.00060/abstract
http://loop.frontiersin.org/people/110880
http://loop.frontiersin.org/people/44734
http://loop.frontiersin.org/people/8040


FigUre 1 | Typical spectra for the semi-localized by adiabatic selective refocusing (slaser) sequence (left) and stimulated echo acquisition mode 
(sTeaM) sequence (right).
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and glutamine resonances can be adequately separated, and 
glutamate can be accurately determined (2). The full in-phase 
glutamate signal can be acquired using short echo time (TE)  
1H-MRS sequences. For human brain applications, the stimulated 
echo acquisition mode (STEAM) sequence is the most commonly 
used method at 7  T for localization For human brain applica-
tions, the stimulated echo acquisition mode (STEAM) sequence 
is the most commonly used method at 7 T for localization (3), 
in particular for metabolites with a short T2 (e.g., glutamate). 
However, STEAM suffers from severe SNR loss because only 
half of the available signal can be obtained (Figure 1). Recently, 
a semi-localized by adiabatic selective refocusing (sLASER) 
sequence has been developed for appli cation at a magnetic field 
strength of 7 T. sLASER can be applied to the human brain with a 
conventional volume head coil, and the full signal can be acquired 
at short TE with a small chemical shift displacement artifact. 
The two transmit channels in a conventional volume head coil 
are driven independently, generating a maximized B1

+ field and 
allowing the use of short adiabatic refocusing pulses for single-
voxel MRS in most of the brain (4).

When performing clinical 1H-MRS studies, it is necessary to 
reliably detect changes in metabolite levels caused by diseases. 
As mentioned above, glutamate assessment in the human brain 
has been challenging at low magnetic field strengths due to 
poor spectral resolution and SNR loss. With the introduction 
of the sLASER sequence at 7 T, these issues could be overcome. 
To determine if sLASER can be used as a standard in 1H-MRS, 
studies of glutamate levels in psychiatric disorders, it is needed 
to assess the reproducibility of glutamate measurement with the 
sLASER sequence. To evaluate this, experiments were performed 
at two time-points in eight healthy, age-matched volunteers. 
Both the STEAM and sLASER sequence were used to measure 
metabolite concentrations in the frontal as well as the occipital 
brain region. In addition, we fitted the data into metabolite con-
centrations using three models, each including a different amount 
of metabolite basis sets, to evaluate the robustness of the results.

MaTerials anD MeThODs

subjects
Eight healthy subjects (21–29 years, mean ± SD = 23.9 ± 2.4 years, 
three males, five females) were scanned twice, with 2  weeks 
between the measurements. Written informed consent, as 

approved by the institutional ethics board, was given by all 
volunteers prior to the examinations. Participants had no major 
psychiatric or neurological history and no history of drug or alco-
hol abuse, as tested with the Mini International Neuropsychiatric 
Interview Plus (MINI-Plus) (5). Participants had no first degree 
relatives with psychiatric or neurological disorders. We excluded 
the first measurement with the sLASER sequence in the occipital 
lobe in one subject because of low spectral quality.

Mr acquisition
All investigations were performed on a 7 T whole body MR scan-
ner (Philips, Cleveland, OH, USA). A birdcage transmit head 
coil was used in dual transmit driven by 2 × 4 kW amplifiers, in 
combination with a 16-channel receive coil (both Nova Medical, 
Inc., Burlington, MA, USA). A T1-weighted MP-RAGE sequence 
(450 slices, slice thickness = 0.8 mm, TR = 7 ms, TE = 3 ms, flip 
angle = 8°, FOV = 250 mm × 200 mm × 180 mm, 312 × 312 acquisi-
tion matrix, SENSE factor 2.7, scan duration = 408 s) was obtained 
for anatomical reference and gray and white matter (GM and WM) 
tissue classification. 1H-MRS experiments were conducted with 
two short TE sequences, i.e., STEAM (stimulated echo acquisition 
mode; TE = 7.8 ms, 128 averages, TR = 2 s) and sLASER (semi-
localized by adiabatic selective refocusing; TE = 28 ms, 16 aver-
ages, TR = 5 s). Voxels (2 cm × 2 cm × 2 cm) were located in the 
left frontal and left occipital lobe (Figure 2). Non-water suppressed 
spectra were obtained for quantification (carrier frequency was set 
to the chemical shift of H2O, acquisition time =  10  s). Prior to 
the MRS exams, second order B0 shimming was applied using the 
FASTERMAP algorithm at the voxel of interest (6, 7). Second, at 
this location, a high B1 field was generated to minimize chemical 
shift displacement artifacts (8). The highest possible B1 field was 
generated by optimizing the phase of both transmit channels to 
locally assure constructive B1 interferences (4).

spectral Fitting and Quantification
Retrospective phase and frequency alignment was performed 
on all data sets of each measurement (9). Spectral fitting was 
performed with LCModel-based software implemented in Matlab 
(10), which uses a priori knowledge of the spectral components 
to fit metabolite resonances (11). Basis sets were generated for the 
STEAM and sLASER sequence. Three separate fitting procedures 
were performed on all data sets to examine if the amount of metab-
olites included in the model influences the reproducibility of the 
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TaBle 1 | Metabolites that were fitted to the spectra using three different 
fitting procedures.

Metabolites 8-metabolite  
fit

12-metabolite  
fit

16-metabolite 
fit

Acetate (Ace) x
Aspartate (Asp) x
Choline (Cho) x x
Phosphorylcholine (PC) x x x
Glycerophosphorylcholine 
(GPC)

x x

Phosphorylethanolamine (PE) x x x
Creatine (Cr) x x
Phosphocreatine (PCr) x x x
N-acetyl aspartate (NAA) x x x
N-acetyl aspartyl glutamate  
(NAAG)

x x

Gamma-aminobutyric acid  
(GABA)

x

Glutamate (Glu) x x x
Glutamine (Gln) x x x
Glutathione (GSH) x x x
Myo-inositol (mIns) x x x
Taurine (Tau) x
Macromolecules (MM) x x x

FigUre 2 | Placement of the frontal (left) and occipital (right) voxel.
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data. In the separate fitting procedures 8 (PC, PE, PCr, NAA, Glu, 
Gln, GSH, mIns), 12 (Cho, PC, GPC, PE, Cr, PCr, NAA, NAAG, 
Glu, Gln, GSH, mIns) or 16 (Ace, Asp, Cho, PC, GPC, PE, Cr, 
PCr, NAA, NAAG, GABA, Glu, Gln, GSH, mIns, Tau) metabolites 
and a measured macromolecular baseline (12) were fitted to the 
spectra (Table 1). Metabolite levels were estimated using the water 
signal as an internal reference and calculated as follows:
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where [met] is the metabolite concentration, signalmet is the fitted 
signal intensity of the metabolite, accounting for the number 
of protons, and signalwater is the fitted signal intensity of water, 
accounting for the number of protons; volGM, volWM, and 
volCSF are, respectively, the GM content, WM content, and 
cerebrospinal fluid (CSF) content in the voxel; and [waterGM], 
[waterWM], and [waterpure] are, respectively, the water concentra-
tion in GM, WM, or CSF. For determining the contribution of 
GM, WM, and CSF of each voxel, the software package SPM8 
was used to segment the T1-weighted image. In the T1-weighted 
image, the position of the 1H-MRS voxel was determined, after 
which the amount of GM, WM, and CSF in the 1H-MRS voxel 
was computed. To account for differences in transverse relaxation 
between water and metabolites, a correction was applied based on 
reported T2 values at 7 T of 47 ms on average for water and 107 ms 
assumed for the metabolites (13).

statistical analysis
To assess the reproducibility for glutamate, and the major spectral 
components total N-acetyl aspartate (NAA) (NAA + NAAG), total 
creatine (Cr + PCr), and total choline (Cho + PCH + GPC + PE), a 
test–retest reliability test was performed (SPSS 15.0, Chicago, IL, 
USA) for each sequence and VOI, by calculating the intraclass 
correlation coefficient using a two-way mixed model ANOVA. 
We reported the average measures intraclass correlations (ICC), 
since it takes into account the average of the values of the two 
scan sessions. A negative ICC indicates that the measurement is 
not reliable.

resUlTs

Glutamate concentrations for all subjects at the two scan sessions 
and as determined by the three different fitting procedures are 
shown in Figures 3–5. ICC’s and p-values are shown in Table 2. 
Coefficients of variation values are provided in Table S7 in 
Supplementary Material. Average metabolite concentrations 
are shown in Table 3. In the frontal lobe, the sLASER provides 
significant ICC’s when fitting with 8 or 16-metabolite basis sets.

To evaluate the precision of the quantification of the most 
commonly obtained metabolites, average metabolite concentra-
tions, ICC’s, and p-values are shown in the supplemental figures 
and tables (Figures S1–S3 in Supplementary Material and Tables 
S1 and S2 in Supplementary Material for NAA, Figures S4–S6 in 
Supplementary Material and Tables S3 and S4 in Supplementary 
Material for Cr, and Figures S7–S9 in Supplementary Material 
and Tables S5 and S6 in Supplementary Material for Cho).

For the occipital lobe, a significant ICC was found only for 
NAA measured with sLASER and fitted with the 12-metabolite 
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FigUre 3 | glutamate concentrations calculated with an 8-metabolite fit at day 1 (x-axis) and day 2 (y-axis). The line x = y represents a correlation of +1 
between the two measurements. A point-spread along the line x = y represents detection of mainly physiological variation, a point-spread perpendicular to the line 
x = y represents detection of mainly methodological variation.
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basis set. Bland–Altman plots for significant ICC’s are shown in 
Figure S10 in Supplementary Material.

DiscUssiOn

In this study, we estimated the reproducibility of glutamate 
measurements using the STEAM and sLASER sequence at 7 T 
in two different areas of the human brain. As compared to the 
commonly used STEAM sequence, sLASER seems to be a more 
robust method for determining glutamate levels. It produces 
similar results at different time-points and is sensitive enough to 
detect physiological differences between subjects. Particularly, in 
the frontal brain region that plays an important role in psychiat-
ric disorders (14–18), glutamate concentrations measured with 
sLASER show a high reproducibility.

Concentrations of NAA, creatine, and choline are expected to 
remain stable over subjects, particularly in the small age range 
used in this study (19, 20), hence one would expect lower ICC’s 
for these metabolites, as the between subjects variance is low. The 
results for sLASER indeed show that the ICC’s for NAA, creatine, 
and choline are lower than the ICC computed for glutamate. This 
has already been shown for sLASER at 3 T (21). In contrast to 
glutamate, NAA, creatine, and choline do not suffer from overlap 
with other metabolites at lower field strength and show low 
between subjects variances. Therefore, measurements of these 
metabolites at 7 T only result in a higher SNR, while the low ICC’s 
remain.

We note that, in contrast to the sLASER measurements, a clear 
difference in variance can be observed between the two measure-
ments using STEAM (see for instance Figure 3). This suggests 
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FigUre 4 | glutamate concentrations calculated with a 12-metabolite fit at day 1 (x-axis) and day 2 (y-axis). The line x = y represents a correlation of +1 
between the two measurements. A point-spread along the line x = y represents detection of mainly physiological variation, a point-spread perpendicular to the line 
x = y represents detection of mainly methodological variation.
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that the STEAM sequence is more sensitive than the sLASER 
sequence to external factors that are apparently difficult to control 
as we tried to keep the conditions in our experiments the same 
as much as possible. As mentioned before, STEAM suffers from 
reduced localization accuracy as compared to sLASER, which 
may compromise the precision of the measurement. Also, the 
longer measurements times used with the STEAM sequence to 
partly compensate SNR loss, may have caused reduced stability. 
Additionally, a fitting procedure including 12 or more metabolite 
basis sets seems to more robustly display measured metabolite 
levels. It is known that omitting basis sets from metabolites that 
are indeed present in the tissue of interest leads to a systematic 
bias and potential overlap of the fitted metabolite resonances and 
thereby detects physiological and methodological variations less 
accurately (22, 23). This seems to be the case in a fitting procedure 

that includes basis sets for only eight metabolites, for which we 
generally observed small within and between subjects variations, 
whereas fitting procedures including basis sets for 12 or 16 
metabolites show larger variations within and between subjects.

Several limitations have to be considered when interpreting 
the results of this study. First, only eight subjects were examined. 
Although this was not enough to establish the reliability for the 
STEAM sequence, it was enough to establish the reliability of the 
sLASER sequence. This finding speaks in favor of the sLASER 
sequence. On the other hand, application of the STEAM sequence 
in clinical studies is easier since it does not require additional 
hardware modifications. To reach a short TE on the system we 
used, the sLASER required a dual transmit option. This may not 
be routinely available on all 7-T MR systems, and it also requires 
slightly more scan preparation, e.g., determination of the optimal 
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TaBle 2 | icc’s and p-values for measurement of glutamate concentrations, using semi-localized by adiabatic selective refocusing (slaser) and 
stimulated echo acquisition mode (sTeaM) in a frontal and occipital VOi, for three different fitting procedures.

slaser sTeaM

Frontal Occipital Frontal Occipital

intraclass correlations (icc) p-Value icc p-Value icc p-Value icc p-Value

8-metabolite fit 0.77 0.04 0.28 0.35 0.17 0.41 −3.62 0.97
12-metabolite fit 0.65 0.09 0.61 0.14 0.58 0.14 0.42 0.24
16-metabolite fit 0.80 0.03 0.34 0.31 0.56 0.15 0.54 0.17

FigUre 5 | glutamate concentrations calculated with a 16-metabolite fit at day 1 (x-axis) and day 2 (y-axis). The line x = y represents a correlation of +1 
between the two measurements. A point-spread along the line x = y represents detection of mainly physiological variation, a point-spread perpendicular to the line 
x = y represents detection of mainly methodological variation.
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phase of the two input channels. If fully automated, however, this 
would only require several seconds.

A potential cause of variation between repeated measure-
ments might be the manual positioning of the VOIs. Differences 

in location may result in different contributions of GM, WM, 
and CSF, which may affect the measured metabolite levels 
(21). However, the ICC’s of GM and WM content between the 
first and second measurement in the frontal (GM: ICC = 0.89, 
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TaBle 3 | glutamate concentrations (average ± sD, in millimolars) at the first and second measurement, using semi-localized by adiabatic selective 
refocusing (slaser) and stimulated echo acquisition mode (sTeaM) in a frontal and occipital VOi, for three different fitting procedures.

slaser sTeaM

Frontal Occipital Frontal Occipital

Day 1 Day 2 Day 1 Day 2 Day 1 Day 2 Day 1 Day 2

8-metabolite fit 8.7 ± 1.2 8.1 ± 1.2 7.3 ± 1.2 7.5 ± 1.8 8.6 ± 1.1 7.4 ± 1.3 5.6 ± 0.6 6.4 ± 0.6
12-metabolite fit 12.6 ± 1.7 11.5 ± 2.1 10.8 ± 1.7 12.1 ± 3.5 18.1 ± 4.0 16.9 ± 4.0 11.6 ± 3.9 13.7 ± 2.8
16-metabolite fit 13.6 ± 2.3 12.5 ± 2.5 11.2 ± 1.9 11.7 ± 2.1 19.8 ± 3.9 19.3 ± 5.1 12.9 ± 6.3 15.9 ± 2.4
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p < 0.01; WM: ICC = 0.87, p < 0.01) and the occipital voxel (GM: 
ICC = 0.69, p = 0.07; WM: ICC = 0.67, p = 0.09) indicate only 
small variations in positioning. Larger variations in positioning 
and thus slightly smaller ICC’s for GM and WM content, could 
explain the fact that no significant ICC’s for metabolite levels were 
found in the occipital region. Also, we corrected the measured 
metabolite levels for contribution of GM, WM, and CSF by tissue 
segmentation of the VOIs based on the T1-weighted image. While 
this corrects for the differences in water content and assumed 
absence of glutamate in CSF, it does not correct for differences 
in glutamate between GM and WM. However, it is not plausible 
that systematic variations in GM and WM content of the VOIs are 
causing high ICC’s for glutamate concentrations, since we did not 
find significant correlations between glutamate concentrations 
and GM content, and including GM or WM fractions as a regres-
sor in the analyses did not yield different results. For completeness, 
the analysis was repeated on the uncorrected data (no correction 
for GM and WM fractions), but this did not change the nature of 
our findings.

We conclude that the sLASER sequence can be successfully 
applied for glutamate measurements in the human brain at 7 T. MR 
spectra acquired at different time-points, and in a well-controlled 
population, are comparable and robust and the variance is mainly 
caused by physiological differences between subjects, since the 
methodological variation is reduced when using sLASER com-
pared to STEAM. This is particularly beneficial when studying 
populations that are difficult to recruit, since sLASER requires a 
smaller sample size than STEAM to detect physiological differ-
ences between subjects.
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Proton magnetic resonance spectroscopy (1H MRS) is a well-established technique 
for quantifying the brain regional biochemistry in vivo. In most studies, however, the 1H 
MRS is acquired during rest with little to no constraint on behavior. Measured metab-
olite levels, therefore, reflect steady-state concentrations whose associations with 
behavior and cognition are unclear. With the recent advances in MR technology—higher- 
field MR systems, robust acquisition techniques and sophisticated quantification 
methods—1H MRS is now experiencing a resurgence. It is sensitive to task-related 
and pathology-relevant regional dynamic changes in neurotransmitters, including 
the most ubiquitous among them, glutamate. Moreover, high temporal resolution 
approaches allow tracking glutamate modulations at a time scale of under a minute 
during perceptual, motor, and cognitive tasks. The observed task-related changes in 
brain glutamate are consistent with new metabolic steady states reflecting the neural 
output driven by shifts in the local excitatory and inhibitory balance on local circuits. 
Unlike blood oxygen level differences-base functional MRI, this form of in vivo MRS, 
also known as functional MRS (1H fMRS), yields a more direct measure of behavior-
ally relevant neural activity and is considerably less sensitive to vascular changes.  
1H fMRS enables noninvasive investigations of task-related glutamate changes that 
are relevant to normal and impaired cognitive performance, and psychiatric disorders. 
By targeting brain glutamate, this approach taps into putative neural correlates of 
synaptic plasticity. This review provides a concise survey of recent technological 
advancements that lay the foundation for the successful use of 1H fMRS in cognitive 
neuroscience and neuropsychiatry, including a review of seminal 1H fMRS studies, 
and the discussion of biological significance of task-related changes in glutamate 
modulation. We conclude with a discussion of the promises, limitations, and out-
standing challenges of this new tool in the armamentarium of cognitive neuroscience 
and psychiatry research.
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FiGURe 1 | Conceptual framework comparing the “balanced” excitatory and inhibitory (E/I) synaptic drive at stimulus-free and stimulus-dependent conditions in 
cortex with glutamatergic pyramidal neurons in blue and GABAergic interneurons in red (A). The difference between conditions is conceptualized as a shift toward 
greater excitability at stimulus onset compared to a no-stimulus condition that is represented as sliding bars with excitatory in blue and inhibition in red (B). This shift 
leads to a new metabolic steady state reflected in the increased glutamate as illustrated in the individual signal in blue extracted from the 1H MRS spectrum shown 
in black (C). The “+” and “−” symbols signify the excitatory and inhibitory synaptic activity, respectively.
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iNTRODUCTiON

Understanding of human behavior and cognition as products 
of their neural substrates depends on elucidation of the neural 
foundations of information processing. With the brain neurons 
comprising only about 10% of the gray matter bulk (1), allocating 
the lion share of brain energy supply to neurotransmission (2) 
suggests that deciphering the relationships between neurotrans-
mitter dynamics and cognitive operations is key to success of 
that enterprise. Most (up to 80%) of cortical and hippocampal 
neurons are excitatory with glutamate as their dominant neu-
rotransmitter, while the remaining 20% are inhibitory and have 
γ-aminobutyric acid (GABA) as their principal neurotransmitter 
(3). Therefore, understanding the dynamics of these neuro-
transmitter’s release during cognitive operations is particularly 
important for elucidating the mechanisms of normal and abnor-
mal behavior. Notably, cortical glutamatergic and GABAergic 
neurons do not act as separate excitatory and inhibitory entities 
but are highly integrated into neural ensembles within local 

and long-range circuits, in which the “balanced” excitatory and 
inhibitory (E/I) synaptic drive serves as the functional basis of 
coherent networks (4–7).

In the cortex, sensory input, motor output as well as per-
ceptual, and cognitive activity evoke temporally correlated 
excitation and inhibition at the synapses, thus shifting the 
dynamic equilibrium of E/I toward a (wide) range of excitation–
inhibition patterns, as illustrated in Figure  1. These temporal 
fluctuations in E/I equilibrium eventually give rise to plasticity 
and synaptic reorganization by driving long-term potentiation 
and long-term depression, which are viewed as the neurophysi-
ological bases of memory [see Tatti et al. (7) for a recent review]. 
Because of strong evidence implicating the glutamatergic and 
GABAergic neurotransmission in psychiatric disorders (8–10), 
and cognitive aging (11), it is plausible that a dysfunction in the 
ability to modulate E/I equilibrium of local circuits would affect 
function within broader networks in which complex cognition 
is implemented. Impairment of glutamatergic and GABAergic 
plasticity may underpin the development of symptomatology 
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that characterizes psychiatric disorders (7) and age-related 
cognitive dysfunction (12).

Whereas in animal models, a wide range of invasive methods 
of gauging glutamatergic and GABAergic activity is available, in 
humans, the opportunities are very limited. To date, the most 
popular approach to studying brain correlates and neural mecha-
nisms of cognition in vivo harnesses blood oxygen level differences 
(BOLD) effect in an imaging paradigm known as functional MRI 
(fMRI). Although fMRI has good temporal and spatial properties, 
the BOLD signal is, however, an indirect measure of the neuronal 
response to stimuli. In addition, the BOLD signal cannot differ-
entiate between inhibitory or excitatory neural activity. Moreover, 
the BOLD signal is influenced by major determinants of vascular 
tone such as dopamine (5) that depends on age (13) and are altered 
in psychiatric conditions (14). Given the role played by glutamate 
and GABA to shifting the E/I balance in cortical information 
processing, it is critically important to develop more specific 
means of in  vivo evaluation of glutamatergic and GABAergic 
systems in intact, behaving humans. Such noninvasive approach 
to assessing regional brain concentration of these important neu-
rotransmitters is indeed available. In the neuroimaging literature, 
magnetic resonance spectroscopy (MRS) is typically described as 
the only noninvasive technique that can reliably quantify in vivo 
concentration levels of key metabolites, including glutamate and 
γ-aminobutyric acid (GABA) (15).

1H MRS, with its ability to measure glutamate and GABA lev-
els in vivo in localized cortical and subcortical areas, is well suited 
for testing hypotheses posited in the conceptual framework that 
emphasizes temporal dynamics of the E/I equilibrium (Figure 1). 
Unfortunately, the dynamic aspect of glutamate (and GABA) 
activity is lost in the majority of the extant 1H MRS studies that 
are limited to measuring static neurotransmitter levels under 
“pseudo-” rest condition. In a typical 1H MRS experiment, the 
data are acquired without any specific instructions or behavioral 
constraints aside from asking the participants to relax and keep-
ing the head still during acquisition. Thus, the measured neuro-
transmitter levels are static and integrated over a time window 
spanning several minutes. This coarse temporal resolution and 
static task-free neurotransmitter assessment preclude the inter-
pretation of findings with respect to neural correlates of synaptic 
plasticity. Although the 1H fMRS literature is sparse, evidence 
shows surprising sensitivity in detecting dynamic changes in the 
magnitude and direction of task-related changes in glutamate 
and/or GABA steady-state levels in functionally relevant brain 
areas (Table  1). This ability to capture the temporal dynamics 
of glutamate and GABA in vivo, point at the emerging role of 1H 
fMRS as the “new” 1H MRS, with potentially exciting contribu-
tions to the understanding of neural mechanisms relevant to 
cognitive neuroscience and psychiatry research.

In this review, we focus on 1H MRS findings pertaining to 
changes in glutamate with task in the context of 1H fMRS [for 
a review on 1H fMRS of GABA, see Duncan et  al. (16)]. First, 
we describe the technological advancements in 1H MRS that 
made characterization of the glutamate temporal dynamics with 
a temporal resolution under a min possible. Second, we survey 
the findings from seminal 1H fMRS studies demonstrating task-
related changes in glutamate (Table  1). Third, we discuss the 

significance of observing changes in glutamate from the perspec-
tive of neurovascular and neurometabolic processes and evaluate 
the implication of the findings for understanding behaviorally 
relevant neural output driven by shifts in the E/I balance. Finally, 
we evaluate the pros and cons of the 1H fMRS application in 
studying normal and impaired cognitive functions and outline 
the challenges ahead.

TeCHNiCAL ADvANCeMeNTS

The history of 1H fMRS application to neuroimaging is to a large 
extent similar to that of the BOLD-based fMRI. Early 1H fMRS 
studies conducted in the 1990s on 1.5 and 2.0 T MR systems dem-
onstrated decreases in glucose and (transient) increases in lactate 
localized to the visual cortex during visual stimulation, and the 
findings were interpreted as reflecting a transient increase in non-
oxidative glycolysis (17–21). However, the recent emergence of 
high-field MR systems including 3, 4, and 7 T (and higher), have 
dramatically rejuvenated the MRS field. The major advancement 
was the increase in the signal-to-noise ratio (S/N), which scales 
with the B0 field strength. The enhanced S/N at higher B0 field 
strengths can improve the spatial resolution of the localized sin-
gle-voxel 1H MRS to ~2–4 cm3 as well as significantly increase the 
temporal resolution of the 1H MRS acquisition to under a minute. 
In addition, the chemical-shift but not the scalar J-coupling of 
spin systems (e.g., CH2, CH3, etc.) scales with the B0 field strength, 
which in turn significantly improves in the spectral resolution or 
delineation of the coupled spin systems between molecules such 
as glutamate and glutamine (22). These advancements improve 
the overall accuracy and precision of quantifying glutamate and 
other metabolites (23, 24), minimized the partial volume effects 
that impeded voxel placement precision in functionally relevant 
brain areas, and more importantly, enabled capturing real-time 
task-induced changes in the brain biochemistry within the time 
scale of epochs often used in task-based fMRI paradigms.

In addition to the advantages of conducting high B0 field 
1H MRS, recent improvements in the acquisition technology 
enabled acquisition of highly reliable 1H MRS data with minimal 
spectral artifacts (25). These new developments include the 
incorporation of B1-insensitive adiabatic excitation and refocus-
ing radio-frequency (RF) pulses (26) and customized phase- and 
amplitude-modulated RF pulses (27), which greatly improve the 
uniformity of the B1 field and edge profile of the defined MRS 
voxel. As a result, the ground was set for resurgent popularity 
of 1H MRS acquisition sequences such as the Localization by 
Adiabatic SElective Refocusing (LASER) (26), semi-LASER (28), 
and SPin ECho, full Intensity Acquired Localized (SPECIAL) 
(29). Adiabatic pulses are highly effective for outer volume sup-
pression, which is a typical part of the acquisition sequence (30). 
Regarding the suppression of the water signal, the CHEmical 
Shift Selective (CHESS) RF pulses (31) has become common. 
However, optimized schemes using CHESS pulses such as the 
Variable Power and Optimized Relaxation delays (VAPOR) 
technique are robust and highly effective in suppressing the water 
signal and producing a cleaner spectral baseline (32).

Maximizing the homogeneity of the B0 magnetic field via 
shimming is critical for attaining optimal spectral resolution, 
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TABLe 1 | Description of 1H fMRS studies reporting task-related changes in glutamate.

Study Sample size Acquisition protocol Task Results Comments

visual stimuli—visual cortex

Mangia  
et al. (41)

12 adults  – 7 T
 – STEAM TE = 6ms
 – Midline visual cortex
 – 2 cm × 2.2 cm× 2 cm

 – Radial red/black checkerboard covering the entire 
visual field (8 Hz)

 – Two protocols: (1) 2 short 5.3 min blocks interspersed 
by rest epochs and (2) 1 long 10.6 min block 
interspersed by rest epochs

 – Increased glutamate (3%) during 
checkerboard vs rest

 – The response of glutamate 
was delayed compared to 
Lac

 – The change in glutamate 
tended to decrease over time

Lin et al. (42) 10 adults  – 7 T
 – STEAM TE 15 ms
 – Midline visual cortex
 – 2 cm × 2 cm × 2 cm

 – Visual stimulation included contrast-defined wedges, 
moving toward or away from the fixation cross and 
randomized

 – Two protocols: (1) 1 13.2 min block interspersed by rest 
epochs and (2) two 9.9 min blocks interspersed by rest 
epochs

 – Increased glutamate (2 ± 1%) during single 
block vs rest

 – Increased glutamate (3 ± 1%) during the 
two blocks vs rest

Schaller  
et al. (43)

10 adults  – 7 T
 – SPECIAL TE = 6 ms
 – Midline visual cortex
 – 2 cm × 2 cm × 2 cm

 – Reversed black–gray checkerboard (9 Hz)
 – 2 blocks interspersed by rest epochs

 – Increased glutamate (4 ± 1%) during 
stimulation vs rest

Bednařík  
et al. (44)

12 adults  – 7 T
 – Semi-LASER TE = 26 ms
 – Midline visual cortex
 – 2 cm × 2 cm × 2 cm

 – Red–black checkerboard (7.5 Hz)
 – 2 blocks interspersed by rest epochs

 – Increased glutamate (~3%) during 
checkerboard vs rest

Apšvalka  
et al. (45)

19 young adults  – 3 T
 – PRESS TE = 105 ms
 – Left lateral occipital cortex
 – 2 cm × 2 cm × 2 cm

 – Three different task blocks: novel stimuli and two 
repeated (6 unique vs 4 unique) stimulus presentations 
interspersed with rest blocks

 – Presentation of novel/repeated black-line drawings 
representing real world objects for 700 ms

 – 4 runs of 8 task blocks per run
 – Each run, 4 novel and 4 repeated blocks
 – Each block 36 s in duration

 – Increased glutamate (~12%) during novel 
presentations compared to both rest and 
repeated presentations

Motor task—motor and somatosensory cortex

Schaller  
et al. (35)

11 adults  – 7 T
 – SPECIAL TE = 12 ms
 – Left motor and somatosensory 

cortices
 – 1.7 cm× 2 cm × 1.7 cm

 – Cued finger-to-thumb tapping task with both hands at 
a frequency of 3 Hz

 – 2 blocks interspersed by rest epochs

 – Increased glutamate (2 ± 1%) during finger 
tapping vs rest

Thermoregulation—anterior cingulate cortex (ACC) and insular cortex

Mullins  
et al. (47)

12 adults  – 4 T
 – STEAM TE = 20 ms
 – Bilateral ACC
 – 2 cm × 2 cm × 2 cm

 – Frozen compress (0–4°C) or sham pain was applied to 
the base of the left foot

 – 8:32 min task epoch preceded by a rest block and 
followed by two 8:32 min rest periods

 – Increased glutamate (9 ± 6%) during pain 
condition vs rest condition

Gussew  
et al. (48)

6 adults  – 3 T
 – PRESS TE = 30 ms
 – Left anterior insular cortex
 – 2.5 cm × 1 cm × 1 cm

 – Heat stimuli were applied to the inner skin area of the 
left forearm

 – 2 blocks interspersed by rest epochs

 – Increased glutamate (18 ± 8%) during heat 
vs rest

(Continued )
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Study Sample size Acquisition protocol Task Results Comments

executive functions—dorsolateral prefrontal cortex (dlPFC)

Woodcock  
et al. (40)

16 young adults  – 3 T
 – PRESS
 – TE = 23ms
 – left dlPFC
 – 1.5 × 2.0 × 1.5 cm3

 – 2-back working memory task
 – 7 task blocks of 64 s each interspersed by 32 s rest 

epochs

 – Increased glutamate (2.7%) during n-back 
vs fixation crosshair

 – The control condition was 
a separate run fixating on a 
crosshair 

Lynn et al. (87) 16 young adults  – 3 T
 – PRESS
 – TE = 23ms
 – left dlPFC
 – 1.5 × 2.0 × 1.5 cm3

 – Four “non-task-active” conditions: relaxed eyes 
closed, passive visual fixation crosshair, visual flashing 
checkerboard, and a finger tapping task

 – Each task 3:28 min in duration

 – Increased glutamate (4.7 and 3.2%) during 
flashing checkerboard and motor finger 
tapping conditions, respectively compared 
to visual fixation crosshair condition

 – Visual fixation crosshair and visual flashing 
checkerboard conditions produced the 
least variability in glutamate with CV’s under 
5%, which were both significantly lower 
compared to the eyes closed condition with 
a mean CV = 6.7%

 – Conditions were chosen 
because the left dlPFC is not 
the dominant brain region 
engaged in these tasks

Learning and memory—hippocampus

Stanley  
et al. (36)

 – 3 T
 – PRESS TE = 23 ms
 – Right anterior hippocampus
 – 1.7 cm × 3.0 cm × 1.2 cm

 – Associative learning and memory task
 – Epochs of encoding (9 unique object–location pairs) 

and cued-retrieval (of those associated memoranda) 
and interspersed with rest epochs

 – 8 encoding-retrieval cycles were employed to allow 
learning to asymptote

 – Increased glutamate (5.2 and 4.2%) during 
both encoding and retrieval, respectively

 – Applying a median split based on learning 
proficiency, fast learners showed increased 
during the early encoding trials, whereas 
slow learners showed increased glutamate 
in the later encoding trials

 – Motor finger tapping task in 
response to a random visual 
stimulus was the control 
condition

Cognitive control—ACC

Taylor  
et al. (66)

7 adults  – 7 T
 – STEAM TE = 10 ms
 – dACC
 – 2 cm × 2 cm × 2 cm

 – STROOP task with 4 conditions
 – One block flanked by rest epochs

 – Increased glutamate (2.6 ± 1.0%) during 
STROOP vs rest

 – Significance based on one-
tailed t-test

Taylor  
et al. (65)

16 controls; 16 
major depressive 
disorder (MDD); 
16 Schizo

 – 7 T
 – STEAM TE = 10 ms
 – dACC
 – 2 cm × 2 cm × 2 cm

 – STROOP task with four conditions
 – Two blocks interspersed with rest epochs

 – Increased glutamate (3.2%) in controls 
during first STROOP vs rest

 – Decreased glutamate in MDD during second 
STROOP vs rest

visuospatial cognition—parietal and posterior cingulated cortices

Lindner  
et al. (68)

19 adults  – 3 T
 – PRESS TE = 32 ms
 – Right or left border of parietal/

occipital cortices
 – 1.5 cm × 1.5 cm × 1.5 cm

 – Visuospatial attention task
 – Button press in response to the tilt orientation of the 

grating that appeared on the side of the screen cued by 
an arrow

 – 3 conditions (ipsi, contra, and control) randomized
 – 3 blocks interspersed with rest epochs

 – No trial condition effect on glutamate

TABLe 1 | Continued
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especially in brain areas with extreme B0 susceptibility (e.g., 
the hippocampus or orbital frontal cortex). Techniques such as 
the Fast Automatic Shim Technique using Echo-planar Signal 
readouT for Mapping Along Projections (FASTESTMAP) (33) 
and its predecessor, FASTMAP (34), have brought significant 
improvement in the spectral quality, including increased S/N 
(35, 36). These acquisition sequences are readily available by most 
manufacturers on current MR systems and should be utilized 
[for review see Duarte et al. (37)].

Finally, reliable voxel placement across subjects and within 
subjects over time is an often-overlooked aspect of single-voxel 
1H MRS acquisition protocols (25). Unreliable voxel placement 
adds error variance to the outcome measurements by increasing 
the variability of the partial volume effect. Recently introduced 
automated approaches have demonstrated significant improve-
ments in consistency of voxels placement, between subjects, even 
in anatomical brain areas, in which partial voluming is difficult 
to avoid, such as the dorsolateral prefrontal cortex (dlPFC) (38, 
39). For example, Woodcock et al. (40) reported an improvement 
from 68% voxel overlap with manual placement to 98% overlap 
using an automated approach. In all, these major technological 
advancements provide the necessary tools to fully exploit the 
characterization of the task-related temporal dynamics of gluta-
mate and GABA with 1H fMRS, which is fueling the resurgence 
of in vivo 1H fMRS as a powerful tool for cognitive neuroscience 
and psychiatry research.

eviDeNCe OF TASK-iNDUCeD 
GLUTAMATe MODULATiON

visual Stimuli—visual Cortex
As in BOLD-based fMRI, the visual cortex is one of the most 
studied brain regions with 1H fMRS (Table 1). Studies of response 
to flashing checkerboard stimuli compared to a non-visual stimula-
tion (i.e., a blank screen) have shown a consistent stimulus-bound 
increases of ~2–4% in steady-state glutamate levels (41–44). The 
magnitude of the average task-related increase in glutamate may be 
less consistent as it depends on task duration and cognitive process-
ing demands. Shorter stimulus blocks were associated with a 3% 
increase in glutamate, compared to 2% for longer ones (42). With 
a temporal resolution of ~1 min, a delay in the increased stimulus-
dependent modulation of glutamate was consistently observed, 
whereas smaller and earlier elevations in lactate were noted  
(41, 43, 44). The mechanism of these two temporal effects is not 
fully understood. Finally, sensitivity of glutamate levels to stimulus 
characteristics was illustrated by a 1H fMRS study that found an 
almost 12% increase within the left occipital cortex during passive 
viewing of novel pictures compared to a (pseudo-) rest control con-
dition, but no change during repeated picture presentation (45).

Motor Task—Motor and Somatosensory 
Cortex
To date, only a single 1H fMRS study, at 7 T, investigated neuro-
chemical changes in the motor cortex during a motor task (35). 
As expected, a periodic cued finger-to-thumb tapping induced a 
significant (2%) glutamate increase in the motor/somatosensory 

cortices relative to a non-tapping “rest” condition (Table  1). 
In that study, the 1H fMRS voxel was co-localized with BOLD 
fMRI activation. Thus, task-related changes in glutamate can be 
detected in other functionally relevant cortical areas besides the 
visual cortex and can be used in investigating interesting research 
questions pertaining to neural activity during implicit vs explicit 
motor learning or periodic vs randomly cued stimuli (46).

Thermoregulation and Pain  
Perception—Anterior Cingulate  
Cortex (ACC) and insular Cortex
Motivated by the involvement of the ACC in thermal sensory 
responses, Mullins et al. (47) investigated glutamate response to a 
10 min cold-pressor stimulation of the foot compared to the base-
line rest without the cold exposure. They observed a substantial 
(9.3%) condition-related increase in glutamate within the ACC. 
With acute heat exposure, Gussew et al. (48) reported an even 
greater, 18%, glutamate increase in the anterior insular cortex. 
The manipulation involved acute 5 s cycles of heat exposure to 
the forearm compared to the no heat exposure condition. These 
findings lay the foundation of further investigation of the brain’s 
thermoregulatory system and its relationship to temperature 
perception with greater temporal resolution, made possible by 
current improvements in 1H MRS.

working Memory (wM)—dlPFC
The construct of WM refers to the ability to hold information in 
memory for a duration of a few seconds while manipulating this 
information “on-line” in order to carry out a complex task (49).  
In primates, the dlPFC has been proposed as the central neural sub-
strate of WM (50). Neuroimaging studies using PET and fMRI have  
confirmed the importance of the dlPFC, but also have implicated 
additional brain regions, such as the inferior parietal lobule and 
cerebellum (51, 52). In a recent 1H fMRS study with a single-voxel 
placement in left dlPFC, a significant 2.7% increase in glutamate 
was observed during a standard 2-back WM task compared to 
a continuous visual crosshair fixation in healthy young adults 
(Table 1) (40). The elevation in dlPFC glutamate observed with 
a temporal resolution of 32 s is consistent with the engagement 
of that region in WM processing that has been revealed by task-
based BOLD fMRI studies. However, increased glutamate was 
more pronounced during the first-half compared to the second-
half of the 64 s block. This suggests a temporal variation in the 
dlPFC engagement during WM task. This temporal effect has not 
been reported in fMRI studies using the N-back WM paradigm 
and warrants further investigation to determine whether the 
disengagement over time is related to WM proficiency. In all, 
the observed temporal dynamics of WM-related modulation of 
dlPFC glutamate provides a solid basis for new means of evaluat-
ing the effects of cognitive intervention, pharmacological thera-
pies, or manipulation of the physiological (e.g., stress-provoking) 
conditions.

Learning and Memory—Hippocampus
Glutamate plays a key role in learning and memory via its activ-
ity in the frontal and hippocampal circuits. The hippocampus 
is particularly rich in glutamatergic neurons, and memory 
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consolidation in the hippocampus depends on synaptic plastic-
ity mediated by glutamatergic N-methyl-d-aspartate (NMDA) 
receptors (53, 54). In addition, firing rate of hippocampal neurons 
is associated with acquisition of new associative memories (55). 
Therefore, it is plausible that memory processing would be linked 
to increased modulation of hippocampal glutamate, presumably 
driven by increased activity at NMDA receptors. This hypothesis 
was tested by Stanley et al. (36). During performance of an asso-
ciative learning task with object–location pairs, healthy adults 
displayed, as expected, unique temporal dynamics of glutamate 
modulation in the right hippocampus (Table 1). In this 1H fMRS 
application with a 54 s temporal resolution, the epochs of memory 
consolidation and retrieval were clearly differentiated by the tem-
poral pattern of glutamate modulation. Moreover, the temporal 
dynamics of glutamate modulation were associated with learning 
proficiency: fast learners demonstrated up to 11% increase in 
glutamate during the early trials, whereas a significant but smaller 
and later increase of 8% was observed in slow learners. These 
results are in accord with the notion of altered glutamatergic neu-
roplasticity as the central mediator of learning and memory. The 
observed link between memory performance and glutamatergic 
system activity is particularly important given the proposed 
role of glutamatergic dysfunction as the core phenomenon in 
cognitive aging, age-related neurodegenerative disorders such as 
Alzheimer’s disease (AD), and severe psychiatric conditions such 
as schizophrenia. Structural changes in the hippocampus and 
its subfields, especially CA1, which is enriched in glutamatergic 
neurons, have been observed in the course of cognitive aging and 
AD (56–59). Although the mechanisms of these changes remain 
unclear, regional gray matter shrinkage observed on MRI is likely 
to reflect reduction of neuropil, to which dendritic arborization 
and dendritic spines contribute a significant volume fraction 
(60). Dendritic spine density is highly plastic and is driven by 
changes in Ca2+ flux modulated by glutamatergic activity (61). 
It is plausible to assume that impairment in glutamate modula-
tion may eventually result in reduced dendritic plasticity and 
contribute to regional neuropil shrinkage. Therefore, impairment 
of task-related glutamatergic modulation may provide a very 
early marker for impending cognitive dysfunction and a valu-
able instrument of monitoring response to interventions that are 
aimed at mitigating the targeted cognitive declines.

Cognitive Control—ACC
The ACC plays a key role in multiple higher cognitive processes 
including monitoring and evaluating conflict in information 
processing (62, 63). The Stroop task, which requires naming the 
color of displayed words when the name of the color matches the 
color of the displayed word (congruent trials) and when the color 
does not match the color of the displayed word (incongruent 
trials), is commonly used to assess conflict-monitoring engage-
ment. BOLD fMRI studies using the Stroop task have consistently 
shown increased activation in the dorsal ACC related to trials 
of high conflict and with low top–down control (64). Based on 
this premise, Taylor et al. (65) investigated whether the Stroop 
task can induce a change in glutamate in the dorsal ACC of 
healthy adults using 1H fMRS at 7  T (Table  1). Compared to 
the rest condition, a 2.6% increase in glutamate was reported 

during the Stroop task, which included a mixture of congruent 
and incongruent conditions as well as trials with words only (no 
color) and color only (no words). However, differences in dorsal 
ACC glutamate modulation between trail conditions within the 
Stroop were not reported.

In another study using the similar Stroop task with 1H fMRS 
at 7 T, Taylor et al. (66) extended the investigation to individuals 
with major depressive disorder (MDD) and schizophrenia. The 
observation of increased glutamate level in the dorsal ACC dur-
ing the Stroop task compared to rest was replicated in healthy 
adults. However, no significant change in glutamate was observed 
in individuals with schizophrenia, while participants with MDD 
demonstrated decreased glutamate in the dorsal ACC during 
the task compared to rest. The non-significant change in gluta-
mate with task in the participants with schizophrenia appears 
consistent with decreased BOLD fMRI activation during Stroop 
in schizophrenia (67). Interestingly, the lower glutamate in the 
dorsal ACC during Stroop in MDD may reflect a shift in the E/I 
balance toward decreased excitability that is potentially driven 
by an increase in the inhibitory drive (see Figure 1 and below for 
further discussion).

visuospatial Cognition—Parietal  
and Posterior Cingulate Cortices
Tasks involving the visuospatial attention and memory system 
were recently investigated using 1H fMRS at 3  T (Table  1). In 
healthy individuals, a non-significant modulation of glutamate 
was observed in the parietal–occipital cortex during a visuos-
patial attention task compared to the control condition (68). In 
another study, no significant task-related glutamate modulation 
was observed in the parietal–posterior cingulate cortex of healthy 
adults, patients with AD and individuals with amnestic mild cogni-
tive impairment who performed a face-name associative memory 
task compared to the rest control condition (69). In both studies, 
details on the variability of the glutamate measurements were 
omitted and, therefore, it remains unclear whether the method 
afforded detection of a task-related change in glutamate of the 
order of 10% or less. It may be possible that the selected tasks were 
not at the level of difficulty that produced significant variations 
in glutamate level or that dynamics of glutamate are inherently 
weaker in the examined locations compared to the hippocampus 
and prefrontal cortex. Also, the lack of specific behavioral con-
straints during the rest condition might have increased variability 
in glutamate within brain areas that show BOLD fMRI activation 
under rest. Therefore, rest, under these circumstances, may rep-
resent a nonspecific, yet, not truly task-free condition and thus a 
suboptimal choice as a control comparison. These remain among 
multiple questions to be addressed in the further development of 
the method.

BiOLOGiCAL SiGNiFiCANCe OF 
CHARACTeRiZiNG GLUTAMATe 
MODULATiON

The observed dynamic changes in glutamate levels during per-
ceptual, motor, and cognitive tasks may open a new window into 
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neural bases of normal and abnormal cognition and behavior.  
To accomplish that goal, the apparent brain changes in this key 
neurotransmitter must be linked to cellular and molecular pro-
cesses that occur in the brain.

Neural activity generated in response to physiological stimuli 
triggers changes in many complex neurovascular and neuro -
metabolic processes, including increased cerebral blood flow, 
glycolysis (CMRGlc), and oxidative metabolism (CMRO2), as well 
as synthesis of neurotransmitters (4, 5, 70–72)—all of which 
depend on significant increase in energy consumption. The tem-
poral and spatial characteristics of these processes are not fully 
understood (4). Most notably, there is a mismatch (i.e., ~44 vs 
~30%, respectively) between glucose utilization (non-oxidative 
CMRGlc) and oxygen consumption (CMRO2) in response to physi-
ological stimuli (73, 74). Fox et al. (75) were the first to report this 
mismatch, which sparked the interest and focus of early 1H fMRS 
studies from the 1990s, as noted above (17–19, 21). However, 
more recent high-field 1H fMRS studies provided compelling evi-
dence that the mismatch of ΔCMRGlc > ΔCMRO2 is short-lived.  
It is necessary only for facilitating the transition to a new meta-
bolic steady state following the onset of a physiological stimulus. 
It is this transitional change that is believed to be reflected  
by the dynamic changes of glutamate observed on 1H fMRS  
(35, 44, 71).

This transition between metabolic steady states is primar-
ily driven by oxidative metabolism (71) is consistent with 
recalibration of excitatory and inhibitory activity balance in 
local circuits, and establishing an E/I equilibrium that underpins 
a new functional state of the brain (Figure  1) (4, 6, 7). At the 
synaptic level, following the release of glutamate, excess of the 
neurotransmitter is taken up by surrounding astrocytes and 
is subsequently converted, predominantly to glutamine, with 
the help of glutamine synthetase. Glutamine is then released 
and taken up by the presynaptic neuron where it is converted 
into glutamate by mitochondrial glutaminase, to complete the 
glutamate–glutamine cycle (76). A near 1:1 relationship between 
neuronal glucose oxidation and the glutamate–glutamine cycling 
(70, 77, 78) implies that the metabolic and neurotransmitter 
pools of glutamate, as typically viewed in the 1H MRS literature  
(79, 80), are tightly coupled and hence, indistinguishable by 
1H MRS (70). Moreover, in astrocytes, the oxidative pathway 
regulates the glutamate turnover (synthesis and degradation) 
and the high-energy phosphate, adenosine triphosphate, can be 
generated to supply the demand of increased synthesis without 
the need of glycolysis (81). This association between increased 
excitatory synaptic neurotransmission and increased synthesis 
of exogenous glutamate provides a cellular basis for meaningful 
interpretation of glutamate measures obtained from 1H fMRS.

Translating this relationship to the macro-circuit level implies 
that glutamate levels and changes therein that are observed in a 
single-voxel by 1H fMRS reflect the net cortical output driven by 
the excitation and inhibition balance on local circuits. The impli-
cation is that a net increase in synaptic excitability is reflected 
at the cortical (macro-circuit) level as a relative increase in 
glutamate, which is observed on the signal produced by 1H fMRS 
(Figure 1) (6, 7). Notably, an opposite shift in the E/I balance 
on local circuits increases the inhibitory drive and consequently, 

decreases the net excitability, which is reflected in a relatively 
lower glutamate level registered on 1H fMRS. The salient point 
of this interpretation is that 1H fMRS is not simply indicating an 
“ON” or “OFF” brain response to stimulation but can reflect a 
stimulus-induced change in glutamate that reflects new meta-
bolic steady states driven by relative shifts in the E/I equilibrium 
(Figure 1). Because cellular glutamate changes are tightly linked 
to synaptic plasticity (82), the apparent glutamate alterations 
observed on a macro level are likely to reflect experience-related 
plasticity as well. The implications of using 1H fMRS as a proxy 
of cellular process that are unobservable in vivo are far reaching. 
Further development and refinement of the method bodes well 
for the fields, in which the role of glutamate in core phenomena 
of behavior, cognition, and psychopathology has been estab-
lished through the use of animal models (83). Fulfillment of 
these promises, however, hinges on resolving several key issues 
in methodology and interpretation.

THe PROS AND CONS OF 1H fMRS

The key advantage of 1H fMRS over the staple of cognitive 
neuroscience, BOLD-based fMRI, is that task-related changes 
in glutamate can be traced directly to established metabolic 
processes, and are not mediated by neurovascular effects. This 
relative directness of the method bypasses neurovascular media-
tors that may be affected by significant alterations of the vascular 
system and impairment of its regulation. Moreover, 1H fMRS is a 
quantitative method that can measure not only the magnitude of 
change in glutamate but its basal “non-task-active” steady-state 
level, which is not the case for fMRI. This makes the method par-
ticularly suitable for studying the neural basis of cognitive declines 
in older adults and persons with age-related neurodegenerative 
disorders, in whom vascular risk factors are highly prevalent and 
cognitively relevant (56). This relative directness of 1H fMRS is a 
feature that may significantly advance the understanding of brain 
dynamics underlying normal and abnormal cognition. To fulfill 
this promise, several key issues need to be addressed.

One unresolved concern is that as several groups have pointed 
out, there is evidence of a BOLD T2* effect on the spectral peaks 
including glutamate during task compared to the control condi-
tion. This T2* contribution narrows spectral linewidths by about 
0.2–0.3 Hz in the visual cortex at 4 T, 0.5 Hz in the visual cortex at 
7 T, and 0.25 Hz in the motor cortex at 7 T on task-related spectra 
(35, 41, 43, 44, 84, 85). This BOLD-linked confound, however, is 
yet to be reported at 3 T. In theory, the spectral fitting method 
such as LCModel (86) should account for changes in the spectral 
linewidth without influencing the accuracy of the metabolite 
quantification. Nonetheless, Mangia et al. (85) reported a non-
significant reduction in glutamate levels with increasing spectral 
linewidth, which potentially suggests a bias on LCModel fitting. 
As a result, applying a linedwidth broadening to spectra acquired 
during task to ensure linewidths are matched across all spectra 
has become a common practice as part of the post-processing for 
7 T 1H fMRS studies (35, 41, 43, 44, 85).

The magnitude of task-related change in glutamate levels 
vary considerably across the extant reports (Table 1), from as 
low as 2% up to 18%, and the reasons for such variability are 
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unclear. This wide range may reflect multiple methodological 
variations among studies including sample size, acquisition 
protocol, and the differential accuracy and precision between 
field strengths (e.g., 3 vs. 7 T). Also, the participants’ charac-
teristics and properties of the task may play a role in adding 
variability to the measured magnitude of the observed change. 
In most extant studies, the comparison condition was either 
a pseudo-rest state (i.e., passive state with no specific instruc-
tions), routine motor activity, or visual fixation on a stimulus 
without specific task-related instructions. The purpose of the 
control condition is to assess a steady state level of glutamate 
to be contrasted with those that are associated with task activ-
ity. For example, in the 1H fMRS study of the hippocampus by 
Stanley et al. (36), the control condition paradigm included a 
cued finger to thumb tapping task due to its strong attention 
and motor processing, without any learning or memory compo-
nents. Likewise, the dlPFC 1H fMRS study by Woodcock et al. 
(40) incorporated a visual fixation crosshair condition as the 
baseline control condition, again, to minimize any potential 
dlPFC engagement during the control condition. Moreover, 
Lynn et al. (87) demonstrated differences in steady-state levels 
of glutamate as well as variability of glutamate in the left dlPFC 
across different conditions where the primary functional spe-
cialization of the dlPFC was not associated to these conditions 
(e.g., relaxed with eyes closed, visual fixation crosshair, visual 
flashing checkerboard, and motor finger tapping). The visual 
fixation crosshair condition demonstrated the lowest and less 
variable glutamate over the acquisition period compared to the 
relaxed eyes closed condition. The latter is consistent with stud-
ies reporting greater variability in glutamate during rest epochs 
compared to task (44, 88). Also, the steady-state glutamate level 
was significantly higher during the visual flashing checkerboard 
compared to the visual fixation crosshair condition. This is 
surprising considering that the left dlPFC is not the primary 
brain area for visual stimuli but is involved in multiple cognitive 
operations including deployment and maintenance of attention 
(89–92). We surmise that substantial variability in glutamate 
levels over time occurs during conditions in which behavior is 
poorly constrained (e.g., pseudo-resting state), and that better-
defined and constrained non-cognitive control tasks such as 
visual fixation or finger tapping, are a better choice for baseline 
condition for frontal areas of interest. This hypothesis merits 
further empirical testing.

To make an in vivo method truly useful in investigating task-
related changes it is imperative to establish high reliability and 
temporal stability of task-related glutamate measures. No such 
evidence is currently available for 1H fMRS, and reliability studies 
are urgently needed.

Because cognitive activity occurs in a wide range of time 
windows and calls for multiple interacting brain circuits, 
not every task may be equally suitable for investigation with 
1H fMRS. Investigation of task properties and relevant brain 
locations that maximize the validity of 1H fMRS findings is 
necessary for optimization of the 1H fMRS application to inves-
tigating complex cognitive and psychiatric phenomena. Of 
critical importance is leveraging 1H fMRS animal studies that 
can use more sensitive methods that are available for human 

studies and are, therefore, critically important for validation 
of the method (93–96). It is important, however, to apply these 
methods not only with precision and degree of invasive control 
that are available in animal models but also with parameters 
that are equivalent to those that are suitable for humans. Such 
translational harmonization of methods is critically impor-
tant in the understanding of task-related glutamate changes 
observed in human subjects.

Finally, 1H fMRS is still a project in progress. The one aspect 
of the method that significantly improved over the years is the 
temporal resolution of acquiring the glutamate signal, which 
has been brought well under a minute (40). The advantage 
of high temporal resolution is the possibility of investigating 
temporal course of glutamate change within relatively short-
lived stages of cognitive processing (96), and gauging the 
course of modulation within a task block (36, 40). However, it 
may take ~1–2 min for glutamate to reach its maximum level 
following stimulus onset (35, 41, 43). This may reflect the time 
needed for the synaptic reorganization process, shifting the E/I 
balance in the local circuits, and establishing the new steady 
state of glutamate. On the other hand, a relatively rapid change 
in glutamate within the dlPFC during the WM task has been 
reported. Glutamate surge was greater during the first half of 
each 64 s block than the second one (40). Thus, examining the 
patterns of glutamate modulation as a function of various time 
scales is as important as refining temporal resolution of the 
method.

CONCLUSiON
1H fMRS is an exciting and promising technique that can offer 
important insights into the neurochemicals underpinnings of 
cognition and their temporal dimensions. In this review, we 
summarize preliminary but compelling evidence demonstrat-
ing the ability of 1H fMRS to detect changes in glutamate during 
various perceptual, motor, and cognitive tasks. Moreover, the 
method can detect changes in glutamate modulation that are 
induced by manipulations that affect cognitive performance. 
It is highly plausible that these 2–18% task-related changes 
in glutamate reflect transitions to new metabolic steady states 
driven by relative shifts in the E/I equilibrium through synaptic 
plasticity. Within this conceptual framework, 1H fMRS provides 
a sensitive tool for investigating the neural basis of cognitive 
operations that are directly relevant to specific deficits in psy-
chiatric disorders or neurodegenerative diseases associated with 
advanced age.
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Intelligence is a measure of general cognitive functioning capturing a wide variety of dif-
ferent cognitive functions. It has been hypothesized that the brain works to minimize the 
resources allocated toward higher cognitive functioning. Thus, for the intelligent brain, it 
may be that not simply more is better, but rather, more efficient is better. Energy metab-
olism supports both inhibitory and excitatory neurotransmission processes. Indeed, 
in glutamatergic and GABAergic neurons, the primary energetic costs are associated 
with neurotransmission. We tested the hypothesis that minimizing resources through 
the excitation–inhibition balance encompassing gamma-aminobutyric acid (GABA) and 
glutamate may be beneficial to general cognitive functioning using 7 T 1H-MRS in 23 
healthy individuals (male/female = 16/7, 27.7 ± 5.3 years). We find that a higher working 
memory index is significantly correlated with a lower GABA to glutamate ratio in the 
frontal cortex and with a lower glutamate level in the occipital cortex. Thus, it seems that 
working memory performance is associated with the excitation–inhibition balance in the 
brain.

Keywords: 1h-Mrs, 7 T, gamma-aminobutyric acid, glutamate, intelligence

inTrODUcTiOn

Intelligence is a measure of general cognitive functioning capturing a wide variety of different 
cognitive functions (1). Intelligence has long been (albeit modestly) associated with brain size 
(2–4). More recently, intellectual functioning has been implicated in brain functioning (5) and in 
the efficiency of the functional (6) and structural brain network (7). Regional structural differences 
in relationship to intelligence have been demonstrated in several studies in healthy individuals  
(2, 3, 8) and in individuals with local brain lesions (9). However, it is not known how the human 
brain handles complex cognitive tasks while being such an expensive organ to operate, utilizing 
some 20% of all oxygen taken in and 25% of all glucose produced while representing only about 
2% of the body’s weight (10, 11). Indeed, it has been hypothesized that the brain works to minimize 
the resources allocated toward higher cognitive functioning (12). Thus, for the intelligent brain, it 
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may be that not simply more is better, but rather more efficient 
is better.

Glutamate (Glu) and gamma-aminobutyric acid (GABA) are 
the major excitatory and inhibitory neurotransmitters in the 
central nervous system. In both glutamatergic and GABAergic 
neurons, the primary energetic costs are associated with 
neurotransmission, and the energetic needs of these neurons 
dominate the cerebral cortex energy requirements (13, 14). In 
the resting awake state, 80% of energy used by the brain supports 
events associated with neuronal firing and cycling of GABA and 
glutamate, and in the actively awake individual, the change in 
energy (and its coupled activity) induced by stimulation during 
task performance is very small in comparison to its baseline 
value (15). Thus, minimizing resources through the inhibition–
excitation balance encompassing GABA and glutamate may be 
beneficial to general cognitive functioning. While general intel-
lectual functioning has been related to brain neurochemistry in 
several studies, measuring largely positive associations with the 
brain metabolite N-acetyl aspartate (NAA) (16, 17), a marker 
of neuronal integrity (18, 19), these measures do not provide 
information on the inhibition–excitation balance. To obtain 
such information, one needs to reliably measure both glutamate 
and GABA levels, which is not an easy task using MR scanners 
operating at conventional magnetic field strengths.

Proton magnetic resonance spectroscopy (1H-MRS) at a 
field strength of 7  T has an increased sensitivity and spectral 
resolution. For instance, at 7 T, it is now possible to adequately 
separate the glutamate and glutamine signals resulting in a higher 
accuracy of glutamate measurement (20). Despite the increased 
sensitivity, measurement of GABA is not straightforward because 
of its low concentration compared to other brain metabolites and 
its obscured signal due to overlapping signals of higher intensity. 
To overcome this problem, spectral editing techniques can be 
applied to isolate the GABA signal (21). Using these methods, we 
were able to show that higher cognitive functioning was associ-
ated with lower GABA levels in the prefrontal cortex in patients 
with schizophrenia (22).

We explored possible associations between the excitation–
inhibition balance in the brain and intelligence in the prefrontal 
cortex and in the occipital cortex. For this purpose, we measured 
GABA and glutamate levels using 1H-MRS at a magnetic field 
strength of 7 T in healthy adults. While a whole brain approach 
would be ideal for studying intelligence, it is currently not fea-
sible to measure GABA and glutamate reliably at a whole brain 
level using MRS. Therefore, we chose the prefrontal and occipital 
cortex because the prefrontal cortex has long been found to be 
important to general cognitive functioning and because the 
occipital cortex could be considered as a control area. This selec-
tion of areas has limitations. Indeed, the frontal lobes are often 
considered the primary focus of human intelligence (23, 24). 
However, the parieto-frontal integration theory for intelligence 
(25–27), an association with the whole brain network with intel-
ligence (6), and association of intelligence level with cortical 
thickness change in many brain areas, including prefrontal and 
occipital cortices (28) suggest that many different parts of the 
brain may be involved in intelligence. Moreover, the occipital 
cortex was also involved in earlier studies [e.g., Ref. (23)]. We 

hypothesized that the prefrontal cortex is essential for intelli-
gence and thus expect an association with GABA and glutamate 
and intelligence level in this brain area and not in the occipital 
cortex in this exploratory study.

MaTerials anD MeThODs

subjects
A total of 23 healthy individuals (16 males/7 females) par-
ticipated in the study. Participants had no major psychiatric or 
neurological history, no history of drug or alcohol abuse, and no 
first-degree relatives with psychiatric or neurological disorders. 
The study was approved by the Medical Ethics Committee of the 
University Medical Center Utrecht, The Netherlands, and per-
formed according to the directives of the Declaration of Helsinki 
(amendment of Seoul, 2008). Participants provided written 
informed consent prior to the examination. Mean (SD) age was 
27.7 (5.3) years, and average completed years of education was 
14.1 ± 2.1 years.

cognitive assessment
All participants underwent a general cognitive assessment using 
the full Wechsler Adult Intelligence Scale (WAIS–III-NL) (29). 
The total intelligence quotient (TIQ) as well as the verbal (VIQ) 
and performance (PIQ) intelligence quotients, the perceptual 
reasoning index (PRI), verbal comprehension index (VCI), and 
the working memory index (WMI) were measured.

Mr acquisition
All investigations were performed on a 7 T whole body MR scan-
ner (Philips, Cleveland, OH, USA). A birdcage transmit head 
coil was used in dual transmit driven by 2 × 4 kW amplifiers, in 
combination with a 32-channel receive coil (both Nova Medical, 
Inc., Burlington, MA, USA).

For anatomical reference and gray and white matter tis-
sue classification, a T1-weighted magnetization prepared 
rapid gradient echo sequence was obtained (450 slices, slice 
thickness  =  0.8  mm, TR  =  7  ms, TE  =  3  ms, flip angle  =  8°, 
FOV =  250 mm ×  200 mm ×  180 mm, 312 ×  312 acquisition 
matrix, SENSE factor 2.7, scan duration = 408 s).

For the assessment of glutamate, 1H-MRS experiments were 
conducted using a sLASER sequence (semi-localized by adi-
abatic selective refocusing; TE = 28 ms, 32 averages, TR = 5 s) 
(Figure  1A). Voxels (2  cm  ×  2  cm  ×  2  cm) were located in 
the medial prefrontal and medial occipital lobe (Figure  2). 
Non-water-suppressed spectra were obtained for quantifica-
tion (carrier frequency was set to the chemical shift of H2O, 
acquisition time = 10 s).

GABA-edited 1H-MRS experiments were conducted using a 
MEGA-sLASER sequence (TE = 74 ms, 64 averages, TR = 4 s) 
(Figure 1B) (31). Voxels (2.5 cm × 2.5 cm × 2.5 cm) were located 
in the medial frontal and medial occipital region (Figure  2). 
Prior to the MRS exams, second order B0 shimming was applied 
using the FASTERMAP algorithm at the voxel of interest (30, 
32). Second, at this location, a high B1 field was generated 
to minimize chemical shift displacement artifacts (33). The 
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FigUre 2 | Voxel placement. (a) Frontal sLASER voxel, sagittal view;  
(B) frontal sLASER voxel, axial view; (c) frontal sLASER voxel, coronal view; 
(D) frontal MEGA-sLASER voxel, sagittal view; (e) frontal MEGA-sLASER 
voxel, axial view; (F) frontal MEGA-sLASER voxel, coronal view; (g) occipital 
sLASER voxel, sagittal view; (h) occipital sLASER voxel, axial view;  
(i) occipital sLASER voxel, coronal view; (J) occipital MEGA-sLASER voxel, 
sagittal view; (K) occipital MEGA-sLASER voxel, axial view; (l) occipital 
MEGA-sLASER voxel, coronal view [from Ref. (22)].

FigUre 1 | Typical metabolite spectra (a) as recorded using the sLASER sequence and (B) as recorded using the MEGA-sLASER sequence.
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highest possible B1 field was generated by optimizing the phase 
of both transmit channels to locally assure constructive B1  
interferences (34).

spectral Fitting and Quantification
Retrospective phase and frequency alignment was performed 
on all data sets of each measurement (35). Fitting of the sLA-
SER spectra was performed with LCModel-based software 

implemented in Matlab (36), which uses a priori knowledge of the 
spectral components to fit metabolite resonances (37). The fol-
lowing 16 metabolites and a measured macromolecular baseline 
(38) were fitted to the spectra: acetate, aspartate, choline (Cho), 
phosphorylcholine, glycerophosphorylcholine, phosphoryletha-
nolamine, creatine (Cr), phosphocreatine (PCr), NAA, N-acetyl 
aspartyl glutamate, GABA, Glu, glutamine (Gln), glutathione 
(GSH), myo-inositol (mIns), and taurine (Tau). Glutamate levels 
were estimated using the water signal as an internal reference and 
calculated as follows:
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where [met] is the metabolite concentration, signalmet is the fitted 
signal intensity of the metabolite, accounting for the number 
of protons, and signalwater is the fitted signal intensity of water, 
accounting for the number of protons; volGM, volWM, and 
volCSF are, respectively, the gray matter fraction, white matter 
fraction, and cerebrospinal fluid (CSF) fraction in the voxel; and 
[waterGM], [waterWM], and [waterpure] are, respectively, the water 
concentration in gray matter, white matter, or CSF. For deter-
mining the contribution of gray matter, white matter, and CSF 
of each voxel, the software package SPM8 was used to segment 
the T1-weighted image. In the T1-weighted image, the position 
of the 1H-MRS voxel was determined, after which the amount 
of gray matter, white matter, and CSF in the 1H-MRS voxel was 
computed. To account for differences in transverse relaxation 
between water and metabolites, a correction was applied based 
on reported T2 values at 7 T of 47 ms on average for water and 
107 ms assumed for the metabolites (39). Statistical analysis of 
the gray and white matter fractions in the frontal and occipital 
MEGA-sLASER (GABA/Cr) and sLASER (glutamate) revealed 
correlations >0.95 for both gray and white matter fractions in 
the two voxels.

Fitting of the MEGA-sLASER spectra was performed by 
frequency-domain fitting of the GABA and creatine resonances 
to a Lorentzian line-shape function in Matlab. GABA levels were 
expressed as the ratios of their peak areas relative to the peak areas 
of the creatine resonance (GABA/Cr).
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TaBle 1 | Intelligence and brain metabolites in healthy individuals.a

intelligence (sub) test score Mean (sD) Min Max

Total IQ 108 (13) 82 131
Verbal IQ 109 (12) 82 128
Performance IQ 107 (14) 78 127
Verbal comprehension index 111 (13) 91 132
Perceptual reasoning index 108 (15) 79 129
Working memory index 105 (12) 86 124

1h-Mrs sequence Metabolite Prefrontal [mean (sD)] Occipital [mean (sD)] Paired 
t-test

MEGA-sLASER GABA/Cr ratio 0.14 (0.03) 0.13 (0.03) ns
Gray matter (%) 68.1 (11.3) 68.0 (11.9) ns
White matter (%) 24.0 (11.8) 27.7 (13.2) ns

sLASER Glutamate (mM) 8.65 (1.14) 8.48 (1.26) ns
Gray matter (%) 71.4 (14.3) 70.1 (12.7) ns
White matter (%) 19.5 (15.6) 25.2 (14.6) p < 0.05b

aUncorrected data based on two separate 1H-MRS measurements and T1-weighted volume measurements performed in two brain areas (medial prefrontal and medial occipital). 
For assessment of GABA/Cr ratios, a MEGA-sLASER sequence was performed and successfully completed in 19 individuals in the medial prefrontal cortex and in 18 individuals in 
the medial occipital cortex. A sLASER sequence was performed for assessment of glutamate and successfully completed in 18 individuals in the medial prefrontal cortex and in 17 
individuals in the medial occipital cortex. Volume data are based on 21 individuals except for the occipital MEGA-sLASER voxel volumes, which are based on 18 individuals.
bFollowing corrections for age and sex, this difference was no longer significant.
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statistical analysis
Statistical analyses were performed using SPSS 21.0 (2012, 
Chicago, IL, USA). Data were controlled for their normality 
of the distributions. No transformations for correction were 
needed. To evaluate differences in metabolite concentrations and 
gray and white matter fractions between the frontal and occipital 
areas, paired t-tests were done. To evaluate associations between 
brain metabolite levels with general intelligence measures, partial 
correlation coefficients were done with corrections for age, sex, 
and for gray and white matter fractions (40). The partial cor-
relation between IQ and metabolite levels was defined as the 
correlation between the residuals of IQ and metabolite levels 
resulting from the linear regressions of IQ and metabolite levels 
with the controlling variables, i.e., age, sex, and gray and white 
matter fractions of the sLASER and/or MEGA-sLASER voxels. 
To correct for multiple comparisons, while taking the consider-
able dependency among intelligence quotient measures and the 
exploratory nature of the study into account, we restricted the 
significance level of the correlations to p ≤ 0.01.

resUlTs

intelligence Measures
The mean (SD) of the TIQ was 108 (13), the verbal intelligence 
quotient (VIQ) was 109 (12), the performance intelligence quo-
tient (PIQ) was 107 (14), the VCI was 111 (13), the PRI was 108 
(15), and the WMI was 105 (12) (Table 1).

Metabolite concentrations in the Frontal 
and Occipital areas
Because of poor spectral quality as established by a Cramér-Rao 
lower bound of more than 20% and visual inspection, some data 
were excluded from the study. Frontal MRS results are based on 
18 subjects and occipital MRS results are based on 17 subjects. 
Frontal GABA-edited MRS results are based on 19 subjects 

and occipital GABA-edited MRS results are also based on 19 
subjects.

Paired t-tests for differences in metabolite concentrations and 
gray and white matter fractions between the frontal and occipital 
areas revealed no significant differences except for a higher white 
matter fraction in the occipital sLASER voxel, but this finding did 
not survive the analysis after correction for age and sex (Table 1).

Brain Metabolites, gray and White Matter 
Fractions, and intelligence
A higher WMI was significantly correlated with a lower GABA/
Glu ratio (GABA/Cr to Glu/Cr ratio) in the frontal cortex 
[r(7)  =  −0.80, p  =  0.01] and not significantly in the occipital 
cortex [r(7) = 0.68, p = 0.04] (Table 2; Figure 3).

A higher WMI was not significantly correlated with the 
frontal GABA/Cr ratio [r(10) = −0.05, p = ns], frontal glutamate 
concentration [r(10) = −0.53, p = 0.076], and occipital GABA/
Cr ratio [r(9) = 0.42, p = 0.19]. A higher WMI was significantly 
associated with a lower occipital glutamate concentration 
[r(10) = −0.79, p < 0.004] (Table 2; Figure 4).

No significant associations were found for TIQ, Verbal intelli-
gence quotient, performance intelligence quotient, VCI, and PRI 
with any of the metabolites in the frontal and occipital cortices. 
All correlations with metabolites were corrected for age, sex, and 
gray and white matter fractions.

Brain Metabolites, age, and sex
There were no other significant associations between metabolite 
levels in the prefrontal and occipital cortices with age. These cor-
relations were corrected for sex, and gray and white matter frac-
tions. There were no significant associations between metabolite 
levels in the prefrontal and occipital cortices with sex.

correlations among Metabolites
Following correction for age, sex, gray and white matter frac-
tions, in the occipital cortex, a significant negative correlation 
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TaBle 2 | Brain metabolites and intelligence.a

Metabolites cognition

TiQ ViQ PiQ Vci Pri WMi

Prefrontal
GABA/Cr 0.31 0.28 0.30 0.25 0.37 −0.05
Glutamate −0.01 −0.25 0.26 0.01 0.28 −0.53
GABA/Glu −0.51 −0.67 −0.19 −0.41 −0.13 −0.80**

Occipital
GABA/Cr 0.03 0.09 −0.08 0.04 −0.18 0.42
Glutamate −0.19 −0.27 −0.07 −0.17 −0.10 −0.79**
GABA/Glu 0.14 0.22 −0.06 0.05 −0.19 0.68*

Bold font indicates significant correlations.
aPearson correlations, corrected for age, sex, and for local gray matter and white 
matter fractions.
**p ≤ 0.01.
*p ≤ 0.05.
TIQ, total intelligence quotient; VIQ, verbal intelligence quotient; PIQ, performance 
intelligence quotient; VCI, verbal comprehension index; PRI, perceptual reasoning 
index; WMI, working memory index.

FigUre 3 | Correlations between working memory index (WMI) and GABA/Glu ratio. (a) Prefrontal GABA/Glu ratios are significantly correlated with WMI 
[r(7) = −0.80, p = 0.01]. (B) Occipital GABA/Glu ratios are not significantly correlated with WMI. Data are presented corrected for gray and white matter fractions, 
age, and sex.
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frontal cortex. However, in contrast to what was expected, we 
also find a significantly lower glutamate concentration in the 
occipital cortex. This may suggest that the excitation–inhibition 
balance in the frontal cortex, and perhaps to a lesser extent in 
the occipital cortex, is associated with working memory. Working 
memory refers to the ability to actively hold information on-line 
over brief periods of time (41). Working memory is one of the 
factors marking intelligence and has been closely related to 
general intelligence, although the extent of overlap is point of 
discussion (42). Moreover, working memory has been positively 
associated with gray and white matter volume, and with white 
matter tracts, and these associations are under genetic control 
(3, 43). Interestingly, based on studies in animals, it has been 
found that a successful working memory performance requires 
an exquisite balance of the excitatory and inhibitory circuitry 
in the prefrontal cortex that includes glutamate and GABA 
(41). Neurons in the prefrontal cortex have been shown to fire 
persistently during the maintenance phase of working memory 
tasks for which a balance between inhibitory and excitatory 
neurons are thought to be required. Supportive evidence for such 
a system during activation in the human brain was found in a 
study where a lower resting-state GABA level was associated with 
higher amplitude of the BOLD fMRI response to a simple visual 
stimulus in the visual cortex (44) [for review, see Ref. (45)]. Other 
negative associations were found between resting-state GABA 
level with visual orientation discrimination performance in the 
occipital cortex (46), and in the supplementary motor area with 
tactile discrimination performance (47, 48), which also support 
associations between GABA levels in the human cortex with cog-
nitive functioning. Here, we show, by using 1H-MRS at 7 T, that 
lower frontal resting-state GABA/Glu ratios and lower occipital 
glutamate concentrations may lead to a higher working memory 
performance in healthy adults, possibly through a more efficient 
inhibition–excitation balance.

was found between GABA/Cr ratio and glutamate concentration 
[r(7) = −0.85, p < 0.01].

Higher GABA/Cr ratios in the prefrontal cortex were 
significantly correlated with lower glutamate concentrations 
[r(7) = −0.89, p < 0.01] in the occipital cortex (Figure 5).

DiscUssiOn

To our knowledge, this study presents the first proton magnetic 
resonance spectroscopy measurements of GABA and glutamate 
levels in vivo at a magnetic field strength of 7 T associated with 
level of intelligence. The main finding is that a higher WMI is 
associated with a significantly lower GABA/Glu ratio in the 
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Our measurements of brain metabolites were done in the fron-
tal and occipital cortices using sLASER and MEGA-sLASER at 
7 T. We could thus measure to which extend the metabolites were 
correlated within individuals. The most prominent association 
was found between levels of glutamate and GABA/Cr ratio in the 
occipital cortex, with higher levels of glutamate being associated 
with lower levels of GABA/Cr (−0.85). Interestingly, a significant 
negative correlation between GABA/Cr in the occipital cortex 
and glutamate level in the prefrontal cortex was also found, thus 
suggesting a possible differential and maybe connected resting 
state association between these two anatomically distant brain 
regions.

This study has some limitations to take into account. One, 
with MRS, one cannot distinguish intracellular and extracellular 

metabolite levels. Two, because of its low concentration, a large 
voxel size is needed to reliably and time-efficiently measure 
GABA. Hence, the voxel contained both gray and white matter. 
Three, the stringent correction for multiple comparisons was not 
possible due to the relatively limited number of participants that 
were included in the study. We chose for a more lenient approach 
to allow for the exploration of the association between these 
metabolite levels and intellectual functioning. Future studies 
with larger number of participants may allow for a more stringent 
correction for the multiple comparisons to confirm the stability 
of these findings.

Future studies using instance modern network analyses (49) 
may reveal how such connections between metabolite levels act. 
Such studies may reveal to which extent the associations between 

FigUre 4 | Correlations between prefrontal and occipital GABA/Cr and glutamate with working memory index (WMI). (a) Prefrontal GABA/Cr ratios are not 
significantly correlated with WMI; (B) prefrontal glutamate concentrations are not significantly correlated with WMI; (c) occipital GABA/Cr ratios are not significantly 
correlated with WMI; (D) occipital glutamate concentrations are significantly correlated with WMI [r(10) = −0.79, p < 0.004]. Data are presented corrected for gray 
and white matter fractions, age, and sex.
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FigUre 5 | Correlations between brain metabolites in the prefrontal and occipital cortices. (a) Prefrontal and occipital GABA/Cr ratios are not significantly 
correlated; (B) prefrontal and occipital glutamate concentrations are not significantly correlated; (c) prefrontal GABA/Cr ratios and glutamate concentrations are not 
significantly correlated; (D) occipital GABA/Cr ratios and glutamate concentrations are significantly correlated [r(7) = −0.85, p < 0.01]. Data are presented 
uncorrected for gray and white matter fractions, age, and sex.

intelligence and brain metabolites are linked to local glucose 
levels and BOLD fMRI effects as well as to network efficiency 
of these nodes with the rest of the brain. There is evidence that 
the metabolic costs of a brain area (i.e., a node in a network) are 
proportional to the number of (mathematical) paths it has to 
connect with other nodes, and that the metabolic costs of a path 
are proportional to the physical distance it spans between nodes 
(50). Interestingly, Brodmann areas with a high glycolytic index 
were also found to be hub areas (i.e., have a high centrality rank); 
including Brodmann areas 32 and 33 (51), which are anatomi-
cally overlapping with the medial prefrontal voxel location of our 
current study. A functional neural network study revealed that 
a higher intelligence was associated with more efficient brain 

network (6), and thus possibly with a more efficient use of local 
brain metabolism including GABA and glutamate. Indeed, asso-
ciations between GABA, glutamate, BOLD signal (52, 53), and 
functional connectivity (54) have been reported. A recent study 
found that the frontal GABA/Glx ratio (Glx is the sum of the 
glutamate and glutamine signals) is related to oscillatory modula-
tions during a working memory task, showing that a low GABA/
Glx ratio is needed for efficient inhibition of irrelevant neural 
activity in precise task performance (55). Changes in GABA and 
glutamate levels have been found in patients with schizophrenia, 
a disorder, which is known to affect cognitive functioning (22, 30, 
56). Recent evidence supports the involvement of glutamate and 
GABA in working memory performance in schizophrenia (57).
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risk-conferring glutamatergic 
genes and Brain glutamate Plus 
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Mexico, Albuquerque, NM, United States, 4 Mind Research Network, Albuquerque, NM, United States, 5 Department of 
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United States, 8 Department of Electrical Engineering, University of New Mexico, Albuquerque, NM, United States, 
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Background: The proton magnetic resonance spectroscopy (1H-MRS) signals from 
glutamate (or the combined glutamate and glutamine signal—Glx) have been found to 
be greater in various brain regions in people with schizophrenia. Recently, the Psychiatric 
Genetics Consortium reported that several common single-nucleotide polymorphisms 
(SNPs) in glutamate-related genes confer increased risk of schizophrenia. Here, we 
examined the relationship between presence of these risk polymorphisms and brain Glx 
levels in schizophrenia.

Methods: 1H-MRS imaging data from an axial, supraventricular tissue slab were 
acquired in 56 schizophrenia patients and 67 healthy subjects. Glx was measured in 
gray matter (GM) and white matter (WM) regions. The genetic data included six poly-
morphisms genotyped across an Illumina 5M SNP array. Only three of six glutamate 
as well as calcium-related SNPs were available for examination. These included three 
glutamate-related polymorphisms (rs10520163 in CLCN3, rs12704290 in GRM3, and 
rs12325245 in SLC38A7), and three calcium signaling polymorphisms (rs1339227 in 
RIMS1, rs7893279 in CACNB2, and rs2007044 in CACNA1C). Summary risk scores for 
the three glutamate and the three calcium polymorphisms were calculated.

results: Glx levels in GM positively correlated with glutamate-related genetic risk score 
but only in younger (≤36 years) schizophrenia patients (p  =  0.01). Glx levels did not 
correlate with calcium risk scores. Glx was higher in the schizophrenia group compared 
to levels in controls in GM and WM regardless of age (p < 0.001).

conclusion: Elevations in brain Glx are in part, related to common allelic variants of 
glutamate-related genes known to increase the risk for schizophrenia. Since the gluta-
mate risk scores did not differ between groups, some other genetic or environmental 
factors likely interact with the variability in glutamate-related risk SNPs to contribute to 
an increase in brain Glx early in the illness.

Keywords: glutamate, genetics, single-nucleotide polymorphisms, spectroscopy, schizophrenia
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inTrODUcTiOn

Higher brain glutamate, glutamine, or glutamate plus glutamine 
(Glx) measured with proton magnetic resonance spectroscopy 
(1H-MRS) have been reported in schizophrenia, more consistently 
in subcortical regions (1). Though striatal elevations decrease with 
antipsychotic treatment (2), higher levels are reported in subjects 
at-risk for psychosis, as well as in never-medicated and chronic 
schizophrenia groups (1). This suggests that the elevations persist 
in medicated patients, although perhaps to a less severe extent and 
may be a trait variable (1). Consistent with this, in the largest sample 
to date (schizophrenia = 104, healthy control = 97), we reported 
higher Glx in medial frontal and parietal cortical regions, in clini-
cally stable medicated schizophrenia patients (3). The N-methyl-d-
aspartate receptor hypofunction model is a potential mechanism 
to account for increased glutamate metabolites in schizophrenia. It 
postulates dysfunction of these receptors in gamma-amino-butyric 
acid interneurons. Presumably, this results in disinhibition of 
pyramidal neurons and a paradoxical increase in presynaptic gluta-
mate release across multiple cortical and subcortical fields. Though 
several genes have been proposed (4), the mechanisms accounting 
for increased glutamate in schizophrenia remain unknown.

Two studies have examined specific relationships of puta-
tive schizophrenia-related genes and brain glutamate levels in 
patients with the illness, with negative findings (5, 6). Recently, 
the Psychiatric Genetics Consortium [PGC (7)], the most com-
prehensive genome-wide association study to date, reported that 
6 of 108 loci found to confer risk for schizophrenia involve genes 
clearly implicated in brain glutamate function (several other iden-
tified loci are likely to affect glutamate metabolism and synaptic 
function indirectly). However, there have been no investigations 
examining the impact of polymorphisms in these genes on brain 
glutamate concentrations in people with schizophrenia.

In the present study, we examined the relationships between 
three of the six glutamate-related risk-conferring single-nucleo-
tide polymorphisms (SNPs) identified by the PGC and brain glu-
tamate levels in schizophrenia and healthy control subjects (the 
other three SNPs could not be measured with the platform used). 
To evaluate the specificity of the relationship, we also examined 
correlations with calcium signaling SNPs also found to confer risk 
for schizophrenia by the PGC. A subgroup of subjects from our 
recent 1H-MRS study (3) for whom a saliva sample for genomics 
was collected was included. Because these common SNPs alleles 
clearly confer risk for the illness, are in genes directly involved in 
brain glutamate function (7), and Glx is abnormally increased in 
schizophrenia (1, 3), we hypothesized that schizophrenia subjects 
with a higher score of risk-conferring glutamate-related SNPs 
would have higher Glx brain levels. Because we previously reported 
increased Glx in both gray matter (GM) and white matter (WM) 
of medial frontal and parietal regions in schizophrenia subjects 
(3), we examined both tissue types without specific predictions.

MaTerials anD MeThODs

subjects
Patients with schizophrenia were recruited from the University 
of New Mexico Hospitals and the Albuquerque Veterans Affairs 

Medical Center. Inclusion criteria were (1) DSM IV TR diagnosis 
of schizophrenia made through consensus by two research 
psychiatrists using the information from a structured interview 
(SCID DSM IV TR, Patient Version), medical records, and fam-
ily informants and (2) clinically stable on the same antipsychotic 
medications for at least 4 weeks. Exclusion criteria were (1) diag-
nosis of neurological disorder, (2) current substance use disorder 
(except for nicotine), (3) metallic implants, (4) claustrophobia, 
and (5) other than Caucasian ancestry. Healthy controls were 
additionally excluded for any of the following: (1) any current 
DSM IV TR axis I disorder [determined with SCID DSM IV TR 
Non-Patient Version; (except current nicotine) or any past his-
tory of a disorder (except for substance use)] and (2) a first degree 
relative with a psychotic disorder. The local internal review board 
approved the study. Subjects provided written informed consent 
and were paid for their participation.

clinical assessments
Patients were assessed for psychopathology with the Positive and 
Negative Syndrome Scale (8), the Simpson Angus Scale [SAS (9)] 
for parkinsonism, the Barnes Akathisia Rating Scale (10), and the 
Abnormal Involuntary Movement Scale (11). Assessments were 
completed within 1 week of scanning.

Magnetic resonance studies
Acquisition
Scanning was performed on a 3-T scanner (VB-17; 12 channel 
head-coil). Subjects were told to try to remain awake during the 
acquisition but no task was implemented. T1-weighted images 
were collected with 3D-MPRAGE for voxel tissue segmenta-
tion (TR/TE/TI 1,500/3.87/700  ms, flip angle 10°, field-of-
view = 256 mm × 256 mm, 1-mm thick slice). 1H-MRS imaging 
was performed with a phase-encoded version of a point-resolved 
spectroscopy sequence, to allow the simultaneous acquisition of 
multiple voxels as described previously (12). Acquisitions were 
obtained both with and without water presaturation. The fol-
lowing parameters were used: TE = 40 ms, TR = 1,500 ms, slice 
thickness = 15 mm, FOV = 220 mm × 220 mm, circular k-space 
sampling (radius = 12), Cartesian k-space size = 32 × 32 after 
zero filling, k-space Hamming filter with 50% width and number 
of averages = 1, total scan time = 582 s. The nominal voxel size 
was 0.71  cm3 but the effective voxel volume is estimated to be 
2.4 cm3, taking into account the k-space sampling and filtering. 
The 1H-MRSI volume of interest was prescribed from an axial 
T2-weighted image to lie immediately above the lateral ventricles 
and parallel to the anterior–posterior commissure axis, and 
included portions of the cingulate gyrus and the medial frontal 
and parietal lobes (Figure 1A). To minimize the chemical shift 
artifact, the transmitter was set to the frequency of the NAA 
methyl-peak during the acquisition of the metabolite spectra and 
to the frequency of the water-peak during the acquisition of the 
unsuppressed water spectra.

Spectral Fitting
Data were automatically preprocessed and fitted using LC Model 
[Version 6.1 (13)] with a simulated basis-set for the sequence 
parameters which included the following metabolites: alanine, 
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FigUre 1 | 1H-MRSI methods. (a) 1H-MRSI axial supraventricular slab placement with highlighted predominantly white matter (WM) (in yellow) and gray matter (GM) 
(in green) voxels. Although a field-of-view of 32 × 32 is acquired, the volume of interest analyzed in all subjects and presented here, is a rectangular subset that fits 
within the oval of the brain, minus the most outer rows and columns to reduce chemical shift voxel displacement artifact. Regions anterior to the central sulcus (CS, 
in red) are frontal. Regions posterior to the CS are parietal. (B) Example of one fitted spectrum (red line) from a predominantly GM voxel. Peak areas for 
glutamate + glutamine (Glx), N-acetyl-aspartate compounds (NAAc), total-creatine (Cr = Phosphocreatine + Creatine), myo-inositol (Ins), and total-choline 
(Cho = glycerophosphocholine + phosphocholine) are labeled. Top irregular line represents the residual signal after fitting. Lower continuous line represents the 
baseline used for fitting with LC Model. (c) Example of one fitted spectrum from a predominantly WM voxel. (D) Distribution of Glx values corresponding to the 
individual voxel’s GM fraction (GM/GM + WM) for the 1H-MRSI axial supraventricular slab from (a). In yellow are predominantly WM and in green predominantly GM 
Glx values.
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aspartate, creatine, phosphocreatine, gamma-amino-butyric 
acid, glutamine, glutamate, glycerophosphocholine, phospho-
choline, myo-inositol, lactate, N-acetyl-aspartate, N-acetyl-
aspartylglutamate, scyllo-inositol, and guanidine. Lipids and 
macromolecule contributions were fitted using the default simu-
lated intensities of LC Model, which included soft constraints for 
peak position and line width and prior probabilities of the ratios 
of macromolecule and lipid peaks. Spectra were fitted in the range 
between 1.8 and 4.2 ppm and scaled to the non-suppressed water 
intensity (12). The SD of the fit of the Glx signals, provided by LC 
Model (related to the Cramer–Rao lower bounds and a measure 

of the confidence of the fit) was used to exclude data with low 
confidence. Only data with an LC Model SD ≤ 20% were further 
analyzed (13) (Figures 1B,C).

Partial-Volume–Relaxation Correction
The Glx results from LC Model were corrected as described previ-
ously and are reported in units of molality (moles/kg tissue water) 
(14). Briefly, the Glx signals were corrected for partial-volume and 
relaxation effects using GM, WM, and cerebrospinal fluid (CSF) 
maps from segmented T1-weighted images with SPM5. Water 
densities and relaxation times in each tissue or CSF compartment 
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TaBle 1 | Genotype distribution of the available glutamate-related and calcium signaling risk single-nucleotide polymorphisms (SNPs) from the PGC study in 
schizophrenia and healthy control subjects.

schizophrenia Pgc genotype distribution (current sample)

gene snP rank (of 108) available homozygous 
non-risk

heterozygous homozygous 
risk

HC Sz HC Sz HC Sz

Glutamate GRM3 (7q21.12) rs12704290 48 Yes 0.0 0.02 0.13 0.1 0.86 0.88
CLCN3 (4q.33) rs10520163 59 Yes 0.16 0.29 0.59 0.55 0.23 0.16
SLC38A7 (16q21) rs12325245 98 Yes 0.84 0.83 0.16 0.14 0.0 0.03
GRIN2A (16p13.2) rs9922678 90 No – – – – – –
GRIA1 (5q33.2) rs79212538 79 No – – – – – –
SRR (17p13.3) rs4523957 47 No – – – – – –

Calcium CACNA1C (12) rs2007044 4 Yes 0.52 0.45 0.31 0.40 0.16 0.16
CACNB2 (10) rs7893279 20 Yes 0.21 0.22 0.16 0.17 0.63 0.60
RIMS1 (6q12-13) rs1339227 108 Yes 0.05 0.07 0.27 0.24 0.69 0.69
CACNA1 (22q13.1) Chr22_39987017_D 41 No – – – – – –
NRG (11) rs55661361 24 No – – – – – –
ATP2A2 (12) rs4766428 58 No – – – – – –

PGC is Psychiatric Genetics Consortium (7); HC is healthy control group (n = 67); Sz is schizophrenia group (n = 58).
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were obtained from the literature, for this correction (14). Our 
group has previously documented the test–retest reliability of 
these methods (12). As previously discussed (3), voxels were 
further classified based on their GM fraction as [100  ×  GM/
(GM  +  WM) as “predominantly” GM (>66%) or “predomi-
nantly” WM < 34%; Figure 1D]. Finally, because glutamate and 
glutamine concentrations vary depending on tissue type and 
most voxels contained various proportions of GM and WM (15), 
we also used the GM fraction of each voxel as a covariate in the 
statistical analyzes (see below).

genetics
SNP Selection and Analyzes
Our aim was to study the six SNPs identified in the PGC (7) 
involved in glutamatergic function and the six SNPs involved 
in calcium signaling (Table  1). The genetic data originated 
from each subject’s saliva samples processed via 5M Illumina 
HumanOmni5-Quad SNP array (Illumina, www.illumina.com) 
and we used Illumina Genome Studio Genotyping Module to 
optimize call rates. Genome wide scan data from each partici-
pant underwent quality assurance testing before inclusion in the 
analysis. Requirements per SNP included a minor allele frequency 
greater than 5%, Hardy–Weinberg equilibrium (p <  10−6), and 
data for over 90% of participants in the sample. Three individuals 
missing over 10% of the total SNPs found in the platform were 
excluded. Only three of the glutamate-related and three of the 
calcium signaling SNPs were available for 125 subjects.

Imputation
Any missing genotypes at the six loci of interest were selectively 
imputed via IMPUTE2 software (v2.3.1) and the 1000 Genomes 
Phase 3 reference dataset. SNPs rs12704290, rs12325245, and 
rs1339227 were imputed for all subjects. SNP rs2007044 was 
imputed for 1 subject. Imputed SNPs demonstrated a 0.9 or 
greater imputation probability estimate.

Adjustment
For each subject, the number of risk alleles (1 for homozygous 
non-risk, 2 for heterozygous, and 3 for homozygous risk) was 
multiplied by the odds ratio (OD) for schizophrenia from the 
PGC (12) at each SNP. In order to examine the potential effect 
of ethnicity, we used PLINK to calculate 10 multidimensional 
scaling (MDS) factors (equivalent to principal components) from 
the subjects’ SNP array data. The top principal components are 
generally associated with population structure, in other words 
ethnicity information. The top MDS factors were entered into the 
relevant PROC-MIXED model.

Summary Scores
Each SNP OD-adjusted risk value was summed to a total risk score 
(range 3–9) for glutamate-related SNPs and for calcium signaling 
SNPs. The direction of effect on Glx brain levels of a risk allele 
is unknown. However, as proof of concept, the total risk score 
approach supports the testing of the hypothesis that a higher risk 
score would positively correlate with the more abnormal (higher) 
Glx levels in schizophrenia [reported in the literature (1, 3)].

statistical analysis
We examined whether the relationships between brain Glx and 
glutamate-related and calcium signaling genetic risk scores 
differed across schizophrenia and healthy controls. Because 
Glx brain levels differ by tissue type and age (15), and there are 
progressive tissue changes in schizophrenia (16), these variables 
(age and voxel tissue composition) must be considered in the 
analyzes. PROC-MIXED (SAS version-9) uses all available data, 
accounts for correlation between repeated measurements in the 
same subject (i.e., Glx in many voxels), and can handle missing 
data more appropriately than other methods (17). Hence, we 
implemented four repeated-measures PROC-MIXED analyzes: 
glutamate-related risk score and Glx in GM (1) and in WM (2); 
as well as calcium signaling risk score and Glx in GM (3) and in 
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TaBle 2 | Demographic, clinical, and spectral quality characteristics of the 
subjects.

schizophrenia 
(n = 58)

healthy 
controls 
(n = 67)

Age, years 38 ± 14 36 ± 12
Gender (male/female) 46/12 49/18
Hispanic (yes/no) 19/37 24/43
Socioeconomic status (SES) 4.5 ± 1.6 4.3 ± 1.5
Parental SES 4.1 ± 1.7 3.9 ± 1.5
Smoker (yes/no) 13/42 18/49
Vascular risk scorea 2.0 ± 1.8 2.3 ± 1.8
History of alcohol use disorder (yes/no) 18/36 7/54*
History of cannabis use disorder (yes/no) 15/39 1/60*
History of hallucinogen use disorder (yes/no) 4/50 0/61*
History of stimulant use disorder (yes/no) 7/47 0/61*
History of cocaine use disorder (yes/no) 5/49 0/61*
History of opiate use disorder (yes/no) 3/51 0/61
History of sedative use disorder (yes/no) 2/52 0/61
Current smoker (yes/no) 13/42 18/49
GlxCRLB

b gray matter (GM) 3.8 ± 0.8 3.6 ± 0.7*
GlxCRLB white matter (WM) 2.6 ± 0.6 2.5 ± 0.4*
GM fraction GM 0.819 ± 0.1 0.813 ± 0.1
GM fraction WM 0.150 ± 0.08 0.146 ± 0.08
Cerebrospinal fluid per voxel 0.085 ± 0.1 0.073 ± 0.09*
Age onset psychosis 20.9 ± 8.4 N/A
Positive symptoms 14.8 ± 5.2 N/A
Negative symptoms 14.6 ± 4.0 N/A
Tardive dyskinesia 4.2 ± 3.6 N/A
Parkinsonism 9.5 ± 2.0 N/A
Akathisia 0.2 ± 0.5 N/A
Antipsychotic dose in mgsc 14.8 ± 12.5 N/A

*p < 0.05.
aVascular risk score, 0–4 (score of 1 each for cardiac illness, hypertension, 
dyslipidemia, and diabetes).
bCRLB is Cramer–Rao lower bounds (CRLB = SD × metabolite concentration/100).  
Glx is glutamate + glutamine.
cIn olanzapine equivalents (20).
± is for SD.
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WM (4) (p = 0.05/4, Bonferroni-corrected p = 0.0125). Each of 
these omnibus tests included Glx concentration in all selected 
voxels as the repeated-measures dependent variable, with the 
following independent variables: risk score as the within-subject 
factor, diagnostic-group (schizophrenia, healthy control) as 
the between-group factor and age as a covariate. In order to 
facilitate the visualization (by plotting data) of the hypothesized 
correlations between Glx concentrations (continuous) and risk 
scores (continuous), age was dichotomized into age-group for 
the model; we chose a median split of ≤36  years as a neutral 
cutoff (results did not differ with age dichotomization of <30 
or >45).

As in our previous 1H-MRS imaging study (3), we followed 
a hierarchical, systematic approach to statistical analyzes. To 
address type-1 errors, only the highest order significant interac-
tions involving diagnostic-group and risk score (the relevant vari-
ables of interest) are presented in the Results and followed-up with 
PROC-MIXED post hoc tests; this protects the post hoc tests for 
type-I errors (18, 19). In order to control for effects of diagnostic-
group differences in spectral fitting [e.g., bias in metabolite values 
due to worse quality in the ill group as previously reported (3)], 
we used the Cramer–Rao lower bounds (CRLB  =  SD/concen-
tration ×  100). The CRLB (not the SD reported by LC Model) 
should be used to account for group differences in spectral 
quality, since CRLB is independent of concentration (personal 
communication, Provencher, creator of LC Model). Hence, if the 
groups differed in CRLBs, GM fraction, relevant demographic or 
substance use characteristics, these were entered into the model 
as additional covariates. The potential confound of antipsychotic 
medication was examined by adding the drug dosage as standard-
ized olanzapine equivalents (20) to the appropriate model in the 
schizophrenia group. Likewise, the effects of various symptom 
severity and neurological side-effects measures were examined 
in each relevant model. All tests were two-tailed and we used 
Satterthwaite’s correction for unequal variances.

resUlTs

Demographics, substance Use history, 
and Quality of spectral Fitting
Fifty-eight schizophrenia and 67 healthy controls were studied. 
There were no significant differences between the groups in: age, 
gender, Hispanic ethnicity, socioeconomic status (SES) of the 
subject, or SES of the family of origin, smoking status, vascular 
risk factors, or history of opiate or sedative use disorders (Table 2). 
Schizophrenia subjects had more frequent lifetime histories of 
alcohol (p = 0.006), cannabis (p < 0.001), cocaine (p = 0.02), hal-
lucinogens (p = 0.004), and stimulant use disorders (p = 0.05). 
Also, the schizophrenia group had slightly, but significantly, 
higher CRLB for Glx (GlxCRLB) in GM (F1,123 = 53.3, p < 0.001) 
and WM (F1,123 = 36.9, p < 0.001). However, schizophrenia and 
controls did not differ in GM fractions for GM (p = 0.11) or for 
WM (p = 0.15). As expected, CSF proportion across voxels was 
higher in the schizophrenia than the control group (p < 0.001). 
This difference was addressed by the partial-volume correction 
method (14).

glx and glutamate-related risk scores
Gray Matter
Glx was positively correlated with glutamate risk score but only 
in the younger schizophrenia group (diagnostic-group  ×  age-
group × risk-score: F1,117 = 6.8, p = 0.01; Figure 2). This three-way 
interaction remained after adjusting for GlxCRLB (actually became 
more robust, F1,117 = 10.5, p = 0.001), as well as after controlling for 
histories of alcohol, cannabis, cocaine, stimulant, and hallucinogen 
use (p’s between 0.002 and 0.003). Also the three-way interaction 
remained after adding the top 3, 4, or 5 MDS factors to address 
potential effects of ethnicity (p’s between 0.02 and 0.008). Post hoc 
PROC-MIXED confirmed that among the younger age-group, 
the relationships between Glx and risk-score differed between 
the schizophrenia and control groups (F1,59  =  9.9, p  =  0.003). 
However, among the older age-group, these correlations did not 
differ between schizophrenia and control groups (F1,58  =  0.55, 
p = 0.46). Still, when examining the whole schizophrenia group, 
the associations between Glx and risk score differed between the 
younger and the older age-groups (F1,54 = 5.9, p = 0.02). Finally, 
in a test randomizing the dependent variable (Glx) 1,000 times, 
the observed (6.8) or higher F values occurred in 2 of the 1,000 
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permutations (p = 0.002). This provides further support that the 
above findings are unlikely to be the result of chance variations.

The differences in relationships between Glx and genetic score 
among the younger and older schizophrenia age-groups remained 
when accounting for age of onset of psychosis (p = 0.04), positive 
(p  =  0.04) and depressive symptoms (p  =  0.03), antipsychotic 
dose (p =  0.01) and severity of tardive dyskinesia (p =  0.007), 
parkinsonism (p = 0.02), and akathisia (p = 0.02). However, the 
differences became a trend when adjusting for negative symptoms 
score (F1,52 = 3.5, p = 0.07). Finally, severity of negative symptoms 
did not differ between younger (14.9 ± 4.3) and older (14.2 ± 3.8) 
schizophrenia patients (p = 0.5).

White Matter
A significant diagnostic-group × age-group × risk-score interaction 
(F1,117 = 7.7, p = 0.007), disappeared when adjusting for GlxCRLB 
(F1,117 = 0.2, p = 0.65). There were no other significant interactions 
or main effects involving diagnostic-group; see Supplementary 
Material for full statistical model.

glx and calcium signaling risk scores
Gray Matter
The only significant effect involving diagnosis was the diagnostic-
group × risk-score interaction (F1,119 = 5.0, p = 0.03). However, 
significance disappeared when adjusting for GlxCRLB (F1,119 = 0.05, 
p = 0.82).

White Matter
A significant diagnostic-group × age-group × risk-score interaction 
(F1,117 = 8.4, p = 0.005), disappeared when adjusting for GlxCRLB 
(F1,117 = 0.2, p = 0.63).

group Differences for genetic  
risk scores and glx levels
Not surprisingly in this small sample, genetic risk-scores did not 
differ between the schizophrenia and the healthy controls for 
glutamate (t123 = 1.02, p = 0.31) or for calcium-related (t123 = 0.02, 
p = 0.98) SNPs. Glx was higher in the schizophrenia compared 
to the control group, adjusting for age or tissue type (F1,122 = 26.5, 
p < 0.001); however, this is not a new finding but merely a state-
ment that the subgroup examined in this report behaves similar to 
the full sample from the original study (3) in terms of Glx levels.

DiscUssiOn

We found that among younger subjects with schizophrenia, scores 
in glutamate-related risk-conferring SNPs positively correlated 
with Glx levels in GM. In older schizophrenia patients, as in the 
healthy controls regardless of age, there was no such relationship. 
This pattern of relationships was not found for risk-scores in neu-
ronal calcium signaling SNPs and was not accounted by variance 
in antipsychotic dose or other common confounds, such as prior 
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substance use histories or the quality of spectral fitting. Finally, 
Glx levels were higher in the schizophrenia group but the genetic 
risks scores did not differ from the healthy controls.

Only two other studies have examined the relationship 
between a glutamate-related gene and in  vivo brain glutamate 
in schizophrenia. Ongur et al. (5) reported that a haplotype of 
four SNPs within the glutaminase 1 (GLS1) gene was positively 
associated with the glutamine/glutamate ratio (Gln/Glu) in the 
parieto-occipital cortex. The sample included a combination of 
subjects with schizophrenia, bipolar disorder, and healthy con-
trols but there was no difference in the haplotype score versus 
Gln/Glu correlation across the groups. Gruber et  al. (6) found 
that methionine homozygous carriers for the val66met SNP 
(rs6265) of the brain-derived neurotrophic factor (BDNF) gene 
had lower hippocampal glutamate in a combined group of schizo-
phrenia, bipolar disorder, and healthy controls. Again, there were 
no differences in the associations across groups. However, the 
PGC did not rank any SNPs in GLS1 or BDNF into the top 108 
schizophrenia risk loci (7).

What do these findings tell us about the pathophysiology 
of schizophrenia? The positive correlation between glutamate-
related genes and GM Glx in the younger schizophrenia group is 
somewhat specific (i.e., not seen with the calcium signaling genes). 
GRM3 codes for a glutamate receptor predominantly expressed in 
astrocytes (21); CLCN3 is a voltage-gated chloride channel critical 
for glutamate reuptake in synaptic vesicles of neurons (22); and 
SLC38A7 encodes a sodium-coupled l-glutamine transporter 
expressed in neurons (23). In addition, 1H-MRS visible Glx 
includes metabolic and neurotransmitter glutamate pools, as well 
as glutamine, and most glutamine is the product of synaptic glu-
tamate re-uptaked by glial cells (24). Hence, variability in specific 
common SNPs in these genes, known to confer risk for schizo-
phrenia, can be plausibly related to abnormally increased levels 
of Glx in GM, though elucidation of the specific mechanisms 
will require additional experimental approaches. However, the 
normal range in glutamate risk-scores found in our schizophrenia 
sample is not sufficient to account for increases in Glx. Hence, 
some other factors, genetic and/or environmental, must interact 
with the glutamate genetic risk to increase glutamatergic cortical 
levels during the early course of the illness. Likewise, this relation-
ship is not apparent in older schizophrenia subjects, with similar 
glutamate risks scores, also suggests that other factors affect Glx 
concentration in schizophrenia. Epigenetic factors, like differ-
ential methylation of glutamate risk genes during the course of 
illness, could potentially affect Glx brain levels. In support of this 
possibility, our recent MRI/genetic/epigenetic preliminary data 
showed that variation in methylation of PGC gene loci is more 
robustly related to GM concentration reductions in schizophre-
nia than the variability in the risk-conferring SNPs themselves 
(25). Alternatively, other non-specific factors like aging or disease 
duration may increase Glx levels and obscure a relationship with 
risk scores in the older subjects.

This study had several strengths, including the assessment of 
many GM and WM voxels with standardized metrics of quality of 
spectral fits. As in our recent report (3), controlling for group dif-
ferences in CRLB can have major effects on the results. However, 
some limitations must be acknowledged. First, the sample size is 

small, and replication is necessary. We are not currently aware of 
a similar 1H-MRS imaging database of supraventricular Glx in 
schizophrenia with broad SNP characterization for a replication. 
However, ours is the first proof-of-principle study documenting 
an association between risk-conferring glutamate-related SNPs 
and Glx brain levels in schizophrenia. With greater standardiza-
tion of 1H-MRS protocols, future larger studies would be able to 
clearly document the extent of specific genetic contributions to 
glutamatergic dysfunction. Second, glutamate was not resolved 
from glutamine in this study, and Glx levels do not reflect the rate 
of glutamatergic metabolism, which would be a more function-
ally relevant measure. Glutamate and glutamine are present in 
all brain cell types, so 1H-MRS measurements combine several 
functional compartments. Hence, interpretation of Glx brain 
differences is not straight forward. 13C-MRS, though technically 
demanding and yet to be widely applied in large human sam-
ples, could in future studies assess more directly glutamate and 
glutamine metabolic cycling and their relationship to glutamate-
related risk genes in schizophrenia. Third, Glx measurements 
were acquired without controlling for cognitive state, which can 
affect glutamate levels (26). Fourth, schizophrenia subjects were 
treated with antipsychotic medications, agents known to affect 
brain glutamate levels (2). However, adjustment for antipsychotic 
dosage within the schizophrenia group, did not cancel the differ-
ence in correlations between risk-score and Glx concentrations 
across the younger and older age-groups. Fourth, only three of the 
six glutamate and three of the six calcium-related SNPs from PGC 
were examined due to limited coverage of the Illumina SNP array 
used. Hence, a complete assessment of the six risk-conferring 
SNPs could yield different results. Furthermore, it is possible that 
other risk genes involved in a metabolic pathway that feeds into 
glutamatergic neurotransmission may also be related to Glx brain 
concentrations. Fifth, the cortical regions studied were not found 
to have increased Glx in a recent meta-analysis (1). However, the 
meta-analysis was published before our recent study, which has 
by far the largest sample [N  =  201 (3)]; still the supplemental 
data of the meta-analysis showed a small effect size (0.12) for Glx 
greater in Sz than controls in medial frontal cortex, consistent 
with our results. Sixth, our criteria for excluding subjects with 
missing SNP data (>10% of the total SNPs) may be somewhat 
liberal. Finally, the schizophrenia group had a greater past history 
of several substance use disorders that could affect Glx levels (27). 
However, controlling for this history did not eliminate the main 
findings.

In summary we report in younger schizophrenia patients, a 
positive relationship between GM Glx levels, with a combined 
score for glutamate-related SNPs found to confer risk for the 
illness. This relationship is somewhat specific, as it is not present 
in WM (which also had increased Glx in schizophrenia), or 
for calcium signaling SNPs (which also confer risk for schizo-
phrenia). The overall findings suggest that though variance in 
some common SNPs may indeed contribute to the increased 
cortical glutamate levels in schizophrenia, other genetic and/or 
environmental mechanisms must also be involved early in the 
disease. Future studies very early in the illness with greater Glx 
brain coverage and examining epigenetic factors that modulate 
the impact of specific risk-conferring SNPs may shed further light 
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on the underlying neurobiology of glutamatergic dysfunction in 
schizophrenia. Also, modulators of presynaptic glutamate release 
may be particularly effective for patient subgroups early in the 
illness and which have dysregulation of central nervous system 
glutamatergic tone (28).
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Schizophrenia is associated with brain glutamate dysfunction, but it is currently unclear 
whether antipsychotic administration can reduce the extent of glutamatergic abnormality.  
We conducted a systematic review of proton magnetic resonance spectroscopy  
(1H-MRS) studies examining the effects of antipsychotic treatment on brain glutamate 
levels in schizophrenia. The Medline database was searched to identify relevant articles 
published until December 2016. Inclusion required that studies examined longitudinal 
changes in brain glutamate metabolites in patients with schizophrenia before and after 
initiation of first antipsychotic treatment or a switch in antipsychotic treatment. The 
searches identified eight eligible articles, with baseline and follow-up measures in a total 
of 168 patients. The majority of articles reported a numerical reduction in brain glutamate 
metabolites with antipsychotic treatment, and the estimated overall mean reduction of 
6.5% in Glx (the combined signal from glutamate and glutamine) across brain regions. 
Significant reductions in glutamate metabolites in at least one brain region were reported 
in four of the eight studies, and none of the studies reported a significant glutamatergic 
increase after antipsychotic administration. Relationships between the degree of change 
in glutamate and the degree of improvement in symptoms have been inconsistent but 
may provide limited evidence that antipsychotic response may be associated with lower 
glutamate levels before treatment and a greater extent of glutamatergic reduction during 
treatment. Further longitudinal, prospective studies of glutamate and antipsychotic 
response are required to confirm these findings.

Keywords: schizophrenia, magnetic resonance spectroscopy, glutamates, antipsychotics, treatment response

iNTRODUCTiON

Animal, postmortem, and genetic studies indicate that schizophrenia is associated with abnormali-
ties in glutamatergic neurotransmission (1), but it is unclear whether antipsychotic treatment may 
impact on glutamate dysfunction in patients. Our recent meta-analysis suggests that schizophrenia 
is associated with a general elevation in glutamate metabolites, with some variation observed across 
brain regions and patient subgroups (2). Elevations in frontal cortical or hippocampal glutamate 
may lead to secondary elevations in striatal dopamine release, characteristic of schizophrenia (3–6). 
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Observations of glutamate dysfunction prior to illness onset 
(7–9), and in patients who are antipsychotic naïve or who have 
received minimal antipsychotic treatment (10, 11), suggest that 
glutamatergic dysregulation is a pathological feature of schizo-
phrenia, rather than an effect of antipsychotic exposure. However, 
it is unknown whether antipsychotic treatment can reduce, or 
indeed worsen, glutamatergic abnormalities. Potentially, modula-
tion of glutamatergic transmission with antipsychotic treatment 
could occur via downstream effects of D2 antagonism and/or via 
interactions at other receptor subtypes. Alternatively, if current 
antipsychotics do not adequately address glutamatergic dysfunc-
tion, this would support the suggestion that adjunctive treatment 
with glutamatergic agents may have additional therapeutic 
benefit.

The idea that antipsychotics may modulate glutamatergic 
neurotransmission is supported by experimental animal studies  
showing a reduction in frontal cortical glutamate following 
administration of some, but not all antipsychotics (12–19). In 
rodents, decreases in frontal glutamate have been observed using 
ex vivo proton nuclear magnetic resonance (1H-NMR) following 
administration of clozapine and olanzapine, but not haloperidol, 
risperidone, or aripiprazole (12). In vivo microdialysis studies 
in rodents have demonstrated reductions in pharmacologically 
induced elevations in frontal glutamate by risperidone, pali-
peridone, clozapine, aripipirazole, olanzapine, and haloperidol 
(13–19). However, a lack of significant effects of haloperidol on 
resting or stimulated glutamate metabolites in the rat brain have 
also been reported (19–22), and when antipsychotics are admin-
istered in the absence of pharmacologically stimulated glutamate 
release, antipsychotic-induced glutamate elevations may also 
be observed (23, 24). Together, these studies may suggest that 
antipsychotic glutamate-modulatory effects may be dependent 
on the animal model or glutamatergic assay, as well as the level 
of basal glutamatergic tone. Differential effects of antipsychotics 
may also be mediated by differing receptor binding profiles, and 
it has been suggested that downregulation of 5HT2A receptors 
by antipsychotics with high 5HT2A affinity may be important in 
reducing glutamatergic signaling (15, 16).

In man, brain glutamate levels can be measured in vivo using 
proton magnetic resonance spectroscopy (1H-MRS), usually 
within a specific a  priori brain region of interest. Depending 
on the achieved resolution, 1H-MRS can provide concentra-
tion estimates for glutamate and glutamine or, at lower field 
strengths, the combined glutamate plus glutamine signal, which 
is termed Glx. The idea that antipsychotics may reduce glutamate 
elevation in schizophrenia is supported by a cross-sectional study 
that detected an elevation in Glx in non-medicated, but not in 
medicated schizophrenia (25). In our recent meta-analysis, meta-
regression showed no significant relationship between regional 
glutamate, glutamine, or Glx and mean chlorpromazine equiva-
lent antipsychotic dose (2). Nonetheless, longitudinal studies 
examining glutamate metabolites before and after antipsychotic 
treatment are required to address this question directly. Several 
such studies have now been published and the purpose of this 
article is to provide systematic review of their findings.

As a second objective, we also review the relationships between 
glutamate and symptomatic response in longitudinal studies of 

antipsychotic treatment. Cross-sectional 1H-MRS studies show 
that glutamate metabolite levels differ between patients who 
have or have not responded well to antipsychotic treatment 
(26–29). This may suggest that glutamate level may predict the 
degree to which symptoms are likely to respond to antipsychotic 
administration, or that symptom reduction occurs in parallel 
with antipsychotic glutamatergic modulation. We, therefore, 
appraised the evidence from longitudinal studies for the value 
of glutamate levels in predicting or monitoring antipsychotic 
response.

MeTHODS

Study Selection
The review was conducted in accordance with PRISMA guide-
lines (30). The Medline electronic database was searched to iden-
tify journal articles published until 19 December 2016, using the 
following freeform and MeSH search terms: (“GLUTAMATE” 
OR “GLX”) AND (“SPECTROSCOPY” OR “MRS”) AND 
(“ANTIPSYCHOTIC”) AND (“SCHIZOPHRENIA” OR  
“PSYCHOSIS”). Reference lists of the returned articles were 
hand searched for further relevant publications.

Inclusion required that articles were published in peer-
reviewed journals in English or English translation. Inclusion also 
required that studies reported 1H-MRS glutamate, glutamine, or 
Glx before and after either first initiation of antipsychotic medi-
cation or initiation of a change in antipsychotic administration. 
Inclusion was limited to investigations performed in patients 
with first episode psychosis, schizophrenia, or schizoaffective 
disorder. Where separate articles reported overlapping datasets, 
the article reporting the largest dataset was included. Where arti-
cles reported glutamate measures over multiple time-points, the 
glutamate measure at longest time-point was included to provide 
maximal time for any antipsychotic effects to emerge.

Returned articles were initially screened for inclusion through 
reading of article titles and abstracts. Full text was then screened 
for articles potentially meeting the inclusion criteria. Two authors 
independently performed the searches and identified articles for 
inclusion (Akarmi Bhachu and Alice Egerton).

Data extraction
For qualitative comparison of antipsychotic-induced change in 
glutamate metabolites across studies, the percentage difference in 
glutamatergic metabolite level over the antipsychotic treatment 
period was extracted from each article. This was calculated as the 
percentage mean difference (PMD), where PMD = [(mean gluta-
mate metabolite level after treatment − mean glutamate metabo-
lite level before treatment)/mean glutamate metabolite level 
before treatment] × 100. Where these values were not reported 
(31, 32), they were extracted from figures using WebPlotDigitizer 
(http://arohatgi.info/WebPlotDigitizer). Extracted data also 
included the reported statistical significance of the change in glu-
tamatergic metabolite over the antipsychotic treatment period, 
the demographic and clinical characteristics of the sample, the 
antipsychotic/s prescribed and the duration of treatment, and the 
brain region investigated.
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TABLe 1 | Methodological characteristics of studies investigating the effects of antipsychotics on brain glutamate measures.

Reference N Age illness stage DOi AP regime AP Pre-baseline AP Months

(32) 34 NR NR NR NR Hal; Tfpz; Pzd; Clz Naïve or >6 months w/o 1–6
(38) 14 NR SZ NR Fixed Ol Conventional AP, no w/o 2
(40) 14 32 ± 7 SZ 9 ± 6 Fixed Ri >7 days 2
(10) 7 27 ± 9 FEP 0.6 ± 0.8 Flexible Qu, Ri, Ar, Hal Lifetime exposure <3 weeks 12
(31) 17 25 ± 7 FEP 1.8 ± 2 Flexible Hal, Zpx, Ri, Ol, Qu, Zip; Clz Naïve 80
(34) 42 32 ± 6 SZ 0.2 ± 0.5 Flexible Ri, Ol, Clz, Pz, Cpz, Ppz w/o >7 days 1.4–2.1
(39) 16 31 ± 12 FEP NR Flexible Ri, Olz, Ar, Qu NR 6
(37) 24 27 ± 8 FEP 0.4 ± 0.5 Fixed Ri Naïve 1

Age, mean ± SD years; AP, antipsychotic; DOI, mean ± SD duration of illness in years; FEP, first episode psychosis; N, number of patients completing the follow-up assessment; 
NR, not reported; SZ, schizophrenia; w/o, washout period; Ar, aripiprazole; Clz, clozapine; Hal, haloperidol; Ol, olanzapine; Ppz, perperazine; Pz, perazinze; Pzd, pimozide; Qu, 
quetiapine; Ri, risperidone; Tfpz, trifluoperazine; Zip, ziprasidone; Zpx, zuclopenthixol.
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ReSULTS

The initial search identified 51 articles, of which 40 were excluded 
at the title and abstract screening stage. At the full-text screening, 
one study was excluded as it was not available in English (33). 
Analysis of the sample reported in Ref. (34) was subsequently 
extended (35). One article (36) was excluded as it reported a sub-
sample of participants included in a larger cohort and longer term 
follow-up (31). This resulted in final inclusion of eight original 
articles (10, 31, 32, 34, 37–40).

Methodological Characteristics
The methodological characteristics of the included articles are 
provided in Table 1. Eight articles provided glutamate measures 
at baseline and after antipsychotic administration in a total of 
168 patients. The sample sizes completing to 1H-MRS follow-up 
ranged from 7 to 42 patients. Three studies recruited patients 
with first episode psychosis who were antipsychotic naïve or had 
received minimal antipsychotic exposure (10, 31, 37). A further 
study in first episode psychosis did not describe antipsychotic 
exposure prior to baseline glutamatergic measurement (39). Two 
studies in chronic schizophrenia included washout periods of at 
least 7 days prior to baseline glutamate measurement and antipsy-
chotic re-initiation (34, 40). One study in chronic schizophrenia 
investigated the change in glutamate measures following a switch 
from conventional antipsychotic treatment to olanzapine and did 
not include a washout period (38). The final study did not specify 
stage of illness, but included only patients who were antipsychotic 
naïve or antipsychotic-free for a minimum of 6 months (32).

The majority of studies examined glutamatergic change in 
samples including patients on a variety of typical and atypical 
antipsychotic drugs, administered as standard clinical care (10, 31,  
32, 34, 39) (Table  1). The remaining three studies investigated 
specific antipsychotic compounds, with one study investigating 
olanzapine (38) and two studies investigating risperidone (37, 40). 
The antipsychotic treatment period ranged from 1 to 80 months.

Four studies acquired glutamate measures at a field strength of 
1.5-T and, therefore, reported glutamate primarily as the combined 
Glx signal (32, 34, 38, 40). Two studies were performed at 3-T, 
one of which reported Glx (39) and one of which reported both 
glutamate and Glx (37). The remaining two studies, performed 
at 4-T, reported glutamate, glutamine (10, 31), and Glx (31).  

Glutamatergic measures were reported as water-scaled values 
in ratio to voxel creatine (Cr) (32, 34, 38–40) or corrected for 
voxel cerebrospinal fluid (CSF) content (10, 31, 37). Brain regions 
investigated included the frontal cortex (seven studies), thalamus 
(four studies), temporal cortex (two studies), basal ganglia or 
striatum (two studies), parieto–occipital cortex (one study), and 
cerebellum (one study) (Table 2).

effect of Antipsychotic Treatment  
on Brain Glutamate Levels
Across brain regions, the PMD in Glx after antipsychotic treat-
ment ranged from a 12.5% increase (38) to a 27% decrease 
(39). In the majority of observations (10 out of 15), there was 
a numerical reduction in Glx, with an overall mean decrease of 
6.5% (Figure 1). The PMD in Glx could not be calculated from 
the information available in one article (10). A decrease in Glx 
of 6.5% (±11%) can be estimated to be associated with an effect 
size of approximately dz = 0.6. Accordingly, this translates to a 
within-subjects’ sample size of 24 patients to observe a significant 
change in Glx over antipsychotic treatment, at 80% power and 
α = 0.05, two-tailed.

Four of the eight included studies reported statistically 
significant glutamatergic reductions over antipsychotic treat-
ment in at least one brain region investigated (31, 34, 37, 39). 
Specifically, significant reductions in Glx occurred in the thala-
mus over 80 months of mixed antipsychotic administration (31), 
in the left temporal lobe over 2 months of mixed antipsychotic 
administration (34), and in the frontal lobe over 6 months of 
mixed antipsychotic administration (39), and in glutamate 
in right striatum over 1  month of risperidone administration 
(37). Additionally, Choe et al. (32) also reported a reduction in 
prefrontal cortical Glx over 1–6 months antipsychotic treatment 
in 29/34 patients but did not report the statistical outcome asso-
ciated with this finding. Extraction and analysis of data from 
the figure provided in the article found a significant reduction 
in frontal cortical Glx [mean ± SD Glx at baseline: 0.95 ± 0.30; 
follow-up: 0.75  ±  0.31; paired samples t-test: t(29)  =  3.06; 
P = 0.005]. There were no reports of significant increases in glu-
tamate metabolites with antipsychotic treatment. Three of the 
eight studies did not report significant effects of antipsychotic 
treatment on glutamate measures in any brain area across the 
patient sample (10, 38, 40).
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FiGURe 1 | Percentage mean difference (PMD) in Glx in individual studies of Glx at baseline and after antipsychotic administration in schizophrenia. 
PMD was calculated as [(mean Glx level at after treatment−mean Glx level before treatment)/mean Glx level before treatment] × 100. Abbreviations: Glx, combined 
signal from glutamate and glutamine; Temp. ctx, temporal cortex; POC, parieto–occipital cortex; Cblm, cerebellum. Letters relate to articles as follows: A (32) B (38) 
C (40) D (34) E (31) F (39) G (40) H (34) I (31) J (40) K (34) L (39) M (37) N (39) O (37). *Reported as significant finding; aSignificance calculated from figure in article.

TABLe 2 | Results of studies investigating the effects of antipsychotics on brain glutamate measures and relationships with symptoms.

Reference voxel location Field  
strength (T)

Glutamate  
measure

PMD Relationships with symptom change

(32) FC 1.5 Glx/Cr  −21a,b Positive correlation between ΔGlx and ΔBPRS score

(38) R. ACC 1.5 Glx/Cr +12 NS correlation between ΔGlx and ΔSANS total score. Sig. increase in Glx 
in responders (+46%) compared to non-responders (−21%)L. ACC

(40) L. FC 1.5 Glx/Cr −7 NS correlation between ΔGlx and ΔPANSS
L. TC −16
L. Thal 0.5

(10) ACC 4 Glu; Gln; /CSF NA
L. FWM
L. Thal

(31) L. ACC 4 Glx; Glu; Gln; /CSF 5, 5, 4 Positive correlation between ΔGlx in L. Thal and Life Skills Profile Rating 
Scale score at follow-upL. Thal Glx; Glu; Gln; /CSF −9a,−1, −16

(34) L. FC 1.5 Glx/Cr −6 NS correlation between ΔGlx in temporal lobe and ΔPANSS
L. TC −15a

L. Thal 2

(39) FC 3 Glx/Cr −27a NS correlations between ΔGlx and ΔPANSS
L. BG −14
POC −5

(37) R. Striatum Cblm 3 Glx; Glu; /CSF −5; −7a Negative correlation between both ΔGlx and ΔGlu in R. striatum and 
ΔPANSS general scoreGlx; Glu; /CSF +9; +3

ACC, anterior cingulate cortex; BG, basal ganglia; BRPS, Brief Psychiatric Rating Scale; Cblm, cerebellum; Cr, scaled to voxel creatine; CSF, corrected for voxel cerebrospinal fluid 
content; Δ, change; L, left; FC, frontal cortex; FWM, frontal white matter; Gln, glutamine: Glu, glutamate; Glx, glutamate plus glutamine; NA, not available; NS, non-significant; 
PANSS, positive and negative syndrome scale for schizophrenia; PMD, percentage mean difference; POC, parieto–occipital cortex; R, right; SANS, scale for assessment of negative 
symptoms; TC, temporal cortex; Thal, thalamus.
aReported as significant finding.
bSignificance calculated from figure in article.
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Relationships between Change in 
Glutamate and Symptom Reduction  
on Antipsychotic Administration
The included studies reported mixed findings regarding associa-
tions between the degree of change in glutamate and the degree 
of symptomatic reduction with antipsychotic treatment (Table 2). 
Significant positive associations were reported for change in frontal 
Glx and change in the total score on the Brief Psychiatric Rating 
Scale (BPRS) (32), and for change in striatal glutamate and Glx and 
change in Positive and Negative Syndrome Scale (PANSS) general 
symptom score (37). One study reported a positive correlation 
between the change in thalamic Glx over 80 months antipsychotic 
treatment and Life Skills Profile Rating Scale Score at 80 months 
(31). These observations suggest that a greater degree of glutamate 
reduction is associated with a greater degree of symptomatic 
improvement during antipsychotic treatment. However, four of the 
eight included studies reported no significant correlations between 
changes in glutamate metabolite levels and changes in symptom 
severity (34, 38–40). While one of these studies found no signifi-
cant correlation between change in glutamate and change in the 
Scale for Assessment of Negative Symptoms (SANS) total score on 
olanzapine administration (38), a secondary analysis dividing the 
group into responders and non-responders based on the change 
in SANS total score found a 46% Glx increase in responders, com-
pared to a 21% Glx decrease in non-responders, and a significant 
difference between these groups (38). This is broadly inconsistent 
with the reports of positive associations between glutamate reduc-
tion and symptom reduction (32, 37).

None of the studies included in the review examined whether 
glutamate measures before antipsychotic treatment predicted 
the degree of subsequent symptomatic response to antipsychotic 
administration. However, a separate article (35) presenting addi-
tional analysis of data presented in a previous article (34) found 
that frontal Glx at baseline was significantly lower in subsequent 
responders than non-responders.

DiSCUSSiON

The main finding of this review is that the majority of studies 
reported a numerical reduction in glutamate metabolites follow-
ing antipsychotic treatment in schizophrenia, with half of the 
reviewed studies finding significant reductions in at least one 
brain region. In contrast, no significant increases in glutamate 
metabolites were reported. Schizophrenia is associated with 
a general increase in glutamate metabolites, which varies with 
region and with illness stage (2). This review provides some sug-
gestion that antipsychotics may reduce glutamatergic elevations 
in schizophrenia but indicates that this effect may be relatively 
small or limited to subgroups of patients.

The mean change in Glx over antipsychotic treatment was 
estimated from the available data as a decrease in the range of 
6.5% across regions, which would require a within-subjects’ 
sample size of 24 patients to achieve 80% power. Only three of 
the eight available studies had sample sizes of 24 or more patients 
(32, 34, 37) and the three studies with the smallest sample sizes 
(10, 38, 40) were the studies that did not find significant effects of 

antipsychotics on glutamatergic measures, suggesting that they 
may have been underpowered. Two of these smaller studies (38, 40)  
also differed in that they recruited patients with long antipsychotic 
medication histories, which may have also limited the ability to 
observe further glutamatergic reduction.

Our estimates of percentage reduction in glutamatergic 
metabolites following antipsychotic treatment in schizophrenia 
and the associated sample size calculations are limited by the 
availability of relatively few published studies. These studies 
have also investigated different brain regions, and glutamate 
dysfunction in schizophrenia may vary by region as well as by 
illness stage (2). In some cases, it was also necessary to extract 
values from published figures, which is less accurate than using 
reported values, and measures included both creatine-scaled or 
voxel CSF corrected data. As further studies become available, 
estimates of the percentage reduction can be updated and formal 
meta-analyses of effect sizes can be performed including inspec-
tion of potential influences such as regional specificity, patient 
subgroups, and duration of antipsychotic treatment. General 
limitations of 1H-MRS include the estimation of the total con-
centrations of glutamate metabolites in the voxel, rather than 
imaging of glutamate involved in neurotransmission specifically, 
and inability to resolve glutamate from glutamine at lower field 
strengths and thereby interpretation of the combined Glx signal. 
Advanced methodological approaches, such as 1H-MRS at high 
field strengths or 13C-MRS to inspect glutamate cycling may 
address some of these issues in future studies.

Reductions in glutamate metabolites following antipsychotic 
treatment would be consistent with the cross-sectional report of 
elevated prefrontal cortical Glx in non-antipsychotic medicated 
but not antipsychotic-medicated schizophrenia (25). While the 
mechanism by which antipsychotics might reduce glutamate is 
not yet clear, rodent studies also find reductions in basal or stimu-
lated glutamate following administration of some antipsychotics 
(12–19), which may relate to the 5HT2A antagonist activity of atypi-
cal agents (16, 41, 42). Atypical antipsychotics may also indirectly 
modulate glutamate release by modifying glutamatergic receptor 
activity or density (43–45). The majority of patients included 
in the reviewed studies were prescribed atypical antipsychotics, 
which may, therefore, have increased the potential to observe glu-
tamatergic reductions. Future studies could specifically compare 
the ability of D2-selective antipsychotics to antipsychotics with 
marked 5HT2A affinity to modulate glutamate in schizophrenia.

The timescales over which antipsychotic effects on glutamater-
gic measures have been evaluated range from 4  weeks (37) to 
7 years (31). It might be predicted that longer durations of antip-
sychotic treatment may be associated with progressive glutamate 
reductions. Across the included studies, there was not suggestion 
of this, for example significant decreases in frontal Glx were 
observed after administration of antipsychotics for 1–6 months 
(32, 39), but not 12 or 80  months (10, 31). Individual studies 
that included repeated glutamatergic measurement also do not 
evidence progressive glutamatergic reduction (10, 31). This may 
suggest that antipsychotic effects on glutamatergic systems are 
most apparent within the initial stages of treatment, which could 
be explored in future studies. A further consideration for longi-
tudinal assessment of glutamatergic measures in schizophrenia 
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is the potential interacting effects of other confounds, such 
as disease progression, aging effects, or volumetric changes. 
The study of longest duration detected correlations between  
the reductions in thalamic glutamine and gray matter loss in the 
superior temporal gyrus over 30 months (36), and gray matter 
loss in frontal, parietal, temporal, and limbic regions over 7 years 
(31), possibly reflecting excitotoxic processes.

The second aim of this article was to review the potential 
relationships between glutamate and the degree of antipsychotic 
response in longitudinal studies. Our review only identified 
one study prospectively examining the relationship between 
baseline glutamate and subsequent response, which reported 
higher baseline Glx/Cr across voxels in the frontal and temporal 
lobes and thalamus in subsequent antipsychotic non-responders 
than responders (35). Two studies also reported correlations 
between the extent of glutamatergic reduction and the extent 
of symptomatic improvement over the antipsychotic treatment 
period (32, 37). These findings are consistent with observations 
of higher frontal glutamate levels in some (26, 27, 46), but not 
all (29), cross-sectional studies comparing treatment-responsive 
and non-responsive schizophrenia, and of higher striatal Glx/Cr 
in treatment resistant compared to treatment-responsive patients 
(29). The observation that glutamate levels may predict antipsy-
chotic response (35) is also supported by recent pharmacogenomic 
findings that single nucleotide polymorphisms in genes encoding 
glutamatergic proteins associate with response to risperidone in 

first episode psychosis (47). In contrast, the conflicting result 
of an increase in frontal Glx/Cr in olanzapine responders com-
pared to non-responders was reported in one study (38), and 
several studies reported no correlations between glutamatergic 
change and symptomatic improvement (34, 38–40). The idea 
that antipsychotic administration is less effective in reducing 
glutamate and improving symptoms in patients with the highest 
levels of glutamate before treatment could be further explored 
through re-analysis of existing longitudinal 1H-MRS studies, and 
investigated in future longitudinal studies potentially combining 
glutamate 1H-MRS with glutamate genetic approaches.
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Progressive loss of brain tissue is seen in some patients with schizophrenia and might 
be caused by increased levels of glutamate and resting cerebral blood flow (rCBF) alter-
ations. Animal studies suggest that the normalisation of glutamate levels decreases rCBF 
and prevents structural changes in hippocampus. However, the relationship between 
glutamate and rCBF in anterior cingulate cortex (ACC) of humans has not been studied 
in the absence of antipsychotics and illness chronicity. Ketamine is a noncompetitive 
N-methyl-D-aspartate receptor antagonist that transiently induces schizophrenia-like 
symptoms and neurobiological disturbances in healthy volunteers (HVs). Here, we used 
S-ketamine challenge to assess if glutamate levels were associated with rCBF in ACC in 
25 male HVs. Second, we explored if S-ketamine changed the neural activity as reflected 
by rCBF alterations in thalamus (Thal) and accumbens that are connected with ACC. 
Glutamatergic metabolites were measured in ACC with magnetic resonance (MR) spec-
troscopy and whole-brain rCBF with pseudo-continuous arterial spin labelling on a 3-T 
MR scanner before, during, and after infusion of S-ketamine (total dose 0.375 mg/kg). 
In ACC, glutamate levels were associated with rCBF before (p < 0.05) and immediately 
following S-ketamine infusion (p = 0.03), but not during and after. S-Ketamine increased 
rCBF in ACC (p < 0.001) but not the levels of glutamate (p = 0.96). In subcortical regions, 
S-ketamine altered rCBF in left Thal (p = 0.03). Our results suggest that glutamate levels in 
ACC are associated with rCBF at rest and in the initial phase of an increase. Furthermore, 
S-ketamine challenge transiently induces abnormal activation of ACC and left Thal that 
both are implicated in the pathophysiology of schizophrenia. Future longitudinal studies 
should investigate if increased glutamate and rCBF are related to the progressive loss of 
brain tissue in initially first-episode patients.

Keywords: glutamate, magnetic resonance spectroscopy, cerebral blood flow, pseudo-continuous arterial spin 
labelling, ketamine, schizophrenia, structural brain changes
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inTrODUcTiOn

Schizophrenia is a devastating disease with a progressive loss of 
brain tissue in a subgroup of patients (1). The cause of the loss 
is currently unknown, but persistently high levels of the neuro-
transmitter glutamate and alterations of resting cerebral blood 
flow (rCBF) might be implicated. The loss of brain tissue is among 
others seen in the temporal and frontal regions (1–5) comprising 
the anterior cingulate cortex (ACC) and hippocampus that both 
might be implicated in the pathophysiology of schizophrenia 
(6–9). Interestingly, increased brain glutamate in rodents has 
been linked to structural changes in ACC and hippocampus  
(10, 11). In addition, preclinical studies suggest that glutamate is 
a key regulator of rCBF (12). However, studies investigating the 
association between glutamate, rCBF, and structural changes in 
patients with schizophrenia are sparse and have mainly focused 
on the hippocampus. In hippocampus of unmedicated patients, 
a negative association between glutamatergic metabolites and 
brain volume has been found (13), and in prodromal patients, 
a correlation between cerebral blood volume and structural 
brain changes in patients that later transitioned to psychosis 
was observed (11). Interestingly, a rodent study found that the 
normalisation of increased brain glutamate in hippocampus was 
able to both normalize rCBF and prevent structural changes (11). 
This suggests that glutamate-modulating agents might be neu-
roprotective, at least in hippocampus. However, the association 
between glutamate, rCBF, and structural changes has not been 
explored in ACC and nearby prefrontal areas where increased 
glutamatergic metabolites are found in some studies of early 
schizophrenia (14–16), and the loss of brain tissue is seen both 
early and later in the illness (1–5). Only one study has examined 
the association between glutamate and rCBF in ACC of medicated 
patients (17). This study found a positive correlation between 
rCBF in white matter (WM) and levels of glutamate in a large 
group of patients, but interpretation was limited by treatment 
with antipsychotics and a broad age range since both factors affect 
glutamate (18, 19) and rCBF (20). The confounding effects of 
antipsychotics and illness duration can be avoided by recruiting 
first-episode, antipsychotic-naïve or minimally treated patients, 
but glutamate and rCBF have only been studied separately in 
this patient group. Glutamatergic metabolites in ACC or nearby 
medial prefrontal cortex (mPFC) are either increased (14–16), 
decreased (21), or similar (22) compared to healthy volunteers 
(HVs). Likewise, rCBF studies have found increased (23, 24), 
decreased (25), and unchanged (26, 27) levels in the prefrontal 
cortex of antipsychotic-naïve schizophrenia. Although specula-
tory, these findings might reflect that a subgroup of patients 
is characterized by both increased glutamatergic activity and 
enhanced rCBF. This could very well be the subgroup, where 
progressive loss of brain tissue is found later in the illness (1). 
In sum, studies investigating the association between glutamate 
and rCBF in ACC of antipsychotic-naïve schizophrenia are war-
ranted given that the normalisation of these disturbances could 
prevent structural changes in hippocampus. Early prevention of 
progressive loss of brain tissue in the course of schizophrenia is 
clinically relevant because structural changes have been associ-
ated with poorer functional outcome (28).

Pharmacological models of schizophrenia are an alterna-
tive approach to study brain abnormalities not confounded by 
antipsychotics and illness duration. Ketamine is a noncompeti-
tive N-Methyl-D-Aspartate receptor antagonist that transiently 
induces schizophrenia-like symptoms when administered to 
HV (29, 30). Ketamine also increases glutamate in the prefrontal 
cortex of rats (31) and glutamate, glutamine (gln), or gln/gluta-
mate in ACC of HVs in some (32–34), but not all studies (35). 
Ketamine also enhances rCBF in ACC and other prefrontal areas 
in HV (36–39). The sub-anaesthetic doses used correspond to 
doses used to treat depressive disorder (40), and ketamine chal-
lenge is generally considered safe.

The primary aim of this study was to investigate if glutamate 
and rCBF in ACC were associated before, during, and after the 
infusion of a sub-anaesthetic dose of S-ketamine administered 
to HVs. Because abnormal thalamocortical interactions might 
underlie schizophrenia (41) and lead to striatal, dopaminergic 
disturbances (8, 42–44), we also examined rCBF alterations dur-
ing S-ketamine infusion in the accumbens and thalamus (Thal) 
that are connected with ACC (45).

ParTiciPanTs anD MeThODs

The study was a noncontrolled pre–post intervention design 
where 25 nonsmoking, right-handed healthy male volunteers 
aged 21–31  years received constant i.v. infusion of S-ketamine 
(Pfizer) during magnetic resonance imaging (MRI) scanning. 
The dosing regimen was 0.25 mg/kg for 20 min and thereafter 
0.125 mg/kg for 20 min to keep blood levels stable. S-Ketamine 
was used since the racemic form (mixture of S- and R-ketamine) 
is not available in Denmark.

Levels of glutamate in ACC and whole-brain rCBF were 
obtained before, during, and after S-ketamine infusion as shown 
in Figure 1.

Exclusion criteria were current or previous psychiatric illness 
tested with Schedules for Clinical Assessment in Neuropsychiatry 
(46), drug and alcohol abuse as reported by self-report and con-
firmed with urine testing (Rapid Response, Jepsen HealthCare, 
Tune, DK), psychiatric disease in first-degree relatives, past 
or present physical illness, the use of nicotine substitutes, the 
previous use of ketamine; or the use of benzodiazepines, antip-
sychotics, anticonvulsants, or antidepressant (as e.g., sleeping 
medication) within the past 2 months. The study was approved 
by the Committee on Biomedical Research Ethics for the Capital 
Region of Denmark (H-4-2014-033), and all participants pro-
vided written informed consent after the study procedures were 
fully explained.

Psychotomimetic effects were assessed with the Positive and 
Negative Syndrome Scale (PANSS) (47) and the effect on mood 
with the Positive and Negative Affect Schedule (PANAS) (48) by 
trained raters before and after S-ketamine infusion. For assess-
ments after infusion, participants were asked about their experi-
ences during infusion while being on the scanner.

Magnetic resonance acquisitions
Data were acquired using a 3-T Philips Achieva system 
(Philips Healthcare, Eindhoven, Netherlands) equipped with a 
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FigUre 1 | Time line of magnetic resonance imaging acquisitions and dose regimen of S-ketamine infusion. First, a T1-weighted structural scan (T1w; duration 
10 min) was acquired followed by five sets of 1H-MRS and pCASL data (total acquisition time 11 min) before (scan 1), during (scans 2–4), and after (scan 5) 
S-ketamine infusion. Stippled arrows indicate the start and end of infusion and the dotted arrow dose change. MRS, Magnetic resonance spectroscopy; pCASL, 
pseudo-Continuous Arterial Spin Labelling.
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32-channel head coil (Invivo, Orlando, FL, USA). A whole-brain 
three-dimensional high-resolution T1-weighted structural 
scan (TR 10 ms, TE 4.6 ms, flip angle = 8°, and voxel size = 0
.79 mm × 0.79 mm × 0.80 mm) was obtained for grey matter 
(GM) and white matter (WM) WM tissue classification and 
anatomical reference. A forehead strap was placed to minimize 
head motion. One participant moved approximately 2 mm, all 
others <0.7 mm.

Proton magnetic resonance spectroscopy (1H-MRS) and 
unsuppressed water reference spectra were obtained with 
frequency-stabilised point-resolved spectroscopy (TE 30  ms, 
TR 3,000 ms, 128 averages with MOIST water suppression). A 
2.0 cm × 2.0 cm × 2.0 cm voxel was prescribed in ACC (Brodmann 
areas 24 and 32) by drawing a line through the extremities of 
corpus callosum, placing the point of the voxel at the intersection 
and aligning to corpus callosum as shown in Figure 2C. Similar 
acquired acquisitions have revealed good test–retest reliability 
for glutamate with a percentage coefficient of variation  <7% 
(unpublished data). Acquisition time was 7 min.

A pseudo-Continuous Arterial Spin Labelling (pCASL) 
sequence was used to assess rCBF as described elsewhere 
(49). The sequence consisted of 30 pairs of perfusion weighted 
and control scans (dual echo EPI; 16 slices of 5  mm with an 
in-plane resolution of 3.55  mm ×  3.55  mm; SENSE factor 2.3; 
TR =  4,100 ms; TE =  12 ms, 28.5 ms at a post-labelling delay 
of 1,600 ms; labelling duration 1,650 ms; background inversion 
pulses at 1,663 and 2,850 ms after the start of labelling). M0 scan: 
TR/TE = 10 s/9 ms. Acquisition time was 4 min.

1h-Mrs analysis
Proton magnetic resonance spectroscopy spectra were analysed 
with LCModel version 6.3-1 J (50) within the spectral range of 0.2 
and 4.0 ppm using water scaling to estimate the concentration of 
neurometabolites from a standard basis set comprising alanine, 
aspartate, creatine (Cr), phosphocreatine (PCr), GABA, glucose, 
gln, glutamate, glycerophosphocholine (GPC), phosphocholine 
(PCh), glutathione, myo-inositol (Ins), lactate, N-acetyl aspar-
tate (NAA), NAA glutamate, scyllo-Ins, and taurine. Spectra 
quality was evaluated by visual inspection, and individual 

neurometabolites with Cramer–Rao Lower bound (CRLB) >20% 
were excluded. The percentage of GM and WM in the 1H-MRS 
voxel was estimated and used to calculate institutional units of 
glutamate (gluIU), glx (glxIU), and glnIU corrected for cerebrospinal 
fluid contamination as described in the Supplementary Material. 
GluIU was used as the primary outcome, and glxIU and glnIU were 
analysed as the secondary outcomes to allow comparison with 
other studies. In exploratory analyses, glutamate, glx, and gln 
scaled to Cr (Cr + PCr) were analysed.

pcasl analysis
Calculation of rCBF was done using the FSL software package 
(https://fsl.fmrib.ox.ac.uk/fsldownloads_registration). First, the 
“Brain extraction Tool” was used to remove non-brain tissue from 
a T1-weighted image. Second, the pCASL data obtained before, 
during, and after ketamine infusion were co-registered with the 
skull-stripped T1-weighted image, and, lastly, the T1-weigthed 
image was nonlinearly co-registered to Montreal Neurological 
Institute (MNI) space and the combined transformation was 
applied to the rCBF maps.

The effects of S-ketamine on rCBF were investigated with both 
voxel-based and region of interest (ROI) analyses. Voxel-based 
analysis identified areas with the most significant increase of rCBF 
using an analysis of variance (ANOVA) model and permutation-
based statistical inference. We further used threshold-free cluster 
enhancement to account for spatial dependencies. The statistical 
maps were thresholded at p  <  0.05 and corrected for multiple 
comparisons (FWE correction). ROI analyses were performed 
in two defined cortical areas with the first corresponding to the 
position of the MRS voxel in ACC and the second to the region 
with most significant voxel-based changes of rCBF, and in the 
subcortical regions provided by the MNI atlas from FSL (left 
and right Thal, caudate, accumbens, and putamen). The rCBF 
was calculated as both absolute values in mL/100 g/min and as 
normalised values by dividing each voxel with the global mean 
for each subject to reduce inter-subject variation caused by 
a difference in global rCBF. Normalised rCBF was used as the 
primary outcome to enhance the sensitivity to regional changes, 
but absolute rCBF values are reported as well.
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FigUre 2 | Glutamate levels in anterior cingulate cortex (ACC) (n = 25) (a) and percentage change of normalised resting cerebral blood flow (rCBF) in ACC  
and medial prefrontal cortex (mPFC) (n = 16) (B) before (scan 1), during (scans 2–4), and after S-ketamine infusion (scan 5). Sagittal image with proton magnetic 
resonance spectroscopy voxel location (c), representative spectra with raw data (in black) and fitted data (in red) (D), and image of the overlap between the area 
with the most significant rCBF increase corresponding to mPFC (in yellow) and the ACC corresponding to the MRS voxel (blue) are shown (e). Horizontal bars 
represent the mean values. *p < 0.0125, **p < 0.0025, and ***p < 0.00025 (p < 0.05/4 to control for multiple comparisons).
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statistics
The primary hypothesis that levels of glutamate (independent 
variable) would be associated with normalised rCBF in ACC 
(dependent variable) during each of the five scans was tested with 
five separate linear regression models with a significance level set 
to p < 0.05 for this a priori hypothesis.

The main effect of S-ketamine on levels of glutamatergic 
metabolites and rCBF was evaluated separately using a one-way 
repeated measures ANOVA (rmANOVA) with statistical signifi-
cance defined as p < 0.05 for the main effects and p < 0.0125 for 
post  hoc t-tests (separate t-tests Bonferroni corrected with p/4 
scans during S-ketamine infusion). Multivariate tests of the main 
effect are reported if the assumption of sphericity was violated. No 
outliers were identified according to Cook distance criterion (51).

PANSS (total, positive, negative, and general subscores) and 
PANAS (positive- and negative-affect scores) before and after 
ketamine infusion were analysed using Wilcoxon signed rank 
test. Correlations between mental state effect changes induced 
by S-ketamine and levels of glutamate or normalised rCBF in 
the ACC voxel were tested with Spearman’s rho and corrected 
for multiple comparisons (Bonferroni). Statistical analyses were 
performed in SAS version 7.1 (SAS institute, Cary, NC, USA).

resUlTs

Mental state changes and laboratory 
results with s-Ketamine
The mental state changes with S-ketamine and demographic 
variables of participants are summarized in Table 1. S-Ketamine 

significantly increased PANSS total, and all subscores with items 
P2 (disorganized thinking) and P3 (hallucinations) being most 
prominently affected with an increase of 104 and 184%, respec-
tively. Furthermore, S-ketamine significantly decreased positive 
affect. The negative affect increased but not to a significant 
extent.

Serum levels of S-ketamine obtained from four HVs after scan 
5 as test samples were 140.5 ± 27.0 ng/mL.

glutamatergic Metabolites before, during, 
and after s-Ketamine
No spectra were excluded after visual inspection, and the quality 
was good as shown in a representative spectrum in Figure 2D. 
CRLB values were <9% for glutamate and glx, but 23 gln-values 
were excluded due to CRLB >20%. Full-width half-maximum, 
signal-to-noise ratio, and CRLB for glutamate, NAA, myo-Ins, 
and choline did not differ during the five MRS acquisitions, but 
CRLB for glx, gln, and PCr + Cr did as summarized in Table S1 
in Supplementary Material.

GluIU, glxIU, glnIU, and other neurometabolites: There were 
no significant main effects of time for gluIU [F(4, 96)  =  0.13, 
p = 0.962] (Figure 2A), glxIU [F(4, 96) = 1.07, p = 0.374], glnIU 
[F(4, 36) = 0.64, p = 0.635], or other neurometabolites such as 
NAA, Cr + PCr, choline (GPC + PCh), and myo-Ins. The mean 
values of metabolites are provided in Table S2 in Supplementary 
Material. The inclusion of glutamate, glx, or gln scaled to Cr in 
the rmANOVA did not change the results. Lastly, no main effect 
of time was found for gluIU, glxIU, and glnIU in the subgroup of 
HV, which also had a pCASL scan (n = 16). In sum, S-ketamine 
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TaBle 1 | Demographic characteristics and psychotomimetic effects with 
S-ketamine.

characteristic Means

N (males only) 25
Age, years ± SD 25.4 ± 3.3 
BMI, kg/m2 ± SD 23.5 ± 2.0 
Years of education ± SD 14 ± 2 
PANSS total ± SEM Pre 32.0 ± 0.5

Post 38.4 ± 1.2***
PANSS positive ± SEM Pre 7.5 ± 0.3

Post 10.8 ± 0.4***
PANSS negative ± SEM Pre 7.5 ± 0.1

Post 8.5 ± 0.5**
PANSS general ± SEM Pre 17.0 ± 0.3

Post 19.2 ± 0.7**
Positive affect ± SEM Pre 30.7 ± 1.2

Post 23.5 ± 1.5***
Negative affect ± SEM Pre 11.8 ± 0.4

Post 13.3 ± 0.7

BMI, body mass index; PANSS, Positive and Negative Syndrome Scale.
**p < 0.01.
***p < 0.001.

FigUre 3 | Brain regions with a significant increase of absolute resting cerebral blood flow (mL/100 g/min) during the infusion of S-ketamine at scans 2–4. The 
colours represent p-values from the voxel-based analysis as shown to the right. Abbreviations: ACC, anterior cingulate cortex; Thal, thalamus; l Cau, left caudate 
(ventral part); L Acc, left accumbens; l Ins, left insula.
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2 was in mPFC/ACC, insula, left accumbens (L Acc), and left 
ventral caudate (Figure 3, scan 2), and during scan 3 in left and 
right Thal (Figure 3, scan 3).

After normalizing rCBF, the most significant increase was seen 
in Brodmann area 32 (MNI coordinates x = 45, y = 83, z = 45) 
that corresponds to mPFC and partly overlaps with the MRS 
voxel in ACC (Figure 2E).

ROI Analyses of Absolute and Normalised  
rCBF Changes
The rmANOVA of ROIs revealed a significant main effect of time 
for absolute rCBF (mL/100 g/min) in the two defined cortical ROIs 
mPFC (F(4, 60) = 29.6, p < 0.0001) and the ACC voxel (denoted 
ACC hereinafter) (F(4, 60) = 13.44, p = 0.0002) with post hoc tests 
revealing a significant increase in mPFC during scan 2 (26 ± 3%, 
p  <  0.0001), scan 3 (30  ±  4%, p  <  0.0001), scan 4 (21  ±  5%, 
p = 0.0014), and at trend level that did not survive correction for 
multiple comparisons during scan 5 (12 ± 4%, p = 0.025), and 
in ACC during scan 2 (18 ± 3%, p < 0.0001), scan 3 (20 ± 3%, 
p = 0.0001), and scan 4 (15 ± 4%, p = 0.006), but not during scan 
5 (7 ± 4%, p = 0.11). Absolute values in mL/100 g/min for the 
five scans are reported in Table S3 in Supplementary Material. In 
the subcortical ROIs, a significant main effect of time was seen in 
left and right Thal, left caudate (L Cau), and L Acc, although the 
post hoc tests only were significant during scan 2 for L Cau and L 
Acc as reported in Table S4 in Supplementary Material.

After normalizing rCBF, the main effect of S-ketamine 
remained significant in mPFC (F(4, 60)  =  15.06, p  <  0.0001), 
ACC (F(4, 60) = 5.45, p = 0.0008), and left Thal (F(4, 12) = 4.08, 
p = 0.026). Post hoc tests revealed a significant increase in mPFC 
and ACC during scans 2–4, and additionally in mPFC during 

infusion did not appear to affect glutamatergic metabolites in the 
ACC voxel.

rcBF before, during, and after s-Ketamine
pseudo-Continuous Arterial Spin Labelling data were only usable 
for 16 subjects due to technical challenges.

Voxel-Based Analysis
Voxel-based analysis of the absolute rCBF (mL/100  g/min) 
revealed that the most significant increase of rCBF during scan 
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FigUre 4 | Glutamate levels and normalised resting cerebral blood flow (rCBF) in anterior cingulate cortex were positively associated immediately following 
S-ketamine infusion (scan 2) (N = 16; b = 0.07, t = 2.41, p = 0.03).
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scan 5 (Figure 2B). In left Thal, normalised rCBF appeared to 
decrease during scan 2; however, the post hoc tests were insig-
nificant. No main effect of time was seen in right Thal, 1 Cau, 
right caudate, right accumbens, left putamen, and right putamen. 
Statistics and percentage increase compared to preinfusion (scan 
1) of normalised rCBF values for cortical and subcortical ROIs 
are provided in Tables S5 and S6 in Supplementary Material, 
respectively.

In sum, S-ketamine infusion affected mPFC/ACC and left Thal 
after correction for the effect of global blood flow (normalisation).

relationship between levels of glutamate 
and normalised rcBF in acc before, 
during, and after s-Ketamine
Higher levels of gluIU were significantly associated with higher 
values of normalised rCBF in ACC prior to S-ketamine infusion 
during scan 1 (b = 0.05, t = 2.19, p = 0.046) and immediately 
following infusion during scan 2 (b = 0.07, t = 2.41, p = 0.03, 
Figure 4), but not to a significant extent during scan 3 (b = 0.04, 
t = 1.64, p = 0.12), scan 4 (b = 0.01, t = 0.45, p = 0.66), or scan 
5 (b = 0.02, t = 0.62, p = 0.55). When adjusting for age, similar 
results were observed, although only borderline significant dur-
ing scan 1 (scan 1: p = 0.05; scan 2: p < 0.05; scan 3: p = 0.15; scan 
4: p = 0.60; scan 5: p = 0.56).

GlxIU was associated with normalised rCBF in ACC prior to 
S-ketamine infusion at a trend level that did not survive correc-
tion for multiple comparison (p < 0.05/2 = 0.025) during scan 
1 (b = 0.03, t = 2.29, p = 0.038), and significantly during scan 
2 (b = 0.06, t = 3.85, p = 0.002) but not during scans 3, 4, or 5 
(p > 0.05). Similar results were obtained when adjusting for age 
(scan 1: p = 0.035; scan 2: p = 0.002; scans 3–5: p > 0.05).

No association was found between glnIU and normalised rCBF 
in ACC, neither when adjusting for age. Also, there was no main 
effect of age for any of the metabolites, and all the gluIU/glxIU/
glnIU × age interactions were insignificant and removed from the 
analyses.

relationship between changes in Mental 
state with s-Ketamine, levels of 
glutamate, and normalised rcBF in mPFc
Neither glutamate in ACC nor normalised rCBF in mPFC dur-
ing S-ketamine infusion (scans 2–4) correlated with changes 
in PANSS total, positive, negative, and general or positive and 
negative affect to a significant extent.

Physiological Data
Ketamine infusion did not significantly affect blood pressure 
(systolic) or heart rate.
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DiscUssiOn

The primary finding of this study was that levels of glutamate 
were positively associated with normalised rCBF in ACC before 
and immediately following the infusion of S-ketamine in HV. 
In addition, S-ketamine transiently induced abnormal neural 
activation as measured by altered normalised rCBF in mPFC, 
ACC, and left Thal. However, levels of glutamate in ACC were 
not affected during S-ketamine infusion.

The results support that glutamate levels and rCBF are associ-
ated in ACC as also seen in a recent study of medicated patients 
with schizophrenia (17), a rodent study of hippocampus (11), 
and preclinical studies (12). Importantly, this association was 
independent of antipsychotic exposure and psychiatric illness 
chronicity.

In terms of clinical relevance, a rodent study revealed that the 
normalisation of increased glutamate and enhanced rCBF could 
prevent structural changes in hippocampus (11). Given that glu-
tamate and rCBF were associated in ACC in our study, it is likely 
that glutamate-modulating agents also might be neuroprotective 
in this area as well when given to schizophrenia patients with 
increased glutamate levels. The progressive loss of brain tissue in 
schizophrenia is only seen in a subgroup of patients (1), and we 
speculate if increased glutamatergic activity and enhanced rCBF 
characterize the subgroup of patients who experience structural 
changes later in the illness. Thus, future studies should aim at 
investigating if increased glutamate in ACC and enhanced rCBF 
in first-episode patients predict the progressive loss of brain 
tissue.

The association between glutamate levels and normalised 
rCBF in the ACC was only seen before (scan 1) and immedi-
ately following (scan 2), but not during (scans 3 and 4) or after 
(scan 5) S-ketamine infusion, which can indicate that glutamate 
mainly regulates rCBF during an increase in HVs, whereas 
other factors might be involved during the maintenance and 
decrease of enhanced rCBF. In preclinical studies, glutamatergic 
neurotransmission plays a key role in the regulation of cerebral 
blood flow by activating N-Methyl-D-Aspartate receptors on 
neurons and metabotropic glutamate receptors on astrocytes 
(12). The subsequent rise in intracellular Ca2+ leads to the release 
of intracellular-vasodilating messengers but can also cause blood 
vessel constriction (12). The outcome of intracellular Ca2+ rise is 
influenced by preexisting vessel tone and the O2 concentration, 
in that dilation occurs with physiological O2 concentrations and 
constriction with supraphysiological O2 concentrations (12, 52). 
Although speculative, our findings might imply that S-ketamine 
initially induces vasodilation, but that this effect diminishes 
or ceases after some time due to persistently increased O2 and 
enhanced vessel tone.

Levels of glutamate as measured with 1H-MRS in ACC were 
unaffected during the infusion of S-ketamine. This is in agreement 
with one previous study (35) but in contrast with two others (32, 
33). Several factors might explain this finding. First, the 1H-MRS 
voxel in ACC was placed a bit dorsal from mPFC where the most 
significant increase of rCBF was seen (Figure 2E). Although the 
ACC voxel and mPFC overlap, the increase of glutamate levels in 
ACC might not have been sufficient to be detected with 1H-MRS. 

Second, our dose regimen of S-ketamine might have been too 
high. We administered pure S-ketamine in a dosing regimen 
corresponding to previous studies where the racemic form was 
used (50% R- and 50% S-ketamine) (32, 33, 35), but it seems likely 
that the dose of pure S-ketamine and the racemic form does not 
correspond to 1:1 since R-ketamine restricts the clearance of 
the S-enantiomer (53). In addition, racemic ketamine mainly 
increases extracellular cortical glutamate at low doses in rats (31), 
and it is notable that the two 1H-MRS studies that found increased 
levels of glutamate (33) or gln (32) used a lower dose of racemic 
ketamine than in the present study and the other study where 
glutamate was unaffected (35). Third, one of the MRS ketamine 
studies found increased gln but not glutamate (32). Gln reflects 
glutamate released by the synapse and taken up by astrocytes 
only (54), whereas glutamate reflects other metabolic processes 
as well (55). Therefore, minor changes of the glutamate level in 
the synaptic cleft can be blurred by the glutamate contained in 
presynaptic vesicles and astrocytes. However, gln is challenging to 
accurately quantify at field strengths below 4 T due to overlapping 
resonance frequencies with glutamate. Lastly, a ketamine-induced 
increase of glutamatergic metabolites might be easier to detect in 
pathological conditions like depression, where resting glutamate 
is decreased (56).

S-Ketamine significantly affected rCBF in several areas. The 
voxel-based analysis revealed that the most significant increase 
of both absolute (mL/100 g/min) and normalised rCBFs was in 
ACC and the overlapping mPFC (Figures 2B,E), which is in line 
with previous PET (36, 37) and MRI studies (39), administering 
racemic ketamine to HVs. This confirms that the main effect of 
S-ketamine also is mediated through ACC/mPFC. The rCBF 
enhancements are most likely induced by the S-enantiomer, since 
the administration of pure R-ketamine seems to decrease rCBF in 
HVs (57).

Our second aim was to explore if S-ketamine transiently 
induced the abnormal neural activation of the accumbens and 
Thal as reflected by rCBF alterations since these areas are con-
nected with ACC (45) and implicated in the pathophysiology 
of schizophrenia (8, 42–44). Absolute rCBF was significantly 
increased in L Acc and left ventral caudate (left ventral striatum) 
and Thal (Figure 3, scan 2). However, only the effect in ACC/
mPFC remained significant in the voxel-based analyses when 
rCBF was normalised. In the ROI analyses, a significant increase 
of absolute rCBF was also seen in ACC, mPFC, left and right Thal, 
L Acc, and L Cau (Tables S3 and S4 in Supplementary Material) 
but only remained significant in ACC, mPFC, and left Thal after 
normalizing rCBF (Tables S5 and S6 in Supplementary Material). 
In left Thal, S-ketamine seemed to decrease normalised rCBF 
during scan 2, although not to a significant extent. This decrease 
might reflect a feedback mechanism due to the increased activ-
ity of ACC and mPFC. In sum, S-ketamine mainly seems to 
affect ACC/mPFC and left Thal, although accumbens might be 
activated to a minor extent. This is in accord with a ketamine 
study of rats that found mainly increased cortical glutamate and 
only to a minor extent increased striatal dopamine (31), and a 
SPECT study of HVs where striatal dopamine was unaffected by 
ketamine (58). Taken together, it seems that ketamine challenge 
only affects striatal dopaminergic activity to a minor extent. This 
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is a limitation if ketamine challenge is used as a pharmacological 
model of schizophrenia where increased striatal dopaminergic 
activity is one of the best validated findings (59). Interestingly, 
the SPECT study found that striatal dopaminergic activity in HV 
was enhanced more by administering both amphetamine and 
ketamine than amphetamine alone (58). It is possible that this 
combined administration mimics the neurobiology of schizo-
phrenia better.

S-Ketamine transiently induced schizophrenia-like symptoms 
as measured with PANSS and thereby replicated previous find-
ings (29, 30). PANSS positive increased by three points, which 
in general is considered clinically relevant if the impact of novel 
treatments is to be tested during S-ketamine challenge (30). The 
effect of S-ketamine on mood was measured with PANAS (48) 
since ketamine has an antidepressant effect as well (40). In contrast 
to this, we found that S-ketamine significantly decreased posi-
tive affect, which might reflect the negative symptoms induced 
by S-ketamine in this and other studies (29, 30). In addition, a 
recent study of mice indicates that only the R-enantiomer has an 
antidepressant effect (60).

Previous PET studies have reported a positive correlation 
between enhanced rCBF in the ACC and schizophrenia-like 
symptoms, mainly psychosis (36–38). By contrast, we did not find 
any significant correlations between the maximal rCBF increase 
in mPFC and the mental state effects induced by S-ketamine. 
Interestingly, this is in line with another recent pCASL ketamine 
challenge study (39). Several factors might influence the incon-
sistency between studies. First, the use of PET versus MR can 
impact findings. Second, different dosing regimens were used, 
and the psychotomimetic effects of ketamine are dose-dependent 
(30). Third, S- and R-ketamine induce differential psychopathol-
ogy (57) and differences can be ascribed to the use of racemic 
versus S-ketamine. Moreover, different rating scales were used. 
Lastly, our data might have lacked power since pCASL data only 
were available for 16 subjects out of 25.

The study has several limitations that should be mentioned. 
First, we did not include a placebo group and cannot rule out 
that levels of glutamate increased preinfusion due to expectation 
of S-ketamine administration. Second, we did not include any 
scales to assess the dissociation effect of S-ketamine. Lastly, only 
16 of the subjects had a useable pCASL scan, and some analyses 
might be underpowered.

In conclusion, our findings support the notion that glutamate 
levels in ACC are associated with rCBF in male HVs at rest and 
during the initial phase of an increase, and that S-ketamine tran-
siently induces psychotomimetic effects and alters the activation 
of the ACC/mPFC and left Thal, resembling important aspects 
of schizophrenia. Future S-ketamine challenge studies can be 
improved by including a placebo group, placing the 1H-MRS voxel 
more ventral, and optimising the dose regimen of S-ketamine 
for measures of glutamatergic metabolites. Furthermore, stud-
ies investigating the association between prefrontal glutamate, 

rCBF, and progressive loss of brain tissue in initially first-episode 
patients with schizophrenia are warranted.
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Schizophrenia is a psychiatric disorder characterized by hallucinations, delusions, 
disorganized thinking, and impairments in cognitive functioning. Evidence from post-
mortem studies suggests that alterations in cortical γ-aminobutyric acid (GABAergic) 
neurons contribute to the clinical features of schizophrenia. In vivo measurement of 
brain GABA levels using magnetic resonance spectroscopy (MRS) offers the possibility 
to provide more insight into the relationship between problems in GABAergic neuro-
transmission and clinical symptoms of schizophrenia patients. This study reviews and 
links alterations in the GABA system in postmortem studies, animal models, and human 
studies in schizophrenia. Converging evidence implicates alterations in both presynap-
tic and postsynaptic components of GABAergic neurotransmission in schizophrenia, 
and GABA may thus play an important role in the pathophysiology of schizophrenia. 
MRS studies can provide direct insight into the GABAergic mechanisms underlying the 
development of schizophrenia as well as changes during its course.
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BACKGROUND

Schizophrenia is a severe chronic psychiatric disorder characterized by hallucinations, delusions, 
disorganized thinking, and impairments in cognitive functioning, affecting approximately 1% of 
the population. Several lines of evidence suggest that abnormalities of specific cortical inhibitory 
neurons and its neurotransmitter γ-aminobutyric acid (GABA) could play an important role in 
the pathophysiology of schizophrenia (1). The current evidence on GABAergic abnormalities in 
schizophrenia is mostly based on postmortem studies and has not yet provided a conclusive answer 
about GABAergic alterations and activity in schizophrenia. In vivo measurements of GABA in 
schizophrenia may reveal additional insights. The aim of this study is to review the findings of 
postmortem and animal studies on different components of GABAergic neurotransmission and 
in vivo magnetic resonance spectroscopy (MRS) findings on GABA levels in the brains of patients 
with schizophrenia. To collect relevant literature, a PubMed search was performed using the follow-
ing terms: ((schizophrenia [tiab] OR schizophrenic* [tiab]) AND (glutamate decarboxylase [tiab] 
OR glutamic acid decarboxylase [tiab] OR GAD [tiab] OR GAD67 [tiab] OR GAD65 [tiab] OR 
GABA [tiab] OR gamma-aminobutyric acid [tiab] OR glutamate [tiab] OR glutamergic [tiab] OR 
gene expression [tiab])).
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FiGURe 1 | Metabolism of GABA. After synthesis in the presynaptic terminal of GABA neurons, GABA is packaged into vesicles by the vesicular GABA transporter, 
which is embedded in the vesicular membrane. The synaptic activity of GABA is terminated when GABA is taken up by GABA transporters embedded in the plasma 
membranes of neurons and astrocytes. When GABA is taken up by neurons, it can be either repacked in vesicles for neurotransmission or it can be degraded by 
the enzyme GABA transaminase to succinic semialdehyde (SSA). After conversion of SSA to succinate, it enters the TCA cycle and is subsequently converted into 
glutamate. The following conversion of glutamate to GABA by GAD65 and GAD67 completes the GABA cycle.
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NeUROBiOLOGY OF GABA

Presynaptic GABA Synthesis and Release
GABA is synthesized by decarboxylation of glutamate by glu-
tamic acid decarboxylase (GAD) (Figure  1) (2). Based on its 
molecular weight, it is possible to distinguish two isotypes, the 
65 kDa isotype GAD65 and the 67 kDa isotype GAD67, which 
are involved in different aspects of GABAergic neurotransmis-
sion (3). GAD65 is responsible for rapid synthesis of GABA 
during periods of high synaptic demand; it is predominantly 
located on axon terminals and synaptic vesicle membranes and 
is thus primarily associated with packaging and release of GABA 
(4–7). GAD67 is responsible for basal GABA levels (4, 5) and 
the majority (80–90%) of GABA synthesis (8); it is located in the 
cytosol and is thus primarily associated with GABA synthesis 
and non-vesicular release (6, 7).

After synthesis in the presynaptic terminal, GABA is pack-
aged into vesicles by the vesicular GABA transporter (VGAT), 
which is embedded in the vesicular membrane (9). A presyn-
aptic action potential can induce a Ca2+-mediated fusion of the 
vesicle membrane and the presynaptic neuron membrane, which 
leads to release of GABA into the synaptic cleft. Alternatively, 
after strong depolarization or altered ion homeostasis, specific 
GABA transporters (GAT) may reverse their direction resulting 
in non-vesicular release of GABA (9, 10).

Postsynaptic GABA Receptors
After release into the synaptic cleft, GABA exerts its inhibitory 
activity by binding to two types of receptors, such as GABAA and 
GABAB receptors. GABAA receptors are ligand-gated Cl− chan-
nels and produce most of the physiological actions of GABA (11). 
GABAA receptors have a pentameric subunit structure derived 
from different gene families and include α, β, γ, δ, ε, π, and θ 
subunits. Some of these subunits have several isoforms (α1–6, 
β1–3, and γ1–3) (12). In most cases, the pentamers of sub units 
include a pair of α subunits and a pair of β subunits in combina-
tion with a fifth subunit (γ or δ) (13).

GABA Transport
The synaptic activity of GABA is terminated when GABA is 
taken up by GAT that are embedded in the membranes of neu-
rons and astrocytes (10). In humans, four types of GAT can be 
distinguished, GAT-1 to 3 and the betaine GABA transporter 
(BGT-1). GAT-1 is widely expressed in the brain, predominantly 
in presynaptic GABA neurons, and is thus primarily responsible 
for GABA reuptake (9, 10). GAT-3 is primarily responsible for 
GABA uptake into local astrocytes (14). In contrast to GAT-1 and 
GAT-3, GAT-2 and BGT-1 play a very limited role in GABAergic 
neurotransmission (10).

When GABA is taken up by neurons, it can either be repacked 
into vesicles or it can be degraded to succinic semialdehyde  

http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://www.frontiersin.org/Psychiatry/archive


TABLe 1 | Postmortem studies on glutamic acid decarboxylase (GAD) in 
schizophrenia.

Reference Brain region Findings Comments

Akbarian  
et al. (16)

Dorsolateral prefrontal 
cortex (DLPFC) (BA9)

GAD67  
mRNA ↓

Impagnatiello  
et al. (34)

Superior temporal 
gyrus (STG) (BA22)

GAD67  
protein ↓

Benes  
et al. (35)

Anterior cingulate 
cortex (ACC) (BA24)

GAD65-IR 
terminals =

DLPFC (BA9)

Guidotti  
et al. (30)

DLPFC (BA9) GAD67  
mRNA ↓

Schizophrenia  
and bipolar disorder

GAD67  
protein ↓

Mirnics  
et al. (24)

DLPFC (BA9) GAD67  
mRNA ↓

Volk  
et al. (27)

DLPFC (BA9) GAD67  
mRNA ↓

Hakak  
et al. (36)

DLFPC (BA46) GAD 67  
mRNA ↑

Elderly patients

GAD65  
mRNA ↑

Knable  
et al. (23)

DLPFC (BA9) GAD67  
mRNA ↓

Hashimoto  
et al. (5)

DLPFC (BA9) GAD67  
mRNA ↓

Dracheva  
et al. (37)

DLPFC (BA46) GAD67  
mRNA ↑

Elderly patients

Primary visual cortex 
(VC) (BA17)

GAD65  
mRNA ↑

Woo  
et al. (28)

ACC (BA24) GAD67  
mRNA ↓ 

Schizophrenia  
and bipolar disorder

Hashimoto  
et al. (19)

DLFPC (BA9) GAD67  
mRNA ↓

Fatemi  
et al. (38)

Cerebellar cortex GAD67  
protein ↓

Schizophrenia,  
bipolar disorder,  
and major depressionGAD65  

protein ↓

Veldic  
et al. (25) 

DLPFC (BA9) GAD67  
mRNA ↓

Schizophrenia and  
bipolar disorder

Straub  
et al. (39)

DLPFC GAD67  
mRNA ↓

GAD67  
protein =

Veldic  
et al. (26)

DLPFC (BA9) GAD67  
mRNA ↓ 

Woo  
et al. (29)

DLPFC (BA9) GAD67  
mRNA ↓

Hashimoto  
et al. (20)

DLFPC (BA9) GAD67  
mRNA ↓

Hashimoto  
et al. (21)

DLPFC (BA9) GAD67  
mRNA ↓ACC (BA24)

Primary motor cortex

Primary VC

(Continued )
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(SSA) by the enzyme GABA transaminase. After conversion of 
SSA to succinate, the latter enters the TCA cycle and is subse-
quently converted into glutamate (10, 15). The following conver-
sion of glutamate to GABA by GAD65 or GAD67 completes the 
GABA cycle (Figure 1).

ALTeReD GABAergic 
NeUROTRANSMiSSiON 
iN SCHiZOPHReNiA

GAD67 in Schizophrenia
One of the most consistent postmortem findings in schizo-
phrenia is a reduction of mRNA encoding for GAD67 in the 
dorsolateral prefrontal cortex (DLPFC) in layers 1 through 5 
(3–5, 16–29), which results in a reduction of GAD67 protein 
levels although this has been less extensively studied (Table 1) 
(4, 30, 31). Since the majority of studies reported unaltered or 
increased neuronal density, it is unlikely that the reduction of 
GAD67 mRNA can be attributed to a decrease in the number 
of neurons in schizophrenia (16, 27, 32, 33). Rather, the density 
of neurons expressing a detectable level of GAD67 mRNA is 
decreased (27); expression of GAD67 mRNA is decreased below 
a detectable level in 25–35% of GABAergic neurons, while the 
remaining neurons have GAD67 mRNA levels similar to controls 
(27, 29). It has therefore been suggested that impaired GAD67 
gene expression is limited to a certain subset of GABAergic neu-
rons (27, 31). This subset could concern the chandelier, double 
bouquet, or wide-arbor neurons, which can be distinguished by 
the presence of specific calcium-binding proteins (Box 1) (1).

The subset that is affected in schizophrenia appears to include 
parvalbumin-containing GABAergic neurons. In schizophrenia, 
parvalbumin mRNA expression is reduced in prefrontal cortex 
(PFC) layers 3 and 4, but not layers 2, 5, or 6 (5, 27, 29, 51). The over-
all expression of parvalbumin mRNA is decreased whereas the 
density of neurons expressing detectable levels of parvalbumin is 
unaltered (5, 52, 53), implying that the reduction of parvalbumin 
mRNA is not accompanied by a loss of parvalbumin-containing 
neurons. The reduced parvalbumin mRNA expression is asso-
ciated with the decreased density of GAD67 mRNA-positive 
GABAergic neurons. 50% of the parvalbumin-positive neurons 
lack detectable amounts of GAD67 mRNA (5), whereas calretinin 
mRNA (which is expressed by a different subset of neurons—see 
Box 1) expression and the density of calretinin-positive neurons 
remain unchanged in schizophrenia (5, 54). These findings imply 
that the reduced GAD67 mRNA expression may be selective for 
the parvalbumin-containing subgroup of GABA neurons in the 
PFC (5). Recent evidence suggests that GAD67 protein levels 
are unaltered in the chandelier neurons, suggesting that other 
parvalbumin-containing neurons, such as the basket cells, are 
involved (31).

The observed alterations regarding parvalbumin are not likely 
to be caused by exposure to antipsychotic medication. Long-
term exposure to haloperidol and benzotropine did not lead to 
an altered expression of parvalbumin mRNA (5). Furthermore, 
transcript levels for parvalbumin were reduced to the same extent 
in the DLPFC of medication-naïve patients compared to patients 
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TABLe 2 | Postmortem studies on GABA transporters (GAT)-1 in schizophrenia.

Reference Brain region Findings

Woo et al. (65) Dorsolateral prefrontal  
cortex (DLPFC) (BA9)

GAT-1-IR cartridges of 
chandelier neurons ↓

Pierri et al. (66) DLPFC (BA46) GAT-1-IR cartridges of 
chandelier neurons ↓

Ohnuma et al. (64) DLPFC (BA9/10) GAT-1 mRNA ↓
Volk et al. (59) DLPFC (BA9) GAT-1 mRNA ↓
Konopaske et al. (62) Auditory association  

area (BA42)
GAT-1-IR cartridges of 
chandelier neurons =

Hashimoto et al. (20) DLPFC (BA9) GAT-1 mRNA ↓
Hashimoto et al. (21) DLPFC (BA9) GAT-1 mRNA ↓

Anterior cingulate cortex  
(BA24)
Primary visual cortex 
Primary motor cortex

BOX 1 | Subsets of GABAergic neurons.

Based on molecular, morphological, and physiological features, it is possible 
to distinguish different subsets of cortical GABA neurons, with the double bou-
quet, basket, and chandelier cells being the most abundant cortical GABAergic 
interneuron subsets (1, 18). The subpopulations have different influences on 
the regulation of information processing in the dorsolateral prefrontal cortex 
(DLPFC), partly because the axons of the GABAergic interneurons synapse 
at different locations on the pyramidal neuron (1, 41, 42). Furthermore, it is 
possible to identify certain morphological and functional subgroups of GABA 
neurons which contain different calcium-binding proteins (43–45).

Chandelier neurons synapse at axon initial segments (AIS) of pyramidal 
neurons and therefore provide inhibitory inputs to the AIS. These synaptic con-
nections are formed in such a way that vertical arrays, so-called “cartridges,” 
are formed (1, 46). Furthermore, these neurons contain the calcium-binding 
protein parvalbumin (5, 47).

Basket or wide-arbor neurons synapse at cell bodies and proximal den-
drites of pyramidal neurons. Similar to chandelier neurons, basket cells in the 
prefrontal cortex contain the protein parvalbumin (43).

Double bouquet neurons contain the calcium-binding protein calbindin 
and target the distal dendrites of pyramidal neurons (1, 48).

A third calcium-binding protein, calretinin, is expressed by approximately 
50% GABAergic neurons, mainly double bouquet cells, in the DLPFC (43).

Since the parvalbumin-containing chandelier and basket neurons synapse at 
the AIS and soma, respectively, they provide a much stronger inhibitory regulation 
of the pyramidal neurons as compared to double bouquet cells, which synapse 
at the distal dendrites (49, 50). Given the heterogeneity in synaptic targets and 
specific features of the different subclasses of GABAergic neurons, altered 
interactions between different GABAergic neurons and pyramidal neurons may 
influence neuronal activity and hence functional output in different manners.

Reference Brain region Findings Comments

Thompson  
et al. (3)

ACC (BA24) GAD67  
mRNA ↓  
(OFC, caudate, 
nucleus 
accumbens)

Schizophrenia,  
bipolar disorder, and 
major depression

Orbital frontal cortex 
(OFC) (BA45)

STG (BA22)

Caudate

Putamen

Nucleus accumbens

Medial dorsal 
thalamus

Anterior thalamus

Duncan  
et al. (17)

DLPFC (BA9/46) GAD67  
mRNA ↓

Curley  
et al. (4)

DLPFC GAD67  
mRNA ↓

GAD67  
protein ↓

Kimoto  
et al. (22)

DLPFC (BA9) GAD67  
mRNA ↓

Glausier  
et al. (40)

DLPFC (BA9) GAD65  
mRNA =

Rocco  
et al. (31)

DLPFC (BA9) GAD67  
protein ↓

GAD67 protein 
unaltered in chandelier 
neurons

TABLe 1 | Continued
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(BG) (55–58) but not in the PFC; however, D2-receptor density 
in the PFC is much lower than in the BG (20, 27).

GAT-1 in Schizophrenia
The transporter protein GAT-1 is present in the presynaptic 
neuron and is responsible for the synaptic reuptake of GABA  
(19, 59). It plays a role in both tonic and phasic GABA-mediated 
inhibition (60, 61). GAT-1 terminates the synaptic activity 
of GABA and regulates the duration and efficacy of synaptic 
GABAergic neurotransmission (62); therefore, reduced GAT-1 
levels suggest increased availability of GABA in the synapse 
(63). Several studies found reduced mRNA levels encoding 
for the GAT-1 protein in schizophrenia. GAT-1 mRNA levels 
are decreased in GABAergic neurons in the DLPFC (Table 2) 
(20, 21, 59, 62, 64). Together with the diminished expression 
of GAD67 mRNA, it is unclear whether this results in a net 
increase or decrease of the inhibitory tone on pyramidal cells 
(63). Moreover, GAT-1 mRNA expression is reduced below 
detectable levels in a subset of GABAergic neurons and rela-
tively unaltered in the majority of the GABAergic neurons (59). 
The affected subset appears to include parvalbumin-containing 
neurons (1, 59). The reduction of GAT-1 mRNA expression 
is limited to layers 2 through 5, the same layers in which 
parvalbumin-containing neurons are found (59, 65).

The subset of GABAergic neurons where reduced GAT-1 
mRNA levels are detected is possibly the subset of chandelier 
neurons (see Box  1). A marker of chandelier neurons is their 
GAT-1 immunoreactivity; the density of GAT-1 immunoreactive 
cartridges is decreased in schizophrenia, while markers of other 
axon terminal populations remain unchanged (65, 66). The lower 
density of GAT-1 immunoreactive cartridges implies decreased 
GAT-1 protein, which is associated with decreased GAT-1 mRNA 
levels. Putting together these findings, reduced GAT-1 mRNA 
levels may therefore account for the decreased density of GAT-1 
immunoreactive axon cartridges in chandelier neurons (59). 
The reduction of GAT-1 immunoreactive cartridges cannot be 
attributed to a reduction of chandelier neurons, since the den-
sity of GABAergic neurons [identified by parvalbumin (52, 53) 
and VGAT (67)] is unchanged. Thus concluding, the density of 

receiving antipsychotic medication (20). Animal studies have 
shown that treatment with dopamine D2-receptor antagonists 
influences the expression of GAD67 mRNA in the basal ganglia 
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TABLe 3 | Postmortem studies on postsynaptic GABA receptors in 
schizophrenia.

Reference Brain region Findings

Hanada et al. (71) Dorsolateral 
prefrontal cortex 
(DLPFC) (BA9)

GABAA receptor binding ↑

Caudate

Benes et al. (76) Anterior cingulate 
cortex (ACC)

GABAA receptor binding ↑

Akbarian et al. (16) DLPFC (BA9) GABAA α1–5 receptor subunit 
mRNA =
GABAA γ2-receptor subunit  
mRNA =

Benes et al. (69) DLPFC (BA10) GABAA receptor binding ↑
Huntsman et al. (79) DLPFC (BA9) GABAA receptor γ2 subunit  

mRNA ↓
Impagnatiello et al. 
(34)

DLPFC (BA9) GABAA receptor α1 subunit  
mRNA ↑
GABAA receptor α5 subunit  
mRNA ↑

Dean et al. (70) DLPFC (BA9) GABAA receptor binding ↑
Ohnuma et al. (64) DLPFC (BA9) GABAA receptor α1 subunit  

mRNA ↑BA10

Mirnics et al. (24) DLPFC (BA9) GABAA receptor β1, γ2/3, π 
subunit mRNA ↓

Ishikawa et al. (72) DLPFC (BA9) GABAA receptor α1, β2/3 subunit ↑
Ishikawa et al. (83) DLPFC (BA9) GABAB receptor 1 protein ↓
Vawter et al. (47) DLPFC 

(BA9 + BA46)
GABAA receptor δ subunit  
mRNA ↓

Volk et al. (46) Prefrontal cortex GABAA receptor α2 subunit  
protein ↑

Hashimoto et al. (20) DLPFC (BA9) GABAA receptor α1/4, β3, γ2, δ 
subunit mRNA ↓

Hashimoto et al. (21) DLPFC (BA9) GABAA receptor α1, δ subunit 
mRNA ↓ACC (BA24)

Primary visual  
and motor cortices

Maldonado-Avilés 
et al. (80)

DLPFC (BA9) GABAA receptor δ subunit mRNA ↓
GABAA receptor α4 subunit  
mRNA =

Duncan et al. (17) DLPFC  
(BA9/BA46)

GABAA receptor α5 subunit  
mRNA ↓
GABAA receptor α1/2 subunit 
mRNA =

Beneyto et al. (78) DLPFC GABAA receptor α2 subunit  
mRNA ↑
GABAA receptor α1/5, β2  
subunit mRNA ↓
GABAA receptor α3, β1, β3 =
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chandelier neurons containing GAT-1 protein in the DLPFC in 
patients with schizophrenia was reduced whereas the density of 
parvalbumin-containing neurons remains unaltered. This find-
ing suggests that the reduced levels of GAT-1 mRNA are limited 
to the chandelier neurons (29, 65).

Long-term exposure to therapeutic blood levels of halop-
eridol in monkeys did not result in changes in the expression of 
GAT-1 mRNA or the expression of GAT-1 protein (65, 66, 68), 
nor did effects of alcohol abuse or benzodiazepine use explain 
the findings (20, 21).

Postsynaptic GABA Receptors 
in Schizophrenia
GABAA receptors are ligand-gated chloride ion channels and 
produce most of the physiological actions of GABA (11). GABAA 
receptors have a pentameric subunit structure and the subunits 
are derived from different gene families encoding for different 
subunits including α1–6, β1–3, γ1–3, δ, ε, π, and θ (12). The 
pentamers of subunits include in most cases a pair of α subunits 
and a pair of β subunits in combination with a fifth subunit (γ or 
δ) (13). Early studies demonstrated increased binding of musci-
mol, a selective GABAA receptor agonist, in pyramidal neuronal 
cell bodies in patients with schizophrenia (69–71); however, 
muscimol can bind to all types of GABAA receptor subunits. 
Recent advancements in technology have enabled investigation 
of deficits of individual GABAA receptor subunits (72).

Subunits of the α-type can be characterized by their sub-
cellular localization within the central nervous system. Over 
95% of the GABAergic synapses on the axon initial segment 
(AIS) of pyramidal neurons contain the α2 subunit, while only  
15% of cortical GABA receptors contain the α2 subunit (73, 74).  
It appears that this subunit is characterized by high affinity,  
fast activation, and slow deactivation (75). Given its anatomical 
position and functional features, the GABAA α2 subunit serves 
as a major source for inhibitory tone on pyramidal neurons 
(46). Parvalbumin-containing neurons, which appear to 
exhibit a reduced expression of GAT-1 and GAD67 mRNA in 
schizophrenia, target the AIS of pyramidal neurons. Indeed, it 
has been demonstrated that in schizophrenia, the GABAA α2-
receptor subunit is upregulated in the AIS of pyramidal neurons 
(46, 69, 76). This increase in α2 subunit density may occur in 
response to reduced extracellular GABA concentrations due 
to diminished GABA synthesis (1, 46). Furthermore, GAT-1 
immunoreactive cartridges and the density of α2 subunits at the 
postsynapse of pyramidal neurons demonstrate an inverse cor-
relation, which implies that GABAA α2 subunits are upregulated 
at the AIS of pyramidal neurons and GAT-1 is downregulated 
to provide a synergetic compensation for the diminished 
GABAergic activity (46). In contrast to GAD67 mRNA and 
GAT-1 mRNA, mRNA expression levels of postsynaptic GABAA 
α2-receptor subunits seem to be unaltered (16, 17). Reductions 
of α2-receptor subunits are exclusively found at the AIS syn-
apses; the lack of upregulation of α2 subunit mRNA might be 
explained by the fact that inhibitory synapses at the AIS of 
pyramidal neurons make up less than 10% of the total number 
of inhibitory synapses of the pyramidal neuron (16, 77).

mRNA levels of the GABAA α1, γ2, α4, α5, and δ receptor subu-
nits are suggested to be downregulated in the DLPFC of patients 
with schizophrenia (Table 3) (20, 21, 47, 78–80). However, two 
studies reported an increase of α1 subunit mRNA expression  
(34, 64), one study revealed an increase of α5 subunit mRNA (34), 
one study observed an increase of the GABAA receptor α1 subunit 
protein (72), and one study demonstrated no change of the α4 
receptor subunit (80). In contrast to the a2 subunit localized at the 
AIS of pyramidal neurons, GABAA receptors containing the α1, 
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FiGURe 2 | Pre- and postsynaptic GABAergic alterations. The reductions  
of GAD67 mRNA, parvalbumin mRNA, and GAT-1 mRNA levels in the 
parvalbumin-containing chandelier neurons seem to result in a compensatory 
postsynaptic upregulation of α2-receptor at the axon initial segment of the 
pyramidal neuron. Presynaptic alterations in neurons targeting the dendritic 
domain of the pyramid neuron might also be accompanied by abnormalities 
of the postsynaptic GABA α1, α5, and γ2 and the extrasynaptic α4 and δ 
receptor subunits.
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α5, γ2, and δ (often co-expressed by α4) subunits are predomi-
nantly localized in the dendrites of pyramidal neurons (73, 81, 
82). The observed alterations in the postsynaptic GABAA recep-
tors do not seem to be a consequence of an increased number of 
neurons, because the majority of studies have reported no change 
or an increase in neuron density (27, 32, 33, 51).

Animal studies in which rats were exposed to benzodiazepines 
did not reveal changes in the expression level of α2 subunit 
mRNA or protein levels and long-term exposure to haloperidol 
or olanzapine did not result in altered α1, α2, α5, β2, or δ subunit 
mRNA levels (20, 78, 84). Postmortem studies show that α1 and δ 
subunits are reduced to the same extent in the DLPFC of patients 
who were not taking antipsychotic medication at the time of 
death, which is unlikely to be driven by the effects of alcohol 
abuse or benzodiazepine use (20, 21). (For an overview of pre- 
and postsynaptic GABAergic alterations, see Figure 2.)

widespread GABAergic Alterations 
in Schizophrenia
There is sufficient histological–pathological evidence to link 
impairments in GABAergic neurotransmission in other cortical 
regions than the DLPFC to pathologies and cognitive dysfunc-
tions observed in schizophrenia (63).

Similar to the DLPFC, the anterior cingulate cortex (ACC), 
primary visual cortex (VC), and primary motor cortex are 
characterized by the same deficits in GABAergic gene expres-
sion as seen in the DLPFC, including selective involvement of 
parvalbumin-containing subsets of GABA neurons. The largest 

declines were reported for the levels of mRNA encoding for 
parvalbumin (21). These brain areas also exhibit a decrease of 
GAD67 mRNA, GAD65 mRNA, GAT-1 mRNA, and GABAA 
receptor α1 and δ subunits (1, 21, 28). Calretinin levels remained 
unchanged (21). GABA-related transcript expression is suggested 
to be decreased to the same extent in all aforementioned brain 
regions, so there possibly is no preferential involvement of the 
DLPFC (21). The reduced expression of GABAA receptor α1 and 
δ subunits in these cortical areas also imply that reduced phasic 
and tonic inhibition, respectively, might be a feature shared by 
multiple cortical regions.

Furthermore, in addition to the ACC, primary VC, and primary 
motor cortex which demonstrated similar GABAergic expression 
deficits as the DLPFC, the orbital frontal cortex (OFC), superior 
temporal gyrus (STG), striatum, and thalamus show a dimin-
ished GAD67 mRNA expression as well (3). In addition, the STG 
and auditory gyri demonstrated reduced GAT-1 protein levels 
(34). Reduction in GABAergic activity in the OFC could lead to 
disturbances related to emotional and cognitive functioning and 
may therefore underlie symptoms regarding social withdrawal 
and apathetic behavior (85). In addition, abnormalities in the 
STG could contribute to deficit auditory processing and auditory 
hallucinations (3). These findings imply that the aberrations seen 
in the DLPFC may not be due to alterations in DLPFC circuitry 
only, but that the altered transcript levels appear to be the conse-
quence of a common upstream mechanism that operates across 
multiple cortical areas.

integration of Postmortem Findings  
on GABAergic Neurotransmission
A possible integrative model for the alterations in GABA neu-
rotransmission is that a subset of prefrontal GABA neurons is 
affected in schizophrenia. In contrast to the reduced GAD67 
and the consequent attenuation of inhibitory GABAergic 
neurotransmission, the reduction of GAT-1 mRNA expression 
tends to increase the synaptic activity of GABA (63). In addition, 
GABAA receptors are upregulated in postsynaptic pyramidal 
neurons, which suggests a compensatory increase in response 
to the decreased extracellular GABA concentrations (46, 70, 76). 
However, based on postmortem studies, it is not possible to  
identify the initial deficit in the pathological chain and, therefore, 
two scenarios are possible (see Figure 2).

The most likely scenario is an overall reduced GABAergic 
activity in schizophrenia. This implies that the initial step in this 
specific pathologic process is the presynaptic reduction of GABA 
synthesis, followed by a secondary, compensatory reduction of 
reuptake by means of GAT-1 and by compensatory upregulation of 
postsynaptic GABA receptors (1, 18, 86). This synergetic attempt, 
to improve the GABAergic neurotransmission at the synapse of 
the pyramidal neuron AIS, serves to compensate for the initial 
deficit in synthesis of GABA. Consistent with the theory that the 
reduction of synthesis is the first step in the pathological chain, 
mice lacking the GAT-1 gene do not develop diminished levels 
of GAD67 mRNA. This indicates that the reduction of GAD67 
is the initial event (87). Furthermore, GABA hypofunction due 
to decreased synthesis reflected by the diminished levels of 
GAD67 mRNA was imitated in rats by means of pharmacological 
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blockade of prefrontal GABAA receptors. This resulted in impaired  
working memory performance, a cognitive function characteristi-
cally disturbed in patients with schizophrenia (88, 89). However, 
it is still controversial whether the compensatory mechanisms 
are sufficient to overcome the decreased GABA synthesis.  
In other words, it is unknown if the net effect of the diminished 
presynaptic synthesis on the one hand and the decreased reup-
take increased postsynaptic reception on the other hand result 
in an increase or decrease of the inhibitory tone on pyramidal 
cells by GABAergic neurons (63). In conclusion, the most likely 
scenario is that reduced presynaptic GABA production results 
in a reduced reuptake of GABA and in upregulated postsynaptic 
GABA receptors in schizophrenia.

Alternatively, an excessive increase of GABAergic activity 
due to both primary diminished reuptake and upregulated post-
synaptic receptors may also be an initial step in the pathological 
process followed by secondary compensatory downregulation 
of GAD67 mRNA in chandelier neurons due to the excessive 
GABAergic activity. Furthermore, the effects of pharmaceuticals 
involved in GABAergic neurotransmission seem to be in line 
with the hypothesis of excess GABAergic activity. For example, 
lorazepam, a positive allosteric modulator of GABAergic neu-
rotransmission, results in a deterioration of working memory 
aberrations while flumazenil, a partial inverse agonist, leads 
to improvement of the working memory deficits (63). Thus, 
according to this scenario, excessive GABAergic activity could 
be the result of an initial postsynaptic upregulation of the GABAA 
receptor and downregulation of the presynaptic GABA reuptake 
transporters as a first step in the pathological chain (63).

Finally, the aberrations seen in the DLPFC may not be due to 
alterations in DLPFC circuitry, but instead reflect transcript levels 
that are a consequence of a common upstream mechanism that 
operates across multiple cortical areas in schizophrenia.

In conclusion, the most likely scenario involves reduced GABA 
concentrations due to a compromised production of GABA 
reflected by the diminished concentration of GAD67 mRNA. 
However, due to the observation that presynaptic GAT-1 is reduced 
and postsynaptic receptors are upregulated, postmortem studies 
do not provide a conclusive answer about the net GABAergic  
concentrations and activity. Therefore, in  vivo studies could 
provide additional insights into GABA levels in clinical states 
contribu ting to a more definitive formulation about the patho-
logical cascade and GABAergic alterations in schizophrenia.

IN VIVO MRS OF GABA iN 
SCHiZOPHReNiA

GABA can be measured in vivo using proton MRS (1H-MRS). 
MRS provides a means to non-invasively identify and quantify 
metabolites in tissue and can be carried out with an MR scanner. 
MRS makes use of the magnetic properties of nuclei, e.g., the 
proton (1H). Because the magnetic properties of a nucleus are 
influenced by its chemical environment, it is possible to iden-
tify signals from different molecules within the MR spectrum. 
However, measurement of GABA with 1H-MRS is challenging 
since its low concentration results in a relatively small signal 
which is overlapped by more intense signals from more abundant 

metabolites. It is possible to separate the GABA signal from 
other, more intense signals with spectral editing techniques.  
With spectral editing the magnetic properties of a specific mol-
ecule are used to improve detection of that molecule.

Based on presynaptic and postsynaptic GABAergic altera-
tions in postmortem studies, it is possible to identify numerous 
brain areas such as the ACC, primary VC, primary motor cortex, 
OFC, BG, STG, thalamus, but especially the DLPFC in which  
it is expected to measure altered GABAergic concentrations 
by 1H-MRS. As mentioned before, postmortem studies do not 
provide a conclusive answer about the net GABAergic concentra-
tions and activity. Therefore, 1H-MRS could provide additional 
insights, contributing to a more definitive formulation about the 
pathological cascade and GABAergic alterations in schizophrenia. 
However, up until now MRS studies on GABA in schizophrenia 
are rather scarce and only cross-sectional. Moreover, the current 
literature is inconsistent regarding the measured GABA levels in 
different brain regions of patients with schizophrenia. Currently, 
seven studies reported GABA reductions (90–96), six studies 
reported unchanged GABA levels (90, 92–94, 97, 98), and two 
studies reported increased levels (Table 4) (97, 99). Since GABA 
levels may differ in early (90, 91, 93, 94) and chronic schizo-
phrenia (91, 93, 94, 98, 99), brain levels might also be dependent 
on the stage of the disease. Recent meta-analysis showed no 
changes in GABA levels in patients with schizophrenia in any 
given brain region, however, when averaging GABA levels across 
all measured brain regions per study, GABA appeared to be  
lower in patients compared to healthy controls (100).

The fluctuating and inconsistent findings of the few MRS 
studies that have been published so far in schizophrenia could 
be explained by several factors such as small and heterogeneous 
sample sizes, low magnetic field strengths resulting in a less 
robust measurement of GABA, methodological limitations lead-
ing to relatively large voxel volumes and marginal adjustments 
with regard to gray and white matter differences (Table 4) (15). 
Moreover, most studies measured GABA referenced to creatine 
and although this is a common approach, fluctuations in creatine 
concentrations could be, to a certain extent, responsible for the 
observed GABAergic findings. However, the most prominent 
limitation compromises the undetermined role of antipsychotic 
medication use with regard to GABA levels measured by 1H-MRS.

GABA AND ANTiPSYCHOTiC 
MeDiCATiON

In 38 chronic schizophrenia patients, higher GABA concentra-
tions were found in the left BG in patients using typical antip-
sychotics as compared to patients using atypical antipsychotics 
(82). Furthermore, a positive correlation was reported between 
GABA concentration in the left BG and anticholinergic medica-
tion (98). It is thus possible that antipsychotic medication influ-
ences GABA concentrations and different types of medications 
could have differing effects (98).

However, in patients diagnosed with schizophrenia and using 
antipsychotic medication at baseline, the use of atypical antipsy-
chotics did not have any effects on GABA concentrations in the 
left BG, frontal lobe, and parieto-occipital lobe during a follow-up 
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TABLe 4 | In vivo magnetic resonance spectroscopy studies of GABA in schizophrenia.

Reference Findings Antipsychotic medication, % of patients Comments

early SZ Chronic SZ Mixed 
population

early SZ Chronic SZ Mixed 
population

Goto et al. (90) ACC: Atypical 100% 
(risperidone, 
olanzapine, 
aripiprazole, 
quetiapine)

Patients were examined at 
baseline and after 6 months of 
antipsychotic treatment

baseline =
6M =
baseline–6M =
BG:
baseline ↓
6M ↓
baseline–6M =
POC:
baseline =
6M =
baseline–6M =

Ongur et al. (99) ACC ↑ Unknown 100% 1 early SZ patient (0.5%)
POC ↑

Tayoshi et al. (98) ACC = Typical ± atypical 
42%

BG = Atypical only 58%

Yoon et al. (96) VC ↓ Typical 8%
Atypical 54%
Unmedicated 
38%

Kegeles et al. (97) MPFC: Atypical 100% Typical 20%
unmed. ↑
med. =
unmed.–med. =
DLPFC: Atypical 80%
unmed. =
med. =
unmed.–med. =

Kelemen et al. (91) VC: Typical 11% Patients were examined at 
baseline and after 6 months of 
antipsychotic treatment

baseline ↓ Atypical 89%
6M ↓

Marsman et al. (92) PFC ↓ Atypical 100% Min.–max. disease  
duration: 1–213 monthsPOC =

Rowland et al. (93) ACC = ACC ↓ Atypical 100% Typical 20%
ACC early-
chronic =

Atypical 80%

CSO = CSO =
CSO early-
chronic =

Rowland et al. (94) ACC = ACC ↓ Typical 3.5% Typical 13%
Atypical 86% Atypical 58%

ACC early-
chronic ↓

Typical + atypical 
3.5%

Typical + atypical 
19%

Unmedicated 7% Unmedicated 10%

Wang et al. (95) PFC ↓ Drug naïve 100% All first-episode SZ

ACC, anterior cingulate cortex; BG, basal ganglia; POC, parieto-occipital lobe; PFC, prefrontal cortex; MPFC, medial prefrontal cortex; DLPFC, dorsolateral prefrontal cortex; CSO, 
centrum semiovale; VC, visual cortex.
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period of 6 months (90). At baseline, the concentration of GABA 
in the left BG in these first-episode patients was decreased (81), 
but this reduction was not reversed after 6 months of treatment 
with antipsychotic medication (84). Interestingly, clinical condi-
tion, assessed by PANSS scores, did improve during this time 
period. This suggests that medication use has no profound effect 
on GABA concentrations in patients with schizophrenia although 

there does occur a clinical improvement (90, 101). However,  
it is also possible that the medication regimen prevented further 
progressive reduction of GABA concentrations in these patients. 
Studying patients not taking antipsychotic medication may pro-
vide valuable additional insights regarding this matter. A recent 
study addressed this topic and evaluated GABA concentration in 
16 unmedicated patients, consisting of 9 medication-naïve patients 
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and 7 patients with no antipsychotic medication use 14 days prior 
to the investigation. This study observed higher GABA concentra-
tions in never- and unmedicated patients compared to medicated 
patients (97). This implies that medication use might lead to a 
normalization of GABA concentrations (97). However, as men-
tioned before, medicated patients did not show any alterations 
regarding GABA concentrations after 6 months of antipsychotic 
therapy (90). Possibly, patients that were minimally treated at 
baseline differed from those that were medication naïve (90, 101), 
and the normalization of GABA concentrations due to antipsy-
chotic treatment takes place at the beginning of the treatment.  
To formulate a conclusive answer, future studies are required, 
which assess both within-subject medication and medication-
naïve study designs. In conclusion, many factors contribute to the 
inconsistency in literature and future studies need to take these 
factors into account to reconcile the fluctuating findings.

GABA AND COGNiTiON

The observed changes in GABAergic neurotransmission may 
have functional significance (96). GABA measurement in the 
VC revealed reduced concentrations, and this decrease was posi-
tively correlated with orientation-specific surround suppression 
(OSSS) (96). OSSS is a behavioral measure of visual inhibition, 
and it is believed that this process relies on GABAergic neuro-
transmission in the VC (85). Furthermore, poorer performance 
on attention tests was correlated with decreased GABA concen-
trations in patients with schizophrenia (93). These observations 
are consistent with the GABA deficit hypothesis, which states 
that reduced GABAergic neurotransmission results in cognitive 
deficits, and imply that MRS is able to measure the pool of corti-
cal GABA that has a direct relationship with GABA-mediated 
functions (15). Since the GABAergic expression deficits exhibit 
a widespread cortical involvement, it is likely that such aberra-
tions generalize to other cortical areas (21, 96).

On the other hand, recent research showed a negative associa-
tion between level of cognitive functioning and GABA level in 
the PFC in schizophrenia patients (92). Together with the finding 
that GABA levels are reduced in schizophrenia and albeit the 
finding that intelligence levels are lower in patients compared to 
matched healthy controls (102), this may imply that the GABA 
deficit hypothesis mainly applies to patients with lower intel-
ligence (92). Alternatively, patients with higher intelligence may 
have better treatment compliance, possibly resulting in lower 
GABA levels (92).

iNTeGRATiNG POSTMORTeM AND  
IN VIVO GABA FiNDiNGS iN 
SCHiZOPHReNiA

The reported elevation of GABA levels in the MPFC by 1H-MRS  
in unmedicated patients seems to be inconsistent with the 
results of postmortem studies, which exhibit an impaired GABA 
synthesis of parvalbumin-containing subclasses of GABA neu-
rons reflected by diminished GAD67 mRNA levels (97). This 
discrepancy could be explained by the extensive exposure of 

the postmortem brain samples to antipsychotic medication in 
predominantly chronically ill patients (18). Furthermore, the 
observed elevated GABA levels in the MPFC might also be an 
overcompensation of other subclasses of GABA neurons (97). 
The NMDA-receptor hypofunction hypothesis puts forward 
that an intrinsic deficit of GABA neurons, including impaired 
GABA synthesis, results in disinhibition of pyramidal neurons. 
The deficit regulation of pyramidal neurons by GABAergic neu-
rotransmission leads to glutamate elevations (48, 103). Therefore, 
the remaining unimpaired subclasses (subclasses other than the 
parvalbumin-containing subclass) could be stimulated by the 
increased glutamergic activity, and this could serve as a compensa-
tion for the diminished synthesis in the parvalbumin-containing  
subclass (97).

Recent advantages in ultrahigh-field MR techniques allow for 
a more robust assessment of GABA levels, and future studies must 
point out whether in vivo measurement of GABA corresponds 
with the observed GABA deficiencies in postmortem tissues 
and whether the GABAergic deficits occur in a pan-cortical 
manner. Moreover, futures studies might point out if GABA 
concentrations predict functional outcome and if alterations in 
GABA concentrations relate to therapy response. It is clear that 
GABA measurement by in vivo MR spectroscopy could be of 
great value, but it is also evident that further work is needed 
to provide additional information on the validation of MR 
spectroscopy of GABA in schizophrenia.

CONCLUSiON

Converging evidence implicates alterations in both presynaptic 
and postsynaptic components of GABA neurotransmission to 
fulfill an important role in the pathophysiology of schizophrenia. 
Multiple research sites using in situ hybridization, DNA microar-
ray, or real-time quantitative PCR have consistently found reduced 
levels of GAD67 mRNA or a reduced density of neurons positive 
for GAD67 mRNA in the DLPFC as one of the most consistent 
findings with regard to pathological changes in schizophrenia. 
This decrease is the consequence of a reduction of GAD67 mRNA 
in a subset of GABA neurons. The affected neurons appear to 
include the parvalbumin-containing neurons. Parvalbumin-
positive cells in the DLPFC include chandelier cells, targeting 
the upregulated α2-receptor subunit at the AIS of the pyramidal 
neuron. Furthermore, since GAD67 mRNA expression deficits 
were also observed in layers without parvalbumin expression, 
other subclasses may attribute to the observed GABAergic gene 
expression deficits as well. Furthermore, since other brain regions 
demonstrated similar GABAergic gene expression deficits as the 
DLPFC, disturbances in GABAergic neurotransmission could 
be the consequence of a common upstream effect. Therefore, 
identifying a common pathophysiology might give rise to new 
pharmacological opportunities in the treatment of schizophrenia. 
Measurement of GABA levels in vivo by means of MRS offers the 
possibility to approach the illness from a unique perspective and 
provides additional insights in the relationship between deficit 
components of GABA neurotransmission and GABA-mediated 
inhibitory activity. However, the current literature is inconsistent 
regarding the measured GABA levels in different brain regions 
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Inflammation may play a role in schizophrenia; however, subgroups with immune regulation 
dysfunction may serve as distinct illness phenotypes with potential different treatment and 
prevention strategies. Emerging data show that about 30% of people with schizophrenia 
have elevated antigliadin antibodies of the IgG type, representing a possible subgroup of 
schizophrenia patients with immune involvement. Also, recent data have shown a high 
correlation of IgG-mediated antibodies between the periphery and cerebral spinal fluid in 
schizophrenia but not healthy controls, particularly AGA IgG suggesting that these anti-
bodies may be crossing the blood–brain barrier with resulting neuroinflammation. Proton 
magnetic resonance spectroscopy (MRS) is a non-invasive technique that allows the quan-
tification of certain neurochemicals in vivo that may proxy inflammation in the brain such as 
myoinositol and choline-containing compounds (glycerophosphorylcholine and phosphor-
ylcholine). The objective of this exploratory study was to examine the relationship between 
serum AGA IgG levels and MRS neurochemical levels. We hypothesized that higher AGA 
IgG levels would be associated with higher levels of myoinositol and choline-containing 
compounds (glycerophosphorylcholine plus phosphorylcholine; GPC + PC) in the anterior 
cingulate cortex. Thirty-three participants with a DSM-IV diagnosis of schizophrenia or 
schizoaffective disorder had blood drawn and underwent neuroimaging using MRS within 
9 months. We found that 10/33 (30%) had positive AGA IgG (≥20 U) similar to previous 
findings. While there were no significant differences in myoinositol and GPC + PC levels 
between patients with and without AGA IgG positivity, there were significant relationships 
between both myoinositol (r = 0.475, p = 0.007) and GPC + PC (r = 0.36, p = 0.045) with 
AGA IgG levels. This study shows a possible connection of AGA IgG antibodies to putative 
brain inflammation as measured by MRS in schizophrenia.

Keywords: gluten, gliadin, antibody, myoinositol, gPc + Pc, schizophrenia, neuroimaging, inflammation

inTrODUcTiOn

Several emerging lines of evidence suggest that the etiology and pathophysiology of schizophrenia 
may be related to inflammatory processes. Data contributing to this hypothesis include prenatal 
maternal infection and the subsequent pro-inflammatory response (1–3). Also, multiple studies 
have demonstrated increased levels of various peripheral cytokines to be elevated in people with 
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first-episode or multi-episode schizophrenia (1, 2, 4–8). In addi-
tion, positron emission tomography (PET) studies have dem-
onstrated increased binding to the 18-kDa translocator-protein 
(TPSO; a marker of microglial activation) in the brains of people 
with schizophrenia (9–11). Finally, several genome-wide associ-
ation studies have documented the presence of single-nucleotide 
polymorphisms in the major histocompatibility complex, genes 
related to immune function, that are associated with increased 
risk of schizophrenia (12–17).

A subset of individuals with schizophrenia may be particularly 
sensitive to inflammation due to immune activation to specific 
antigens, and this may contribute to the illness pathophysiology. 
This is in line with the fact that studies on inflammatory mark-
ers are not elevated in all people with schizophrenia and why 
inconsistent results have been shown in cross-sectional cytokine 
studies. The exacerbation of systemic or brain immune activation 
could be due to increased permeability of the mucosal epithelial 
tight junctions in the intestine and blood–brain barrier (18–21). 
Increased permeability permits entrance of pathogens, toxins, 
and antigens that could lead to subsequent immune response 
and reaction; a postulated mechanism of the brain to gut rela-
tionship mediated by inflammation. Partial support comes from 
a recent study indicating increased blood–cerebral spinal fluid 
(CSF) permeability coupled with antibody response to dietary 
proteins in first-episode schizophrenia (22). This study found a 
high correlation of IgG-mediated antibodies (e.g., antibodies to 
gliadin) between the periphery and CSF in schizophrenia but not 
healthy controls.

Positivity to immunoglobulin G antibodies to gliadin (AGA 
IgG) are observed in about 20–30% of people with schizophrenia 
compared to less than 10% in healthy controls (23–25). This 
potentially reflects gluten sensitivity (GS), which is a newly char-
acterized syndrome defined by some intestinal but mostly extra-
intestinal symptoms related to the ingestion of gluten-containing 
food (i.e., wheat, barley, or rye) distinct from celiac disease (CD) 
and wheat allergy (26, 27). High levels of AGA IgG have also 
been observed in brain conditions such as ataxia (28–30). This 
provides further support for the gut–brain inflammation link-
age. It is plausible that there is a subset of about one-quarter to 
one-third of the schizophrenia population that may be highly 
susceptible to GS-mediated peripheral and central inflammation.

Proton magnetic resonance spectroscopy (MRS) is a non-
invasive technique that allows the quantification of certain neu-
rochemicals in vivo. These neurochemicals reflect a wide variety  
of mechanisms that range from neuronal function to neurotrans-
mission. MRS biochemicals such as myoinositol and glycerophos-
phorylcholine (GPC) plus phosphorylcholine (PC) referred to as 
“GPC + PC” may serve as a proxy for inflammation. Myoinositol 
is localized primarily in glial cells (31) and is elevated in condi-
tions characterized by central nervous system inflammation (32) 
such as hepatitis C virus-associated encephalopathy in occipital 
and parietal gray and white matter (33) and multiple sclerosis 
in white and cortical gray matter (34, 35). GPC  +  PC levels 
putatively reflect cellular membrane metabolism, both synthesis 
and breakdown (36, 37), and increased levels are observed in 
neuroinflammatory diseases (32). Hence, spectroscopic meas-
ures of myoinositol and GPC  +  PC could provide insight into 

brain inflammation. With respect to schizophrenia, results are 
inconsistent regarding alterations in myoinositol and GPC + PC 
levels in various brain regions (38, 39). However, the majority of 
studies on schizophrenia did not examine the immune or meas-
ures related to inflammation except for one study that reported 
higher medial temporal lobe myoinositol in a subset of patients 
with elevated S100B (40).

The objective of this exploratory study was to examine the 
relationship between serum AGA IgG levels and MRS neuro-
chemical measurements of the anterior cingulate cortex (ACC) 
in schizophrenia. Given that AGA IgG antibodies may cross the 
blood–brain barrier in schizophrenia (22), we hypothesized that 
those who tested positive for AGA IgG would have higher levels 
of ACC myoinositol and GPC  +  PC compared to those who 
tested negative for AGA IgG. Furthermore, we hypothesized that 
higher AGA IgG levels would be associated with higher levels 
of ACC myoinositol and GPC  +  PC. The ACC was the focus 
since it is involved in the pathophysiology of schizophrenia, as 
strongly supported by MRS, other neuroimaging modalities, and 
postmortem research (41, 42).

MaTerials anD MeThODs

Participants were recruited from the Maryland Psychiatric 
Research Center. Three hundred sixty-six patients with a DSM-
IV-TR diagnosis of schizophrenia or schizoaffective disorder 
participated in a study to measure serum AGA IgG. Of those 
who completed the antibody screening, 33 participants were able 
to also complete an MRS session; inclusion criteria for the MRS 
portion consisted of those between the ages of 18 and 55, and 
without contraindications for MR scanning (e.g., claustrophobia, 
metal contained in their bodies). Participants had the MRS scan 
and blood draw on separate occasions averaging approximately 
8.8 months apart and no patient was on a gluten-free diet. All 
participants were evaluated for their capacity to provide informed 
consent before giving written consent prior to participation. The 
University of Maryland Baltimore Institutional Review Board 
approved this study.

anti-gliadin antibodies
Blood was drawn and serum stored at −80°F for batched analysis at 
the Johns Hopkins University Immune Disorders Laboratory. The 
sera were analyzed for AGA IgG using the INOVA kit #708650, 
which is an ELISA measure for native gliadin, not a deaminated 
version of gliadin (linked to CD). We utilized positivity of AGA 
IgG according to the manufacturer cutoff of AGA IgG levels 
≥20 U. We have also independently replicated the cutoff value 
in a sample of over 370 people with schizophrenia compared  
to 80 healthy controls with no psychiatric or medical comorbidi-
ties. Ninety percent of healthy controls fall below the cutoff and 
the distribution in schizophrenia is bimodal showing means in 
those not positive to be <10 U and the mean values of those who 
are positive to be >40 U (Cihakova et al., under review).

Mrs acquisition and analysis
MR scanning was conducted on a 3-T Siemens Tim Trio equipped 
with a 32-channel head coil. Head position was fixed with foam 
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FigUre 1 | Voxel images and a representative spectrum (black line), LCModel fit (red line), residual (black line at top). Myoinositol (mI), Phosphocreatine+Creatine 
(tCr), Phosphorylcholine+Glycerophosphorylcholine (tCho), Glutamate (Glu), and N-Acetylaspartate (tNAA).
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padding to minimize movement. Anatomical T1-weighted  
images were acquired for spectroscopic voxel placement with 
a “MP-RAGE” sequence. Spectroscopic methods have been 
previously described (43). The spectroscopic voxel was 4.0 cm ×  
3.0  cm  ×  2.0  cm prescribed on the midsagittal slice and posi-
tioned parallel to the genu of the corpus callosum and scalp 
with the midline of the voxel corresponding to the middle of 
the genu of the corpus callosum. The voxel contained a mixture 
or rostral and dorsal ACC. Spectra were acquired with a phase 
rotation STEAM: TR/TM/TE = 2,000/10/6.5-ms, VOI ~24 cm3, 
NEX = 128, 2.5-kHz spectral width, 2,048 complex points, and 
phases: φ1 = 135°, φ2 = 22.5°, φ13 = 112.5°, φADC = 0°. The 
test–retest reproducibility of this sequence is excellent, as reported 
in both healthy volunteers (44) and participants with schizo-
phrenia (45). A water reference (NEX = 16) was also acquired 
for phase and eddy current correction as well as quantification. 
LCModel (6.3-0D) was used for spectral quantification (46) with 
a simulated basis set that contained alanine (Ala), aspartate (Asp), 
creatine (Cr), γ-aminobuytric acid (GABA), glucose (Glc), gluta-
mate (Glu), glutamine (Gln), glutathione (GSH), glycine (Gly), 
glycerophosphocholine (GPC), lactate (Lac), myo-Inositol (mI), 
N-acetylaspartate (NAA), N-acetylaspartylglutamate (NAAG), 
phosphocholine (PC), phosphocreatine (PCr), phosphoroyletha-
nolamine (PE), scyllo-Inositol (sI), and taurine (Tau). Metabolite 
levels are reported in institutional units, and metabolites with 
Cramer Rao Lower Bounds ≤20% were included in further 
analyses. The spectroscopic voxel was segmented into gray,  
white, and CSF tissues using SPM8 and in house MATLAB 
code, and the metabolite levels were corrected for the propor-
tion of gray, white, and CSF tissue proportions (44). The fol-
lowing metabolites were quantified and reported: total choline 
(glycerophosphorylcholine  +  phosphorylcholine), myoinositol, 

glutamine, glutamine, glutamate  +  glutamine, glutathione, 
N-acetylaspartate, and total creatine (creatine  +  phosphocre-
atine). Spectroscopic voxel location and corresponding spectrum 
are illustrated in Figure 1.

statistical analyses
Data were not normally distributed and therefore non-
parametric statistical analyses were conducted. The differences 
in MRS measures between those patients who were “positive”  
(i.e., >20 U) vs. “negative” for the AGA IgG antibodies were exam-
ined with the Kruskal–Wallis test. Spearman’s correlations were 
performed between the MRS measures and AGA IgG levels on all  
participants.

resUlTs

A description of the clinical and demographic information is 
listed in Table  1. Briefly, the mean age of the participants was 
33.8.36 ± 12.4 (SD), 52% were African-American, and 48% were 
Caucasian. Of these, there were 18 were males (55%) and 15 
females (45%). Participants were of mixed illness duration with 
the majority (N = 28) having been ill for more than 2 years. Ten 
of the 33 participants were positive for AGA IgG GS (30%). There 
were no significant differences in demographic information of 
those with and without positivity to IgG AGA. The overall mean 
IgG AGA level in the group was 17.03 ± 24.29 U. The mean AGA 
IgG in the positive group was 44.61 ± 29.09 vs. 5.04 ± 4.02 U in 
the AGA IgG negative group (t = 20.30, df = 1, p < 0.0001).

Two participants moved during MR scanning and therefore 
spectral quality was poor and not included in the analysis. 
Contrary to hypothesis, there were no significant differences in 
myoinositol or GPC + PC between participants who were AGA 
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FigUre 2 | Correlation plot showing a strong positive relationship (r = 0.48, 
p = 0.007) between AGA IgG and myoinositol levels. 31/33 of the 
participants had data available.

TaBle 2 | Spearman’s correlations between magnetic resonance spectroscopy 
measures and AGA IgG in schizophrenia patients.

Metabolite Mean (iU) sD r-Value p-Value

Glutamate (N = 31) 9.12 0.87 0.104 0.58
Glutamine (N = 30) 2.18 0.39 −0.1048 0.58
Glutamate + glutamine (N = 31) 10.97 1.21 0.006 0.97
Glutathione (N = 31) 2.11 0.35 0.01 0.96
N-acetylaspartate (N = 31) 9.91 0.90 0.006 0.97
Total creatine (N = 31) 8.87 0.92 0.25 0.18
Myoinositol (N = 31) 6.76 0.77 0.48 0.007
Glycerophosphorylcholine +  
phosphorylcholine (N = 31)

1.81 0.27 0.36 0.045

TaBle 1 | Demographic and clinical information.

Variable Overall group (N = 33) aga ig positive group (N = 10) aga igg negative group (N = 23) statistic between groups

Mean age (years) 33.8 ± 12.4 32.0.1 ± 11.3 34.6 ± 13.1 T = 0.30, p = 0.58
Sex (male) 18 (55%) 6 (60%) 12 (52%) χ2 = 0.17, p = 0.68
Race
African-American 17 (52%) 6 (60%) 11 (48%) χ2 = 0.41, p = 0.52
Caucasian 16 (48%) 4 (40%) 12 (52%)
Schizophrenia vs.  
schizoaffective diagnosis

25 (76%)
8 (24%)

7 (70%)
3 (30%)

18 (78%)
5 (22%)

χ2 = 0.26, p = 0.61

Duration of illness (years) 16.2 ± 14.8 (N = 31) 12.4 ± 12.1 (N = 9) 16.2 ± 14.8 (N = 22) T = 0.7, p = 0.5
Mean AGA IgG (U) 17.0 ± 24.3 44.6 ± 29.1 5.0 ± 4.0 T = 20.3, p < 0.0001
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IgG positive compared to those who were IgG negative. There 
were no differences in the other metabolites between AGA IgG-
positive and -negative groups. The correlation analyses between 
AGA IgG and the metabolites are reported in Table 2. Results 
revealed significant relationships between AGA IgG levels 
and both myoinositol (r  =  0.475, p  =  0.007) and GPC  +  PC 
(r = 0.36, p = 0.045) (see Figures 2 and 3). There were no signif-
icant correlations noted for glutamate, glutamine, glutathione, 
N-acetylaspartate, or creatine (p > 0.1, Table 2).

DiscUssiOn

Despite the accumulating evidence of the evidence of AGA IgG 
antibodies in a subset of schizophrenia, little work has shown 
the connection of these antibodies with brain inflammation. 
To the best of our knowledge, this is the first study to show a 
relationship between peripheral AGA IgG and ACC myoinositol 
and GPC  +  PC levels. Our results also replicate the estimated 
prevalence of AGA IgG positivity in approximately one-third of 
people with schizophrenia.

Magnetic resonance spectroscopy measures of brain myo-
inositol and GPC + PC are thought to reflect inflammation in 
the brain. Myoinositol is a glial cell marker (31) and is elevated 
in conditions characterized by CNS inflammation such as HCV-
associated encephalopathy, HIV, and multiple sclerosis (33–35, 
47). Choline-containing compounds such as GPC + PC reflect 
cellular membrane synthesis and breakdown (37), and high 
levels of GPC  +  PC have been observed in multiple sclerosis 
with active lesions (48, 49) and HIV infection (50). One study 
reported higher MRS myoinositol and GPC + PC levels coupled 
with higher microglial activation measured with PET in patients 
with hepatitis C (51). The combination of these studies provides  
good support that MRS measures of myoinositol and GPC + PC 
proxy neuroinflammation (32). Therefore, the association 
between higher levels of AGA IgG and brain myoinositol and 
GPC + PC suggests a link between AGA IgG and CNS inflam-
mation in schizophrenia. It is important to note that the relation-
ships between AGA IgG and the brain metabolites were specific 
to myoinositol and GPC + PC only, further supporting the AGA 
IgG neuroinflammation link. These results are also consistent 
with a study showing a high-positive correlation between blood 
AGA IgG and CSF AGA IgG in schizophrenia patients but not 
healthy controls (22), suggesting greater CNS permeability and 
likely inflammation.

The ACC was the focus of this study because of its involvement  
in the pathophysiology of schizophrenia supported by post-
mortem and imaging research (41, 42). Volumetric MRI studies 
suggest that both dorsal and rostral ACC gray matter is reduced 
in schizophrenia (41), and proton MRS studies suggest ACC glu-
tamatergic and GABAergic alterations in schizophrenia (42, 52, 53). 
Postmortem work parallels these imaging findings as indicated by 
reduced ACC neuropil and altered GABAergic and glutamatergic 
neurons (41) in schizophrenia. If inflammation is a contributing 
factor to these ACC alterations is not clear, as studies focused on 
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FigUre 3 | Correlation plot showing a positive relationship (r = 0.36, 
p = 0.045) between AGA IgG and GPC + PC levels. 31/33 of the  
participants had data available.
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inflammatory postmortem and PET markers in cortical regions 
including the ACC have been inconsistent (54). Moreover, the 
majority of MRS studies of the ACC in schizophrenia did not 
report alterations in myoinositol or GPC  +  PC (38); however, 
previous studies also did not examine specific immune param-
eters. It is also unclear how the current study’s findings translate 
to other brain regions. Future studies are necessary to determine 
if AGA IgG is related to MRS myoinositol and GPC + PC in other 
brain regions.

Several study limitations are worth mentioning. First, the 
blood draw for AGA IgG was not on the same day as the imaging 
procedures; however, due to a long half-life of serum IgG antibod-
ies (~20 days) (55) and long-term stability of AGA IgG in patients 
with schizophrenia (<15% change in 6 months) (Kelly, unpub-
lished data), we do not anticipate significant changes of AGA IgG 
levels. Second, as with the majority of studies in schizophrenia, 
all patients were taking antipsychotic medications, which could 
impact the results. We do not have the specific antipsychotic 
medication to include in the report. However, data support that 
immune involvement is independent of antipsychotic treatment 
(56–66). Additionally, antipsychotic medication treatment in 
rodents does not change GPC + PC or myoinositol levels (67). 
Third, we do not have clinical symptom status at the time of blood 

draw to link to symptomatology and the groups were too small to 
do subanalysis by gender, age, or illness duration. Only one brain 
region was examined, therefore brain region specificity cannot 
be discussed. Fourth, since causation cannot be determined from 
this data, it remains unknown if this sensitivity to gluten causes 
neuroinflammation or if antibodies are high based on neuroin-
flammatory process present in this group. Preclinical research is 
needed to determine potential causative factors related to these 
linked phenomena. Finally, it is not possible to ascertain if higher 
GPC  +  PC reflects cell membrane formation or breakdown,  
so the results should be interpreted with caution.

In conclusion, these results suggest a possible connection of 
AGA IgG antibodies to putative brain inflammation as measured 
by MRS in schizophrenia. More research is needed to help deline-
ate the group of people at risk for GS, which is likely a subset of 
schizophrenia. It is possible that interventions targeted to reduce 
the immune response to gluten, such as a gluten-free diet, could 
prove beneficial to ameliorating neuroinflammation and possibly 
illness symptoms.
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