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Abstract

It is hypothesized that schizophrenia is associated with dysfunctioning of N-methyl-D-
aspartate (NMDA) receptors, which are glutamatergic receptors. An associated excess 
of glutamate may play a role in the psychopathology of schizophrenia. Yet, only little is 
known about the specific relation between glutamate and auditory verbal hallucinations 
(AVH) in patients with schizophrenia. In this study, the levels of glutamate + glutamine 
(Glx) in the white matter of the left lateral prefrontal lobe were determined and related 
to AVH, using proton magnetic resonance spectroscopy. Patients with schizophrenia and 
healthy controls underwent magnetic resonance spectroscopy to estimate levels of Glx in 
the white matter of the left lateral prefrontal lobe. Univariate analysis of variance (ANOVA) 
and planned comparisons with Helmert contrasts were applied, additionally controlling for 
significant covariates. Differences were explored between healthy controls (n=30) and the 
total patient group (n=67), and between patients with lifetime AVH (n=45) and patients 
without lifetime AVH (n=22). Levels of Glx were significantly different between the groups 
(F(2,94)=5.27, p=0.007). Planned comparisons showed that higher Glx levels were found 
in healthy controls than in the total patient group (p=0.010), and that patients with lifetime 
AVH had higher levels of Glx as compared to the patients without lifetime AVH (p=0.019). 
After adding significant covariates, the main effect of group was marginally significant 
(F(2,91)=2.69, p=0.074, respective planned contrasts: p=0.142, p=0.041). We found no 
association between Glx levels and the severity hallucinations (item P3 of the Positive and 
Negative Syndrome Scale (PANSS) or the positive symptom subscale of the PANSS). The 
higher Glx levels in patients with lifetime AVH as compared to patients without lifetime AVH 
suggests a mediating role for Glx in AVH. The role of glutamatergic metabolites in different 
regions and systems in the brain in relation to illness phase and to distinct symptoms of 
schizophrenia deserves further investigation.

58



59

Introduction

Between 50 and 70% of patients with schizophrenia suffer from auditory verbal hallucinations 
(AVH) at some point (Sartorius et al., 1974). AVH can be defined as perceptions in the 
auditory domain that resemble real voices, occurring in the absence of corresponding 
external stimuli (Aleman & Larøi, 2008). Cognitive models explain AVH as inner speech, 
misinterpreted as internal events (Ditman & Kuperberg, 2005; Johns & McGuire, 1999). 
Brain areas that have been associated with AVH are, amongst others, inferior frontal regions 
for language production and posterior temporal regions for language perception (Jardri et 
al., 2011; Kuhn & Gallinat, 2012). Conceivably, irregularities in excitatory neurotransmitter 
levels, such as glutamate, may be associated to the trait to experience AVH (Hugdahl et al., 
2015). 

Glutamate is a proteinogenic amino acid, and is abundant in the human body. This excitatory 
neurotransmitter affects synaptic plasticity and is thought to be vital in important cognitive 
functions such as learning and memory (Bliss & Collingridge, 1993). Dysfunctioning or 
blockade of glutamate receptors, specifically the N-methyl-D-aspartate (NMDA) receptors, 
by other neurochemical compounds, such as ketamine, can cause schizophrenia-like 
symptoms. The glutamate theory of schizophrenia therefore states that hypofunction of 
NMDA receptors plays a role in the psychopathology of schizophrenia (Javitt & Zukin, 1991; 
Olney & Farber, 1995), resulting in elevated glutamate levels. 

A method to measure glutamate and other neurotransmitters is proton magnetic resonance 
spectroscopy (1H-MRS). This technique can be used to determine the chemical composition 
of brain tissue and other body parts non-invasively, using standard MRI equipment and 
special scanning sequences. In short, 1H-MRS targets the nucleus of hydrogen in its most 
common state 1H (consisting of only one proton). A radio-frequency pulse delivered at the 
resonance frequency of 1H excites this nucleus. After excitation, the nucleus will release 
absorbed energy and one can determine the concentration of 1H in the given material by 
measuring the area under the peak in its relaxation spectrum. However, when 1H binds to 
different molecules (neuro-metabolites), its resonance frequency changes accordingly (this 
is also known as the chemical shift), and the frequency of the relaxation peak is consequently 
shifted. This is why in 1H-MRS a range of frequencies that excite 1H as part of different 
molecules is delivered to a particular voxel; from the measured spectral response one can 
estimate the concentrations of various metabolites in this particular voxel. However, with 
a 3 Tesla MRI scanner, it is difficult to separate the glutamate from the glutamine signals. 
Therefore, a combined measure of both metabolites is often measured, referred to as Glx. 

The overall finding of the most recently published meta-analysis of 1H-MRS studies is a 
decrease of glutamatergic metabolites in patients with schizophrenia (Merritt et al., 2016). 
This effect may differ for distinguished brain regions and subgroups of patients. The most 
robust finding is an increase of glutamatergic metabolites in the middle temporal lobe and 
basal ganglia in individuals at high risk for psychosis, first-episode patients and patients 
with schizophrenia (Merritt et al., 2016). In addition, whereas medial frontal glutamatergic 
metabolites may be higher in individuals at high risk for psychosis than in controls, patients 
with schizophrenia revealed decreased levels in frontal white matter (Marsman et al., 2013). 
Yet, in a review study, it is reported that there might be a negative association between 
chronicity and glutamatergic metabolites in the medial prefrontal cortex (Schwerk et al., 
2014). However, associations between the lateral prefrontal cortex and Glx have been 
relatively little investigated and show inconsistencies (Poels et al., 2014).
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Thus far, only one study has investigated Glx in association with AVH (Hugdahl et al., 2015). 
As measured in both the temporal and frontal lobe, patients with schizophrenia as a group 
showed lower Glx levels than a healthy control group. However, Glx levels were higher 
in patients with AVH relative to patients without AVH. The aim of present study was to 
investigate levels of Glx in relation to AVH in the white matter of the lateral prefrontal region, 
an area that connects frontal regions with other parts of the brain. Based on the findings by 
Hugdahl et al. (2015), we hypothesized that patients with schizophrenia would demonstrate 
lower Glx levels than healthy controls, but that within this patient group, patients with a trait 
to experience AVH would demonstrate higher Glx levels in comparison with patients that 
never experienced AVH. 

Methods

Subjects

For the present study, pooled baseline data were used of four different MRI studies that 
included an 1H-MRS scan performed by our research group. The first study was a randomized 
controlled trial with rTMS for the treatment of negative symptoms of schizophrenia (Dutch 
Trial Registry: NTR1261; Dlabac-de Lange et al., 2015). Patients were included if their score 
on the negative subscale of the Positive and Negative Syndrome Scale (PANSS; Kay et al., 
1987) was 15 or higher. The second study was a trial that compared the effects of aripiprazole 
versus risperidone on negative symptoms of schizophrenia and related psychotic disorders 
(EUDRA-CT: 2007-002748-79). Patients were included in this study if they suffered from a 
psychotic disorder. The third study was a trial to investigate the effects of a social cognitive 
intervention to improve insight in patients with schizophrenia (Dutch Trial Registry: 
NTR1799; Pijnenborg et al., 2011). Patients were included in this study if they had impaired 
insight, as indicated by a score of 9 or lower on the Psychosis Inventory (Birchwood et al., 
1994). The fourth study investigated the neural basis of cognitive-emotional processing in 
at risk mental state individuals (Current Controlled Trials: ISRCTN21353122). Participants of 
the last study were included if they scored positive on the Comprehensive Assessment of 
At Risk Mental State interview (CAARMS; Yung et al., 2005). Participants were recruited at 
the University Medical Center Groningen and seven mental health care institutions. Data 
from the participants of these studies (patients and control participants) were pooled for 
the current analyses, which resulted in a group of sixty-seven patients and thirty control 
participants. Data used in the current study has been used in analyses of previous 
publications (Dlabac-de Lange et al.; 2016 Larabi et al., 2016; Liemburg et al., 2016). Only 
right-handed subjects were selected for analyses, given that language is predominantly left-
lateralized in right-handed people (Parker et al., 2005), and lateralization may be reduced in 
left-handed people (Szaflarski et al., 2002). In patients, the diagnosis was confirmed either 
with the Mini-International Neuropsychiatric Interview (M.I.N.I.; Sheehan et al., 1998) or the 
Schedules for Clinical Assessment in Neuropsychiatry (SCAN) interview (Giel & Nienhuis, 
1996), and the severity of current symptoms was assessed using the PANSS (Kay et al., 
1987). In addition, special attention was paid to whether patients had ever experienced 
AVH (AVH group: n=45), or had never experienced AVH (noAVH group: n=22). The majority 
of the patients had a diagnosis of schizophrenia, but several patients with other psychotic 
disorders were also included (Table 1). The control participants were recruited through 
local advertisements and through word of mouth, and reported to be healthy. The absence 
of psychiatric problems was confirmed with screening questions of the SCAN interview 
(Giel & Nienhuis, 1996). 
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Education was scored according to the Verhage system (Verhage, 1984), with a scale ranging 
from 1 = primary school to 8 = university. Exclusion criteria for all participants included: 
having any (co-morbid) neurological disorder, not having sufficient mastery of the Dutch 
language, and standard MRI exclusion criteria (such as claustrophobia, metal implants 
etc.). The participants provided written informed consent before the scanning session, 
after the procedure had been fully explained. The study protocols were fully approved 
by a licensed local medical ethical committee (University Medical Center Groningen, The 
Netherlands), with exception of the study on at risk mental state that was approved by the 
Mental Healthcare Research Ethics Committee (METiGG). All procedures were carried out 
according to the latest version of the declaration of Helsinki.

MRS acquisition

All subjects underwent a magnetic resonance spectroscopy (MRS) scan to estimate levels 
of glutamate + glutamine (Glx) in the DLPFC. The images were acquired using a 3T Philips 
Intera MRI scanner (Philips, Best, The Netherlands). A standard 8-channel SENSE head coil 
was used to acquire a Point Resolved Spectroscopy (PRESS) sequence in a specific voxel 
(Figure 1), over a duration of 5 minutes. The PRESS sequence was acquired with one 90° 
and two 180° pulses, and water suppression with a selective 140 Hz radio frequency (RF) 
pulse and a subsequent RF inversion pulse. Automated first-order B0 shimming at the 
region of interest was performed prior to MRS. Spectra were recorded according to the 
following parameters: TE = 144 ms, TR = 2000 ms, samples = 1024, bandwidth = 2000 Hz, 
VOI = 20 × 20 × 20 mm, signal averages (NSA) = 128. In addition, a T1-weighted image 
covering the whole brain was acquired (160 slices; isotropic voxels of 1 mm; TR 25 ms; TE 
4.6 ms; α 30°; FOV 256 mm). The spectrum was estimated from an 8 cm3 voxel placed in 
the left lateral prefrontal region. The T1 image was used as a reference for placing the MRS 
voxel, such that it was in line with the genu of the corpus callosum on the anterior side, 
and oriented in the same line as the corpus callosum and the falx cerebri, maximizing the 
inclusion of white matter. 

Figure 1. Illustration of the position of the voxel from which 1H spectrum is obtained.
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Data analysis 

The obtained spectra were processed using LC Model (Provencher, 1993; version 6.2-
2b), such that peaks of the expected metabolites were fitted to the observed amplitude 
of the measured spectra (Figure 2). Estimated levels refer to joint levels of Glutamate and 
Glutamine (Glutamate + Glutamine = Glx). Absolute metabolite levels were determined 
by scaling based on the unsuppressed water peak. Data were excluded if the metabolite 
concentrations had an estimated standard deviation higher than 20% of the estimated 
concentration (Cramer-Rao bounds (Wijtenburg et al., 2015)) or if they deviated more than 
three standard deviations from the group mean. The anatomical scan was segmented using 
SPM8 (FIL Wellcome Department of Imaging Neuroscience, London, UK). The segmented 
scans were used to calculate the percentages gray matter, white matter and cerebrospinal 
fluid in the MRS voxel. 
 
All statistical analyses were performed with SPSS 22 (IBM Corp. Released 2013. IBM SPSS 
Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.). As demographic and clinical 
data were not normally distributed, non-parametric tests were applied to test for group 
differences. Demographic differences between the three groups were compared with 
Kruskal-Wallis tests and subsequent post-hoc Mann-Whitney U tests in case of significant 
differences. Chi-square tests were applied to test for differences in group distributions 
of gender. Clinical differences between the two patient groups were tested with Mann-
Whitney U tests.
 
To check for differences in data quality between the three different studies, and between the 
three subject groups, gray matter, cerebrospinal fluid, full width half maximum, and signal-
to-noise ratio values were compared non-parametrically. Next, the average and standard 
deviation of the Glx levels were determined, as well as the 95% confidence interval (Cramer-
Rao bounds) of measurement precision. Glx values were normally distributed. To check 
for confounding variables, the correlations between Glx, and age, gender, gray matter 
content, cerebrospinal fluid content, signal-to-noise ratio, and full width half maximum 
were calculated.

Group differences in Glx levels were compared with univariate Analysis of Variance (ANOVA), 
with planned Helmert comparisons in which levels of a variable are compared with the 
mean of the subsequent levels of the variable. So, the Glx levels of the healthy control 
group were tested against the Glx levels of the total patient group (AVH and noAVH groups 
together), and then the Glx levels of the AVH group were tested against those of the noAVH 
group. Next, univariate Analysis of Covariance (ANCOVA) was performed to calculate 
group differences in Glx levels with significant covariates (age, signal-to-noise ratio, and full 
width half maximum), with the similar planned comparisons that were used in the previous 
test. Spearman correlations were calculated to investigate possible correlations between 
hallucination severity and positive symptoms (measured with Hallucinations item P3 of the 
PANSS and Positive symptoms subscale of the PANSS), and Glx levels. 



63

Figure 2. Spectrum of 1H MRS. Estimation of metabolites by LC model.

Results

Demographic and clinical data

The three groups differed with respect to age. The mean age in the healthy control group 
was significantly lower than in the AVH group and noAVH group (p=0.037, and p=0.003, 
respectively). The two patient groups did not differ with respect to demongrahical and 
clinical data, with exception of the Hallucination item P3 of the PANSS in the AVH group 
than in the noAVH group, which was to be expected, as this item is related to hallucinations 
(Table 1). 

Data quality

No significant differences were found in gray matter, cerebrospinal fluid, full width half 
maximum, and signal-to-noise-ratio values between the three different studies. That means 
that all data were collected with the same quality regardless of the study. The three subject 
groups differed with respect to signal-to-noise ratio. Ratios were significantly higher 
in the control group than in the AVH group and noAVH group (p=0.027, and p=0.005, 
respectively). 
 
Glx levels were estimated with good precision in all subjects. The voxel composition in 
terms of gray matter and cerebrospinal fluid did not differ between groups. The voxel 
consisted of 35% (SD=9%) gray matter and 4% (SD=3%) cerebrospinal fluid, hence 60% 
(SD=11%) of the voxel was composed of white matter.
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Glutamate levels

There was a significant main effect of group on Glx level (Figure 3; F(2,94)=5.27, p=0.007). 
Planned comparisons showed that the control participants had significantly higher Glx 
levels than the AVH and noAVH groups together (p=0.010), and that the AVH group had 
higher Glx levels than the noAVH group (p=0.019). The main effect of group was marginally 
significant after adding the significant covariates age, signal-to-noise ratio, and full width 
half maximum (F(2,91)=2.69, p=0.074). The difference between control participants and the 
patient group was not significant anymore (p=0.142), and the Glx levels were higher in the 
AVH group than in the noAVH group (p=0.041). We found no evidence for an association 
between the severity of hallucinations or positive symptoms with Glx levels (ρ=0.088, 
p=0.443; ρ=0.065, p=0.573, respectively). 

Table 1. Demographic and clinical characteristics of the three groups.

Healthy 
controls
(n=30)

Lifetime
AVH

(n=45)

No
AVH

(n=22)

p-value

Age (years) 27.1 (10.6) 31.4 (10.7) 33.6 (8.8) 0.011

Gender (M/F) 21 / 9 34 / 11 18 / 4 0.620

Education (years) 5.6 (0.9) 4.7 (1.6) 5.0 (1.7) 0.147

Diagnosis -

   Schizophrenia - 40 21

   Schizophreniform disorder - 1 0

   Psychosis not otherwise specified - 2 1

   Substance-induced psychosis - 1 0

   Delusional disorder - 1 0

PANSS Hallucination item P3 - 3.0 (1.5) 2.0 (1.4) 0.006

PANSS Positive symptoms - 14.7 (4.4) 13.4 (4.7) 0.273

PANSS Negative symptoms - 15.8 (5.1) 17.7 (6.3) 0.351

PANSS General psychopathology - 30.1 (6.7) 31.3 (7.6) 1.000

Illness duration (years) - 8.4 (8.1) 8.8 (9.0) 0.984

Haloperidol equivalents (mg) - 5.7 (7.4) 5.8 (5.8) 0.884
Data are means (+/- standard deviation) or number of participants; M: male; F: female; Education level was rated according to the 
scale defined by Verhage (1984); PANSS: Positive and Negative Syndrome Scale (Kay et al., 1987).
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Figure 3. Levels of Glx in control participants, 
patients with lifetime AVH, and patients without 
lifetime AVH, obtained from a voxel in the white 
matter of the left lateral prefrontal cortex. Error 
bars represent standard deviations. Planned 
comparisons with Helmert contrast (without 
significant covariates) showed a significant 
difference between control participants and total 
patient group (a: p=0.010), and a significant 
difference between AVH patients and noAVH 
patients (b: p=0.019).

Discussion

We investigated the association between auditory verbal hallucinations in patients with 
schizophrenia and levels of glutamate + glutamine (Glx) in primarily white matter of the left 
lateral prefrontal region. We found that the total patient group showed lower levels of Glx 
as compared to healthy controls. Notably, within the patient group, we observed that Glx 
levels in the patient group with lifetime AVH were higher than in the patient group without 
lifetime AVH. Hence, the lowest Glx levels were observed in the group of patients without 
lifetime AVH. After controlling for significant covariates, the main difference between the 
three groups was marginally significant. 
 
The finding that Glx levels appear to be higher in patients with lifetime AVH than in patients 
without lifetime AVH, is in line with the only previous study that related Glx to AVH (Hugdahl 
et al., 2015), and supports the idea that glutamatergic metabolites may be a mediating 
factor in AVH. However, contrary to the findings by Hugdahl et al. (2015), we did not observe 
a significant correlation between Glx and severity of AVH. Methodological differences 
between the study by Hughdal et al. and the present study complicate direct comparison 
of the results. In the study by Hughdal and colleagues, 23 patients with schizophrenia 
were divided in two relatively small groups: 7 patients in a high-symptom and 16 in a low 
symptom load group, based on their PANSS Hallucination score (P3). PANSS scores reflect 
a patient’s symptom severity of the previous week. In contrast, in the present study Glx 
levels were assessed in two groups of patients with schizophrenia (or related psychotic 
disorder), that were defined based on the presence or absence of lifetime AVH. Moreover, 
whereas we measured Glx levels in one voxel in the left lateral prefrontal region, Hughdal 
et al. collected AVH-related data from four voxels, two in the bilateral superior posterior 
temporal lobe, and two voxels in the bilateral inferior frontal lobe. The two brain regions 
demonstrated similar Glx patterns in the three groups. In addition, the patients in the study 
by Hughdal et al. appeared to be suffering from schizophrenia a few years longer than 
the patients in our study (12.25 vs. 8.4 years). A. Despite the differences between the two 
studies, it is interesting that a similar pattern of Glx levels was observed, which points to the 
necessity to further explore possible associations between glutamatergic metabolites and 
AVH in future studies.
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Importantly, although the two patient groups in the present study differed in Glx level, the 
total patient group demonstrated a decreased level of Glx in comparison with the control 
group. Patients with schizophrenia have generally been reported with higher glutamatergic 
metabolite levels in the brain than healthy controls (Merritt et al., 2016), however, local 
deviations have been described. In a meta-analysis, lower frontal glutamate concentrations 
in patients with schizophrenia compared to healthy individuals were found (Marsman 
et al., 2013). Moreover, there is some evidence that a decrease in frontal glutamatergic 
metabolites is especially present in chronically ill patients (Liemburg et al., 2016; Ohrmann 
et al., 2007). The mean duration of illness was 8.4 years for the AVH group and 8.8 years for 
the noAVH group, hence on average, the patient group can be characterized as chronically 
ill. Our results thus seem to support the findings that chronicity is associated with lower Glx 
levels.
 
The differences we observed in Glx levels between patients with and without lifetime 
AVH are interesting, yet, difficult to explain. The glutamate hypothesis of schizophrenia 
is based on the finding that the administration of NMDAR-antagonists, such as ketamine 
and phencyclidine (PCP or angel dust), resulted in schizophrenia-like symptoms (Javitt & 
Zukin, 1991). It is therefore assumed that schizophrenia is associated with hypofunctioning 
of the N-methyl-D-aspartate receptor (NMDAR). However, the exact relation between 
NMDAR hypofunction and symptoms of schizophrenia remains to be elucidated. Several 
underlying mechanisms have been proposed, which can be broadly divided in pre- and 
postsynaptic hypotheses. Presynaptic hypotheses assume that NMDAR hypofunction 
leads to an increase in presynaptic glutamate levels. This glutamate may then bind to non-
NMDA receptors, possibly causing disturbances on a cognitive and motor level. Moreover, 
NMDAR dysfunction may lead to a reduced input towards inhibitory GABA neurons, 
altogether causing an imbalance of glutamate transmission (Moghaddam & Javitt, 2012). 
It is also proposed that an abundance of glutamate can contribute to structural changes 
as it may have a toxic effect on neurons, ultimately resulting in lower glutamate levels 
(Plitman et al., 2014). Among the postsynaptic hypotheses is the ascription of NMDAR 
dysfunction to alterations of NMDAR subunit compositions in patients with schizophrenia 
(Moghaddam & Javitt, 2012). Both pre- and postsynaptic hypotheses remain inconclusive, 
which complicates drawing conclusions on causal relations between altered Glx values and 
symptom severity.
 
It should be noted that it is a general shortcoming of the 1H MRS technique that it provides 
a total tissue estimate of Glx, but does not distinguish between intra- or extracellular 
compartments, nor is it specific for synapses. Moreover, with the sequence we applied, we 
were not able to discriminate between glutamate and glutamine, so the estimate may be an 
under- or overrepresentation of the actual glutamate level. Finally, the distinction between 
the AVH and noAVH groups was made based on lifetime prevalence of AVH. It may thus 
be possible that patients in the AVH group were not experiencing AVH at time of scanning, 
which is supported by the low average Hallucination score (P3 of the PANSS). This choice in 
group definition may again have caused an over- or underrepresentation of Glx levels, and 
may have been different if the distinction between the groups was made based on current 
symptomatology.
 
To conclude, we investigated levels of Glx in the left prefrontal white matter in relation 
to lifetime AVH. We found significant lower levels of Glx in patients with schizophrenia 
compared to healthy controls. However, within the patient group, patients with lifetime 
AVH demonstrated higher Glx levels than patients without lifetime AVH, suggesting 
a mediating role for Glx in AVH. Future studies should aim to investigate how different 
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regions and systems in the brain can be characterized with respect to glutamate and other 
neurometabolite levels, not only in relation to illness phase, but also to distinct symptoms 
of schizophrenia.
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