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A B S T R A C T

Purpose: Glutamatergic models of psychosis propose that dysfunction of N-methyl-D-aspartate (NMDA)
receptors, and associated excess of glutamate, may underlie psychotic experiences in people with schizophrenia.
However, little is known about the specific relation between glutamate and auditory verbal hallucinations (AVH)
in patients with psychosis. In this study, levels of glutamate + glutamine (Glx) in the left lateral prefrontal lobe
were determined using proton magnetic resonance spectroscopy (1H MRS) to calculate their association with
AVH.
Methods: Sixty-seven patients with schizophrenia and thirty healthy control participants (HC) underwent
magnetic resonance spectroscopy (MRS) to estimate levels of Glx in the white matter of the left prefrontal lobe.
The spectrum was estimated from an 8 mm3 voxel placed in the left lateral prefrontal region, belonging to both
the cingulum and forceps minor. Patients with lifetime AVH (AVH group; n = 45) and patients without lifetime
AVH were compared (NoAVH group; n= 22) to control participants.
Results: 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 control participants than in the total patient group
(p= 0.010). However, patients with lifetime AVH had higher levels of Glx compared to patients without lifetime
AVH (p= 0.019). Creatin levels were similar in all three groups. We found no association between Glx and the
severity of symptoms (item P3 of the PANSS or PANSS positive subscale).
Conclusion: The higher Glx levels in patients with lifetime AVH as compared to patients without lifetime AVH
suggest a mediating role for Glx in AVH. Our results are consistent with a previous study that found similar
decreased levels of Glx in patients with schizophrenia, and increased levels in an AVH group as compared to a
NoAVH group. The role of the glutamatergic system deserves further investigation, for example in different brain
regions and in relation to clinical variables.

1. Introduction

Auditory verbal hallucinations (AVH), or hearing voices in the
absence of corresponding external stimuli, are a frequently occurring
symptom in people with schizophrenia. AVH have been consistently
linked to abnormalities in fronto-temporal and inter-hemispheric con-
nections (Allen et al., 2012; Geoffroy et al., 2014; Steinmann et al.,
2014). These connections are engaged in a wide range of functions,

most prominently language processing (Duffau, 2008; Mesulam, 1990),
which is impaired in individuals with AVH (Dollfus et al., 2013). It is
possible that abnormalities in these connections related to AVH are
accompanied by irregularities in excitatory neurotransmitter levels
such as glutamate. An MRI study with ketamine infusion published in
2015 found that when glutamate signalling is affected under MRI
conditions, AVH are induced (Powers et al., 2015). Therefore, an
investigation of the levels of glutamate present in white matter may
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increase our understanding of the neural underpinnings of AVH.
Glutamate is a proteinogenic amino acid that is abundant in the

human body. This excitatory neurotransmitter affects synaptic plasti-
city and is thought to be vital in cognitive functions such as learning
and memory (Bliss and Collingridge, 1993). The dysfunction or
blockade of glutamate receptors, specifically the N-methyl-D-aspartate
(NMDA) receptors, by neurochemical compounds such as ketamine can
cause schizophrenia-like symptoms including AVH (Coyle, 2006;
Krystal et al., 1994; Lahti et al., 1995). Several reviews summarize
investigations of glutamate levels in frontal and medial/temporal areas
in chronic patients with schizophrenia (Marsman et al., 2013; Poels
et al., 2014a; Poels et al., 2014b; Wijtenburg et al., 2015). Whereas
studies in chronic patients consistently show decreased levels of
glutamate in the ventro-medial prefrontal cortex (VMPFC), changes in
the dorso-lateral prefrontal cortex (DLPFC) have been relatively little
investigated and show inconsistencies (Merritt et al., 2016; Poels et al.,
2014a).

Proton magnetic resonance spectroscopy (1H MRS) is a technique
that is used to non-invasively determine the chemical composition of
brain tissue, using standard MRI equipment with special sequences. In
short, this is a type of nuclear magnetic resonance spectroscopy, where
the target is the nucleus of hydrogen atoms in its most common state 1H
(consisting of only one proton). This nucleus is excited by a radio-
frequency pulse delivered at the resonance frequency of 1H. After
excitation, the nucleus will release absorbed energy and one can
determine the concentration of 1H in the given material by measuring
the height of a peak in its relaxation spectrum. The resonance frequency
(also known as the chemical shift) depends on the molecule (neuro-
metabolite) to which 1H is bonded, which consequently determines the
frequency of the relaxation peak. This is why in 1H MRS a range of
frequencies that excite 1H in 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.

Thus far, only one study has investigated AVH in association with
levels of glutamate in several language regions (Hugdahl et al., 2015).
As measured in both the temporal and frontal lobe, patients with
schizophrenia as a group showed lower Glx levels than healthy controls.
However, Glx levels were higher in patients with AVH relative to
patients without AVH. This study included only twenty-three patients,

which is relatively low for this type of investigation.
In the current study we aimed to investigate levels of glutamate in

relation to AVH in the lateral prefrontal cortex in a specific region of
white matter that is involved in both fronto-temporal and interhemi-
spheric connectivity. For this purpose, we contrasted data obtained
from two specifically defined groups of patients- those with past
experience of AVH and those who had never experienced AVH. Based
on the findings by Hugdahl et al. (2015), we hypothesized that patients
with psychosis would demonstrate lower Glx levels than control
participants, but that within this patient group, patients with the trait
of experiencing AVH would demonstrate higher Glx levels than patients
who had never experienced AVH.

2. Materials and methods

2.1. Participants

For this study 1H MRS data of sixty-seven patients and thirty healthy
controls (HC) were pooled from four studies run by our centre
investigating schizophrenia and related psychotic disorders; all studies
applied the same acquisition methods. 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)). 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;
(Liemburg et al., 2015)). The third study was a trial to investigate the
effects of a cognitive-emotional intervention to improve insight in
patients with schizophrenia (Dutch Trial Registry: NTR1799;
(Pijnenborg et al., 2011). The fourth study investigated the neural
basis of cognitive-emotional processing in individuals with an at-risk
mental state (Current Controlled Trials: ISRCTN21353122).

AVH are closely related to the language network, which is in turn
lateralized to the left hemisphere in the majority of right-handed people
(e.g. the thickness of fibres (Parker et al., 2005)). Because lateralization
is not consistent for left-handed people (Knecht et al., 2000), all
selected subjects were right handed. In patients the diagnosis was
confirmed either by the Mini-International Neuropsychiatric Interview
(M.I.N.I.; (Sheehan et al., 1998)) or the Schedules for Clinical Assess-
ment in Neuropsychiatry (SCAN) interview (Giel and Nienhuis, 1996).
The majority of the patients had a diagnosis of schizophrenia, but
several patients with other psychotic disorders were also included

Table 1
Demographic data of subjects. The left column lists the demographic variables. The second to fourth columns from the left show average values of the variables across the group; the
standard deviations are in brackets. Education level was rated according to a six-point scale defined by Verhage, which ranges from primary school (1) to university level (6). Non-
parametric tests were used to test the group differences for PANSS and Medication equivalent (Mann-Whitney test), and gender (Chi-square).

Mean (+SD) Significance

Healthy Schizophrenia patients
NO AVH

Schizophrenia patients
AVH

3 groups HC vs patients NoAVH vs AVH

(n = 30) (n = 22) (n = 45) p value

Age in years 27.1 (10.6) 33.6 (9.0) 31.5 (10.8) F(2,97) =2.8 (0.066) 0.02 0.41
Gender males 21/9 18/4 34/11 χ(2,97) = 0.96 (0.62) n.s n.s
Education 5.7 (0.9) 5.0 (1.7) 4.7 (1.7) F(2,92) = 4.2 (0.017) 0.010 n.s
Diagnosis
Schizophrenia – 21 40
Schizophreniform disorder – 0 1
Psychosis not otherwise specified – 1 2
Substance-induced psychosis – 0 1
Delusional disorder – 0 1
PANSS positive – 13.4 (4.8) 14.7 (4.4) U = 373(0.27)
PANSS negative – 17.0 (6.3) 15.6 (5.0) U = 515 (0.35)
PANSS general – 31.3 (7.6) 31.0.7 (6.8) U = 450 (1.0)
PANSS total – 61.8 (14.6) 61.3 (12.9) U = 416 (0.9)
P3 hallucination item of PANSS 1.95 (1.43) 3.04 (1.48) T(2,63) =2.78 (0.007)
Duration of illness in years – 8.8 (9.5) 8.3 (8.2) T(2.65) = −0.18 (0.9)
Medication [mg] haloperidol equivalent – 5.8 (5.9) 5.6 (7.4) U = 265 (0.9)
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(Table 1). The severity of current symptoms was assessed in all patients
using the positive and negative syndrome scale (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
them (NoAVH group; n = 22). This was done by careful examination of
interview recordings, interview notes and M.I.N.I. item M6a where
applicable. Patients were only included in the study if it could be
confirmed whether or not they had ever experienced AVH. Some
patients in the NoAVH group had experienced tactile or olfactory
hallucinations. Most patients fulfilled the DSM IV criteria of schizo-
phrenia, whereas others fulfilled the criteria of related disorders such as
schizoaffective disorder (for an overview of diagnoses, see Table1).

The control participants were recruited through local advertise-
ments and through word of mouth, and reported to be healthy. The
absence of psychiatric problems was confirmed using screening ques-
tions of the SCAN interview (Giel and Nienhuis, 1996).

Education was scored according to the Verhage system, with a scale
ranging from 1 = primary school to 8 = university. Supplementary
Table S1 summarizes antipsychotic medication taken by the partici-
pants. Antipsychotic medication was converted to haloperidol equiva-
lent using primarily the conversion rules by Andreasen et al. (2010).
Levels of paloperidone, flupentixol and primozide were first converted
to olanzepine by the method of Gardner et al. (2010) and subsequently
converted to haloperidol (Andreasen et al., 2010).

Exclusion criteria for all participants were having any/co-morbid
neurological disorder, insufficient mastery of the Dutch language, and
standard MRI exclusion criteria (such as claustrophobia, metal implants
etc.). In addition, substance dependency within the previous six months
was an exclusion criterion for three of the studies (Dlabac-de Lange
et al., 2015; Liemburg et al., 2015; van der Velde et al., 2015). The
participants provided written informed consent before the scanning
session, after the procedure had been fully explained. All study
protocols were fully approved by the medical ethical board of the
University Medical Center Groningen (METC; UMCG), 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 declaration of Helsinki.

2.2. MRS acquisition

All subjects underwent magnetic resonance spectroscopy (MRS) to
estimate levels of glutamate + glutamine (Glx) in the left lateral
prefrontal region. The images were acquired using a 3 T Philips
Intera MRI scanner (Philips, Best, The Netherlands). The standard 8-
channel SENSE head coil was used to acquire Point Resolved
Spectroscopy (PRESS) images in a specific voxel (Fig. 1), over a
duration of 5 min. PRESS images were acquired with one 90° and two
180° pulses, and water suppression used a selective 140 Hz radio
frequency pulse and a subsequent radio frequency inversion pulse. This
was the standard protocol when the data acquisition started. Auto-

mated first-order B0 shimming at the ROI 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 (160 slices; isotropic voxels of 1 mm; TR 25 ms; TE
4.6 ms; α 30°; FOV 256 mm) covering the whole brain was acquired.
The spectrum was estimated from a 8 cm3 voxel (2 × 2 × 2 cm) placed
in the left lateral prefrontal region, belonging to both the cingulum and
forceps minor. A 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 on the same line as the corpus callosum
and the falx cerebri, such that the inclusion of white matter was
maximized.

2.3. Data analysis

The obtained spectra were processed using the LC model
((Provencher, 1993); version 6.2-2b) such that the peaks of the
expected metabolites were fitted to the observed peak amplitudes of
the measured spectra (Fig. 2). Estimated levels refer to joint levels of
Glutamate and Glutamine (Glutamate + Glutamine = Glx). Absolute
metabolite levels were determined by scaling based on the unsup-
pressed water peak. Data were excluded if the standard deviation of the
estimated metabolite concentration was higher than 20% of the
concentration (Cramer-Rao bounds) (Wijtenburg et al., 2015) or if the
estimated concertation deviated by> 3 standard deviations (SDs) from
the group mean. In the MRS voxel, the grey (GM) and white matter
(WM) as well as cerebrospinal fluid (CSF) concentrations were esti-
mated from an anatomical scan, using SPM8 (FIL Wellcome Department
of Imaging Neuroscience, London, UK) for segmentation. Correct
localization of the voxel on the segmented scans was confirmed by
checking a picture of the voxel placement acquired during scanning. To
correct for partial volume effects, the estimated percentages of GM and
CSF were added to subsequent regression analyses.

Statistical analysis was performed with SPSS 22 (IBM Corp.
Released 2013. IBM SPSS Statistics for Windows, Version 22.0.
Armonk, NY: IBM Corp.). Data were compared using appropriate
statistical tests. Demographic data among groups were compared either
with analysis of variance (ANOVA), or t-tests, when appropriate. 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
using 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 evaluated using Mann-Whitney U
tests.

To check for differences in data quality between the three different
studies, and between the three subject groups, comparisons of grey
matter, cerebrospinal fluid, full-width-half-maximum, and signal-to-

Fig. 1. Illustration of the position of the voxel from which the 1H spectrum is obtained.
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noise ratio values were performed. Next, the average Glx levels and
their standard deviations were determined, as well as the 95%
confidence interval (Cramer-Rao bounds) of the measurement preci-
sion. The Glx values were normally distributed.

Group differences in Glx levels were compared using univariate
Analysis of Variance (ANOVA), with planned Helmert comparisons in
which the levels of one variable are compared with the mean of the
subsequent levels of the variable. Thus, 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 calcu-
late group differences in Glx levels with significant covariates (age,
signal-to-noise ratio, and full-width-half-maximum), with planned
comparisons similar to those used in the previous test. Spearman
correlations were calculated to investigate possible correlations be-
tween hallucination severity and positive symptoms (measured with
Hallucinations item P3 of the PANSS and Positive symptoms subscale of
the PANSS) with Glx levels.

3. Results

3.1. Demographic details

The three groups (control participants, AVH and NoAVH) did not
significantly differ in gender (details in Table 1). The two patient
groups did not differ in medication (haloperidol equivalents), negative
symptoms or general psychopathology (subscales of PANSS) (Table 1).
There was a significant difference in education and a trend towards
significance in age among groups, with the HC group having lower age
and higher education then the combined patient groups. Therefore, we
included age and education as covariates in the analysis of Glx levels
(ANCOVA).

In addition, to ensure that the differences found were not driven by
differences in age, we performed supplementary analysis. To match the
three groups we excluded 3 healthy controls of age 18, two of whom
had a higher level of education and one of whom was female. As a
consequence, the HC and patient groups were matched for age
(although planned post-hoc comparison still had a trend to significance
between HC and patients; Supplementary Table S2).

In line with patient selection, out of all positive items of the PANSS
questionnaire, only P3 (hallucinations) differed significantly between
the two groups of patients (U = 450 p = 0.006; higher in AVH group).

3.2. Glutamate levels

ANOVA analysis of Glx revealed a significant effect of the group (F
(2,94) = 5.27, p= 0.007). Planned comparisons showed that the
control participants had significantly higher Glx levels than the total
patient group (p = 0.010). However, within the total patient group, the
AVH group had higher Glx levels than the NoAVH group (p = 0.019).
Additionally, Glx levels did not differ between the AVH group and
control participants (Table 2).

The main effect of the group was marginally significant after adding
the significant covariates age, education, signal-to-noise ratio, and
FWHM (F(6,88) = 2.82 p= 0.065). The difference between control
participants and the patient group was no longer significant
(p = 0.104), but Glx levels were significantly higher in the AVH group
than in the NoAVH group (p = 0.047).

We found no significant difference in Glx levels between medicated
and non-medicated patients, and the results for the comparison of Glx
levels between the two patient groups did not change after adding
medication as a covariate (Supplementary Table 4). In addition, our
examination of Glx levels relative to creatine with phospocreatine (Glx/
Cr) is summarized in Supplementary Table 5. The difference between
control participants and the patient group was not significant, but the

Fig. 2. Spectrum of 1H MRS. A) Data taken directly from scanner (orange line) and peak fit (blue line). B) Estimation of metabolites by LC model. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Glx levels were still significantly higher in the AVH group than in the
NoAVH group (p = 0.01) also after correction for covariates
(p = 0.024).

We found no evidence for an association between the severity of
either hallucinations (P3) or positive symptoms with Glx levels
(ρ = 0.088, p = 0.443; ρ= 0.065, p= 0.573, respectively). In a group
matched for age, the results were almost the same (Supplementary
Table S3).

3.3. Data quality

3.3.1. Comparison of data quality among different studies
Using ANOVA, we found no significant difference in GM, CSF, full-

width-half-maximum (FWHM) or signal-to-noise-ratio (SNR) among
different studies. This implies that all MRS data were collected with the
same quality regardless of the study (see Section Methods, subsection
Participants).

3.3.2. General data quality
When the three groups of participants were compared (HC, AVH

and NoAVH) with respect to GM, CSF, FWHM and SNR values, only
SNR differed between groups (F(2,96) = 3.28, p = 0.04). A post-hoc t-
test revealed significant differences between patients and HC
(p = 0.01), but not between the two patient groups (p = 0.351).
Furthermore, both SNR and FWHM values were correlated with levels
of Glx (ρ= 0.363, p < 0.001; ρ= 0.305, p = 0.002, respectively). For
this reason, we included SNR and FWHM in the ANCOVA analysis of
Glx levels.

Of the ninety-five subjects, none had a standard deviation of
estimated Glx exceeding 20, leading to the conclusion that Glx was
estimated with good precision.

The Cr + PCr level was estimated with good precision. No subject
had a standard deviation of the estimated Cr level larger than 20.

We found no significant differences in Cr + PCr level either
between healthy controls and patients or among patients (Table 1).

The voxel composition in terms of white matter (WM) and grey
matter (GM) did not differ between groups (Table 1). The voxel mainly
consisted of WM with the percentage of GM 35 ± 9% and that of CSF
4 ± 3%.

4. Discussion

We investigated the association of auditory verbal hallucinations in
patients with schizophrenia and related psychotic disorders with levels
of glutamate + glutamine (Glx) in the white matter of the left lateral
prefrontal region at a position that encompasses fronto-temporal and
inter-hemispheric white matter pathways. We found that the patient
group showed lower levels of Glx than control participants. Among
patients, those who had experienced AVH exhibited higher levels of Glx
than those who had never experienced AVH. Interestingly, the level of
Glx did not differ between patients with lifetime AVH and control

participants. After controlling for relevant covariates, the main differ-
ence between the three groups became marginally significant, while the
difference between the two patient groups remained.

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 are a mediating factor
in AVH. However, contrary to the findings of Hugdahl et al. (2015), we
did not observe a significant correlation between Glx level and the
severity of AVH. Methodological differences between the study of
Hugdahl et al. and the present study complicate direct comparison of
the results. In the former study, 23 patients with schizophrenia were
divided in two relatively small groups: 7 patients in a high-symptom
group and 16 in a low symptom load group, based on their PANSS
Hallucination score (P3). The PANSS scores reflect the severity of a
patient's symptoms during the previous week. In contrast, in the present
study Glx levels were assessed in two groups of patients with schizo-
phrenia (or a related psychotic disorder), which 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,
Hugdahl et al. collected data from four voxels, two in the bilateral
superior posterior temporal lobe, and two voxels in the bilateral inferior
frontal lobe. These two brain regions demonstrated similar Glx patterns
within the three groups. In addition, the patients in the study of
Hugdahl et al. appeared to have suffered from schizophrenia for longer
than the patients in our study (12.25 vs. 8.4 years). Despite the
differences between the two studies, a similar pattern of Glx levels
was observed, which encourages further exploration of possible asso-
ciations between glutamatergic metabolites and AVH in future studies.

Importantly, although the two patient groups in the present study
differed in Glx level, the combined patient group demonstrated a
decreased level of Glx in comparison with the control group. One
recent meta-analysis reports that patients with schizophrenia have
generally higher glutamatergic metabolite levels in the brain than
control participants (Merritt et al., 2016), although local deviations
were described. In another 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
particularly present in chronically ill patients (Liemburg et al., 2016;
Ohrmann et al., 2007). It should be noted though that both increases
and decreases of glutamate levels in the DLPFC have been reported in
schizophrenia patients (Merritt et al., 2016; Poels et al., 2014a).

The mean duration of illness in our study was 8.2 years for the AVH
group and 9.5 years for the NoAVH group. Therefore, 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.

Our findings that Glx levels are higher in patients who experience
AVH than in patients who have never experienced them are interesting,
yet difficult to explain. An explanation may be that the increased levels
of glutamate compensate for a blockade or hypofunction of the N-

Table 2
Quality check of MRS data and Glx levels per group.

Levels Mean (SD) ANOVA HC vs patients NoAVH vs AVH

HC AVH NoAVH

GM 0.36 (0.09) 0.35 (0.10) 0.36 (0.08) F(2,94) = 0.26 (0.77) n.s. n.s.
CSF 0.04 (0.05) 0.05 (0.05) 0.04 (0.02) F(2,94) = 0.34 (0.71) n.s. n.s.
Cr+ 7.1 (0.9) 12.7 (1.6) 12.8 (1.3) F(2,94) = 1.14 (0.32) n.s. n.s.
SNR 22.7 (2.9) 20.4 (4.0) 21.2 (3.2) F(2,94) = 3.28 (0.04) 0.013 n.s.
FWHM 0.04 (0.01) 0.04 (0.01) 0.04 (0.01) F(2,94) = 1.08 (0.34) n.s. n.s.
Glx 10.9 (1.2) 9.8 (1.1) 10.5 (1.4) F(2,94) = 5.27 (0.007) 0.010 0.019

GM – grey matter; CSF – cerebrospinal fluid; SNR – signal-to-noise ratio; FWHM – full-width-half-maximum; Glx – glutamate with glutamine; n.s. – not significant. The two right-hand
columns are results of Post-Hoc tests.
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methyl-D-aspartate receptor (NMDAR) (Poels et al., 2014a). This
explanation is in line with the dopamine-glutamate dysfunction hy-
pothesis of psychosis in general. The glutamate hypothesis of schizo-
phrenia is based on the finding that the administration of NMDAR-
antagonists, such as ketamine and phencyclidine (PCP or angel dust),
results in schizophrenia-like symptoms (Javitt and Zukin, 1991). It is
therefore assumed that schizophrenia is associated with hypofunction-
ing of the NMDAR. However, this is not specific to hallucinations and
chronic blockage of the NMDAR can also cause negative symptoms and
cognitive impairment (Poels et al., 2014c). Thus, the pure blockage of
one glutamate receptor is not sufficient to explain the differences that
we observe in our study, namely increased levels of Glx in the white
matter of the prefrontal cortex.

The exact relationship between the hypothesized NMDAR hypofunc-
tion and symptoms of schizophrenia remains to be elucidated. Several
underlying mechanisms have been proposed, which can be broadly
divided into 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 recep-
tors, possibly causing disturbances on a cognitive and motor level.
Moreover, NMDAR dysfunction may lead to a reduced input towards
inhibitory GABA neurons, factors which combine to cause an imbalance
in glutamate transmission (Moghaddam and 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 and Javitt, 2012). Both pre- and postsynaptic hypotheses
remain inconclusive, which complicates the drawing of conclusions
regarding causal relations between altered Glx values and symptom
severity. Furthermore, Veerman et al. (2014) reviewed and meta-
analysed studies that investigated the effects of adding glutamate
modulators to existing clozapine treatment in patients with schizo-
phrenia. Intriguingly, they found that treatment with the glutamate
agonist glycine specifically worsened positive symptoms. An opposite
but weaker effect was observed when lamotrigine, an antagonist of
postsynaptic voltage-gated Na2+ channels that decreases the pre-
synaptic release of glutamate, was added to existing clozapine treat-
ment. Patients in active groups showed a trend towards the improve-
ment of positive symptoms (Veerman et al., 2014). The glutamate
antagonist topiramate, which affects both GABAergic and postsynaptic
glutamate receptors (kainite and AMPA), had no effect on positive,
negative or composite symptoms. Finally, the NMDAR antagonist
memantine had beneficial effects on all symptoms, yielding strong
improvement in positive, negative and composite symptoms, as well as
cognitive functions of patients. These findings suggest that whereas the
NMDAR is probably dysfunctional in schizophrenia patients, the
presynaptic release of glutamate is probably even more affected in
patients with hallucinations. These studies, together with our results,
suggest that an excess of glutamate is released in the synaptic cleft in
patients with hallucinations, which is reflected in the increased Glx
level that we find. However, we should note that at this point we have
no direct proof of this scenario because MRS (at least with the protocols
currently used) cannot distinguish whether the measured levels of
glutamate come from extra- or intra-cellular compartments (see
Limitations Section).

One may ask how an increased level of glutamate correlates with
studies that have found altered brain connectivity related to the
involved pathways. The voxel from which we obtained glutamate
levels belongs to the cingulum and forceps minor. The forceps minor
is the frontal part of the corpus callosum and connects frontal parts of
the left and right hemispheres. The forceps minor and genu of the
corpus callosum are considered to be important for emotional connota-
tions of hallucinations (Karbe et al., 1998) as they connect Broca with
its right counterpart, which is suggested to be involved in emotional

aspects of speech (Allen et al., 2008; Wildgruber et al., 2006). Indeed,
several DTI studies report abnormalities along this pathway in chronic
patients with AVH (Ćurčić-Blake et al., 2015; Knochel et al., 2012).

The cingulum is the long-range tract that connects the frontal lobe
with the posterior cingulate cortex (involved in self-related processing)
and the parahippocampal gyrus (involved in memory). Previous studies
have found decreased fractional anisotropy (FA) of this tract in patients
compared to control participants (Hubl et al., 2004; Shergill et al.,
2007) and alterations in white matter integrity in association with AVH
(Seok et al., 2007; Shergill et al., 2007; Whitford et al., 2014). In line
with our finding, in previous studies decreases in FA were found in
patients with positive symptoms (AVH and delusions), specifically in
the rostral part of the cingulum which is approximately where our voxel
was placed (Ćurčić-Blake et al., 2015; Whitford et al., 2014). This part
of the cingulum is involved in emotional processes and error monitor-
ing.

We found no significant correlation of the hallucination item of
PANSS (P3) with levels of Glx despite clear differentiation of the levels
of Glx among groups. The reason for this observation might be the fact
that P3 is not specifically selective with respect to AVH, even though it
will be biased towards picking up auditory hallucinations. However,
our participants were selected on the basis of lifetime experience of
hallucinations, which may explain why P3 is not very high in the AVH
group and it may refer to other types of hallucinations such as olfactory
or tactile, which were present in both groups. Furthermore, PANSS
rates psychotic experiences that occurred during the week preceding
the interview. In contrast, our group comparison involved groups that
differed according to the lifetime presence or absence of AVH.

4.1. Limitations

The 1H MRS method provides a total tissue estimate of Glx but does
not distinguish between intracellular or extracellular compartments,
nor is it specific for synapses. Thus, we cannot discern for example
whether the levels of Glx are related to increased synaptic firing or
postsynaptic signalling. This imposes a limitation on possible conclu-
sions about on-going processes and specific deficiencies in signalling
that can arise from increased levels of glutamate even in a specific brain
region such as the left lateral prefrontal region. Moreover, with the
sequence that 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 the time of scanning, a notion
supported by the low average Hallucination score (P3 of the PANSS).
Hence, the findings of this study are indicative for trait differences
rather than state differences with respect to AVH. An additional
confound to the MRS measurements could be antipsychotic medication.
For example, studies in rats suggested that clozapine or haloperidol
treatment can modulate glutamatergic neurotransmission in prefrontal
cortex (Lopez-Gil et al., 2007) and that antipsychotic medication down-
regulates the Glx levels in medial prefrontal cortex (Kegeles et al.,
2012). Kraguljac et al. (2015) found that the functional brain con-
nectivity changes six weeks after patients started to take risperidone. In
our study, the medication intake was balanced between groups. In both
groups there were a number of non-medicated patients. We found no
significant differences in Glx levels when medicated patients were
compared to non-medicated patients, and our results remained the
same after medication levels were entered as a covariate (Supplemen-
tary materials).

5. Conclusion

This study aimed to investigate levels of glutamate in the white
matter tracts belonging to the cingulum and forceps minor in associa-
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tion with AVH in patients with schizophrenia. We found lower levels of
Glx in patients with schizophrenia compared to control participants.
However, within the patient group, patients with lifetime AVH demon-
strated higher Glx levels than patients without lifetime AVH, suggesting
a mediating role for Glx in AVH. This finding is in line with an earlier
study, and may support the dopamine-glutamate dysfunction hypoth-
esis of psychosis, suggesting that increased levels of glutamate may
compensate for acute NMDAR blockage or hypofunction, contributing
to the development of psychotic symptoms. Future studies in this field
may aim to distinguish how the glutamate levels vary in different parts
of the brain and whether this is associated with specific alterations in
brain functioning and symptomatology. Here more sensitive sequences
might be applied, and such studies may longitudinally study glutamate
levels in relationship to various clinical parameters (Fig. 3).
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