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Background. Auditory verbal hallucinations (AVHs) are one of the most common and severe symptoms of schizophre-
nia, but the neuroanatomical abnormalities underlying AVHs are not well understood. The present study aims to inves-
tigate whether AVHs are associated with cortical thinning.

Methods. Participants were schizophrenia patients from four centers across China, 115 with AVHs and 93 without
AVHs, as well as 261 healthy controls. All received 3 T T1-weighted brain scans, and whole brain vertex-wise cortical
thickness was compared across groups. Correlations between AVH severity and cortical thickness were also determined.

Results. The left middle part of the middle temporal gyrus (MTG) was significantly thinner in schizophrenia patients
with AVHs than in patients without AVHs and healthy controls. Inferences were made using a false discovery rate
approach with a threshold at p < 0.05. Left MTG thickness did not differ between patients without AVHs and controls.
These results were replicated by a meta-analysis showing them to be consistent across the four centers. Cortical thickness
of the left MTG was also found to be inversely correlated with hallucination severity across all schizophrenia patients.

Conclusion. The results of this multi-center study suggest that an abnormally thin left MTG could be involved in the
pathogenesis of AVHs in schizophrenia.
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Introduction

Auditory verbal hallucinations (AVHs) are one of the
most devastating and common symptoms of schizo-
phrenia (Hoffman, 2008), affecting up to 80% of
patients (Andreasen & Flaum, 1991). Because schizo-
phrenia is a highly complex mental disorder, studies
of specific symptoms such as AVHs may unravel
symptom-related alteration patterns and help to
understand the brain mechanisms underlying AVHs.

Evidence has shown that language production and
perception regions contribute to AVHs in schizophre-
nia patients. This involves abnormal neuroanatomical
structures (Onitsuka et al. 2004; van Swam et al. 2012;
Modinos et al. 2013), inter-cortical connections
(Benetti et al. 2015), and brain activation (McGuire
et al. 1995) in the temporal lobe of the speech-dominant
hemisphere. For example, Onitsuka et al. (2004)
reported that patients with auditory hallucinations
had less gray matter volume than patients without hal-
lucinations in the superior and middle temporal gyri of
the left hemisphere, and that the volumes of these
regions were negatively correlated with global rating
of hallucinations. In connecting to the frontal lobe via
the arcuate fasciculus, the temporal lobe, especially
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the left superior and middle gyri, is part of a pivotal
pathway in the brain’s language network (Glasser &
Rilling, 2008). Indeed, the temporal lobe has well-
established functional roles in auditory perception
and language processing (Karnath, 2001; Giraud et al.
2004).

Numerous studies have investigated gray matter
volumetric measures in trying to characterize struc-
tural abnormalities related to AVHs (Onitsuka et al.
2004; Palaniyappan et al. 2012; Modinos et al. 2013).
However, cortical volume provides a mix of two separ-
ate neuroanatomical features because it is the product
of cortical thickness and cortical surface area, and con-
sequently confounds the different cellular mechanisms
and genetic etiologies of these (Panizzon et al. 2009). By
contrast, cortical thickness specifically reflects the cyto-
architecture of the cortex, including the density and
arrangement of neurons, neuropil, and neuroglia, and
is influenced by neuropathological effects on synapto-
genesis, synaptic pruning, and myelination (Selemon
& Goldman-Rakic, 1999; Tamnes et al. 2010). Patients
with schizophrenia have been found to exhibit wide-
spread reductions in cortical thickness (Goldman
et al. 2009; Rimol et al. 2010), which implicates cortical
thinning as a potential contributor to the symptoms of
this condition, including AVHs. However, only a small
number of studies have directly compared cortical
thickness between schizophrenia patients with AVHs
and those without AVHs (non-AVHs). Two of these
were region of interest (ROI) studies that focused on
auditory areas, and though both found that AVHs
were associated with cortical thinning in the Heschl’s
gyrus, this was in the left hemisphere for one
(Mφrch-Johnsen et al. 2017) but in the right hemisphere
for the other (Chen et al. 2015). A further study used an
alternative, vertex-wise analysis and found AVHs to be
associated not only with cortical thinning in language
areas of the dominant hemisphere, but also with
increased thickness in regions relating to self-
monitoring (van Swam et al. 2012). A vertex-wise ana-
lysis of the whole brain examines each vertex on the
cortex, and therefore allows the entire cortex to be
explored rather than only a limited selection of
predefined ROIs. Given the currently limited and
inconsistent evidence, the extent and nature of contri-
butions that cortical thinning makes to AVHs remains
to be determined.

The aim of the current study was to investigate asso-
ciations between cortical thinning and AVHs in schizo-
phrenia patients. Rather than choosing brain regions a
priori, we used a data-driven, whole brain approach
that could produce a broader picture of how cortical
thickness relates to AVHs. Further, we obtained parti-
cipants from four different sites, giving us a relatively
large overall sample size as well as inherent

replication. We hypothesized that, compared with
schizophrenia patients without AVHs, patients with
AVHs would show cortical thinning in language-
related brain regions. We also anticipated that the
amount of thinning in these regions would be related
to the extent or severity of AVHs.

Materials and methods

Participants

A total of 263 patients with schizophrenia were
recruited from four hospitals (centers) in China:
Peking University Six Hospital (PKUH6, n = 69);
Beijing Huilongguan Hospital (HLG, n = 55); Xijing
Hospital (XJ, n = 73); and Henan Mental Hospital
(HM, n = 66).

Schizophrenia diagnoses were confirmed by psy-
chiatrists using the Structured Clinical Interview for
DSM-IV-TR (Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition, Text Revision) Axis
I Disorders (SCID-I, patient edition). The exclusion
criteria included any other current neurologic disorder,
a history of other serious medical illness, substance
dependence, pregnancy, electroconvulsive therapy
within the past 6 months, or a diagnosis of any other
Axis I disorder. A total of 115 patients were assigned
to an AVH group based on a score of 4 or more on
the hallucination assessment (P3) sub-scale of the
Positive and Negative Syndrome Scale (PANSS) (Kay
et al. 1987). Another 93 patients had never experienced
hallucinations, as indicated by self-report and a P3
score of 2 or less, and were assigned to a non-AVH
group. We excluded 55 patients with a P3 score of 3
from these groups, as they experience AVHs only occa-
sionally. We evaluated AVH severity in the AVH
group, using the Auditory Hallucinations Rating
Scale (AHRS) (Hoffman et al. 2003). A group of 261
healthy controls (HCs) were recruited from the local
community near each center through advertisements.
None of the HCs had a personal history of psychiatric
illness, or a family history of psychosis among first-,
second-, or third-degree relatives. All of the study par-
ticipants were Han Chinese in origin, right-handed,
and had no contraindications to magnetic resonance
imaging (MRI) scanning. The AVH, non-AVH, and
HC groups were all matched for age and gender. The
study was approved by the local ethical review
board at each center. All participants provided written
informed consent.

MRI data acquisition

The MRI scanners used in this study were all from 3T
Siemens. Scanning protocols for all four centers were
overseen by a single, experienced expert to ensure
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equivalent and high-quality data acquisition. T1-
weighted MPRAGE structural MRI scans were
obtained using the following optimized acquisition
parameters: repetition time = 2530 ms; echo time
(TE) = 3.44 ms (an exception was TE = 2.43 ms for the
HM center); inversion time = 1100 ms; flip angle = 7°;
matrix size = 256 × 256 × 192; and voxel size = 1 × 1 × 1
mm3. Foam pads and earplugs were used to reduce
head motion and scanner noise.

Cortical thickness measurements

The images were processed using the full stream in the
publicly available FreeSurfer stable release 5.3.0 (http://
surfer.nmr.mgh.harvard.edu/), which has been de-
scribed and validated elsewhere (Dale et al. 1999;
Fischl et al. 1999; Fischl & Dale, 2000). In brief, the fol-
lowing stages were included: Talairach transformation,
intensity inhomogeneity correction, removal of non-
brain tissues, intensity normalization, tissue segmenta-
tion, automated correction of topology defects, and
surface deformation to form the boundary surface tri-
angulations. The generated cortical surfaces were
then carefully reviewed and manually edited for tech-
nical accuracy. Manual editing included (1) pial edits,
and (2) white matter and control point edits conducted
using tkmedit. The pial edits were required if the pial
surface appeared not to follow the gray matter/cerebro-
spinal fluid boundary in the volume (e.g. parts of the
pial surface have extended into the dura or cerebel-
lum). White matter and control point edits were
made where white matter regions were classified as
non-white matter. Vertex-wise cortical thickness was
then calculated as the shortest distance between the
white and pial surface at vertices over the entire cor-
tical mantle. Measurements for each vertex were
mapped onto a common spherical coordinate system.
The maps were smoothed using a Gaussian kernel of
full width at half maximum of 10 mm.

Statistical analysis

The demographic characteristics of the groups were
compared using analysis of variance and χ2 tests.

We analyzed group × center interaction effects and
main effects of group (i.e. AVH, non-AVH, and HC)
at each vertex on the surface mantle. These analyses
were performed with FreeSurfer ‘command-line’
group analysis stream using a general linear model.
Group × center interaction effects were controlled for
age and gender. We also controlled for center when
modeling main effects of group. To correct for multiple
comparisons, a false discovery rate approach with a
threshold of p < 0.05 was used. Subsequent compari-
sons among all three groups were performed in the
regions with significant main effects of group using

post hoc two-sample t tests with a Bonferroni-corrected
threshold of p < 0.016 (i.e. 0.05/3 groups).

In order to assess the extent of replication and
consistency across our four centers, we used a meta-
analytic method for all brain regions showing signifi-
cant effects. The meta-analysis was conducted with
the metafor package in R (Viechtbauer, 2010).
Hedge’s g was used as the measure of effect size to
provide an unbiased standardized mean difference
that incorporates a correction for small sample sizes.
Random-effects models were used for the meta-
analyses in consideration of the potential variation
caused by having center as a factor. Spearman correla-
tions were used to assess relationships between cortical
thickness and hallucination assessment (P3) scores
across all schizophrenia patients (i.e. those with a
score of 3 were included alongside the AVH and
non-AVH groups), and relationships between cortical
thickness and AHRS scores within the AVH group,
adjusted for age, gender, and center.

Results

Demographic and clinical characteristics

Demographic and clinical characteristics of the AVH,
non-AVH, and HC groups are presented in Table 1.
There were no statistically significant differences in
age or gender distribution among the groups, but
both the AVH and non-AVH groups had significantly
fewer years of education than HCs (post hoc results for
AVH v. non-AVH, p = 0.770; AVH v. HC, p = 0.003;
non-AVH v. HC, p < 0.001). The AVH group not only
had significantly higher hallucination scores, but also
significantly higher PANSS total scores than the non-
AVH group. The AVH and non-AVH groups did not
differ in duration of illness; age of onset; medication
dosage; or positive (excluding P3), negative, and gen-
eral symptom scores.

Cortical thickness

We found main effects of group for cortical thickness,
mostly in prefrontal and temporal areas, and the insula
(online Supplementary Fig. S1). Post hoc analyses
revealed a significantly thinner middle part of the left
middle temporal gyrus (MTG, cluster size = 319.83
mm2) for the AVH group than for the non-AVH
group (Fig. 1a). The thickness of this region was not
significantly different between the non-AVH and HC
groups (Fig. 1b). Results of post hoc analyses demon-
strated that both the AVH and non-AVH patient
groups showed cortical thinning compared with the
HC group. The AVH group had significant thinning
in a number of regions across the frontal, temporal,
insula, and occipital lobes, while the non-AVH group

Cortical thinning and auditory hallucinations 3

https://doi.org/10.1017/S0033291717001520
Downloaded from https:/www.cambridge.org/core. UNSW Library, on 20 Jun 2017 at 08:50:16, subject to the Cambridge Core terms of use, available at https:/www.cambridge.org/core/terms.

http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/
https://doi.org/10.1017/S0033291717001520
https:/www.cambridge.org/core
https:/www.cambridge.org/core/terms


had thinning that was more spatially concentrated
(online Supplementary Fig. S1). Our meta-analysis
demonstrated the consistency of these results across
the four centers (Fig. 2), as the levels of heterogeneity
measured by the I2 statistic were low, and no signifi-
cant group × center interaction effects were observed
across the whole brain. The effect sizes for the differ-
ence in left MTG thickness between AVH and

non-AVH groups across our four centers were between
−0.89 and −0.24. There was a negative association
between left MTG thickness and hallucination assess-
ment (P3) scores across all schizophrenia patients
(n = 263, r =−0.15, p = 0.015), but no significant associ-
ation between left MTG thickness and either AHRS
(n = 115, r = 0.08, p = 0.388) or P3 (n = 115, r = 0.13, p =
0.179) scores in the AVH group.

Table 1. Demographic and clinical characteristics of the participants

AVH non-AVH HC Statistics
N = 115 N = 93 N = 261 F/χ2/t p

Age, years 26.41 (5.66) 27.31 (5.06) 26.83 (5.47) F = 0.71 0.49
Gender (male:female) 52:63 47:46 137:124 χ2 = 1.69 0.43
Education, years 12.37 (3.75) 11.76 (3.97) 13.68 (3.43) F = 11.73a <0.001
Duration of illness, months 49.45 (51.49) 48.06 (41.11) t = 0.21 0.83
Age of onset, years 22.92 (4.91) 24.12 (5.61) t =−1.64 0.10
CPZ-eq at scan (mg/d)b 416.2 (186.6) 379.5 (198.8) t = 1.13 0.26
PANSS
P3 (hallucinations) 5.03 (0.78) 1.29 (0.46) t = 43.04 <0.001
Positive (excluding P3) 20.21 (3.69) 20.25 (3.35) t =−0.07 0.94
Negative 18.27 (4.81) 18.34 (5.41) t =−0.1 0.92
General 37.52 (5.65) 38.53 (5.17) t =−1.34 0.18
Total 81.04 (9.08) 77.88 (8.37) t = 2.61 0.01

AHRS 23.43 (6.73)

AHRS, Auditory Hallucinations Rating Scale; AVH, schizophrenia patients with auditory verbal hallucinations; CPZ-eq,
chlorpromazine equivalents; HC, healthy controls; non-AVH, schizophrenia patients without auditory verbal hallucinations;
PANSS, Positive and Negative Syndrome Scale.
Mean and S.D. are reported unless otherwise specified.
a Post hoc tests revealed significantly less years of education for both patient groups than for the healthy controls.
bData were missing for 47 AVH and 20 non-AVH patients.

Fig. 1. Cortical thickness comparisons among AVH, non-AVH, and HC groups. (a) The AVH group showed a thinner left
MTG than the non-AVH group. The color bar indicates p values. (b) Average cortical thickness in the left MTG; error bars
represent the standard error of the mean; *p < 0.001. AVH, patients with auditory verbal hallucinations; non-AVH, patients
without auditory verbal hallucinations; MTG, middle temporal gyrus; HC, healthy controls.
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Discussion

The present study used an automated, data-driven
approach to investigate whether abnormalities in cor-
tical thickness are associated with AVHs in patients
with schizophrenia. We performed surface-based, ver-
tex-wise comparisons of cortical thickness among three
groups of participants: schizophrenia patients with
AVHs, schizophrenia patients without AVHs, and
HCs. Compared with HCs, both groups of patients
showed cortical thinning in numerous regions of the
frontal and temporal lobes. However, patients with
AVHs showed thinning of the middle of the left
MTG compared not only with HCs, but also with
patients without AVHs.

Our finding of an association between AVHs and
thinning of the MTG is consistent with the temporal
lobe playing critical roles in auditory and language
processing (Cabeza & Nyberg, 2000), and being the
brain area most commonly implicated in AVHs
(Barta et al. 1990; Flaum et al. 1995; Levitan et al.
1999; Rajarethinam et al. 2000; Onitsuka et al. 2004;
Neckelmann et al. 2006; Allen et al. 2008;
Palaniyappan et al. 2012; van Swam et al. 2012;
Modinos et al. 2013). Onitsuka et al. (2004) reported
that smaller gray matter volume in the left MTG corre-
lated with more severe hallucinations. In addition,
functional activity analyses using functional MRI or
positron emission tomography have demonstrated
dysfunctional activations associated with auditory hal-
lucinations in the MTG (McGuire et al. 1995; Woodruff
et al. 1995; Lennox et al. 1999; Jardri et al. 2011). The
MTG is a pivotal component of language pathways,
with connections to frontal and other brain regions
for language (Glasser & Rilling, 2008; Xu et al. 2015),
and thus well placed to influence the development
and experience of AVHs. A role for the MTG in
AVHs among schizophrenia patients is also consistent

with schizophrenia being a disorder of neurodevelop-
ment (Lewis & Levitt, 2002). This is because the MTG
is a phylogenetically late-developing region (Gogtay
et al. 2004), with no homology in non-human primates
(Binney et al. 2012), and can thus express a high degree
of inter-individual variability in morphology caused
by differences in neurodevelopmental processes such
as neuronal migration and differentiation, intra- and
inter-areal connections of nerve cells, synaptic develop-
ment, and cytoarchitectonic formation (Rakic, 1988;
Sanes et al. 2011).

Previous research has suggested that AVHs could be
related to abnormalities in the inner monitoring of cog-
nitive processes (Frith & Done, 1988) or the misinter-
pretation of inner speech (Catani & ffytche, 2005).
Functional studies have implicated the left MTG in
this process, with the area showing reduced activation
in schizophrenia patients with AVHs during a task that
involved monitoring inner speech (McGuire et al. 1995;
Shergill et al. 2000). A feed-forward neurocognitive
model of AVH proposed that, as one of the brain
regions responsible for speech processing, the MTG is
engaged when there is a mismatch between the per-
ceived and predicted results of inner speech activity
(Frith & Done, 1988; Seal et al. 2004). However, the
neural mechanisms by which thinning of the MTG
could contribute to AVHs are yet to be determined,
though could be related to the neuroanatomical
changes associated with thinning, including a loss of
neurons or neuropils, reduced neuron size, or altered
pruning, which may cause dendritic spine loss
(Selemon & Goldman-Rakic, 1999; Sun et al. 2009;
Moyer et al. 2015).

Our results show the importance of making direct
comparisons between patients with AVHs and those
without AVHs, rather than just between patients and
HCs as some previous studies have done (Barta et al.
1990; Onitsuka et al. 2004; Neckelmann et al. 2006).

Fig. 2. Forest plots showing differences in thickness of the left MTG between pairs of groups at each center: AVH, non-AVH
and a HC group. Values are the SMD and 95% CI. The size of the black squares representing mean values for a center is
proportional to the weight assigned to that center in the pooled estimate using a RE model. AVH, patients with auditory
verbal hallucinations; non-AVH, patients without auditory verbal hallucinations; MTG, middle temporal gyrus; HC, healthy
controls; SMD, standard mean difference; CI, confidence interval; RE, random-effects.
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Nevertheless, our findings do differ from those of pre-
vious studies that also compared patients with AVHs
and patients without AVHs (van Swam et al. 2012;
Chen et al. 2015; Mφrch-Johnsen et al. 2017). Two
ROI-based studies found an involvement of the left
or right Heschl’s gyrus (Chen et al. 2015; Mφrch-
Johnsen et al. 2017). Van Swam et al. (2012) reported
increased thickness in the left middle frontal, posterior
cingulate, parahippocampal and postcentral areas, and
decreased thickness in the right posterior inferior tem-
poral, postcentral and visual cortices. One possible
explanation for the divergent findings between studies
relates to differences in the patients investigated,
including sample origin, age, duration of illness, and
medication usage. For instance, in two of the studies
with different results, the AVH group had a signifi-
cantly longer duration of illness than the non-AVH
group (mean difference of 2.6 and 5.9 years for
Mφrch-Johnsen et al. 2017 and van Swam et al. 2012,
respectively). This may potentially confound the
results, because thinning has been shown to develop
excessively over time in the frontal and temporal
regions (van Haren et al. 2011). We ensured that our
AVH and non-AVH patient groups were very closely
matched on duration of illness, which at around 4
years was also <5.7–27 years of the other studies. Our
ability to detect a significant difference between AVH
and non-AVH groups, despite the shorter duration of
illness, may have been facilitated by the increased stat-
istical power afforded by having a relatively large sam-
ple of 208 participants, as compared with only 49
participants in the study by Chen et al. (2015).

Confidence in the validity of our result comes from
them being consistent across our four separate centers,
as demonstrated using meta-analysis. There is also
supporting evidence in our finding that a thinner left
MTG was associated with greater hallucination assess-
ment scores. This is concordant with Onitsuka et al.
(2004), who reported a negative correlation between
structural abnormalities in the left MTG and scores
on the global rating of hallucinations on the Scale for
the Assessment of Positive Symptoms (SAPS). The pre-
sent study did not find significant correlations between
cortical thinning and P3 or AHRS in the AVH group.
Most previous studies did not report correlations
between hallucination symptom severity and brain
structure (van Swam et al. 2012; Benetti et al. 2015;
Garrison et al. 2015; Mφrch-Johnsen et al. 2017), but
one study found inverse correlations with right
Heschl’s gyrus (Chen et al. 2015). There not being a cor-
relation between P3 scores and cortical thickness could
be because the range of both variables is restricted in
the AVH group relative to all patients. A restricted
range of cortical thickness values could similarly help
explain the lack of correlation with AHRS scores, as

could the presence in the AHRS of items such as belief
in the origin of voices heard and the amount and
impact of negative content, which likely involve mul-
tiple brain regions beyond the MTG.

Strengths of our study include a relatively large sam-
ple, which can enhance statistical power and thereby
facilitate the detection of abnormalities associated with
AVHs. In addition, the AVH and non-AVH groups
were matched on a number of demographic and clinical
variables, including age, gender, education level, hand-
edness, ethnicity, duration of illness, age of onset, anti-
psychotic medication, and positive (excluding P3),
negative and general symptoms. This helped to control
patient-level variability and minimize any influence of
confounding factors such as racial differences, medica-
tion effects, and other positive psychotic symptoms.
Because all of our participants were Han Chinese,
how well our findings generalize to other racial/ethnic
groups needs to be investigated. Nevertheless, the pre-
sent study has some limitations. First, the prospective
meta-analysis may result in a somewhat circular ana-
lysis because it used the same data as for ROI selection.
However, the overall claim of the present paper is not
dependent on the results of our meta-analysis, and we
believe the ROI-based meta-analysis supplements the
primary results by assessing the contribution of each
center to the pattern of group differences, as well as
the consistency across our multiple centers. A second
limitation is the possible confounding effects of anti-
psychotic medication. We were missing data on medi-
cation use for 32% of the patients (missing n = 67 out
of n = 208 patients) and for this reason did not adjust
for medication use in our analysis.

In conclusion, the present study demonstrated
cortical thinning in the left MTG specific to schizophre-
nia patients with AVHs. This finding was replicated
across four centers and further validated by an inverse
correlation between thickness of this region and
hallucination assessment scores. Our finding further
implicates the temporal lobe in AVHs, and helps in
understanding the neuroanatomical basis for these
often devastating symptoms. While thinning of the
MTG could contribute to abnormal monitoring of
internal speech, the precise involvement of the MTG
in AVHs remains to be determined.

Supplementary Material

The supplementary material for this article can be
found at https://doi.org/10.1017/S0033291717001520.
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