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Introduction: Voxel-based morphometry (VBM) studies demonstrate grey matter volume
(GMV) deficits in schizophrenia. This method is also applied for detecting associations
between specific psychotic symptoms and brain structure, such as auditory verbal hallu-
cinations (AVHs). However, due to differing methodological approaches, the available
findings are inconsistent and difficult to integrate.
Methods: We used a novel voxel-based meta-analytical method to provide a robust quantitative
review of neuroanatomical abnormalities specifically associated with the hallucinatory
phenomenon in the schizophrenic brain. We reviewed all VBM studies of AVHs in schizo-
phrenia published until July 2011 (n = 9). A total of 438 patients with a diagnosis of schizophrenia
were included (307 with AVHs). Using a random-effects parametric voxel-based meta-analysis,
coordinates of 83 foci reported as significant in the source studies were extracted and
computed to estimate the brain locations most consistently associated with AVHs.
Results: Severity of AVHs was significantly associated with GMV reductions in the left
(p = .022) and marginally with the right (p = .062) superior temporal gyri (STGs, including
Heschl’s gyri) across studies examining correlations with AVHs severity in patients (n = 8).
Analysis of studies categorically comparing patients with and without AVHs did not reveal any
significant findings, possibly due to the small number of studies using this approach (n = 3).
Conclusions: This meta-analysis implicates bilateral STG (including Heschl’s gyri) as key
areas of structural pathology in AVHs in schizophrenia. These findings support a model
postulating that aberrations within neural systems involved at different levels of language
processing are critical to AVHs in schizophrenia.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

functional capacity. Auditory verbal hallucinations (AVHs) are
the most common psychotic symptom, affecting about 60—80%

Schizophreniais a severe and disabling mentalillness involving of patients with schizophrenia (Andreasen and Flaum, 1991).
chronic or recurrent psychosis and long-term deterioration in AVHs are defined as auditory perceptions (most typically,
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“voices”) in the absence of external stimulation, and in patients
with schizophrenia the content of AVHs is usually derogatory
and distressing (Nayani and David, 1996). Furthermore, in about
25% of patients AVHs are medication-resistant and chronic
(Shergill et al., 1998) and severely impair patients’ functioning
and quality of life (Hoffman, 2008).

In the last two decades, the development of neuroimaging
techniques has allowed the investigation of putative abnor-
malities in the function, morphology and connectivity of the
brains of schizophrenia patients suffering from AVHs.
A recent comprehensive review of structural and functional
imaging studies in patients with AVHs concluded that
dysfunction in secondary (and occasionally primary) cortices
in the temporal lobes is linked to the emergence of AVHs
(Allen et al., 2008). In addition, non-sensory regions in
prefrontal, premotor, cingulate, subcortical and cerebellar
regions were also identified. A more recent meta-analysis
based on functional imaging studies of patients who were
experiencing AVHs during scanning highlighted aberrant
activations in frontal, temporal and hippocampal regions
(Jardri et al., 2011). Within the published studies examining
the anatomical correlates of AVHs a range of inconsistencies
is evident (with some studies highlighting associations with
different non-sensory regions, e.g., Gaser et al. (2004), pointing
to the right inferior frontal area, while others do not, hence
evidencing significant disparity as to which regions are puta-
tively involved) and, to date, no meta-analysis has been
conducted.

Early region of interest (ROI) studies investigating putative
morphological changes in patients with schizophrenia
showed that AVHs were associated with volume reductions in
the superior temporal gyrus (STG) and enlarged lateral
ventricles (Barta et al., 1990; Flaum et al., 1995). More recently,
ROI studies have reported associations between severity of
AVHs and volume reductions in the left Heschl’s gyrus
(primary auditory cortex) (Sumich et al., 2005), and in the left
anterior STG and middle temporal gyrus (MTG) (Onitsuka
et al., 2004). A review of ROI studies of the STG in schizo-
phrenia highlighted its critical involvement in the disorder,
most commonly characterised by volume reductions
(Sun et al., 2009). This review also showed a link between
pathophysiological changes in the STG and the development
of hallucinations in patients with schizophrenia, especially in
the left side. A limitation of these ROI studies is that they used
manual or semi-automated methods to measure the volumes
of brain regions defined a priori as being “abnormal,” hence
preventing the exploration of other potentially implicated
brain regions.

Fully-automated whole-brain voxel-based morphometry
(VBM) methods (Mechelli et al., 2005) overcome some of the
limitations of the ROI approach, and provide a powerful tool
which is unbiased in its segmentation process to examine the
neural substrates of psychiatric disorders and their symp-
tomatological expressions. In their review of the literature on
VBM in schizophrenia, Honea et al. (2005) reported the left STG
and medial temporal lobe as key regions of structural
pathology in patients relative to healthy subjects. More
recently, Bora et al. (2011) provided a quantitative review of
VBM studies of grey and white matter volume and concluded
that schizophrenia is characterised by bilateral anterior

cortical, limbic and subcortical grey matter abnormalities, and
white matter changes in regions that include tracts connect-
ing these structures within and between hemispheres.
However, in these previous meta-analyses the relative asso-
ciations with specific symptoms were not considered. VBM
has been effective in revealing morphologic abnormalities in
schizophrenia according to symptom profile (Koutsouleris
et al., 2008; Lui et al., 2009) and there have been a number of
studies using VBM to examine structural abnormalities in
patients who experience AVHs, either by examining the pres-
ence (comparing patients with schizophrenia with AVHs vs
patients without AVHs) and/or the severity of AVHs (relation-
ship between GMV and AVHs severity). Unfortunately, recent
applications of these novel methods are often limited by
relatively small sample sizes, resulting in insufficient statis-
tical power and increased risk of false-positive results.

Newly developed voxel-based meta-analytical methods
have the potential to quantify the reproducibility of neuro-
imaging findings and to generate insights difficult to observe
in isolated studies. In this context, what follows is a system-
atic literature search of papers published to date that report
specific effects of AVHs on brain structure in patients with
schizophrenia using VBM. The studies identified in the liter-
ature search were pooled using a novel parametric voxelwise
meta-analysis method (Costafreda et al., 2009) to identify
the neuroanatomical locations that are most consistently
implicated in the AVHs phenomenon across studies. This
method allowed performing a random-effects meta-analysis
of published studies, with sample size weighting, and
ensuring stringent false-positive control (Family-Wise Error
rate correction - FWE).

2. Methods
2.1. Literature selection, data collection, and preparation

Our aim was to identify all studies fulfilling the following
criteria: (1) structural magnetic resonance imaging (MRI)
studies of the AVHs phenomenon, (2) investigating differences
in whole-brain grey matter, (3) reporting analyses pertaining
to the presence or the severity of AVHs in patients with
schizophrenia, and (4) using automated VBM analysis
following the general steps of normalisation, segmentation,
smoothing and statistical analysis described in the early
literature on the method (Ashburner and Friston, 2000; Good
et al., 2001). We conducted a systematic literature search of
PubMed, Science-Direct, and Scopus databases to identify
relevant studies published up until July 2011 (Fig. 1). The
following key words were employed: “schizophrenia”,
“hallucination”, plus “morphometry”, “voxel-based”, or “vox-
elwise”. In addition, we also conducted manual searches of
the reference sections of the obtained articles. A total of 28
studies were initially identified; however some of these arti-
cles did not meet the inclusion criteria upon detailed exami-
nation and were excluded. This was the case for systematic
reviews (Begré and Koenig, 2008) and articles not including
original data (Gaser et al., 1999), studies exploring AVHs in
people outside of the schizophrenia spectrum (Stanfield et al.,
2009) or in high-risk populations (Spencer et al., 2007), studies
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Initial review process: PUBMED,

Key words

SCIENCE-DIRECT, SCOPUS database
search (until July 2011)

[

28 Exhaustive literature and manual
searches

“schizophrenia”, “hallucination”; and
“morphometry”, or “voxelwise”, or “voxel-based”

14 Excluded
| Systematic literature review
| Study not including original work
| Study not in schizophrenia patients

A4

14 Studies for full-text review

A 4

| Study in high risk individuals

4 Studies that did not explore specifically AVHs
| Study examining functional activation

5 Studies only examining white matter

5 Excluded
2 Studies reporting results presented by the
same research group in other article

v

9 Studies included in the meta-analysis
438 patients; 83 foci

Fig. 1 — Flow diagram of study inclusion.

Y

| Study not usingVBM methods

| Study only comparing patients to controls

| Study only comparing patients with “inner”
AVHs to patients with “outer” AYHs

Legend: AVHs = Auditory verbal hallucinations; SCZ = Schizophrenia.

using VBM in schizophrenia though not specifically exam-
ining AVHs (Henze et al., 2011; Nenadic et al., 2010a; Spaniel
et al,, 2011; Wright et al., 1995), studies measuring brain acti-
vation (Parellada et al., 2008), and studies uniquely exploring
white matter structure (Ashtari et al., 2007; Hubl et al., 2004;
Seok et al,, 2007; Shergill et al., 2007; Szeszko et al., 2008).
Additional exclusions were made of studies reporting results
presented by the same research group in another article
(Aguilar et al., 2008; Hugdahl et al., 2007), studies not using
VBM methods (Kleinschmidt et al., 1994), studies only pre-
senting results from the comparison between schizophrenia
patients with AVHs and healthy controls (Marti-Bonmati et al.,
2007), and studies only comparing patients with “inner” AVHs
to patients with “outer” AVHs (Plaze et al, 2011). When
necessary, the corresponding authors of the selected papers
were contacted by e-mail requesting clarification on meth-
odology or results.

Thus, the final analysis comprised nine studies in total.
The characteristics of each included study are shown in
Table 1. Eight of these studies (total n of patients with
schizophrenia = 322) reported correlations between GMV and
the severity of AVHs determined by symptom rating scales
(Garcia-Marti et al., 2008; Gaser et al., 2004; Modinos et al.,
2009; Neckelmann et al., 2006; Nenadic et al., 2010b; O’Daly
et al., 2007; Plaze et al., 2006; van Tol et al., submitted for
publication). Three of these studies reported a categorical
comparison of GMV between patients with AVHs and without
AVHs (Gaser et al., 2004; Shapleske et al., 2002; van Tol
et al., submitted for publication) (total n of patients with
schizophrenia = 135 with AVHs, 131 without AVHs). Van Tol
et al. included the sample of Modinos et al. (2009) for group

analysis (n = 26), but excluded these subjects for their corre-
lation analysis in order to avoid overlapping datasets. The van
Tol et al. dataset was identified as it is from one of our
research groups (University of Groningen), and was included
following the meta-analysis’ goal to include all relevant
studies in this particular topic, as in previous meta-analysis of
neuroimaging data (Radua et al., 2010). In addition, we are
members of the International Consortium for Hallucination
Research (Waters et al., 2012) and, to the best of our knowl-
edge, no other unpublished datasets of these characteristics
were available for inclusion. In the original studies, patients in
the hallucinating group were defined by having treatment-
resistant AVHs (five studies: Garcia-Marti et al.,, 2008;
Modinos et al., 2009; O’Daly et al., 2007; Plaze et al., 2006; van
Tol et al., submitted for publication), or lifetime experience
of AVHs (four studies: Neckelmann et al., 2006; Nenadic et al.,
2010b; Gaser et al., 2004; Shapleske et al., 2002). None of the
studies mentioned whether patients with AVHs experienced
acute hallucinations during scanning. Thus, grey matter
abnormalities associated with AVHs were examined inde-
pendently of whether subjects were hallucinating during
scanning, which nevertheless would not be expected to affect
grey matter volume (GMV) measurements.

For each study, we identified the regions that were re-
ported as significantly associated with AVHs either by corre-
lations between regional volumes and symptom severity
within a patient group (21 foci), or through direct group
comparison between patients with and without AVHs (38
foci). Of note, VBM data are variably referred to as density,
concentration, or volume. Consistent with a previous meta-
analysis of VBM studies in schizophrenia (Honea et al., 2005),
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Table 1 — Characteristics of the nine VBM studies included in the meta-analysis.

Study

Type of experiment Measure of AVHS

Software

MRI Scanner

Subjects

PANSS

Comparison patients with AVHs versus no AVHs;

Correlation GMV with severity of AVHs

Correlation GMV with
severity of AVHs

Statistical parametric
mapping (SPM) 5

SPM 2

3-T scanner

109 schizophrenia patients

van Tol et al., submitted

(65 with AVHs; 44 no AVHSs)

for publication
Nenadic et al., 2010b

SAPS

1.5-T scanner

99 schizophrenia patients

(38 with AVHs; 61 no AVHSs)

AHRS

Correlation GMV with severity of AVHs

SPM 5

3-T scanner

26 schizophrenia patients

with AVHs

Modinos et al., 2009

Correlation GMV with severity of AVHs PSYRATS; BPRS

SPM 2

1.5-T scanner

18 schizophrenia patients

with AVHs; 19 HC

Garcia-Marti et al., 2008

PANSS; PSRS

Correlation GMV with severity of AVHs

1.5-T scanner

28 schizophrenia patients

with AVHs; 32 HC

O’Daly et al., 2007

BPRS

Correlation GMV with severity of AVHs

SPM 99

1.5-T scanner

12 schizophrenia patients

with AVHs; 12 HC

Neckelmann et al., 2006

Correlation GMV with severity of AVHs PSYRATS; SAPS

SPM 99

1.5-T scanner

15 schizophrenia patients

with AVHs

Plaze et al., 2006

SAPS

Comparison patients with AVHs versus no

SPM 99

1.5-T scanner

85 schizophrenia patients

Gaser et al., 2004

AVHs; Correlation GMV with severity of AVHs

(29 with AVHs, 56 no AVHS)

SAPS

Comparison patients with AVHs versus no AVHs

SPM 99

1.5-T scanner

72 schizophrenia patients

Shapleske et al., 2002

(41 with AVHs, 31 no AVHs); 32 HC

Positive and negative syndrome scale; PSYRATS = Psychotic

Millimetres; PANSS =

Healthy controls; mm

Brief psychiatric rating scale; HC

Auditory hallucinations rating scale; BPRS
symptom rating scales; SAPS = Scale for the assessment of positive symptoms.

AHRS

the term “volume” will be used hereafter to describe the
results, for ease of description. MOOSE and PRISMA guidelines
for meta-analyses of observational studies were followed
(Moher et al., 2009; Stroup et al., 2000).

2.2. Meta-analysis procedure

Regional differences in GMV in relation to AVHs were ana-
lysed using Parametric Voxel-based Meta-analysis (PVM),
a novel voxel-based meta-analytic approach described in
detail elsewhere (Costafreda et al., 2009) and briefly sum-
marised here. In this method, the value of each voxel in the
meta-analysis summary map reflects the proportion of
studies reporting a significant effect within a specified local
neighbourhood. This map is thresholded by testing whether
voxel scores could have been expected had the peaks showing
significant effects been generated at random locations. In
common with other coordinate-based meta-analysis
methods, such as Activation Likelihood Estimation (ALE,
Turkeltaub et al., 2002), PVM aims to detect ‘signal’ regions,
with scores that are unlikely to arise under such null
hypothesis. As an advantage over other methods, however,
PVM provides an intuitive statistic that quantifies the level of
agreement across studies in an interpretable way, namely the
percentage of studies with at least one finding within radial
distance of a point of interest. The method is applicable to
both fixed-effects (in which each study is considered as
deriving from the same generating process) and random-
effects (in which the process varies across studies) meta-
analysis. The PVM approach ensures stringent type I error
control and leads to increased power and substantial gains in
computational time relative to existing simulation-based
alternatives.

In this case, the 83 foci of interest from the included
studies were extracted to a flat text table, and imported into R
statistical software (R Development Core Team, 2005, http://
www.R-project.org). We used a brain mask obtained from
the FMRIB Software Library (avgl52T1 brain_mask, with
258,370 intracerebral voxels) to define the intracerebral
space. Peaks reported in Talairach space were converted to
the Montreal Neurological Institute (MNI) space using non-
linear transformations (Brett et al, 2002). We used
p = 10 mm to generate the summary map, and therefore the
value at each voxel of this summary map represents the
proportion of studies, with sample size weighting, reporting
at least one significant peak within a local neighbourhood of
size 10 mm. We then applied the PVM analytical approach to
compute the uncorrected voxel-level p-value of observing
a degree of concordance across studies as high as that
generated by the experimental results. To correct for multiple
comparisons, we employed a cluster-level approach whereby
the proportion map was first thresholded at p < .001
(uncorrected) to reveal a number of clusters surviving this
initial threshold, and we then employed 5000 permutations
to compute the probability of obtaining clusters of such
magnitude, under the null hypothesis that activations had in
fact been generated at random locations. Such cluster-level
tests offer a powerful approach to FWE correction (Hayasaka
and Nichols, 2003). Given that structural abnormalities in
relation to AVHs in schizophrenia had been studied with two
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different types of experimental design, we decided to analyse
them separately: (1) studies correlating severity of AVHs with
GMV within a schizophrenia sample; (2) studies comparing
GMV between schizophrenia patients with AVHs and
patients without AVHs. Anatomical labelling of significant
findings in the meta-analysis was conducted according to the
Automatic Anatomical Labelling (AAL) template (Tzourio-
Mazoyer et al., 2002).

3. Results

Patients included in the original studies had a diagnosis of
schizophrenia according to DSM-III-R, DSM-IV, or DSM-IV-R
criteria. Some studies included patients based on the pres-
ence of (lifetime or treatment-resistant) AVHs, whilst others
included both patients with and patients without a history of

Fig. 2 — Results of the random-effects meta-analysis of VBM studies in patients with schizophrenia and AVHs (Cluster-level

test: left STG p = .022, right STG p = .062, FWE).

Legend: The statistic depicted here is the proportion of studies reporting atleast one significant peak within alocal neighbourhood
of size p = 10 mm, in axial [Panel A, z = (—4, 0, 4, 8, 12, 16)] and coronal views [Panel B, z = (—24, —20, —16, —12, —8)].
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Table 2 — Summary of significant findings of grey matter abnormalities associated with AVHs in schizophrenia in VBM

studies published to July 2011.

Cluster Anatomical label MNI coordinates Size in voxels Size in mm? p value
X y z

1 Left STG —52 —18 2 210 1680 .022
Left rolandic operculum —44 -22 12
Left Heschl’s gyrus —46 -14 6

2 Right Heschl’s gyrus 50 —14 6 156 1248 .062
Right STG 46 -16 -8
Right MTG 50 -14 -10

The coordinates refer to the voxel with maximum score.

AVHs (see Table 1 for details). Two studies included male
participants only (Garcia-Marti et al., 2008; Shapleske et al.,,
2002); and one study included only right-handed patients
with French as maternal language (Plaze et al.,, 2006). All
studies but Shapleske et al. (2002) mentioned including
patients who were receiving antipsychotic treatment (except
two patients in O’Daly et al., 2007), although only two studies
(Modinos et al., 2009; Plaze et al., 2006) provided data on mean
chlorpromazine equivalents per day (mg). In terms of exclu-
sion criteria, the original studies stated: history of head
trauma, history of neurological disorders, present or past
criteria for drugor alcohol abuse, and contraindication for MRI
scanning (including metal implants, and claustrophobia). Two
studies additionally excluded patients suffering from hearing
impairment (Garcia-Marti et al., 2008; O’Daly et al., 2007).

3.1 Regional grey matter abnormalities associated
with the severity of AVHs

Two significant clusters emerged from the meta-analysis
when pooling effects from the eight studies correlating GMV
with severity of AVHs (p < .05 corrected). The largest signifi-
cant cluster in which studies concurred in reporting significant
GMV reductions included the left STG and primary auditory
cortex or Heschl’'s gyrus (maximum concordance across
studies atx = —52,y = —18, z = 2; with a weighted proportion of
48.6% of the studies reporting an effect within 10 mm of this
maximum). Concordance was also found for GMV reductions
at a trend level in a second, right-sided cluster including the
right STG and Heschl’s gyrus, where the level of agreement
across studies reached 34.2% (Fig. 2, Table 2).

AVHs were not significantly associated with GMV increases
across studies.

3.2. Regional grey matter abnormalities associated
with the presence of AVHs

Combining the results from studies comparing GMV between
schizophrenia patients with AVHs and patients without AVHs
revealed no statistically significant effects. However, only
three studies to date have conducted this type of analysis.

4, Discussion and conclusion

Our meta-analytic procedure identified structural abnormali-
ties in specific brain areas in patients with schizophrenia who

suffer from AVHs. Across all studies investigating regional
grey matter correlates of the severity of AVHs, this meta-
analysis identified a large cluster in the left STG (including
Heschl’s gyrus) showing reduced GMV associated with greater
AVHs severity. The same temporal lobe regions in the right
hemisphere also showed an association between reduced
GMV and greater AVH severity, albeit at a strong trend level.
When we compared patients with and without AVHs no brain
areas of concordance across studies were identified that
highlighted structural correlates of the presence rather than
the severity of AVHs. This is most like due to the small number
of studies (n = 3) which report this contrast, consequently
limiting the power of a meta-analytic approach to yield
statistically significant results across studies.

Superior temporal areas are central to language perception
and processing. The left STG includes the primary and asso-
ciation auditory cortices and has been repeatedly implicated
in the aetiology of AVHs (Allen et al.,, 2008). The right STG is
also involved in auditory and language processing, particu-
larly of the emotional and prosodic aspect of speech stimuli
(Downar et al., 2000). Left superior temporal areas are known
to be involved in ‘speech’ perception, i.e., the comprehension
of the phonological and semantic characteristics of speech
content. However, the association between right temporal
lobe regions and AVHs severity is particularly interesting
given these regions’ involvement in the processing of prosody
and emotional salience and the often derogatory nature of
AVHs (Nayani and David, 1996). From a structural neuro-
imaging perspective, it has been suggested that volume
reductions in left-hemisphere auditory and speech perception
areas may lead to a failure to inhibit and correctly attribute
internal speech, as proposed in the verbal self-monitoring
hypothesis of AVHs (Frith and Done, 1998). Interestingly, the
STGs consistently show abnormal functional activation while
patients are experiencing AVHs (Jardri et al., 2011), although it
should be noted that this area is also widely implicated in
patients regardless of symptoms (Honea et al., 2005). A volu-
metric abnormality, with the neurons in this area being
reduced in number and/or spacing or having reduced
connectivity, could be thought of as rendering the critical
auditory and speech perception areas dysfunctional, which
would block the normal attribution of internal speech. This
aligns well with a recent comprehensive review of structural
and functional MRI studies on brain connectivity which evi-
denced that the symptoms attributed to schizophrenia, such
as AVHs, are associated with connectivity reductions across
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all stages of the disorder and regardless of the neuroimaging
methodology employed (Pettersson-Yeo et al., 2011). Future
studies using multimodal imaging data should allow a close
investigation of the possible relationship between STG struc-
ture and function with regard to AVHs in schizophrenia
(Casanova et al., 2007).

Nevertheless, of the six ROI studies published to date in
patients with schizophrenia and AVHs (Barta et al., 1990;
Flaum et al., 1995; Sumich et al., 2005; Onitsuka et al., 2004;
Shin et al., 2005; Hubl et al., 2010), four reported volumetric
decreases in sensory regions, coinciding in the STG. The
directionality of the results is also consistent with earlier
lesion studies that report tissue loss in sensory regions in
neurological patients (Braun et al., 2003). Thus, the results of
the present meta-analysis of VBM studies are largely consis-
tent with lesion and ROI studies, demonstrating a relationship
between AVHs and volumetric decrements in modality-
specific superior temporal areas including primary and
secondary cortices subserving language perception and
emotional processes. Of note, a recently published voxel-
based meta-analysis of 896 individuals at very high risk of
psychosis (Fusar-Poli et al., 2011) revealed GMV reductions in
the right STG and other regions. Moreover, this region was
related to subjects with later transition to psychosis. Thus,
a future direction involves investigating STG abnormalities as
correlates of vulnerability to psychosis in individuals at high
risk for the disorder. In addition, based on our specific focus
on patients with schizophrenia we decided to exclude studies
on subjects with AVH outside the schizophrenia spectrum
(i.e., bipolar patients and high-risk individuals), but future
studies in these populations will inform whether similar VBM
deviations can also be detected and are therefore truly an
association of AVHs, or whether they are related to schizo-
phrenia in general.

Our technique was unable to detect effects in other regions
that have previously been associated with AVHs by single
VBM studies. These include: the left insula (Shapleske et al.,
2002); the thalamus and cerebellum (Neckelmann et al,
2006); the left postcentral and left posterior cingulate gyri
(Nenadic et al.,, 2010b); and the left inferior frontal gyrus
(Modinos et al., 2009). One study (Gaser et al., 2004) implied
reduced GMV in the right middle/inferior frontal gyri to be
associated with severity of hallucinations in 29 patients with
schizophrenia. This region is the homotope of Broca’s region
in the left hemisphere, and a structural deficit could be argued
to affect the inhibitory callosal connections, thus leading to
overactivation of Broca’s area. Our meta-analysis did not
confirm this finding or those in other studies reporting effects
outside the temporal cortices, however, suggesting that these
may not be robust characteristics of grey matter abnormalities
associated with AVHs. More studies using VBM in schizo-
phrenia patients with AVHs are needed to inform the
consistency of findings in these other regions. Furthermore,
hallucination severity has been shown to influence the
pattern of structural covariance between the left STG and
MTG and the right inferior frontal gyrus, hippocampus, and
the insula bilaterally, although only one study to date has
included this type of analysis (Modinos et al., 2009).

As 25% of schizophrenia patients’ AVHs are unresponsive
to antipsychotic treatment (Shergill et al.,, 1998), a more

precise characterisation of the underlying pathophysiology,
as reported here, may lead to more effective treatments. For
instance, Transcranial Magnetic Stimulation (TMS) is a non-
invasive technique that enables safe, relatively painless
focal brain stimulation in humans. Several studies have re-
ported that application of low frequency rTMS over the left
temporo-parietal cortex in patients suffering from AVHs leads
to an amelioration of symptoms, lasting for several weeks
following treatment cessation (Chibbaro et al., 2005; d’Alfonso
et al., 2002; Hoffman et al., 2003, 2005; Lee et al., 2005; Poulet
et al., 2005; although see Slotema et al., 2011, for negative
results). This was supported by two recently published meta-
analyses that confirmed the superiority of rTMS over placebo
in reducing medication-resistant AVHs (Aleman et al., 2007;
Freitas et al., 2009). rTMS has also been applied with addi-
tional targeting of the right hemisphere region by a previous
study (Vercammen et al., 2009), and although it did not
contribute significantly towards clinically observable
symptom reduction, patients in that trial did appear to be less
affectively engaged by their AVHs. Thus, evidence from
previous neuroimaging studies together with the present
meta-analysis points to potential bilateral temporal cortex
involvement in the genesis and severity of AVHs (Lennox
etal., 1999, 2000; Shergill et al., 2000; Vercammen et al., 2009).

There are several limitations to this study. Only a modest
number of articles could be included in the meta-analysis,
which may have limited the statistical power to detect more
subtle effects of AVHs on brain morphology. The goal of the
present study was however to clearly define the spatial
localisations of the most frequently replicated sites of GMV
abnormalities in patients with schizophrenia and AVHs rather
than to estimate their magnitudes. There were two studies
that may have had a partially overlapping sample (Gaser et al.,
2004; Nenadic et al., 2010b). However, from the description of
the sample sizes it was not possible for us to determine the
extent of the overlap. As these were two separate publica-
tions, with differing results, we chose to include both studies
in the meta-analysis. In addition, recent studies (Ho et al.,
2011) and systematic reviews (Navari and Dazzan, 2009;
Smieskova et al., 2009) on the effects of antipsychotics on
the human brain concluded that antipsychotics might
contribute to structural changes observed in psychosis. Whilst
the present meta-analysis could not address potential medi-
cation effects in the individual studies, future studies using
VBM to investigate AVHs in psychosis examining medication
effects should shed light on this possibility. It is worth
mentioning that a previous study reported, although not in
medicated patients with schizophrenia but in unmedicated
adolescent males at increased risk of psychosis due to intel-
lectual disability, an association between hallucinations and
grey matter density in the STG GMD (Spencer et al., 2007).
False negatives due to limited power are also likely to be very
common in neuroimaging, as discussed in detail in Costafreda
(2009). The main reason for this limited power is the relatively
low number of subjects common in MRI research, combined
with the requirement that any finding survives strict multiple
comparison correction. Additionally, the inclusion of psychi-
atric populations is also likely to result in high between-
subject variance, further reducing statistical power to detect
potential effects. Effect size meta-analysis as employed in


http://dx.doi.org/10.1016/j.cortex.2012.01.009
http://dx.doi.org/10.1016/j.cortex.2012.01.009

CORTEX 49 (2013) 1046—1055

1053

most fields of research (Whitehead, 2002) is able to compen-
sate for these problems through the pooling of significant
and subsignificant (i.e., negative) results in a summary effect
size, which has increased precision over the original studies.
Unfortunately, neuroimaging studies rarely report sub-
significant findings, and therefore it is not possible to add non-
significant findings across studies to decide whether the
pooled outcome does, in fact, reach significance. In other
words, meta-analysis of coordinate-based data currently
cannot aggregate power across studies and thus cannot
remediate the false-negative problem, although more
powerful approaches could remediate these issues (Salimi-
Khorshidi et al., 2009).

Finally, the disparity of methods used across studies to
determine presence and/or severity of AVHs needs to be dis-
cussed, which may influence the interpretation of the
observed volumetric findings. The majority of studies corre-
lating GMV with severity of AVHs used clinician-based scales,
although these were fairly heterogeneous between studies
(see Table 1), and with the exception of one study that used
a self-report questionnaire (and reported results in the oppo-
site direction, i.e., GMV increases) (Modinos et al., 2009). The
three studies that included a non-hallucinator group for
comparison each used a different method, i.e., score of zero on
SAPS (Gaser et al., 2004), score of <2 on the SAPS (Shapleske
et al.,, 2002), or score of <2 on the P3 item of the PANSS (van
Tol et al.,, submitted for publication). Amidst the five studies
that selected patients with schizophrenia based on their
history of persistent auditory hallucinations, the time period
of “persistence” varied from 1 week (Shapleske et al., 2002) to
1 year (Garcia-Marti et al., 2008) before scanning. Neverthe-
less, the results of this meta-analysis should be interpreted as
the neural correlates of severity of AVHs most consistently
reported across studies that have primarily examined patients
with “state” hallucinations. A future direction involves the
assessment of a more general tendency to hallucinate using
e.g., the CASH interview, tapping into lifetime severity of AVH
(Andreasen et al., 1992). Despite these shortcomings, our data
provide strong evidence for GMV deficits in brain areas
involved at different levels of complexity in the neural archi-
tecture of language processing in schizophrenia patients with
AVHs. In addition, this study was based on an unbiased
inclusion of studies even if their results were negative (i.e.,
when no significant effects were found, e.g., van Tol et al.,
submitted for publication), with the use of a novel voxelwise
meta-analytic method.

To conclude, regional grey matter reductions in the left and
right STG, including the primary auditory cortices, are the most
consistently reported findings in patients with schizophrenia
and AVHs. These findings traverse methodological boundaries
as have been reported also by studies using stereological
analysis methods. Furthermore, the results are also consistent
with lesion studies which reported that the lesion is almost
always in the brain region of the sensory modality of the
hallucination (Braun et al., 2003). Future studies should aim at
the integration of imaging data from different modalities
(functional, structural, neurochemical), with large enough
samples (including patients with and without hallucinations),
in order to illuminate the mechanisms by which the human
brain is capable of generating an AVH.
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