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Previous studies reported that the volume of the left superior temporal gyrus (STG) is reduced in patients with
schizophrenia and negatively correlated with hallucination severity. Moreover, diﬀusion-tensor imaging studies
suggested a relationship between the brain microstructure in the STG of patients and auditory hallucinations.
Hallucinations are also experienced in non-patient groups. This study investigated the relationship between
hallucination proneness and the brain structure of the STG.
Hallucination proneness was assessed by the Launey Slade Hallucination Scale (LSHS) in 25 healthy individuals who varied in their propensity to hear voices. Brain volume and microstructure of the STG was assessed by magnetic resonance imaging (MRI). Microstructure was examined by conventional diﬀusion-tensor
imaging as well as by neurite orientation dispersion and density imaging (NODDI). The latter decomposes diffusion-based MRI into multiple compartments that characterize the brain microstructure by its neurite complexity known as orientation dispersion (ODI) and by its neurite density (NDI).
Hallucination proneness was negatively correlated with the volume and microstructure (fractional anisotropy, neurite complexity) of the left but not the right STG. The strongest relationship (r = −0.563) was observed for neurite complexity (ODI). No correlation was observed for neurite density (NDI).
These ﬁndings suggest that there is a relationship between the volume and the microstructure of the left STG
and hallucination proneness. Dendritic complexity (but not neurite density) is inversely related to hallucination
proneness. Metrics based on multi-compartment diﬀusion models seem to be more sensitive for hallucinationrelated neural processes than conventional MRI-based metrics.

1. Introduction
Auditory verbal hallucinations (AVHs), or ‘hearing voices’, in the
absence of any external auditory stimulus is the most commonly reported symptom of schizophrenia with a prevalence of around 70%
(Sartorius et al., 1986). AVHs are also experienced by a signiﬁcant
minority of the general population (Allen et al., 2012; Beavan et al.,
2011; Jardri et al., 2012; Verdoux and van Os, 2002), who are sometimes referred to as healthy voice hearers (HVHs), with an estimated
lifetime prevalence of 4% to 15% (Van Os et al., 2009). For this reason,
it was proposed that AVHs may represent part of an ‘extended phenotype’ of psychosis (Johns et al., 2004). According to this hypothesis
psychotic symptoms are represented along a continuum which includes

the (healthy) general population (Baumeister et al., 2017; Bentall,
2004; Daalman et al., 2011). This continuum accommodates, at one
end, clinical voice hearers (CVHs) who are distressed by their voices
and require care and, at the other end, non-voice-hearing healthy individuals (healthy controls) (Baumeister et al., 2017).
Despite of the large prevalence of AVH in clinical and non-clinical
populations their aetiology remained poorly understood. Several functional magnetic resonance imaging (fMRI) studies that investigated the
brain activity during AVHs in CVHs identiﬁed the contribution of
fronto-temporal language circuits, including parts of the auditory
cortex (for review see (Allen et al., 2008). Several studies speciﬁcally
implicated the superior temporal gyrus (STG), which is closely associated with speech and language processing (Hickok and Poeppel,

Abbreviations: AVH, auditory verbal hallucination; CVH, clinical voice hearer; DTI, diﬀusion-tensor imaging; DWI, diﬀusion-weighted imaging; FA, fractional anisotropy; fMRI,
functional magnetic resonance imaging; HVH, healthy voice hearer; LSHS, Launey Slade Hallucination Scale; MD, mean diﬀusivity; MRI, magnetic resonance imaging; NDI, neurite
density index; NODDI, neurite orientation dispersion and density imaging; ODI, orientation dispersion index; ROI, region of interest; STG, superior temporal gyrus
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The present study utilized NODDI measures, alongside conventional
structural imaging and DTI, to assess the microstructure in the STG in a
non-clinical sample that varied in their propensity to experience hallucinations. Hallucination proneness was assessed using the LauneySlade Hallucination Scale (LSHS) (Launay and Slade, 1981), which has
been widely used in hallucination research, and which is reliable
(Bentall and Slade, 1985) and stable over time (Aleman et al., 1999).
We hypothesised that volume and parameters deﬁning grey matter
microstructure in the STG will be associated with the propensity to
hallucinate. In particular we expected a small volume, a low FA value
and a low ODI and/or NDI value to be associated with higher scores on
the LSHS. As previous research reported a hemisphere bias (Lee et al.,
2009; Sun et al., 2009), we expected the association between brain
volume, microstructure and LSHS to be most prominent in the left
hemisphere.

2000) and contains Wernicke's area which is integral for speech perception (for review see (Jardri et al., 2012). These ﬁndings support the
theory that AVH involve the auditory pathways that process speech
(Allen et al., 2007). Although the vast majority of research has focused
on CVHs, fMRI studies looking at AVHs in non-clinical voice hearers
also reported similar activation patters in the left STG (Allen et al.,
2012; Daalman et al., 2011; Diederen et al., 2012; Hill and Linden,
2013; Jardri et al., 2012; Linden et al., 2011), supporting the hypothesis
that the neural mechanisms behind AVHs are the same in clinical and
non-clinical populations (Jardri et al., 2012).
Altered functional activation patterns of AVHs are also accompanied
by diﬀerences in the brain structure as revealed by conventional magnetic resonance imaging (MRI). In CVHs the most consistently reported
structural ﬁnding is a reduced volume in the STG of people experiencing hallucinations (Allen et al., 2008; Allen et al., 2012; Jardri et al.,
2012). This reduction in volume has also been shown to correlate with
AVH severity (Allen et al., 2012; Modinos et al., 2013). A recent review
of STG volume-related diﬀerences in schizophrenia patients suggests
that the left STG is more often implicated than the right hemisphere
homologue (Sun et al., 2009). Although this suggests a link between
AVH and the STG volume, the cause of this relationship remained unresolved.
Diﬀusion-weighted imaging (DWI) is an MRI-based method sensitive to the diﬀusion of water (Le Bihan and Breton, 1985). As this diffusion is constrained by the cellular arrangement, DWI is sensitive to
the brain microstructure (Beaulieu, 2002). Conventional DWI methods
such as diﬀusion-tensor imaging (DTI) suggest that AVHs are related to
an aberrant microstructure in the STG. For instance, CVHs showed increased diﬀusivity in the STG compared to healthy people and diﬀusivity in the left STG was also correlated with symptom severity (Lee
et al., 2009). DTI is sensitive to the brain microstructure, but it adopts a
relatively simple model (Le Bihan and Breton, 1985). DTI approximates
the diﬀusion at each voxel by an ellipsoid that assumes a single compartment. Hence, it does not well distinguish between diﬀerent types of
cellular assemblies such as neurite structures (e.g., axons and dendrites)
or extra-neurite structures (e.g., glia) (Zhang et al., 2012).
Neurite orientation dispersion and density imaging (NODDI) is
based on a multi-compartment biophysical model that extends conventional DWI and allows diﬀusion to be modelled separately for intraneural and extra-neural space (Le Bihan and Breton, 1985; Zhang et al.,
2011; Zhang et al., 2012). Two of the main microstructural markers
provided by this method are: the neurite density index (NDI), which
estimates the fraction of tissue which is made up of neurites, and the
orientation dispersion index (ODI), which estimates the angular conﬁguration of neurites (Zhang et al., 2012). Quantifying neurite morphology in terms of its density and orientation distribution provides
further insight into the structural basis of brain function. The branching
complexity and orientation of dendritic trees is related to the computational properties and the function of neurons. For instance, neurite
morphology is a key characteristic of brain development (Chang et al.,
2015; Conel, 1967), aging (Chang et al., 2015; Dickstein et al., 2007)
and neurological disorders (Colgan et al., 2016; Dickstein et al., 2007;
Zhang et al., 2012). The intra-neurite compartment in grey matter of
healthy developed brains is highly dispersed due to sprawling dendritic
processes and this would be characterized by high ODI values (Zhang
et al., 2012).
Characterising the spatial conﬁguration of neurites in healthy individuals alongside a measure of individual diﬀerences in hallucination
proneness may therefore oﬀer further insight into the aetiology of AVH.
According to the continuum model of AVHs (Baumeister et al., 2017;
Van Os et al., 2009; Verdoux and van Os, 2002) both clinical and nonclinical populations should share common mechanisms. By studying
non-clinical voice hearers the mechanisms leading to hallucinations
may be investigated whilst avoiding confounding eﬀects on the neuroimaging data associated with clinical sequelae such as medication,
institutionalization or illness duration.

2. Material and methods
2.1. Participants
Twenty-ﬁve participants aged 20–63 years (M = 39.4, SD = 14.4)
were recruited either via an opportunistic sampling method or via an
experimental participation programme in the School of Psychology at
Liverpool University, in which case they were awarded course credits
for their participation, 16 of them were women. 19 participants were
students (11 undergraduate students, 5 PhD candidates). The highest
educational level of the remaining participants was a General
Certiﬁcate of Secondary Education (1) or an Advanced Level school
degree (8).
Inclusion criteria for participants were: English speaking, 18 years
or older and self-reported normal or corrected vision. Exclusion criteria
included: self-reported history of psychiatric disorders and neurological
disease, being on medication for epilepsy, migraines, renal disease,
cardiac disease, hypertension, diabetes, or any other medical condition
- assessed using a standard pre-screening questionnaire used at the
Liverpool Magnetic Resonance Imaging Centre. All participants gave
written informed consent. Part of the data was also included in a previous study (Spray et al., 2017). Ethical approval for the project was
obtained from the University of Liverpool Research Ethics Committee.
2.2. The revised Launay-Slade Hallucination Scale (LSHS-R)
The LSHS-R (Launay and Slade, 1981) is a widely used and reliable
(Bentall and Slade, 1985) self-report measure of hallucination-proneness. The 12 items describe clinical and subclinical forms of auditory
and visual hallucination-like experiences. Participants are asked to rate
the degree to which the content of each item applies to themselves on a
5-point Likert scale (0 = “certainly does not apply” to 4 = “certainly
applies”). Aggregate scores may vary from 0 to 48, whereby high scores
reﬂect a high degree of hallucination proneness. The LSHS-R of the
current (non-clinical) sample were normally distributed with a mean
score of 13.6 ( ± 9.1) and had excellent internal consistency
(α = 0.91). The mean of the current sample did not signiﬁcantly diﬀer
from the mean of a larger sample from the same target population
(Berry et al., 2018).
2.3. Data acquisition
MRI data were acquired using a 3 Tesla Siemens Trio MR scanner
(Erlangen, Germany). Participants lay supine (head ﬁrst) in the scanner
with cushions used to minimise movement. One high-resolution T1weighted structural run, one T2-weighted structural run and one diffusion-weighted run were acquired for each scan. The anatomical T1weighted images (repetition time: 2040 ms, echo time: 5.57 ms, ﬂip
angle: 90°, voxel size: 1 × 1 × 1 mm3, ﬁeld of view: 256 × 224 mm2)
were acquired by a magnetization-prepared rapid-acquisition gradient2
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correlates of age (Chang et al., 2015). We therefore controlled for
participant's age using this as an additional regressor of no interest.
Education level may also aﬀect cognitive performance and cerebral
microstructure (Piras et al., 2011). Therefore, education level (coded by
highest degree: 1 = General Certiﬁcate, 2 = Advanced Level, 3 = undergraduate studies, 4 = post-graduate studies) was added as regressor.
As the full regression model (based on all measures) assesses the contribution of each measure only within the context of the other measures, subsequent partial correlations (tested by two-tailed t-tests) for
single measures (controlling for age and education level) were examined.

echo) sequence across 176 sagittal slices covering the whole brain. The
structural T2-weighted images were acquired as part of the routine
protocol, but not analysed further. Diﬀusion-weighted images (DWI)
were acquired by a single shot pulsed gradient echo sequence with
echo-planar read-out across 40 axial slices (repetition time: 6000 ms,
echo time: 112 ms, ﬂip angle: 90°, 3 × 3 × 3 mm3, ﬁeld of view:
222 × 222 mm2). Diﬀusion was acquired along 60 equally distributed
orientations with b-values of 1000 s/mm2 and 2000 s/mm2 with b-zero
interspersed into the acquisition sequence.
2.4. Cortical reconstruction

3. Results

T1-weighted structural images of each individual brain were automatically reconstructed by Freesurfer (Martinos Center for Biomedical
Imaging, Charlestown, MA). This reconstruction automatically segmented brain images into cortical grey matter and subcortical white
matter structures (Fischl, 2012). As part of this processing pipeline
Freesurfer automatically computes volumetric statistics for each subject
across a default set of cortical regions.

A multiple regression including all brain measures of the left STG
(volume, FA, MD, ODI, MDI) as well as age and education level explained R2 = 64.8% (R = 0.805) of the variance in LSHS scores, adjusted R2 = 0.504, F(7, 17) = 4.48, p = .005. However, only volume
(β = −0.34, p = .042), FA (β = −0.56, p = .003), and ODI
(β = −0.58, p = .003) were signiﬁcant predictors for the LSHS scores.
Neither MD (β = −0.25, p = .164) and NDI (β = −0.07, p = .722) nor
age (β = −0.16, p = .407) and education level (β = 0.12, p = .592)
contributed signiﬁcantly to the prediction of LSHS scores. A multiple
regression for measures of the right STG explained only R2 = 16.6%
(R = 0.408) of the variance in LSHS scores, which was not signiﬁcant,
adjusted R2 = −0.177, F(7, 17) = 0.48, p = .833.
In order to examine the relationship between each single brain
measure and hallucination proneness (LSHS) partial correlations controlling for age and education level were performed. There was a negative correlation between LSHS scores (13.6 ± 9.1) and the left STG
volume (10,677 ± 1705 mm3), which was statistically signiﬁcant, r
(21) = −0.440, p = .036. However, the right STG volume
(10,286 ± 1348 mm3) did not signiﬁcantly correlate with LSHS scores,
r(21) = −0.291, p = .178 (see Fig. 1).
Partial correlations examining the relationship between hallucination proneness (LSHS) and DTI-based measures of the STG microstructure (controlling for age and education level) showed only a
marginally signiﬁcant negative correlation between LSHS scores and FA
values in the left STG (0.15 ± 0.03), r(21) = −0.356, p = .095. FA
values in the right STG (0.15 ± 0.03) were not correlated with LSHS
scores, r(21) = −0.215, p = .324. MD values in the left STG
(0.73 ± 0.04 μm2/ms) were not correlated with LSHS scores, r
(21) = 0.033, p = .881, nor were MD values in the right STG
(0.74 ± 0.04 μm2/ms), r(21) = 0.038, p = .863 (see Fig. 2).
Finally, we examined the relationship between hallucination proneness and neurite dispersion (ODI) and neurite density (NDI) based on
the NODDI model. There was a strong, negative correlation between
LSHS scores and ODI values in the left STG (0.53 ± 0.05), which was
statistically signiﬁcant, r(21) = −0.563, p = .005. ODI values in the
right STG (0.54 ± 0.04) were not signiﬁcantly correlated with LSHS
scores, r(21) = 0.041, p = .851. This relationship is illustrated in
Fig. 3A. Moreover, NDI values in the left STG (0.41 ± 0.03) were not
correlated with LSHS scores, r(21) = 0.101, p = .645, nor were NDI
values in the right STG (0.39 ± 0.04), r(21) = 0.146, p = .505
(Fig. 3B).

2.5. Deﬁnition of cortical regions of interest (ROI)
Previous studies (Allen et al., 2008; Allen et al., 2012; Van Os et al.,
2009) implicate the STG in the aetiology of AVHs. We therefore assessed this region of interest (ROI) in the left and right hemispheres.
The ROI was identiﬁed in each individual brain using the automatic
cortical segmentation from the Freesurfer reconstruction. NODDI metrics were quantiﬁed in this ROI bilaterally for each individual using an
in-house script written on MATAB 2015a (MathWorks, Natick, US).
2.6. Diﬀusion-weighted image processing
Diﬀusion weighted images were processed oﬀ-line using the
FMRIB's Diﬀusion Toolbox (FDT) provided by FSL (The Oxford Centre
for Functional Magnetic Resonance Imaging of the Brain) (Jenkinson
et al., 2012). Pre-processing included eddy current correction and a
motion correction to compensate for head motion artefacts.
For each individual, the diﬀusion-weighted images were linearly
registered to the reconstructed anatomical space using the FLIRT tool
provided by FSL. The registration matrices were produced using six
degrees of freedom and were visually inspected and manually corrected
if necessary.
The diﬀusion tensor model (Basser et al., 1994) was ﬁtted to each
voxel of the preprocessed DWI images (with b-value = 1000 s/mm2 and
b-zero) by the DTIﬁt tool of FSL. Subsequently, the fractional anisotropy (FA) and mean diﬀusivity (MD) (Basser et al., 1994) were calculated. FA expresses the degree of anisotropic diﬀusion (ranging from
0 = isotropic to 1 = anisotropic) by the normalized variance of the
eigenvalues of the tensor model. MD expresses the average degree of
diﬀusion – calculated as the mean of the three eigenvalues.
The NODDI microstructure parameter maps were estimated using
motion-corrected images using the NODDI toolbox(Zhang et al., 2012).
The two (unitless) parameters of interest from the NODDI model were
the intra-cellular volume fraction, which reﬂects a neurite density index
(NDI), and the orientation dispersion index (ODI). The NDI expresses
the fraction of diﬀusion per voxel within neurites and theoretically
ranges from 0 (no intra-neurite diﬀusion) to 1 (full intra-neurite diffusion). The ODI is a measure of the dispersion of neurites (axons,
dendrites) ranging from 0 (strictly parallel) to 1 (isotropically dispersed).

4. Discussion
Hallucination proneness (assessed using the LSHS) was shown to be
negatively associated with the volume and microstructure (assessed
with FA and ODI) in the left but not the right STG. Particularly, neurite
complexity (ODI) rather than neurite density (NDI) was shown to be
associated with hallucination proneness. These results support the
proposed link between STG volume and AVH (Allen et al., 2008; Allen
et al., 2012; Jardri et al., 2012). They are also consistent with the
continuum model of AVHs (Baumeister et al., 2017; Van Os et al., 2009;

2.7. Statistical analysis
For each hemisphere (left and right STG), a multiple regression was
run between all MRI metrics (FA, MD, ODI, NDI and volume) and the
LSHS score. It is well known that NODDI metrics provide sensitive
3
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Fig. 1. Relationship between STG volume and hallucination proneness. The scatter plots show scores of hallucination proneness (LSHS) as a function of the left and
right superior temporal gyrus (STG) volume, respectively. The volume of the left STG (but not the right STG) showed a signiﬁcant correlation with LSHS scores.
Relationships that were signiﬁcant (p < .05) in the multiple regression (see text) are indicated by sold lines and the partial correlation coeﬃcient (r), non-signiﬁcant
(n.s.) by dashed regression lines. n = 25.

combined with biophysical modelling. Nevertheless, the other measures
(volume, FA) still showed a relationship with hallucination proneness
even when analysed together with ODI in a combined regression model.
In fact, brain volume and FA were not or only weakly correlated with
ODI (all p > .15).
The speciﬁc patterns of association between LSHS scores and the
NODDI metrics provides further insight into the type of microstructural
tissue conﬁguration that may be involved in hallucination proneness
and expands on previous research linking hallucinations and microstructure in the left STG (Lee et al., 2009). Healthy grey matter which is
involved in higher order processing is associated with high dendritic

Verdoux and van Os, 2002), demonstrating that, in a healthy population, individual variations in hallucination proneness may be related to
individual diﬀerences in left STG neurite conﬁguration.
Our results showed that several measures of brain structure (volume, FA, and ODI) in the left STG predicted LSHS scores. The strongest
relationship (e.g., largest eﬀect as indicated by correlation coeﬃcients)
was observed for ODI suggesting that NODDI-based metrics are most
sensitive in detecting the relationship between brain structure and
hallucination proneness. Hence, the results from the current study
suggest that future research aiming to investigate links between STG
structure and AVHs should adopt multi-shell diﬀusion-weighted MRI

Fig. 2. Relationship between DTI-based measures of microstructure and hallucination proneness. The scatter plots show scores of hallucination proneness (LSHS) as a
function of A) fractional anisotropy (FA) and B) mean diﬀusivity (MD) of the left and right superior temporal gyrus (STG), respectively. FA values (but not MD) in the
left STG (but not the right STG) showed a signiﬁcant correlation with LSHS scores. Relationships that were signiﬁcant (p < .05) in the multiple regression (see text)
are indicated by sold lines and the partial correlation coeﬃcient (r), non-signiﬁcant (n.s.) by dashed regression lines. n = 25.
4
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Fig. 3. Relationship between NODDI-based measures of microstructure and hallucination proneness. The scatter plots show scores of hallucination proneness (LSHS)
as a function of A) orientation dispersion (ODI) and B) neurite density (NDI) of the left and right superior temporal gyrus (STG), respectively. ODI values (but not
NDI) in the left STG (but not the right STG) showed a signiﬁcant correlation with LSHS scores. Relationships that were signiﬁcant (p < .05) in the multiple
regression (see text) are indicated by sold lines and the partial correlation coeﬃcient (r), non-signiﬁcant (n.s.) by dashed regression lines. n = 25.

impaired source monitoring ability (Brébion et al., 2016; Brookwell
et al., 2013). Moreover, previous research suggests that the AVH neural
mechanisms are likely to be shared by both groups (Jardri et al., 2012).
There are some indications from self-report studies that high LSHS
scores in HVHs may be linked to excessive dialogic inner speech
(McCarthy-Jones and Fernyhough, 2011) whereas CVHs may especially
experience inner speech that takes the characteristic of other people (de
Sousa et al., 2016). However, the main diﬀerence between CVHs and
HVHs seems to be in the way that they interpret their experiences, with
CVHs interpreting their hallucinations as powerful, threatening and
therefore distressing (Chadwick and Birchwood, 1994; Daalman et al.,
2011; Honig et al., 1998; Sorrell et al., 2010). Future research into the
neurite conﬁguration of the STG in groups of both HVHs and CVHs
could further advance our understanding of group diﬀerences and help
to determine whether the neurite related AVH aetiology is shared.
A limitation of the current study is the relatively small and homogenous (primarily students) sample. Future research may seek to replicate these ﬁndings with a larger sample from a more diverse population. Additional characteristics, not assessed in this current study,
such as levels of anxiety or depression, intelligence, socioeconomic
status, and history of psychiatric disease could also be associated with
hallucination proneness, brain volume, and microstructure. Future research should assess the contribution of these additional factors - even
though in our study age and educational level had only a very moderate
eﬀect compared to the metrics of brain structure.
In summary, the current ﬁndings point towards a possible mechanism for hallucinations within the left STG. The ﬁndings suggest
that an aberrant microstructure, speciﬁcally reduced dendritic spine
complexity, contributes - at least partially - to the genesis of AVHs.
Furthermore, the present results suggest that multi-compartment DWI
methods such as NODDI provide more sensitive measures than

spine complexity (Hering and Morgan, 2001; Zhang et al., 2012). We
observed a negative relationship between ODI in the left STG and LSHS
scores such that lower dendritic spine complexity was associated with
higher hallucination proneness. As we did not ﬁnd an association with
hallucination proneness and dendritic density, our results support the
notion that function can be regulated by dendritic spine structure and
not only by the density of dendrites (Hering and Morgan, 2001; Jacobs
et al., 2001; Morris et al., 2016).
Previous research suggested that AVHs are related to reduced
functional connectivity within language circuitries (Lawrie et al., 2002;
Mechelli et al., 2007). Although this reduced functional connectivity
may be mediated by the architecture of axons in the white matter (e.g.,
callosum)(Spray et al., 2017), the present results suggest an additional
mechanism: The reduced functional integration in AVHs may reﬂect
reduced synaptic integration capacity within the grey matter of the left
STG. This reduced synaptic integration seems to be primarily due to
reduced neurite complexity. However, as we also observed volume
changes, which were not or only weakly correlated with ODI, other
mechanisms may also contribute. Further research assessing both
functional integration capacity in the left STG alongside measures of
synaptic integration capacity (such as ODI) in the left STG could shed
further light on the mechanisms behind AVH and oﬀer a potential
biological marker for this symptom.
The sample of the current study did not include CVHs which means
that the results are not confounded by illness-related eﬀects of
chronicity and medication. Although this is an advantage, future research needs to determine whether the ﬁndings are generalizable to a
clinical population. Although healthy individuals who score highly on
the LSHS do not usually have hallucinatory experiences that are as
pervasive and persistent as those experienced by CVHs (Stanghellini
et al., 2012), HVHs with high LSHS scores and CVHs have similarly
5
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volumetric measures alone.

Fischl, B., 2012. FreeSurfer. NeuroImage 62, 774–781.
Hering, H., Morgan, S., 2001. Dendritic spines: structure, dynamics and regulation. Nat.
Rev. Neurosci. 2, 880.
Hickok, G., Poeppel, D., 2000. Towards a functional neuroanatomy of speech perception.
Trends Cogn. Sci. 4, 131–138.
Hill, K., Linden, D.E., 2013. Hallucinatory experiences in non-clinical populations. In: The
Neuroscience of Hallucinations. Springer, pp. 21–41.
Honig, A., Romme, M.A., Ensink, B.J., Escher, S.D., Pennings, M.H., Devries, M.W., 1998.
Auditory hallucinations: a comparison between patients and nonpatients. J. Nerv.
Ment. Dis. 186, 646–651.
Jacobs, B., Schall, M., Prather, M., Kapler, E., Driscoll, L., Baca, S., Jacobs, J., Ford, K.,
Wainwright, M., Treml, M., 2001. Regional dendritic and spine variation in human
cerebral cortex: a quantitative golgi study. Cereb. Cortex 11, 558–571.
Jardri, R., Cachia, A., Thomas, P., Pins, D., 2012. The Neuroscience of Hallucinations.
Springer Science & Business Media.
Jenkinson, M., Beckmann, C.F., Behrens, T.E., Woolrich, M.W., Smith, S.M., 2012. Fsl.
Neuroimage 62, 782–790.
Johns, L.C., Cannon, M., Singleton, N., Murray, R.M., Farrell, M., Brugha, T., Bebbington,
P., Jenkins, R., Meltzer, H., 2004. Prevalence and correlates of self-reported psychotic
symptoms in the British population. Br. J. Psychiatry 185, 298–305.
Launay, G., Slade, P., 1981. The measurement of hallucinatory predisposition in male and
female prisoners. Personal. Individ. Diﬀer. 2, 221–234.
Lawrie, S.M., Buechel, C., Whalley, H.C., Frith, C.D., Friston, K.J., Johnstone, E.C., 2002.
Reduced frontotemporal functional connectivity in schizophrenia associated with
auditory hallucinations. Biol. Psychiatry 51, 1008–1011.
Le Bihan, D., Breton, E., 1985. In vivo magnetic resonance imaging of diﬀusion. Comptes
Rendus des Seances de l'Academie des Sciences. Serie 2 (301), 1109–1112.
Lee, K., Yoshida, T., Kubicki, M., Bouix, S., Westin, C.-F., Kindlmann, G., Niznikiewicz,
M., Cohen, A., Mccarley, R.W., Shenton, M.E., 2009. Increased diﬀusivity in superior
temporal gyrus in patients with schizophrenia: a diﬀusion tensor imaging study.
Schizophr. Res. 108, 33–40.
Linden, D.E., Thornton, K., Kuswanto, C.N., Johnston, S.J., van de Ven, V., Jackson, M.C.,
2011. The brain's voices: comparing nonclinical auditory hallucinations and imagery.
Cereb. Cortex 21, 330–337.
McCarthy-Jones, S., Fernyhough, C., 2011. The varieties of inner speech: links between
quality of inner speech and psychopathological variables in a sample of young adults.
Conscious. Cogn. 20, 1586–1593.
Mechelli, A., Allen, P., Amaro, E., Fu, C.H., Williams, S.C., Brammer, M.J., Johns, L.C.,
McGuire, P.K., 2007. Misattribution of speech and impaired connectivity in patients
with auditory verbal hallucinations. Hum. Brain Mapp. 28, 1213–1222.
Modinos, G., Costafreda, S.G., van Tol, M.-J., Mcguire, P.K., Aleman, A., Allen, P., 2013.
Neuroanatomy of auditory verbal hallucinations in schizophrenia: a quantitative
meta-analysis of voxel-based morphometry studies. Cortex 49, 1046–1055.
Morris, L.S., Kundu, P., Dowell, N., Mechelmans, D.J., Favre, P., Irvine, M.A., Robbins,
T.W., Daw, N., Bullmore, E.T., Harrison, N.A., 2016. Fronto-striatal organization:
deﬁning functional and microstructural substrates of behavioural ﬂexibility. Cortex
74, 118–133.
Piras, F., Cherubini, A., Caltagirone, C., Spalletta, G., 2011. Education mediates microstructural changes in bilateral hippocampus. Hum. Brain Mapp. 32, 282–289.
Sartorius, N., Jablensky, A., Korten, A., Ernberg, G., Anker, M., Cooper, J.E., Day, R.,
1986. Early manifestations and ﬁrst-contact incidence of schizophrenia in diﬀerent
cultures: a preliminary report on the initial evaluation phase of the WHO collaborative study on determinants of outcome of severe mental disorders. Psychol. Med.
16, 909–928.
Sorrell, E., Hayward, M., Meddings, S., 2010. Interpersonal processes and hearing voices:
a study of the association between relating to voices and distress in clinical and nonclinical hearers. Behav. Cogn. Psychother. 38, 127–140.
de Sousa, P., Sellwood, W., Spray, A., Fernyhough, C., Bentall, R.P., 2016. Inner speech
and clarity of self-concept in thought disorder and auditory-verbal hallucinations. J.
Nerv. Ment. Dis. 204, 885.
Spray, A., Beer, A.L., Bentall, R.P., Sluming, V., Meyer, G., 2017. Relationship between
hallucination proneness and musical aptitude is mediated by microstructure in the
corpus callosum. Schizophr. Res. 197, 579–580.
Stanghellini, G., Langer, Á.I., Ambrosini, A., Cangas, A.J., 2012. Quality of hallucinatory
experiences: diﬀerences between a clinical and a non-clinical sample. World
Psychiatry 11, 110–113.
Sun, J., Maller, J.J., Guo, L., Fitzgerald, P.B., 2009. Superior temporal gyrus volume
change in schizophrenia: a review on region of interest volumetric studies. Brain Res.
Rev. 61, 14–32.
Van Os, J., Linscott, R.J., Myin-Germeys, I., Delespaul, P., Krabbendam, L., 2009. A
systematic review and meta-analysis of the psychosis continuum: evidence for a
psychosis proneness–persistence–impairment model of psychotic disorder. Psychol.
Med. 39, 179–195.
Verdoux, H., van Os, J., 2002. Psychotic symptoms in non-clinical populations and the
continuum of psychosis. Schizophr. Res. 54, 59–65.
Zhang, H., Hubbard, P.L., Parker, G.J., Alexander, D.C., 2011. Axon diameter mapping in
the presence of orientation dispersion with diﬀusion MRI. NeuroImage 56,
1301–1315.
Zhang, H., Schneider, T., Wheeler-Kingshott, C.A., Alexander, D.C., 2012. NODDI: practical in vivo neurite orientation dispersion and density imaging of the human brain.
NeuroImage 61, 1000–1016.

Acknowledgements
We are grateful to all the participants who gave their time and efforts to help us carry out the experiment and Manal Alosaimi for her
help with data collection. The scanning costs were funded by the
Institute of Psychology, Health and Society (IPHS) fMRI research subcommittee. The funders had no role in the study design, data collection
and analysis or decision to publish.
Funding
This research did not receive any speciﬁc grant from funding
agencies.
Financial disclosures
None of the authors have any conﬂicts of interest to declare.
References
Aleman, A., Nieuwenstein, M.R., Böcker, K.B., De Haan, E.H., 1999. Temporal stability of
the Launay-Slade hallucination scale for high-and low-scoring normal subjects.
Psychol. Rep. 85, 1101–1104.
Allen, P., Aleman, A., Mcguire, P.K., 2007. Inner speech models of auditory verbal hallucinations: evidence from behavioural and neuroimaging studies. International
Review of Psychiatry 19, 407–415.
Allen, P., Larøi, F., Mcguire, P.K., Aleman, A., 2008. The hallucinating brain: a review of
structural and functional neuroimaging studies of hallucinations. Neurosci. Biobehav.
Rev. 32, 175–191.
Allen, P., Modinos, G., Hubl, D., Shields, G., Cachia, A., Jardri, R., Thomas, P., Woodward,
T., Shotbolt, P., Plaze, M., 2012. Neuroimaging auditory hallucinations in schizophrenia: from neuroanatomy to neurochemistry and beyond. In: Schizophrenia
Bulletin, pp. sbs066.
Basser, P.J., Mattiello, J., Lebihan, D., 1994. MR diﬀusion tensor spectroscopy and imaging. Biophys. J. 66, 259–267.
Baumeister, D., Sedgwick, O., Howes, O., Peters, E., 2017. Auditory verbal hallucinations
and continuum models of psychosis: a systematic review of the healthy voice-hearer
literature. Clin. Psychol. Rev. 51, 125–141.
Beaulieu, C., 2002. The basis of anisotropic water diﬀusion in the nervous system–a
technical review. NMR Biomed. 15, 435–455.
Beavan, V., Read, J., Cartwright, C., 2011. The prevalence of voice-hearers in the general
population: a literature review. J. Ment. Health 20, 281–292.
Bentall, R.P., 2004. Madness Explained: Psychosis and Human Nature. Penguin, UK.
Bentall, R., Slade, P.D., 1985. Reliability of a scale measuring disposition towards hallucination: a brief report. Personal. Individ. Diﬀer. 6, 527–529.
Berry, K., Fleming, P., Wong, S., Bucci, S., 2018. Associations between trauma, dissociation, adult attachment and proneness to hallucinations. Behav. Cogn.
Psychother. 46, 292–301.
Brébion, G., Stephan-Otto, C., Ochoa, S., Roca, M., Nieto, L., Usall, J., 2016. Impaired selfmonitoring of inner speech in schizophrenia patients with verbal hallucinations and
in non-clinical individuals prone to hallucinations. Front. Psychol. 7, 1381.
Brookwell, M., Bentall, R., Varese, F., 2013. Externalizing biases and hallucinations in
source-monitoring, self-monitoring and signal detection studies: a meta-analytic review. Psychol. Med. 43, 2465–2475.
Chadwick, P., Birchwood, M., 1994. The omnipotence of voices: a cognitive approach to
auditory hallucinations. Br. J. Psychiatry 164, 190–201.
Chang, Y.S., Owen, J.P., Pojman, N.J., Thieu, T., Bukshpun, P., Wakahiro, M.L., Berman,
J.I., Roberts, T.P., Nagarajan, S.S., Sherr, E.H., 2015. White matter changes of neurite
density and ﬁber orientation dispersion during human brain maturation. PLoS One
10, e0123656.
Colgan, N., Siow, B., O'Callaghan, J., Harrison, I., Wells, J.A., Holmes, H., Ismail, O.,
Richardson, S., Alexander, D.C., Collins, E., 2016. Application of neurite orientation
dispersion and density imaging (NODDI) to a tau pathology model of Alzheimer's
disease. NeuroImage 125, 739–744.
Conel, J., 1967. The Postnatal Development of the Human Cerebral Cortex. Harvard
University Press, Cambridge, MA.
Daalman, K., Boks, M., Diederen, K., de Weijer, A.D., Blom, J.D., Kahn, R.S., Sommer, I.,
2011. The same or diﬀerent? A phenomenological comparison of auditory verbal
hallucinations in healthy and psychotic individuals. J Clin Psychiatry 72, 320–325.
Dickstein, D.L., Kabaso, D., Rocher, A.B., Luebke, J.I., Wearne, S.L., Hof, P.R., 2007.
Changes in the structural complexity of the aged brain. Aging Cell 6, 275–284.
Diederen, K.M.J., Van Lutterveld, R., Sommer, I.E., 2012. Neuroimaging of voice hearing
in non-psychotic individuals: a mini review. Front. Hum. Neurosci. 6.

6

