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Abstract

Auditory verbal hallucinations (AVH) in patients with schizophrenia have been hypothesized 
to arise from misattribution of internal speech to an external source. Brain activation studies 
have shown altered activation within speech production and speech reception areas 
during the experience of AVH. In this study, we aimed to investigate whether patients 
with schizophrenia and AVH demonstrate deviations within and between functional 
neural networks engaged in inner speech and emotional valence evaluation. Patients 
with hallucinations (N=29), patients without hallucinations (N=16) and controls (N=39) 
performed a visually presented word evaluation task during fMRI. In the inner speech 
condition, participants had to indicate which syllable carried the metrical stress by using 
inner speech. In the emotional valence condition, words had to be judged on their positive 
or negative emotional valence. Independent component analysis was performed to identify 
task-related functional networks. Group differences in task-related component activation, 
as well as spatial contribution within networks, and connectivity between networks were 
investigated. Decreased deactivation of the default mode network, and increased activation 
of the auditory-sensorimotor network was observed in patients with AVH compared to 
patients without AVH and controls in both task conditions. In addition, the patients with AVH 
showed a stronger connectivity of the left angular gyrus to the bilateral fronto-temporal 
network. The reduced deactivation of the default mode network and increased activation 
of the auditory-sensorimotor network during word evaluation in patients with AVH may 
imply an enhanced focus on internally generated events, which might be a reflection of the 
disposition towards hallucinations. 
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Introduction

Auditory verbal hallucinations (AVH) are perceptions in the auditory modality that emerge in 
the absence of corresponding external stimulation and often resemble real voices (Aleman 
& Larøi, 2008). This phenomenon is highly prevalent in patients with schizophrenia: 50-
70% of the patients experience AVH frequently (Andreasen & Flaum, 1991). The majority 
of patients with AVH hears intrusive voices commenting on the patients’ behavior or giving 
commands and often have an emotional connotation (McCarthy-Jones et al., 2014), which 
suggests an important role for emotional processes in the formation of AVH (Freeman & 
Garety, 2003). Although schizophrenia has traditionally been considered as a non-affective 
psychosis, more recent views also include disturbed emotional processes in pathogenic 
theories on schizophrenia and its symptoms (Aleman, 2014; Kapur, 2003; Kring & Elis, 
2013). Current cognitive approaches to explain AVH describe a combination of abnormal 
bottom-up perceptual processes, and aberrant top-down mechanisms, such as attention, 
cognitive control, and emotion processing (Allen et al., 2008; Waters et al., 2012). In order 
to shed more light on the underlying mechanisms, a variety of neuroimaging paradigms 
have been applied to study the neural basis of AVH. One common method is by means of 
fMRI during which patients are actively experiencing (intermittent) AVH. Meta-analyses of 
these studies revealed involvement of frontal speech production areas in the experience of 
AVH (Jardri et al., 2011; Kuhn & Gallinat, 2012), as well as increased activation in temporal 
speech perception regions (Jardri et al., 2011). Additionally, these language areas may be 
inadequately triggered by dysfunction of the hippocampus and parahippocampal areas, 
accounting for the involvement of verbal memory processes in AVH (Diederen et al., 2010; 
Jardri et al., 2011). 

The brain areas identified in these meta-analyses largely overlap with results from cognitive 
imaging studies comparing task-related brain activation in patients prone to hallucinations 
to patients without a history of hallucinations. Within this category of studies, several 
different paradigms have been tested, including inner speech tasks, which are based on 
the hypothesis that AVH result from an externalizing misattribution of verbal thoughts or 
inner speech, as a consequence of deficits in source-monitoring processes or self-other 
distinction (Ditman & Kuperberg, 2005; Johns & McGuire, 1999). Hallucination-prone 
patients tended to demonstrate reduced activation of temporal regions, cingulate cortex, 
supplementary motor area, hippocampal complex, cerebellar, and subcortical areas 
related when engaged in inner speech (for review see: Allen et al., 2008)). This observation 
has been taken to indicate that external stimulation and AVH compete for the same neural 
resources in patients who are trait-positive for AVH (Woodruff et al., 1997).

In addition to understanding AVH-related activity confined to specific brain areas, it is 
relevant to assess the neural networks in which these brain regions functionally operate. 
This is especially interesting since schizophrenia and its symptoms are proposed to be a 
result of anomalous anatomical and functional connectivity between related brain areas 
(Peled, 1999), referred to as the dysconnection hypothesis (Friston, 1998; Stephan et 
al., 2006). According to this hypothesis, a dysconnection between frontal-lobe speech 
generation areas and temporal lobe areas specialized in auditory perception may account 
for the genesis of AVH. This dysconnection arguably underlies the failure of self-monitoring, 
as an impaired corollary discharge system may prevent self-generated inner speech to be 
recognized as such (Stephan et al., 2009). Indeed, deviations in structural as well as task-
related and resting state functional connectivity has been observed between frontal and 
temporal areas, and the cingulate cortex in patients that experience AVH (Curcic-Blake et 
al., 2013; Geoffroy et al., 2014; Lawrie et al., 2002; Mechelli et al., 2007; Vercammen et al., 
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2010).

One well-established method to assess functional connectivity is Independent Component 
Analysis (ICA: Calhoun et al., 2004), a technique that identifies networks of spatially 
independent brain areas, or components, that show synchronous activation. One such 
component that is typically observed when people are at rest, is the default mode network 
(DMN). This network comprises a set of cortical midline structures as well as the medial 
temporal lobe, medial prefrontal cortex, and the inferior parietal lobe (Raichle et al., 2001). 
It is associated with attending to internal experiences during periods of rest (Buckner et 
al., 2008). ICA can also be used to reveal task-related networks of brain regions (Kim et 
al., 2009). During such cognitively demanding situations, the DMN is usually characterized 
by reduced activation (Shulman et al., 1997). Other networks related to attention, salience 
evaluation, and executive control are often identified during cognitive task performance 
(Smith et al., 2009). Group differences in the relative contribution of specific brain areas to 
a network can be determined by comparing the spatial extent of the networks (Calhoun 
et al., 2001). Moreover, as networks interact with each other, time courses for the different 
networks can be compared, allowing for the calculation of functional connectivity between 
networks (Calhoun et al., 2004). Such studies have previously revealed aberrant connectivity 
strengths in patients with schizophrenia compared to controls (Alderson-Day et al., 2015; 
Jafri et al., 2008).

As we were interested in the cooperation of brain areas within networks and the interplay 
between them during two cognitive processes relevant for the understanding of AVH – 
inner speech and emotional valence evaluation – we applied independent component 
analysis to (de)activation of task-related brain networks. For this purpose, participants 
performed an fMRI task in which two-syllabic words were visually presented and had to be 
evaluated either at the phonetic level (inducing inner speech), or emotional-semantic level. 
It has been shown that the inner speech condition of this task activates speech perception 
areas in the left superior temporal area in healthy participants (Aleman & Kahn, 2005). We 
administered this task in a group of patients with schizophrenia and AVH, and a group 
of patients with schizophrenia without current AVH, and both were compared to control 
participants. The group of patients without AVH was included to assess whether activation 
and connectivity patterns were specific to hallucination proneness in schizophrenia, or to 
schizophrenia in general. We expected this task to activate a fronto-temporal brain network 
involved in language and inner speech, as well as an emotion network associated with 
semantic evaluation of the words, and to deactivate the task-negative default mode network. 
We investigated task-related activity within and the connectivity between networks (Jafri et 
al., 2008), as well as the spatial contribution of brain areas to networks. We expected that 
the spatial composition of the networks and the activation within and connectivity between 
them would differentiate patients with AVH from control participants and patients without 
AVH. 

Methods

Participants

Between 2008 and 2011, our research group conducted three different studies that applied 
an identical word evaluation task during fMRI scanning (see: Swart et al., 2013; Vercammen 
et al., 2010), and data from an unpublished study on lateralization in schizophrenia). Data 
from all participants of these studies (patients and control participants) were pooled for 
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the current analyses. The comparison of task-related networks during the word evaluation 
task of patients with and without AVH and healthy control participants has not yet been 
performed or published based on these data. The clinical sample consisted of patients 
with auditory verbal hallucinations (AVH+; N=44), and patients without auditory verbal 
hallucinations (AVH-; N=22). The patients were referred to the research studies by clinicians 
from the University Medical Center Groningen and local mental health care institutions 
(Lentis, GGz Drenthe, GGz Friesland). All patients met DSM-IV criteria for schizophrenia, 
confirmed by a Schedules for Clinical Assessment in Neuropsychiatry interview (SCAN; Giel 
& Nienhuis, 1996), and patients were interviewed with the Positive and Negative Syndrome 
Scale (PANSS; Kay et al., 1987) to assess current symptom severity. Patients were included in 
the AVH+ group if they had experienced auditory verbal hallucinations in the week prior to 
participation (PANSS Hallucination item P3 ≥ 3). Patients were included in the AVH- group if 
they had not experienced auditory verbal hallucinations in the week prior to participation. 

48 control participants were recruited through advertisements in the local community. 
They reported to be physically healthy, and without diagnosis of any DSM IV axis I disorder. 
The three groups were matched on age, gender, education and handedness. Detailed 
demographic and clinical data of the participants that were used for analysis are presented 
in Table 1. 

All participants were native Dutch speakers. Exclusion criteria were a history of traumatic 
head injury and/or neurological disorder, metal objects inside or around the body, severe 
behavioral disorders, current substance abuse, and pregnancy.

After full description of the procedures, written informed consent was obtained prior to 
participation. The studies were conducted in accordance with the latest version of the 
Declaration of Helsinki and with approval of a licensed local medical ethical committee 
(University Medical Center Groningen; METc protocol numbers: 2006.052; 2007.234; 
2008.051).

fMRI paradigm

We employed a word evaluation task in which bisyllabic Dutch words were visually 
presented in two experimental conditions (Aleman & Kahn, 2005). In the inner speech 
condition, participants were asked to imagine hearing the words and to indicate the syllable 
that carried the metrical stress (e.g. in the word ‘chapter’ the first syllable carries the stress: 
CHAP-ter and not chap-TER). The emotional valence condition required evaluation of the 
words by rating them in terms of positive or negative emotional content (for example, the 
word ‘summer’ has a positive emotional content and the word ‘cancer’ can be considered 
negative). Similar words were presented in both task conditions. The word stimuli were 
presented for 2000 ms, after which a fixation cross appeared for 3000 ms, resulting in a 
trial duration of 5000 ms. Participants were allowed to respond by choosing the correct 
response button during the presentation of the stimulus or during the appearance of 
the fixation cross. There were four blocks for each condition; hence, the task consisted of 
eight blocks that were presented in fixed order. Each block consisted of 12 trials that were 
presented in random order. Consequently, the task comprised a total of 96 trials. Active 
task blocks were alternated with 30 s rest blocks, allowing the BOLD response to return to 
baseline. Participants were instructed to lie still and fixate on a central cross on the screen 
during rest blocks. 
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fMRI data acquisition

Imaging data were acquired on a 3T Philips Intera scanner (Best, The Netherlands) with a 
standard SENSE 8-channel head coil, located at the University Medical Center Groningen. 
First, a 3-D T1-weighted anatomical image was acquired, covering the whole brain (TR = 
25 ms; TE = 4.6 ms; flip angle = 30°; field-of-view = 256 mm2; slice thickness = 1 mm; 160 
transverse slices; no gap). Functional images were acquired using a T2*-weighted gradient 
echo EPI sequence (TR = 2500 ms; TE = 30 ms; flip angle = 80°; number of slices = 39; field 
of view = 224.0 x 136.5 x 224.0 mm3; slice thickness = 3.5 mm, matrix = 64 x 64; voxel size 
= 3.5 x 3.5 x 3.5 mm3; 322 slices).

Data analysis

Demographical, clinical, and behavioral data were analyzed with SPSS (version 22, SPSS inc. 
Chicago IL USA). Differences on continuous variables were tested with two-sample t-tests 
and analysis of variance (ANOVA). Chi-square tests were used to test for group differences in 
the case of categorical variables. Participants performing below chance level (<50%) during 
the word evaluation task were excluded from further analysis. To examine whether the three 
groups differed in terms of task performance, we performed a 2 (condition: inner speech 
vs. emotional valence) x 3 (group: AVH+ vs. AVH- vs. control participants) mixed ANOVA 
on reaction time and accuracy outcome measures. Results were further investigated with 
Tukey’s post-hoc tests. For all tests, differences were considered significant at p < .05, two-
tailed. 

Preprocessing of fMRI data

fMRI data were preprocessed using SPM8 (Statistical Parametric Mapping, version 8; The 
Wellcome Department of Imaging Neuroscience, London, UK; http:www.fil.ion.ucl.acl.uk/
spm). Functional images were slice-time corrected, realigned, and then co-registered to the 
anatomical T1 image. Images were spatially normalized to standard stereotactic space (MNI 
T1 template) and smoothed with a 3D isotropic Gaussian kernel (FWHM 8 mm) to increase 
signal-to-noise ratio. If participants moved more than voxel size (3.5 mm) in any direction, 
they were excluded from further analysis.

Independent Component Analysis

Independent Component Analysis (ICA) was performed with The Group ICA of fMRI Toolbox 
(GIFT; version 3.0a, MIALab Software) implemented in Matlab version 7.8.0 (Calhoun et 
al., 2001). Using Maximum Description Length (MDL) and Akaike’s criteria, the number of 
independent components was estimated. This resulted in an estimation of 30 components. 
For data reduction, principal component analysis (PCA) was done at participant and 
group level. For all participants, images were decomposed into 30 spatially independent 
components using the Infomax algorithm. Subsequently, independent component stability 
was validated by running a group level ICA with the ICASSO approach, which was repeated 
20 times (Himberg et al., 2004). For back-reconstruction to participant-specific independent 
components, spatial-temporal regression was applied. 
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Network modulation

The two task conditions and instructions were modeled as a boxcar function convolved with 
the hemodynamic response function in SPM8 to create a design matrix, which was then 
used in the temporal sorting option in GIFT to calculate task-relatedness. The resulting beta 
weights represented the amount of task-related activation or deactivation per independent 
component per condition for each participant. These values were used to calculate group 
differences in network (de)activation by entering them in the multivariate analysis option in 
GIFT, with three groups and two regressors (task conditions). The resulting p-values were 
divided by six (number of tests; one for each component) to correct for multiple testing. 
Both uncorrected (p<0.05) and corrected (p<0.0083) significant test results were further 
explored with post-hoc tests. 

Spatial contribution within components

To assess group differences of regional contribution of brain areas to each independent 
component (Calhoun et al., 2001), individual spatial maps were entered in a second level 
ANOVA in SPM, and masked with thresholded effects-of-interest contrast maps (p<0.05). 
Group differences (thresholded at p<0.001; Calhoun et al., 2001) were subsequently 
investigated with t-tests and reported at p=0.001, pfwe<0.05 at the cluster level and an 
extent threshold of k=20.
 

Between-network functional connectivity

To determine between-network functional connectivity within the two task conditions, all 
correlations between the six components’ time-courses – 15 comparisons per condition 
– were analyzed using in-house scripts. Correlation values were transformed into Fisher’s 
Z values and exported into SPSS (version 22, SPSS inc. Chicago IL USA). For each inter-
network correlation and each condition, Analysis of Variance (ANOVA) was performed to 
compare the three participant groups. The resulting p-values were divided by 30 (number 
of tests; 15 for each condition) to correct for multiple testing. Both uncorrected (p<0.05) 
and corrected (p<0.0017) significant test results were further explored with post-hoc tests.

Results

Demographic and clinical data 

After exclusion of participants due below chance level performance or excessive 
movement during scanning, data of 29 patients with AVH, 16 patients without AVH and 39 
healthy controls were available for analyses. Table 1 presents demographical and clinical 
characteristics of the participants. There were no differences between the three groups 
in terms of age, gender, years of education, and handedness. There were no differences 
between the two patient groups in antipsychotic medication use. As expected, the mean 
PANSS Hallucination scores were higher in the AVH+ group than in the AVH- group. The 
Positive Symptoms scores were also higher in the AVH+ group than in the AVH- group, 
but this difference disappeared when Hallucination item P3 was left out of the sum score. 
The AVH+ group demonstrated significantly higher mean scores on the PANSS General 
Psychopathology scale than the AVH- group. Exploratory analysis per item showed 
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significantly higher scores for items G2 and G15 (Anxiety and Unusual thought content, 
respectively).

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

AVH+ 
patients 
(n=29)

AVH- 
patients
(n=16)

Healthy
controls
(n=39)

p-value

Age (years) 35.8 (9.1) 34.4 (7.5) 33.9 (10.4) 0.706

Gender (M/F) 20 / 9 15 / 1 24 / 14 0.081

Education 5.9 (0.9) 5.4 (1.0) 5.8 (1.0) 0.293

Handedness (R/L) 23 / 6 15 / 1 33 / 6 0.440

PANSS P3 Hallucinations 4.5 (0.8) 1.1 (0.3) -- <0.001

PANSS Positve symptoms 16.3 (4.5) 10.6 (3.9) -- <0.001

PANSS Positive symptoms without P3 11.8 (4.0) 9.5 (3.6) -- 0.061

PANSS Negative Symptoms 13.6 (3.8) 11.8 (2.6) -- 0.085

PANSS General psychopathology 29.5 (7.8) 24.7 (5.8) -- 0.037

Antipsychotic medication* 0.706

Clozapine 6 3 --

First generation 1 2 --

Second generation 10 7 --

Polypharmacy 8 3 --

No medication 2 1 --

Data are means (+/- standard deviations) or number of participants; M: male; F: female; R: right; L: left; Education level was rated 
according to the scale defined by Verhage (1984); * some data is missing; PANSS: Positive and Negative Syndrome Scale (Kay et al., 
1987).

Task performance

For accuracy, there was a significant main effect of condition (F(1,81)=60.55, p<0.001). 
Average accuracy was higher in the emotional valence condition than in the inner speech 
condition. Neither the main effect of group and the interaction effect between group 
and condition reached significance (F(2,81)=1.99, p=0.144; F(2,81)=1.09, p=0.341, 
respectively). 

Reaction time demonstrated significant main effects of both group and condition 
(F(2,81)=5.27, p=0.007; F(1,81)=122.21, p<0.001, respectively). The AVH+ group showed 
significantly slower reaction times in contrast to the control group. Reaction times were also 
slower in the inner speech condition than in the emotional valence condition. There was no 
significant interaction effect between group and condition (F(2,81)=0.293, p=0.747). 

Independent Component Analysis

In total, thirty independent task-related network components were estimated. The six 
components that showed the highest correlation with the task, based on temporal sorting, 
were selected for further analysis. Subsequent components in the temporal sorting were 
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related to artifacts, such as head motion, physiological and scanner noise, cerebrospinal 
fluid and white matter. The six selected components are depicted in Figure 1, and resemble 
components identified in previous resting state studies (Allen et al., 2011; Damoiseaux et 
al., 2006; Raichle et al., 2001; Smith et al., 2009). Component A (default mode network 
(DMN), r=0.18) showed a pattern of cortical midline structures, as well as the bilateral 
angular gyrus and inferior frontal areas. Component B (auditory-sensorimotor network, 
r=0.19) revealed a bilateral network of superior temporal gyrus (including Heschl’s gyrus), 
insula, pre- and post-central gyri, and parietal areas. Component C (salience network, 
r=0.17) included bilateral insula, superior frontal regions, as well as the anterior cingulate 
cortex. Component D (left fronto-parietal network, r=0.22) comprised primarily left middle 
and inferior frontal regions, as well as inferior and superior parietal gyri, the supramarginal 
and angular gyri. Component E (right fronto-parietal network, r=0.13) revealed a pattern 
of right middle and inferior frontal regions, as well as superior and inferior parietal gyri, the 
supramarginal and angular gyri. Component F (bilateral fronto-temporal network, r=0.17) 
comprised a bilateral network of primarily the inferior frontal areas, including the insula, as 
well as superior and middle temporal gyri (See also: Supplementary Table 1). 

Network modulation

Two components showed differences in task-related network activation between the 
groups, namely: the default mode network (component A) and the auditory-sensorimotor 
network (component B). The default mode network (component A) showed reduced 
deactivation in AVH+ patients in response to task demands as compared to AVH- patients 
and controls (F(2,162)=3.33, p=0.038). However, this effect did not survive correction for 
multiple comparisons. There was no main effect of task condition, or interaction effect 
between group and task condition. The auditory-sensorimotor network (component B) 
demonstrated significant differences between all groups, with AVH+ patients showing 
the highest activation and controls the lowest (F(2,162)=16.78, p<0.000001). Again, there 
was no difference between the two task conditions, and there was no interaction between 
group and task condition. The salience network (component C), left fronto-parietal network 
(component D), and right fronto-parietal network (component E) were increasingly activated 
during the inner speech condition as compared to the emotional valence condition 
(F(1,162)=13.13, p=0.000389; F(1,162)=13.00, p=0.000415; F(1,162)=21.04; p=0.000008, 
respectively). However, none of these three networks showed differences between the 
groups or interaction effects between group and condition. Activity within the bilateral 
fronto-temporal network (component F) was equal across all groups and conditions. 

Spatial contribution within components

Group comparisons of the spatial contribution of brain areas to each network revealed 
several clusters that showed group differences at p<0.001, k>20, see Table 2. Post-hoc 
t-tests only revealed an FWE-corrected significant group difference for the bilateral fronto-
temporal network: the contribution of the left angular gyrus was higher in AVH+ patients, as 
compared to control participants (k=135, pfwe=0.046 on cluster level, see Figure 2).
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Figure 1. The spatial maps of (A) the default mode network (DMN; 0,-46,25), and (B) the auditory-
sensorimotor networks (0,-22,52) (pfwe<0.05, k>20), the (C) salience (0,20,-6), (D) left fronto-parietal 
(-46,-58,48), and (E) right fronto-parietal networks (47,-50,45), the (F) bilateral fronto-temporal network 
(0,23,-6) (pfwe<0.05, k>20), and the corresponding graphical representations of the beta weights per 
group and per task condition. Error bars represent standard errors.
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Figure 2. The left angular gyrus showed an increased contribution to the functional connectivity within 
the bilateral fronto-temporal network in AVH+ patients as compared to control subjects (p<0.001, 
FWE-corrected at cluster level pfwe<0.05, k>20).

Table 2. Clusters that showed differences between the three groups in within-network connectivity 
(P<0.001, uncorrected, k>20).
Network component Brain region (AAL) BA k x y z F

Default mode Right Superior Occipital Gyrus 19 25 24 -80 32 12.2

Right Middle Temporal Gyrus 20 22 46 2 -26 10.8

Vermis (midline cerebellum) -- 27 0 -60 -22 10.7

Salience network Left Inferior Parietal Lobule 40 30 -52 -40 50 11.4

Left fronto-parietal Right Fusiform Gyrus 19 29 26 -64 -6 10.7

Right fronto-parietal Left Inferior Frontal Gyrus 46 22 -38 36 28 10.6

Bilateral fronto-temporal Left Angular Gyrus 39 37 -46 -66 26 10.9

Left Middle Frontal Gyrus 45 32 -40 28 32 12.3

Right Thalamus -- 23 6 -14 14 11.3
AAL: Automated Anatomical Label. BA: Brodmann Area.

Between-network connectivity

During the inner speech condition, the bilateral fronto-temporal network showed trends 
towards group differences in connectivity with three other networks, namely the left fronto-
parietal network (F(2,81)=2.50, p=0.089; AVH+ < HC), the auditory-sensorimotor network 
(F(2,81)=2.48, p=0.090; AVH+ > AVH-), and right fronto-parietal network (F(2,81)=3.47, 
p=0.036; AVH+ > HC). The differences did not survive correction for multiple comparisons.
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Discussion

We applied a task-based independent component analysis to investigate differences in 
neural networks engaged during inner speech and emotional evaluation in patients with 
and without AVH. Irrespective of task condition, we observed decreased deactivation in 
the default mode network, and increased activation in the auditory-sensorimotor network 
in patients with AVH, in comparison to patients without AVH and control participants. In 
addition, patients with AVH showed a stronger contribution of the left angular gyrus to 
the bilateral fronto-temporal network. The latter network also appeared to be differentially 
connected to other networks in patients with AVH during task performance. These findings 
support the idea that patients with current AVH may have an enhanced focus on internally 
generated events during verbal processing. The indications of anomalous functional 
connectivity within and between networks point to alterations in processing of external 
task demands in patients with AVH+ and may suggest a causal mechanism involved in the 
occurrence of hallucinations. 

The engagement in task performance deactivated the DMN in all three groups, which 
corroborates findings of extensive work on resting state studies (Buckner et al., 2008; 
Gusnard et al., 2001; Raichle et al., 2001). This task-induced deactivation was nevertheless 
less pronounced in the patients with AVH, compared to the patients without AVH and 
control participants. As there was no difference in deactivation between the latter two 
groups, the effect appears to be specific for patients with AVH. This is in line with earlier 
findings, in which patients with more positive symptoms demonstrated difficulties in 
suppressing their relatively high resting state activation levels, which in turn was associated 
with poor task performance (Whitfield-Gabrieli et al., 2009). Slower reaction times in 
the patients with AVH may indicate a reduced efficiency or higher effort needed to shift 
attention from self-referential processes during rest, towards demands arising from the 
external world. Aberrations in (de)activation and connectivity of the DMN might account for 
the misattribution of thoughts and internal speech, as it hampers discrimination between 
internal and external events (Kindler et al., 2015; Whitfield-Gabrieli et al., 2009). As a result, 
these patients might be more vulnerable to experience delusions or hallucinations. 

Whereas the DMN showed less activation during inner speech, activation of the auditory-
sensorimotor network was increased in patients with AVH relative to the other groups. This 
network has been associated with (higher order) processing of auditory and other sensory 
information (Smith et al., 2009). The inner speech condition, and to a lesser extent the 
emotional valence condition, required participants to produce silent speech; it may thus be 
argued that the auditory-sensorimotor network is activated in response to the perception 
of silent rehearsal. Although both patient groups demonstrated elevated activation levels 
within this network, the patients with AVH showed the most pronounced departure from 
the control participants. This might indicate that the patients with AVH in our sample are 
more primed to perceive internally produced speech. This interpretation aligns with Ford et 
al. (Ford et al., 2009), who found reduced responsiveness of the auditory cortex in reaction 
to external auditory stimuli in patients with AVH, hypothesizing that patients with AVH are 
already ‘tuned-in’, such that they prioritize internal acoustic information over external sounds 
(Ford et al., 2009; Northoff & Qin, 2011; Woodruff et al., 1997). This explanation of aberrant 
inner speech perception, rather than deviant inner speech production, also fits with the 
phenomenological and perceptual characteristics of AVH (Aleman et al., 2003; Hugdahl, 
2015). That is, patients with AVH often perceive hallucinations as another person speaking to 
them, instead of hearing their own inner speech (Nayani & David, 1996). Similarly, findings 
on gray matter volume and neuronal activity in imaging studies support the view that AVH 
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can arise through aberrations in auditory perceptual areas (Allen et al., 2008; Jardri et al., 
2011). In this respect, the task we applied appears appropriate to demonstrate perceptual 
network anomalies in patients that are prone to hearing AVH. 

The two task conditions did not demonstrate differences in activation level within the 
auditory-sensorimotor and default mode networks. Conceivably, the words presented 
during the emotional valence condition were also evaluated by using inner speech, which 
subsequently required activation of perceptual areas. Indeed, the use of covert speech 
when reading isolated words has been shown to be an automatic lexical process (Eiter & 
Inhoff, 2008; Lukatela et al., 2004). 

We also observed aberrant functional connectivity within the bilateral fronto-temporal 
network. Specifically, the left angular gyrus demonstrated the highest contribution to this 
network in patients with AVH compared to patients without AVH and control participants. 
The angular gyrus has not only been associated with semantic processing, but also with 
reading, mind wandering, memory retrieval and attention (Seghier, 2013). Interestingly, 
aside from involvement in the bilateral fronto-temporal network, the contribution of the 
angular gyrus was also observed in the auditory-sensorimotor, default mode and fronto-
parietal networks. This suggests an important role for the angular gyrus in connecting these 
disparate networks. Indeed, the angular gyrus has shown strong structural connections 
with many other brain areas (Hagmann et al., 2008; Tomasi & Volkow, 2011), and has been 
referred to as a cross-modal integrative hub, underlying psychological processes such as 
giving meaning and sense to events (Seghier, 2013). 

The bilateral fronto-temporal network demonstrated weaker functional connectivity with 
the left fronto-parietal network, but stronger connectivity with the right fronto-parietal 
and auditory-sensorimotor networks in patients with AVH as compared to the other two 
groups. Since the main effects of these tests did not all reach significance, nor survived 
correction for multiple testing, they should be interpreted with caution. However, as these 
observations are in agreement with previous findings of aberrant connectivity in patients 
with AVH (Alderson-Day et al., 2015), they warrant consideration as a potential contribution 
to the emergence of AVH.

Deviant activation of networks involved in emotion processing was expected for patients 
with AVH, given the frequently reported affective character of AVH (McCarthy-Jones 
et al., 2014). Specifically, in these patients, the evaluation of the words in terms of their 
positive or negative valence was assumed to elicit aberrant emotion processing. Of the six 
selected networks, the salience network was the most plausible candidate as it includes 
the insula, an area that is strongly associated with emotion processing (Gasquoine, 2014). 
It has previously been suggested that patients with AVH tend to assign too much salience 
to aspects of perceptual experiences that other people deem irrelevant (Kapur, 2003). 
Nevertheless, aside from a more pronounced involvement of the salience network during 
the inner speech condition, group differences could not be established within this network. 
In a study by Escarti et al. (Escarti et al., 2010), patients with AVH demonstrated increased 
involvement of the limbic network during passive listening to emotional words, as compared 
to patients without AVH and control participants. Direct comparison of this study with our 
results is hampered by the fact that the limbic network did not show a high temporal fit with 
our word evaluation task, and was thus not selected for further analysis. Participant-specific 
and hallucination-content-relevant emotional stimuli might have been more appropriate to 
elicit stronger emotional reactions, enabling the differentiation of patients with AVH from 
patients without AVH and control participants (Escarti et al., 2010). 
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One further limitation of this study is the fact that we did not assess whether participants 
experienced AVH during the actual scanning events. This may have confounded the data to 
some extent. However, all participants selected for analyses performed above chance level, 
indicating that they were effectively performing the task without excessive distraction of 
AVH. Most patients were taking antipsychotic medication, which might have affected their 
cognitive functioning. Ideally, this experiment should be conducted with medication-naïve 
patients, in order to assess the true impact of AVH on task performance. Finally, we did not 
take into account whether the patients in the AVH- group had ever experienced AVH in 
their life. It is therefore conceivable that the patients in the AVH- group may also have had a 
trait for hallucinatory experiences to some extent, even if they were currently free from AVH.

To conclude, task-related independent component analysis appears suitable to 
demonstrate deviating functional brain networks in patients with current auditory-verbal 
hallucinations. The reduced deactivation of the default mode network and increased 
activation of the auditory-sensorimotor network during task performance in patients with 
AVH implies an increased focus on internally generated events, which may be reinforced by 
anomalous functional integration of perceptual experience. This provides insight into why 
coping strategies that return focus to external stimulation (e.g. music) may guide patients 
in the management of their AVH. Ultimately, understanding the complexity of interactions 
between brain networks during AVH may also assist in optimizing other treatment strategies 
for AVH, such as novel configurations of non-invasive brain stimulation to target multiple 
individual sites to normalize network activity.
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chapter 2

Supplementary Table 1: The composition of the six independent components (pfwe<0.05, k>20).
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Supplementary Table 1, continued: The composition of the six independent components (pfwe<0.05, 
k>20).
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Supplementary Table 1, continued: The composition of the six independent components (pfwe<0.05, 
k>20).
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