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Abstract

Auditory verbal hallucinations (AVH) are a hallmark of psychotic experience. Various
mechanisms including misattribution of inner speech and imbalance between bottom-up and top-
down factors in auditory perception potentially due to aberrant connectivity between frontal and
temporo-parietal areas have been suggested to underlie AVH. Experimental evidence for disturbed
connectivity of networks sustaining auditory-verbal processing is, however, sparse. We compared
functional resting-state connectivity in 49 psychotic patients with frequent AVH and 49 matched
controls. The analysis was seeded from the left middle temporal gyrus (MTG), thalamus, angular
gyrus (AG) and inferior frontal gyrus (IFG) as these regions are implicated in extracting meaning
from impoverished speech-like sounds. Aberrant connectivity was found for all seeds. Decreased
connectivity was observed between the left MTG and its right homotope, between the left AG and
the surrounding inferior parietal cortex (IPC) and the left inferior temporal gyrus, between the left
thalamus and the right cerebellum, as well as between the left IFG and left IPC, and dorsolateral
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and ventrolateral prefrontal cortex (DLPFC/VLPFC). Increased connectivity was observed
between the left IFG and the supplementary motor area (SMA) and the left insula and between the
left thalamus and the left fusiform gyrus/hippocampus. The predisposition to experience AVH
might result from decoupling between the speech production system (IFG, insula and SMA) and
the self-monitoring system (DLPFC, VLPFC, IPC) leading to misattribution of inner speech.
Furthermore, decreased connectivity between nodes involved in speech processing (AG, MTG)
and other regions implicated in auditory processing might reflect aberrant top-down influences in
AVH.
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Introduction

Auditory verbal hallucinations (AVH), i.e. perceiving speech in the absence of an external
stimulation, are a common symptom of various psychiatric disorders, but in particular of
schizophrenia and related psychotic syndromes (Hugdahl 2009). Several neuro-cognitive
mechanisms have been suggested to contribute to this highly distressing psychopathology,
including dysfunction in verbal self-monitoring resulting in misattribution of inner speech as
external voices, dysfunctions in episodic memory, or imbalances between top-down and
bottom-up factors contributing to auditory perception (for a review see Hugdahl 2009).
According to the latter hypothesis, aberrant dominance of top-down predictions might lead
to spontaneous percepts in the absence of actual sensory stimulation which are experienced
as (auditory-verbal) hallucinations (Grossberg 2000). Indeed, research has demonstrated that
an increased tendency to hear messages in meaningless noise is associated with a subsequent
conversion to schizophrenia in individuals with prodromal symptoms (Hoffman et al. 2007)
and that semantic expectations can induce misperceptions in healthy but hallucination-prone
individuals (Mercammen and Aleman 2008).

While excessive weighting of top-down predictions may thus contribute to the experience of
hallucinations, predictive mechanisms are an integral component of sensory processing. In
particular in speech perception, where bottom-up signalling is often ambiguous,
expectations acting as priors in the processing of auditory stimuli are known to support
perceptual processes, e.g. by facilitating the processing of degraded speech (Sohoglu et al.
2012; Wild et al. 2012). In a previous study (Clos et al. 2012), we showed that such
predictions in the form of lexical-semantic expectations led to a sudden percept of an
understandable sentence from a degraded sentence rather than hearing unintelligible noise.
In this large group of 29 healthy participants four brain regions were associated with this
phenomenon, which might approximate the abnormal interactions between top-down and
bottom-up factors presumably involved in AVH. (1) The left middle temporal gyrus (MTG)
which is thought to map sound to meaning and is known to be a key region in semantic
processing (Binder et al. 2009). (2) The left angular gyrus (AG) that might contribute to
speech processing by providing top-down semantic constraints (Price 2010; Seghier et al.
2010). (3) The left thalamus that might filter those signals present in the auditory signal that
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have been predicted by the cortex (Alitto and Usrey 2003). (4) Finally, Broca’s region in the
left inferior frontal gyrus (IFG) was particularly responsive when incorrect lexical-semantic
expectations resulted in an unsuccessful attempt to decode the degraded speech. This
response pattern suggests that Broca’s region performs a search for meaningful information
in ambiguous auditory signals (Giraud et al. 2004) and potentially prevents misinterpretation
in the presence of misleading expectations (Price 2010).

If disturbed integration of top-down and bottom-up auditory processing is indeed involved in
the pathophysiology of AVH, we would expect that such disturbances should be reflected in
aberrant interactions of these regions. We therefore investigated resting-state functional
connectivity of the left MTG, AG, thalamus and IFG in patients with chronic AVH relative
to healthy controls. When addressing the pathophysiology of AVH, imaging network
connectivity in a task free “resting-" state may provide a particularly promising approach for
several reasons. First, psychotic symptoms have been suggested to arise from
dysconnectivity between distinct brain regions (e.g. Friston 1998; Stephan et al. 2009).
Second, spontaneous correlations between brain regions in the absence of structured external
stimulation have been linked with predictive processes reflecting anticipation and
interpretation of external events to prepare appropriate responses to these events (Deco et al.
2011; Raichle 2010). Third, as a fundamental characteristic of AVH is their emergence in
absence of external driving inputs, resting-state connectivity might be more sensitive to
reveal differences in network connectivity underlying the predisposition towards
experiencing AVH than paradigms involving sensory stimulation. Finally, it has recently
been suggested that abnormally elevated levels of resting state activity (Northoff and Qin
2011) and instability of the default mode network (Jardri et al. 2012) might play a role in the
generation of AVH. Furthermore, approaches investigating networks rather than
concentrating on isolated regions might be particularly suited to understand pathophysiology
of AVH (Allen et al. 2012).

Previous resting state connectivity studies in patients with AVH have found evidence for
aberrant functional connectivity between frontal and temporoparietal (Hoffman et al. 2011;
Vercammen et al. 2010) and between temporal language areas (Gavrilescu et al. 2010).
However, these studies employed a network approach of functional connectivity limited to
pre-defined regions that were chosen based on previously observed activation during the
experience of AVH. In contrast, we computed a whole-brain connectivity analysis seeded
from regions that were associated with decoding degraded speech based on prior
expectations. Top-down influences from higher-order cortical regions have been suggested
to influence speech perception at lower auditory processing areas such as primary auditory
cortex or thalamus (Davis and Johnsrude 2007). These higher-order regions are very likely
to include the left MTG and AG, since they are form-independent semantic regions (Davis
and Johnsrude 2003) that contribute to speech restoration by means of prior knowledge
(Heinrich et al. 2008; Shahin et al. 2009). In particular the left AG has been demonstrated to
be involved in top-down activation of semantic concepts (Obleser et al. 2007; Obleser and
Kotz 2010; Seghier 2012; Seghier et al. 2010). Accordingly, we hypothesised that disturbed
interactions in auditory processing would be reflected in altered coupling of ‘higher’ nodes
in speech processing such as the left AG and MTG with other, ‘lower’ auditory speech
processing areas. However, it has been suggested that a single neurocognitive deficit by itself
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is unlikely sufficient to account for a multifaceted phenomenon such as AVH (Jones 2010;
Seal et al. 2004). Therefore, additional neurocognitive mechanisms such as dysfunctional
monitoring of self-produced speech (Allen et al. 2007a) might also be involved. Verbal self-
monitoring and misattribution of speech has been linked with activations left fronto-
temporal regions and anterior cingulate cortex (Allen et al. 2005, 2007b; Simons et al.
2010). Likewise, involvement of the parietal cortex in speech monitoring has also been
proposed (Danckert et al. 2004). Generation of inner speech and auditory-verbal imagery on
the other hand is associated with the (particularly left) IFG/insula, supplementary motor
area, temporo-parietal cortex and cerebellum (Shergill et al. 2001). Therefore, we would
expect that misattribution of inner speech due to dysfunctional verbal self-monitoring should
be mirrored in disturbed connectivity between the left IFG and areas involved in speech
articulation and associated monitoring processes.

Materials and methods

Participants

Forty-nine patients with chronic psychosis, as diagnosed according to DSM-IV criteria by an
independent psychiatrist using the “Comprehensive Assessment of Symptoms and History
(CASH)” (Andreasen et al. 1992), who all experienced AVH several times a day for at least
1 year were included in the study (see Table 1 for clinical and demographic details). The
medication types and medication levels as well as the overall symptomatology of the
patients were unfortunately too diverse to allow matching of the patients. Psychopathology
was assessed on the day of scanning with the Positive and Negative Syndrome Scale
(PANSS; Kay et al. 1987). For comparison, 49 healthy (as confirmed by the CASH
interview) individuals matched for age, sex and handedness were also included. All
participants provided written informed consent into the study, which was approved by the
Humans Ethics Committee of the University Medical Center Utrecht. Note that an analysis
of these resting state data (addressing a different question) has previously been performed
and published (Sommer et al. 2012). In particular, this previous analysis examined
connectivity of the left superior temporal gyrus and right inferior frontal gyrus as activity in
these two regions was associated with the acute experience of AVH in psychotic patients.

Data acquisition and processing

Resting state scans were obtained on a Philips Achieva 3T MRI scanner using the following
parameter: 40 (coronal) slices, TR/TE 21.75/32.4 ms, flip angle 10°, FOV 224 x 256 x 160,
matrix 64 x 64 x 40, voxel-size 4 mm isotropic (PRESTO scans typically have shorter TR
than TE times, as the whole head is scanned with each volume in stead of the slab-wise read-
out of EPI scans). This scan sequence achieves full brain coverage within 609 ms (yielding
600 images in approximately 6 min) by combining a 3D-PRESTO pulse sequence with
parallel imaging (SENSE) in two directions, using a commercial 8-channel SENSE headcoil
(Neggers et al. 2008). Participants were instructed to lie in the scanner as still as possible
with their eyes closed yet stay awake (which was confirmed by postscan debriefing). After
scanning, all participants were asked whether they had experienced AVH during the scan.
We did not instruct the subjects before the scan to keep track of any other aspects of their
hallucinations (such as duration, content, frequency, etc.) because we did not want the
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participants to focus on the AVH during the resting state scan as this may have recruited
additional attentional processes. Moreover, spontaneous reports by the patients did not yield
specific or reliable information on, in particular, the duration or frequency of the
experienced hallucinations.

The resting state scans were first corrected for head movement by affine registration using a
two-pass procedure. The mean PRESTO image for each subject was then spatially
normalised to the MNI single subject template (Holmes et al. 1998) using the unified
segmentation approach (Ashburner and Friston 2005) and the ensuing deformation was
applied to the individual PRESTO volumes. Finally, images were smoothed by a 5-mm
FWHM Gaussian kernel. Regions of interest (ROIs) used as seeds for the functional
connectivity analysis were based on the activation clusters obtained from Clos et al. (2012,
cf introduction and Table 2). Voxel time courses were extracted for all voxels within a 5-mm
radius sphere around the centre of the particular clusters.

Resting state fMRI connectivity analyses can be confounded by physiological noise
stemming from cardiac or respiratory signals but in particular also motion-related effects
(Bandettini and Bullmore 2008; Fox et al. 2009). In order to reduce the potential of these
effects to induce spurious correlations, variance explained by the following nuisance
variables was removed from the time series (cf. Bandettini and Bullmore 2008; Eickhoff et
al. 2011; Fox et al. 2009): (1) motion parameters derived from image realignment and their
first derivative; (2) mean grey, white matter and CSF signal intensity per time-point which
should account for the global signal changes of non-interest; (3) coherent signal drifts
reflected by the first five PCA components on the entire whole-brain data (CompCor
approach, cf. Behzadi et al. 2007). All nuisance variables entered the model as first and all
but the PCA components also as second-order terms as previously described by Behzadi et
al. (2007) and shown by Chai et al. (2012) to increase specificity and sensitivity of the
analyses and detect valid correlation and anti-correlations during rest, which are not an
artefact of the preprocessing method, but may reflect valid biological signals. The data were
then band-pass filtered preserving frequencies between 0.01 and 0.08 Hz (Biswal et al. 1995;
Greicius et al. 2003). The time course of each ROI was expressed as the first eigenvariate of
the processed time series of all voxels associated with that region.

The use of global signal regression as a preprocessing step in fMRI connectivity analyses
has recently evoked some criticism that is not only limited to the potential introduction of
artificial anticorrelations (Murphy et al. 2009) but furthermore this correction has been
discussed to potentially alter interregional correlations within a group and change
differences in connectivity between groups because the true noise may vary systematically
(Saad et al. 2012). Therefore, we performed a supplementary analysis in which we repeated
the analysis without the global signal regression step to evaluate the impact of this correction
method on observed group differences of connectivity. This supplementary analysis was thus
not performed to establish secondary findings but only to ensure that the results of the main
analysis were not confounded by the preprocessing. As the purpose of the supplementary
analysis was thus solely to confirm that the results remain stable when changing the
preprocessing parameters, there is no problem with circularity although these two analyses
are not independent from each other.
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Data analysis

Results

For each subject we computed linear (Pearson) correlation coefficients between the time
series of the seeds and any other grey matter voxel, which were then transformed into
Fisher’s Zscores. Group analysis was then performed on these by an analysis of variance
(ANQWVA) across subjects using appropriate non-sphericity correction. In the ANOVA, both
the main effect of functional connectivity and the group-difference between patients and
controls were modelled for each seed. Inference on this random-effects analysis was then
sought using linear contrasts. First, main effects of connectivity (across both groups) were
calculated for each seed and a conjunction analysis over the four seeds was performed on
these to reveal regions showing significant coupling common to all four seeds. Subsequently,
functional connectivity maps of the left MTG, AG, IFG and thalamus were assessed for
significant differences between patients and controls using #tests testing for increased or
decreased connectivity in patients compared with controls. For all analyses, results were
regarded as significant if they passed p < 0.05 (FWE-corrected at cluster-level for multiple
comparisons; cluster-forming threshold at voxel-level: p < 0.001). Anatomical localizations
in cytoarchitectonically defined areas were obtained using the SPM Anatomy Toolbox
(Eickhoff et al. 2005, 2007).

We computed a follow-up analysis to test for state vs. trait effects of AVH on functional
connectivity with our seed regions. We divided the patients into those who actually
experienced hallucinations during the scan and those who did not. We extracted individual
functional connectivity between the seed regions and 5 mm spheres centred on the peak
voxel of those clusters that had shown significant aberrant connectivity in the main analysis.
Subsequently, we computed a one-way ANOVA on these individual functional connectivity
scores between the subgroups. It should be noted that this inference procedure is not
circular, as targets were defined by a main-effect of aberrant connectivity across the entire
group of patients and then evaluated for differences between two subsets (acutely
hallucinating/not hallucinating) within it. In a second follow-up analysis we assessed whole-
brain correlations between functional connectivity to the seeds and the PANSS positive score
(reflecting psychotic psychopathology), the PANSS negative score (reflecting impairments
in emotional and cognitive processes) as well as the PANSS item P3 (reflecting
hallucinations). To this end, the Fisher’s Z-images of all patients were correlated with this
clinical score and inference was sought on the whole-brain level. Again results were
regarded as significant if they passed p < 0.05 (FWE-corrected at cluster-level; cluster-
forming threshold at voxel-level: p< 0.001).

All participants reported that they had stayed awake during the resting-state scan. While
none of the healthy controls reported experiences of AVH during the scan, 31 of the 49
patients did. The main effects of connectivity of the four seeds computed across all
participants are displayed in Fig. S1. The conjunction over these main effects of connectivity
revealed no single cluster that was significantly correlated with all seeds.
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Differences between patients and controls

Attenuated coupling in patients compared with controls was observed for all four seeds (Fig.
1 and Table 3). First, the left MTG showed a reduced connectivity with a cluster including
parts of the right superior temporal gyrus, the superior temporal sulcus and the middle
temporal gyrus (STG/STS/MTG). Second, the left AG showed a reduced local connectivity
with the surrounding inferior parietal cortex (IPC) overlapping with the cytoarchitectonic
areas PFm/PGa/PGp (Caspers et al. 2006) and with the left inferior temporal gyrus (ITG).
Third, for the left IFG, reduced coupling was observed with the bilateral ventrolateral
prefrontal cortex (VLPFC; parts of the IFG anterior-ventrally to area 45), with the left dorso-
lateral prefrontal cortex (DLPFC; part of the middle frontal gyrus extending to the dorsal
potion of area 44/45; Amunts et al. 1999) and with the left inferior parietal cortex (IPC; area
PFm/PF and h1P1/hIP2; Caspers et al. 2006; Choi et al. 2006). Finally, the thalamic seed
displayed decreased connectivity with the right cerebellum. Additionally, also increased
connectivity was observed between the left IFG and the supplementary motor area (area 6;
Geyer 2004) and the left insula/putamen, and between the thalamic seed and the left
fusiform gyrus/hippocampus (area SUB and hOC4v; Amunts et al. 2005; Rottschy et al.
2007); see Fig. 2 and Table 3.

In order to assure that global signal regression did not introduce any systematic confounds
we repeated the analysis on the same dataset but pre-processed without the removal of
global signals. The results were well comparable to the group differences reported above. In
particular, even though additional regions showed aberrant connectivity, we could replicate
the previously observed differences in functional connectivity of all seeds (see Fig. S2 and
S3). Accordingly, these group differences are very unlikely to be an artefact of the global
signal correction.

In order to assess state-effects of acute AVH on functional connectivity with our seed
regions, we performed follow-up analyses for those regions that showed the disturbed
connectivity in the overall group of trait carriers as reported above. This analysis revealed
that the reduction in connectivity between the AG and the surrounding left inferior parietal
cortex and the increase in connectivity between the thalamus and the left fusiform gyrus/
hippocampus were more pronounced in those patients who hallucinated during scanning
compared with those that did not (Fig. 3). That is, the connectivity linking these regions
provided evidence for both trait and state-effects. For the remaining regions, no systematic
differences were found between acutely hallucinating patients and those showing merely the
trait to experience AVH. As it might be conceivable that the two subgroups (acutely vs. non-
acutely hallucinating patients) showed a difference with respect to their medication status,
we directly tested for these. We did not find a significant difference between groups with
respect to the current medication (X’2 =6.0973, p=0.53). Therefore, the subgroups and the
associated connectivity differences are unlikely to arise from medication confounds.

Correlations with PANSS-scores

No significant correlations between PANSS-positive score and the connectivity of any of the
seed regions to other brain areas were found. However, when correlating only the score on
the P3 item of the PANSS (i.e. hallucinatory behaviour), a significant positive relationship
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was observed with the connectivity between the left IFG and the ventromedial prefrontal
cortex (VMPFC; Fig. 4a), indicating that higher connectivity between these two areas is
associated with more severe hallucinations. Furthermore, connectivity between the thalamic
seed and the right parahippocampal gyrus (area CA/SUB; Amunts et al. 2005) and between
the thalamus and the right precentral gyrus was negatively correlated to the severity of
hallucinations (Fig. 4b). Thus, reduced thalamic coupling was associated with more severe
hallucinations. Finally, the PANSS summary score of negative symptoms showed a negative
correlation with the connectivity between the seed in the left AG and the left superior
parietal lobe/precuneus (area 7 M/7P; Scheperjans et al. 2008) See Fig. 4c and Table 4 for
details.

Discussion

Here we examined whether patients with auditory verbal hallucinations show aberrant
whole-brain connectivity of regions that previously have been associated with decoding
degraded speech based on prior expectations (Clos et al. 2012). To this end, we assessed
resting-state connectivity seeded from the left MTG, AG, IFG and thalamus in 49 psychotic
patients with frequent AVH and 49 matched healthy controls to reveal disturbances in
networks implicated in top-down/bottom-up interactions in speech processing. Predictions
should be particularly important for speech perception because of the transient and often
ambiguous nature of auditory signals; however, excessive influence of these expectations
might lead to experiences of AVH (Grossberg 2000). The crucial role of predictive processes
in speech perception could explain why perception in the auditory-verbal domain is
particularly vulnerable to hallucinations, as AVH are the most frequent variant of
hallucinations in schizophrenia (Hugdahl 2009).

The results indicated several neurocognitive mechanisms that might underlie AVH. In
particular, our analysis revealed (1) aberrant coupling in the speech processing system
(connections of the left MTG, AG and the thalamus with regions involved in auditory-verbal
processing), (2) increased coupling in the speech production system (connections between
the left IFG and regions involved in speech production/articulation) and (3) attenuated
coupling in the auditory monitoring system (connections between the left IFG and regions
implicated in attentional control). Since these potential deficits are not mutually exclusive
and most likely all contribute to the pathophysiology of AVH, these findings are in
accordance with a multidimensional framework of AVH (Seal et al. 2004). Furthermore,
connectivity with the left IFG and with the left thalamus showed a relationship with
hallucination severity as assessed by the P3 item of the PANSS. We subsequently interpret
these results in the light of previous findings and proposed models of AVH. Note, however,
that the exact mechanisms and causal interactions underlying AVH can of course not be
derived from correlational methods such as resting-state connectivity. Therefore, these
interpretations represent merely a reasoning on the most likely underlying processes, given
our current findings and previous results on AVH as found in the literature.
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Speech processing

Decreased connectivity was observed between the left MTG and the right MTG/STG. While
the left MTG is known to be especially important for semantic processing of speech (Binder
et al. 2009), its right-sided homotope is particularly tuned to process emotional prosody in
speech (Mitchell et al. 2003). Furthermore, the right temporal cortex has been reported to be
more recruited with increasing semantic complexity of language (Jung-Beeman 2005; Pugh
et al. 1996). In particular, the right hemisphere might be involved in integrating context
information (Kircher et al. 2001) and be more sensitive to distant semantic relations (Sass et
al. 2009) required for understanding figurative language and metaphors (Bottini et al. 1994;
Nichelli et al. 1995; Mashal et al. 2007). Their attenuated coupling in patients with AVH
suggests that disturbed balance of the interhemispheric connectivity linking left and right
MTG/STG contributes to AVH, potentially through disturbed semantic processing. Indeed,
interhemispheric projections to homotopic regions are known to be particularly dominant in
the auditory system (Cipolloni and Pandya 1989) and reduced interhemispheric functional
connectivity between auditory areas has previously been noted in schizophrenic patients
with AVH (Gavrilescu et al. 2010). Furthermore, observations of right MTG activation prior
to the onset of AVH (Shergill et al. 2004) and more bilateral language dominance in patients
with AVH when listening to speech rather than the usual left-lateralized pattern in healthy
controls (Sommer et al. 2001) suggest that this interhemispheric decoupling could lead to
hyperactivity of the right node that ultimately plays a role in experiences of AVH. However,
it has been suggested that decreased lateralization might actually be linked more with
psychosis than with the experience AVH per se (Diederen et al. 2010a). Since we do not
have a psychotic control group without AVH, we cannot infer from the present data whether
this decreased interplay between left and right MTG is indeed contributing to AVH rather
than reflecting more general aspects of psychosis.

The left AG also showed a decreased connectivity with regions involved in speech
processing, namely the surrounding left IPC and the left ITG. The left AG is known to be a
hierarchically high node in the speech processing system with access to higher-order
concepts and long-term memory that has been suggested to provide top-down semantic
constraints in language processing (Price 2010; Seghier et al. 2010). Since both the left IPC
and the left ITG are involved in semantic analysis and speech processing (Binder et al. 2009;
Price 2010) the decreased connectivity with the left AG might potentially reflect
disturbances between bottom-up and top-down aspects in the speech processing system.

Furthermore, decreased connectivity between the thalamic seed and the cerebellum and
increased connectivity between the thalamic seed and the left fusiform gyrus/hippocampus
in patients with AVH was observed. The left fusiform and the adjacent parahippocampal
gyrus are implicated in semantic processing of language (Binder et al. 2009). The additional
role of hippocampal structures in verbal memory recollection has previously been linked
with AVH (Diederen et al. 2010b). The aberrant thalamic connectivity with these regions
could hence reflect disturbed feedback of semantic-verbal memory recollection which might
influence the filtering and amplification processes of auditory signals in the thalamus.

Together, these results point toward an association between AVH and disturbed top-down
and bottom-up interactions in auditory-verbal processing. Moreover, the pattern of reduced
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connectivity between the left AG and the surrounding IPC and the pattern of increased
connectivity between the left thalamus and the left fusiform gyrus/ hippocampus
differentiated between state and trait. This observation suggests that aberrant coupling
between these areas is particularly important for the acute experience of AVH. However, the
state vs. trait analysis may have actually been underpowered because the acutely
hallucinating patients (most likely) were not experiencing AVH during the entire scanning
period. Unfortunately, however, reports on the nature and extent of hallucinations were not
precise and reliable enough to quantitatively assess these aspects and, e.g. correct for the
duration spent hallucinating. Therefore, the lack of state vs. trait connectivity differences for
the other disturbed connections might potentially be due to the low power.

Inner speech production

In addition to these aberrant connectivity patterns in the speech processing system, Broca’s
region in the left IFG showed increased coupling with the SMA and with the left insula in
the patient group. Activation of these three areas is associated with generation of (inner)
speech (Price 2010) and auditory imagery of alien speech (Shergill et al. 2001). Therefore,
increased connectivity of this network might potentially reflect increased recruitment of
these pathways in AVH. This interpretation would be in accordance with accounts
hypothesising that AVH are caused by dysfunctional monitoring of self-produced speech
(Frith 1995). Previously, observations of reduced SMA response in AVH compared with
deliberate imagining alien speech (Shergill et al. 2000) and in verbal imagery in
schizophrenic patients with AVH compared with healthy controls and schizophrenic patients
without AVH (McGuire et al. 1996) have been reported. These reduced SMA responses
could be reconciled with the increased connectivity observed in our study if this connection
with Broca’s region results in higher tonic SMA recruitment and, accordingly, attenuated
phasic responses. Moreover, a recent study by Linden et al. (2011) revealed that auditory
verbal imagery was associated with SMA activity, clearly preceding activity in Broca’s
region and the STS. In contrast, in non-clinical persons with AVH these areas became active
nearly coincidentally. This coincidence of activations is in line with the increased
connectivity we observed between Broca’s region and the SMA. In sum, these findings
suggest that the increased coupling between Broca’s region with the SMA and with the
insula might underlie an increased generation of inner speech/inner dialogue of alien voices
in psychotic patients.

Monitoring and misattribution of inner speech

However, an increased frequency of inner dialogues alone is not sufficient for AVH because
the voices in AVH are perceived as externally generated and intrusive unlike inner speech.
Furthermore, psychotic patients can distinguish between their self-produced inner speech
and the voices in AVH (Hoffman et al. 2008). It has been suggested that self-produced inner
speech is actually misattributed to an external source in psychotic patients due to
impairments in verbal self-monitoring. As a result, the self-produced verbal thoughts are
erroneously experienced as coming from another person’s voice (Allen et al. 2007a). This
hypothesised impairment in verbal self-monitoring might be represented in the reduced
coupling between Broca’s region and the DLPFC, VLPFC and IPC since accurate self-
monitoring has been previously associated with a frontoparietal network (Danckert et al.
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2004). Importantly, schizophrenic patients were shown to have a specific impairment in self-
monitoring but not dysfunctional attentional control processes in general (Turken et al.
2003). This finding suggests that the network underlying self-monitoring might not be
identical to the frontoparietal network associated with attentional control (Danckert et al.
2004). Alterations of right IPC function have been associated with delusions of control, i.e.
the impression that one’s movements are unintended and externally caused due to
impairments of the action selfmonitoring system (Blakemore 2003). Furthermore, VLPFC
activation is linked to the executive control network by being the place of interaction
between short-term memory and executive processing (Owen et al. 1996). In particular, the
left side of this network is not only associated with language production and processing
(Price 2010) but also with auditory-verbal imagery (Shergill et al. 2001) and might therefore
preferentially monitor language-related processes. Therefore, aberrant connectivity in this
network might cause misattributions of inner speech and auditory verbal imagery equivalent
to delusions in action control resulting from dysfunction of the right-sided action-monitoring
system.

AVH would thus, at least in part, result from imbalance in connectivity with Broca’s region.
First, increased coupling with the SMA and the left insula would lead to aberrant
recruitment of pathways subserving inner speech. Second, the resulting dialogues are
experienced as alien because of relative decoupling of the verbal monitoring system
(VLPFC, DLPF and IPC) from Broca’s region.

Correlations with the PANSS

Finally, we observed correlations between altered connectivity and hallucination severity.
First, higher connectivity between Broca’s region and the VMPFC was associated with
increased hallucination severity. The VMPFC is implicated in anticipation of upcoming
stimuli (Stephens et al. 2010), perceptual set (Summerfield et al. 2006) and importantly, was
found in our previous study (Clos et al. 2012) to be especially responsive when prior
information matched with the following stimuli. In contrast, Broca’s region was particularly
responsive to mismatches of stimuli when the presence of meaning was hard to determine
which might reflect search for meaning and the prevention of misinterpretation (Novick et
al. 2005; Price 2010). The observation that increased connectivity between these two regions
is associated with higher hallucination behaviour might point to a mechanism where
expectations in the VMPFC override bottom-up sensory evidence and/or that the mismatch
detection usually performed by Broca’s region is dysfunctional. This could, in consequence,
lead to detection of perceptual matches when these are not supported by sensory
information.

Furthermore, attenuated coupling between the thalamus and both the right parahippocampal
gyrus as well as the right precentral gyrus was associated with higher hallucination severity.
This again suggests the extent of hallucinations is linked with effects of memory retrieval in
verbal imagery (Diederen et al. 2010b) and auditory attention (Westernhausen et al. 2010)
on auditory processing in the thalamus.

Finally, we observed a negative relationship between the connectivty between the left AG
and the left precuneus/superior parietal lobe with negative symptoms. This finding is
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interesting given the involvement of both areas in the ‘default mode’ network (e.g. Binder et
al. 2009) and abnormalities in this network observed in schizophrenia (Skudlarski et al.
2010; Whitfield-Gabrieli et al. 2009).

Limitations and technical considerations

By using regions as seeds that are important for top-down guided speech decoding, we
employed a model-based approach for assessing differences in connectivity between patients
and controls. While such an approach has limited sensitivity to discover aberrations that
might equally contribute to AVH but were not connected to our seed regions, it provides
higher specificity with regard to the functional interpretation of the implicated network.
Furthermore, one must acknowledge that the observed differences between patients and
controls might also be due to other symptoms than AVH as patients and controls also
differed in variables such as the presence of other psychatic or cognitive symptoms. Since
we did not use a psychotic patient group without AVH as an additional control group, we
cannot be entirely certain that the observed differences are indeed specifically due to AVH.
A similar argument holds true for a potential medication confound as the types and levels of
antipsychotic medication used by the patients were too heterogeneous to test for effects of
medication on overall connectivity patterns. However, the a-priori selection of regions
specifically involved in decoding of degraded speech sounds should reduce the influence of
variables other than AVH on the observed connectivity pattern. Moreover, these factors
should only vary unsystematically between acutely and non-acutely hallucinating patients.
Still, it should be noted that this last state vs. trait analysis might possibly have been
underpowered because the acute hallucinations were not present continuously during
scanning.

Conclusions

The observed differences in connectivity point towards two main, complementary
mechanisms that might underlie AVH rather than to a single unidimensional neurocognitive
deficit. First, decoupling between Broca’s area and the verbal monitoring system might lead
to misattribution of auditory verbal imagery produced by the increased interaction of
Broca’s area with the SMA and the left insula. Furthermore, abnormal connectivity between
nodes involved in speech processing (AG, MTG) and other regions implicated in auditory-
verbal processing might reflect aberrant interactions that can elicit percepts in the absence of
stimulation. In particular, the aberrant coupling with the left AG and the left thalamus might
represent a more specific contribution to the acute state of AVH. Finally, these disturbed
connections might be possible targets for future repetitive transcranial magnetic stimulation
(rTMS) or transcranial direct current stimulation (tDCS) intervention studies. We would
hypothesise that inhibitory stimulation of the speech production network and excitatory
stimulation of the verbal monitoring system might be particularly promising given that
stimulation of the temporo-parietal speech perception system has received more attention but
only provided rather mixed evidence for reduction of hallucination severity (Slotema et al.
2012).
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Fig. 1.
Decreased connectivity in patients. Regions displaying decreased connectivity with the four

seeds (green) in patients. aMTG, b AG, cand d IFG, ethalamus. All images are
thresholded at p < 0.05 (FWE-corrected at cluster-level; cluster forming threshold at voxel
level: p<0.001)
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Fig. 2.
Increased connectivity in patients. Regions displaying increased connectivity with the seeds

(green) in patients. aand b IFG, c thalamus. All images are thresholded at p < 0.05 (FWE-
corrected at cluster-level; cluster forming threshold at voxel level: p< 0.001)
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State-trait effects. a The reduction in connectivity between the left AG and the left IPC in is
more pronounced in patients with acute AVH. b The increase in connectivity between the
left thalamus and the left fusiform gyrus is more pronounced in patients with acute AVH.
Red crosses represent data points outside 1.5 x IQR, i.e. outliers
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Fig. 4.

Cc?rrelations with PANSS-scores. Connectivity between the seeds (green) and brain regions
showing a significant relationship with hallucination severity (a, b) and with negative
symptoms (c) as measured by the PANSS. All images are thresholded at p < 0.05 (FWE-
corrected at cluster-level; cluster forming threshold at voxel level: p< 0.001)
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