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3.1 Abstract  
Background: Auditory-verbal hallucinations (AVH) are a prevalent 
phenomenon in people with psychosis including schizophrenia, but can also 
occur in less intrusive form in non-psychotic individuals. While neurocognitive 
mechanisms underlying AVH have been widely investigated, they still remain 
unresolved, especially how altered interaction between semantic prediction and 
perception contributes to hallucinations. Previous models, including the 
predictive coding theory, have suggested stronger perception priors and failure 
in error-based learning during this interaction in people with hallucinations. 
However, the neural basis underlying these altered processing during interaction 
between semantic prediction and perception in hallucinations remains unknown.   
Methods: In this study, we used functional Magnetic Resonance Imaging 
(fMRI) measurements during a semantic prediction task to examine this issue, 
by combining brain activation and general Psychophysiological interaction 
analysis, with focus on the dorsal anterior cingulate cortex (dACC) circuit. 
Results: We found that hallucination proneness was negatively correlated with 
accuracy of perception during unpredictable perception, which was associated 
with altered activation and connectivity in the dACC-related circuit. In 
particular, high hallucination proneness was correlated with decreased brain 
activation in the dACC and reversed connectivity between the dACC and the 
precuneus from negative to positive.  
Conclusions: The involvement of the dACC circuit in hallucinations is 
consistent with the role of this region in mistakenly tagging internal speech from 
an external source, and resonates known roles of the dACC in error-based 
updating of priors in predictive coding. Our findings provide new evidence for 
the brain networks model of altered predictive coding in hallucinations.  
Keywords: predictive coding, hallucinations, dorsal anterior cingulate cortex, 
precuneus, general Psychophysiological interaction 
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3.2 Introduction 
Auditory-verbal hallucinations (AVH) are compelling perceptual experiences in 
the absence of corresponding external auditory-verbal stimuli. 5%–15% of the 
general population experience AVH during their lifetime (Johns et al., 2004), 
and approximately 70% of schizophrenia patients report AVH in their illness 
course. The continuum hypothesis of psychosis suggests that AVHs are a trait 
continuously distributed from healthy people trough diagnosis (Sorella et al., 
2019). The study of subclinical population can aid to understand neurocognitive 
mechanisms underlying AVH in schizophrenia patients without the confounding 
effects of psychotropic medication or chronic illness. Even though many 
neuroimaging studies of AVH have been published over the past 15 years and 
progress has been made (Ćurčić-Blake et al., 2017b; Jardri et al., 2011; Zmigrod 
et al., 2016), the precise neurocognitive mechanisms underlying AVH still 
remain to be fully elucidated. Espeically, one of the essential questions that needs 
to be addressed regards how altered interaction between top-down semantic 
prediction and bottom-up perception of auditory events contributes to AVH.  
 
Previous neurocognitive hypotheses of AVH have proposed that abnormal 
interaction between top-down and bottom-up processes may underlie 
hallucinations (Behrendt, 1998; Corlett et al., 2019; Grossberg, 2000b). In 
particular, spontaneous hyperactivity of the superior temporal gyrus was found 
to contribute to bottom-up ‘over-perceptualization’, accompanied by reduced 
top–down modulation from Broca's areas involved in language processing and 
the anterior cingulate cortex (ACC), the Supplementary Motor Area (SMA) 
involved in monitoring speech (P. Allen et al., 2008). Whereas these hypotheses 
regarded top-down and bottom-up processes as separate components mediated 
by separate modules (i.e. brain regions), Friston proposed the predictive coding 
theory (i.e. hierarchical Bayesian model) to integrate top-down and bottom-up 
processing in a unified framework. This model suggested that people use a 
hypothesis (i.e. prediction) to enable rapid perception and understand sensations. 
They can adjust these so as to minimize prediction error by updating priors. Top-
down prediction and bottom-up perception interact in a hierarchical way 
spanning from low-level brain regions (i.e. sensory areas) to high-level brain 
regions (i.e. prefrontal cortex) (Carhart-Harris & Friston, 2010; Corlett et al., 
2019). A disruption in this mechanism (i.e. predictive coding), including stronger 
priors and deficit in updating, leads to false positive perception in hallucinations 
(Corlett et al., 2019; Karl J. Friston, 2005).  
 
Semantic prediction has been characterized for modulating behavioral 
performance and neural activity in sensory regions during perception (Dikker et 
al., 2009, 2010; Lupyan & Spivey, 2008), making semantic prediction tasks an 
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ideal model for studying the neurocognitive mechanisms that underlie interaction 
between top-down prediction and bottom-up perception which may characterize 
pathology of hallucinations. By using this task, a number of previous studies 
examined how top-down semantic predication would be related to an 
individual’s susceptibility to hallucinations (Aleman et al., 2003; Aleman & 
Vercammen, 2013; Daalman et al., 2012). These studies consistently revealed 
that subjects who are more susceptible to hallucinations were more likely to 
produce false-positive perception (i.e. high false alarm rate), which may be 
influenced by strong prediction (i.e. priors). In spite of multiple behavioral 
studies working on the influence of top-down prediction on bottom-up 
perception, the neural basis of this interaction in hallucinations remain unknown. 
 
Dysfunction of the ACC has been proposed to be important for erroneously 
tagging internal speech from an external source in AVH (P. Allen et al., 2008; 
Jardri et al., 2011). Indeed, patients with hallucinations demonstrated that 
attenuated activation in the ACC and reduced effective connectivity between the 
ACC and the superior temporal gyrus was associated with misattribution of self-
speech (P. Allen et al., 2007; Mechelli et al., 2007). This misattribution could be 
caused by a disturbance of corollary discharge and altered predictive coding 
(Corlett et al., 2019; Fletcher & Frith, 2009b). The corollary discharge 
hypothesis suggests that inappropriate external attribution arises from a failure 
to predict the sensory consequences of one’s own actions (i.e. speech) (Fletcher 
& Frith, 2009b). The predictive coding theory, as applied to hallucinations 
(Corlett et al., 2019), proposes that the failure in prediction of sensory 
consequences leads to prediction errors at low-level perceptional regions, which 
can be compensated by stronger belief (i.e. priors) of experience as unintended 
and thus externally generated. This view has been supported by the finding that 
the dACC was involved in processing priors of perception in a visual-auditory 
associative task (Powers et al., 2017b). Thus, the dACC may serve as the neural 
basis where top-down prediction and bottom-up perception interact, which may 
be disrupted in individuals with high hallucinations. However, no study has 
examined the association between hallucination proneness and activation of the 
dACC during the interaction of top-down and bottom-up processing to inspect 
this hypothesis.  
 
Studies have reported evidence for the involvement of the default mode network 
(DMN) including the ventral medial prefrontal cortex and the posterior cingulate 
cortex (precuneus) in schizophrenia (Broyd et al., 2009; Whitfield-Gabrieli et al., 
2009) and hallucinations (Metzak et al., 2015). Building on these evidence, 
Northoff and colleagues proposed the ‘resting state hypothesis’ of AVH 
(Northoff & Qin, 2011). They suggested that these less suppression of the DMN 
may sensitize activity in the auditory cortex, which further leads to confusion 



Chapter 3 

Hallucination and semantic prediction 66 

between spontaneous activity and stimulus-induced activity in auditory regions. 
In addition, the dACC in task positive network showed anti-correlated activation 
(i.e. antagonism) with the posterior cingulate cortex (PCC)/precuneus and 
ventromedial prefrontal cortex in the DMN in healthy people (Fox et al., 2005). 
The altered antagonism between these networks (i.e. switching from negative to 
positive correlation) has been extensively showed in schizophrenia patients 
(Anticevic et al., 2012), which was also proposed to contribute to self-monitoring 
errors in hallucinations (Palaniyappan, 2012). Especially, Carhart-Harris and 
Friston (32) proposed interaction between these large-scale brain networks are 
associated with hierarchical Bayesian predictive coding, abnormality in which 
may be involved in disrupted interaction between top-down semantic prediction 
and bottom-up perception. However, it remains to be examined whether 
abnormality in interaction between the dACC and the DMN may be directly 
associated with hallucination proneness. 
 
In this study, we used functional Magnetic Resonance Imaging (fMRI) and a 
semantic prediction task to examine how hallucination proneness modulates 
brain engagement and connectivity of the dACC during interaction between top-
down prediction and bottom-up perception. Especially, we investigated the 
neural correlates of altered processing during this interaction in individuals with 
high hallucination proneness. We hypothesized that people with high 
hallucination proneness would show worse behavior performance during 
unpredictable perception (i.e. low accuracy and high false alarm rate). We also 
predicted that poorer performance would be accompanied with alteration in the 
dACC circuit including brain activation and functional connectivity with brain 
regions of the default mode network. More specifically, we hypothesized that the 
dACC would show decreased activation and reduced antagonism (i.e. anti-
correlation) with DMN in high hallucination proneness. This builds on previous 
evidence of attenuated activation of the dACC in misattributing self-speech and 
alteration of error-based updating priors, as well as attenuated inhibition between 
the SN and the DMN in patients with schizophrenia and hallucinations. 
 
3.3 Methods 
3.3.1 Participants 
The English version of Launay-Slade Hallucination Scale (LSHS)-Revised has 
been widely used to measure hallucinations proneness in healthy people (Bentall 
& Slade, 1985a). In the present study, this English version of LSHS-Revised was 
first translated into Chinese by a bilingual native Chinese psychologist, further 
reviewed and revised by two other bilingual psychologist familiar with 
hallucinations, and confirmed by graduate students in psychology. A pilot test 
was performed on Chinese subjects with the Chinese version of LSHS-Revised. 
We found that it was comprehensible and easy to complete, therefore, we did not 
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change it further.  A short form of the Chinese LSHS-Revised (1, 2, 7-10 and 12 
item related to auditory hallucinatory experiences) (Aleman et al., 2001; Bentall 
& Slade, 1985b; Fonseca-Pedrero et al., 2010) was used to screen 293 college 
students (182/111 males/females, age (mean/SD): 22.20/2.70 years, LSHS-
total(mean/SD): 27.49/9.27, LSHS-AVH(mean/SD): 14.03/5.46) from 
universities in Beijing, China. A total of 52 participants were selected for the 
fMRI study (26/26 males/females, age (mean/SD): 21.97/2.64 years, LSHS-
total(mean/SD): 30.66/9.9, LSHS-AVH(mean/SD): 15.76/5.98). 13 of them 
were scored lower than 25% quartile (10) and 25 of them were more than 75% 
quartile of the abbreviated LSHS (17), 12 of them were in between 25% quartile 
and 75% quartile. This sampling procedure was used to achieve sufficient 
variability in hallucination scores in the final sample. Importantly, none of them 
reported to have a current or past psychiatric disorder. The study was approved 
by the medical ethics committee of the Department of Psychology at the 
Shenzhen University and performed according to the Declaration of Helsinki. 
 
3.3.2 Task procedure 
The general procedure of semantic prediction task is shown in the Figure 1. All 
the acoustic stimuli were presented to participants through MRI-compatible 
Sensimetrics S14 insert earphones (Sensimetrics Corporation) with foam canal 
tips (Hearing Components, Oakdale, MN), which are widely used in fMRI 
studies to deliver high-quality acoustic stimulus while attenuating scanner noise 
(Kousaie et al., 2019; Langers et al., 2007; Vaden et al., 2017). In each trial, 
during the semantic prediction period, participants were presented auditorily 
with a sentence that was spoken clearly up to the penultimate word, i.e. the last 
word was not presented the same way. The aim of this procedure is to induce 
semantic prediction (see (Vercammen & Aleman, 2010a) for a different version 
of such a task). During the target period (the last word presented), one word 
embedded in white noise was presented to participants within 1 second, with that 
signal-to-noise ratios (SNR) was approximately 5.5 dB (Mean/SD = 5.5/0.45) 
across all the trials, and they were asked to select the appropriate option to 
indicate what word they heard as soon as possible. Because of the concurrent 
noise, the last word was more difficult to discern and thus people had to rely to 
a stronger extent on top-down processing. There were two conditions, one was 
the predictable condition where target word matched well the sentence, the other 
was the unpredictable condition where the target word did not match the 
sentence.  We focused on the target period, to examine brain activation and 
connectivity during this phase. There were in total 120 trials in the experiment, 
in one half of them, the predictable word was presented, in another half of them, 
the unpredictable word was presented. These 60 sentences were tested in a pilot 
study in an independent sample of 48 university students. These participants 
were presented with these sentences up to the penultimate word and were asked 
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to fill in the first word that came into mind. Sentences for which at least 75% of 
participants filled in the same word were regarded as highly predictable. The 
unpredictable condition was constructed from the same sentences, by filling in a 
final word that none of the participants had reported. To ensure that each 
individual have adequate auditory perception of sentences, auditory thresholds 
were obtained for each participant within the speech frequency range by using 
the following procedure. Before the actual fMRI experimental, participants lay 
in the scanner during a piloting scanning, were presented a sentence auditorily, 
was asked to press button to indicate whether they can clearly hear what the 
sentence is. The experimenter adjusted the volume up or down based on which 
the participant indicated. The volume always started from 25 dB SPL, all the 
thresholds of the participants were larger than the beginning value (Mean/SD: 
61.54/12.35 dB SPL).  Then, the stimuli in the actual experiment were presented 
on individual auditory threshold to guarantee everyone can hear the sentence 
clearly. After fMRI scanning, we checked with the participants whether they can 
hear the sentence during the task and confirmed the manipulations were 
efficient.   

 
Figure 1 Task design 

 
3.3.3 Imaging data acquisition  
All the participants were scanned in a Siemens 3.0 Tesla PRISMA MRI scanner 
(Erlangen, Germany) at the Brain Imaging Center of Peking University. 
Functional brain images were acquired with a gradient-recalled echo planar 
imaging (GR-EPI) sequence (axial slices = 34, repetition time = 1000 ms, echo 
time = 30 ms, flip angle = 73°, slice thickness = 3.5 mm, field of view = 224 × 
224 mm, and voxel size = 3.5 × 3.5 × 3.5 mm3). Each functional brain imaging 
scanning session lasted 410 seconds (that is, 410 volumes), there were in total 4 
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sessions during the semantic prediction task. To improve individual 
coregistration and spatial normalization, a high-resolution anatomical image was 
acquired in the sagittal orientation using a T1-weighted 3D magnetization-
prepared rapid gradient echo sequence (slices = 192, repetition time = 2530 ms, 
echo time = 2.98 ms, flip angle = 7°, slice thickness = 1 mm, field of view = 256 
× 256 mm, and voxel size = 0.5 × 0.5 × 1 mm3).  
 
3.3.4 Correlation analyses between hallucination proneness and behavioral 
performance 
To examine the association between hallucination proneness and behavioral 
performance of the task, we performed correlation analyses by calculating 
Spearman correlation coefficients between LSHS-AVH scores and accuracy, 
response times, and false alarm rate, which is the same measure with previous 
studies (Daalman et al., 2012; Vercammen & Aleman, 2010b) to examine the 
top-down errors. Considering auditory thresholds may confound the correlation 
results, we did the same analyses by controlling auditory thresholds as the 
covariates.  
 
3.3.5 Imaging data analysis 
Preprocessing: Imaging data analysis was performed using Statistical Parametric 
Mapping 12 (SPM12, Wellcome Trust Centre for Neuroimaging). The functional 
volumes were first realigned to correct for head motion,  six head motion 
parameters were achieved, two subjects were excluded because of head motion 
≥ 2 mm in translation or 2°in rotation. The realigned volumes were subsequently 
used for normalization. During the normalization, the mean functional image was 
coregistered to each participant’s T1-weighted structural image and then 
normalized to a standard stereotaxic Montreal Neurological Institute (MNI) 
space with a resolution of 2 × 2 × 2 mm". The functional images were then 
spatially smoothed by an isotropic Gaussian kernel with 6 mm full-width at half-
maximum. 
 
Statistical analysis: Smoothed images were statistically analyzed under the 
framework of the general linear model (GLM) in SPM12(K. J. Friston et al., 
1994). The predictable and unpredictable conditions (during perception of target 
word) as well as sentence processing, semantic prediction, choosing options and 
reporting confidence periods were modeled separately as boxcar regressors and 
convolved with the canonical hemodynamic response function built in SPM12. 
Furthermore, six realignment parameters from preprocessing were included to 
account for movement-related variability. The analysis included high-pass 
filtering using a cutoff of 1/128 Hz and a serial correlation correction using a 
first-order autoregressive model (AR[1]). Due to our particular interest in the 
predictable and unpredictable conditions (during perception of the target word), 
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beta images from these two regressors were submitted into the following 
correlation analysis between brain activation and accuracy on the group level.  
 
3.3.6 Correlation analyses between hallucination proneness and brain 
activation  
To further investigate the neural basis underlying behavioral performance during 
interaction between top-down semantic prediction and bottom-up perception, we 
built regression models by taking accuracy as regressors and brain activation 
(whole brain analysis) during the unpredictable condition and predictable 
conditions as dependent variables. We did the same analyses by controlling 
auditory thresholds as the covariates to examine the impacts of auditory 
thresholds on the correlation results.  
 
3.3.7 Psychophysiological interaction of the dACC and correlated with 
hallucination proneness 
We performed a general psychophysiological interaction (gPPI) analysis 
(http://www.nitrc.org/projects/gppi) by using the significant cluster of the dACC 
(from above correlation analysis) as seed. The first eigenvariate of the individual 
voxel time-series within the ROI was extracted. This representative time-series 
were deconvolved from the HRF to generate an estimated neuronal time-series 
of the dACC. The product of this estimated neuronal time-series and vectors 
representing each of the onsets for unpredictable and predictable conditions 
(during perception of target word) were computed. These interaction terms were 
then convolved with the HRF and entered into a new GLM along with the vectors 
for the onsets for unpredictable and predictable conditions (i.e., the 
psychological vectors), the original eigenvariate time-series and covariates of no 
interest (i.e., other regressors including sentence processing, semantic prediction, 
choosing options and reporting confidence periods and six movement parameters 
derived from realignment corrections).  
 
The contrasts images of the PPI interaction term for unpredictable condition in 
each participant were submitted to a regression model with LSHS-AVH scores 
as regressors and beta values of the dACC PPI during the unpredictable condition 
as dependent variables to identify regions showing connectivity with the seed 
covariates with LSHS-AVH scores. Significant clusters were determined using 
a height threshold of P < 0.001 and an extent threshold of P < 0.05 with family-
wise error correction (FWE) for multiple comparisons. Parameter estimates of 
significant clusters were also extracted by using MarsBar. Further Spearman 
correlation analyses between PPI parameter estimates of those regions and 
individual hallucination proneness were performed for both unpredictable and 
predictable conditions to characterize the patterns of association. Same analyses 
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were performed by controlling auditory thresholds as the covariates to check the 
impacts of auditory thresholds on the correlation results. 
 
3.4 Results 
3.4.1 Behavioral performance  
We found that hallucination proneness was negatively correlated with the 
accuracy (r=-0.408, p=0.003) and response times (RTs) (r=-0.331, p=0.016) of 
perceiving target word during the unpredictable condition (i.e. high prediction 
error), but not during the predictable condition (accuracy: r=-0.160, p=0.256; 
RTs: r=-0.087, p=0.538) (Fig 2). After controlling auditory thresholds of 
participants, the results remained the same in unpredictable condition (accuracy: 
r=-0.391, p=0.004; RTs: r=-0.315, p=0.023) and predictable condition (accuracy: 
r=-0.123, p=0.384; RTs: r=-0.080, p=0.575). Because that RTs only measured 
how long participants made a selection from four options but not actual time of 
perceiving auditory stimuli, we did not use RTs in the further analysis. We also 
calculated the false alarm rate and correlated it with hallucination proneness, and 
found marginally significant positive correlations before (r=0.247, p=0.078, Fig 
S1) and after (r=0.266, p=0.057) regressing out auditory thresholds of 
participants. To check potential associations, we also did correlation analyses 
between auditory threshold and LSHS-AVH, accuracy, RTs and false alarm rate 
during unpredictable and predictable conditions and found that no significant 
correlations (all |r|<0.177, p>0.209), except a marginally significant association 
between auditory threshold and accuracy during the unpredictable condition 
(r=0. 242, p=0.084)   

 
Figure 2 Correlation between hallucination proneness and behavioral 
performance during word detection. (A) hallucination proneness and accuracy 
(B) hallucination proneness and reaction time 
 
3.4.2 Association between accuracy and brain activation  
During the unpredictable condition, accuracy was positively correlated with 
activation in the dACC and anterior insula (AI) in the salience network, and 
negatively correlated with activation in the posterior cingulate cortex and the 
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angular cortex in the default mode network across all the participants (Fig 3, 
table 1). During the predictable condition, accuracy was negatively correlated 
with activation in the middle frontal gyrus, the posterior cingulate cortex and the 
angular cortex. No regions showed positively correlation with accuracy. After 
controlling auditory thresholds of participants, the results did not change (see 
Table S1 in the supplementary materials). 

 

 
Figure 3. Significant clusters correlated with accuracy during unpredictable 
and predictable conditions. (A) Positive correlation between significant 
regions and accuracy. (B) Negative correlation between significant regions and 
accuracy. Notes: dACC, dorsal anterior cingulate cortex; AI, anterior insula; 
PCC, posterior cingulate cortex, L, left, R, right.  
 
3.4.3 Association between LSHS-AVH and brain activation and connectivity 
of the dACC 
Beta values of the dACC were found to be related to LSHS-AVH scores. That 
is, high hallucination proneness was correlated with decreased activation in the 
dACC (r=-0.371, p=0.007) during the unpredictable condition, but not during the 
predictable condition (r=-0.222, p=0.114) (Fig 4). After controlling for auditory 
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thresholds of participants, the results remained the same (unpredictable 
condition: r= -0.385, p= 0.005; predictable condition: r= -0.264, p= 0.059). 
Additionally, the whole brain PPI analysis of the dACC revealed that 
connectivity between the dACC and the precuneus was significantly related to 
LSHS-AVH scores during the unpredictable condition. That is, instead of 
negative connectivity, in individuals with high hallucination proneness, positive 
connectivity between the dACC and the precuneus was observed (r=0.527, 
p<0.001) (Fig 5, table 2). However, the dACC-the precuneus connectivity 
during the predictable condition did not correlate with LSHS-AVH scores 
(r=0.222, p=0.113). After controlling auditory thresholds of participants, the 
results did not change (see Table S2 in the supplementary materials, 
unpredictable condition: r= 0.507, p<0.001; predictable condition: r=0.210, 
p=0.135).  

 
Figure 4.  Activation in significant region associated with hallucination 
proneness during unpredictable condition. Notes: dACC, dorsal cingulate 
cortex.  
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Figure 5. PPI between the dACC and Precuneus during unpredictable 
condition associated with hallucination proneness. Notes: dACC, dorsal 
anterior cingulate cortex.   
 
3.5 Discussion 
In this study, we investigated the neurocognitive mechanisms underlying 
interaction between top-down semantic prediction and bottom-up perception of 
auditory verbal stimuli in relation to hallucination proneness, with a particular 
focus on activation and connectivity of the dACC. Behaviorally, individuals with 
high hallucination proneness showed lower accuracy during the unpredictable 
perception. The worse performance (i.e. lower accuracy) was associated with 
altered neural processing characterized by low engagement of the dACC and 
high connectivity between the dACC and the precuneus (i.e. from negative to 
positive) in individuals with high hallucination proneness. Our findings suggest 
that high hallucination proneness might bias top-down semantic prediction at the 
cost of bottom-up perception, which is subserved by the altered dACC-related 
circuit. This findings is in line with altered predictive coding, including strong 
priors (Corlett et al., 2019) and deficit in error-based learning (Fletcher & Frith, 
2009b) in hallucinations as proposed by Friston (Karl J. Friston, 2005) and other 
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(Corlett et al., 2019; Fletcher & Frith, 2009b). Our results provide a preliminary 
evidence for the brain network model of predictive coding in psychosis (i.e. 
hallucinations).   
 
3.5.1 Hallucination proneness might modulate top-down semantic 
prediction over bottom-up perception 
We observed that hallucination proneness was negatively related to accuracy in 
the unpredictable but not the predictable condition. Poorer performance in 
individuals with high hallucination proneness may be due to stronger priors and 
disrupted error-based learning (i.e. updating of priors) during interaction 
between semantic prediction and perception. This statement is consistent with 
the hypothesis of abnormal predictive coding in hallucinations, as proposed by 
Friston (Karl J. Friston, 2005), Corlett and Powers (Corlett et al., 2019). In these 
predictive coding accounts, perception is optimized by prior knowledge which 
aids fast and accurate perception. These priors are compared to incoming 
sensation, and prediction errors are computed in order to update priors. In people 
with hallucinations, strong priors (i.e. predictions) may exert an inordinate 
influence over perceptual inferences, resulting in percepts that are not 
constrained by incoming sensory information from corresponding stimuli 
(Behrendt & Young, 2004), and the failure to learn from unpredictable bottom-
up perceptual events further reinforces strong priors (Corlett et al., 2019). Indeed, 
the negative correlation between hallucination proneness and accuracy was 
observed during the unpredictable condition, which is characterized by strong 
conflicts (i.e. errors) between semantic prediction and perception, compared to 
predictable condition. Thus, individuals with high hallucination proneness may 
have failed in processing these prediction-errors to allow updating of their 
(putatively) strong priors (indicated by a trend of high false alarm rate), 
eventually leading to lower accuracy during perception. This idea is supported 
by altered error-based learning found in patients with hallucinations (Averbeck 
et al., 2011; Waltz et al., 2011). Future studies are required to use reinforcement 
learning algorithms to formally investigate prediction error (i.e. surprise) based 
learning in hallucinations.  
 
Noteworthy, we found a marginally significant correlation between LSHS-AVH 
and false alarm rate, which was named top-down errors in previous studies 
(Aleman et al., 2003; Aleman & Vercammen, 2013; Daalman et al., 2012). We 
did find a significant correlation between LSHS-AVH and accuracy during the 
unpredictable condition. We argue that the dysfunction of perception may not 
only be determinated by top-down factors (i.e. stronger prediction) but also the 
disrupted perception and error-based learning. Thus, reduced accuracy may be 
better to characterize the dysfunction of interaction between top-down and 
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bottom-up by simultaneously considering these aspects, whereas false alarm rate 
purely measures top-down errors (i.e. strong priors).  
 
3.5.2 Brain networks involved in the interaction between top-down 
prediction and bottom-up perception 
We found that accuracy was positively correlated with activation in the dACC 
and the AI in the salience network, while negatively correlated with activation in 
the PCC/precuneus and the angular gyrus in the default mode network. These 
results are consistent with the roles of the SN (of which the dACC and AI are 
part) in attention control (Eckert et al., 2009; Shenhav et al., 2018) and conflict 
processing (Botvinick et al., 2004) and the role of the DMN in self-referential 
subjective experience. Decreased activation in the dACC/AI may be associated 
with altered error-based learning during interaction semantic prediction and 
perception, which led to poor performance during perception. This statement is 
in line with published findings showing that the dACC and the AI are involved 
in reinforcement learning processes, in which people used Bayes’ rules to 
combine priors and prediction errors (i.e. the mismatch between priors and 
inputs) to update priors (Critchley et al., 2005; Holroyd et al., 2004). Deficit in 
attention control of bottom-up perception may also contribute to this altered 
learning, which is consistent with the hypothesized association between ‘new 
perceptions grabbing attention’ and error-based learning proposed by Frith 
(Fletcher & Frith, 2009b) and Friston (Karl J. Friston, 2005). Moreover, we 
found that less de-activation of the DMN was associated with low accuracy 
during the unpredictable condition, which is consistent with the idea that failure 
in suppression of the DMN may play a role in producing spontaneous false 
positive perception (Anticevic et al., 2012; Palaniyappan, 2012). Together, our 
results suggest that decreased engagement in the dACC and less suppression of 
the PCC/precuneus and the angular gyrus may together contribute to altered 
interaction between top-down prediction and bottom-up perception. We will 
expand on the possible role of the dACC on the one hand, and connectivity with 
the PCC/precuneus on the other in development of hallucinations, by building 
the direct link between these neural processing and hallucinations proneness.  
 
3.5.3 Reduced activation of the dACC during unpredictable perception in 
people with high hallucination proneness   
We found that activation in the dACC was negatively correlated with 
hallucination proneness in the unpredictable condition. Previous accounts of 
AVH have proposed that reduced activation in the dACC was linked to disrupted 
processing of tagging internal speech from external sources (P. Allen et al., 
2007), which might be supported by altered prediction of sensory outcome of 
self-speech (Fletcher & Frith, 2009b). Consistent with this, fMRI and EEG 
studies have found that the dACC was highly involved in processing conflict 
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(Botvinick et al., 2004), where top-down prediction and bottom-up perception 
do not match. More specifically, the dACC is important for using surprise signals 
to adjust prediction (i.e. priors) (Alexander & Brown, 2011; Hayden et al., 2011). 
Our results expand and bridge these two related research streams by showing a 
direct association between decreased activation of the dACC and high 
hallucination proneness during conflict between semantic prediction and 
perception and hallucination proneness.  
 
3.5.4 High hallucination proneness reversed connectivity between the dACC 
and precuneus from negative to positive 
We found that while hallucination proneness increased, connectivity between the 
dACC and precuneus changed from negative into positive. This result might be 
interpreted by that failure of the dACC in suppressing activation of precuneus 
leads to spontaneous self-processing of the precuneus over the dACC-related 
prediction error-based learning. It is consistent with the role of the 
PCC/precuneus in the ‘resting state hypotheses’ of AVH (Northoff & Qin, 2011). 
This hypothesis proposes that less suppression of the DMN and increased 
connectivity of the DMN play important roles in spontaneous over-perception in 
auditory regions. This idea has been supported by studies which found that both 
hyperconnectivity and decreased task deactivation of the DMN are correlated 
with positive symptoms (Broyd et al., 2009; Whitfield-Gabrieli et al., 2009). In 
line with these findings, we found that the dACC-precuneus circuit was engaged 
and positively correlated with hallucination proneness during the unpredictable 
condition, which had higher conflicts (i.e. prediction error) between semantic 
prediction and perception. Combining this with the finding of decreased 
activation of the dACC, we proposed that dysfunction of the dACC circuit 
(including decreased engagement and ‘negative-to-positive’ connectivity with 
the DMN) may play an important role in the altered interaction between semantic 
prediction and perception in the individuals with high hallucination proneness. 
This idea greatly echoes the neurocognitive models of aberrant organization and 
interconnectivity of the SN and the DMN is characteristic of hallucinations in 
schizophrenia (Menon, 2011a; Palaniyappan, 2012). 
 
3.5.5 Our findings resonate the hierarchical brain network model of 
predictable coding in psychosis 
Our findings of altered engagement of the dACC and connectivity between the 
dACC and precuneus during interaction between semantic prediction and 
perception confirm the key roles of the salience network and the default mode 
network in subserving precision and updating of inference in predictive coding 
(Carhart-Harris & Friston, 2010). Carhart-Harris and Friston (Carhart-Harris & 
Friston, 2010) proposed that there is a hierarchy in the brain, with the DMN at 
the top and the salience network at intermediate levels, above sensory cortices. 
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During predictive coding, each system is trying to modulate its subordinates by 
optimizing predictions to reduce prediction-errors. Recurrent information-
transmit (i.e. feedforward and backward) and reciprocity excitation/inhibition 
between these systems results in self-organized activation patterns to enable 
efficient prediction, perception and error-based learning. Patients with 
schizophrenia, especially with hallucinations, have shown alterations in the 
interactions between these brain networks (Menon, 2011a; Palaniyappan, 2012). 
Our study provides new evidence for the brain network model of disrupted 
predictive coding in psychosis, by showing that altered engagement and 
connectivity of the dACC during interaction between semantic prediction and 
perception were associated hallucination proneness. It remains to be examined 
in future studies whether and how the hierarchical organization of these brain 
networks causally modulate predictive coding and results in hallucinations.  
 
3.5.6 Limitation and in the future 
Several concerns about our study should be mentioned. First, we used healthy 
participants rather than clinical patients, which may limit generation of our 
conclusion to hallucinations in patients with schizophrenia.  Nevertheless, the 
continuous measure of hallucination proneness allowed us to investigate a linear 
association between hallucination proneness and behavior as well as neural 
processing, which resonates continuum hypothesis of psychosis (Sorella et al., 
2019). Second, we did not directly model prediction error based learning by 
using hierarchical Bayesian algorithms (Powers et al., 2017b). Nevertheless, 
conflicts between semantic prediction and perceptual inputs were high during the 
unpredictable condition, as compared with the predictable condition, suggesting 
a role of prediction error, consistent with previous studies (Averbeck et al., 2011; 
Dikker et al., 2009). The third concern is that auditory thresholds may confound 
our main correlation results, for instance, it may modulate the accuracy of 
perception. Indeed, we found a trend of correlation between auditory threshold 
and accuracy during the unpredictable condition. However, to correct for this, 
we performed partial correlation analyses by regressing out effects of auditory 
thresholds on behavioral and neural measurements, and found that LSHS-AVH 
still significantly modulated accuracy of perception, as well as the dACC 
activation and connectivity with precuneus. Thus, auditory thresholds did not 
confound the main findings.  
 
3.5.7 Conclusion  
By combining fMRI and a semantic prediction task, we investigated the 
neurocognitive mechanisms of how hallucination proneness may modulate brain 
engagement and connectivity of the dACC during the interaction of top-down 
prediction and bottom-up auditory-verbal perception. We found that individuals 
with high hallucination proneness showed worse performance in perception 
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during the unpredictable perception, accompanied by low engagement of the 
dACC and reversed connectivity (i.e. from negative to positive) between the 
dACC and precuneus. Our findings suggest that high hallucination proneness 
might bias top-down semantic prediction over bottom-up perception, which is 
underlined by deficit in using prediction error (i.e. surprise) to update semantic 
priors. These findings are in line with the framework of Friston’s predictive 
coding theory of hallucinations and provide a preliminary evidence for the brain 
network model of predictive coding in psychosis.  
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Tables 1. Brain activation correlated with accuracy during unpredictable 
condition  
 
 

Notes, all clusters survived after FWE-corrected p<0.05 
 
 
 

 Regions Cluster 
size 

T-
value 

Peak 
coordinates (x, 
y, z)  

Positively correlated 
with accuracy during 
unpredictable 
condition 

L AI 64 4.85 -34 18 0 

 dACC 60 4.64 -6 12 46 
 R AI 77 4.44 38 16 -2 
       
Negatively 
correlated with 
accuracy during 
unpredictable 
condition 

PCC 451 4.85 -12 -46 32 

 L 
Angular 
gyrus 

273 4.64 -54 -58 26 

 R 
Angular 
gyrus 

118 4.22 50 -58 18 

       
Positively correlated 
with accuracy during 
predictable condition 

None      

       
Negatively 
correlated with 
accuracy during 
predictable condition 

Middle 
frontal 
gyrus 

310 4.65 -26 20 52 

 PCC 265 4.48 -12 -46 32 
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Tables 2. Brain connectivity of the dACC correlated with LSHS-AVH 
during unpredictable and predictable conditions 
 

 
Notes, all clusters survived after FWE-corrected p<0.05 
 
3.7 Supplementary Materials 
Tables 1. Brain activation correlated with accuracy during unpredictable 
and predictable conditions controlling auditory thresholds 
 
 Regions Cluster 

size 
T-value Peak coordinates 

(x, y, z)  
Positively 
correlated 
with accuracy 

l AI 91 5.04 -34 18 0 

 dACC 68 4.79 -6 12 46 
 r AI 99 4.67 36 16 0 

 Region
s 

Cluster 
size 

T-
value 

Peak coordinates 
(x, y, z)  

Positively 
correlated with 
LSHS-AVH during 
unpredictable 
condition 

precune
us 

129 4.39 18 -60 34 

       
Negatively 
correlated with 
LSHS-AVH during 
unpredictable 
condition 

None      

Positively 
correlated with 
LSHS-AVH during 
predictable 
condition 

None      

Negatively 
correlated with 
LSHS-AVH during 
predictable 
condition 

None      
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Negatively 
correlated 
with accuracy 

PCC 358 4.73 4 -64 32 

 Angular 
gyrus 

245 4.59 -54 -58 26 

 Angular 
gyrus 

104 4.16 50 -58 18 

       
Positively 
correlated 
with accuracy 
during 
predictable 
condition 

None      

       
Negatively 
correlated 
with accuracy 

Middle 
frontal 
gyrus 

217 4.42 -26 20 52 

 PCC 210 4.3 -12 -46 32 
Notes, all clusters survived after FWE-corrected p<0.05 
 
Tables 2. Brain connectivity of the dACC correlated with LSHS-AVH 
during unpredictable and predictable conditions controlling auditory 
thresholds 
 
 
 
 
 Regions Cluster 

size 
T-value Peak coordinates (x, y, 

z)  
Positively 
correlated 
with LSHS-
AVH during 
unpredictabl
e condition 

precuneus 96 4.12 16 -68 40 

       
Negatively 
correlated 
with LSHS-

None      
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AVH during 
unpredictabl
e condition 
Positively 
correlated 
with LSHS-
AVH during 
predictable 
condition 

None      

Negatively 
correlated 
with LSHS-
AVH during 
predictable 
condition 

None      

Notes, all clusters survived after FWE-corrected p<0.05 
 
 
 

 
Figure S1. Correlation between hallucination proneness and false alarm 

rate 
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