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According to the predictive coding theory of psychosis, hallucinations and delusions are 
explained by an overweighing of high-level prior expectations relative to sensory information 
that leads to false perceptions of meaningful signals. However, it is currently unclear 
whether the hypothesized overweighing of priors (1) represents a pervasive alteration that 
extends to the visual modality and (2) takes already effect at early automatic processing 
stages. Here, we addressed these questions by studying visual perception of socially 
meaningful stimuli in healthy individuals with varying degrees of psychosis proneness 
(n = 39). In a first task, we quantified participants’ prior for detecting faces in visual noise 
using a Bayesian decision model. In a second task, we measured participants’ prior for 
detecting direct gaze stimuli that were rendered invisible by continuous flash suppression. 
We found that the prior for detecting faces in noise correlated with hallucination proneness 
(r = 0.50, p = 0.001, Bayes factor 1/20.1) as well as delusion proneness (r = 0.46, 
p = 0.003, BF 1/9.4). The prior for detecting invisible direct gaze was significantly associated 
with hallucination proneness (r = 0.43, p = 0.009, BF 1/3.8) but not conclusively with 
delusion proneness (r = 0.30, p = 0.079, BF 1.7). Our results provide evidence for the 
idea that overly strong high-level priors for automatically detecting socially meaningful 
stimuli might constitute a processing alteration in psychosis.

Keywords: face processing, perceptual bias, predictive coding, psychosis proneness, hallucination, gaze detection

INTRODUCTION

Schizophrenia is characterized by psychotic symptoms such as delusions and hallucinations. 
Neurocognitive theories that draw on predictive coding and Bayesian theories of brain function 
have proposed an imbalance between prior expectations and current sensory information 
as a central disturbance underlying psychotic experiences (Fletcher and Frith, 2009; Adams 
et al., 2013; Sterzer et al., 2018). In this context, an overly strong prior for socially meaningful 
signals can account for hallucinatory experiences, such as hearing voices in the absence of 
causative stimulus, or delusional experiences, such as the feeling of being looked at by 
strangers (Corlett et  al., 2009, 2019).
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Consistent with this theoretical framework, an increased 
tendency to perceive voices in auditory noise has been observed 
in psychosis and related conditions (Bentall and Slade, 1985; 
Hoffman et  al., 2007; Vercammen et  al., 2008; Galdos et  al., 
2011; Alderson-Day et  al., 2017), in line with the idea of 
overly strong prior for socially meaningful signals in the auditory 
domain. A similar shift toward perceiving abstract signals, such 
as pure tones, in auditory noise (Powers et  al., 2017) points 
to the possibility that overly strong priors might affect auditory 
perception in general.

Hence, while there is evidence to support the idea of overly 
strong priors for meaningful auditory signals in psychosis, it 
is currently unclear whether this reflects a generic processing 
deficits that reliably extends to the visual modality. A few 
studies have related an increased tendency to perceive faces 
in visual noise (Partos et  al., 2016), and an increased tendency 
to perceive visual gaze as direct (Rosse et  al., 1994; Hooker 
and Park, 2005; Tso et  al., 2012) to psychosis and related 
conditions, but results have been mixed (see Franck et  al., 
2002 for a negative report). Assessing relationships between 
psychotic experiences and the use of priors toward meaningful 
visual signals is crucial for probing the generalizability of strong 
prior accounts of psychosis. Here, we therefore related psychosis 
proneness in individuals from the general population to behavior 
in a visual detection-in-noise task. We hypothesized that psychosis 
proneness would positively correlate with the tendency to detect 
faces in visual noise, and hence a prior toward detecting 
meaningful stimuli.

Moreover, it is currently unclear that which stage of 
information processing is affected by overly strong priors 
underlying psychotic experiences. It is conceivable that overly 
strong priors might only affect the late, conscious processing 
stage of cognitive interpretation. Alternatively, the effects of 
overly strong priors might extend to early, automatic sensory 
processing stages that determine the access of stimuli to 
awareness. In the visual domain, the potency of visual stimuli 
to gain access to awareness can be  assessed with interocular 
masking techniques such as continuous flash suppression (CFS; 
Tsuchiya and Koch, 2005). In CFS, one eye is presented with 
a target stimulus, while the other eye is presented with a 
dynamic mask that initially suppresses the target stimulus from 
conscious perception. The time that the suppressed stimulus 
takes to overcome interocular suppression has been proposed 
as a measure for the potency of a specific stimulus to gain 
access to awareness (Jiang et al., 2007; Stein and Sterzer, 2014). 
For example, this “breaking CFS” paradigm (b-CFS; Stein et al., 
2011a) has been used to show that suppression times are 
decreased for stimuli with direct gaze as compared to stimuli 
with averted gaze (Stein et al., 2011b). Inter-individual variability 
in breakthrough time depends on individual factors related to 
the stimuli that compete for perceptual dominance. For example, 
the advantage for faces with direct gaze in gaining access to 
awareness is reduced in individuals with autistic traits (Akechi 
et  al., 2014; Madipakkam et  al., 2019). Similarly, suppression 
times are reduced for sad faces in patients with major depression 
(Sterzer et  al., 2011) and for spider stimuli in individuals with 
spider phobia (Schmack et  al., 2016). Here, we  asked whether 

a strong prior for direct gaze may affect those processing stages 
that determine access of face stimuli to awareness and therefore 
tested whether suppression times for direct compared to averted 
gaze may be shorter in individuals with high psychosis proneness.

The “Psychosis Continuum” view postulates that the clinical 
manifestations of psychosis represent the most extreme form 
of psychosis proneness, which is continuously distributed in 
the general population (Barrantes-Vidal et  al., 2015; DeRosse 
and Karlsgodt, 2015). Indeed, psychotic experiences are not 
confined to clinical populations, but can be  found to varying 
degrees in the general population (Peters et  al., 2004; Bell 
et  al., 2006). Interestingly, subclinical psychosis proneness and 
clinical psychosis are associated with similar risk factors (van 
Os et  al., 2009; Linscott and van Os, 2013) and exhibit a 
shared factor structure of symptoms (Shevlin et  al., 2017). 
Furthermore, the relatives of patients with psychotic disorders 
show increased levels of subclinical psychosis proneness, 
suggesting common genetic underpinnings (Kendler et al., 1993; 
Fanous et  al., 2001; Tienari et  al., 2003). Importantly, high 
levels of subclinical psychosis proneness increase the risk for 
later clinical psychosis (Chapman et  al., 1994; Hanssen et  al., 
2005; Welham et  al., 2009). Taken together, these findings 
suggest that subclinical and clinical psychotic experiences are 
mediated by shared processes. Hence, the investigation of 
subclinical psychosis proneness in non-patient populations can 
provide insights into the processes underlying psychotic 
experiences in general, while not being confounded by 
psychotropic medications or other concomitants of clinical 
psychotic disorders.

Here, we  tested whether delusion and hallucination 
proneness relate to overly strong priors for detecting socially 
meaningful stimuli, as quantified in two visual detection 
tasks. Specifically, we  hypothesized that psychosis proneness 
would correlate to an enhanced prior for detecting faces 
in noisy sensory information and an enhanced prior for 
detecting direct gaze in stimuli rendered invisible with 
continuous flash suppression.

MATERIALS AND METHODS

Participants and Psychometry
Thirty-nine participants were recruited from the general 
population through advertising. The study was approved by 
the Ethical Committee of the Charité, Universitätsmedizin 
Berlin. After complete description of the study to the participants, 
written informed consent was obtained in accordance with 
the Declaration of Helsinki of 1975 before participation.

Psychosis proneness was assessed with questionnaires previously 
validated in non-clinical populations. Here, proneness to delusional 
ideation was quantified using the Peters Delusion Inventory, 
21-item version (PDI-21; Peters et  al., 2004). The 21 items of 
this self-rating questionnaire cover a wide range of delusional 
convictions including beliefs in the paranormal, grandiosity 
ideas, or suspicious thoughts. For every endorsed belief, the 
questionnaire asks for dimensional ratings of belief-related 
distress, preoccupation, and conviction.
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Additionally, proneness to hallucinatory experiences was 
assessed with the Cardiff anomalous perception scale (CAPS; 
Bell et al., 2006). This 32-item self-rating scale assesses anomalous 
perceptual experiences in different sensory domains including 
proprioception, time perception, somatosensory perception, and 
visual and auditory perception. The intensity of every anomalous 
perception is quantified on subscales for intrusiveness, frequency, 
and distress. As in our previous work (Stuke et  al., 2017, 
2018), we used total PDI and CAPS scores obtained by adding 
up their three subscales.

Face Task
To quantify priors toward socially meaningful stimuli in visual 
perception, we  measured psychosis-like mispercepts of illusory 
faces in noise. To this end, we  devised a face detection task 
that required the participants to detect faces embedded in 
noise. One-hundred stimuli (40 target and 60 noise stimuli) 
were created. Participants were instructed that a sequence of 
noisy stimuli will be  presented to them and that some of 
stimuli will contain a human face. Each stimulus was presented 
for 3,000  ms followed by a forced-choice decision of whether 
a face was present or not. After a response had been made 
and a subsequent inter trial interval of 800 ms, the next stimulus 
was presented (Figure  1).

Stimuli were designed to resemble those that have proven 
to induce psychosis-like percepts of illusory faces in previous 
work (Partos et  al., 2016). Noise stimuli consisted of a noise 
pattern only (without embedded face) and were created in 
three steps using Matlab and the Image Processing Toolbox. 

Firstly, basic noise patterns were generated by randomly placing 
a total of 1,000 black circles with diameters varying randomly 
from 1 to 15 pixels (0.04°–0.64° of visual angle) on a white 
image of 450  ×  450 pixels (19.45° of visual angle). Secondly, 
the basic noise patterns were degraded by adding multiplicative 
noise (as implemented in the “speckle” command of the Matlab 
imnoise routine with a distribution variance of 2). Finally, the 
resulting noise stimuli were blurred with a Gaussian filter 
(“gaussian” command of the Matlab imnoise routine with a 
distribution variance of 10) and image contrast was reduced 
with the “imadjust” routine (resetting gray scale intensities to 
values between 0.1 and 0.9). For the target stimuli, 20 adult 
faces with neutral expression were taken from the Productive 
Aging Laboratory Face Database (Minear and Park, 2004) and 
placed at random positions in the noise stimuli before the 
third step of noise image generation (i.e., before the Gaussian 
filter and contrast reduction). All faces were oriented upright. 
The specific image generation parameters were chosen to ensure 
that participants were imperfectly able to distinguish the faces 
from the noise stimuli in a pilot study with five participants 
(discriminability mean = 0.81, SD = 0.03; bias = 1.52, SD = 0.86; 
computed using signal detection theory equations; Stanislaw 
and Todorov, 1999).

Face Task Analysis
Face task behavior was analyzed with a Bayesian model combining 
an individual prior for detecting faces with a sensory likelihood 
of a face depending on whether a face was embedded in the 
stimulus or not.

FIGURE 1 | Experimental sequence of the face task for two exemplary trials with (top row) and without (lower row) embedded face. Face images were shown for 
3,000 ms followed by a binary forced choice indication of whether a face had been detected by the participants. By fitting a Bayesian model to the individual 
participants’ behavior, we obtained a measure of the prior for detecting faces.
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Hence, the probability of detecting a face in each trial was:
Equation 1:

   
P face detected

Prior Likelihood

Prior Likelihood Prior
( )

( )
=

×

× + −1 ×× −( )1 Likelihood

where Prior is an estimated free parameter and Likelihood 
was computed as follows.

The sensory likelihood of a face Likelihood depended on 
whether a face was embedded in the stimulus:

Equation 2:

   Likelihood Sensitivity Sensitivityface face
= × −( ) −1

1

where sensitivity is an estimated free parameter and face 
is a binary vector, indicating whether a face was embedded 
in each trial.

The objective function to be maximized for each participant 
was hence:

Equation 3:

L P face detected P face detected

i

i

face detected

i
i= × −

=

∑ ( ) ( )(
1

1log ))( )−( )1 face detectedi

where i is an index denoting the trial number and face 
detected is a binary vector, indicating whether a face was 
detected in each trial by the participant.

For each participant, this model estimates a prior probability 
for detecting a face as well as a sensitivity parameter capturing 
how much the likelihood of detecting a face depended on 
whether the stimulus contained a face or not. Estimation of 
individual face prior and sensitivity values by maximizing the 
objective function given by the equations above was carried 
out using Powell’s optimization (Powell, 1964) as implemented 
in SciPy for Python with prior bounds between 0 and 1.

Gaze Task
To quantify the effect of individual priors for socially meaningful 
information on the access of visual stimuli to awareness, we used 
an established interocular suppression task with face stimuli that 
displayed either direct or averted gaze (Stein et al., 2011b; Seymour 
et  al., 2016; Madipakkam et  al., 2019). In this task, stimuli were 
photographs of three different female faces, each in a version 
with direct and averted gaze. The impression of eye gaze being 
either directed at or away from the observer was achieved by a 
shift of the pupil to the left or the right. For example, a head 
rotated to the right together with the pupil shifted to the left 
resulted in the impression of a face looking at the observer (see 
Figure 2, lower left). All faces were cut into oval shapes comprising 
a size of 3.8°  ×  4.5° and equalized for global contrast and 
luminance. Participants viewed the screen through a mirror 
stereoscope, which provided separate visual input to the two eyes. 
The participant’s head was stabilized by a chin rest at a viewing 
distance of 50  cm and stimuli were displayed on a 19-inch CRT 
monitor (resolution: 1024  ×  768 Px; refresh rate: 60  Hz).

The effect of eye gaze on access of face stimuli to awareness 
was assessed using bCFS. Each trial began with a 2-s presentation 

of white frames (12.0°  ×  12.0°) with a gray background and 
a red fixation cross (Figure  2). Thereafter, high-contrast, gray 
scale, dynamic masks were flashed to a randomly selected eye 
at a frequency of 10  Hz, while simultaneously a face stimulus 
with either a direct or averted gaze was gradually introduced 
to the other eye. The contrast of the face stimulus was gradually 
increased from 0 to 100% within the first second from the 
beginning of the trial and the stimulus remained at maximum 
contrast until a response was made or for a maximum of 
15 s. The stimuli could be presented in one of the four quadrants 
of the white frame (3.4° horizontal displacement from the 
fixation cross and 3° vertical displacement). Participants had 
to indicate the location of the face (i.e., the quadrant) by 
button press as soon as they detected a face. Importantly, 
participants’ task (i.e., location discrimination) was orthogonal 
to the condition of interest (i.e., gaze direction of the presented 
faces). Participants were therefore unaware of the existence of 
two different gaze directions. Participants completed a total 
of 48 trials (12 trials with direct gaze shown on the left, 12 
trials with direct gaze shown on the right, 12 trials with averted 
gaze shown on the left, and 12 trials with averted gaze shown 
on the right) in a randomized order. Target variables were 
the response (breakthrough) times for correctly localized faces.

Gaze Task Analysis
Three of the 39 participants were not included in the gaze 
task analysis, one because of technical problems and two because 
of the task did not work due to excessive stimulus suppression 
by the mask (more than 65% missed trials).

Analogously to previous studies using the same task, 
we  compared mean breakthrough times separately for faces 
with direct and averted gaze. By subtracting breakthrough times 
for direct gaze from breakthrough times for averted gaze, 
we  obtained a measure of the tendency toward faster access 
to awareness of direct gaze. In the following, we  denote this 
measure as “direct gaze bias,” where a positive value indicates 
shorter breakthrough times for direct gaze relatively relative 
to averted gaze. As a sanity check, we first tested if this measure 
was significantly above zero (Bayesian one sample t test), e.g., 
whether we  could replicate previous findings of a generally 
faster breakthrough of direct gaze. Secondly, we tested whether 
the degree of this direct gaze bias depended on the individual’s 
psychosis proneness by correlating it with CAPS and PDI scores.

Relationships Between Psychosis 
Proneness, Face Bias, and Direct Gaze 
Bias
Statistical analyses were carried out in SPSS 27 and SciPy for 
Python. Psychosis proneness (CAPS and PDI scores) has been 
found to describe non-normal, skewed distributions in the 
general population samples (i.e., Peters et  al., 2004; Bell et  al., 
2006; Stuke et  al., 2017, 2018), and the distribution of the 
direct gaze bias was better described by uniform than by a 
normal distribution (Akaike information criterion for fitted 
uniform or normal distribution, as implemented in the scipy.
stats library). Therefore, we  could not assume normality of 
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our data and analyzed the relationship between psychosis 
proneness and behavioral measures using rank correlations. 
In order to obtain Bayes factors for hypothesis testing, we  first 
performed a rank transformation of the data and then used 
Bayesian correlations (default implementation in SPSS 27) to 
investigate relationships between delusion and hallucination 
proneness, face bias, and direct gaze bias.

We report correlation coefficients both with frequentist values 
of p as well as Bayes factors with the likelihood ratio between 
the hypothesis of no correlation, and the hypothesis of existing 
correlation between the tested variables [P(D|H0)/P(D|H1)]. 
Here, BF  >  1 indicates evidence against a correlation, while 
BF  <  1 indicate evidence for a correlation. Moreover, BF  >  10 
or BF  <  1/10 are considered as “strong” evidence, while 
3.2  <  BF  <  10 or 1/10  <  BF  <  1/3.2 indicate “substantial” 
evidence and BF  <  3.2 or BF  >  1/3.2 are viewed as evidence 
“barely worth mentioning” (Jeffreys, 1998).

RESULTS

Participants and Psychometry
Table  1 summarizes basic demographics as well as delusion 
proneness (PDI scores) and hallucination proneness (CAPS 
scores) of the sample. In our non-clinical sample, the mean 
PDI-21 score was comparably high with 77.0 (42.9) as compared 
to 58.9 (48.0) in the non-clinical sample of the original publication 
of the questionnaire (Peters et  al., 2004). Moreover, 12.8% 
(five individuals) had PDI total scores above 130, which was 

the mean score for the clinical sample of schizophrenia patients 
in the original publication. Thus, we  observed a range of 
delusional symptoms that overlapped with the range found in 
samples with clinical disease.

Similarly, the mean CAPS score we observed was comparably 
high with 106.9 as compared to 44.4 in the non-clinical sample 
in the original publication of the questionnaire (Bell et  al., 
2011). Here, 7.7% (three individuals) had a total score higher 
than 172, which was the mean of the clinical patient sample 
in the original study by Bell et  al. (2011). Hence, our sample 
showed comparably high psychosis proneness with a considerable 
number of individuals with a degree of symptoms previously 
observed in clinical populations.

Face and Gaze Task Results
In the face task, the mean value (SD) for the estimated face 
prior was 0.427 (0.143) and the sensitivity parameter 0.737 
(0.080). The prior for face detection correlated with both 

FIGURE 2 | Experimental sequence of the unconscious gaze task. Both eyes of the participants received separate stimulation through a mirror stereoscope. One 
eye was shown the target stimulus (faces with either direct or averted gaze), whose conscious perception was suppressed by a dynamical mask shown to the other 
eye. Participants were instructed to indicate the localization of a face as soon as it broke through the mask, while not being told that faces differed with respect to 
gaze. By subtracting mean response times for averted gaze from mean response times for direct gaze, we obtained a measure of the preferential unconscious 
processing or prior for direct gaze. Figure adapted from Stein et al. (2011b).

TABLE 1 | Participants’ characteristics.

Characteristic Mean (SD)

Age 30.31 (10.06)
PDI score 76.95 (42.86)
CAPS score 106.90 (48.81)
Characteristic Absolute numbers
Sex Female: 19 and male: 20
Smoking Yes: 11; no: 26; and missing information: 2
Vocation None: 8; apprenticeship: 1; bachelor: 16; and master: 14

https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles


Stuke et al. Strong Priors Social Signals Psychosis

Frontiers in Psychology | www.frontiersin.org 6 April 2021 | Volume 12 | Article 583637

hallucination proneness (r  =  0.496, p  =  0.001, n  =  39, BF 
1/20.83) and delusion proneness (r  =  0.461, p  =  0.003, n  =  39, 
BF 1/9.43). These results suggest that psychosis proneness is 
associated with an increased prior for faces in a detection-in-
noise task (Figure  3B).

In contrast, the sensitivity measure was not significantly 
related to hallucination proneness (r  =  −0.138, p  =  0.401, 
n = 39, BF 5.65) or delusion proneness (r = −0.218, p = 0.183, 
n  =  39, BF 3.33). Thus, there was no evidence for a significant 
association of psychosis proneness with the ability to discriminate 
between face and noise stimuli.

In the gaze task, breakthrough times were on average 3.385  s 
(1.310) for direct gaze and 4.055 s (1.465) for averted gaze. Hence, 
breakthrough times were significantly shorter for direct compared 
to averted gaze (paired t test, T  =  −4.362, p  <  0.001, n  =  36, 
BF  =  1/20). Consistent with previous work (Stein et  al., 2011b; 
Seymour et  al., 2016), this result indicates a general direct-gaze 
bias for access to awareness in the whole sample (Figure  3A).

Breakthrough times were not directly correlated with 
hallucination or delusion proneness (all values of p  >  0.105, all 
BF  <  2.1). However, when we  calculated the difference between 
breakthrough times for direct and averted gaze as a measure 
of the direct gaze bias, this direct gaze bias correlated significantly 
with hallucination proneness (r  =  0.429, p  =  0.008, n  =  36, BF 
1/3.83), but not significantly with delusion proneness (PDI scores, 
r  =  0.297, p  =  0.079, n  =  36, BF 1.67). These results indicate 
that hallucination proneness is associated with enhanced access 
of direct gaze to awareness, suggesting a stronger a prior for 
socially relevant visual information (Figure  3C).

DISCUSSION

In the present work, we  showed that an increased prior for 
faces in noisy visual stimuli was related to higher hallucination 

and delusion proneness and an enhanced processing of direct 
compared to averted invisible gaze was related to higher 
hallucination proneness, but not to delusion proneness. These 
results are largely compatible with strong prior accounts of 
hallucinations (Corlett et  al., 2019; Horga and Abi-Dargham, 
2019) that state that overly strong priors during naturally noisy 
perception lead to the false perception of meaning in noise, 
which in turn is the substrate of psychotic experiences such 
as hallucinations and delusions.

A Bayesian approach to experimental evidence can take 
into consideration not only the single study, but also integrate 
it with evidence from prior studies when estimating posterior 
probabilities of hypotheses. In our study, the Bayes factors 
yielded strong evidence (BF > 10; Jeffreys, 1998) for correlations 
between hallucination proneness and an increased face prior 
as well as substantial evidence (BF  >  3.2) for correlations 
between delusion proneness and an increased face prior. 
Moreover, there is prior work pointing into the direction of 
an increased face perception bias in psychosis proneness (Partos 
et  al., 2016). Hence, the combined evidence renders it very 
likely that psychosis (proneness) is related to an increased 
prior for face detection in noisy but visible stimuli.

The combined evidence for an increased unconscious bias 
for direct gaze is less clear. In the present study, we  found 
substantial evidence (BF  >  3.2) for a correlation between 
hallucination proneness and direct gaze bias. We  also found 
evidence against the hypothesis of a correlation between delusion 
proneness and direct gaze bias, whose significance, however, 
was “barely worth mentioning” (BF < 3.2; Jeffreys, 1998). Prior 
work investigating an unconscious direct gaze bias in psychotic 
patients compared to healthy controls with a very similar task 
yielded a result that was numerically in the direction of an 
increased direct gaze bias in patients but fell of significance 
(Seymour et  al., 2016). One explanation for these conflicting 
findings might be  that a direct gaze bias was less present in 

A B C

FIGURE 3 | Mean response times for direct and averted gaze in the unconscious gaze task (A). Consistent with previous studies, response times were significantly 
faster for direct gaze (T = −4.362, p < 0.001). Relationships between participants’ hallucination proneness (CAPS scores) and signal detection bias in the face task 
(B) and direct gaze bias in the unconscious gaze task (C). With growing hallucination proneness, participants show an increased readiness to detect faces in noise 
and actual face stimuli (rho = 0.500, p = 0.001) as well as to unconsciously process direct gaze faster than averted gaze (rho = 0.424, p = 0.010). **p < 0.01.
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the specific sample of patients investigated by Seymour et al. (2016) 
which was a high functioning, stable medicated chronic sample 
with mean illness duration of more 23  years and mild 
symptomatology. In this context it is noteworthy, that in our 
study, the direct gaze prior was specific to hallucinations 
(contrary to delusions), which are absent in around one third 
of untreated schizophrenia patients (Sartorius et  al., 1986) and 
are significantly further reduced by antipsychotic medication 
(Sommer et  al., 2012). Another reason might lie in slightly 
different properties of the CFS tasks used in this study and 
in the study by Seymour et  al. For instance, in the task used 
by Seymour et  al., the mask intensity was gradually decreased 
after target stimulus fade-in, whereas in our task version, the 
mask intensity did not change. Gradual fade-out of the mask 
may render bCFS less sensitive for the detection of individual 
differences (Munkler et  al., 2015). Nevertheless, the mean 
breakthrough times as well as gaze-dependent breakthrough 
time differences lie in a similar range in both studies, rendering 
major differences in task-elicited effects unlikely. Finally, it 
should be  noted that Seymour et  al. also report increased 
response time differences in patients, which however did not 
reach significance. While it is difficult to combine these results 
with our present findings in a formal Bayesian analysis due 
to different analyses (group analyses vs. correlational analyses), 
interpreting these results together suggests the possibility of 
increased processing of direct gaze related to hallucinations, 
while the evidence speaks against a specific association with 
delusions. However, for further clarification, a follow-up 
experiment would be  necessary to investigate the unconscious 
direct gaze bias in acutely psychotic patients with hallucinations.

Our finding of a relationship between hallucination proneness 
and an increased prior for direct gaze in a masking task is 
of relevance for the ongoing debate about the processing stage, 
at which psychosis-typical perceptual alterations take effect 
(Berkovitch et  al., 2017). Here, our finding speaks for an 
involvement of unconscious processing stages. In this context, 
the neural correlates of these psychosis-associated unconscious 
processing alterations remain subject to speculation. In a first 
study on the neural correlates of unconscious direct gaze bias 
using EEG and CFS, Yokoyama et  al. (2013) found increased 
activity on the fronto-parietal, but not on the occipital electrodes, 
for invisible direct gaze compared to averted gaze. Using fMRI, 
Madipakkam et  al. (2015) found decreased activation of the 
fusiform face area, superior temporal sulcus, amygdala, and 
intraparietal sulcus for invisible direct gaze and concluded that 
in these regions, lower levels of neural activity are sufficient 
to give rise to awareness for direct than for averted gaze. Both 
findings speak for a differential involvement of higher-level 
processing stages in the processing of invisible direct compared 
to averted gaze. Studies investigating psychosis-associated changes 
in the neural underpinnings of unconscious processing of gaze 
remain to be  conducted.

It should be  noted that, in our current work “prior” does 
not refer to experimentally manipulated information, but to an 
implicit expectation of socially meaningful signals (faces and 
direct gaze) in noisy and ambiguous stimuli. This is in contrast 
to a body of previous work, where prior information was 

experimentally varied and had to be balanced against (potentially 
contradictory) sensory information. Here, relationships between 
psychotic experiences and prior usage were less consistent. In 
some experiments, there was an increased prior usage with 
growing psychosis proneness (Corlett et  al., 2019 for a review), 
which is in line with our current results, while other studies 
showed even porting decreased prior usage with growing psychosis 
proneness (Jardri et al., 2017; Stuke et al., 2018). This inconsistency 
goes well with the emerging understanding that different kinds 
of priors may be  differentially affected in psychosis, and that 
alterations in perceptual inference go beyond a simple over- or 
underweighting of priors. In short, it is proposed, that strong 
“high-level” belief priors might compensate for weak “low-level” 
sensory priors (for detailed discussions, see Schmack et  al., 
2013; Sterzer et al., 2018; Heinz et al., 2019). In this framework, 
our results are consistent with the hypothesis of stronger high-
level priors (i.e., an increased prior probability for the presence 
of faces and direct gaze in hallucination-prone individuals).

The present results raise the question of what processes 
might underlie the bias toward detecting socially relevant 
information we observed in hallucination proneness. In theory, 
three possibilities are conceivable here: first, the increased 
tendency to perceive faces and direct gaze could be  based on 
a general information processing bias such as overhasty decision-
making. However, this possibility has not been confirmed by 
previous work that failed to show a connection between jumping 
to conclusions in a non-perceptual task on the one hand, and 
hallucinations or jumping to erroneous perceptions in a perceptual 
task on the other (Bristow et al., 2014). An increased tendency 
to perceive faces and direct gaze could, second, represent 
specific changes in the processing of sensory information, or, 
third, even more specific changes in the processing of socially 
relevant sensory information. In our view, these latter two 
possibilities cannot be  distinguished with certainty at the 
moment. Partos et al. (2016) reported a bias toward perceiving 
signals in visual noise using analyses that combined non-socially 
relevant stimuli (natural scences) and potentially socially relevant 
stimuli (cartoons with mostly anthropomorphised animals). In 
a second experiment, the content participants perceived in 
visual noise could be  entered freely by the participants and 
participants reported “36% contained human faces or facial 
features, 25% animals or mythical creatures, 20% humanoid 
figures, 15% natural objects or scenes, and 4% other” (Partos 
et  al., 2016). These figures suggest a predominance of socially 
relevant stimuli in the erroneous percepts, but do not rule 
out that this might be  due to changes in the processing in 
sensory information in general. Bristow et  al. (2014) expanded 
a classic auditory experiment (Bentall and Slade, 1985) into 
the visual domain. Here, the target stimulus was the word 
“who,” which had been denoted as socially relevant in the 
original paper (“The word ‘Who’ was chosen because it is 
short, common and because it was considered that the word 
used should make some reference to the subject. Hallucinating 
individuals commonly hear their voices speaking to themselves 
or commenting about their own actions”; Bentall and Slade, 1985). 
Participants with current hallucinations showed an increased 
bias for perceiving this written or spoken word in visual and 
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auditory noise, respectively, in line with an altered processing 
of socially relevant sensory information in both the visual and 
auditory domain. However, because only socially relevant sensory 
stimuli were used, these findings do not rule out a more 
generic alteration in the processing of sensory information. 
Hence, future work using a detection task similar to ours but 
with socially irrelevant stimuli as an additional control condition 
will be  necessary to pinpoint whether the visual processing 
alterations related to hallucinations represent generic sensory 
processing alterations, or are specific to socially relevant stimuli.

False alarms in detection tasks (perception of meaning 
from noise stimuli) have an intuitive “face validity” as 
experimental hallucination markers. Similarly, the preferential 
unconscious processing of direct gaze directly relates to the 
psychotic feeling of being stared at in public. Hence, as 
opposed to other common markers for psychosis proneness 
(e.g., a reduced EEG mismatch negativity; Naatanen et  al., 
2015; Erickson et  al., 2016) and cognitive biases, such as 
jumping-to-conclusions (Dudley et  al., 2016), the two tasks 
used here have an immediate connection to the phenomenology 
of psychosis and might serve as symptom-related markers 
for the severity of psychotic experiences. It might be  a 
worthwhile endeavor to investigate the predictive power of 
these markers in further research. In clinical settings, an 
early response of psychosis-related markers after initiation of 
antipsychotic treatment might help to predict following 
treatment response. In preclinical research, similar detection-
in-noise tasks might help to assess effects of pro- or anti-
psychotic interventions in animal models. In any case, the 
development of suited experimental markers to monitor and 
predict the effect of psychosis-targeting interventions remains 
an important cornerstone for progressing our still limited 
understanding and treatment options for psychotic disorders.

A limitation of the present results is that we  investigated 
correlates of psychosis proneness in healthy individuals only. 
While the psychosis continuum framework described in the 
introduction suggests that the relationships found are meaningful 
for clinical manifestations of psychosis, a follow-up study 
involving psychotic patients would be required for confirmation.

In summary, our results speak to an overly strong prior 
for socially meaningful information in people with psychotic 
experiences that extends beyond the domain of auditory 

perception and might also affect early unconscious stages of 
sensory processing.
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