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No common factor for illusory 
percepts, but a link between 
pareidolia and delusion 
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coding theory
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Predictive coding theory is an influential view of perception and cognition. It 

proposes that subjective experience of the sensory information results from a 

comparison between the sensory input and the top-down prediction about this 

input, the latter being critical for shaping the final perceptual outcome. The theory 

is able to explain a wide range of phenomena extending from sensory experiences 

such as visual illusions to complex pathological states such as hallucinations and 

psychosis. In the current study we  aimed at testing the proposed connection 

between different phenomena explained by the predictive coding theory by 

measuring the manifestation of top-down predictions at progressing levels of 

complexity, starting from bistable visual illusions (alternating subjective experience 

of the same sensory input) and pareidolias (alternative meaningful interpretation 

of the sensory input) to self-reports of hallucinations and delusional ideations in 

everyday life. Examining the correlation structure of these measures in 82 adult 

healthy subjects revealed a positive association between pareidolia proneness and 

a tendency for delusional ideations, yet without any relationship to bistable illusions. 

These results show that only a subset of the phenomena that are explained by 

the predictive coding theory can be attributed to one common underlying factor. 

Our findings thus support the hierarchical view of predictive processing with 

independent top-down effects at the sensory and cognitive levels.
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1. Introduction

Our subjective impression of the outside world results from a complex interplay 
between the sensory information that our eyes send to our brain on the one hand, and 
knowledge and experience that we collect throughout our life on the other hand. The 
influential predictive coding theory aims to explain this interplay by postulating that 
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perception results from an active process of predicting the cause 
of the current sensory input (Kok and de Lange, 2015; Clark, 2017; 
Friston, 2018). According to this theory, the brain forms a 
hypothesis about what caused a certain sensory impression. This 
hypothesis is then compared with the sensory input by sending a 
top-down prediction signal. If there is a match, i.e., the hypothesis 
is able to ‘explain away’ the sensory input, it is equated to our 
perception. If, however, there is a mismatch between the 
prediction and the input, termed the “prediction error,” the 
information about it is resent in a bottom-up fashion for adjusting 
the prediction. The predictive coding view is often combined with 
Bayesian inference approach, which considers reliability of the two 
sources of information when prediction and sensory input are 
combined (Friston and Kiebel, 2009; Aitchison and Lengyel, 
2017). When the top-down expectation (prior) is weak or 
unreliable, sensory input (evidence) plays a major role in shaping 
perception. In contrast, when the sensory input is weak or 
ambiguous, top-down prediction plays a major role in shaping 
subjective outcome. The predictive coding theory is able to explain 
a wide range of perceptual and non-perceptual phenomena, 
ranging from perception of visual illusions in healthy individuals 
(Hohwy et al., 2008; Kok and de Lange, 2015; Weilnhammer et al., 
2017) to pathological states such as hallucinations (Powers et al., 
2016) and psychosis (Sterzer et al., 2018), and even such complex 
phenomena as consciousness (Hohwy and Seth, 2020).

One type of visual illusions that is often interpreted within the 
predictive coding framework are the ambiguous (or “bistable”) 
stimuli. Such stimuli contain visual information that can 
be interpreted in more than one way. When viewed continuously, 
such stimuli cause the subjective experience of the observer to 
alternate between perceiving either one or the other interpretation, 
with a change in perception occurring every couple of seconds 
(Long and Toppino, 2004; Brascamp et  al., 2018; see also 
Figures  1A,B). The predictive coding theory yields a 
straightforward explanation for why the perception changes: after 
one of the possible interpretations has been selected as the likely 
cause of the sensory input, the feedback signal about this 
interpretation is send back to the early processing stages. Since the 
top-down prediction contains only one of the interpretations, but 
the sensory input allows for two mutually exclusive ones, the 
second interpretation is sent forward as the prediction error, 
which is then used to update the prediction, favoring the second 
alternative. As long as the sensory input remains the same, there 
is a constant mismatch between the currently selected 
interpretation and the ambiguous sensory input, which causes 
constant prediction updating, and hence a constant change in 
perception (Weilnhammer et al., 2017; Brascamp et al., 2018).

Among bistable stimuli, one subcategory is particularly 
intriguing, because one of the possible interpretations appears to 
be simpler and closer related to the sensory input, while the other 
represents a more complex illusory impression that is derived 
from the first, simpler one (Lorenceau and Shiffrar, 1992; Anstis 
and Kim, 2011; see also Figures 1C,D). Such illusions, termed 
“asymmetric bistable stimuli” (Grassi et  al., 2018), are ideally 

suited for studying the individual proneness to illusory perception. 
In contrast to most visual illusions where illusory content is always 
perceived, here perception alternates between the non-illusory 
and the illusory interpretation, allowing the quantification of the 
individual tendency for the latter. The predictive coding 
explanation of the illusory interpretation is additionally supported 
by the patterns of brain activity that accompany the more complex 
illusory interpretation. When a more complex interpretation is 
perceived, a deactivation of early visual areas is observed, which 
is interpreted as the top-down prediction matching the sensory 
input (Murray et al., 2002; Fang et al., 2008; Zaretskaya et al., 2013; 
Grassi et al., 2018).

Pareidolia is a further form of illusory perception typically 
associated with predictive coding. Pareidolia is a tendency to 
recognize familiar forms, most commonly faces, in other 
meaningful or random objects or patterns (Zhou and Meng, 
2020). Examples of pareidolia include recognizing animals in 
cloud formations, in old tree trunks, or even in radiological 
images (Alexander et al., 2021). The predictive coding framework 
offers the most straightforward account of this phenomenon. 
Specifically, a tendency to recognize familiar items can be seen as 
manifestation of strong perceptual priors that overweigh the 
sensory information, especially in situations where the sensory 
input is weak (Salge et al., 2021). A typical experimental paradigm 
that induces pareidolia contains stimuli with degraded or 
ambiguous sensory input and a manipulation that enhances 
participant’s expectation (i.e., top-down prediction) about the 
presence of a certain stimulus (Liu et al., 2014; Pajani et al., 2015; 
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FIGURE 1

Bistable stimuli used in this study. Static stimuli (A,C) and dynamic 
stimuli (B,D). For dynamic stimuli (B,D) movement direction of 
items is indicated by red arrows.
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Salge et al., 2021). Nevertheless, pareidolias can occur in everyday 
life even under clear visibility conditions and without a particular 
expectation of a certain stimulus (Voss et al., 2012).

While the above phenomena are observed in healthy 
individuals, predictive coding theory is also capable of explaining 
clinically relevant perceptual and non-perceptual phenomena, 
such as hallucinations and delusions. Although a mild tendency 
for both phenomena is encountered in general population, 
extreme forms may be  symptoms of a clinical condition. 
Hallucinations are sensory impressions that are not related to the 
actual sensory input. In the context of predictive coding theory, 
hallucinations are thought to be caused either by a pathologically 
strong role of predictive mechanisms, or as a failure to accomplish 
a comparison between prediction and the sensory input and to 
generate a more accurate prediction error (Powers et al., 2016). 
Interestingly, links between pareidolia tendency and the presence 
of visual hallucinations have been reported in some clinical 
populations that are known to experience hallucinations in the 
visual modality, such as Parkinson’s disease or dementia with 
Lewy bodies (Shine et al., 2011; Onofrj et al., 2013). For example, 
it has been shown that patients suffering from dementia with 
Lewy bodies exhibit a higher pareidolia proneness compared to 
controls, both in images of natural scenes and for two-tone noise 
images (Uchiyama et al., 2012; Yokoi et al., 2014). Similar findings 
have been demonstrated for Parkinson’s disease patients using 
ambiguous and unambiguous visual images (Shine et al., 2012). 
Patients who experienced visual hallucinations were more likely 
to erroneously identify alternative interpretations in unambiguous 
images (misperception) and to miss the alternative meaning in the 
true ambiguous images. In line with the predictive coding 
explanation of hallucinations as a deficit of top-down influences 
on perception, recent neuroimaging findings demonstrate specific 
functional connectivity changes of the frontal areas that are 
associated with visual hallucinations in Parkinson’s disease (Shine 
et al., 2015; Kajiyama et al., 2021; Revankar et al., 2021).

In contrast to hallucinations, delusions are non-sensory 
phenomena and represent aberrant and rigid thoughts and beliefs 
that are not updated despite the contradicting evidence. As 
non-sensory phenomena, delusions require a predictive 
processing explanation at higher non-sensory levels. Crucially, 
however, dysfunctional sensory predictions are thought to lie at 
the core of higher-level delusional ideations, both in healthy 
individuals and as a manifestation of psychotic disease (Sterzer 
et  al., 2018). According to this view, weak top-down sensory 
predictions (sensory priors) lead to excessive salience of 
bottom-up sensory events. The excessively salient and 
overweighed sensory events lead to the formation of aberrant 
higher-level beliefs that are based on distorted and biased evidence.

In the current study, we  tested whether there is indeed a 
relationship between different perceptual and non-perceptual 
phenomena that are typically explained by the predictive coding 
theory in healthy adult individuals. A statistical relationship 
would indicate not only conceptual similarity, but also a common 
underlying mechanism. We tested a range of visual perceptual 

phenomena that contain a dissociation between the sensory input 
and the actual subjective experience of this input, including two 
classes of bistable illusions, and two types of pareidolia tasks, one 
with and one without explicitly induced expectations, and 
collected self-reports of subjects about their hallucinatory 
experiences and tendency for delusional ideations. We found a 
covariation between self-reported tendency for delusional 
ideations and pareidolia proneness, and a separate, independent 
covariation between different types of bistable stimuli. 
We conclude that bistable illusion perception on the one hand, 
and pareidolia as well as delusion tendency on the other hand, are 
driven by independent perceptual and cognitive mechanisms.

2. Materials and methods

2.1. Participants

Eighty two healthy adult volunteers participated in the 
experiment (mean age: 23.78, SD: 3.29, 55 female). The number 
of participants was determined using a priori power analysis 
for detecting a correlation at p < 0.05 with a power of 80% or 
more, and considering effects found in previous studies with a 
similar sample size (Smailes et al., 2020). All participants had 
normal or corrected-to-normal vision (−0.5 diopters or better) 
and no history of neurological impairments or psychiatric 
disorders. Recruiting was performed through the university 
mailing list as well as through the word of mouth. Since our 
study exploits individual differences in perception, 
we deliberately focused on a narrow age group of young healthy 
adults to reduce variability in perception that is related to age 
or other factors. Our inclusion criteria as advertised in the 
study announcements were: age between 18 and 35 years, 
normal or corrected to normal eye sight, no neurological or 
psychiatric illnesses, no regular medication intake. Subjects 
signed a written informed consent prior to participation. They 
received monetary reimbursement for their time and effort. 
Psychology students had an option of alternatively receiving 
course credit. The study was conducted according to the 
Declaration of Helsinki and was approved by the ethics 
committee of the University of Graz.

2.2. Stimulus and experimental 
procedures

2.2.1. Vision tests
Prior to the main data collection, we acquired an objective 

measure of participant’s visual acuity by means of a visual acuity 
test and a stereoacuity test. Both tests were presented on a 
Samsung screen (1920 × 1,080 pixels, diagonal display size, 22 
inches, vertical refresh rate: 60 Hz, Samsung Group, Seoul, South 
Korea). First, the Freiburg Computerized Visual Acuity test 
(FrACT) based on Landolt C’s with 24 trials (Bach, 1996) was 
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conducted with both eyes open, and then separately for each eye 
at a distance 230 cm from the participant. After this, participants 
were asked to put on red-blue polarized filters and to perform a 
random dot V stereotest1 with 6 disparity levels, two trials per level 
in random order. The total stereoacuity score was determined by 
summing all difficulty levels of correct trials (maximum 42). 
Visual and stereoacuity data were used to ensure that our results 
cannot be explained by low-level visual factors.

2.2.2. Bistable illusions
All bistable illusions (Figure  1) were generated using 

MATLAB R2017b (MathWorks) with Psychtoolbox 3 extensions 
(Brainard, 1997; Pelli, 1997; Kleiner et  al., 2007) on a Linux 
Ubuntu 18.04 LTS computer and presented using a linearized 
ASUS VG248QE LCD gaming monitor (1920 × 1,080, diagonal 
display size: 24 inches, vertical refresh rate: 60 Hz, ASUSTek 
Computer Inc., Taipei, Taiwan). The screen (53.1 cm 
width × 29.9 cm height) was placed at a distance of 65 cm, 
subtending 44.44 × 25.91° in visual angle units and had a 
maximum luminance of 90.40 cd/m2.

All bistable illusions elicited two different interpretations while 
the physical input remained the same. In two of the illusions 
(Rubin Face-Vase illusion, Structure-from-Motion stimulus), the 
two perceptual alternatives were similar in content and complexity, 
making these illusions symmetric. The other two illusions (Coffer 
illusion, global–local motion illusion) were asymmetric, with one 
perceptual interpretation being simpler and the other more 
complex and illusory (Grassi et al., 2018). Illusions were selected 
such that there was one static (Figures 1A,C) and one moving 
dynamic (Figures 1B,D) illusion in each category. Every bistable 
illusion was presented on a gray background (0.5 of full luminance) 
with a red fixation dot (0.28° in diameter) in the center of 
the screen.

In the Rubin’s Face-Vase illusion (Figure 1A), participants 
were presented with the ambiguous vase-face image (Rubin, 
1915). In this image (6.94 × 6.94°), either two face profiles in black 
facing each other or a white vase could be perceived. In the Coffer 
Illusion (Figure 1C) the participants were presented with an image 
(6.94 × 6.94°) of what initially looks like a grid of squares (default 
percept). Upon longer observation 16 circles (alternative percept) 
could appear in the image (Norcia, 2006). The dynamic structure-
from-motion illusion (“SFM,” Figure 1B) was produced by 350 
black dots (dot diameter: 0.16°) that were randomly placed 
around the fixation point forming a cylinder (cylinder width and 
height 6.58 × 6.67°). The dots moved horizontally in opposite 
directions at a speed of 0.56°/s creating the effect of a 3D cylinder 
structure. Participants perceived the cylinder as rotating to the 
right or to the left. Finally, in the bistable global–local motion 
illusion (“Anstis,” Figure 1D) four pairs of black dots (0.42° dot 
diameter, 1.23° center-to-center distance between two dots in a 

1 http://www.neuro-o.se/CritVis/cVis2.html#3DV

pair) were arranged in a square (side length: 5.89°). The pairs were 
rotating in circular motion (0.5 revolutions/s) leading to 
perception of either four pairs of dots moving locally (default 
percept) or of two large squares rotating on top of each other 
(Anstis and Kim, 2011). Short videos of the dynamic stimuli are 
available as Supplementary material.

Subjects were seated in a chair in front of the monitor with 
their head in a chin rest to minimize head movement. They were 
asked to view the stimuli and indicate their perception using the 
left and right arrow keys on a SteelSeries APEX M800 high-
precision mechanical gaming keyboard (SteelSeries ApS, 
Copenhagen, Denmark). Participants had to keep pressing the key 
as long as the corresponding percept was experienced, only 
pressing no key if they perceived both at the same time or were 
unsure of what they saw. The left arrow was used for faces, leftward 
cylinder rotation, squares in the Coffer illusion and local motion 
in the Anstis illusion. The right arrow was used for vase, rightward 
cylinder rotation, circles in the Coffer illusion and global illusory 
squares in the Anstis illusion. Before each illusion the participants 
had a chance to familiarize themselves with the stimulus and 
to practice.

The four illusions were presented in randomized order. Each 
illusion was presented four times for 120 s with a 20 s break in 
between, making the total viewing time of each illusion 8 min 
long. After each bistable illusion block participants were given the 
possibility of a self-determined break.

2.2.3. Pareidolia tasks
Either following or preceding the bistable illusion block (in a 

counterbalanced order) subjects were presented with two different 
pareidolia tasks (Noise Pareidolia task, Picture Pareidolia task). 
Both tasks were generated using PsychoPy3 version 2021.1.4 
(Peirce et al., 2019) and presented using the same setup in the 
order that was counterbalanced across subjects.

Noise Pareidolia task. The Noise Pareidolia task aimed at 
measuring the tendency of participants to perceive expected 
meaningful items in pure noise and followed the procedure 
described previously by Liu et  al. (2014) using identical 
stimulation material, but a modified experimental paradigm (for 
details see below). The stimuli consisted of either faces or letters 
embedded in noise or of pure noise, yielding 6 experimental 
conditions: easy-to-detect faces, hard-to-detect faces, pure noise 
with face expectation, easy-to-detect letters, hard-to-detect letters 
and pure-noise with letter expectation (Figure 2). The pure-noise 
images were produced by randomly combining and uniformly 
spacing bivariate Gaussian blobs with different standard 
deviations. The same noise images were used in the face and letter 
task. The easy-to-detect faces and hard-to-detect faces were 
created from 20 grayscale face photographs (male and female). 
The faces in the photographs showed a front view and held a 
neutral face expression. Each face was placed in the center of the 
image. The face-noise images were created by blending a face 
photo with a pure-noise image. The letter-noise images consisted 
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of nine Arial Roman/English letter images (a, s, c, e, m, n, o, r, u) 
and were created by placing a black, printed letter in the center of 
an image. Identical to the face-noise images, the letter-noise 
images were created by blending a letter image with a pure-noise 
image. A checkerboard image was used to neutralize any 
aftereffects of the images after each trial. For a detailed description 
of the stimuli see Liu et al. (2014).

Face and letter detection tasks were presented separately in 
a randomized and counterbalanced order. Each detection task 
consisted of three blocks and always started with the easy block 
where 20 easy-to-detect pictures and 20 pure noise images were 
presented in a randomized order. The next block contained 20 
hard-to-detect images and 20 pure-noise images, and the last 
block included 40 pure noise images. The difficulty, type of 
stimulus to detect and the instructions were shown to the 
participants before each block. Each trial started with a fixation 
cross presented at the center of the screen for 200 ms followed 
by the stimuli (easy-to-detect, hard-to-detect, noise) for 150 ms, 
followed by a checkerboard image with a fixation crosshair for 
200 ms. Afterwards participants were prompted to give their 
answer within 3 s by pressing a button.

Participants were asked to press the right arrow on the 
keyboard if they saw a face/letter in the image and the left arrow 
if they did not. They were informed that the difficulty of the task 
would increase from the first to the third block, and that the third 
block would be  the most difficult one. Participants were not 
informed about the exact percentage of face-containing trials in 
the most difficult block. At the beginning of each condition 
participants were presented with five example trials consisting of 
easy-to-detect, hard-to-detect and pure noise images to familiarize 
them with the task. The progression from easy to pure noise 
blocks was intended to induce an expectation of a face/letter in the 
pure noise blocks. The rate of false positives (i.e., faces or letters 
identified in pure noise images) in the pure noise block 
was measured.

Picture pareidolia task. The picture pareidolia task was aimed 
at determining the participant’s tendency to produce a more 
complex interpretation of the sensory input. It was designed by 
the authors and consisted of color photographs of natural scenes 
with three types of context (woods, clouds and man-made 
objects) containing either a face, an animal or a human-like body 
(Figure 3). We deliberately included several object categories and 
not just faces to make sure we are not investigating abilities related 
to face recognition, but a general ability to interpret visual 
information in a meaningful way. An object was hidden in 75% 
of the images of each context. Each object type was present at least 
twice in each context. The cloud context contained 3 animals, 3 
human-like faces and 2 human-like bodies. The man-made 
context contained 2 animals, 3 human-like faces and 3 human-
like bodies. The wood context contained 3 animals, 2 human-like 
faces and 3 human-like bodies. This yielded an equal number of 
images per object category. The images were identified by a web 
search (primarily on www.commons.wikimedia.org) and were 
preselected from an initial larger set of images (96) based on a 
short pilot online experiment with an independent group of 
participants (N = 10). The pilot study aimed to assure that the 
participants do not indicate any pareidolia in images intended for 
the “pareidolia-absent” image category but are able to identify the 
respective objects in the “pareidolia-present” image category. The 
pilot experiment led to a selection of 39 images in total. Three of 
these images were used for the practice trial and the remaining 36 
images were made up of 24 “pareidolia-present” (8 images per 
context) and 12 “pareidolia-absent” (4 images per context) images.

Each trial started with a 1-s fixation cross, after which a 
picture was presented, and participants had 10 s to answer. 
Participants were instructed to view the pictures and use the 
mouse to left-click at the center of the object they saw if they saw 
an animal, a face or human-like body in the photo. If they did not 
see any figure in the picture they were asked to right-click into the 
center of the picture. The task started with a practice trial made up 
of three pictures. In this experiment we were primarily interested 
in the proportion of correctly identified objects (hit rate).

2.2.4. Questionnaires
The main experimental part was followed by 3 self-rating 

scales that measure hallucination and delusion proneness. An 
additional fourth questionnaire that assessed mindfulness (Baer 
et al., 2004) was also presented to the first 60 tested participants. 
This data was collected to address an entirely different research 
question and was therefore not a focus of the current study. The 
questionnaires were presented electronically using LimeSurvey2 
using the same setup as the stimuli. Participants were required to 
use the mouse for answering the questions. The order of the 
questionnaires was randomized and counterbalanced across 
individuals. Main quantitative information on the questionnaires 
is presented in the Supplementary Table 1.

2 www.limesurvey.org

A B C

D E F

FIGURE 2

Example stimuli for the Noise Pareidolia face (A,B) and letter 
(C,D) detection task as well as pure noise (E) and a checkerboard 
mask (F). Reproduced with permission without changes from Liu 
et al. (Liu et al. 2014).
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Cardiff Anomalous Perceptions Scale (CAPS) is a self-
report scale that measures perceptual anomalies (Bell et al., 
2006). The 32 items could be answered by the participants 
with “yes” or “no.” For each item being answered with a “yes” 
participants were required to rate this item on 5-point 
subscales on intrusiveness, frequency, and distress. An 
example item would be: “Do you ever see shapes, lights or 
colors even though there is nothing really there?” The 
translation of the CAPS into German was performed using 
the back-translation procedure (Brislin, 1970; Sperber, 2004). 
The initial translation was performed by the first author. 
Afterwards a colleague with a very good to excellent 
command of English translated the German version back to 
English. Discrepancies between the original version and the 
retranslated version were solved consensually.

Launay-Slade-Hallucinations Scale – R (LSHS-R) is a self-
report questionnaire assessing hallucination proneness in 
healthy individuals (Launay and Slade, 1981; Bentall and 
Slade, 1985). Participants were asked to rate each of the 12 
items on a 5-point scale from “certainly does not apply to me” 
to “certainly applies to me.” An example item would be: “In 
the past, I have had the experience of hearing a person’s voice 
and then found that no-one was there.” The existing German 
adaptation of the questionnaire was used (Lincoln 
et al., 2009).

Peters et al. (1999) Delusions Inventory (PDI) measures 
delusional ideation in the general population. It contains a 
total of 40 items with dichotomous response format (yes/no). 
For each item being answered with a “yes” participants were 
required to rate this item on 5-point subscales on distress, 
preoccupation, and conviction. An example item would be: 
“Do you ever feel as if someone is deliberately trying to harm 
you?” The delusions inventory was added to determine to 
which extent abnormal perceptual effects quantified with 
CAPS and LSHS-R are restricted to the perceptual domain or 
are related to higher-level delusional tendencies. The existing 
German adaptation of PDI was used (Lincoln et al., 2009).

2.3. Data analysis

2.3.1. Subject-level analysis
Subject-level analysis was performed using custom scripts 

written in GNU Octave version 5.2.0.
Bistable perception task. Subject’s button presses during bistable 

perception blocks were used to determine duration of each 
perceptual phase. Because the distribution of individual-level 
dominance durations deviates from the normal distribution 
(Levelt, 1967; Brascamp et al., 2005), the geometric mean (defined 
as the nth root of the product of n values) instead of the arithmetic 
mean was used as a measure of average duration for each illusion 
of each subject. Additionally, for the asymmetric bistable stimuli 
we quantified the tendency to perceive the alternative interpretation 
(“global” for the Anstis stimulus, “circles” for the Coffer illusion), 
defined as the total time the alternative interpretation was 
perceived divided by the total time both percepts were perceived.

Pareidolia tasks. For the Noise Pareidolia task, in which 
we measured subject’s tendency to perceive expected stimuli in 
pure noise, subject’s reports for “stimulus present” in the noise-
only blocks were summed for the face and letter task and divided 
by the total number of noise-only trials, yielding one false alarm 
rate value per subject. For the Picture Pareidolia task, where 
we measured subjects’ tendency to overinterpret the content that 
already had its standard meaning in the absence of explicitly 
induced expectations, subjects’ correctly identified hidden items 
were summed over all contexts and all object types and divided by 
the total number of trials, yielding one hit rate value per subject.

2.3.2. Principal component analysis and 
pairwise correlations

The group-level analysis was performed in RStudio 
(22.07.1 + 554). The subject-level analysis described above yielded 
a multidimensional dataset with 11 values per subject: dominance 
durations for each of the four bistable illusions (Rubin’s Face-Vase 
Illusion, Structure-From-Motion Stimulus, Coffer Illusion, Anstis 
global–local illusion), complex percept predominance for each of 

A B C D

FIGURE 3

Example picture pareidolia stimuli. Reproduced unchanged from Wikimedia Commons. (A) Photograph by Frank Kovalchek. 2012. Wikimedia.org. 
https://commons.wikimedia.org/wiki/File:Interesting_cloud_-_it_looks_like_the_face_of_a_superhero_(8352871256).jpg CC BY 2.0. 
(B) Photograph by Rolf Brecher. 2018. Wikimedia.org. https://commons.wikimedia.org/wiki/File:Gemeines_Baumschwein_(40153933314).jpg CC 
BY 2.0. (C) Photograph by Fabiolinux25. 2009. Wikimedia.org. https://commons.wikimedia.org/wiki/File:Pareidolia_-_Chiesa_Madre_di_Nereto_-_
Teramo,_Italy.jpg Public domain image. (D) Photograph by Immanuel Giel. 2013. Wikimedia.org. https://commons.wikimedia.org/wiki/
File:Rostiges_Metall_%3D_moderne_Kunst_-_panoramio_(1).jpg CC BY 3.0.
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the two asymmetric bistable illusions, false alarm rate in the pure 
noise blocks of the Noise Pareidolia task, hit rate for the Picture 
Pareidolia task and the scores of the three questionnaires 
(LSHS-R, CAPS and PDI). These 11 values were used to perform 
the principal component analysis with prcomp function. Variables 
were standardized prior to PCA (i.e., subtracting the mean and 
dividing by the standard deviation of each variable). The number 
of extracted components was chosen based on Horn’s parallel 
analysis with 10,000 iterations (Horn, 1965) as implemented in  
paran library. To test which of the dependent variables covary, 
we  conducted a varimax rotation on extracted components 
(rotating the axes of principle components to maximize the 
separation of individual variables across components). Finally, 
since most variables were not normally distributed 
(Supplementary Figure 1), the correlation structure between 
individual variables was examined using Spearman’s 
correlation coefficient.

3. Results

Data for the Picture Pareidolia task was missing for two 
participants for technical reasons. For these two subjects the 

hit values were replaced by the group average. All remaining 
datasets were complete. The distributions, as well as means 
and standard deviations of all measured variables are 
presented in Figure 4. All but one variable, the false alarm rate 
in the Noise Pareidolia task, revealed sufficient variability. 
Despite our expectation and in contrast to a previous study 
that reported false alarm rates of 38% for letters and 34% for 
faces in this task (Liu et al., 2014), we observed extremely low 
false alarm rates, with 30.49% of all subjects having zero false 
alarms in the hardest task. We  nevertheless included this 
variable into the subsequent PCA. Removing it entirely, or 
substituting it with the false alarm rate over the entire Noise 
Pareidolia experiment (i.e., including noise trials from easy 
and hard blocks) does not substantially change the distribution 
of variable loadings across the first two PCA components (see 
Supplementary Figure 2).

The outcome of the PCA analysis is shown in Figure  5. 
Following the parallel analysis (Figure  5A), 3 principal 
components were kept for subsequent varimax rotation, which 
together explained 54% of the variance in the data.

Following the rotation, the hit rate in the Picture 
Pareidolia task as well as the questionnaires showed similar 
loadings on the first rotated component (Figure 5B), while the 

FIGURE 4

Data distribution. Frequency histogram of each variable together with mean (also indicated as a vertical dashed line) and standard deviation values, 
color-coded according to the variable type: bistable stimuli (red), alternative percept predominance (green), Pareidolia tasks (blue) and 
Questionnaires (violet).
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A B

FIGURE 5

PCA results. (A) Parallel analysis result showing the original, random and adjusted eigenvalues for each component. According to the parallel 
analysis, the first 3 components are the most relevant for explaining variance in the data. (B) Biplot showing the distribution of the variables across 
the first two principal components. Length of an arrow represents its contribution to the respective component, while the angle between each 
two arrows represents the degree of association between variable pairs (the smaller the angle, the stronger the association).

TABLE 1 Variable contribution to the 3 PCA components after varimax 
rotation.

RPC1 RPC2 RPC3

Rubin −0.04 −0.59 −0.07

SFM 0.22 −0.34 0.32

Anstis 0.05 −0.34 −0.39

Coffer −0.06 −0.63 0.05

Global 0.04 −0.02 −0.41

Circles 0.02 −0.04 −0.4

Noise 0.16 −0.06 0.51

Picture −0.24 −0.1 0.35

CAPS −0.56 −0.03 −0.04

LSHS −0.53 −0.01 −0.05

PDI −0.52 0.02 0.14

Values represent the loading of each variable onto each of the first three rotated 
components (correlation between the variable and the extracted component). Please see 
Data Analysis section 2.3.2 for details.

dominance durations of all four bistable illusions showed 
similar loadings onto the second principal component 
(Table 1). The third component was dominated by the Noise 
Pareidolia task.

This pattern is reflected in the correlation structure between 
variables which is shown in Figure  6. As expected, there are 
positive moderate to strong correlations between the 
questionnaires, ranging from 0.46 to 0.61 (p < 0.01). There are 
also positive moderate to strong correlations between the reversal 
rates of bistable illusions, ranging from 0.30 to 0.66 (p < 0.01). 
Most importantly, there is a moderate positive correlation 
between the hit rate in Picture Pareidolia task and the delusion 

score (PDI, R = 0.36, p < 0.01). Finally, there is no significant 
correlation of Noise Pareidolia with any other variable. Crucially, 
there is no positive association between any of the illusion 
measures on the one hand, and the pareidolia and questionnaire 
scores on the other hand.

Hit rate in the Picture Pareidolia task thus correlated most 
strongly with the delusion questionnaire (Figure  7A), but 
delusion scores also correlated with hallucination scores. 
We  therefore additionally wanted to determine the unique 
contribution of delusion scores to explaining the Picture 
Pareidolia proneness. We  calculated Spearman’s correlation 
coefficient between Picture Pareidolia hit rate and PDI score 
with CAPS scores regressed out. This analysis still showed a 
significant positive correlation (Figure  7B). In contrast, 
repeating the same procedure for hallucination scores (CAPS, 
Figure  7C) versus Picture Pareidolia hit rate with delusion 
scores regressed out did not show a significant association 
(Figure 7D). Similar results were obtained when using LSHS 
instead of CAPS as hallucination scores 
(Supplementary Figure 4). This shows that Picture Pareidolia 
proneness is best explained by the delusion tendency.

The visual acuity test revealed a visual acuity of-0.13 logMAR 
(SD = 0.21), with only 4 participants exceeding the range of 
normal visual acuity up to 0.65 logMAR. Neither visual acuity 
nor stereoacuity showed a significant relationship with Picture 
Pareidolia hit rate (both p ≥ 0.23) and the PDI questionnaire 
score (both p ≥ 0.10).

There have been reports of gender differences in pareidolia 
perception (Pavlova et  al., 2015; Proverbio and Galli, 2016). 
Although the effect was reported specifically for face pareidolia 
and may be related to women’s general superiority in processing 
facial information (Zhou and Meng, 2020), given that our sample 
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contained more female than male participants we  tested for 
potential gender differences in our main dependent variables. 
Both the Picture Pareidolia task and the PDI score revealed no 
statistically significant gender differences (Picture: t(80) = 0.13, 
p = 0.90; PDI: t(80) = −0.22, p = 0.83).

4. Discussion

In the current study we investigated the connection between 
different visual and non-visual phenomena explained by the 
predictive coding theory by examining the individual 
differences in their parameters in healthy young adults. Our 
results revealed a known relationship between different types of 
bistable stimuli, but also a previously unreported link between 
the pareidolia proneness and the tendency for delusional 
ideation. Crucially, there was no correlation between bistable 
perception and the remaining phenomena. Our data do not 
support the hypothesized link between different visual 
phenomena and suggest instead that they are governed by 
independent mechanisms. They further suggest that illusory 
perception in pareidolia is driven primarily by higher-level 
factors related to thought than by sensory processing that drives 
bistable illusions.

4.1. No common factor for different 
types of illusory perception

Our study follows the line of research taken previously by 
other groups for finding common factors that may underlie 
potentially related perceptual phenomena. In one such study, 
Cappe et al. (2014) tested whether there is a common factor in 
visual perception akin to the g factor in intelligence. The authors 
analyzed correlations between a range of basic visual perception 
tasks such as visual acuity, backward masking, detection and 
discrimination, finding surprisingly few significant relationships 
between different aspects of visual perception. Such independence 
was also reported for different types of visual illusions (Cretenoud 
et al., 2019), and even between the different examples of the same 
visual illusion type (Cao et al., 2018). In the study by Cao et al. 
(2018), the authors examined a potential relationship between the 
alternation rates in different types of bistable stimuli, concluding 
that the degree of association varied from very weak to moderate 
and depended on the extent to which the stimuli engage similar 
perceptual mechanisms. We  also observed weak to moderate 
correlations between dominance durations of different bistable 
stimuli in our study, with only one strong correlation between the 
Face-Vase illusion and the Coffer illusion, possibly because both 
involve figure-ground segregation mechanisms. Importantly, 

FIGURE 6

Spearman’s correlation coefficients between variable pairs and their significance. *** p < 0.001, **p < 0.01, *p < 0.05. Corresponding Pearson’s results 
are shown in Supplementary Figure 3.
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FIGURE 7

Relationship between pareidolia proneness in the Picture Pareidolia task, tendency for delusional ideation and abnormal perceptual experiences 
(hallucinations). (A) Scatter plot of the delusion score and Picture Pareidolia hit rate with a regression line and Spearman’s correlation coefficient. 
(B) same as (A), but with hallucination-related variance as measured by the CAPS questionnaire removed. (C) Relationship between pareidolia 
proneness and hallucinations as measured by CAPS. (D) Same as (C), but with delusion-related variance removed.

we observed no positive association between bistable illusions and 
pareidolias, which we hypothesized are both driven by perceptual 
top-down mechanisms. This and similar studies thus demonstrate 
that visual perception is less homogeneous than one would expect, 
and that even the apparently similar visual phenomena may result 
from entirely different perceptual, and potentially also neural, 
processes.

4.2. Hierarchical nature of predictive 
coding

Overall, our main finding of independent variation in 
bistable perception properties on the one hand, and pareidolia 
proneness and delusion tendency on the other hand is broadly 
consistent with the idea that top-down mechanisms determine 
perception at different hierarchical levels, and that these levels 
may be  largely independent from each other (Sterzer et  al., 
2018). And yet several specific results of our study contradict 

previous findings reported in the field. For example, one 
previous study could show a negative correlation between 
delusional ideation and perceptual stability of bistable stimuli 
and a positive correlation between delusional ideation and 
belief-induced perceptual bias in a group of healthy individuals, 
suggesting an opposite role of weak sensory and strong 
cognitive priors for the emergence of delusions (Schmack et al., 
2013). We  observed neither of the two relationships in our 
data. The absence of a negative relationship between perceptual 
stability and delusion tendency as measured with PDI scores 
could partially be explained by the specific measure used to 
quantify perceptual stability. In the study of Schmack et al., an 
intermittent stimulus presentation paradigm, in which a 
bistable stimulus is regularly removed and then shown again, 
was used to calculate “survival probability,” i.e., the likelihood 
of the perceptual interpretation remaining the same across the 
stimulus removal periods. In the current study, we used a more 
classical bistable perception paradigm and measured perceptual 
stability as an average dominance duration. Average dominance 
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duration is directly related to survival probability, as it 
measures the duration of perceptual stability before a 
spontaneous destabilization and a switch to the alternative 
percept occurs. The two measures appear to show a strong 
correlation across individuals (Figure 2; Leopold et al., 2002), 
and were shown to be  driven by the same oscillatory 
mechanisms (Zhu et al., 2022). Nevertheless, we cannot exclude 
the possibility that survival probability in intermittent stimulus 
presentation may be  a measure that better captures the 
perceptual stability mechanisms. Given the relatively weak 
association between bistable perception and PDI, even minor 
deviations in how perceptual stability is quantified could make 
a difference. Our data also show that correlations between 
perceptual stability measures derived from different bistable 
stimuli is moderate at best. It therefore remains an open 
question to which degree an association between PDI and 
survival probability in structure-from-motion illusion would 
generalize to other bistable stimuli.

Interestingly though, we found a weak negative correlation 
between the PDI score and the tendency for an alternative percept 
in the Anstis and Coffer illusions (and also for the dominance 
duration of the Anstis illusion, which is likely to be driven by a 
typically longer global percept). These correlations, although not 
reaching significance in our slightly smaller sample than that of 
Schmack et al., are similar in magnitude (for a comparison, see 
Pearson’s correlation coefficients reported in 
Supplementary Figure 3). They do speak in favor of the hypothesis 
that delusional tendencies are related to weak top-down sensory 
predictions if the latter are expressed as the alternative 
percept predominance.

4.3. What drives pareidolia proneness

The key finding of our study is a relationship between the 
delusion tendency and pareidolia proneness as measured in the 
Picture Pareidolia task. Delusions are complex cognitive 
phenomena that involve interpretation, attribution, reasoning and 
causal inference. This relationship indicates that detecting 
pareidolias in natural scenes is not limited to perception and 
object recognition, but involves complex higher-level functions 
related to cognition and thought.

Our results complement findings of a previous study 
reporting that pareidolia proneness is related to hallucination 
tendency in healthy individuals (Smailes et  al., 2020). In the 
current study, where we  examined both, hallucination and 
delusion tendency, we  could show that the association with 
delusions is stronger and may be the actual primary driver behind 
the association with hallucinations. Interestingly, the same study 
measured schizotypy in healthy adults and could not find 
evidence for the latter contributing to the pareidolia-hallucination 
association (Smailes et al., 2020). Together with previous findings, 
our results suggest that the association between pareidolia and 
delusion tendency is not a reflection of general psychotic 

tendency of an individual, but is confined to its one specific 
manifestation, namely delusions. It follows that increased 
pareidolia proneness previously reported in schizophrenia 
patients (Abo Hamza et al., 2021) may be explained solely by the 
core symptom of delusions.

4.4. Picture and noise pareidolia

An interesting aspect of our findings is that we observed 
effects only in the Picture Pareidolia task, but not in the 
Noise Pareidolia task. One rather technical reason for this 
could be the skewed distribution of false alarm rates for the 
Noise Pareidolia task in our sample, which could have led to 
floor effects (see Figure 4). However, this must have also been 
the case in the study of Smailes et al., (2020) (false alarm rate 
of 0.12  in Smailes et al., (2020) versus 0.10  in this study), 
which nevertheless could report an association between a 
similar Noise Pareidolia task and hallucinations. More 
recently, a large-scale study with more than 1,000 participants 
revealed that the effect size for the association between 
hallucinatory experiences and false alarm rates in a detection 
task is rather small (Spearman’s r = 0.14), even when the 
average false alarm rate is sufficiently high (Moseley et al., 
2021). Effects of this size would not have been possible to 
detect with our sample size, which could be another reason 
for this negative finding.

Another, more substantial reason could be  the different 
aspects of false perception that are measured in the Picture 
Pareidolia and the Noise Pareidolia tasks. The Noise Pareidolia 
task, which is also referred to as “reality discrimination” task, 
requires a high level of uncertainty about the sensory input and a 
suggestive instruction that induces expectations of a specific 
stimulus (Salge et  al., 2021). Furthermore, the usage of Noise 
Pareidolia-type tasks for quantifying hallucinatory tendencies in 
general population requires high metacognitive confidence ratings 
that a participant saw something. False alarms under low 
confidence can be  attributed to, e.g., a more liberal reporting 
criterion or social pressure of experimental situation (Salge et al., 
2021). In contrast, the Picture Pareidolia task contains clear 
sensory input and less expectation to detect a specific stimulus 
(i.e., weaker sensory priors). It rather represents an individual’s 
tendency to re-interpret or even overinterpret the existing input 
in another meaningful way. This aspect actually relates pareidolias 
in everyday life and in natural images to delusional ideations, 
which are thought to result from weak sensory priors which 
enable higher-level aberrant interpretation. While we provide the 
correlational evidence for this relationship in healthy individuals, 
further studies are needed to test whether it holds in, e.g., 
clinical samples.

Since the low false alarm rate in the Noise Pareidolia task 
in our study deviates significantly from the original report by 
Liu et al. (2014), which served as the basis for our paradigm, 
we  would like to briefly discuss potential reasons for this 
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discrepancy. In the hardest task block of Liu et  al. (2014) 
participants were instructed that 50% of all images will contain 
the target item (face or letter depending on the block), thereby 
creating a strong expectation in participants that some images 
will contain targets. We slightly modified this instruction, only 
informing participants that in this block target items will 
be  very hard to detect (i.e., without specifying the exact 
percentage of target-present trials). Our modification was 
aimed at reducing potential effects of socially desirable behavior 
in our participants, who would otherwise feel the pressure to 
report targets even though they do not perceive them. More 
technical factors, like monitor properties or surrounding 
experimental conditions, may have also played a role. Low false 
alarm rates were apparent to us in the pilot testing, and 
we intentionally reduced the duration of stimulus presentation 
compared to Liu et al. (2014) to make the stimulus processing 
harder for the participants, but this modifications appeared to 
be insufficient.

4.5. Limitations

In this final section of our manuscript we  would like to 
address several limitations of our study. First, as discussed above, 
we observed low false alarm rates in the Noise Pareidolia task, 
which could have precluded finding significant associations with 
other dependent variables due to potential floor effects. 
Therefore, future studies using similar tasks should put more 
effort into careful calibration of experimental parameters and/or 
instruction to achieve higher false alarm rates. Second, a 
prevalence of women over men in our participant sample may 
have caused a potential bias if, for example, a certain dependent 
variable is more pronounced in individuals of one gender than 
of the other. We could rule out such biases for the significant 
associations by testing for the effects of gender post-hoc, but it 
remains unclear whether gender disbalance could have caused 
null effects for some associations. Therefore, future studies 
should also pay more attention to recruiting a gender-balanced 
participant sample. Finally, the results we report here are based 
on a sample of healthy individuals. It is not clear to what extent 
anomalous perception or delusional ideations reported by our 
participants are qualitatively similar to hallucinations and 
delusions that are encountered as symptoms in clinical 
populations. Future studies can be  aimed at testing the 
relationship between pareidolia and delusional ideations in 
clinical populations with delusions, such as schizophrenia  
patients.

5. Conclusion

Overall, our results speak against a common mechanism 
behind different perceptual and non-perceptual phenomena 

explained by the predictive coding theory. However, they are 
consistent with the notion of the hierarchical predictive processing 
and suggest that lower-level perceptual and higher-level cognitive 
predictions operate independently. They also place the 
phenomenon of pareidolia at the higher cognitive level of the 
prediction hierarchy.

Data availability statement

The datasets presented in this study can be found in online 
repositories. The names of the repository/repositories and 
accession number(s) can be found at: Open Science Framework 
(OSF) https://osf.io/jnz4e/.

Ethics statement

The studies involving human participants were reviewed and 
approved by Ethics Committee of the University of Graz. The 
patients/participants provided their written informed consent to 
participate in this study.

Author contributions

ML: conceptualization, software, investigation, formal 
analysis, writing – original draft, writing – review and editing, 
and project administration. AI: validation, resources, 
supervision, and writing – review and editing. BH: 
conceptualization, software, and writing – review and editing. 
NZ: conceptualization, methodology, software, formal analysis, 
writing – original draft, visualization, supervision, and funding 
acquisition. All authors contributed to the article and approved 
the submitted version.

Funding

This work was funded by the BioTechMed-Graz, Austria (Young 
Research Group Grant to NZ) and by the University of Graz.

Acknowledgments

The authors would like to thank Erik Fink for assistance 
with subject recruitment and data collection and Niklas Weisse 
for assistance in programming the Picture Pareidolia task. 
We would  also like to thank Jiangang Liu for sharing the Noise 
Pareidolia stimulation materials and Dipl.-Psych. Tania 
Lincoln for sharing the German version of the PDI and 
LSHS-R questionnaires.

https://doi.org/10.3389/fpsyg.2022.1067985
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://osf.io/jnz4e/


Lhotka et al. 10.3389/fpsyg.2022.1067985

Frontiers in Psychology 13 frontiersin.org

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be  found 
online at: https://www.frontiersin.org/articles/10.3389/fpsyg.2022. 
1067985/full#supplementary-material

References
Abo Hamza, E. G., Kéri, S., Csigó, K., Bedewy, D., and Moustafa, A. A. (2021). 

Pareidolia in schizophrenia and bipolar disorder. Front. Psych. 12:746734. doi: 
10.3389/fpsyt.2021.746734

Aitchison, L., and Lengyel, M. (2017). With or without you: predictive coding and 
Bayesian inference in the brain. Curr. Opin. Neurobiol. 46, 219–227. doi: 10.1016/j.
conb.2017.08.010

Alexander, R. G., Yazdanie, F., Waite, S., Chaudhry, Z. A., Kolla, S., Macknik, S. L., 
et al. (2021). Visual illusions in radiology: untrue perceptions in medical images and 
their implications for diagnostic accuracy. Front. Neurosci. 15:629469. doi: 10.3389/
fnins.2021.629469

Anstis, S., and Kim, J. (2011). Local versus global perception of ambiguous motion 
displays. J. Vis. 11:13. doi: 10.1167/11.3.13

Bach, M. (1996). The Freiburg visual acuity test--automatic measurement of visual 
acuity. Optom. Vis. Sci. 73, 49–53. doi: 10.1097/00006324-199601000-00008

Baer, R. A., Smith, G. T., and Allen, K. B. (2004). Assessment of mindfulness by 
self-report: the Kentucky inventory of mindfulness skills. Assessment 11, 191–206. 
doi: 10.1177/1073191104268029

Bell, V., Halligan, P. W., and Ellis, H. D. (2006). The Cardiff anomalous perceptions 
scale (CAPS): a new validated measure of anomalous perceptual experience. 
Schizophr. Bull. 32, 366–377. doi: 10.1093/schbul/sbj014

Bentall, R. P., and Slade, P. D. (1985). Reality testing and auditory hallucinations: 
a signal detection analysis. Br. J. Clin. Psychol. 24, 159–169. doi: 
10.1111/j.2044-8260.1985.tb01331.x

Brainard, D. H. (1997). The psychophysics toolbox. Spat. Vis. 10, 433–436. doi: 
10.1163/156856897X00357

Brascamp, J., Sterzer, P., Blake, R., and Knapen, T. (2018). Multistable perception 
and the role of Frontoparietal cortex in perceptual inference. Annu. Rev. Psychol. 69, 
77–103. doi: 10.1146/annurev-psych-010417-085944

Brascamp, J. W., Van Ee, R., Pestman, W. R., and Van Der Berg, A. V. (2005). 
Distributions of alternation rates in various forms of bistable perception. J. Vis. 5, 
287–298. doi: 10.1167/5.4.1

Brislin, R. W. (1970). Back-translation for cross-cultural research. J. Cross-Cult. 
Psychol. 1, 185–216. doi: 10.1177/135910457000100301

Cao, T., Wang, L., Sun, Z., Engel, S. A., and He, S. (2018). The independent and 
shared mechanisms of intrinsic brain dynamics: insights from Bistable perception. 
Front. Psychol. 9:589. doi: 10.3389/fpsyg.2018.00589

Cappe, C., Clarke, A., Mohr, C., and Herzog, M. H. (2014). Is there a common 
factor for vision? J. Vis. 14:4. doi: 10.1167/14.8.4

Clark, A. (2017). Busting out: predictive brains, embodied minds, and the puzzle 
of the evidentiary veil. Noûs 51, 727–753. doi: 10.1111/nous.12140

Cretenoud, A. F., Karimpur, H., Grzeczkowski, L., Francis, G., Hamburger, K., and 
Herzog, M. H. (2019). Factors underlying visual illusions are illusion-specific but 
not feature-specific. J. Vis. 19:12. doi: 10.1167/19.14.12

Fang, F., Kersten, D., and Murray, S. O. (2008). Perceptual grouping and inverse 
fMRI activity patterns in human visual cortex. J. Vis. 8:2. doi: 10.1167/8.7.2

Friston, K. (2018). Does predictive coding have a future? Nat. Neurosci. 21, 
1019–1021. doi: 10.1038/s41593-018-0200-7

Friston, K., and Kiebel, S. (2009). Predictive coding under the free-energy principle. 
Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 364, 1211–1221. doi: 10.1098/rstb.2008.0300

Grassi, P. R., Zaretskaya, N., and Bartels, A. (2018). A generic mechanism for 
perceptual organization in the parietal cortex. J. Neurosci. 38, 7158–7169. doi: 
10.1523/JNEUROSCI.0436-18.2018

Hohwy, J., Roepstorff, A., and Friston, K. (2008). Predictive coding explains 
binocular rivalry: an epistemological review. Cognition 108, 687–701. doi: 10.1016/j.
cognition.2008.05.010

Hohwy, J., and Seth, A. (2020). Predictive processing as a systematic basis for 
identifying the neural correlates of consciousness. Philos. Mind Sci. 1, 1–34. doi: 
10.33735/phimisci.2020.II.64

Horn, J. L. (1965). A rationale and test for the number of factors in factor analysis. 
Psychometrika 30, 179–185. doi: 10.1007/BF02289447

Kajiyama, Y., Hattori, N., Nakano, T., Revankar, G. S., Otomune, H., 
Hashimoto, R., et al. (2021). Decreased frontotemporal connectivity in patients with 
Parkinson’s disease experiencing face pareidolia. NPJ Park. Dis. 7:90. doi: 10.1038/
s41531-021-00237-z

Kleiner, M., Brainard, D., Pelli, D., Ingling, A., Murray, R., and Broussard, C. 
(2007). What’s new in psychtoolbox-3. Perception 36, 1–16.

Kok, P., and de Lange, F. P. (2015). “Predictive coding in sensory cortex,” in An 
Introduction to Model-based Cognitive Neuroscience. eds. B. U. Forstmann and E.-J. 
Wagenmakers (New York: Springer), 221–244.

Launay, G., and Slade, P. (1981). The measurement of hallucinatory predisposition 
in male and female prisoners. Pers. Individ. Dif. 2, 221–234. doi: 
10.1016/0191-8869(81)90027-1

Leopold, D. A., Wilke, M., Maier, A., and Logothetis, N. K. (2002). Stable perception 
of visually ambiguous patterns. Nat. Neurosci. 5, 605–609. doi: 10.1038/nn851

Levelt, W. J. (1967). Note on the distribution of dominance times in binocular 
rivalry. Br. J. Psychol. 58, 143–145. doi: 10.1111/j.2044-8295.1967.tb01068.x

Lincoln, T. M., Keller, E., and Rief, W. (2009). Die Erfassung von Wahn und 
Halluzinationen in der Normalbevölkerung. Diagnostica 55, 29–40. doi: 
10.1026/0012-1924.55.1.29

Liu, J., Li, J., Feng, L., Li, L., Tian, J., and Lee, K. (2014). Seeing Jesus in toast: 
neural and behavioral correlates of face pareidolia. Cortex 53, 60–77. doi: 10.1016/j.
cortex.2014.01.013

Long, G. M., and Toppino, T. C. (2004). Enduring interest in perceptual ambiguity: 
alternating views of reversible figures. Psychol. Bull. 130, 748–768. doi: 
10.1037/0033-2909.130.5.748

Lorenceau, J., and Shiffrar, M. (1992). The influence of terminators on motion 
integration across space. Vis. Res. 32, 263–273. doi: 10.1016/0042-6989(92)90137-8

Moseley, P., Aleman, A., Allen, P., Bell, V., Bless, J., Bortolon, C., et al. (2021). 
Correlates of hallucinatory experiences in the general population: an international 
multisite replication study. Psychol. Sci. 32, 1024–1037. doi: 10.1177/0956797620985832

Murray, S. O., Kersten, D., Olshausen, B. A., Schrater, P., and Woods, D. L. (2002). 
Shape perception reduces activity in human primary visual cortex. Proc. Natl. Acad. 
Sci. U. S. A. 99, 15164–15169. doi: 10.1073/pnas.192579399

Norcia, A. M. (2006). Coffer Illusion. Best Illusion of the Year Contest. Available 
at: http://illusionoftheyear.com/

Onofrj, M., Taylor, J. P., Monaco, D., Franciotti, R., Anzellotti, F., Bonanni, L., et al. 
(2013). Visual hallucinations in PD and Lewy body dementias: old and new 
hypotheses. Behav. Neurol. 27, 479–493. doi: 10.1155/2013/703924

Pajani, A., Kok, P., Kouider, S., and de Lange, F. P. (2015). Spontaneous activity 
patterns in primary visual cortex predispose to visual hallucinations. J. Neurosci. 35, 
12947–12953. doi: 10.1523/JNEUROSCI.1520-15.2015

Pavlova, M. A., Scheffler, K., and Sokolov, A. N. (2015). Face-n-food: gender 
differences in tuning to faces. PLoS One 10:e0130363. doi: 10.1371/journal.
pone.0130363

https://doi.org/10.3389/fpsyg.2022.1067985
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpsyg.2022.1067985/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyg.2022.1067985/full#supplementary-material
https://doi.org/10.3389/fpsyt.2021.746734
https://doi.org/10.1016/j.conb.2017.08.010
https://doi.org/10.1016/j.conb.2017.08.010
https://doi.org/10.3389/fnins.2021.629469
https://doi.org/10.3389/fnins.2021.629469
https://doi.org/10.1167/11.3.13
https://doi.org/10.1097/00006324-199601000-00008
https://doi.org/10.1177/1073191104268029
https://doi.org/10.1093/schbul/sbj014
https://doi.org/10.1111/j.2044-8260.1985.tb01331.x
https://doi.org/10.1163/156856897X00357
https://doi.org/10.1146/annurev-psych-010417-085944
https://doi.org/10.1167/5.4.1
https://doi.org/10.1177/135910457000100301
https://doi.org/10.3389/fpsyg.2018.00589
https://doi.org/10.1167/14.8.4
https://doi.org/10.1111/nous.12140
https://doi.org/10.1167/19.14.12
https://doi.org/10.1167/8.7.2
https://doi.org/10.1038/s41593-018-0200-7
https://doi.org/10.1098/rstb.2008.0300
https://doi.org/10.1523/JNEUROSCI.0436-18.2018
https://doi.org/10.1016/j.cognition.2008.05.010
https://doi.org/10.1016/j.cognition.2008.05.010
https://doi.org/10.33735/phimisci.2020.II.64
https://doi.org/10.1007/BF02289447
https://doi.org/10.1038/s41531-021-00237-z
https://doi.org/10.1038/s41531-021-00237-z
https://doi.org/10.1016/0191-8869(81)90027-1
https://doi.org/10.1038/nn851
https://doi.org/10.1111/j.2044-8295.1967.tb01068.x
https://doi.org/10.1026/0012-1924.55.1.29
https://doi.org/10.1016/j.cortex.2014.01.013
https://doi.org/10.1016/j.cortex.2014.01.013
https://doi.org/10.1037/0033-2909.130.5.748
https://doi.org/10.1016/0042-6989(92)90137-8
https://doi.org/10.1177/0956797620985832
https://doi.org/10.1073/pnas.192579399
http://illusionoftheyear.com/
https://doi.org/10.1155/2013/703924
https://doi.org/10.1523/JNEUROSCI.1520-15.2015
https://doi.org/10.1371/journal.pone.0130363
https://doi.org/10.1371/journal.pone.0130363


Lhotka et al. 10.3389/fpsyg.2022.1067985

Frontiers in Psychology 14 frontiersin.org

Peirce, J., Gray, J. R., Simpson, S., MacAskill, M., Höchenberger, R., Sogo, H., et al. 
(2019). PsychoPy2: experiments in behavior made easy. Behav. Res. Methods 51, 
195–203. doi: 10.3758/s13428-018-01193-y

Pelli, D. G. (1997). The VideoToolbox software for visual psychophysics 
transforming numbers into movies. Spat. Vis. 10, 437–442. doi: 
10.1163/156856897X00366

Peters, E. R., Joseph, S. A., and Garety, P. A. (1999). Measurement of delusional 
ideation in the normal population: introducing the PDI (Peters et al. delusions 
inventory). Schizophr. Bull. 25, 553–576. doi: 10.1093/oxfordjournals.schbul.
a033401

Powers, A. R., Kelley, M., and Corlett, P. R. (2016). Hallucinations as top-down 
effects on perception. Biol. Psychiatry. Cogn. Neurosci. Neuroimaging 1, 393–400. 
doi: 10.1016/j.bpsc.2016.04.003

Proverbio, A. M., and Galli, J. (2016). Women are better at seeing faces where 
there are none: an ERP study of face pareidolia. Soc. Cogn. Affect. Neurosci. 11, 
1501–1512. doi: 10.1093/scan/nsw064

Revankar, G. S., Kajiyama, Y., Hattori, N., Shimokawa, T., Nakano, T., Mihara, M., 
et al. (2021). Prestimulus low-alpha frontal networks are associated with pareidolias 
in Parkinson’s disease. Brain Connect. 11, 772–782. doi: 10.1089/brain.2020.0992

Rubin, E. (1915). Synsoplevede Figurer. Copenhagen: Gyldendalske Boghandel.

Salge, J. H., Pollmann, S., and Reeder, R. R. (2021). Anomalous visual experience 
is linked to perceptual uncertainty and visual imagery vividness. Psychol. Res. 85, 
1848–1865. doi: 10.1007/s00426-020-01364-7

Schmack, K., Gomez-Carrillo de Castro, A., Rothkirch, M., Sekutowicz, M., 
Rossler, H., Haynes, J.-D., et al. (2013). Delusions and the role of beliefs in perceptual 
inference. J. Neurosci. 33, 13701–13712. doi: 10.1523/JNEUROSCI.1778-13.2013

Shine, J. M., Halliday, G. H., Carlos, M., Naismith, S. L., and Lewis, S. J. G. (2012). 
Investigating visual misperceptions in Parkinson’s disease: a novel behavioral 
paradigm. Mov. Disord. 27, 500–505. doi: 10.1002/mds.24900

Shine, J. M., Halliday, G. M., Naismith, S. L., and Lewis, S. J. G. (2011). Visual 
misperceptions and hallucinations in Parkinson’s disease: dysfunction of attentional 
control networks? Mov. Disord. 26, 2154–2159. doi: 10.1002/mds.23896

Shine, J. M., Keogh, R., O’Callaghan, C., Muller, A. J., Lewis, S. J. G., and Pearson, J. 
(2015). Imagine that: elevated sensory strength of mental imagery in individuals 

with Parkinson’s disease and visual hallucinations. Proc. Biol. Sci. 282:20142047. doi: 
10.1098/rspb.2014.2047

Smailes, D., Burdis, E., Gregoriou, C., Fenton, B., and Dudley, R. (2020). 
Pareidolia-proneness, reality discrimination errors, and visual hallucination-like 
experiences in a non-clinical sample. Cogn. Neuropsychiatry 25, 113–125. doi: 
10.1080/13546805.2019.1700789

Sperber, A. D. (2004). Translation and validation of study instruments for cross-
cultural research. Gastroenterology 126, S124–S128. doi: 10.1053/j.
gastro.2003.10.016

Sterzer, P., Adams, R. A., Fletcher, P., Frith, C., Lawrie, S. M., Muckli, L., et al. 
(2018). The predictive coding account of psychosis. Biol. Psychiatry 84, 634–643. doi: 
10.1016/j.biopsych.2018.05.015

Uchiyama, M., Nishio, Y., Yokoi, K., Hirayama, K., Imamura, T., Shimomura, T., 
et al. (2012). Pareidolias: complex visual illusions in dementia with Lewy bodies. 
Brain 135, 2458–2469. doi: 10.1093/brain/aws126

Voss, J. L., Federmeier, K. D., and Paller, K. A. (2012). The potato Chip really does 
look like Elvis! Neural hallmarks of conceptual processing associated with finding 
novel shapes subjectively meaningful. Cereb. Cortex 22, 2354–2364. doi: 10.1093/
cercor/bhr315

Weilnhammer, V., Stuke, H., Hesselmann, G., Sterzer, P., and Schmack, K. (2017). 
A predictive coding account of bistable perception - a model-based fMRI study. 
PLoS Comput. Biol. 13:e1005536. doi: 10.1371/journal.pcbi.1005536

Yokoi, K., Nishio, Y., Uchiyama, M., Shimomura, T., Iizuka, O., and Mori, E. 
(2014). Hallucinators find meaning in noises: pareidolic illusions in dementia with 
Lewy bodies. Neuropsychologia 56, 245–254. doi: 10.1016/j.
neuropsychologia.2014.01.017

Zaretskaya, N., Anstis, S., and Bartels, A. (2013). Parietal cortex mediates 
conscious perception of illusory gestalt. J. Neurosci. 33, 523–531. doi: 10.1523/
JNEUROSCI.2905-12.2013

Zhou, L.-F., and Meng, M. (2020). Do you see the “face”? Individual differences 
in face pareidolia. J. Pac. Rim Psychol. 14:e2. doi: 10.1017/prp.2019.27

Zhu, M., Hardstone, R., and He, B. J. (2022). Neural oscillations promoting 
perceptual stability and perceptual memory during bistable perception. Sci. Rep. 
12:2760. doi: 10.1038/s41598-022-06570-4

https://doi.org/10.3389/fpsyg.2022.1067985
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.3758/s13428-018-01193-y
https://doi.org/10.1163/156856897X00366
https://doi.org/10.1093/oxfordjournals.schbul.a033401
https://doi.org/10.1093/oxfordjournals.schbul.a033401
https://doi.org/10.1016/j.bpsc.2016.04.003
https://doi.org/10.1093/scan/nsw064
https://doi.org/10.1089/brain.2020.0992
https://doi.org/10.1007/s00426-020-01364-7
https://doi.org/10.1523/JNEUROSCI.1778-13.2013
https://doi.org/10.1002/mds.24900
https://doi.org/10.1002/mds.23896
https://doi.org/10.1098/rspb.2014.2047
https://doi.org/10.1080/13546805.2019.1700789
https://doi.org/10.1053/j.gastro.2003.10.016
https://doi.org/10.1053/j.gastro.2003.10.016
https://doi.org/10.1016/j.biopsych.2018.05.015
https://doi.org/10.1093/brain/aws126
https://doi.org/10.1093/cercor/bhr315
https://doi.org/10.1093/cercor/bhr315
https://doi.org/10.1371/journal.pcbi.1005536
https://doi.org/10.1016/j.neuropsychologia.2014.01.017
https://doi.org/10.1016/j.neuropsychologia.2014.01.017
https://doi.org/10.1523/JNEUROSCI.2905-12.2013
https://doi.org/10.1523/JNEUROSCI.2905-12.2013
https://doi.org/10.1017/prp.2019.27
https://doi.org/10.1038/s41598-022-06570-4

	No common factor for illusory percepts, but a link between pareidolia and delusion tendency: A test of predictive coding theory
	1. Introduction
	2. Materials and methods
	2.1. Participants
	2.2. Stimulus and experimental procedures
	2.2.1. Vision tests
	2.2.2. Bistable illusions
	2.2.3. Pareidolia tasks
	2.2.4. Questionnaires
	2.3. Data analysis
	2.3.1. Subject-level analysis
	2.3.2. Principal component analysis and pairwise correlations

	3. Results
	4. Discussion
	4.1. No common factor for different types of illusory perception
	4.2. Hierarchical nature of predictive coding
	4.3. What drives pareidolia proneness
	4.4. Picture and noise pareidolia
	4.5. Limitations

	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	﻿References

