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Zusammenfassung 1

Abstract

Introduction. Psychosis is a debilitating mental state characterized by hallucinations and
delusions. Recent developments in computational and cognitive neuroscience may help
to elucidate the mechanisms underlying this complex disorder. The Bayesian Brain theory
views the brain as actively generating perception from the combination of prior predictions
(priors) and sensory data (likelihoods). In psychosis, this normative process may be al-
tered so that perception is biased towards sensory data on lower levels of the cortical
hierarchy. This lack of low-level constraint may be compensated by overly precise prior
predictions on more abstract, cognitive levels. While conceptually successful, direct em-
pirical tests of Bayesian accounts of psychosis remain sparse, a research gap which |
aimed to address with my thesis work.

Methods. Study | consisted of two psychophysics paradigms, designed to study the ef-
fects of low- vs. high-level prior information on auditory- and visual perceptual decision-
making, respectively. We investigated the associations between individual psychosis
proneness score (PPS) in the general population and the weighting of differential types
of prior information. In Study Il, we assessed the reliance on prior information vs. sensory
data in a bistable perception paradigm. Patients with paranoid schizophrenia and healthy
controls viewed bistable stimuli with graded amounts of disambiguating sensory infor-
mation.

Results. Study | showed that the influence of low-level prior information reduced with
increasing psychosis proneness in the general population across modalities. In agree-
ment with Study I, results of Study Il suggest an increased reliance on sensory data and
a shift away from prior information in patients with paranoid schizophrenia compared to
healthy controls.

Conclusions. In conclusion, we observed reduced reliance on low-level prior information
relative to the sensory evidence in both patients with paranoid schizophrenia and psy-
chosis prone individuals in the general population. This finding replicated across different
stimuli, task modalities, experimental settings, and study populations. It thus provides
empirical support for recent conceptual- and computational models of psychosis. To
bridge the gap to patient care, future experimental- and interventional research is needed
to understand the neural correlates of reduced low-level priors in psychosis, with inferior
frontal cortex as a candidate region for aberrations of conscious experience.



Zusammenfassung 2

Zusammenfassung

Einleitung. Psychose ist ein Uberbegriff fir psychische Storungen, die durch Wahnvor-
stellungen und Halluzinationen charakterisiert sind. Interdisziplinare Forschung aus dem
Bereich der Computational Psychiatry kdnnte helfen, das mechanistische Verstandnis
dieses heterogenen Stérungsbildes zu verbessern. Die Bayesian Brain Theorie besagt,
dass Wahrnehmung aus der optimalen Kombination von Vorannahmen (Priors) und ak-
tuellen sensorischen Informationen (Likelihoods) aktiv konstruiert wird. In diesem Rah-
men wird angenommen, dass Psychosen aus einem Ungleichgewicht zwischen Voran-
nahmen und sensorischen Informationen entlang der kortikalen Hierarchie entstehen.
Diese Dissertation befasst sich mit der empirischen Uberpriifung der Vorhersagen der
Bayesianischen Perspektive auf Psychosen.

Methoden. Studie | bestand aus zwei Psychophysik-Experimenten, die zur Untersu-
chung von verschiedenen Arten von Priors in der auditorischen- und visuellen Wahrneh-
mung optimiert waren. Wir untersuchten dies im Kontext individueller Psychoseneigung
in der Aligemeinbevdlkerung. In Studie Il erhoben wir die Gewichtung von Prior vs. Like-
lihoods in einem bistabilen Wahrnehmungsparadigma. Patient:innen mit paranoider Schi-
zophrenie und gesunde Kontrollproband:innen betrachteten bistabile Stimuli mit variie-
renden Stufen an sensorischer, desambiguierender Information.

Ergebnisse. Studie | zeigte reduzierte niedrig-hierarchische Priors mit zunehmender
Psychoseneigung in der Allgemeinbevolkerung. Damit Ubereinstimmend zeigte Studie I/
eine erhdhte Gewichtung von sensorischen Daten und eine Untergewichtung von Priors
in einer Stichprobe aus Patienten und Patientinnen mit diagnostizierter paranoider Schi-
zophrenie.

Fazit. Zusammenfassend unterstitzen die Ergebnisse beider Studien die Grundannah-
men der Bayesian Brain Theorie der Psychose: Eine relativ zu den sensorischen Infor-
mationen reduzierte Gewichtung sensorischer Vorannahmen scheint ein Kernmerkmal
der Psychose zu sein, dass in verschiedenen Wahrnehmungsaufgaben, Stimulusmoda-
litaten, experimentellen Kontexten und Studienpopulationen repliziert werden kann. Die
Bricke zur Behandlung von Psychoseerkrankten konnte durch ein verbessertes Ver-
standnis der neuronalen Grundlage von abweichender, bewusster Wahrnehmung legen.
Der inferiore Frontallappen kénnte als Grundlage bewusster Wahrnehmung ein geeigne-
ter Ausgangspunkt fur zuklnftige Untersuchungen darstellen.



1 Introduction

In this dissertation, | begin by describing the symptomatology and epidemiology of psy-
chosis and schizophrenia, followed by a summary of modern computational accounts
thereof. Specifically, predictive processing and the Bayesian brain theory are introduced
and discussed. | will then derive my research questions and a study rationale, followed
by the summary and discussion of two empirical studies that were conducted as part of
this dissertation.

1.1 Psychosis and schizophrenia spectrum disorders

“Maybe each human being lives in a unique world, a private world different from those inhabited
and experienced by all other humans... If reality differs from person to person, can we speak of
a singular reality, or shouldn’t we really be talking about plural realities? And if there are plural
realities, are some more true (more real) than others?

What about the world of a schizophrenic? Maybe it’s as real as our world. Maybe we cannot say
that we are in touch with reality and he is not, but should instead say, His reality is so different
from ours that he can’t explain his to us, and we can’t explain ours to him.[...]’

Philip K. Dick, Science-fiction writer

Psychosis is a complex, disruptive and very heterogeneous mental condition that can
detach the affected individual from external reality (Arciniegas, 2015). It is a defining fea-
ture of primary psychotic disorders such as Schizophrenia Spectrum Disorders (SSD, or
schizophrenia). The World Health Organization defines schizophrenia as a condition
marked by “significant impairments in reality testing” (World Health Organization, 2019),
with the presence of psychotic symptoms such as hallucinations and/ or persistent delu-
sions. The lifetime risk of developing a form of schizophrenia is estimated around 0.7%,
with approximately 15 in 100,000 individuals diagnosed annually (annual incidence, Tan-
donetal., 2008) and 4.5 in 1,000 people affected by it currently (point prevalence, Tandon
et al., 2008).

Delusions are false beliefs that persist despite contradicting information and reside out-
side of normative cultural ideas (VandenBos, 2007; World Health Organization, 2019).
Delusions represent the most common psychotic symptom in schizophrenia, with 80-90%
of patients reporting delusional ideation in acute stages of the disorder (Ziegler & Lincoln,
2012). The themes and contents of delusional ideation vary, but ideas surrounding the



themes of persecution, grandiosity or religion are most characteristic (Berking & Rief,
2011). Delusions are typically associated with the misinterpretation of sensory experi-
ences. For example, patients may see their initials on a license plate and infer that the
car’s owner is watching them (Ziegler & Lincoln, 2012).

Hallucinations are sensory percepts that do not correspond to physical reality. Hallucina-
tions are reported by approximately 60% of patients with acute psychosis (VandenBos,
2007; Ziegler & Lincoln, 2012). While hallucinations can occur within any sensory modal-
ity, auditory hallucinations are among the most common. Frequently, patients report hear-
ing voices that comment on their own experiences. These voices can also be hostile,
threatening, or demanding in nature. Hallucinatory voices are usually perceived as dis-
tressing and affect the patient’s quality of life (Ziegler & Lincoln, 2012).

The symptoms of schizophrenia are highly heterogeneous. They are usually classified as
either “positive” or “negative” symptoms (Berking & Rief, 2011; Ziegler & Lincoln, 2012).
Delusions and hallucinations are positive symptoms of schizophrenia. Other positive
symptoms include disorganized thinking and behavior, neologisms, derailment, and ego-
disturbances (Arciniegas, 2015; Gaebel et al., 2013). Negative symptoms, such as flat-
tened affect or apathy (lack of emotion or concern), anhedonia (lack of motivation or the
ability to feel pleasure), alogia (reduced or lacking speech), avolition (lack of initiative) as
well as reduced psychomotor behavior including catatonia (bizarre movements and/ or
immobility) are frequent co-occurring symptoms (World Health Organization, 2019).

The genesis of schizophrenia is complex and multi-factorial, with both genetic and non-
genetic risk factors for disease onset (McCutcheon et al., 2020; McGrath, 2007). While a
genetic basis of schizophrenia has first been suggested a century ago (Kallmann, 1938),
a complete understanding of all genetic loci and pathways involved in the development
of schizophrenia is still lacking today. Genome Wide Linkage Studies (GWLS) have re-
sulted in suggestive evidence, as expected in this complex psychiatric phenotype (Ng et
al., 2009; Trubetskoy et al., 2022).

Non-genetic risk factors include maternal viral infections (Patterson, 2002) or malnutrition
(Susser et al., 2008), maternal adverse life events or complications during delivery (Byrne
et al., 2007; Khashan et al., 2008; Tandon et al., 2008), winter births (G. Davies et al.,
2003), and paternal age above 35 years (Tandon et al., 2008). Among multitude of addi-
tional factors, male gender, adolescent cannabis use, urbanicity and migration emerged

as the most robust factors from meta-analyses (McGrath, 2007; McLoughlin et al., 2014).



With not one particular risk factor necessary and sufficient for the development of schiz-
ophrenia, most studies acknowledge the necessity for further research to better under-
stand the mechanisms underlying the emergence of schizophrenia (Gage et al., 2013;
McGrath, 2007).

Different pathophysiological models have focused on disruptions in neurotransmitter sys-
tems in schizophrenia. Most prominently, the dopamine hypothesis (Dao-Castellana et
al., 1997; Laruelle, 2013; Laruelle et al., 1996; Lindstrom et al., 1999; Meltzer & Stahl,
1976; Toda & Abi-Dargham, 2007; Yang & Tsai, 2017) has offered important pathophys-
iological insights. Originally, hyperdopaminergic transmission was suggested as the basis
for schizophrenia (Reith et al., 1994; van Rossum, 1966). In a refined version of the the-
ory, the dopamine imbalance model (Guillin et al., 2007; Toda & Abi-Dargham, 2007) was
developed, suggesting hyperdopaminergic transmission in subcortical regions underlies
positive symptoms, whereas the hypostimulation of neocortical D1 receptors leads to neg-
ative symptoms. Dopamine antagonists are among the most effective treatments for psy-
chotic symptoms and psychotic disorders available today, providing ongoing support for
an important etiological role (Maia & Frank, 2017). Other factors such as glutamatergic
and GABAergic transmission have emerged as potentially relevant mechanisms in schiz-
ophrenia more recently (Hu et al., 2015; Laruelle et al., 2003). Building on this, the more
general suggestion of a disturbed balance of excitatory and inhibitory modulations (E/I
imbalance hypothesis) in psychosis has been put forward (Denéve & Jardri, 2016; Jardri
& Deneéve, 2013). An important concept that originally developed from the dopamine hy-
pothesis of schizophrenia is that of aberrant salience (Kapur, 2003; Katthagen et al.,
2018; Pankow et al., 2016), suggesting that psychosis is marked by a bias of selectivity
in information-processing. Irrelevant stimuli are assigned a larger-than-typical signifi-
cance, which can lead to psychotic symptoms (Heinz & Schlagenhauf, 2010).
Vulnerability-stress(-inflammation) models are influential in schizophrenia research to this
day (Davis et al., 2016; Muller, 2018). They posit that a combination of environmental
factors operates towards crossing a hypothetical threshold for disease onset, which may
be lowered in genetically predisposed individuals (Davis et al., 2016). However, there
now is consensus among most researchers and clinicians that psychotic symptoms are
not dichotomously present or absent in clinical and general populations, respectively. This
idea contradicts the assumption of a more-or-less clear threshold of vulnerability-stress
models. According to the continuum hypothesis (Strauss, 1969; Ziegler & Lincoln, 2012),



psychotic experiences and symptoms are normally distributed in the population. Quotid-
ian experiences such as minor auditory hallucinations (e.g., hearing one’s phone ring
when it did not) reside on the mild end of the continuum. Meanwhile, paranoid schizo-
phrenia (ICD-10: F20.0) resides on the severe end of the continuum.

A complete explanatory framework of schizophrenia needs the flexibility to incorporate a
multitude of factors and pathophysiological processes (Maia & Frank, 2017; Sterzer et
al., 2018). Predictive processing is a unifying explanatory framework for psychosis, linking
neurobiological findings with insights from cognitive and computational neuroscience
(Heinz et al., 2019; Sterzer et al., 2018). In the following, | will introduce predictive pro-

cessing and its application to psychosis.



1.2. The Bayesian Brain Hypothesis and Predictive Processing

To successfully interact with the world, we need to form precise, unequivocal, and accu-
rate representations of our surroundings. How is this accomplished in the face of the vast
amounts of noisy, ambiguous, and uncertain sensory information that arrives at our sen-
sory epithelia each second? Over the past decades, prediction has emerged as a core
strategy of the brain to achieve this goal (Clark, 2013; Hohwy, 2013; Rao & Ballard, 1999).
Within a normative process, the brain actively generates beliefs about the external causes
of sensory information (Hohwy, 2013). For this, the brain appears to combine different

sources of stochastic information, following Bayes’ rule:

P(Data|Model) x P(Model)

P(Model|Data) = P(Datd)

(eq. 1)

The prior (P(Model)) represents the a-priori probability of some hypothesis about the
world being true, or in other words, the prior probability of a generative model of how
sensory inputs were caused by the external world. It is formed over past experiences and
constantly updated by incoming sensory data. The likelihood (P(Data|Model)) marks the
probability of an observation given a specific model. The posterior (P(Model|Data)) prob-
ability is highest for the most likely hypothesis about the real-world cause of any infor-
mation arriving at the senses, given prior and likelihood. Prior, likelihood and posterior
are represented as probability distributions, described by their mean and variance. While
the distribution’s mean represents the currently estimated belief (or model/ prior) or sen-
sory information, the variance quantifies the uncertainty associated with this belief (Ad-
ams et al., 2013; Friston, 2005b). When combining them according to Bayes’ rule, all
sources of probabilistic information are weighted by their precision, or inverse variance.
In effect, more precise distributions contribute to the resulting posterior to a larger extent
than imprecise ones. Perception is determined by the winning hypothesis of this implicit
inferential process. Considering the strong reliance on prior beliefs, it has been argued
that conscious perception is a “controlled hallucination” (A. Seth, 2021).

Predictive Processing, or predictive coding offers a biologically plausible algorithmic
framework of how precisely the brain implements Bayesian inference (Clark, 2013;

Hohwy, 2013; Rao & Ballard, 1999). Predictive processing is a very flexible and general



algorithm that has been applied to several problems in information processing (Haarsma,
Kok, et al., 2020; Rao & Ballard, 1999). Two notions are central to predictive processing:
the brain’s hierarchical organization and the transduction of prediction errors between the
levels of the cortical hierarchy (Ballard, 2015; Hohwy, 2013; Rao & Ballard, 1999; M.
Spratling, 2017). The cortical hierarchy is marked by increasing levels of abstraction (Bal-
lard, 2015), with lower hierarchical levels encoding basic sensory features, such as
shade, contrast, lighting conditions etc. Higher hierarchical levels entertaining more cog-
nitive beliefs such as e.g., learned causal relationships between contexts and events. All
levels work in unison to maximize the probability of the brain’s generative model given
incoming sensory information (Ballard, 2015; M. W. Spratling, 2017). Information pro-
gresses throughout the hierarchy in feedforward- and feedback waves. Higher hierar-
chical levels are dependent on information being feedforward to higher hierarchical levels.
In contrast, signals from higher-hierarchical levels are sent down to adjacent lower-hier-
archical levels as predictions. Prediction errors result when a predictive signal and sen-
sory information from adjacent lower hierarchical levels mismatch. This error is fed back
up the hierarchy and leveraged to update and refine higher-level generative models.
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Figure 1: Schematic illustration of hierarchical predictive processing

Predictions (feedforward signals) and prediction errors (feedback signals) are transmitted among
two hierarchical levels (Own representation synthesized from Seth et al., 2012; Sterzer et al.,
2018).

Its laminar organization and the presence of sophisticated feedforward- and feedback
connections between layers equip the neocortex to perform integrations of prior beliefs
and sensory information as suggested by predictive processing (Haarsma, Kok, et al.,
2020).

In conclusion, Bayesian accounts of perception suggest that the brain leverages predic-
tions, learned over time, to infer the world around them based on uncertain sensory input.
Predictive processing offers a biologically feasible and computationally tractable frame-

work of how precisely Bayesian inference could be implemented in the brain.
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1.3. Predictive Processing Accounts of Psychosis

A disrupted relative weighting of prior predictions, sensory information and/ or prediction
errors have been suggested as core mechanistic factors in psychosis (Adams et al., 2013;
Fletcher & Frith, 2009; Sterzer et al., 2018).

In its first iterations, predictive processing accounts of psychosis were centred around the
notion of overly precise, or strong, priors, potentially resulting from disruptions in cholin-
ergic transmission (Friston, 2005a; Haarsma, Kok, et al., 2020; Stephan et al., 2006). A
prior is considered “strong” when it is more precise than sensory inputs and hence has to
be considered in relation to the precision of the sensory evidence (Corlett et al., 2019).
The strong-priors hypothesis suggests that given noisy sensory signals, hallucinations
arise when an individual relies on overly strong top-down beliefs and suppresses predic-
tion errors (Friston, 2005a). Indeed, empirical work has demonstrated that individuals with
psychotic disorders show an enhanced influence of prior beliefs during perceptual infer-
ence (D. J. Davies et al., 2018; Haarsma, Knolle, et al., 2020; Powers et al., 2017;
Schmack et al., 2013; Teufel et al., 2015).

Theoretical accounts of psychosis were further developed by the notion of hierarchical
predictive processing (Fletcher & Frith, 2009). Here, both delusions and hallucinations
are assumed to arise from imprecise priors that are insufficiently constrained by incoming
sensory information. Sensory information is assigned higher precision than prior beliefs
and causes large prediction-error weighted updates. Delusional ideation may result from
inappropriate model updates (Fletcher & Frith, 2009; Haarsma, Kok, et al., 2020). Among
others (Adams et al., 2012; Kirihara et al., 2020), empirical work in support of the impre-
cise-priors-account relies on perceptual illusions (Dima et al., 2009; Hohwy, 2013; King
et al., 2017; Notredame et al., 2014). For example, patients with schizophrenia appear to
be less susceptible to the hollow-mask illusion (Dima et al., 2009; Notredame et al., 2014).
When viewing a rotating mask, this illusion causes observers to perceive a “pop-out ef-
fect” so that the mask appears convex, even when its concave “inside” should be seen.
The effect has been related to the precise prior belief that faces are convex. However,
this effect is reduced in individuals with psychosis (Dima et al., 2009).

The two accounts introduced above stand in direct contrast to one another, requiring re-
finement of the theory and its application to psychosis. Resolving this contradiction, Ster-
zer and colleagues (2018) suggested that psychosis results from differential modulations
of prior-and-likelihood ratios across the cortical hierarchy. Specifically, prior beliefs at
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lower hierarchical levels may be imprecise, as suggested, e.g., by patients’ resistance to
visual illusions. To compensate for the unconstrained prediction error at lower levels of
the hierarchy, the brain may form overly precise beliefs at higher levels of the cortical
hierarchy (Sterzer et al., 2018). A study by Davies and colleagues provides support for a
differential bias in inference across hierarchical levels (Davies et al., 2018). When inves-
tigating participant’s reliance on local vs. global priors in image perception, the authors
found correlations between hallucination proneness and the reliance on both global and
local priors. Meanwhile, individual proneness to delusional ideation correlated negatively
with the reliance on local priors, supporting the notion of hierarchically different aberra-
tions underlying hallucinations and delusions, respectively.

In conclusion, Bayesian accounts suggest that an aberrant relative weighting of prior be-
liefs and likelihood lies at the core of psychosis. In the hierarchical predictive processing
framework, hallucinations and delusions are proposed to emerge from imprecise prior
beliefs at lower hierarchical levels (e.g., in sensory areas) and compensatory increases
in prior precision at higher hierarchical levels (Corlett et al., 2019; Sterzer et al., 2018). It
is the aim of this thesis to empirically test the notion of aberrant prior-to-likelihood ratios

in psychosis, as proposed by predictive processing theory.

1.3.1. Experimental operationalizations

Empirical tests of predictive processing accounts of psychosis require the operationaliza-
tion and/ or experimental manipulation of prior beliefs and likelihoods. | will focus on two
relevant avenues towards studying the effects of prior beliefs and sensory information in
this thesis: 1) Choice history biases and 2) bistable stimuli.

Choice history biases. Our sensory environment is marked by auto-correlations: over
time, most of our visual surroundings remain stable (Cicchini et al., 2018; van Bergen &
Jehee, 2019). When predicting future sensory input, it is hence an adaptive strategy to
rely on percepts from the recent past. During artificial viewing conditions, for example in
a laboratory, this perceptual strategy results in choice history biases, or serial depend-
ence (Fischer & Whitney, 2014; Frind et al., 2014). Serial dependence occurs when an
observer’s current perception is biased towards events in the past (Frind et al., 2014).
Serial dependence is reported for a wide range of stimuli across perceptual domains, for
example, Gabor patches (Fischer & Whitney, 2014), random dot kinematograms (Braun
et al., 2018; Urai et al., 2017), pitch and loudness (Arzounian et al., 2017), numerosity
(Fornaciai & Park, 2018, 2020), abstract shapes (Ghirardo et al., 2020; Suarez-Pinilla et
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al., 2018), statistical mean and variability (Manassi et al., 2017), face identity and attrac-
tiveness (Kok et al., 2017; Taubert & Alais, 2016; van der Burg et al., 2019; Xia et al.,
2016), tactile stimuli (Hachen et al., 2021) and more. Cicchini, Mikellidou and Burr (2017)
proposed that choice history biases are caused by the summation of short-term, repulsive
adaptation effects on the one hand, and attractive biases caused by inert decisional tem-
plates on the other hand. Its generality and assumed functionality as stabilizing percep-
tion in light of noisy information make choice history biases reminiscent of Bayesian priors
(Fischer & Whitney, 2014; Kalm & Norris, 2018).

Bistable perception. Ambiguous stimuli (see Figure 2) can be perceived in two (or multi-
ple) mutually exclusive ways. When viewing an ambiguous stimulus, observers report
spontaneous switches between perceptual interpretations. Bistable perception occurs
when perception spontaneously alternates between two mutually exclusive interpreta-
tions (Brascamp et al., 2018; Weilnhammer et al., 2020). Remarkably, the experience
evoked by ambiguous stimuli is unambiguous and stable, which further strengthens the
idea that perception is an active process (Hohwy, 2013; Weilnhammer et al., 2017). An
example for ambiguous stimuli are structure-from-motion (SFM) animations (for example,
rotating Lissajous figures; Weilnhammer et al., 2020). SFM animations leverage motion
cues to induce the illusion of a three-dimensional, rotating object (i.e., the kinetic depth
effect) and are composed of moving dots which are perceived as a three-dimensional
figure. When the dots are presented orthographically, their depth order is ambiguous,
allowing for two mutually exclusive perceptual states (e.g., clockwise vs. counter-clock-
wise rotation).

Hohwy and colleagues (2008) offer a theoretical framework for bistable perception under
predictive processing, summarized in the following. In bistability, the brain is faced with
an ambiguous likelihood term that offers evidence for two different perceptual solutions
(Weilnhammer et al., 2017). According to Bayesian accounts of perception, the posterior
probability of one interpretation over the other determines the present perceptual deci-
sion. Past interpretations also function as a prior towards future perceptual decisions,
thus stabilizing perception. However, the likelihood term still contains evidence for the
percept currently suppressed, which contributes to prediction error (Hohwy et al., 2008).
Over time, the prediction error caused by the unexplained sensory evidence inflates and
escalates into a perceptual shift towards the previously suppressed percept. These as-
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sumptions were implemented within a Bayesian model of bistable perception by Weiln-
hammer et al. (2017). They showed that a Bayesian model of bistable perception captures
the behavior of human observers and key temporal characteristics of perception in bista-
ble viewing conditions (Weilnhammer et al., 2017).

In line with this notion, Doscher and colleagues (1986) found that when adding additional
visual information to an SFM-stimulus, perception is more likely to be consistent with the
direction indicated by the additional, disambiguating sensory information. Bistable per-
ception further seems to be influenced by physical principles (Gilroy & Blake, 2004), be-
havioral context (Maruya et al., 2007; Sundareswara & Schrater, 2007), prior exposure to
the bistable stimulus (Leopold et al., 2002; Orbach et al., 1963; Pearson & Brascamp,
2008), and learned implicit or explicit expectations (Schmack et al., 2013, 2016; Sterzer
et al., 2008).

Figure 2. Examples for bistable stimuli.

A. The Necker cube. Both the lower left and the upper right square can be perceived as its front
side. B. The duck/ rabbit illusion. The drawing shows either a left-facing duck’s head or a right-
facing rabbit’s head. C. This drawing shows both a young woman facing away from the observer
or an older woman in profile. D. A rotating sphere that can be perceived as rotating either left- or
rightward (from public YouTube channel @mariusthart) E. Rotating Lissajous figure that can be
seen as rotating both clockwise and counter-clockwise (Weilnhammer et al., 2020). Own synthe-

sis, figures A-C taken from https://freesvg.org.
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In this thesis, | report the methodology and results of two behavioral studies. In Study |,
a series of behavioral experiments investigated choice history biases as proxies for low-
level prior beliefs (Eckert et al., 2022). Their association with psychosis proneness in
the general population was studied (Study /). In a second behavioral study, we investi-
gated susceptibility to sensory information in patients with schizophrenia and healthy
controls (Study Il). The following objectives and empirical hypotheses were derived from

predictive processing accounts of psychosis:

1.4. Objectives

1. Study I. To assess and compare the reliance on differential types of prior infor-
mation in the visual- and auditory modality along the psychosis continuum in the
general population. Hypotheses:

a. Psychosis proneness is associated with reduced weighting of lower-level
prior information, as operationalized by choice history biases.

b. To compensate for the lack of constraint at lower hierarchical levels, psy-
chosis prone individuals may show higher reliance on explicit, higher-level
prior information.

c. Increasing the adaptivity, i.e., behavioural relevance of choice history bi-
ases, will lead to smaller adaptation in more psychosis prone individuals.

2. Study Il. To compare the balancing between prior beliefs and sensory information
in patients with paranoid schizophrenia vs. neurotypical controls. Hypotheses:

a. Patients diagnosed with an SSD are more sensitive to subtle changes in
sensory evidence. This increased sensitivity would suggest a more precise
likelihood term in patients compared to controls.

b. Sensitivity to sensory information increases with symptom severity in pa-
tients with SSD.
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2 Methods

This section contains descriptions of the psychophysical operationalizations and para-
digms used in this dissertation (for an overview, see Figure 3). The original publications
and their supplementary materials provide more detailed descriptions of each study’s ma-
terials and methods (Weilnhammer et al., 2020, Eckert et al., 2022).

O
Study |

Title

Cross-modality evidence for reduced
choice history biases in psychosis
prone individuals

Hypothesis
Choice history biases, as a level for lower -level
prior beliefs, are reduced in more psychosis
prone individuals.

Participants

N=113, self-reported psychosis proneness

Analyses

Psychometric analyses
Logistic choice model

(X
Study Il

Title

Psychotic experiences in
schizophrenia and sensitivity to
sensory evidence

Hypothesis
In bistable perception, individuals with SSD are
more sensitive to additional, disambiguating
sensory information.

Participants

N=23 patients with SSD; N=23 healthy controls

Analyses

Linear mixed -effects models
ANOVA, correlative analyses

Figure 3. Methods overview

Own visual representation for the purpose of thesis.

2.1. Summary: study design

Study 1. A total of N=156 healthy participants performed perceptual decision-making
tasks in the laboratory (visual task) and online (auditory task, see Figure 4). Their behav-
ioural responses to uncertain sensory information were recorded. All participants re-
sponded to two well-validated self-report measures of psychosis proneness and were
scored along the psychosis continuum.
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Study II. In this laboratory-based behavioural study, N=23 patients and N=23 healthy
controls viewed bistable rotating spheres with graded levels of disambiguating sensory
evidence and reported their subjective percept thereof. All participants subsequently
rated themselves with respect to aspects of quotidian psychotic experiences using two

well-validated measures.

2.2. Materials and Methods @

Study I.

General procedure. The first study consisted of two behavioural experiments on percep-
tual decision-making. Both experiments followed a similar rationale and structure but dif-
fered in the stimulus modality to probe predictions derived from predictive processing
accounts hold across modalities. Implicit choice history biases were leveraged to approx-
imate lower-level prior beliefs. In contrast, higher-level prior beliefs were manipulated us-
ing explicit, cross-modal cues. Both experiments were pre-registered (asPredicted.org,
Experiment 1: #50562, Experiment 2: #71785) and approved by the ethics commission
of the Charité — Universitatsmedizin Berlin (Experiment 1: #EA1/134/20; Experiment 2:
#EA1/198/19). All participants gave written informed consent prior to study participation.
After completing the behavioural tasks, two well-validated questionnaires on self-reported
delusional and hallucinatory tendencies were administered (Peters et al. Delusions In-
ventory; PDI, Peters et al., 1999, and the Cardiff Anomalous Perceptions Scale, CAPS,
Bell et al., 2006). Given that both measures are usually highly correlated (Davies et al.,
2018), a compound psychosis proneness score was computed, consisting of the sum of
the two z-transformed sum scores. For both experiments, exclusion criteria were a history
of neurological or psychiatric disorders and uncorrected visual or hearing problems. Fur-
ther, we excluded participants based on performance to make sure our data allows for
meaningful analyses of choice history effects (between 60 and 90% correct responses).

Experiment 1. A gamified, 2-alternative-forced-choice (2AFC) auditory decision-making
task was implemented as an online experiment. A total number of forty click sounds was
presented, separated on the participant’s left and right ear, respectively. The participant’s
task was to determine on which ear they perceived a larger number of clicks (henceforth,

the “dominant ear”). The trial’s difficulty was contingent on the absolute difference in click
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sounds between the left and right ear. There were six levels of difficulty which were coun-
terbalanced across the left and right auditory channel. 2AFC responses were not timed
but limited to 2000 seconds to ensure swift task completion. The position of the “left’- and
“right” response options was randomized to avoid motor artifacts. Participants completed
eight blocks of 48 trials (384 total, ~50 minutes). The experiment was designed using the
online behavioural task builder Gorilla (Anwyl-Irvine et al., 2020). All participants com-
plected a headphone check (Woods et al., 2017) and eight practise trials. Further, there
were 26 attention checks placed randomly in the eight blocks. Participants were required
to pass at least 20 out of 26 attention checks. The experiment was gamified in order to
increase task engagement. To induce higher-level beliefs, participants viewed visual cues
that were part of the cover story. Participants were instructed that the visual cue “usually”
predicts the dominant ear. The cue predicted the dominant ear correctly in 75% of trials.
Lower-level prior beliefs were operationalized by means of choice history biases, i.e., the
effect of the preceding trial’s choice on choices in the present. Choice history biases are
shown to increase with the environmental stability, or auto-correlation (Braun et al., 2018).
For this reason, we introduced a block-wise manipulation of the stimulus sequence to be
either repetitive or randomized. In repetitive blocks, the previous trial’s dominant ear was
repeated with an 80% probability. The frequency of left- vs. right ear dominance was
counterbalanced across trials. Repetitive (R-type) and neutral (N-type) blocks were
pseudo-randomized, and participants were randomized to the block sequences RNNRN-
RRN or NRRNRNNR.

Participants. Sample size estimations yielded that when assuming a small effect size (R?
= 0.10) in a regression model with four parameters, a power of 3=0.8 can be achieved
with N=110. We recruited 150 participants via the online recruitment platform Prolifc
(Palan & Schitter, 2018), where we expected to exclude a minimum of 30 participants
based on either performance-related exclusion criteria or technical difficulties. Of the 150
participants who accessed the experiment, six participants did not complete the experi-
ment before the time limit of 1,5h was reached. Twenty-nine participants were excluded
based on their task performance. Fifteen participants performed at ceiling levels (more
than 90% correct responses), and fourteen participants showed poor performance (less
than 60% correct responses). Two datasets were lost due to technical problems. This
leaves a total sample size of 113 participants who were included in the final analyses.
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Experiment 2. A laboratory-based behavioural task was developed to investigate differ-
ential impacts of high- vs. lower-level prior beliefs on visual perception. Participants were
instructed to report the motion direction of random dot kinematograms (RDK) on the cen-
tral, horizontal axis. An auditory cue was presented to induce high-level beliefs about the
upcoming RDK. The cue was a female, computerized voice saying the words “Left” or
“Right”, indicating the motion direction of next trial’'s RDK. In 75% of trials, the auditory
cue accurately predicted the RDK’s global motion direction. RDKs were presented for 750
ms and consisted of 200 white, moving dots on a grey background (dot size: 3 pixels, dot
speed 0.07 pixels/frame, dot lifetime: 15 frames). After RDK presentation, the response
screen appeared for a maximum of 2000ms or until a response was recorded. It consisted
of two arrows, arranged centrally above and below the fixation cross (switching position
randomly), pointing either to the left or the right, and the prompt “Direction?”. Participants
completed 8 blocks of 96 trials each (768 total). Analogous to Experiment 1, there were
repetitive and neutral blocks. In repetitive blocks, the previous trial’s global motion direc-
tion was repeated in 80% of current trials, whereas in random blocks, the motion direction
was determined randomly. Participants were randomized to block sequences RNNRN-
RRN and NRRNRNNR, respectively.

Participants. Based on previous studies and an a-priori sample size estimation, we re-
cruited 50 participants for Experiment 2. A sample size of 50 would discover a small effect
of R? = 0.2 (0=0.05) at a power of B=0.8. Recruitment was done via a public online mar-
ketplace, institutional mailing lists and local university-based recruitment systems. Two
participants were excluded because their performance was below 60% correct re-
sponses. Further, five participants gave incomplete responses to the survey, leaving a
final sample size of 43.
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Visual cue Validity: 75%
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Delay
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Response
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Figure 4. Schematic overview of trial events for Study | experiments.

Repetitive

Experiment 1 (A) was a gamified auditory perceptual decision-making task, where participants
reported the dominant ear of a train of click sounds after viewing an explicit, visual cue. Experi-
ment 2 (B) was a visual perceptual decision-making task, where participants judged the global

motion direction of random dot kinematograms after hearing an explicit auditory cue.

Statistical analyses. Data from both experiments was analysed using a mixed logistic
choice model implemented in R (v.1.1-27.1). Optimization was done using maximum like-
lihood and the nlimb method (optimx package for R, v.2021-10.12). Explained variance
R? was calculated with the help of the MuMiIn package (v.1.43.17), and the car library
(v.3.0-12) was used for computing variance inflation factors (VIF). All variables were z-
transformed.

The response r on trial t was modelled as a combination of the presented stimulus s;
(O=right, 1=left), the previous trial’s stimulus s;_;, the current trial’s discriminability d;
(Aclicks between channels in Experiment 1; coherence level in Experiment 2, 1-6), the
previous trial’s choice r;_; in interaction with individual psychosis proneness score PPS,
as well as the current trial's cue c¢; (0=right, 1=left) in interaction with block type b, and

individual psychosis proneness score:
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Ty = S de +Si_1°di_q +1._1PPS by + ¢ PPS - by + (1|subject) + (1|b: subject)
(eq. 1)

To further elucidate the relationship between choice history biases, block statistics and
psychosis proneness, we fit psychometric functions of the shape
1

p(r=1)=

(eq. 2)

to the data. Noise was assumed to be following a logistic distribution with variance o2 =

o?m?

. Decision noise is captured by o, § is a systematic, individual bias and x is the stim-

ulus intensity. Separate psychometric functions were fitted for trials that were preceded
by “left” vs. “right” choices, and for different levels of psychosis proneness as determined
by a median split.

Finally, we computed an individual score for repetition probability and correlated it with
psychosis proneness.
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Study Il. ggg

General procedure. Study Il consisted of a laboratory-based, behavioural experiment,
where participants viewed a bistable Lissajous figure under stereoscopic viewing condi-
tions. A new paradigm of graded ambiguity was developed, where additional sensory
information is presented alongside the bistable figure (Weilnhammer et al., 2020). The
sensitivity to disambiguating sensory evidence approximates the likelihood term of the
underlying inferential processes, whereas the phase duration (i.e., the time during which
the perceptual state remains stable) acts as a proxy for the prior belief.

The study was pre-registered and authorized by the local ethics committee of the Charité
— Universitatsmedizin Berlin. All participants were required to give written informed con-

sent and have normal or corrected-to-normal vision.

Main experiment. Participants reported the rotation direction of a bistable Lissajous figure
using the right, left (right- or leftwards rotation) and down (unclear) keys of a standard
computer keyboard. They were instructed to place their head on a chinrest fixed at
59.50cm distance from a 98PDF-CRT-Monitor of 1042 x 768 pixels (refresh rate 60Hz).
All stimuli were presented using a mirror stereoscope that allowed the presentation of
separate stimulus videos to the left- and right eye, respectively. Participants completed
three runs of viewing seven pairs of rotating Lissajous figures which were either fully am-
biguous or partially disambiguated. Each run was divided into blocks of 40.08 seconds,
followed by a 5 second fixation period. Lissajous figures consisted of 300 dots placed
randomly and non-overlappingly on sinusoidal waveforms. Rotation speed of the figure
was 6.80s per revolution. The figures were presented on a black background including
white, randomly moving dots and a white fixation cross. Ambiguous blocks were charac-
terized by two identical Lissajous figures presented to the left- and right eye. During dis-
ambiguated blocks, a proportion of stimulus dots was shifted in one direction between the
channels. The more the two channels are shifted against each other, the higher the
amount of available disambiguating evidence. There were seven levels of disambiguating
stimulus evidence (D1-D7), determined by the percentage of disambiguated dots (1.25%,
3.75%, 8.75%, 16.25%, 26.25%, 50%, 100%).
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After completing the experimental part, all participants completed two validated measures
of delusional tendencies (the Peters et al. delusions inventory, PDI; Peters et al., 1999)
and hallucinatory propensity (the Cardiff Anomalous Perceptions Scale, CAPS; Bell et al.,
2006). Patients’ clinical symptom severity was further rated on the Positive and Negative
Syndrome Scale (PANSS, Kay et al., 1989).

Ambiguous run

\Y \V

Left Right

“—

Figure 5. Schematic overview of Study Il experiment.

Disambiguated run

Participants viewed Lissajous figures with varying degrees of disambiguating stimulus evidence
and reported their current perception by holding down the left vs. right keys of a standard PC
keyboard (A). In ambiguous runs, there are no or minimal differences in the proportion of dots
shifted against each other (B). In disambiguated runs, a part of the Lissajous figure presented to

one eye is shifted against the one presented to the other eye (C) Own representation
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Participants. Patients were in- or outpatients at the local psychiatric clinic at Charité —
Universitatsmedizin Berlin that were recruited via their attending physicians. Controls
were matched for gender, age, and handedness. One control participant was excluded
because they showed deficient stereovision. Three further controls showed scores in ei-
ther CAPS or PDI that were 3 SD above the group’s mean and were excluded. In total,

23 patients and 23 healthy controls were included in the experiment.

Statistical analyses. The main variable of interest was the time-point of transitions
(switches) between the two perceptual states. Since transitions could only occur when
the figure’s two sides overlapped, reported timings were corrected to match the time of
overlap. Further, the proportion of congruent perceptual states was computed for all lev-
els of disambiguating sensory information (D1-D7). This proportion was considered an
estimate for the prior's weighting in contrast to the likelihood. Perceptual stability was
approximated using the average phase duration, i.e., the length of periods in which the
reported perceptual state remained stable. All analyses were controlled for unclear per-
ceptual states and individual biases during the ambiguous blocks.

A mixed ANOVA with within-subject factor “evidence level” (D1-D7) and between-subject
factor “group” was performed. Further, a linear mixed effects model (R, nime package)
with fixed effects “group” and “evidence level (D1-D7)” and a random effect for each sub-
ject was performed. Finally, psychometric analyses included fitting linear and sigmoid
functions to the proportion of congruent perceptual reports across evidence. From the
best-fitting (R?) exponential fit, growth rates were derived as approximations to individual
sensory sensitivity. To estimate confidence intervals for group differences in growth rates,
a bootstrapping procedure (R-dabestr) was used.

We further investigated whether participants’ scores in self-report measures (PDI and
CAPS) correlated with average phase duration and sensitivity to sensory evidence. In the
patient sample, we further tested for correlations with the PANSS items P1 (delusional
ideation) and P3 (hallucinatory experiences). Standard Spearman correlations were com-
puted due to a lack of normality (Kolmogorov-Smirnov tests P<0.0001 for all variables).
Partial correlations were computed, controlling age, stereoacuity, and duration of illness
and chlorpromazine equivalents in patients. To ensure correlative specificity, we con-

trolled the questionnaire scores for the alternative questionnaire.
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3. Results

3.1. Study I: Reduced low-level prior-to-likelihood ratios in psychosis proneness

3.1.1. Sample characteristics and general task performance

Demographic characteristics for both experiments as well as average questionnaire
scores are summarized in Table 2. The final sample sizes after exclusions were N=113
in Experiment 1, and N=43 in Experiment 2.

In Experiment 1, task performance was at 80.1% (7.1 SD, range 61.2%-89.8%) correct
responses. Time-outs were at low levels (2.1%) and were excluded in the final analysis.
Experiment 2 task performance was at 71.9% (+5.1 SD, range 65.5%-79.3%) average
accuracy. Less than 1% of trials timed out.

Mean PDI score in Experiment 1 was 6.6 (+3.1 SD, range 0-17), mean CAPS score was
6.5 (5.2, range 0-28). In Experiment 2, mean PDI score was 7.3 (x6.9 SD, range 0-35)
and mean CAPS score was 5.0 (5.2 SD, range 0-20). All values are within the expected

ranges of a non-clinical sample.

Table 1. Sample characteristics Study |

Age Performance PDI CAPS
Experiment 1 | 24.79 £7.34 80.1% + 7.1 6.6 + 3.1 6.5+5.2
(range 0-17) (range 0-28)
Experiment2 | 31.00 £ 10.6 71.9% £ 5.0 7.3+6.9 50+5.2
(range 0-35) (range 0-20)

*From Eckert et al., 2022.

3.1.2. Psychometric and correlative results

Psychometric functions were fit to the data of trials preceded by a “left” choice and those
preceded by a “right” choice, respectively. Further, separate functions were fit for data of
participants with high vs. low psychosis proneness.

Psychometric function fits revealed a horizontal shift between functions conditioned on
previous choice, with a higher probability of a “left” choice in trials that were preceded by
“left” choices. This relationship held across experiments and block types (see Figure 6).
This increased probability was more pronounced in individuals who reported low psycho-
sis proneness compared to those more prone to psychotic experiences (see Figure 6).
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When computing the difference in point of subjective equality (APSE) between “left” vs.
“right” separately, we find slightly more negative APSE in the lowest PPS quartile, and
APSE that are either zero (Experiment 2) or slightly positive (Experiment 1) in the highest
PPS quartile (see Figure 7).

When looking at individual repetition probability in relation to psychosis proneness, we
find a reduced probability of repeating a previous choice with increasing psychosis prone-

ness. This relationship held across both experiments and block types (see Figure 7).
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3.1.3. Results of logistic choice model

Separate trial-by-trial logistic choice models were fit to the datasets of the two experi-
ments to estimate the influence of stimulus characteristics, cue and events in trial history
and their respective interaction with PPS on current choice. All results are summarized in
Table 2. Residuals were normally distributed in both Experiment 1 (min=-6.67, max=6.12,
1Q=-0.50, 3Q=0.47; number of observations=42,601) and Experiment 2 (min=-11.38,
max=15.75, 1Q=-0.63, 3Q=0.61, number of observations=31,087). Marginal corrected R?
values for both models were R?=0.49 for Experiment 1 and R?=0.55 for Experiment 2.
Since model predictors such as stimulus, cue and history events are likely correlated, we
assessed the collinearity of model predictors. VIF scores for both datasets indicated no
significant problems with collinearity [Experiment 1: VIF=1.33 (st.1 predictor) and Experi-
ment 2: VIF=1.67 (st-1 predictor)].

Choice history biases. There was a significant main effect of previous choice across both
experiments (Experiment 1: 3=0.15 £ 0.001, p<0.001; Experiment 2: 3=0.13 £ 0.02,
p<0.001). Choice history effects also express themselves in horizontal shifts between
psychometric functions conditioned on either preceding “left” or preceding “right” choices
(Figure 6). There were meaningful effects of block structure across both experiments,
with a significant previous choice x block type interaction (Experiment 1: 3=-0.04 + 0.01,
p = <0.05; Experiment 2: =-0.05 £ 0.01, p = <0.05). This indicates an adaptation of
choice history biases to block statistics, with stronger choice history biases in repetitive

blocks.

Psychosis proneness. A significant PPS x previous choice interaction was found across
experiments, in line with our main hypothesis (Experiment 1: 3=-0.06 + 0.01, p<0.001;
Experiment 2: 3=-0.09 + 0.001, p<0.001). Regression weights are negative across exper-
iments, indicating decreasing choice history biases with increasing psychosis proneness.
This relationship held across both neutral and repetitive blocks (see supplementary ma-
terials S3 of the main paper). The adaptation of choice history biases to block statistics
was significantly modulated by psychosis proneness in Experiment 2 ( = 0.02 + 0.01,
p=0.09), but not in Experiment 1 (B = 0.02 £ 0.01; p=0.63), which indicates that the neg-
ative choice history x PPS interaction was more pronounced in repetitive blocks in Exper-

iment 2.
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Cue effects. A significant main effect of cue on current perceptual choices was found
across experiments (Experiment 1: 3=0.22 + 0.01, p<0.001; Experiment 2: 3=0.54 + 0.01,
p<0.001). However, the cue x PPS interaction was inconsistent across experiments, with
a negative weight in Experiment 1 (f=-0.05 £ 0.01, p<0.001) and a positive weight in
Experiment 2 (=0.11 + 0.01, p<0.001). This indicates a reduced weighting of cue infor-
mation with increasing psychosis proneness in Experiment 1; and an increased reliance
on cue with increased psychosis proneness in Experiment 2. Considering PDI and CAPS
separately showed inconsistent interactions with cue weights as well (supplementary
analysis 5). In short, regarding the modulation of cue reliance by psychosis proneness,

results are inconsistent across experiments and measures.



Results 30
Experiment 1
Across block types Neutral blocks Repetitive blocks
A r=-0.37, r=-021] C " r=-0.33,
p<0.001 p=0.019 p<0.001
0.70 1
Zo6s
=z
©
Q
2 0.60
o
c
b
% 0.55 1
Q
o
s
© 0.50
(]
=
0.45 4
0.40 - 7 = . . = . - 5 - s > 7 > .
-2 0 2 4 6 =2 0 2 4 6 =2 0 2 4 6
Psychosis-proneness score
Experiment 2
D Across block types Neutral blocks Repetitive blocks
r=-0.28, r=-0.19, F . r=-0.33,
0.751 p=0.073 8 p=0.244 1 = p=0.037
®
0.70 9 2 L
[ ] b L
2 °
= 0.65 A b
3 e
8 &
5 0.60 1 b
c o
o (]
£ 055 » 8 °
8 *° o,
£ 050
& [ ]
= ® oS O °°
] ° ° - °
Z 045
© %
0.40 4
[ ]
-2 0 2 4 6 -2 0 2 4 6 -2 0 2 a 6

Psychosis-proneness score

Figure 8. Correlation between repetition probability and psychosis proneness score.

A-C. Correlations between repetition probability and psychosis proneness score in Ex-

periment 1 across block types (A), in neutral blocks (B) and in repetitive blocks (C).

D-F. Correlations between repetition probability and psychosis proneness score in Ex-

periment 2 across block types (D), in neutral blocks (E) and in repetitive blocks (F).

Re-printed from open-access article Eckert et al., 2022.
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Table 2. Results of the logistic model.
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Experiment 1

Experiment 2

Variable B SE z p sig. B SE z p sig.
Intercept 0.01 0.04 0.40 0.69 0.03 0.08 0.36 0.72

Stimulus 1.48 0.02 93.16 < 0.001 hx 1.10 0.02 55.81 < 0.001 Hox
Discriminability 0.09 0.01 6.21 0.00 i -0.07 0.03 -2.77 0.01 **

Previous stimulus -0.08 0.02 -5.05 0.00 i -0.07 0.02 -4.11 0.00 o
Previous discriminability 0.01 0.01 0.85 0.39 -0.02 0.01 -1.14 0.25

Previous choice 0.15 0.02 8.57 < 0.001 il 0.13 0.02 7.72 0.00 orx
PPS 0.01 0.03 0.35 0.73 0.01 0.08 0.09 0.93

Block type 0.00 0.01 0.20 0.84 0.01 0.02 0.44 0.66

Cue 0.22 0.01 15.42 < 0.001 hx 0.54 0.02 34.45 < 0.001 Hox
Stimulus * discriminability 0.70 0.01 50.13 < 0.001 hx 1.26 0.03 46.76 < 0.001 Hox
Previous stimulus * -0.07 0.01 -5.03 0.00 i -0.10 0.01 -6.44 0.00 o
previous discriminability

PPS * previous choice -0.06 0.01 -5.06 0.00 hx -0.09 0.01 -6.14 0.00 o
Block type * previous choice -0.04 0.01 -3.13 0.00 ** -0.05 0.01 -3.20 0.00 **

PPS * block type 0.00 0.01 -0.10 0.92 0.03 0.02 1.33 0.18

PPS * cue -0.05 0.01 -3.93 <0.001 i 0.11 0.01 7.53 0.00 o
Block type * cue 0.02 0.01 1.23 0.22 -0.01 0.01 -0.72 0.47

Previous choice * PPS * 0.01 0.01 0.49 0.63 0.02 0.01 1.63 0.10

block type

Cue * PPS * block type 0.01 0.01 1.01 0.32 0.00 0.01 -0.07 0.95

Experiment 1 (Corrected R2 = 0.404, Number of observations = 42,601), and Experiment 2 (corrected R2 = 0.32, Number of obser-

vations = 31,087). SE: standard error of estimate. PPS: psychosis proneness score. Adapted from Eckert et al., 2022
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3.2. Study II: Sensory Sensitivity in bistable perception

3.2.1. Sample characteristics

23 patients with paranoid schizophrenia (5 female, mean age 33.6 £ 8.4 SD) and 23
healthy controls (matched for age, gender, and handedness, 6 female, mean age 37.1 £
11.6 SD) were included in the final sample. Controls reported average PDI scores of 22
(28 SD) and average CAPS scores of 6.7 (+9.2 SD). Patients reported average PDI
scores of 139 (£80 SD) and average CAPS scores of 65.0 (+50.1 SD). Patients were
further rated on the PANSS. Average scores on the PANSS-Positive subscale were 18.5
(x6.3 SD), for the PANSS-Negative subscale they were 19.4 (+8.2 SD). Mean General
score was 33 (10 SD).

Table 3. Sample characteristics Study Il

N |Age |PDI |CAPS | PANSS:P | PANSS:N | PANSS:G | CPZe
Controls |23 | 33.6 |22 |6.7 N/A N/A N/A N/A
(6F*) | +8.4 |[+£28 |+9.2
Patients | 23 | 37.1 | 139 |65.0 |184 19.4 33 190
(5F) |+ +80 |+50.1 |+6.3 +8.2 +10 +172
11.6

* F=female, PDI: Peters et al. Delusions Inventory, CAPS: Cardiff Anomalous Perceptions Scale,
PANSS:P/:N: Positive and Negative Symptoms Scale; G: General; CPZe: Chlorpromazine equiv-
alents, adapted from Weilnhammer et al., 2020

3.2.2. Results from regression analyses

The regression model showed a significant main effect of the level of disambiguating
stimulus evidence on the proportion of congruent perceptual states (F(6) = 15.16,
P=6.44*10""%). There was no main effect of group (F(1)=0.02, P=.88). A significant group
x disambiguating stimulus evidence interaction was found (F(6)=2.52, P=0.2, see Figure
9). Model fitting to the proportion of congruent perceptual states revealed a superior fit of
exponential functions (vs. linear or sigmoid functions). The growth rate of the exponential
function, which was used as a proxy for the sensitivity to sensory evidence, differed
among groups (patients: 0.06+£0.01, controls: 0.02+0.02). Bootstrapping analyses re-
vealed this as a borderline significant effect (95% CI = 0.004 to -0.08).
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Figure 9. Sensitivity to disambiguating stimulus evidence across groups.

The left panel depicts the proportion of congruent perceptual states across the seven levels of

disambiguating stimulus evidence (filled dot: mean, error bars: Standard Error). At low levels of

disambiguating stimulus evidence (D1-D3), controls show a marginally stronger reliance on dis-

ambiguating stimulus evidence. At higher levels (D4-D7), congruent percepts were more frequent

in patients. The right panel shows the growth rate of the exponential fits across groups. Growth

rates were used as a proxy for the individual sensitivity to disambiguating stimulus evidence.

Re-printed from (Weilnhammer et al., 2020) with permission from Schizophrenia Bulletin, Oxford

University Press.

3.2.3. Correlative results

The sensitivity to disambiguating stimulus evidence was correlated with CAPS (R=0.51,
p=0.02) and the PANSS-P3 item (R=0.52, P=0.1) in the patient group (see Figure 10).
There was further a significant negative correlation between average phase duration and
CAPS (R=-0.54, P=0.1). Correlations between the phase duration parameter and the PDI
or other PANSS items did not reach significance. Neither questionnaire scores or PANSS
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subitems correlated with any other perceptual biases, stereo-disparity thresholds, chlor-

promazine equivalents or duration of illness.
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Figure 10. Correlations of sensitivity and phase duration with symptom severity

The sensitivity to stimulus evidence (left panels) and phase duration (right panel) were correlated
with the individual CAPS score (top row) and hallucinations (P3 — bottom row). Shaded area
represent the 95% CI of the black regression line.

Re-printed from open access article (Weilnhammer et al., 2020) with permission from Schizophre-

nia Bulletin, Oxford University Press.
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4. Discussion

4.1. Summary

A visual overview of all results can be found in Figure 11.

! : High-level
Sensory \ < beliefs

information =
Low-level

beliefs

@ Study | Study Il
Decreased choice history biases, as a proxy for Increased sensitivity to sensory evidence in
low-level prior beliefs, with psychosis proneness patients with paranoid schizophrenia
= Across the visual and auditory domain * Suggesting a more precise likelihood
= Decreased adaptation to environmental volatility Decreasing phase duration with symptom
in psychosis proneness severity
o Inconsistent results re. compensation by = Imprecise low-level prior belief

high-level beliefs

Figure 11. Graphical overview of all results

Graphical representation my own; inspired by (Heinz et al., 2019).

In Study I, two perceptual decision-making experiments for the visual- and auditory mo-
dality were developed. We investigated to what extent choice history biases and the reli-
ance on an explicit cue were modulated by psychosis proneness in the general popula-
tion. With this, our aim was to investigate the differential weighting of prior information at
different levels of a cortical hierarchy assumed under predictive processing.

We showed that general psychosis proneness was associated with reduced choice his-
tory biases (Hypothesis 1a). This finding was robust across sensory modalities (auditory
and visual), environmental statistics (random and repetitive) and study context (online
and laboratory-based). There was inconsistent evidence for a compensatory mechanism

between low- and higher-level prior information, in which more psychosis prone individu-
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als are assumed to rely on explicit, higher-level information to an increased extent (Hy-
pothesis 1b). Finally, there was only partial evidence that psychosis proneness modulates
the adaptation of choice history biases to environmental regularities (Hypothesis 1c).
Study Il consisted of a laboratory-based perceptual task using bistable stimuli. The sam-
ple consisted of patients with paranoid schizophrenia and healthy controls matched in
age, gender, and handedness. The sensitivity to disambiguating sensory evidence was
assessed as a proxy for the likelihood parameter in an assumed underlying inferential
process, whereas the phase duration, or temporal stability of one perceptual state, was
used to estimate a sensory-level prior belief.

Patients with psychosis showed increased sensitivity to disambiguating sensory evidence
compared to healthy controls, suggesting an increased precision of the likelihood term
(Hypothesis 2a). Further, sensitivity increased with symptom severity, whereas phase
duration decreased with symptom severity in the patient group, suggesting decreased

precision of prior beliefs at sensory levels of the processing hierarchy (Hypothesis 2b).

4.2. Interpretation and contextualization

4.2 1. Low-level priors

Converging lines of evidence from Study | and Study Il suggest a decreased weighting of
prior information on lower, sensory levels of a processing hierarchy assumed under pre-
dictive processing. Study I used implicit choice history effects, and Study I/ used phase
duration to approximate lower-level prior beliefs. Results from both studies converge and
suggest a decreased weighting of sensory-level prior beliefs relative to the sensory evi-
dence. This remarkable generalizability points towards imprecise perceptual prior beliefs
as a hallmark of perceptual inference in psychosis.

These empirical findings are in line with theoretical predictions of the predictive pro-
cessing account of psychosis (Heinz et al., 2019; Sterzer et al., 2018). Here, psychosis
is assumed to result from an aberrant balancing of likelihood and prior beliefs during per-
ceptual inference. Specifically, sensory information at lower levels of the processing hier-
archy is not sufficiently constrained by the generative model. When the resulting aberrant
prediction errors are propagated up the processing hierarchy, the unconstrained infor-
mation from lower levels is met with overly precise beliefs at higher levels in an attempt

to constrain the incoming information. In line with aberrant precision-weighting of prior
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and sensory information, Seymour and colleagues found a decreased contextual modu-
lation of visual processing in early visual areas (Seymour et al., 2013). Further, consistent
with the weak-sensory-priors account of psychosis is a study by Valton and colleagues
(2019). They employed a statistical learning task, where participants estimated the global
motion direction of RDKs (“estimation task”) and were furthermore asked to indicate
whether a stimulus was presented or not (“detection task”). Two global motion directions
were more frequently presented. Patients with chronic schizophrenia showed no deficit
in statistical learning compared to controls. However, they reported significantly fewer
“induced hallucinations”, i.e., false-positive hallucinations of the most frequent motion di-
rections in the detection task. The authors suggest that this may be the consequence of
less precise prior expectations (Valton et al., 2019). The notion of weaker sensory-level
priors is supported by studies on visual illusions (Dima et al., 2009; King et al., 2017,
Notredame et al., 2014), where the relative immunity of patients with SSD can be inter-
preted as a weakening of sensory-level priors (Dima et al., 2009). Finally, in the sen-
sorimotor domain, a failure to accurately predict the sensory consequences of their own
actions in psychosis (corollary discharge, Crapse & Sommer, 2008; Shergill et al., 2005;
Synofzik & Voss, 2010) has been related to imprecise, low-level proprioceptive beliefs
(Teufel et al., 2010).

An important caveat is that the present studies cannot fully disentangle the effects of prior
beliefs and sensory information. Our results support the notion of an aberrant prior-to-
likelihood ratio at lower hierarchical levels in psychosis, in other words, an aberrant rela-
tive weighting of perceptual priors and sensory evidence in psychosis. The notion of “re-
duced low-level priors” hence needs to be understood in relative terms. To disentangle
the effects of prior beliefs and sensory evidence, future studies may rely on learned prior
beliefs rather than implicit ones; and leverage high-resolution neuroimaging techniques
such as EEG to disentangle bottom-up and top-down streams of information.

Regarding the more specific finding of reduced choice history biases in psychosis prone-
ness from Study I, the present work replicates and extends recent findings by Stein, Bar-
bosa, and colleagues (2020). In a spatial working memory task, they showed decreased
serial dependencies in patients with SSD and anti-NMDA-encephalitis’ compared to con-

trols. Interestingly, serial effects normalized with recovery in acute, encephalitis-induced

T Anti-NMDA-receptor-encephalitis is a severe autoimmune neurological disorder, in which a destruction of
NMDA-receptors is associated with sudden-onset psychotic symptoms. These symptoms are often misdi-
agnosed as SSD (Wandinger et al., 2011).



Conclusions 38

psychosis. This work suggests an important role of NMDA for both the mediation of per-
ceptual-level prior information such as history effects and psychosis (Stein et al., 2020).
Some contradictory findings suggest an increased reliance on perceptual prior beliefs in
psychosis (Corlett et al., 2019; Powers et al., 2017). When conditioning the occurrence
of an auditory stimulus with the presentation of a visual stimulus, individuals who experi-
ence hallucinations appear to perceive more “conditioned hallucinations” (Powers et al.,
2017), i.e., they report the presence of an auditory tone when there was none. The au-
thors relate this to an overweighting of perceptual priors in hallucinating individuals. Sim-
ilarly, individuals at high risk of psychosis showed a greater advantage of previously
learned image characteristics for a recognition task in degraded images than controls
(Teufel et al., 2015). These contradicting findings may be reconciled by considering the
hierarchical organization of sensory processing. Unlike implicit choice history biases
(Study 1) or phase duration in bistable perception (Study I), previous knowledge about
stimulus associations as in Powers et al., as well as previous experience with visual
scenes as in Teufel et al. is a learned, and hence more explicit form of prior belief. When
embedding these findings in a hierarchical predictive processing framework, they may be

the expression of relatively stronger priors at higher, explicit hierarchical levels.

4.2.2. High-level priors

Besides studying choice history biases as an approximation of lower-level prior beliefs,
Study | also investigated the potential compensation by an increased reliance on higher-
level priors in psychosis proneness. Empirical results on this question were inconsistent
across the two experiments in Study I, precluding definite conclusions on a compensatory
mechanism. In the auditory modality, we found evidence for a decreased reliance on cue
information (as a proxy for higher-level beliefs), whereas in the visual modality, we ob-
served an increased weighting of cue information with psychosis proneness, in line with
theoretical considerations. There are multiple studies suggesting an increased reliance
on higher-level prior beliefs in psychosis. For example, Schmack and colleagues (2013)
showed that psychosis prone individuals were more susceptible to a placebo-like, learned
manipulation of higher-level beliefs. In their study, participants learned associations be-
tween rotational directions of a bistable rotating sphere and “polarizing” viewing glasses.
The viewing glasses were made of simple glass and hence unfit to bias perception in any
way. However, more psychosis prone individuals reported more percepts congruent with
the learned rotational direction (Schmack et al., 2013).
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Another study has investigated the reliance on low- vs. high-level priors in different dis-
ease stages (Haarsma, Knolle, et al., 2020). Participants were asked to decipher an am-
biguous auditory phoneme while either viewing accompanying lip movements (sensory-
level priors) or written word-sound associations (cognitive-level priors). In patients in initial
stages of psychosis, results suggested a decrease in sensory-level prior precision com-
pared to later-stage patients and healthy controls. In contrast, cognitive priors were more
precise in later-stage SSD patients compared to initial-stage patients and healthy con-
trols. The authors conclude that both the hierarchical origin and the disease stage play
an important role for the specificities of the inferential process. Compensatory mecha-
nisms between hierarchical levels may only develop while the individual progresses
through later disease stages (Haarsma, Knolle, et al., 2020), which may explain the in-
consistent finding in the psychosis prone sample of Study I.

4.4. Strengths and weaknesses of the studies

Both Study I and Study Il make important empirical contributions to furthering the mech-
anistic understanding of psychosis from a predictive processing perspective. Indeed, the
theoretical prediction of aberrant weighting of perceptual-level prior and likelihood in psy-
chosis generalized across stimulus- and task formats, experimental context, study popu-
lations and perceptual modalities. This remarkable generalizability suggests that the ab-
errant weighting of prior beliefs and sensory evidence are a hallmark factor predisposing
for psychotic experiences. All studies were conducted under the principles of open and
reproducible science. The experimental design, research questions, hypotheses and sta-
tistical procedures of all experiments were pre-registered. All anonymized data, code and
the published manuscripts are publicly accessible, increasing the probability of replication
by other researchers.

Study | suggests a very robust modulatory effect of psychosis proneness on choice his-
tory biases. This effect suggests an abnormal weighting of perceptual history as a trait
marker of psychosis. A compensatory increase in cue reliance was expected from theo-
retical considerations. However, this effect was not found consistently across experi-
ments. Besides a potential influence of disease stage (see section 4.3), the fact that the
experiment was conducted in an online environment may play a role for this incon-

sistency. Despite thorough controls of the participant’s technical setup and task engage-
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ment, differences in attentional resources between online vs. laboratory-based experi-
ments cannot be completely ruled out. Such attentional effects may have contributed to
the finding of reduced cue reliance on psychosis proneness, since more psychosis prone
individuals may have had more problems retaining cue information in memory during
stimulus presentation. A further factor limiting the interpretation of this inconsistent finding
may be the fact that the cues differed between the two experiments (visual cue in the
auditory decision-making task, auditory cue in the visual decision-making task). While
parallelizing the design as much as possible between experiments, full parallelization was
not feasible due to our cross-modality hypotheses.

Finally, our operationalization of choice history biases as a form of perceptual-level prior
belief can be criticized. Some researchers relate choice history biases to decisional tem-
plates (Bosch et al., 2020) rather than modulations of perceptual-level sensory pro-
cessing. History biases also appear to require conscious awareness (Kim et al., 2020),
which suggests that they do not (exclusively) reside on sensory levels of the cortical hi-
erarchy (but see Cicchini et al., 2017, 2021). Our operationalization of choice history bi-
ases as a type “low-level” beliefs therefore needs to be understood in relative terms and

is limited to the present study.

In Study Il, we found strong correlations between sensory sensitivity and perceptual sta-
bility with hallucinations and perceptual abnormalities. We did, however, not find any as-
sociations between these parameters and delusional ideation, in contradiction with previ-
ous work (Schmack et al., 2015). This may be due to an intermittent presentation format,
which may have been more appropriate for detecting associations between delusional
ideation and perceptual stability than the continuous presentation format used in our study
(Weilnhammer et al., 2020). In contrast, the paradigm of graded ambiguity used here may
have been more sensitive towards detecting perceptual abnormalities.

Additionally, previous research has suggested deficits in binocular depth perception in
schizophrenia (Hui et al., 2017; Schechter et al., 2006; Wang et al., 2018). In the present
study, perceptual thresholds were estimated using a psychophysical staircasing method,
which yielded in no significant or deficient values in the patient sample. There was further
no global deterioration of performance in patients. We thus likely did not find the current
pattern due to low-level differences in acuity or sensitivity between controls and patients
(Weilnhammer et al., 2020).
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All experiments and hypotheses were derived from the predictive processing account of
schizophrenia. This framework has the strength of unifying a multitude of heterogeneous
symptoms under the umbrella of implicit Bayesian inference. However, several critics of
the theory remark that it lacks specification and is hence immune to falsification (Kogo &
Trengove, 2015; Litwin & Mitkowski, 2020). While the notion of a cortical processing hier-
archy is empirically successful, important details and its biological underpinnings remain
understudied (Haarsma, Knolle, et al., 2020; Haarsma, Kok, et al., 2020; Litwin & Mitkow-
ski, 2020). With our experiments, we have contributed cross-modal evidence to constrain-
ing perceptual inference in psychosis across modalities and stimulus formats. We further
stayed committed to practises of open science (pre-registration, open data and open-
source code, open-access publications) for all studies to avoid selective reporting of re-
sults.

4.5. Implications for future research

The two presented studies open new avenues towards empirical studies of predictive
processing in psychosis.

Future studies could be concerned with expanding on the modality-general approach
used in Study I by investigating putative inferential mechanisms across visual, auditory,
somatosensory, and olfactory modalities. The somatosensory modality did not find con-
sideration in the present projects. Body-related hallucinations and delusions, however,
are an important feature of psychosis and can be a central source of distress to patients.
An improved understanding of somatosensory inference in schizophrenia may further our
understanding of negative symptoms (e.g., anhedonia, catatonia) and disturbances of
agency (Synofzik & Voss, 2010; Teufel et al., 2010). So far, several lines of evidence
converge in suggesting that inference in psychosis is characterized by imprecise low-
level beliefs. Stein and colleagues have further argued for an important role of NMDA
receptors for both history effects as well as psychotic symptoms. Future research may
rely on interventional studies to ascertain a causative relationship between NMDA, psy-
chotic symptoms, and different forms of low-level prior information. In combination with
computational modelling, they may provide causal and mechanistic insights. Genome-
wide association studies could further used to establish the genetic basis of this inferential

pattern in psychosis.
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There have been several concentrated efforts aimed at identifying the neural correlates
of conscious perception, also using bistable stimuli (Brascamp et al., 2015; Frassle et al.,
2014; Knapen et al., 2011; Lumer et al., 1998; Megumi et al., 2015; Sterzer & Klein-
schmidt, 2007). A study by our workgroup has identified a crucial role of the inferior frontal
cortex (IFC) for bistable perception (Weilnhammer et al., 2021). Specifically, the IFC re-
ceives signals about perceptual conflict from V5/hMT+, and feedback signals from IFC
resolve perceptual conflict (Weilnhammer et al., 2021). After disrupting neural activity in
IFC using transcranial magnetic stimulation, we observed longer phase durations, i.e., a
slower updating of conscious experience under bistable viewing conditions. In combina-
tion with results from Study /I, where patients showed decreased phase duration with
increased symptom severity, this finding points towards a potential therapeutic use of
stimulating the IFC in patients. Whether increasing phase duration, which we considered
an approximation for low-level priors, generalizes towards stabilizing inference across the

cortical hierarchy, needs investigation in future studies.
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5. Conclusion

The present work examined predictive processing and implicit perceptual inference in
psychosis and psychosis proneness. It entails two studies concerned with testing specific
predictions made by the predictive processing framework. Across experiments, study
populations, and stimuli, evidence converges towards reduced low-level prior precision,
relative to the sensory evidence, in psychosis. This was suggested by reduced choice
history biases in perceptual decision-making (Study /) and an increased sensitivity to sen-
sory evidence in bistable perception (Study /). These findings are in line with the predic-
tions of a hierarchical predictive processing perspective on psychosis, where our results
favour the interpretation of weak low-level priors in psychosis, rather than stronger high-
level priors (cmp. Sterzer et al., 2018). Taken together, they suggest that reduced preci-
sion-weighting of low-level prior beliefs is a hallmark feature of information processing in
psychosis. Future research is needed to understand the importance of compensatory in-
teractions between different levels of the cortical hierarchy, the role of disease stage, as

well as the neural underpinnings of reduced low-level prior beliefs in psychosis.
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Objectives: Predictive processing posits that perception
emerges from inferential processes within a hierarchical
cortical system. Alterations of these processes may result
in psychotic experiences, such as hallucinations and delu-
sions. Central to the predictive processing account of psy-
chosis is the notion of aberrant weights attributed to prior
information and sensory input. Based on the notion that
previous perceptual choices represent a relevant source
of prior information, we here asked whether the propen-
sity towards psychotic experiences may be related to al-
tered choice history biases in perceptual decision-making.
Methods: We investigated the relationship between choice
history biases in perceptual decision-making and psychosis
proneness in the general population. Choice history biases
and their adaptation to experimentally induced changes
in stimulus serial dependencies were investigated in deci-
sion-making tasks with auditory (experiment 1) and visual
(experiment 2) stimuli. We further explored a potential
compensatory mechanism for reduced choice history biases
by reliance on predictive cross-modal cues. Results: In
line with our preregistered hypothesis, psychosis proneness
was associated with decreased choice history biases in both
experiments. This association is generalized across condi-
tions with and without stimulus serial dependencies. We did
not find consistent evidence for a compensatory reliance on
cue information in psychosis-prone individuals across ex-
periments. Conclusions: Our results show reduced choice
history biases in psychosis proneness. A compensatory
mechanism between implicit choice history effects and ex-
plicit cue information is not supported unequivocally by our
data.

Key  words:  predictive  processing/psychosis/choice
history bias/perceptual decision/making/computational
psychiatry

Introduction

Predictive processing theory conceptualizes prediction as
a core strategy of the brain.'? Since the brain does not
have direct access to its surroundings, it is thought to en-
tertain a hierarchical model of the world. This model is
constrained by sensory information and constantly up-
dated by mismatches between model predictions and
sensory data (prediction errors).® In Bayesian terms,
predictions and sensory information are modeled as prior
belief (prior) and likelihood, respectively. They are rep-
resented by probability distributions and combined to
compute an updated belief, the posterior. Critically, the
weighting of prior and likelihood in computing the pos-
terior is determined by their respective precisions: Low
prior precision and high likelihood precision will result
in large beliel updates by precision-weighted prediction
errors, and vice versa. >

It has been proposed that hallucinations and delusions,
core features of psychosis, correspond to aberrant inference
resulting from altered precision weighting.** ' Specifically,
a reduced precision of priors, relative to the likelihood,
may lead to increased precision-weighted prediction
errors and thus enhanced weighting of sensory informa-
tion relative to model predictions. The notion of impre-
cise priors is supported by the observation that individuals
with psychosis are less susceptible to some visual illusions,
which—in Bayesian terms—reflect reliance on precise per-
ceptual priors.'"2 Conversely, there is evidence for a higher
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sensitivity to sensory information in individuals with psy-
chosis.” In an attempt to compensate for perceptual un-
certainty resulting from reduced prior precision at low
hierarchical levels, the psychosis-prone brain may form
overly precise beliefs at higher hierarchical levels.™1"1413
Indeed, perceptual disturbances such as hallucinations'*"”
and the tenacious persistence of delusions in psychosis*!*¥
have been related to increased prior precision.

A likely source for the formation of perceptual
priors are previous perceptual judgments. In percep-
tual decision-making tasks, observers are required to
make perceptual judgments under uncertainty, usually
by choosing between two or more alternatives. A well-
documented phenomenon in such tasks is that the cur-
rent perceptual choice can be biased towards previous
choices. Such choice history biases have been reported
across a wide range of tasks and stimuli including visual
motion,"” ?' orientation,” * numerosity,”** spatial loca-
tion,* and face identity*** but also in auditory two-tone
discrimination,® tactile stimuli discrimination,* and time
perception.”® The influence of previous on current per-
ceptual choices occurs implicitly*®*” and has been concep-
tualized as an adaptive strategy to cope with uncertainty,
whereby previous perceptual choices are used to form
ad-hoc priors for the processing of subsequent sensory
events.?* #4142 Indeed, choice history biases scale with
uncertainty''## and adapt to environmental statis-
tics.”'* Choice history biases, therefore, offer an oppor-
tunity to operationalize the role of implicit forms of prior
beliefs in perceptual inference and thereby investigate in-
ference mechanisms in relation to psychosis.

Based on this reasoning, we here examined the relation-
ship between choice history biases and psychosis prone-
ness in healthy individuals. To test whether individual
differences would generalize across sensory modalities,
we performed two experiments with analogous perceptual
tasks in the auditory and visual modalities. Participants
had to make perceptual choices under uncertainty but
did not receive feedback on their choices. To manipulate
the relevance of choice history, we implemented block-
wise statistical regularities so that stimuli were presented
either in random- or auto-correlated order. In addition,
more explicit prior beliefs were induced by cues that were
predictive of the upcoming stimulus. Given the more
implicit nature of choice history effects, we here refer
to choice history biases as reflecting lower-level priors,
whereas we refer to the more explicit prior beliefs induced
by predictive cues as higher-level priors. We note that this
operationalization may deviate from classical models.*®
Still, it allows for an empirical investigation of different
types of prior information, which we assume to be imple-
mented at different hierarchical levels in the brain,**™* in
relation to psychosis proneness. For the present work, we
thus use the terminology as outlined above.

Our main hypothesis was that higher psychosis prone-
ness would be associated with a reduced influence of
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choice history. We further explored whether choice his-
tory biases adapt to block statistics and the modulation
of this adaptation by psychosis proneness. Finally, we in-
vestigated the relationship between psychosis proneness
and the reliance on predictive cues, based on the notion
that reduced weighting of prior information at lower
hierarchical levels in psychosis proneness may be com-
pensated by an increased reliance on higher-level prior
beliefs.!"!3

Methods

We conducted two behavioral experiments to investigate
choice history biases in perceptual decision-making and
its relationship to psychosis proneness (total N = 154, a
priori sample size estimation with 1-8 = 0.8). Both ex-
periments were similar in structure, but differed in stim-
ulus modality, apparatus, and setting. For more details
on experimental methods, (see Supplementary Material
S1). Across experiments, participants with average per-
formance levels of <60% and >90% were excluded. As
stated in our preregistrations, this maximizes statistical
sensitivity for choice history effects. Both experiments
were piloted.

Experiment 1

Experiment 1 was an online, gamified auditory percep-
tual decision-making task.* The experiment was pre-
registered (asPredicted.org, #50562), approved by the
ethics committee of Charité — Universititsmedizin
Berlin (#EA1/134/20), and in line with the Declaration
of Helsinki. All participants gave informed consent and
received a monetary reward of £7.30/ hour. Participants
were naive to the purpose of the experiment and reported
no hearing impairments. One-hundred-and-fifty parti-
cipants were recruited via Prolific,” of which 113 were
included (24.7 years £ 7.34 standard deviation (SD),
75 male). The experiment was created using Gorilla.”!
In the task, trains of click sounds were presented (see
Supplementary Material S1). Participants had to indicate
the ear to which more click sounds were presented (rarger
ear in the following). There were 6 levels of discrimina-
bility, determined by the difference in clicks between the
left and right channels. To induce high-level beliefs about
the auditory stimulus, a visual cue was presented. which
predicted the target ear accurately in 75%. Stimulus-
response mappings were randomized trial-wise to pre-
clude motor confounds. The experiment consisted of 8
blocks & 48 trials, resulting in 384 trials (~45 min). There
were two types of blocks. In N-type (or neutral) blocks, the
target ear was chosen randomly on each trial. In R-type
(or repetitive) blocks, the target ear of trial r — I was re-
peated in trial 7 in 80% of subsequent trials, increasing
the relevance of information from previous trials. Block
sequences were either NRRNRNNR or RNNRNRRN,
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counterbalanced across participants. Several measures to
ensure data quality were implemented, such as attention-
and headphone checks.”> Upon completing all blocks,
participants were debriefed and received global perfor-
mance feedback.

Experiment 2

Experiment 2 was a laboratory-based visual deci-
sion-making task using random dot kinematograms
(RDKs, S1). The experiment was preregistered
(asPredicted.org, #71784) and approved by the ethics
commitiee of Charit¢é — Universititsmedizin Berlin
(#EA1/198/19). Experimental procedures were in line
with the Declaration of Helsinki. All participants
gave written informed consent. Fifty healthy partici-
pants were recruited via public and institutional par-
ticipant pools, of which 43 were included (16 male,
average 31 years, £ 10.6 SD). All participants had
normal or corrected-to-normal vision and were naive
to the purpose of the experiment, Upon completion,
participants received a monetary reward of 20€. The
experiment was created using PsychoPy (v.2020.1.3).%
Participants were asked to indicate the global motion
direction of RDKs (left or right on the horizontal axis).
There were six levels of discriminability, determined by
the proportion of coherently moving dots. To induce
high-level beliefs about the stimulus, an auditory cue
preceded stimulus presentation. The cue accurately pre-
dicted the RDK'’s global motion direction in 75% of
trials. Stimulus-response mappings were randomized
trial-wise. The experiment consisted of 8 blocks (96
trials per block, 768 total). There were two types of
blocks. In neutral (N-type) blocks, the stimulus’ global
motion direction was selected randomly. In repetitive
(R-type) blocks, the motion direction in trial 7-/ was
repeated in 80% of subsequent trials, increasing the rel-
evance of choice history. There were two possible block
sequences, NRRNRNNR or RNNRNRRN, which
were counterbalanced across participants. In a subset
of 14 participants, the block sequences differed slightly
(counterbalanced NRNRNRNR or RNRNRNRN),
which we accounted for in our statistical analysis. Upon
completion, participants were debriefed and received
global feedback about their performance.

Questionnaires

After the experimental tasks of both Experiments [ and 2,
participants completed 2 validated questionnaires meas-
uring psychosis proneness, the Peters et al. Delusions
Inventory, PDI,** and the Cardill Anomalous Perceptions
Scale, CAPS*® A global psychosis-proneness score
(PPS) per subject was calculated by summing the global
z-transformed CAPS- and PDI sum scores. Considering
usually high correlations between CAPS and PDI scores,®
our main analyses utilized this global PPS. To elucidate

Reduced Choice History Biases in Psychosis-Prone Individuals

the contributions of delusion- and hallucination prone-
ness separately, we performed exploratory analyses on
PDI- and CAPS scores (Supplementary Material S4).

Statistical Analyses

Behavioral data were analvzed with a mixed logistic re-
gression model. The model was fit using R* (v.4.1.1), the
Imer4 package® (v.1.1-27.1), using maximum likelihood,
and the optimx package® (v. 2021-10.12), with method
nlminb for quadratic optimization. Explained vari-
ance or R was computed using the MuMIn package®
(v.1.43.17). All variables were z-transformed. Variance
Inflation factors (VIF) were computed using the car
library (v.3.0-12). The logistic model was defined as
(R-style notation):

= S % d+ 81% d_1 + r1 % PPS « blocktype
+ ¢ % PPS « blockiype + (1|subject) + (1|block : subject)
(D)

The dependent variable was the choice (or response)
in trial 7 (., 0 = right, 1 = left). Considered predictors
were the current (s) and previous (s,,) stimulus (0 =
right, | = left), discriminability of current and previous
trial (d and d _; Aclicks (1-6) in experiment 1 and co-
herence levels (0.005-0.5) in Experiment 2), block type
(block type, where 0 = repetitive, 1 = neutral blocks), cur-
rent cue (¢, 0 = right, 1 = left) and PPS. Interactions
were defined along our hypotheses; An interaction of the
previous choice and PPS and an interaction of cue and
PPS, while considering the influence of the block statis-
tics (ie, block type). Note that we focused our analyses
of choice history on the immediately preceding choice
(ie. r,_,), which has been found to exert the strongest
bias.?'>*% To illustrate choice history effects and their ad-
aptation to block statistics, we fitted psychometric func-
tions of the form:

pr=1) = ——
T o (52)

2

We assumed a logistic noise distribution with a vari-
ance o2 = % where 0 captures decision noise. 6 is a sys-
tematic bias towards right (r = 0, 6 >0) or left (r = 1,
0 < 1) choices, and x represents the stimulus variable, We
split the data with respect to the previous choice and fit
two psychometric functions representing trials preceded
by “left” or “right” choices, respectively.

To further illustrate the relationship between choice
history and psychosis proneness, we analyzed the corre-
lation between PPS and the tendency to repeat the pre-
vious choice (repetition probability). The mean repetition
probability per individual was given by summing over all
instances of choice repetitions and dividing by the total
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Table 1. Distribution of Age and Psychosis Proneness Scores (Mean £ Standard Deviation) Across Experiments

Age Performance PDI CAPS
Experiment 1 24.79 + 7.34 80.1% £ 7.1 6.6+3.1 65+52
(range: 0-17) (range 0-28)
Experiment 2 31.0+ 10.6 71.9% £ 5.0 73469 5.0+52
(range 0-35) (range 0-20)

number of trials. Subject-specific repetition probabilities
were correlated with PPS. 418

Results

In Experiment [, participants performed perceptual de-
cisions on auditory stimuli in an online, gamified 2AFC
task.

On average, task performance was at 80.1% correct re-
sponses (£ 7.1 §D), ranging from 61.2% to 89.8%. 2.1%
of trials timed out (response time >2500 ms) and were
excluded from further analyses.

Mean PDI sum score was 6.6 (£ 3.1 SD), with sum
scores ranging from 0 to 17. Mean CAPS score was 6.5
(£ 5.2 SD), with sum scores ranging from 0 to 28. CAPS
and PDI scores were strongly correlated (r = 0.71, P <
001, table 1; Supplementary Material S2).

In Experiment 2, participants made decisions on
RDK stimuli with 71.9% average accuracy (+ 5.0 SD).
Performance levels ranged from 65.5% to 79.3% of cor-
rect choices. Less than 1% of trials timed out (response
time >2500ms) and were excluded from further analyses.

Mean CAPS score was 5.0 (X 5.2 SD; range 0-20),
and mean PDI score was 7.3 (* 6.9 SD, range 0-35). The
scores were strongly correlated (r = 0.82, P <.001, S2).

We fit separate trial-by-trial logistic mixed regression
models for both datasets. The logistic choice model al-
lowed us to estimate the influence of eg, stimulus, cue,
and previous trial events and their interactions with PPS
on current choice. Residuals were normally distributed in
both Experiment 1 (scaled residuals, min = —6.67, max =
6.12, 10 = —0.49, 30 = 0.47; number of observations =
42 601) and Experiment 2 model fits (scaled residuals,
min = —11.38, max = 15.75, 10 = —0.63, 3Q = 0.61,
number of observations = 31 087). Marginal corrected R*
values were R* = 0.49 for experiment I and R* = (.55 for
Experiment 2. Maximum VIF in Experiment 1 was VIF =
1.33 (previous stimulus), in Experiment 2, it was VIF =
1.67 (previous stimulus), indicating no significant prob-
lems with collinearity.

Choice History Biases in Perceptual Decision-Making

We found a significant main effect of previous choice
in Experiment I and Experiment 2 (see also figure 1;
Experiment 1: f# = 0.15 £ 0.02, P < .001; Experiment
2: =0.13 £0.02, P < .001). The general effect of pre-
vious choice is visible as a horizontal offset between
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psychometric functions fitted on previous left vs previous-
right choices (figure 2).

Choice history bias was stronger in repetitive (coded
0) versus neutral (coded 1) blocks in both experiments,
as indicated by significant interactions between previous
choice and block type (Experiment 1: § = —0.04 £ 0.01,
P=.001; Experiment 2: f=-0.05 £0.01, P = .005, figure
2). Thus, participants’ choice history biases adapted to
block structure.

Choice History Biases Decrease With Psychosis
Proneness

In line with our main hypothesis, the logistic choice
model revealed a significant interaction between PPS
and previous choice in both experiments (Experiment I:
£ =-0.06 £ 0.01, P <.001; Experiment 2: § = —0.09 *
0.01, P <.001). The negative weight indicates decreasing
choice history biases with increasing PPS. The relation-
ship between participant-specific choice repetition prob-
abilities and PPS is further illustrated in figure 3. It held
across neutral and repetitive blocks in both experiments
(Supplementary Material S3). We further found robust
interactions between individual CAPS- and PDI scores
and choice history (Supplementary Material S4).

The 3-way interaction between choice history, PPS, and
block type was indistinguishable from 0 in experiment 1
(5 =0.01 £ 0.01; P=.63) and trend-wise significant in
experiment 2 (f = 0.02 £ 0.01, P = .09). The trend in ex-
periment 2 suggests that the negative choice history * PPS
interaction tended to be more pronounced in repetitive
blocks (figure 3, Supplementary Material S7).

Psychosis Proneness and High-Level Prior Beliefs

Finally, we tested our exploratory hypothesis that de-
creased choice history biases in psychosis-prone indi-
viduals are compensated by an increased reliance on
cue information. We confirmed that the cue exerted a
significant main effect on perceptual choices (see also
Supplementary Material S3, S6; Experiment I: =10.22 *
0.01, P <.001; Experiment 2: 3= 0.54 £ 0.01, P < .001).
The interaction effect between cue and PPS was incon-
sistent between experiments. In Experiment I, the inter-
action was negative (8 = —0.05 £ 0.01, P < .001). Thus,
contrary to our hypothesis, we here found reduced cue
reliance in individuals with higher PPS, In contrast,
Experiment 2 yielded a positive interaction between cue
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Fig. 1. Coefficients of the logistic choice model. (A) Experiment 1. (B) Experiment 2. Colored bars: Coefficient estimates, black lines:
Standard errors. stim, /stim,_y: (previous) stimulus, PPS: psychosis proneness score. Only parameters of interest are shown (S3.1&2 for

detailed estimates).

and PPS (8=0.11 £0.01, P <.001). When examining the
interactions between cue and PDI and CAPS scores sep-
arately, we found that cue reliance was modulated by PDI
scores in both experiments, albeit in opposite directions.
The interaction of cue and CAPS scores did not gener-
alize across experiments (see Supplementary Material
S4). Results are hence inconsistent across experiments
and measures. The interaction between cue and PPS was
not significantly modulated by block type.

Discussion

In the present work, we examined how the effects of dif-
ferent types of prior information varied with psychosis
proneness in visual and auditory decision-making.
Choice history significantly influenced perceptual de-
cision-making and adapted to statistical regularities in
stimulus sequences in the visual modality. Supporting
our main hypothesis, choice history biases decreased
with increasing psychosis proneness across modalities.
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Fig. 2. Psychometric functions (PMF). PMFs show the probability of a “left” choice, separately for trials preceded by “left” (turquoise)
and “right” (orange) choices. Markers represent averaged data per discriminability level. Data are either separated by block types (A, B)
or psychosis proneness scores (PPS, C, D). Violin plots (C, D) show shifts in point of subjective equality between left and right PMF per

PPS quartile.

The negative relationship between psychosis proneness
and choice history was stronger in repetitive blocks and
thus a setting in which the reliance on choice history was
adaptive (significantly so only in the visual modality).
Finally, we explored the impact of explicit cue informa-
tion on perceptual decision-making but found no conclu-
sive evidence for an effect of psychosis proneness.

Overall, we found robust evidence for our main hy-
pothesis of reduced choice history biases in psychosis
proneness, which generalized across perceptual modal-
ities, experimental settings, and block statistics. This
finding may be in line with the predictive processing ac-
count of psychosis, according to which reduced reliance
on low-level prior information leads to insufficiently con-
strained internal models.*”!*!* Considering delusion- and
hallucination proneness separately, we found that choice
history was modulated by both. This may suggest that
delusions and hallucinations share a common underlying
mechanism, rooted in aberrant perceptual inference.

When probing the adaptivity of choice history biases
through a repetitive stimulus sequence, we found signif-
icant adaptation to block statistics in both experiments,
but only Experiment 2 showed a trend towards reduced
adaptation of choice history biases in psychosis-prone
individuals. Thus, taken together we found no consistent
evidence for altered adaptivity of choice history biases to
block statistics in psychosis proneness.

Regarding our hypothesis of a compensatory, in-
creased effect of an explicit, cross-modal cue "
we found conflicting evidence in Experiments | and
2. In Experiment I, cue reliance decreased in more
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psychosis-prone individuals, while in Experiment 2, it in-
creased with psychosis proneness. This inconsistency may
be due to the difference between the cues across experi-
ments: In Experiment 1, visual cues were implemented to
induce high-level beliefs about auditory stimuli, while in
Experiment 2, auditory cues were implemented to induce
beliefs about visual stimuli. It is possible that the auditory
cue in Experiment 2 was more salient. Also, reduced at-
tentional levels in the online setting cannot be ruled out.
This may have been especially true in more psychosis-
prone participants, leading to a decrease in cue reliance
in Experiment I. Overall, these inconsistencies preclude
strong conclusions regarding compensatory mechanisms
between prior information on different hierarchical levels,
as suggested in the context of predictive processing.'°

It should be noted that our trial-wise manipulation of
cue information through cross-modal, explicit cues dif-
fered from previous studies that had pointed towards
strong priors in psychosis. Powers et al.'” found that
learned expectations had an increased influence on per-
ception in hallucinating individuals. Possibly, if our tasks
had involved learning cue-stimulus associations, more
psychosis-prone individuals might have shown stronger
cue reliance. Schmack and colleagues™ manipulated
higher-level beliefs by inducing abstract beliefs about the
effect of viewing glasses in a placebo-like manner and
found an increased influence of these beliefs on percep-
tion in psychosis-prone individuals. Others have manipu-
lated high-level beliefs by varying semantic context™ or
learned letter-sound associations.”® In contrast to these
manipulations, trial-wise cues as used here operate on
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shorter timescales. Still, the cross-modal cues can be re-
garded as high-level information as they provide explicit
cognitive information (ie, probability of the next percept)
and require integration at a higher modality-independent
processing level. However, the hypothesized over-reliance
on high-level information in psychosis-proneness may re-
quire the buildup of priors at longer timescales. The rele-
vance of different types of high-level priors for psychosis,
therefore, needs further investigation.

The main finding of decreasing choice history biases in
psychosis proneness extends recent work by Stein and col-
leagues in patients with schizophrenia and anti-NMDA -
encephalitis. Both patient groups showed decreased
effects of trial history in a spatial working memory

task compared to controls.”” In the case of acute anti-
NMDAr-encephalitis, choice history effects normalized
with recovery, suggesting the importance of NMDAr for
psychosis and history effects. In combination with our
findings in a non-clinical context, this suggests that re-
duced weighting of choice history in perceptual informa-
tion processing may represent a trait marker predisposing
for psychotic experiences.”

Although we consider the generalization of our main
hypothesis across modalities and experimental settings
as a strength, this heterogeneity may have been a lim-
iting factor. In particular, Experiment 1 was performed
as an online study, which may lead to concerns regarding
data quality.®'#? Therefore, we implemented several data

Page 7 of 10

220z JaqwanoN pZ uo 1sanB Aq 6/¥6PR89/89 L2BAS/INGUIS/EG0L 0| /10p/ajoILE-eoueApER /ULe|INgeluaIydozIyas/woo dno alwapeoe)/:sdiy Woly papeojumod



72

A.L. Eckert et al

quality checks. Additionally, the Experiment 1 task was
easier than the visual task of Experiment 2. These differ-
ences may have contributed to the inconsistency between
experiments with regard to the effects of predictive cues as
discussed above. Future research should control for task
performance, eg, via adaptive stair casing procedures,
when investigating these effects in the auditory modality.

Overall, our results support the notion of decreased
choice history biases as a trait marker of psychosis. This
seems to hold for both diagnosed patients®” and across
the psychosis spectrum generally. Further investigations
of choice history biases in other diagnostic groups re-
porting psychotic experiences, such as bipolar disorder,
Parkinson’s-or Alzheimer’s disease, will clarify whether
the reduced weighting of choice history is a general
mechanism underlying psychotic experiences beyond di-
agnostic categories.

Additionally, computational modeling may provide
fruitful avenues towards an improved understanding
of perceptual inference in psychosis.”'"* Specifically,
Bayesian models of perception may help to explicitly
model priors, hidden states, and precision estimates and
their relationship to psychosis proneness.* While the ap-
plication of such Bayesian modeling approaches is an in-
teresting avenue for future research, it is beyond the scope
of the present study, which was optimized for quantifying
choice history effects and their modulation by psychosis
proneness. Similarly, modeling of evidence accumulation,
eg, using drift-diffusion models, may elucidate the mech-
anisms underlying aberrant perceptual decision-making
in more psychosis-prone individuals.®® However, the use
of drift-diffusion modeling was beyond the scope of the
current study, especially as we did not collect the neces-
sary reaction time data.

An open question relates to the neural underpinnings
of reduced choice history biases in clinical and subclin-
ical psychosis. The exact origin and implementational
level of choice history biases are under debate, with
several studies suggesting an important role in post-
perceptual processes.*4240%  Previous neuro-imaging
work in healthy individuals has also shown a neural sub-
strate for choice history biases in the early visual cortex,
which is, however, compatible with the involvement of
post-perceptual processes.”” It is currently unclear how
these earlier findings implicating visual cortex translate
to other perceptual modalities and how they might re-
late to altered perceptual inference in psychosis. To dis-
cern subtle aberrancies regarding different types of prior
beliefs, as well as a sharpened precision of sensory feed-
forward signals, future studies may use layer-specific neu-
roimaging to constrain predictive processing models of
psychosis.*®® Moreover, it should be noted that, given
the abovementioned uncertainties regarding neural im-
plementation, our labeling of choice history biases as a
type of low-level prior should be interpreted in relative
terms (compared to cross-modal cue information) and
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is restricted to the context of this study. Based on pre-
vious work, one might speculate that the proposed im-
plicit priors reflected in choice history biases in our study
involve sensory cortices and parts of parietal cortex (as-
suming the biases are of perceptual origin), while higher-
level priors as those induced by predictive cues likely rely
on associative, context-sensitive brain regions such as
hippocampus and prefrontal cortex 343677

In conclusion, the present work provides cross-modal
evidence for decreased choice history biases in individuals
prone to psychotic experiences. The hypothesized com-
pensatory mechanisms of an increased reliance on cues
was not supported across modalities. Taken together, our
results emphasize the notion of a reduced influence of
prior information in perceptual inference as a hallmark
of psychotic experience.

Supplementary Material

Supplementary material is available at https:/facademic.
oup.com/schizophreniabulletin/.
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Perceptual inference depends on an optimal integration of
current sensory evidence with prior beliefs about the envi-
ronment. Alterations of this process have been related to the
emergence of positive symptoms in schizophrenia. However,
it has remained unclear whether delusions and hallucin-
ations arise from an increased or decreased weighting of
prior beliefs relative to sensory evidence. To investigate the
relation of this prior-to-likelihood ratio to positive symp-
toms in schizophrenia, we devised a novel experimental
paradigm which gradually manipulates perceptually am-
biguous visual stimuli by disambiguating stimulus informa-
tion. As a proxy for likelihood precision, we assessed the
sensitivity of individual participants to sensory evidence.
As a surrogate for the precision of prior beliefs in percep-
tual stability, we measured phase duration in ambiguity.
Relative to healthy controls, patients with schizophrenia
showed a stronger increment in congruent perceptual states
for increasing levels of disambiguating stimulus evidence.
Sensitivity to sensory evidence correlated positively with
the individual patients’ severity of perceptual anomalies
and hallucinations. Moreover, the severity of such experi-
ences correlated negatively with phase duration. Our re-
sults indicate that perceptual anomalies and hallucinations
are associated with a shift of perceptual inference toward
sensory evidence and away from prior beliefs. This reduced
prior-to-likelihood ratio in sensory processing may con-
tribute to the phenomenon of aberrant salience, which has
been suggested to give rise to the false inferences under-
lving psychotic experiences.

Kev words: psychosis/Bayesian perceptual
predictive coding/bistable perception

inference/

Introduction

When perceiving our surroundings, we are confined to in-
herently noisy and ambiguous sensory representations of

the environment. However, conscious experience usually
provides us with an unequivocal impression of our world.
According to Bayesian theories,' * our brain bridges this
gap by actively employing beliefs to interpret sensory
information and forms a hypothesis (or posterior prob-
ability distribution, figure 1A) about the cause of cur-
rent sensory data.* Along this line of thought, conscious
experience represents a controlled hallucination, that is
concurrently being shaped by internally generated beliefs
(prior distributions) and constrained by external sensory
information (the /ikelihood distribution).”

Alterations in the relative weighting (or precision®) of
prior and likelihood may lead to false (or dysfunctional)
inferences”*: If prior precision is overestimated relative
to the likelihood (increased prior-to-likelihood ratio,
figure 1B), inference will be driven too strongly by prior
beliefs and violations of prior beliefs by sensory data (ie,
prediction errors) will be overly attenuated. In contrast, a
decreased prior-to-likelihood ratio (figure 2C) will lead to
a stronger weighting of the sensory data, thus instigating
aberrant prediction errors.

Previous work has discussed both increases and de-
creases of the prior-to-likelihood ratio in relation to
cognitive and perceptual anomalies in psychosis-prone in-
dividuals and patients with schizophrenia (Scz, for review,
see'” and''). Interestingly, delusions have often been re-
lated to a decreased prior-to-likelihood ratio,™'# ' whereas
studies on hallucinations have pointed to an increased
prior-to-likelihood ratio.'”” As it seems unlikely that de-
lusions and hallucinations, 2 frequently co-occurring
symptom domains, should be due to opposing alterations
in inference, it was recently proposed that these apparently
contradictory findings may be reconciled within the frame-
work of hierarchical predictive coding'***: The prior-to-
likelihood ratio may indeed be generally reduced at low
levels, eg, in early sensory areas, leading to aberrant sali-
ence of sensory stimuli and the emergence of delusions.”*

© The Author(s) 2020. Published by Oxford University Press on behall of the Maryland Psychiatric Research Center.
All rights reserved. For permissions, please email: journals.permissionsi@oup.com
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A
Optimal prior-to-likelihood ratio
Likelihood Reference
Prior
Posterior

I shift towards ! !
the plrior

Shift towards
the likelihood

Fig. 1. The prior-to-likelihood ratio in Bayesian perceptual
inference. Perceptual inference depends on the ratio of prior and
likelihood precision. (A) Here, we depict a reference scenario
with optimal precision estimates (Gaussian distributions,
variance in white, mean of the posterior in black). (B) Changes
in these estimates of precision may lead to alterations in
perception. In case of an overestimation of prior precision and/
or underestimation of likelihood precision, the posterior is shifted
toward the prior. (C) By analogy, an overestimation of likelihood
precision and/or underestimation of prior precision is associated
with a shift of the posterior toward the likelihood,

In contrast, higher-level priors may become overly precise
in an attempt to compensate for aberrant salience and con-
tribute to the emergence of hallucinations.'™!"*

In the present study, we tested the hypothesis that psy-
chotic experiences in Scz are related to a decreased prior-
to-likelihood ratio at low hierarchical levels. We asked
whether the precision of the likelihood mapping between
the causes of sensations and the sensory consequences
was elevated in Scz relative to healthy controls. This pre-
cision is often referred to as sensory precision, where an
elevated precision is sometimes attributed to a failure of
sensory attenuation. Moreover, we tested whether such a
stronger weighting of sensory evidence is associated with
the experience of delusions, hallucinations, or both.

We developed a novel experimental paradigm based on
bistable perception, ie, the spontaneous alternation between
2 perceptual states that occurs when sensory information
is ambiguous.”’ Predictive coding posits that the dynamics

928

of bistability reflect the 2 components of the prior-to-
likelihood ratio™*: The current perceptual state represents
the best hypothesis (ie, the prior) about the cause of sensory
information (ie, the likelihood). Due to ambiguity, neither
of the 2 mutually exclusive perceptual hypotheses can fully
account for the sensory data. Hence, a prediction error ac-
cumulates and eventually leads to a perceptual transition.

Here, we induced the phenomenon of graded ambi-
guity by parametrically manipulating the available sen-
sory evidence for the 2 alternative perceptual hypotheses
of an ambiguous Lissajous figure (see figure 2A and
Supplementary Video 1). When a perceptual hypothesis
Is congruent to disambiguating stimulus evidence, pre-
diction errors should be reduced and perceptual tran-
sitions to the incongruent perceptual states less likely.
Incongruence, in turn, should lead to enhanced predic-
tion errors and increased probability of a transition to
the congruent perceptual state. In sum, the probability
of perceptual states congruent with disambiguating stim-
ulus evidence should vary with the individual partici-
pants’ sensitivity to sensory evidence. Thus, it serves as a
proxy for the prior-to-likelihood ratio.

We studied the sensitivity to disambiguating stimulus
evidence in patients with paranoid Scz and a matched
control group. Under the assumption of a decreased
prior-to-likelihood ratio in psychosis, we expected an in-
creased sensitivity to disambiguating stimulus evidence in
patients with Scz. We furthermore hypothesized a positive
correlation of sensitivity to disambiguating stimulus ev-
idence with the severity of delusions and hallucinations.

Methods

Participants

We excluded 1 control due to impaired stereovision, 3
controls due to elevated scores for Cardiff Anomalous
Perception Scale (CAPS) and Peters Delusion Inventory
(PDI) (threshold/scores = 3 SDs above the group’s mean),
1 control due to reduced frequency of congruent percep-
tual states (frequency < 3 SDs below the mean computed
across groups in any of the conditions D1-D7), and 1
patient who did not complete the experiment. The final
sample was matched for gender, age, and handedness
(see table 1) and consisted of 23 patients (International
Classification of Diseases 10: F20.0, 18 male, age = 37.13 £
2.42) recruited from in- and out-patient services at Charité
Universitétsmedizin Berlin and 23 control participants
(17 male, age =33.57 £ 1.74 y). All participants had
(corrected-to-)normal vision, were naive to the purpose of
the study, and gave informed, written consent prior to the
experiment authorized by the Charité Ethics Committee.

Questionnaires and Clinical Rating

Participants completed the 40-item PDI™ to quantify
delusional ideation'™*'"31-5 and the 32-item CAPS™ to
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Fig. 2. Behavioral experiment. (A) In the main experiment, we measured the individual participants’ sensitivity to disambiguating
stimulus evidence as a proxy for the prior-to-likelihood ratio. To visualize relevant variables, the lower panel displays typical perceptual
responses in an ambiguous block and the corresponding partially disambiguated block. (B) To probe potential differences in stereovision,
we determined individual stereo-disparity thresholds in an independent stereoacuity test.

Table 1. Sample Characteristics

Group N Female Smoking Stat Age ED CAPS PDI PANSS: P N G DOI CEZe
Mean 33.6 77 6.7 22 NA NA NA NA NA

Controls 23 6 10 SD 84 40 9.2 28 NA NA NA NA NA
Mean 371 75 65.0 139 18.4 194 33 15 190

Patients 23 5 15 5D 116 44 50.1 80 6.3 82 10 12 172

Note: Patients with Scz scored higher than controls on the PDI (patients: 138.83 £ 16.64 SEM, controls: 21.87 * 5.75, Welch 2-sample
i-test: 7(27) = 6.64, P = 3.81 x 107") and CAPS (patients: 64.96 + 10.45, controls: CAPS of 6.65 4+ 1.91, 7(23) = 5.49, P = 1.32 x 107%).
One patient received a typical antipsychotic, 18 patients were prescribed an atypical antipsychotic, and 4 were without medication.

929
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measure perceptual anomalies. Reported scores reflect
sums over questionnaire subscales. We assessed clin-
ical symptom severity using the Positive and Negative
Syndrome Scale (PANSS).”

Behavioral Experiments

Apparatus.  We presented all stimuli using a mirror ster-
eoscope placed in front of a 98PDF-CRT-Monitor (60
Hz, 1042 x 768 pixels, 59.50 cm viewing distance, 30.28
pixels per degree visual angle: ) using Psychtoolbox 3%
and Matlab R2007b (MathWorks).

Main Experiment. The main experiment (figure 2A) as-
sessed the modulation of perceptual states by levels of
disambiguating stimulus evidence. In 3 runs (10.52 min
cach), participants viewed 7 pairs of ambiguous and
partially disambiguated versions of a rotating discon-
tinuous Lissajous figure (see Supplementary Video 1)
presented in blocks of 40.08 s each, separated by 5 s of
fixation. We randomly placed 300 dots (0.03") on the
stimulus waveform (2.05° x 2.05%) defined by the perpen-
dicular intersection of 2 sinusoids [x(f) = sin(A * ) and
¥(r) = cos(B*t + d) with A = 3, B =6, and 4 increasing
from 0 to 2 at 6.80 s per revolution and 6 revolutions
per block]. We relocated the dots at a probability of 0.02
per frame. Stimuli were surrounded by rectangular fusion
frames and presented on the background of random-dot
noise (700 dots of 0.05°, 1.98"/s speed, changes in motion
direction at 1 Hz). We displayed a fixation cross in the
center of the visible screen (0.107).

During ambiguous blocks, we presented identical
Lissajous figures to the 2 eyes. Participants indicated
changes in the perceived direction of rotation by pressing
the left (rotation of the front surface to the left, right index
finger), right (rotation to the right, right ring finger), or
down (unclear direction of rotation, right middle finger)
arrow key on a standard USB kevboard.

The indicated direction of rotation in an ambiguous
block determined the time-points of changes in sensory
evidence in the upcoming disambiguated block. To add
additional sensory evidence (graded disambiguation) to
the Lissajous figure, we shifted a proportion of the stim-
ulus dots by a 4 of 0.027 in the corresponding direc-
tion between monocular channels. Crucially, we varied
the amount of disambiguating stimulus evidence across
7 conditions (D1: 1.25%, D2: 3.75%, D3: 8.75%, D4:
16.25%, D5: 26.25%, D6: 50.00%, and D7: 100.00% of
dots disambiguated). Each condition appeared once per
run and in random order. Participants reported changes
in the perceived direction of rotation as well as unclear
perceptual states,

Stereoacuity. We assessed stereo-disparity thresholds in

an independent stereoacuity test (similar to”/, figure 2B).
To this end, we presented a number of 5000 dots (each at

930

0.15") within a square of 11 x 11°. We attached a stereo-
disparity signal to dots lying on a Landolt C, ie, a circle
(1.37° radius, 2.06" width) with a 90" gap located at the
left, top, right, or bottom. Following 5 s of fixation and
1 s of stimulus presentation, participants reported the lo-
cation of the gap in the Landolt C by pressing the up-,
down-, left-, or right-arrow key (response interval = 2 s).
Fixation crosses (0.107) were presented in the center of
visible screen.

Participants performed 2 runs of 40 trials each. At
each trial, we determined the amount of presented
stereo disparity based on the response from the previous
trial by a 2-up-I1-down staircase procedure (correct re-
sponse: decrease in the available stereo disparity by |
step; incorrect response: increase by 2 steps, initial step
size: 0.001°, reduction to 0.0005" after first reversal). The
initial stereo disparity was 0.0045" in run 1 and 0.0005
in run 2.

Analyses

Main Experiment. For the main experiment, we based
our analyses on perceptual transitions reported by the
participants. Because perceptual transitions occur at
overlapping configurations of the Lissajous figure,* !
we corrected the timing of each perceptual transition
to the time of the overlap preceding the corresponding
button press. This decomposed the perceptual time
course into a sequence of discrete perceptual states (left-
ward, rightward, and unclear rotation of the front sur-
face, 3.40 s inter-overlap interval).

As variable-of-interest (see figure 2A), we computed the
proportion of congruent perceptual states (ie, perceptual
states perceived in congruence with the disambiguating
stimulus evidence) for all parametric levels of disambig-
uation (D1-D7). This variable served as a proxy for the
prior-to-likelihood balance during graded ambiguity. In
addition, we determined individual perceptual stability in
terms of average phase duration (ie, time spent between 2
perceptual transitions). As potential confounds, we com-
puted the probability of unclear perceptual states for all
conditions (ambiguitv and D1-D7) separately and abso-
lute perceptual bias* (ie, the absolute difference between
the probability of both perceptual states and chance level)
in ambiguous blocks. Within participants, we averaged all
dependent variables across runs.

We performed group-level statistics using mixed
ANOVA (within-subject factor: levels of disambiguating
stimulus evidence D1-D7; between-subject factor: diag-
nostic group). Given heteroscedasticity between groups
for congruent perceptual states (Levene test: P = .043),
we used a linear mixed-effects (nlme R-package) model.
The diagnostic group and disambiguating stimulus evi-
dence defined fixed effects. Individual participants de-
fined random effects. Weights were adjusted to account
for unequal variance between groups.
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We further fitted a set of functions [linear:
v =a+bxx; exponential: y = ¢*exp(g*x); sigmoid:
y=05+(05—-10)/(1 +exp(—(x —m)/n)] to the pro-
portion of congruent perceptual states across condi-
tions DI1-D7. After identifying the exponential fit by
means of the highest adjusted R?, we compared indi-
vidual growth rates as surrogates for the sensitivity to
sensory evidence between groups. Because the number
of free parameters (ie, complexity) in these models was
fixed, the measure of accuracy can be treated as model
evidence (ie, we performed a simple form of model com-
parison). Due to non-normality (Kolmogorov-Smirnov
test: P < .0001), we used bootstrapping (R-dabestr”) to
estimate confidence intervals (CI) for between-group dif-
ferences in growth rates (see Supplementary Materials 1
for analyses of the linear fit) and perceptual bias.

In Supplementary Materials 2, we provide post hoc
simulation analyses to illustrate the relation of our psy-
chophysical approach to the predictive coding model of
bistable perception.”

Stereo  Disparity.  We determined sterco-disparity
thresholds by computing the average of presented
stereo disparity at trials following the third reversal
of each run and averaged across runs. Due to non-
normality (Kolmogorov-Smirnov test: P <.0001), we
probed a potential between-group difference by boot-
strapping Cls.

Correlative  Analyses. Finally, we asked whether
individual questionnaire scores (PDI and CAPS;
Bonferroni-corrected) correlated with the sensitivity to
sensory evidence and average phase duration. In addi-
tion, we tested correlations with the PANSS subitems
Pl (delusions) and P3 (hallucinations). Conirel ana-
lyses probed potential correlations to perceptual bias,
unclear perceptual states, stereoacuity, as well as nega-
tive and general PANSS subscales (see Supplementary
Materials 1 for median split analyses of CAPS/P3
and complete correlograms). Due to non-normality
(Kolmogorov-Smirnov tests P < .0001 for all vari-
ables), we computed standard Spearman correlations.
To correct for potential confounds that may influence
performance in the Lissajous task and/or the severity
of psychotic experiences, we assessed partial correla-
tion coefficients. Such factors comprised stereoacuity
(due to its potential influence on graded ambiguity, see
above), the participants’ age (due to its impact on bi-
stable perception®), as well as the duration of illness
and chlorpromazine equivalents as measures of disease
severity. To ascertain specificity for the dimensions of
psychotic experience, we also included scores on the
alternative questionnaire (for correlations with PDI/
CAPS), the respective alternative PANSS subitems (for
correlations with P1/P3) and PANSS subscales (general
and negative).

Perceptual Sensitivity in Schizophrenia

Results

Main Experiment

The nlme R-package model indicated a main effect of
disambiguating stimulus evidence on the fraction of con-
gruent perceptual states [F(6) = 15.16, P = 6.44 % 1077
], but no main effect of group [F(1)=0.02, P= 88].
Importantly, we observed a significant interaction be-
tween diagnostic group and disambiguating stimulus
evidence [F(6)=2.52, P=.02, see figure 3A]. Mixed
ANOVA yielded qualitatively identical results.

The change in the fraction of congruent perceptual
states across D1-D7 was best fit by an exponential func-
tion (adjusted R*=0.39 + 0.10, best fit in 70% of Scz
patients and 65% of controls) as compared with linear
(adjusted R*=0.38 4+ 0.10) and sigmoid (adjusted

2= 0.10 + 0.10) functions. Sensitivity to additional sen-
sory evidence as expressed by the growth rate of the expo-
nential function was equal to 0.06 + 0.01 in patients and
0.02 + 0.02 in controls. Bootstrapping revealed a bord-
erline significant difference between patients and con-
trols (93% CI = 0.004 to —0.08, see figure 3B). Analysis
of the linear fit yielded qualitatively identical results (see
Supplementary Materials 1).

Mixed ANOVA did not yield a main effect of group or
disambiguating stimulus evidence nor a between-factor
interaction for the proportion of unclear perceptual states
(patients: 0.01 + 0.001: controls: 0.004 + 0.001) or phase
duration (patients: 21.25 4+ 0.35 s; controls: 21.56 + 0.36 s;
see Supplementary Materials 1). Furthermore, we did not
observe a significant between-group difference with re-
gard to perceptual biases in ambiguity (patients: 0.09 +
0.02, controls: 0.10 4 0.02, 95% CI = —0.06 to 0.04).

Stereoacuity
Stereo-disparity thresholds amounted to 0.003 + 0.001" in

patients and 0.003 + 0.001 in controls with no significant
between-group difference (95% CI = -0.002 to 0.001).

Correlative Analvses

Within patients, sensitivity to disambiguating stimulus
evidence correlated positively with the CAPS (R = 0.51,
P = 02; figure 4). This was corroborated by the respec-
tive partial correlation (R =0.55, P = .03, see above).
Similarly, there was a significant correlation of the sen-
sitivity parameter to PANSS subitem P3 (standard cor-
relation: R = 0.52, P = .01; partial correlation: R = 0.52,
P=.04). We did not observe a significant association
between sensitivity to disambiguating stimulus evidence
and PDI (standard correlation: R = 0.36, P = .19; partial
correlation: R =-0.35, P=_.19) or Pl (standard corre-
lation: R=0.35 P = .11; partial correlation: R = 0.07,
P = .78). Analyses of the linear fit yielded qualitatively
identical results.
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Fig. 3. Sensitivity to disambiguating stimulus evidence. We depict the fraction of congruency between perceptual states and sensory
evidence across the levels of disambiguating stimulus evidence (D1-D7, left panel). Error bars represent the respective standard error of
the mean. The nlme model yielded a main effect of disambiguating stimulus evidence [F(6) = 15.16, P = 6.44 x 107"], and a significant
interaction between the diagnostic group and the disambiguating stimulus evidence [F(6) = 2.52, P = .02]. The left panel shows the
implicit interaction between levels of disambiguating stimulus evidence and diagnostic group: At low levels of disambiguation (D1-D3),
controls exhibit a marginally higher proportion of congruent perceptual states. This is reversed for higher levels of disambiguating
stimulus evidence (D4-D7), where patients show a greater proportion of congruency. We used the growth rate of individual exponential
fits to the fraction of congruent perceptual states to express the individual sensitivities to disambiguating stimulus evidence during
graded ambiguity (right panel; horizontal lines point to sample means; vertical line spans over the 95% C1). Bootstrapping revealed a
borderline-significant between-group difference (estimated 95 CI = 0.004 to —0.08).

Furthermore, we observed a significant negative cor-
relation of average perceptual phase duration with the
CAPS (standard correlation: R = —0.54, P = .01; partial
correlation: R = —0.64, P = .01) and a trendwise correla-
tion to P3 (standard correlation: R = —0.39, P = .07; par-
tial correlation: R =—0.46, P=.07). We did not find a
significant association of phase duration to PDI or Pl
in standard (PDI: R=-0.21, P=.68; P1: R=-0.26,
P = .23) or partial correlations (PDI: R = —0.35, P=.19;
Pl: R=-0.21, P = 44).

Confirmatory analyses indicated a significant posi-
tive correlation of the sensitivity parameter to the pos-
itive and general PANSS subscale (“Positive™ R =10.5,
P=.02; “General”: R=0.52, P=.01; “Negative™
R=0.11, P=.61). Interestingly, there were no signifi-
cant correlations between sensory precision and negative
symptoms or signs. CAPS and PDI were highly correl-
ated in patients (R = 0.76, P = 2.81 % 10~) and showed a
trend for controls (R = 0.35, P = .1).
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Neither of the 2 questionnaire scores (PDI/CAPS) and
PANSS subitems (P1/P3) correlated with perceptual biases,
fraction of unclear perceptual states, stereo-disparity
thresholds, duration of illness, or chlorpromazine equiva-
lents. Within controls, we did not find any significant
correlation between questionnaire scores and the afore-
mentioned variables (see Supplementary Materials 1 for
additional correlation analyses and correlograms).

Discussion

In this study, we asked whether the experience of psy-
chotic symptoms is associated with an increased impact
of sensory evidence on perceptual inference relative to
prior predictions (ie, a reduced prior-to-likelihood ratio
at sensory processing levels).

Firstly, Scz patients showed an increased proportion of
disambiguation-congruent perceptual states at high levels
of stimulus information (D4-D7). At low levels (D1-D3),
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Fig. 4. Individual symptom severity. Here, we depict the individual patients” symptom severity with regard to perceptual anomalies
(CAPS, top) and hallucination (P3, bottom) against the sensitivity to stimulus evidence (left) and phase duration (right) alongside

regression lines (black) and 95% CI (light gray).

this proportion was similar between groups or even ap-
peared to be reduced in patients (D3). Thisinteraction thus
speaks against a global increase in sensitivity to sensory
evidence in Scz. Rather, it may suggest that patients show
a greater benefit (or gain) at increasing levels of stimulus
information. Indeed, due to this nonlinearity, these find-
ings defy a simple explanation. Supplementary Materials
2 provides post hoc simulations of this interaction from a
predictive coding model of bistable perception.”

Secondly, we found that the severity of perceptual
anomalies and hallucinations correlated positively with
the sensitivity to disambiguating stimulus evidence and
negatively with average phase duration in Scz. Predictive
coding models of bistable perception”* relate enhanced
sensory sensitivity to a shift of precision estimates roward
stimulus representations (ie, the likelihood). In turn, such
models assume that shorter phase durations signal a shift
of precision estimates away from implicit predictions about
perceptual stability (see” and Supplementary Materials
2). Through this lens, the two behavioral results, therefore,
suggest that hallucinations are related to a decreased prior-
to-likelihood ratio at sensory processing levels. At the same
time, they contradict the hypothesis that a global shift to-
ward prior precision (ie, an increased prior-to-likelihood
ratio) underlies the experience of hallucinations.

These findings align with the “canonical” predictive
coding account of Scz,'” which assumes that psychotic
symptoms arise due to a relative shift of inference away
from priors and toward sensory evidence.® Along these
lines, our results reverberate with the association of
Scz to a reduced susceptibility to visual illusions,'® im-
paired smooth pursuit,” and reduced sensory attenua-
tion during force matching.'** While our findings speak
for a decrease as opposed to an increase in the prior-to-
likelihood ratio, they cannot distinguish between a de-
crease in prior precision alone, an increase in likelihood
precision alone or a combination of the two. Moreover,
our results are compatible with alternative algorithms of
dynamic belief updating such as circular inference*” and
alternative implementational frameworks of bistable per-
ception such as mutual inhibition and adaption models. ™
In this context, differences in the excitation-inhibition
balance” may lead to weaker inhibition between com-
peting neuronal populations, which could explain why
hallucinations correlated with individual characteristics
of bistable perception.

Importantly, our results seem to contradict the asso-
ciation of hallucinations to overly precise priors.'?-
However, this apparent discrepancy may be resolved by
a differential modulation of the prior-to-likelihood ratio
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across levels of the predictive coding hierarchy: Our par-
adigm targeted the interaction of prior and likelihood at
sensory levels. A reduced prior-to-likelihood ratio may
elicit the aberrant salience of sensory events.”* This
may drive higher levels into an overly strong weighting of
priors and entail enhanced top-down influences on per-
ception.! Finally, such a compensatory mechanism may
trigger hallucinations,” thereby explaining away® aber-
rant salience at sensory levels.

Albeit strongly correlated with perceptual anomalies
and hallucinations, our current findings did not reveal an
association of delusional ideation to either sensitivity to
sensory evidence or perceptual stability. This discrepancy
to previous work'* may result from differences between the
experimental paradigms (Schmack et al.' stabilized per-
ceptual states through intermittent presentation,” while
we used a continuous stimulus). Speculatively, intermittent
paradigms may boost perceptual priors and thus be more
sensitive toward the relation of perceptual stability and de-
lusions. In turn, manipulating sensory evidence through
graded ambiguity may be more apt to detect associations
to perceptual abnormalities. To resolve this discrepancy,
future work should combine the novel paradigm of graded
ambiguity with both intermittent presentation of bistable
stimuli'*'* and manipulations of higher-level beliefs >

In contrast to our findings, previous research has re-
vealed deficits in binocular depth perception in Scz7
Our stereoacuity assessment was analogous to the
established Random-Dot test’™ but estimated percep-
tual thresholds in a psychophysical staircase. This yielded
values in the range commonly reported for stereoacuity.™
In addition, our study did not show a global reduction
in perceptual performance in Scz patients relative to con-
trols. It thus seems less likely that low-level deficits (eg.
reduced sterecacuity, contrast sensitivity,” or motion
intergration™) can account for the current findings. Finally.
perceptual biases (eg, when perceiving facial expres-
sions™) are frequently reported in Scz. In the context of
bistable perception, global differences in the probabilities
of perceptual alternatives are a common phenomenon.*
Importantly, this study did not reveal any significant effect
of bias, which is thus unlikely to contribute to our results.

In sum, this study associates the experience of psy-
chotic symptoms with an altered integration of prior be-
liefs and sensory evidence. Our results relate perceptual
anomalies and hallucinations to a reduction of the prior-
to-likelihood ratio in perception. This provides empirical
evidence for the view that predictive processing deficits
contribute to the emergence of psychotic symptoms and
will enable novel approaches to the pathophysiological
mechanisms of psychosis.

Supplementary Material

Supplementary data are available at Schizophrenia
Bulletin online.
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