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A B S T R A C T

Dysfunctional decision-making has been implicated in the positive and negative symptoms of schizophrenia. Decision-making can be conceptualized within the
framework of hierarchical predictive coding as the result of a Bayesian inference process that uses prior beliefs to infer states of the world. According to this idea, prior
beliefs encoded at higher levels in the brain are fed back as predictive signals to lower levels. Whenever these predictions are violated by the incoming sensory data, a
prediction error is generated and fed forward to update beliefs encoded at higher levels. Well-documented impairments in cognitive decision-making support the view
that these neural inference mechanisms are altered in schizophrenia. There is also extensive evidence relating the symptoms of schizophrenia to aberrant signaling of
prediction errors, especially in the domain of reward and value-based decision-making. Moreover, the idea of altered predictive coding is supported by evidence for
impaired low-level sensory mechanisms and motor processes. We review behavioral and neural findings from these research areas and provide an integrated view
suggesting that schizophrenia may be related to a pervasive alteration in predictive coding at multiple hierarchical levels, including cognitive and value-based de-
cision-making processes as well as sensory and motor systems. We relate these findings to decision-making processes and propose that varying degrees of impairment
in the implicated brain areas contribute to the variety of psychotic experiences.
Introduction

Decision-making is one of the most fundamental aspects of human
behaviour. From deciding whether an approaching car is turning left or
right to which career to pursue, decision-making involves processes
ranging from basic sensory or sensorimotor functions to complex
cognitive or value-based choices (Heekeren et al., 2008; Shadlen and
Kiani, 2013; Sterzer, 2016). Dysfunctional decision-making may play
role in a range of mental disorders, including schizophrenia, addiction,
eating disorders, and affective disorders (So et al., 2016). In schizo-
phrenia, impairments in decision-making have been implicated in both
positive symptoms, which include delusions and hallucinations, and
negative symptoms, such as apathy or social withdrawal. Positive
symptoms, in particular delusions, have been related to a tendency to
make decisions with certainty based on insufficient information (Evans
et al., 2015; Garety and Freeman, 2013). This ‘jumping-to-conclusions’
(JTC) bias may result in a tendency to rapidly appraise ambiguous in-
formation and to thus form false beliefs based on limited evidence. In
regard to negative symptoms, it has been proposed that alterations in
reward processing may result in a failure to appropriately estimate and
use future rewards to guide decision-making, thus resulting in lack of
motivation and apathy (Deserno et al., 2017; Gold et al., 2008; Heinz and
Schlagenhauf, 2010; Lee et al., 2015; Maia and Frank, 2017; Radua et al.,
* Corresponding author.
E-mail address: philipp.sterzer@charite.de (P. Sterzer).

https://doi.org/10.1016/j.neuroimage.2018.05.074
Received 25 August 2017; Received in revised form 22 May 2018; Accepted 30 May
Available online 31 May 2018
1053-8119/© 2018 Elsevier Inc. All rights reserved.
2015). With regard to pathophysiology, these observations raise the
question whether alterations in different types of decision-making reflect
distinct pathologies, or alternatively, may be explained by a more general
dysfunction that has implications for multiple neural processes involved
in decision-making.

A generic model of brain function that has the potential to link
different levels of observation within a more general theory of schizo-
phrenia is provided by the computational framework of predictive coding
and Bayesian inference (Adams et al., 2013; Corlett et al., 2009; Fletcher
and Frith, 2009). In this framework, the brain is conceived of as a hier-
archical inference machine that uses predictions to infer the probable
causes of the sensory signals (Friston, 2005; Lee and Mumford, 2003).
Here, we propose that predictive coding provides a framework that may
account for dysfunctional decision-making in schizophrenia by inte-
grating findings from different research areas (and implicating different
domains of neural processing) within one general model of brain func-
tion. We start by relating the neural processes that are thought to be
involved in decision-making to the generic framework of predictive
coding. We then outline the predictive-coding account of schizophrenia
and review current evidence for dysfunctions that concern the domains
most critically involved in decision-making, with a focus on neural data.
In addition to cognitive and value-based decision-making, these domains
include perceptual and sensorimotor processes (Heekeren et al., 2008;
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Fig. 1. Bayesian decision-making. The graphs show Gaussian probability
distributions that represent estimates of prior beliefs (black), the likelihood of
the sensory data (dark grey), and the posterior belief (light grey) for a given
parameter of a sensory stimulus. The posterior determines the perceptual de-
cision. (A) Higher precision of the prior belief shifts the posterior away from the
sensory data and towards the prior belief. (B) Higher precision of the sensory
data shifts the posterior towards the sensory data (modified from Adams
et al., 2013).
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Shadlen and Kiani, 2013; Sterzer, 2016). Finally, we provide an inte-
grative view of dysfunctional decision-making in schizophrenia within
the framework of predictive coding and suggest directions for future
research.

Modeling decision-making within the framework of predictive
coding

Decision-making is often conceptualized as neural evidence accu-
mulation, which means that noisy pieces of evidence accumulate and
give rise to a choice as soon as a decision threshold is reached (Gold and
Shadlen, 2007; Heekeren et al., 2008; Mulder et al., 2014; Sterzer, 2016).
The neural mechanisms that underlie this evidence accumulation have
thus far been primarily considered as passive processes in which the
decision maker is exposed to decision-relevant information without
having to actively search for it. However, the brain not only monitors the
outcomes of its decisions, but actively shapes the accumulation of evi-
dence for these decisions on the basis of subjective expectations and
preferences. The way we make decisions is thus strongly shaped by ex-
pectations and beliefs regarding the world.

Decision-making can thus be conceptualized within the notion of the
brain as an inference machine, according to which prior beliefs are used
to make inferences regarding the hidden states of the world (Friston and
Kiebel, 2009; Summerfield and de Lange, 2014). These prior beliefs are
derived from an internal “generative model” that represents knowledge
about the world. The internal model is generative in the sense that it
describes how sensory signals are generated by the external world. Pre-
dictive coding provides a computational framework that has been suc-
cessful in modeling the neural mechanisms involved in such inference
and decision-making. According to predictive coding, prior beliefs are
encoded at higher hierarchical levels and are fed back as predictive sig-
nals to lower levels (Clark, 2013; den Ouden et al., 2012; Friston, 2005;
Lee andMumford, 2003; Rao and Ballard, 1999). Whenever the incoming
sensory data violate these predictions, a prediction error (PE) signal is fed
forward to update beliefs encoded at higher levels. In this way, PEs drive
learning and enable a flexible adaptation to changes in the environment.
Critically, these predictive mechanisms are thought to be organized in
multiple hierarchical levels, with more abstract beliefs being encoded at
higher levels of the hierarchy.

Hierarchical predictive coding may be formalized as a Bayesian
inferential process in which prior beliefs (‘prior’) and sensory data
(‘likelihood’) are represented in the form of probability distributions
(Knill and Pouget, 2004; Lee and Mumford, 2003; O'Reilly et al., 2012;
Shipp, 2016). Perceptual decisions correspond to the posterior probabil-
ity, which results from the combination of prior beliefs and sensory data,
weighted by their respective precisions (which is the inverse of their
variance; Fig. 1). For example, if the precision of the sensory data is low
relative to the precision of the prior belief (e.g., in the presence of sensory
noise), the posterior will be influenced more strongly by the prior belief,
which results in a perceptual decision that more strongly corresponds to
the prior belief (Fig. 1A). Conversely, if the precision of the prior is low
relative to the precision of the sensory data (e.g., in the absence of prior
knowledge), the posterior and thus the resulting perceptual decision will
be influencedmore stronglyby the sensorydata (Fig. 1B). Bayesianmodels
of hierarchical predictive coding as a basis for decision-making have
recently been related to the notion of evidence accumulation delineated
above. It has been proposed that evidence accumulation schemes can be
viewed as a special case of generic Bayesian inference (FitzGerald et al.,
2015; Friston et al., 2017), and recent modeling and neuroimaging work
has established a link between evidence-accumulation schemes and
Bayesianmodels of perceptual decision-making (Bitzer et al., 2014, 2015;
Fard et al., 2017; FitzGerald et al., 2015). A key advantage of the use of the
hierarchical Bayesian approach is that it can incorporate prior beliefs at
different hierarchical levels into the modeling of the decision process. In
the light of theories that have implicated altered inference as a core
mechanism in schizophrenia (Adams et al., 2013; Corlett et al., 2009;
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Fletcher and Frith, 2009), hierarchical predictive codingmay thus provide
a useful framework for the understanding of dysfunctional
decision-making in schizophrenia.

The predictive-coding account of schizophrenia

In recent years, hierarchical predictive coding has evolved as a
promising framework to explain key symptoms of schizophrenia. It has
been hypothesized that in schizophrenia, the balance between the pre-
cision of predictions and sensory data is altered, with a reduced precision
of learned predictions relative to the precision in the neural representa-
tion of sensory data (Fig. 1B); and that this biases inference towards the
sensory data and away from predictions, thus resulting in signaling of PEs
with increased precision (Adams et al., 2013; Brown and Kuperberg,
2015; Corlett et al., 2009; Friston et al., 2014b; Mishara and Sterzer,
2015; Sterzer et al., 2018; Sterzer et al., 2016). Such inappropriate neural
PE signals imbue normally inconspicuous sensory stimuli with too much
salience, and it is this misattribution of salience (or ‘aberrant salience’)
that is thought to give rise to complex accounts of why these stimuli are
important (Heinz, 2002; Kapur, 2003). This theory, which was originally
developed with regard to dopamine-encoded PEs (Robinson and Ber-
ridge, 1993; Schultz et al., 1997), suggests that attribution of salience to
otherwise irrelevant stimuli contributes to “delusional mood”, an early
stage in the formation of delusions, when patients note threatening signs
and messages that appear to be personally relevant (Heinz, 2002).
Further studies and reviews suggested that the main neurotransmitter
alterations underlying altered predictive coding in schizophrenia are a
hypofunction of cortical NMDA receptors and GABAergic neurons in
addition to elevated striatal dopamine turnover (Adams et al., 2013;
Corlett et al., 2009; Corlett et al., 2011; Fletcher and Frith, 2009; Heinz
and Schlagenhauf, 2010; Jardri et al., 2016; Juckel et al., 2006).



Fig. 2. Reversal learning alterations in unmedicated schizophrenia pa-
tients. (A) Parameter from the best fitting Hidden Markov Model (HMM) which
captured the belief about how likely the task state was to remain the same on
each trial. This ‘stay probability’ was significantly reduced in unmedicated
schizophrenia patients compared to healthy controls. (B) Reduced coding of
ventral striatal reward-prediction error in patients compared to controls
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Cognitive biases in decision-making

When it comes to dysfunctional decision-making in schizophrenia,
the first line of research that comes to mind is related to JTC. Hemsley
and Garety (1986) suggested that “it is a weakening of the influence of
stored memories of regularities of previous input on current perception
which is basic to the schizophrenic condition”. This idea was supported
empirically by evidence from the so-called “beads task” (Phillips and
Edwards, 1966) an experimental paradigm that probes the integration of
new evidence with stored knowledge. In the original version of this task,
subjects are first presented with two jars of beads, one with mostly pink
beads and a few green beads and another jar with mostly green and a few
pink beads. Participants are then shown a sequence of beads and are
asked after each draw whether they are ready to decide which jar the
beads were drawn from. People with delusions were found to make their
decisions after significantly fewer draws than controls, a finding that was
interpreted as reflecting a JTC bias (Huq et al., 1988), and that was
replicated in a large number of studies (Dudley et al., 2016; Evans et al.,
2015; Ross et al., 2015). However, the neural processes involved in such
apparently “hasty decision-making” in relation to delusions has remained
controversial. A plausible explanation for JTC is that each piece of new
evidence is relatively “overvalued” relative to the knowledge acquired on
the basis of the previous draws, which in terms of hierarchical predictive
coding points to a reduced precision of prior beliefs and, consequently, a
greater influence of new evidence (Adams et al., 2016; Speechley et al.,
2010). Bayesian modeling has suggested that JTC reflects greater
“cognitive noise” in delusional patients (Moutoussis et al., 2011), which
indeed speaks to a reduced precision of prior beliefs (Adams et al., 2013).
Moreover, a recent study used a probabilistic reasoning task in
conjunction with computational modeling to show that delusional idea-
tion and hallucinatory experiences are associated with a low resilience
against irrelevant information, thus giving rise to overhasty and erro-
neous inferences (Stuke et al., 2017).

So far, relatively little is known about the neural correlates of
cognitive biases in decision-making. A functional magnetic resonance
imaging (fMRI) study with a modified beads task using a block design in
healthy subjects found that probabilistic reasoning preceding the deci-
sion was associated with brain activation in a prefrontal-parietal network
implicated in executive functions, while during the actual decision pro-
cess, functional activation was detected predominantly in regions of the
dopaminergic midbrain and ventral striatum as well as anterior insular
cortex (Esslinger et al., 2013). This latter finding was interpreted as
potentially providing a link between salience processing and
decision-making on the basis of probabilistic reasoning. In patients with
schizophrenia, an fMRI study found decreased activations in prefrontal
and parietal areas compared to matched controls (Krug et al., 2014), thus
providing a potential neural correlate of altered probabilistic reasoning.
However, this result has to be interpreted with caution, as the classical
behavioral JTC effect, i.e. fewer draws to decision in patients with
schizophrenia, was not replicated in this study. Moreover, it should be
noted that the block design in this study makes it difficult to differentiate
between the neural correlates of the two types of choices that are possible
in the beads task, i.e., either to see more draws or to make a decision for
one urn. JTC occurs when a choice is made in favor of choosing an urn, so
brain circuits active during urn choice events are likely to be involved in
JTC. Studies in healthy volunteers that directly compared fMRI responses
to urn choices versus draw choices found similar functional activations as
observed in the block-design contrasts, including activations in the
striatum and the anterior insula associated with decision making
(Esslinger et al., 2013; Furl and Averbeck, 2011). However, to our
knowledge, the direct fMRI contrast between urn and draw choices has
not been reported in patients with schizophrenia so far. While the neural
basis for cognitive biases in decision-making therefore remains to be
investigated in more detail, the interesting question arises how they are
related to other decision processes involving inference.
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Value-based decision-making

Besides cognitive biases, patients with schizophrenia display alter-
ations in value-based decision-making based on reinforcement learning.
Reinforcement learning describes the fundamental processes involved in
adapting our behaviour by interacting with the environment to maximize
rewarding outcomes (Dayan and Daw, 2008). Based on reward signals
from the environment, we learn and infer which environmental cues
predict biologically significant events and which actions to perform. We
have to assign and neuronally represent values to environmental cues
and actions, use those values for decision-making and constantly update
them by comparing the actually received reward or punishment with the
expected outcome via reward PEs (Daw and O'Doherty, 2013). In this
framework reward PEs (RPEs) code the differences between the pre-
dicted and the actually received reward and provide a teaching signal to
update the prediction. In schizophrenia patients, altered RPE signaling
and value representation have been proposed to contribute to central
aspects of the disorder including aberrant salience attribution as well as
motivational impairments (Heinz, 2002; Kapur, 2003). This hypothesis is
supported by consistent evidence for disrupted reward anticipation and
reinforcement learning on the behavioral and neural levels (Fig. 2B)
(Deserno et al., 2013; Gold et al., 2008; Maia and Frank, 2017).

At the behavioral level, besides seemingly intact hedonic in-the-
moment experiences of rewards (Cohen and Minor, 2010; Pankow
et al., 2013), schizophrenia patients are impaired in flexible, value-based
decision-making particularly in situations with changing, volatile envi-
ronments (Culbreth et al., 2016; Leeson et al., 2009; Murray et al., 2008;
Schlagenhauf et al., 2014; Waltz and Gold, 2007). Such studies typically
use reversal-learning paradigms in which participants' choices in a
decision-making task are probabilistically associated with reward (or
punishment). These associations change unpredictably over the course of
an experiment and it is the participants' task to adapt their behaviour
accordingly. In neuroimaging experiments, probabilistic reversal
learning has been successfully used to track the neural correlates of RPE
signaling in the ventral striatum (Cools et al., 2002; Park et al., 2010;
Schlagenhauf et al., 2013). Computational modeling indicated that pa-
tients with schizophrenia overestimate the probability that associations
change and therefore show higher choice switching behaviour, possibly
due to an altered belief about environmental volatility (Fig. 2A) (Cul-
breth et al., 2016; Schlagenhauf et al., 2014; Waltz et al., 2013). Exten-
sions of the classical reinforcement-learning framework, inspired by
Bayes optimal models of learning (Rushworth and Behrens, 2008),
include estimates of the individual belief about the environmental
volatility. Such (meta-)learning about the environmental volatility takes
place in a trial-by-trial fashion, albeit on a hierarchically higher level
(reproduced from Schlagenhauf et al., 2014, with permission).
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(“learning about learning”). The volatility estimates from higher levels in
the learning hierarchy are supposed to influence the trial-by-trial PEs on
the lower levels by scaling the learning rate. In a recent and neurobio-
logical plausible Bayesian implementation of such hierarchical learning,
the effect of PEs on learning is weighted by the belief about the current
precision of the learning signal, resulting in so-called precision-weighted
PEs (Mathys et al., 2011). While those precision-weighted RPEs have not
been investigated in schizophrenia patients so far, application of keta-
mine in healthy controls, which is used to model glutamate dysfunction
in schizophrenia, resulted in a disruption of the use of precision estimates
to regulate reinforcement-learning parameters, which was accompanied
by altered fronto-parietal activity (Vinckier et al., 2016).

At the neural level, reduced ventral striatal activation during reward
anticipation was observed in unmedicated schizophrenia patients and
was associated with the severity of negative symptoms (Juckel et al.,
2006; Schlagenhauf et al., 2009). Both findings were confirmed in a
recent meta-analysis (Radua et al., 2015). A link between negative
symptoms, especially motivational deficits (avolition/apathy), with
neurobiological systems implicated in motivation and reward processes
is very suggestive and was observed with respect to apathy and dopamine
receptor blockade induced by antipsychotic medication (Heinz et al.,
1998). Negative symptoms might arise from a variety of fronto-striatal
alterations including imprecise RPE encoding as well as effects of high
dopamine receptor blockade, which can result in a failure to adequately
learn, represent and/or use reward values to enable flexible value based
decision-making (Barch and Dowd, 2010; Gold et al., 2008).

With respect to positive symptoms, chaotic or stress-dependent in-
creases in dopamine release might be associated with aberrant salience
attribution and related alterations in reinforcement learning (Heinz and
Schlagenhauf, 2010). A proxy for elevated dopamine turnover is pro-
vided by dopamine synthesis capacity measured with F-DOPA and
positron emission tomography, which was reliably increased in patients
with schizophrenia (Howes et al., 2009; Kumakura et al., 2007). Elevated
dopamine release and turnover can interfere with RPE encoding; in
accordance with this hypothesis, striatal model-free PE coding was found
to be inversely associated with dopamine synthesis capacity (Deserno
et al., 2015; Schlagenhauf et al., 2013) and with heightened aberrant
salience attribution in healthy controls (Boehme et al., 2015). Reduced
coding of striatal RPE has also been observed in unmedicated schizo-
phrenia patients (Schlagenhauf et al., 2014), however, associations with
striatal dopamine turnover have not been reported to date.

Taken together, altered neural inference processes are observed in
value-based decision-making, and predictive coding offers a promising
framework to understand those alterations. Further studies are required
to investigate the specific contribution of behavioral and neural alter-
ations in value-based decision-making to clinical characteristics
including negative and positive symptom domains over the course of the
illness as well as the effects of treatment.

Perceptual decision-making

Neurocognitive theories of schizophrenia have long linked the
emergence of psychotic symptoms – not only hallucinations, but also
delusions – to perceptual anomalies (e.g. (Maher, 1974),). From a clinical
point of view, it is well established that subjective perceptual phenomena
such as attentional capture by details in the visual field or misperceptions
of color or shape, are among typically experienced disturbances referred
to as “basic symptoms”, which can occur already in the prodromal phase
of schizophrenia (Schultze-Lutter, 2009). Such perceptual abnormalities
suggest that altered inference mechanisms in schizophrenia are not
confined to cognitive and value-based decision-making but represent a
more pervasive alteration that also involves basic sensory processes.
Indeed, several lines of evidence indicate that schizophrenia is associated
with abnormalities at low hierarchical levels in the brain's inference
mechanisms.

Perhaps one of the best established findings supporting the notion of
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altered low-level inference in schizophrenia is that of a reduced
mismatch negativity (MMN). The MMN is an electrophysiological signal
that is elicited when a sequence of identical auditory stimuli is unex-
pectedly interrupted by a stimulus that deviates from the standard
stimulus, e.g. in in terms of intensity (for a review, see (Naatanen et al.,
2007)). Importantly, the MMN also occurs when observers are not paying
attention to the stimuli (e.g., performing a concurrent distractor task).
The MNN therefore appears to reflect the pre-attentive, automatic
detection of sensory events that violate current expectations and has been
proposed to be equivalent to the signaling of sensory PEs (Lieder et al.,
2013). The amplitude of the MMN was consistently found to be reduced
in patients with schizophrenia, both for auditory stimuli (Erickson et al.,
2016; Todd et al., 2012) and for visual stimuli (Kremlacek et al., 2016).
While recent meta-analytical evidence has cast doubt on the usefulness of
the MMN as a biomarker for schizophrenia (Erickson et al., 2017), it is
still of theoretical relevance for the predictive coding account of
schizophrenia. Interestingly, the MMN amplitude is reduced when
NMDA receptor antagonists are applied in healthy humans and in ani-
mals (Javitt et al., 1996; Umbricht et al., 2000). NMDA receptor antag-
onists are known to elicit psychotic symptoms in healthy subjects and to
increase psychotic symptoms in patients with schizophrenia (Corlett
et al., 2011). As NMDA receptor function plays a major role in cortical
feedback signaling (Dehaene et al., 2003; Lumer et al., 1997) and is
thought to mediate the precision of prior beliefs (Adams et al., 2013;
Meuwese et al., 2013; van Loon et al., 2015), a reduction in NMDA re-
ceptor signaling could account for the decreased precision of prior beliefs
relative to the representation of sensory data, as outlined above. Thus,
the reduction of MMN amplitude observed in individuals with schizo-
phrenia is consistent with an impairment of predictive processes medi-
ated by NMDA-receptor dependent feedback signaling (potentially in
interaction with GABAergic inhibition) of prior beliefs (Wacongne,
2016). If predictions are imprecise, then even stimuli that should nor-
mally be predictable on the basis of learned regularities will elicit inap-
propriately large PE signals, thus resulting in a reduced difference
between predictable and unpredictable stimuli and hence a reduced
MMN. In other words, “attenuated mismatch or violation responses […]
may not reflect a failure to detect surprising events but reflect a failure to
detect unsurprising (predictable) events” (Adams et al., 2013). Taken
together, reduced MMN amplitude is a well-replicated finding in
schizophrenia, which implicates automatic stages of sensory processing
and therefore strongly suggests a reduced precision of prior beliefs at low
levels of the sensory processing hierarchy.

An instructive example of how perceptual inference is based on
learned prior beliefs about regularities in the sensory environment are
visual illusions. In line with the notion of decreased precision of prior
beliefs, individuals with schizophrenia are less susceptible to some (but
not all) visual illusions, that is, have a more “veridical” perception of the
actual visual input (Brown et al., 2013b; Notredame et al., 2014). A
well-known example of altered visual illusion perception in schizo-
phrenia is the hollow-mask illusion (Dima et al., 2009; Keane et al., 2013;
Schneider et al., 2002). When presented with the backside of a hollow
mask, observers are usually unable to perceive the mask as concave, but
instead report seeing a convex face. This effect has long been acknowl-
edged as ”evidence for the power of top-down knowledge for vision”
(Gregory, 1970). Interestingly, patients with schizophrenia are more
likely than healthy observers to experience the veridical percept of a
hollow face, which supports the hypothesis of a reduced influence of
prior beliefs on perception. An fMRI study investigating the neural cor-
relates of this striking effect found differences in effective connectivity
between schizophrenia patients and healthy observers (Dima et al.,
2009). Using dynamic causal modeling (DCM (Friston et al., 2003);), the
authors found that in healthy observers, illusory perception was best
explained by a modulation of feedback connectivity between parietal
cortex and the lateral occipital complex (LOC), a visual area implicated in
object processing. In contrast, the data of schizophrenia patients were
better explained by a model where feedforward connections from
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primary visual cortex (V1) to LOC were modulated, consistent with a
stronger reliance on stimulus-driven processing rather than learned prior
beliefs.

A reduced influence of prior beliefs in sensory processing is further
indicated by altered processing of visual context in patients with
schizophrenia. Context illusions (Fig. 3) are a classical demonstration of
efficient predictive coding, whereby the contextual surround provides a
statistical prediction of the central signal. In healthy individuals, the
perceived contrast of a central stimulus is reduced when surrounded by a
similar high contrast pattern, a phenomenon called surround suppression
(Chubb et al., 1989). Patients with schizophrenia are less susceptible to
Fig. 3. Context illusions suggest altered predictive coding in patients with sch
surrounded by a similar high contrast pattern, a phenomenon called surround suppres
of the center contrast than healthy (green squares) and clinical controls (blue circles
contextual suppression is stronger for parallel surrounds than for orthogonal surr
contextual suppression of responses to a central stimulus by the spatial surround
modulation was absent in patients with schizophrenia (reproduced from Seymour et
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this effect: under conditions that induce such surround suppression in
healthy individuals, patients with schizophrenia have a more veridical
perception of the center contrast than controls (Barch et al., 2012; Dakin
et al., 2005; Tibber et al., 2013; Yang et al., 2013; Yoon et al., 2010; Yoon
et al., 2009). Using fMRI and retinotopic mapping, contextual suppres-
sion of responses to a central stimulus by the spatial surround was
demonstrated in V1 of healthy individuals, while such context-dependent
modulation was absent in patients with schizophrenia (Seymour et al.,
2013) (Fig. 3C and D). While these results are in line with the idea of a
reduced influence of predictive signals in low-level perceptual inference,
it should also be noted that reduced surround effects in schizophrenia
izophrenia. (A) The perceived contrast of a central stimulus is reduced when
sion. (B) Patients with schizophrenia (red stars) have a more veridical perception
; reproduced from Dakin et al., 2005, with permission). (C) For grating stimuli,
ounds. (D) Using fMRI and retinotopic mapping, such orientation-dependent
was demonstrated in V1 of healthy individuals, while such context-dependent
al., 2013, with permission).
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have not been found consistently for all visual context illusions (Tibber
et al., 2013; Yang et al., 2013).

These behavioral and neural findings provide support for a dysfunc-
tion of inference mechanisms at the sensory level in patients with
schizophrenia. However, while visual illusions are a compelling way of
investigating the influence of prior beliefs implemented at low hierar-
chical levels, they are characterized by a high degree of automaticity and
resistance to cognitive influences. Illusions are therefore ill-suited to
assess the roles of higher-level beliefs in perceptual inference. However, a
full understanding of alterations in predictive neural mechanisms in
schizophrenia will require the investigation of the interplay of different
hierarchical levels in perceptual inference, from low-level sensory to
high-level cognitive processing. An approach that is ideally suited to
probe both sensory and cognitive predictions as well as the role of
volatility estimation is the use of perceptually ambiguous stimuli that
typically evoke bistable perception. This means that perception alter-
nates spontaneously every few seconds between two interpretations of
the same sensory input. Evidence from neuroimaging suggests that these
perceptual alternations are governed by low-level sensory processes and
higher-level brain circuits involved in cognitive processes (Brascamp
et al., 2018; Long and Toppino, 2004; Sterzer et al., 2009). Well-known
examples include the Necker cube, Rubin's face-vase illusion, ambiguous
motion stimuli and binocular rivalry.

Recently, the interplay between low- and high-level predictive pro-
cessing was investigated in relation to delusional ideation both in healthy
individuals with varying levels of delusion proneness and in patients with
schizophrenia (Schmack et al., 2013, 2015, 2017). In these studies, an
ambiguous visual motion stimulus that yields alternating perception of
either leftward or rightward rotation was used to probe the influence of
prior beliefs implemented either at low or high levels of the visual pro-
cessing hierarchy. First, the hypothesis that delusion proneness is asso-
ciated with a reduced influence of low-level predictions (Adams et al.,
2013; Corlett et al., 2009; Fletcher and Frith, 2009) was tested with
intermittent presentation of the ambiguous stimulus. In healthy controls,
such intermittent presentation leads to a survival of the current percept
between stimulus presentations, likely resulting from a build-up of prior
beliefs implemented within sensory cortices (Pearson and Brascamp,
2008; Sterzer and Rees, 2008). The survival probability of percepts across
temporary stimulus removals was found to be reduced both in
delusion-prone healthy individuals and, in a subsequent study, also in
patients with schizophrenia (Schmack et al., 2015), thus indicating a
reduced influence of low-level priors. In a second step, expectations
about the appearance of the ambiguous stimulus were manipulated
experimentally (cf. (Sterzer et al., 2008)) in order to probe the effect of
higher-level cognitive beliefs. Interestingly, the strength of the
belief-induced perceptual bias correlated positively with delusion
proneness and was strongest in those individuals who had shown evi-
dence for weak sensory predictions in the first experiment. At the neural
level, the influence of higher level beliefs on perception was paralleled by
an association of delusional ideation with enhanced functional connec-
tivity between frontal areas and visual areas encoding perception.
Moreover, the effect of beliefs on perception was reflected in visual
cortical fMRI signal patterns as decoded with multi-voxel pattern analysis
(MVPA (Haynes, 2015);). These findings support the idea that when
predictions within lower-level sensory processing stages are reduced in
precision, perceptual inference relies more strongly on predictions from
higher-level non-sensory areas that encode beliefs (Sterzer et al., 2018).
Confirming this interpretation, a recent study using the same experi-
mental paradigm again found enhanced functional connectivity between
frontal areas and visual areas in medicated and clinically stable patients
with schizophrenia (Schmack et al., 2017).

An overly strong influence of learned high-level beliefs in delusion-
prone individuals and those with early psychosis was also reported for
the perception of so-called two-tone images, in which sensory informa-
tion is impoverished and perceptual inference therefore relies more
strongly on prior beliefs (Teufel et al., 2015). Differential roles of learned
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predictions at low and high hierarchical levels are also suggested by
recent work relating delusion-proneness in healthy individuals to
reduced usage of prior beliefs in perceptual but not cognitive
decision-making (Stuke et al., 2018). However, the neural processes
involved in these latter observations remain to be elucidated. Together
with evidence for a cognitive bias against disconfirmatory evidence
(McLean et al., 2017; Moritz andWoodward, 2006), the emerging picture
is thus that prior beliefs implemented at high levels of the processing
hierarchy may by enhanced in schizophrenia, perhaps compensating for
the perceptual uncertainty caused by a reduced influence of more auto-
matic predictive mechanisms at low hierarchical levels. This way,
perception may be sculpted into conformity with high-level beliefs,
which may be an important mechanism contributing to the tenacious
persistence of delusions.

Taken together, there is converging behavioral, electrophysiological
and fMRI evidence supporting the notion that altered predictive coding
plays an important role in dysfunctional perceptual processes in schizo-
phrenia. However, little is still known about the role of these alterations
in perceptual decision-making, which is typically studied under condi-
tions of perceptual uncertainty (Heekeren et al., 2008; Shadlen and Kiani,
2013). Investigating the neural correlates of perceptual decision-making
under uncertainty in relation to altered predictive coding in schizo-
phrenia is a promising avenue for future research.

Sensorimotor control

Imprecision of prior beliefs may also help to explain impairments in
the self-attribution of one's own actions in schizophrenia: Whenever we
move a part of our body, we constantly have to decide which of the
changes of our body state occur as a consequence of our actions. The
feeling that oneself controls one's own actions, and, through them, events
in the external world is referred to as sense of agency (SoA). It involves an
interplay between predictions based on internal motor signals (i.e., prior
beliefs regarding the sensory consequences of an action) and retrospec-
tive inferences based on sensory feedback resulting from the action
(Moore and Fletcher, 2012; Synofzik et al., 2013).

Disturbances in SoA are frequent in schizophrenia (Frith, 1992;
Nelson et al., 2014a; b). The common feature of these experiences –

referred to as Ichst€orungen (“self-disturbance”) (Gruhle, 1929; Schneider,
1946) – is an altered experience of control over one's own actions,
emotions and thoughts (Heinz, 2014; Jeannerod, 2009; Sterzer et al.,
2016; Vosgerau and Voss, 2014). The disordered sense of agency in
schizophrenia has been linked to deficits in internal monitoring processes
(e.g. (Fourneret et al., 2002; Franck et al., 2001; Lindner et al., 2005))
and, more specifically, to a failure to predict one's own actions and their
consequences in the environment (Blakemore et al., 2002; Shergill et al.,
2005). In schizophrenia, such prediction deficits may be compensated for
by more strongly weighting sensory, afferent information about action
outcomes retrospectively (Chambon et al., 2011; Synofzik et al., 2010;
Voss et al., 2010; Werner et al., 2014).

Recent research on SoA has been dominated by a theoretical frame-
work originally developed for computational motor control (Frith et al.,
2000; Wolpert et al., 1995). At heart, this framework uses an internal
forward model to predict the sensory consequences of actions based on
internal action-related information such as an efference-copy of a motor
command (von Holst and Mittelstadt, 1950), corollary discharge (Sperry,
1950) and/or proprioception (Bell, 2001). These predictions can be used
to cancel or attenuate incoming sensory information that arises from
one's own action. Cancelling or attenuating such non-informative sensory
feedback is conventionally held to prevent cognitive overload during
action, and to free limited cognitive resources to attend to non-predicted,
external events in the environment (Bays and Wolpert, 2007; Voss et al.,
2006; Voss et al., 2008). With respect to experiencing a sense of agency, it
has been proposed that this cancellation process may serve to distinguish
between events that arise from one's own actions, and external events in
the environment (Bays et al., 2005; Bell, 2001; Blakemore et al., 2002;
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Lindner et al., 2005; Synofzik et al., 2006). The comparison between
predicted and actual sensory feedback may thus be a fundamental pro-
cess to experience oneself as the author of an action: if predicted and
actual state are congruent, the sensory event is attenuated and attributed
to one's own agency. If sensory feedback and sensory prediction are
incongruent, sensory feedback is not attenuated and an external attri-
bution results. Disorders of agency like passivity phenomena in schizo-
phrenia have been explained within this framework: imprecise
predictions about action consequences may lead to an erroneous
mismatch signal at the comparator, which in turn leads to a false attri-
bution of self-initiated actions to external sources (Frith et al., 2000).

More recently, predictive coding or active inference models were
introduced as an alternative framework to explain abnormalities in
perceptual decision-making as well as in sensorimotor control and action
generation in schizophrenia (Fletcher and Fotopoulou, 2015). In contrast
to the comparator model, which focuses on motor commands related to
mismatch between predicted and actual state, active inference models
focus on proprioceptive predictions, and actions are performed to resolve
proprioceptive prediction errors. Attenuation of sensory signals resulting
from movement is therefore not due to an absence of mismatch between
predicted and actual states (as conceptualized in the comparator model
framework), but a result of reduced precision (or weighting) of sensory
evidence during movement in order to minimise prediction errors
(Brown et al., 2013a). This distinction is important, as it opens new
possibilities to understand both perception and action as being tightly
bound together in the light of minimising prediction errors – and
symptoms of schizophrenia resulting from alterations in this mechanism.

Several neuroimaging studies investigated neural correlates of the
sense of agency and its disturbances (for a review, see (David et al.,
2008)). Most studies focused on identifying the brain regions involved in
the detection of sensorimotor mismatch, i.e. differences between pre-
dicted and actual sensory feedback resulting from voluntary action.
Findings of these studies converge on the activation of posterior brain
areas including the superior parietal and inferior parietal lobules, the
cerebellum (Blakemore and Sirigu, 2003; Farrer et al., 2003; Farrer and
Frith, 2002) as well as the angular gyrus (Chambon et al., 2015; Cham-
bon et al., 2013; Farrer et al., 2004) for the detection of sensorimotor
mismatch. These areas possibly integrate afferent information from
various sources (vision, proprioception, kinematics and efference copy),
also with respect to the “self-other” distinction. By contrast, the insula
was rather recruited during sensorimotor matching (Farrer et al., 2003;
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Farrer and Frith, 2002). There is also evidence that the prefrontal cortex
(PFC) may be required at the level of conscious agency monitoring
(Slachevsky et al., 2001). Indeed, the dorsolateral prefrontal cortex
(DLPFC) has been implicated in conflict monitoring and detection such as
between one's own intended action and the sensory outcome (e.g. (Fink
et al., 1999; Schnell et al., 2008),). In schizophrenia patients,
hyper-activation in the inferior parietal lobule (IPL) was found in cor-
respondence with an increase in false detections of visuomotor incon-
gruence (Schnell et al., 2008). Furthermore, a correlation between
passivity experiences and a differential effect of monitoring on activation
in the posterior cingulate cortex (PCC) was interpreted as a result of a
greater effort to monitor one's own actions in patients suffering from
delusions of control compared to healthy volunteers.

In addition to re-afferent or predicted information about action out-
comes, signals arising during action selection and prior to execution of a
motor command can directly influence the SoA (e.g. (Chambon et al.,
2013; Sidarus et al., 2013; Wenke et al., 2010),). In experiments where
subliminal primes influence participant's choice regarding which of two
possible actions to perform, response activations are primarily increased,
followed by an inhibition of this response tendency (Eimer and Schla-
ghecken, 2003). Primes can thus either delay or facilitate the selection of
an appropriate action in response to action cues, or can bias free selec-
tion. Interestingly, subliminal primes that are compatible with action
cues also induce a stronger feeling of control over an external outcome of
action, compared to primes that are incompatible with action cues
(Chambon et al., 2013; Wenke et al., 2010). In schizophrenia, such in-
fluence of action selection signals on later agency judgements seems to be
impaired. A recent study (Voss et al., 2017) shows that subliminal primes
had a strong effect on response times in both patients and healthy par-
ticipants, whereas effects on subsequent agency judgements were only
seen in the group of healthy participants (see Fig. 4). Neuroimaging re-
sults showed a distinctive pattern of connectivity between the angular
gyrus and frontal action selection areas related to priming effects on
self-agency (Chambon et al., 2013). Patients with schizophrenia showed
normal activation of frontal action selection areas but no priming-related
activation of angular gyrus, and no changes in fronto-parietal connec-
tivity related to priming effects (Voss et al., 2017). These findings are
consistent with hypotheses that emphasize disconnection of functional
neuronal networks as a hallmark of schizophrenia (e.g. (Barbalat et al.,
2011; Friston, 1998),).

Similar to perceptual processes, there is thus strong behavioral and
Fig. 4. Parametric modulation of angular gyrus
activation during action selection by subjective
control ratings on cued-choice trials. In this fMRI
experiment, subliminal arrow primes were used to
influence key-press responses to a subsequent left,
right or double-headed arrow cue. Targets were pre-
ceded by a subliminal prime that was either compat-
ible or incompatible with the target. In compatible
trials, the direction of the prime corresponded to the
direction of the mask/target, and hence signaled the
same response. In incompatible trials, prime and
mask/target pointed in different directions. Partici-
pants' responses caused a color to appear after a var-
iable delay and subjects were asked to indicate the
level of control they felt over the action effect. Results
are shown for each combination of group and
compatibility. fMRI responses in left and right angular
gyrus are differentially modulated by subsequent
control ratings (low, medium, and high control rat-
ings) in healthy volunteers, but not patients, depend-
ing on how fluent action selection is. A¼ anterior;
AG¼ angular gyrus (reproduced from Voss et al., 2017
with permission).
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neuroimaging evidence for altered predictive coding in sensorimotor
circuits in schizophrenia. These abnormalities have been convincingly
related to passivity phenomena (Synofzik et al., 2013). Sensorimotor
processes are increasingly acknowledged as playing an important role in
decision-making, whereby the preparation and execution of motor ac-
tions are thought to influence decision processes (Cisek and
Pastor-Bernier, 2014; Lepora and Pezzulo, 2015). It is therefore tempting
to speculate that aberrant sensorimotor processing may also affect
decision-making in schizophrenia, but empirical evidence for this link is
lacking to date.

Summary and conclusions

Dysfunctional decision-making in schizophrenia can be understood in
the context of a more general concept of the brain as an organ of infer-
ence and the computational framework of hierarchical predictive coding
(Friston et al., 2014a). There are abnormalities in cognitive inference and
decision-making that are well-documented at the behavioral level, but
are only beginning to be understood in neural terms (Adams et al., 2013).
In contrast, there is already a large body of neuroimaging research
available to support the view that altered mechanisms of value-based
decision-making and in particular aberrant PE signaling play an impor-
tant role in schizophrenia, especially in relation to negative symptoms
including motivational deficits (Deserno et al., 2017; Maia and Frank,
2017). These findings are well in line with the more general notion
within the predictive coding framework that an imbalance between the
precision of predictions and PEs, with a reduced precision of predictions
and enhanced precision-weighted prediction error signaling, is a key
neurocomputational mechanism in schizophrenia (Adams et al., 2013;
Corlett et al., 2009). This idea is also supported by evidence from various
lines of research indicating alterations in low-level sensory processing:
Electrophysiological findings showing reduced mismatch signals (Erick-
son et al., 2016) and behavioral as well as neuroimaging studies showing
a reduced susceptibility to visual illusions can be accounted for by a
reduced precision of predictions at sensory processing levels (Notredame
et al., 2014). On the other hand, stronger influence of priors compared to
perceptual input might contribute to hallucinations (Corlett et al., 2009),
a theory which recently received empirical support in the context of
conditioned hallucinations (Powers et al., 2017). In addition, recent ev-
idence points towards different roles of predictive signals originating
from low and high levels of the predictive coding hierarchy, whereby the
reduced precision of lower-level predictions may be compensated by an
increased precision of higher-level predictions (Schmack et al., 2013;
Schmack et al., 2017; Schmack et al., 2015; Stuke et al., 2018). This
mechanism may lead to perceptual experiences that are strongly shaped
by delusional beliefs, thereby contributing to the fixity of delusions.
Finally, research into the mechanisms of sensorimotor control again
point towards a reduced precision of predictive signals, which leads to a
mismatch between the predicted and the actual sensory consequences of
motor actions (Frith, 1992; Voss et al., 2017). This mismatch is thought
to result in the external attribution of one's own voluntary actions, thus
leading to an impaired SoA.

The emerging picture from this research is thus that the neuro-
computational mechanisms involved in the psychopathology of schizo-
phrenia may be due to similar impairments in the functional brain
systems implicated in various aspects of decision-making, including
sensory, motor, cognitive and motivational systems and involving both
cortical and subcortical levels. This hypothesis does not rule out that
there may also be some degree of informational encapsulation in light of
the well-documented regional differences in the functional architecture
and neurotransmitter systems across the brain (Fodor, 1983). For
example, it is conceivable that predictive coding in sensory systems may
be disrupted in a manner relatively independent from predictive coding
of actions and cognitive beliefs. It is an intriguing challenge for future
research to determine the degree to which similar mechanisms are
involved in different functional brain systems and how they interact with
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each other. Another important question is to which degree impairments
in these different systems may account for the clinical heterogeneity of
the disease. It is quite possible that the pattern of impairments of func-
tional brain systems as well as differences in the degree to which different
hierarchical levels are affected may be related to clinical symptom-
atology at the phenomenological level. For example, dysfunction in
value-based learning has been linked to negative symptoms (Heinz and
Schlagenhauf, 2010; Radua et al., 2015), whereas predictive coding
deficits in sensorimotor control can account for self-disturbances such as
the experience of alien control and thought insertion (Heinz et al., 2012;
Sterzer et al., 2016; Vosgerau and Voss, 2014).

As we have argued, hierarchical predictive coding may provide a
useful framework for the understanding of decision-making processes in
general and for dysfunctional decision-making in schizophrenia in
particular. However, while broad empirical evidence is available for
functional and neural alterations in all domains considered relevant in
decision-making, research directly addressing the role of these alter-
ations in decision-making processes is still rather scarce. The field of
decision neuroscience offers a range of concepts and approaches that may
shed new light on the pathophysiology of schizophrenia. For example,
decision neuroscience has a longstanding tradition of research into the
neural mechanisms of decision-making under perceptual uncertainty
(Heekeren et al., 2008; Shadlen and Kiani, 2013), which is an area that
may be highly relevant for the understanding of aberrant inference and
learning, but that has been largely neglected in schizophrenia research.
The framework of Bayesian inference and predictive coding is a prom-
ising approach for the integration of decision-making alterations across
brain systems within a generic theory of brain function. Importantly,
computational modeling in the predictive coding framework also pro-
vides the means for rigorous hypothesis testing in a quantitative way and
for linking behavioral and neural abnormalities to specific model pa-
rameters, thereby facilitating a mechanistic understanding of neural
dysfunctions in schizophrenia (Friston et al., 2014a; Stephan et al.,
2017).
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