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Real world information is often abstract, dynamic and imprecise. Deciding if changes represent random fluctuations, or alterations

in underlying contexts involve challenging probability estimations. Dysfunction may contribute to erroneous beliefs, such as

delusions. Here we examined brain function during inferences about context change from noisy information. We examined cor-

tical-subcortical circuitry engaging anterior and dorsolateral prefrontal cortex, and midbrain. We hypothesized that schizophrenia-

related deficits in prefrontal function might overestimate context change probabilities, and that this more chaotic worldview may

subsequently gain familiarity and be over-reinforced, with implications for delusions. We then examined these opposing informa-

tion processing biases against less expected versus familiar information patterns in relation to genetic risk for schizophrenia in

unaffected siblings. In one experiment, 17 patients with schizophrenia and 24 normal control subjects were presented in 3 T

magnetic resonance imaging with numerical information varying noisily about a context integer, which occasionally shifted up or

down. Subjects were to indicate when the inferred numerical context had changed. We fitted Bayesian models to estimate

probabilities associated with change inferences. Dynamic causal models examined cortical–subcortical circuitry interactions at

context change inference, and at subsequent reduced uncertainty. In a second experiment, genetic risk for schizophrenia associated

with similar cortical–subcortical findings were explored in an independent sample of 36 normal control subjects and 35 unaffected

siblings during processing of intuitive number sequences along the number line, or during the inverse, less familiar, sequence. In the

first experiment, reduced Bayesian models fitting subject behaviour suggest that patients with schizophrenia overestimated context

change probabilities. Here, patients engaged anterior prefrontal cortex relatively less than healthy controls, in part driven by

reduced effective connectivity from dorsolateral prefrontal cortex to anterior prefrontal cortex. In processing subsequent informa-

tion indicating reduced uncertainty of their predictions, patients engaged relatively increased mid-brain activation, driven in part by

increased dorsolateral prefrontal cortex to midbrain connectivity. These dissociable reduced and exaggerated prefrontal and sub-

cortical circuit functions were accentuated in patients with delusions. In the second experiment, analogous dissociable reduced

anterior prefrontal cortex and exaggerated midbrain engagement occurred in unaffected siblings when processing less expected

versus more familiar number sequences. In conclusion, patients overestimated ambiguous context change probabilities with rela-

tively reduced anterior frontal engagement. Subsequent reduced uncertainty about contextual state appeared over-reinforced,

potentially contributing to confirmation bias and a cascade of aberrant belief processing about a more chaotic world relevant

to delusions. These opposing cortical–subcortical effects relate in part to genetic risk for schizophrenia, with analogous imbalances

in neural processing of less expected versus familiar information patterns.

1 Lieber Institute for Brain Development, Baltimore, Maryland, USA
2 Clinical Brain Disorders Branch, National Institute of Mental Health, Bethesda, Maryland, USA
3 Psychiatry and Behavioral Sciences, Johns Hopkins University School of Medicine, Baltimore, Maryland, USA
4 Neurology, Neuroscience, Institute of Genetic Medicine, Johns Hopkins University School of Medicine, Baltimore, Maryland, USA

Correspondence to: Dr Hao Yang Tan,

Lieber Institute for Brain Development,

855 North Wolfe Street,

Baltimore, Maryland 21205, USA

doi:10.1093/brain/aww095 BRAIN 2016: 139; 2082–2095 | 2082

Received November 4, 2015. Revised February 14, 2016. Accepted March 14, 2016. Advance Access publication May 23, 2016

� The Author (2016). Published by Oxford University Press on behalf of the Guarantors of Brain. All rights reserved.

For Permissions, please email: journals.permissions@oup.com

 by guest on D
ecem

ber 5, 2016
http://brain.oxfordjournals.org/

D
ow

nloaded from
 

http://brain.oxfordjournals.org/


E-mail: Haoyang.tan@libd.org

Keywords: schizophrenia; context; delusions; effective connectivity; anterior prefrontal cortex

Abbreviations: C/F/M = context change/feedback/maintained context without an inference of change-point; PFC = prefrontal
cortex

Introduction
Fluctuations in real world information, from financial indi-

ces to social interactions, may arise from random variation,

or from alterations in underlying contexts. Timely and ac-

curate inferences about updating contexts from ambiguous

information is important, but can be challenging and

engage uniquely human elaborations of cortex (Koechlin

and Hyafil, 2007; Fleming et al., 2010). Models of belief

formation posit the importance of prediction error signals

and Bayesian inference in guiding appropriate learning of

new contextual contingencies (Fletcher and Frith, 2009;

Friston, 2012). Prediction error arises from the mismatch

between expected and observed information. This signal

was originally identified in the dopaminergic midbrain neu-

rons (Schultz, 1992; Mirenowicz and Schultz, 1996) but

later found to exist in other brain regions, including in its

connections with striatum (Kim et al., 2009) and prefrontal

cortex (PFC) (Asaad and Eskandar, 2011). Thus the com-

putation of prediction error signals to guide learning and

updating of new contingencies involves a distributed net-

work of frontal–subcortical brain regions.

Aberrant processing of prediction error signals has been

noted in delusions. Here, salience may be misattributed to

less relevant stimuli, with exaggerated midbrain prediction

error signalling, and reinforcement of entrenched beliefs in

delusions (Corlett et al., 2007; Menon et al., 2011).

However, less is known about the distributed cortical–sub-

cortical engagement of the anterior prefrontal functions in

processing probabilistic contextual inferences from noisy

information, their roles in learning from subsequent feed-

back, and associated vulnerabilities in delusions. Indeed, we

might expect that processing ambiguous information would

be particularly challenging for patients with delusions,

characterized by deficits and biases in inferential thinking

(Garety and Freeman, 1999; Coltheart et al., 2011; Balzan

et al., 2013).

We therefore examined the neural correlates of context

inference from noisy dynamic information. We examined

cortical–subcortical networks as subjects inferred and

updated beliefs about context change (C), evaluated subse-

quent feedback (F) information that decreased uncertainty

about their earlier inference, and processed information

suggesting a stable context that is to be maintained (M).

We focused on hierarchical anterior PFC and dorsolateral

PFC functions. We posited that the anterior PFC role in

processing contextual episodes (Koechlin et al., 2003;

Badre and D’Esposito, 2009) would include inferring and

updating context changes, with less anterior PFC

engagement for maintenance of stable context. We also

examined the coordination of PFC function with parietal

cortex known to be engaged in number processing and

executive function (Dehaene et al., 2003), and with mid-

brain (dopaminergic) regions engaged in prediction error

processing and information updating (Schultz, 1992;

Mirenowicz and Schultz, 1996; O’Reilly and Frank, 2006).

We then examined the implications for delusions in

schizophrenia, and more basic information processing

biases with relevance to genetic risk for schizophrenia. As

prefrontal deficits, as well as inappropriate (increased) sali-

ence processing are implicated in delusions and schizophre-

nia (Corlett et al., 2007; Fletcher and Frith, 2009; Menon

et al., 2011), we examined hypotheses of dissociable,

reduced and exaggerated prefrontal connectivity at context-

ual belief inference and feedback salience processing in re-

lation to delusions. In particular, we hypothesized that

schizophrenia-related deficits in prefrontal function might

miscalculate (overestimate) likelihoods of deviation from

expectations representing context change, and that this dys-

functional (more chaotic) worldview may subsequently be

over-reinforced with resultant influence on delusion sever-

ity. More fundamentally, we examined, in a second inde-

pendent experiment with unaffected siblings of patients, if

these effects relate to information processing biases against

less expected information patterns in favour of precon-

ceived or more familiar patterns, with implications on the

genetic risk for schizophrenia.

Materials and methods

Subjects

Seventeen patients with schizophrenia and 24 normal control
subjects, and a second independent sample of 36 healthy sub-
jects and 35 unaffected siblings of patients with schizophrenia
with high quality MRI data were included. All participants for
this study were previously ascertained as part of the NIMH
Clinical Brain Disorders Branch ‘Sibling Study’ (Egan et al.,
2001), for which they were given a Structured Clinical
Interview for DSM-IV, a neurological examination, a neuro-
psychological assessment, and a screening MRI examination.
They then underwent further functional MRI experiments de-
tailed below. Exclusion criteria included an IQ 570, a history
of prolonged substance abuse or significant medical problems,
and any abnormalities found by EEG or MRI. The healthy
subjects had no previous history of psychiatric or neurological
disorders. All participants gave written informed consent and
were reimbursed for their time. The Institutional Review Board
of NIMH approved the study.
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Experiment 1

Cognitive paradigm

In the first of two independent experiments, 24 normal control
subjects and 21 patients with schizophrenia were trained on

the dynamic numerical inference task (for �10 min) prior to

performing it in the MRI scanner. The event-related functional
MRI task required subjects to infer changes in context integers

driving a noisy number series varying around that context in-

teger, which changed from time to time (Fig. 1). At the begin-
ning of each set of trials, participants were presented with the

context integer in green. They were then presented with a

series of numbers varying stochastically [standard deviation

(SD) 0.5] about the underlying context with stimulus-onset
intervals jittered between 4 and 8 s. At a probabilistically

defined point (hazard rate of 0.1), the underlying integer

shifted up or down by one unit, with resultant changes in
the noisy number series. All participants viewed an identical

sequence of numbers for this task. Participants were to re-

spond whenever they inferred that a context change had
occurred by making an ‘up’ or ‘down’ button press, and

updated their mental representation of the new context accord-

ingly. ‘Feedback’ (F) trials were identified for each participant

and defined as the trial following an indicated context change
that led to a reduced uncertainty about the underlying context

(i.e. prediction error 5 0.5, corresponding to 51 SD of the

generative random number series). Consistent with sharp de-
creases in prediction error observed following adaptation to

context changes (Nassar et al., 2010), each F trial represented

the first (and generally largest) reduction in prediction error
associated with the new context, thus signalling decreased un-

certainty about the particular context change. Each set of 8 to

20 trials comprised one to four context changes. At the end of

each set, subjects rated their confidence on a scale of 1 to 4

regarding their timely detection of context changes. Each par-
ticipant performed a total of 29 number sets (320 trials)
divided over two runs (total �24 min).

Behavioural modelling

We adapted a reduced Bayesian model of belief updating in a
changing environment (Nassar et al., 2010) to model subject
behaviour as they inferred changes in context information, and
estimated associated context change probabilities driving their
behaviour. Here, probability of a context change-point (cp)
given the stimulus (X) is calculated at each time point, t,
using Bayes’ rule:

P cpjXtð Þ ¼ P Xtjcpð Þ P cpð Þ=P Xtð Þ

¼ P Xtjcpð Þ P cpð Þ=P Xtjcpð Þ P cpð Þ þ P Xtj � cpð Þ P � cpð Þ

¼ N Xtjmt ¼ mt�1 � 1; �t

� �
H=NðXtjmt ¼ mt�1 � 1; �tÞ H

þN Xtjmt ¼ mt�1; �t

� �
1�Hð Þ

where N(Xt|mt = mt-1� 1, �t) is a normal distribution from
which stimulus Xt is generated from a context integer (ut,
that may increase or decrease by one unit at an expected
hazard rate H) and standard deviation �t. The variance (�t

2)
of the predictive distribution at time t is a function of both the
expected run length (rt) and expectation of noise (˛) from the
generative distribution (Nassar et al., 2010), as follows:
�t

2 = ˛2 + ˛2/rt. This follows the intuition that the variance at
each time point is a function of expected noise as well as un-
certainty whether the variance is due to a context change
point. The latter is inversely related to run length, where the
shorter the present run length or closer to a putative change
point the more uncertainty, whereas if there was a longer run
with more information gathered, there would be less uncer-
tainty. At each time t, expected run length is weighted by

Figure 1 Dynamic numerical inference task in Experiment 1. Subjects were presented with numbers varying stochastically (SD = 0.5)

about an underlying integer (green) that was shown once at the beginning of each set. At a probabilistically defined point (hazard rate = 0.1), this

underlying integer shifted up or down by one unit. Based on the deviation of the presented information from their belief about the underlying

integer (prediction error), subjects indicated when they inferred a context change (C) has occurred. Subsequent reduction in prediction error

(designated ‘feedback’, F) would further reduce uncertainty about this change. M = small prediction errors (50.5) that support maintaining the

belief of a relatively stable context; B = larger prediction errors (40.5).
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the probability of a context change (Nassar et al., 2010):
rt = (rt-1 + 1) P(�cp|Xt) + P(cp|Xt). We defined P(cp|Xt)40.5
as giving rise to a model prediction that context change had
occurred. Values of ˛ and H for each subject can then be
optimized using a maximum likelihood approach to account
for the individual’s behaviour by minimizing the total squared
difference between model predictions and subject behaviour.
Associated posterior probabilities driving each subject’s behav-
ioural responses to context changes may then be estimated.

Functional imaging

Whole-brain blood oxygen level-dependent functional MRI
data were collected on a 3 T scanner (General Electric
Systems) using a gradient-echo echo-planar imaging pulse se-
quence acquisition of 24 contiguous slices (repetition time,
2000 ms; echo time, 30 ms; flip angle, 90�; field of view,
24 cm; matrix, 64 � 64; voxel size, 3.75 � 3.75 � 5 mm).
The first four volumes of each functional time series were dis-
carded to allow for signal saturation. Stimuli were presented
via a back-projection system, and responses were recorded
through a fibre optic response box, allowing for the measure-
ment of reaction time for each trial.

The functional MRI data were preprocessed and analysed
with SPM8 software (Wellcome Department of Cognitive
Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/spm) im-
plemented in Matlab (Mathworks, Natick, MA). For each par-
ticipant, images were slice timing corrected, realigned to the
first volume in the time series, and corrected for head
motion. Images were then spatially normalized to the standard
echo planar image template provided by the Montreal
Neurological Institute (MNI) using a 12-parameter affine
model, and resampled to voxel size 2 � 2 � 2 mm. Spatial
smoothing was applied with a Gaussian filter set at 8 mm
full-width at half-maximum. After realignment, datasets were
individually examined for motion correction 53 mm transla-
tion and 52� rotation. This led to the exclusion of four pa-
tients from the original group of 21 patients.

Univariate analyses were conducted using the general linear
model implemented in SPM8. Each task-evoked stimulus was
modelled as a separate delta function and convolved with a
canonical haemodynamic response function, and temporally
filtered using a high-pass filter of 128 s. The differing task-
evoked stimulus events were modelled as follows: context
encoding (green integer presented at the start of each set);
inferred context change-point (C) as indicated by a button-
press response by the participant; feedback (F), defined as
the stimulus following C associated with prediction error
50.5 from the new inferred context (corresponding to the
generative distribution of the stimuli, which had an SD 0.5).
F represented the first and generally steepest decrease in
prediction error (and modelled context change probability) fol-
lowing a particular C response. We also modelled subsequent
numerical stimuli with prediction error within 0.5 and thus
indicating a stable context to be maintained (M); numerical
stimuli with prediction error 40.5 from context without an
inference of change-point (B); and confidence ratings. Incorrect
responses were those that resulted in consecutive increased
prediction error 41 in the opposite direction, and modelled
as regressors of no interest, as were residual movement par-
ameters. Here, we report only planned contrasts of interest at
C, F and M events. See the ‘Results’ section for further justi-
fication for definition of C, F and M events. These contrasts

were subsequently taken to a second-level group analysis in
which inter-subject variability was treated as a random
effect. We examined the main effects at the C, F and M task
phases at thresholds of P5 0.05 corrected for whole brain
family-wise error (FWE) across all subjects. Contrasts across
patient and control groups at C, F and M were evaluated
within regions of interest in the anterior PFC, dorsolateral
PFC, parietal cortex and midbrain, at P5 0.001 uncorrected
and P5 0.05 small volume corrected. These orthogonal re-
gions of interest were defined as significantly activated voxels
(P5 0.05 FWE whole brain corrected) in the respective task
across all subjects, that were also within a 15-mm radius
sphere from the peak activated voxel in Wake Forest
University Pickatlas (www.fmri.wfubmc.edu/download.htm)
defined Brodmann area (BA) 10 for anterior PFC, BA 9/46
for dorsolateral PFC, BA7/40 for parietal cortex, or all signifi-
cantly activated voxels in smaller atlas-defined midbrain region
of interest.

Dynamic Causal Modelling

We used dynamic causal models (DCM version 10, as imple-
mented in SPM8; Friston et al., 2003) to investigate how pre-
frontal, parietal and midbrain regions interacted during C and
F task phases. Dynamic causal models enable the estimation of
the strength and direction of these regional interactions
(Friston et al., 2003). Using Bayesian parameter estimation,
the observed blood oxygen level-dependent responses were
compared with that predicted by a neurobiologically plausible
model. This model comprised parameters describing how re-
gional neural activity and their interactions were influenced by
the external inputs (at C and F), as well as describing how
these neuronal effects were biophysically linked to form the
blood oxygen level-dependent responses in the imaging data
acquired.

In constructing the dynamic causal models, we first selected
time series from 10-mm radius regions of interest in the left
anterior PFC, dorsolateral PFC, parietal cortex and midbrain
regions of interest that were robustly engaged across the
sample (P5 0.05 FWE corrected, at each at C and F task
phase), and for the anterior PFC and midbrain (see ‘Results’
section) also differentially engaged between patients and con-
trols (P5 0.05 small-volume corrected). This was in order to
study nodes that were potentially vulnerable in schizophrenia
and of disease relevance. From within these regions of interest,
we then extracted time-series data from each individual sub-
jects’ task-specific t-contrast map that met an activation thresh-
old of P5 0.01 uncorrected, as well as within 10 mm of the
group level peak. This resulted in 0 to 4 runs (510%) being
excluded for each task phase per group of healthy or patient
subjects because of lack of activation in a particular subject,
but with no significant differences in distribution of excluded
runs across groups.

While there is evidence in neuroanatomical and lesion stu-
dies that dorsolateral PFC and parietal cortex receive informa-
tion from sensory areas, and that efferent and afferent
pathways link dorsolateral PFC to parietal and midbrain re-
gions (Leh et al., 2010), connectivity of the anterior PFC is less
understood. Thus, for each C and F task phase, we examined
four plausible models. Task-related modulation was set to
occur bidirectionally between dorsolateral PFC, parietal
cortex and midbrain, but differed on whether anterior PFC
communicated to midbrain directly or through dorsolateral
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PFC, and whether external inputs to anterior PFC occurred
directly or through dorsolateral PFC (Badre and D’Esposito,
2009). Models were defined and estimated separately for the C
and F task phases. Bayesian model selection (Penny et al.,
2004; Stephan et al., 2009) determined the winning model of
the observed blood oxygen level-dependent data based on a
balance of fit and parsimony. Bayesian inversion of each model
approximated the logarithm of the model evidence (i.e. the
probability of the observed data given the model) through
the negative variational free-energy (Stephan et al., 2009).
This approximation served as a lower bound on the model
evidence, and represented the relative fit of the model based
on model complexity and the number of parameters. We used
random-effects Bayesian model selection at the group level for
optimal model selection (Stephan et al., 2009). Although simi-
lar results were obtained within each healthy and schizophre-
nia group, we reported Bayesian model selection with all
healthy subjects and patients together. This allowed for subse-
quent analyses of between-group differences on the same
model parameters using classical inference. For this, we iden-
tified significantly task-modulated connectivity using a one-
sample t-test (P5 0.05 Bonferroni corrected for the number
of tests), before testing for group differences in each of these
connections. Finally, we examined for differences in connect-
ivity in these illness-related prefrontal networks in patients
with schizophrenia with or without significant delusions (the
former defined as scoring moderate and above on the delusions
scale of the Positive and Negative Symptom Scale) (Kay et al.,
1989).

Experiment 2

We then examined relationships of the same prefrontal and
midbrain findings with more basic number pattern processing
differences and genetic risk for schizophrenia in an inde-
pendent sample of controls (n = 35) and unaffected siblings
of patients with schizophrenia (n = 36). Here, we extended
hypotheses from Experiment 1 that there were schizophrenia-
related prefrontal deficits in processing deviations from expect-
ations (at context change-point), and opposing changes as
uncertainty is reduced (increased familiarity, at feedback). In
Experiment 2, we tested if analogous processing of relatively
less expected number sequences versus more natural, familiar
sequences might have similarly dissociable findings at the same
regions of interest in relation to genetic risk for schizophrenia.
We used a well-established spatial number-line effect, where a
smaller to larger number sequence in a left to right configur-
ation (e.g. 2 7) would be more pre-potent than the converse
sequence (e.g. 7 2) (Dehaene et al., 1993; de Hevia et al.,
2014; Rugani et al., 2015). We examined randomly balanced
trials of each sequence configuration during encoding in an
event-related working memory paradigm (Tan et al., 2007a).
The two numbers at encoding were also balanced in terms of
distance with each other, as well as subsequent events of main-
tenance or mental arithmetic during working memory, though
we will not be reporting on these other task phases here. By
studying unaffected siblings, we thereby extended our infer-
ences to putative genetic risk for schizophrenia, free of poten-
tial confounds of treatment and other lifestyle differences in
patients (Egan et al., 2001).

The MRI scanner, sequence and preprocessing in SPM8 were
the same as in Experiment 1. Similar event-related modelling in

SPM8 was used to examine the encoding of the two differing
number-sequence configurations, as well as the other working
memory events (Tan et al., 2007a). We examined only the
healthy control subjects and unaffected sibling effects across
the two number sequence configurations and only at regions of
interest centred on the exact same anterior PFC and midbrain
peaks differentially engaged between the independent healthy
controls and patients with schizophrenia sample in Experiment
1. These orthogonally-defined region of interests were then
extracted from regions that were also robustly engaged at
the group level in Experiment 2 (P5 0.05 FWE corrected)
and within 10-mm radius spheres centred at the same
corresponding coordinates differentially engaged from
Experiment 1.

Results

Experiment 1

Demographics and behavioural performance

In the first of two experiments, we acquired high quality

functional MRI data from 24 healthy subjects and 17 pa-

tients with schizophrenia. Subjects were not significantly

different across age, gender and measures of premorbid

IQ (wide range achievement test). However, as expected,

patients had significantly reduced years of education and

present IQ (estimated from the Wechsler Adult Intelligence

Scale – Revised); they had a mean (�SD) duration of illness

of 8.02�7.02 years with a mean age of onset 19.4� 3.9

years, mean total positive and negative symptom score of

58�22 and were on 295� 391 mg/day chlorpromazine-

equivalent dose of antipsychotics.

Both normal control and schizophrenia groups performed

significantly better than chance (controlled for number of

button presses, P5 0.0001). Individual subjects varied in

their responses as to when they perceived context changed

with respect to the same stimuli stream in the MRI scanner

(Supplementary Fig. 1A–E). However, there were no signifi-

cant differences between normal control subjects and pa-

tients with schizophrenia for total number of context

changed responses or reaction times. There were no signifi-

cant differences between normal control subjects and pa-

tients with schizophrenia in the number of feedback events;

normal control subjects and patients with schizophrenia

experienced similar numbers of events where stimuli had

prediction errors5 1 SD (0.5) from the subject’s belief

(M), i.e. where context was perceived to be stable; they

also experienced similar numbers of events where predic-

tion errors were 41 SD from their underlying context

belief. Normal control subjects and patients with schizo-

phrenia had similar confidence ratings during the task

(P4 0.2).

However, patients with schizophrenia ended up with

larger summed prediction error across the entire task

(320 trials, P = 0.026, Table 1). This less optimal outcome

resulted from patients responding with a higher learning
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rate when they perceived context change points (P5 0.01,

Fig. 2A). As learning rate is inversely proportional to pre-

diction error according to the delta rule (Williams, 1992)

used in the reduced Bayesian model (Nassar et al., 2010)

we implemented, and context change was fixed at 1 unit in

our task, this corresponded with patients responding to

smaller prediction errors eschewed by controls as noise.

Patients also perceived context stability (the number of

trials before a context change) to be shorter than controls

(P50.02, Fig. 2B).

The reduced Bayesian model (Nassar et al., 2010) fit

normal control and patient behaviour similarly as they

inferred context change points (Supplementary Fig. 2).

These models were associated with higher estimated pos-

terior probabilities of change at C in patients with schizo-

phrenia relative to control subjects (P5 0.001, Fig. 2C).

Correspondingly, the subsequent decrease in estimated

change point probabilities between the C and F phases,

as more information at feedback reduced the likelihood of

a context change, was greater in patients with schizophre-

nia (P5 0.001). Estimates of change-point probabilities

were, however, not different between patients with schizo-

phrenia and control subjects across the F to M transi-

tions, and during the F, M and B task phases. Given

the modelled behavioural differences in patients with

schizophrenia at C and F but not M, we posited that

differences in brain function at C and F might emerge

between patients and normal control subjects at C and

F, but not M.

Task-related activations in functional MRI

Healthy control subjects and patients with schizophrenia

robustly engaged dorsolateral PFC, anterior PFC, parietal

and midbrain activity as they inferred that an underlying

context change (C) had occurred (P50.05 FWE corrected,

Table 1 Demographic and behavioural task perform-

ance of controls and patients with schizophrenia

Total Normal

control

subjects

Patients with

schizophrenia

n 41 24 17

Gender, males, n 22 10 12

Age, years 27.4 (6.6) 27 (6.2) 27.9 (7.3)

Mean response

reaction time, s

1.54 (0.43) 1.43 (0.29) 1.69 (0.55)

Total responses, n 34 (11) 31 (8) 37 (14)

Prediction error sum 199.06 (12.62) 195.42 (9.45) 204.20 (14.89)

Prediction error sum is calculated across all trials. Standard deviation is in parentheses.

Figure 2 Behavioural performance in Experiment 1. (A) Patients with schizophrenia (SZ) responded with higher learning rates (P5 0.01)

than controls. (B) Patients also perceived the average number of trials before a context change to be shorter (P5 0.02). (C) Mean Bayesian

estimates of context change probabilities at C in patients and normal control subjects (NC) across trial events (320 trials on horizontal axis).

Relative to normal control subjects, there was overestimation of modelled posterior probabilities of change in patients with schizophrenia

(P5 0.001). Error bars are� 1 standard error.
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Fig. 3 and Supplementary Table 1). As they processed sub-

sequent data representing the largest decrease in uncer-

tainty about their new belief (feedback, F), similar brain

regions were engaged (Supplementary Table 2). When con-

text was stable (M), however, dorsolateral PFC and parietal

brain regions were engaged, but not the anterior PFC or

midbrain (Fig. 3 and Supplementary Table 1).

Contrasting patients with schizophrenia and healthy con-

trol subjects in the regions of interests (Fig. 4) during C,

control subjects engaged anterior PFC region of interest

activity (peak �46 44 12, t = 3.55, P50.05 small

volume corrected) to a greater extent than patients with

schizophrenia. On the other hand, at F, patients with

schizophrenia engaged the midbrain region of interest to

a greater extent (peak �4 �18 �8, t = 3.13, P5 0.05

small volume corrected, Fig. 4). There were no signifi-

cant dorsolateral PFC and parietal cortex activation differ-

ences between healthy control subjects and patients in

processing M.

Dynamic Causal Modelling

We then used dynamic causal models to investigate how

prefrontal, parietal and midbrain regions interacted during

each C and F task phase. We examined effective connect-

ivity across the following region of interests: anterior PFC

region differentially engaged between patients with schizo-

phrenia and control subjects (�46 44 12) that was also

robustly engaged in the combined sample (t45 at C or

F, P5 0.05 FWE corrected), dorsolateral PFC (� 34 30

16, t4 8 at C or F, P50.05 FWE corrected), parietal

cortex (�58 �58 38, t4 9 at C or F, P50.05 FWE

corrected) and midbrain (0 �16 �18, t48 at C or

t4 3.4 at F, P5 0.05 small-volume corrected). Of the

four models tested, Bayesian model selection favoured

the connectivity model where anterior PFC interacted

through dorsolateral PFC, and with dorsolateral PFC

engaging parietal cortex and midbrain connectivity (Fig.

5). This was the winning model whether control subjects

and patients with schizophrenia were grouped together, or

estimated separately.

Significant task-modulated effective connectivity for C

and F are shown in Fig. 6A and D. At C, task-related in-

formation entered at dorsolateral PFC and parietal cortex

with subsequent reciprocal task-modulated effective con-

nectivity between dorsolateral PFC and parietal cortex;

there was also dorsolateral PFC to anterior PFC connectiv-

ity, and dorsolateral PFC to midbrain and parietal cortex

to midbrain connectivity (P50.01). At F, task-related in-

formation entered at dorsolateral PFC and parietal cortex;

there was dorsolateral PFC to parietal cortex task-modu-

lated effective connectivity, reciprocal dorsolateral PFC to

anterior PFC connectivity, as well as dorsolateral PFC to

midbrain and parietal cortex to midbrain connectivity

(P5 0.01).

During information processing at C, patients with schizo-

phrenia had deficits in task-modulated cortical effective

Figure 3 Task-related activation in Experiment 1. (A) When processing information perceived to infer a change in its underlying

contextual structure (C), regions in the anterior PFC, dorsolateral PFC, parietal cortex, striatum and were engaged (n = 17 patients with

schizophrenia and n = 24 normal control subjects, P5 0.05 FWE corrected). (B) Anterior PFC, DLFPC, parietal and striatal regions were engaged

when processing subsequent information supporting the change decision (F) (P5 0.05 FWE corrected). (C) Dorsolateral PFC and parietal regions

were engaged but relatively less robustly when processing information perceived to be consistent with maintenance of a stable context (M,

P5 0.05 FWE corrected).
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connectivity at anterior PFC, dorsolateral PFC and parietal

cortex (P5 0.05, Fig. 6A). There was reduced effective

connectivity from dorsolateral PFC to anterior PFC, and

between dorsolateral PFC and parietal cortex (Fig. 6B).

During information processing in F, patients had increased

task-modulated dorsolateral PFC to midbrain and parietal

cortex to midbrain effective connectivity (P5 0.05, Fig 6D

and E).

Figure 4 Activation at anterior PFC (APFC), dorsolateral PFC (DLPFC), and midbrain (MB) regions of interest across C and F

task phases. Schizophrenia patients (SZ) had reduced anterior PFC engagement at C, but increased midbrain engagement at F (*t4 3, P5 0.05

small volume corrected). Error bars are� 1 standard error. NC = normal control subjects.

Figure 5 Dynamic causal models. Bayesian model selection favouring an effective connectivity model (#4), where anterior PFC commu-

nicates with dorsolateral PFC; and dorsolateral PFC with parietal cortex and midbrain regions of interest. Task information inputs were at

dorsolateral PFC and parietal cortex.
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To evaluate the relationship with delusions, we examined

for differences in connectivity of the prefrontal illness-related

networks in patients with schizophrenia with or without sig-

nificant delusions. There were no age, gender or task per-

formance differences across these patient groups. However,

we found that patients with delusions engaged dorsolateral

PFC to anterior PFC connectivity relatively less at C

(P5 0.05, Fig. 6C), but engaged dorsolateral PFC to mid-

brain connectivity more at F (P5 0.05, Fig. 6F)

Experiment 2

In Experiment 2, we examined if basic processing (encoding)

of relatively less expected number sequences versus more

Figure 6 Prefrontal network effective connectivity in Experiment 1. (A) Processing information perceived to infer a change in its

underlying contextual structure (C), patients with schizophrenia (SZ) had deficits in task-modulated cortical effective connectivity at parietal

cortex (PAR), dorsolateral PFC (DLPFC) and anterior PFC (APFC) (P5 0.05, blue arrows). Orange arrows denote task information input (C) into

the system. Black arrows denote significant task-modulated effective connectivity (n = 24 healthy control subjects and n = 17 patients with

schizophrenia, P5 0.05). (B) Task-modulated connectivity during C in normal control subjects and patients with schizophrenia from (1)

dorsolateral PFC to anterior PFC; (2) dorsolateral PFC to parietal cortex; (3) parietal cortex to dorsolateral PFC; (4) dorsolateral PFC to

midbrain; and (5) parietal cortex to midbrain. *P5 0.05, **P5 0.005. (C) Reduced task-modulated connectivity during C in patients with

schizophrenia with significant delusions (n = 7 versus 10, P5 0.05). (D) When processing feedback favouring the change decision (F), patients had

increased task-modulated dorsolateral PFC–midbrain and parietal cortex–midbrain effective connectivity (P5 0.05, red arrows). (E) Task-

modulated connectivity during F in normal control subjects and patients with schizophrenia from (1) dorsolateral PFC to anterior PFC; (2)

anterior PFC to dorsolateral PFC; (3) dorsolateral PFC to parietal cortex; (4) dorsolateral PFC to midbrain; and (5) parietal cortex to midbrain.

(F) Relatively increased task-modulated dorsolateral PFC to midbrain connectivity during F in patients with schizophrenia with significant

delusions (n = 7 versus 10, P5 0.05). NC = normal control subjects.

2090 | BRAIN 2016: 139; 2082–2095 C. M. Kaplan et al.

 by guest on D
ecem

ber 5, 2016
http://brain.oxfordjournals.org/

D
ow

nloaded from
 

http://brain.oxfordjournals.org/


naturally expected (familiar) number sequences might have

similarly dissociable findings at the same anterior PFC (�46

44 12) and midbrain (�4 �18 �8) regions of interest differ-

entially engaged in Experiment 1, in an independent sample of

healthy control subjects (n = 37) and unaffected siblings

(n = 36). There were no behavioural or demographic differ-

ences across healthy control subjects and unaffected siblings

(Supplementary Table 3). Regions of interest from the same

anterior PFC and midbrain regions were robustly engaged

during encoding of each of the two configurations of

number sequences at the group level (P5 0.05 FWE corrected,

Fig. 7 and Supplementary Table 4). Across groups at the re-

gions of interest, unaffected siblings engaged relatively

increased midbrain activation when processing numbers in

the more familiar number line sequence (Fig. 7A, P5 0.05),

but engaged relatively reduced anterior PFC processing in the

opposing less pre-potent number sequence (Fig. 7B, P5 0.05).

Discussion
We studied the neural correlates of patients with schizophre-

nia and healthy controls as they made inferences about

changing contexts in a dynamic numerical task. We ex-

tended these findings to neural information processing

biases against deviations from expectation in favour of pre-

conceived or familiar information patterns, and their rele-

vance to genetic risk for schizophrenia. Patients apparently

overestimated noisy context change probabilities, and

engaged anterior PFC relatively less than healthy controls,

with reduced effective connectivity from dorsolateral PFC to

anterior PFC. In processing subsequent feedback (F) redu-

cing uncertainty about context, patients engaged relatively

increased mid-brain activation, associated with increased

dorsolateral PFC to midbrain connectivity. These dissociable

reduced and exaggerated prefrontal and subcortical circuit

functions were also accentuated in relation to delusions in

patients. Analogous dissociable reduced anterior PFC and

exaggerated midbrain engagement occurred in unaffected

siblings of patients when processing less expected versus

more familiar number sequences. Thus unaffected siblings

also appeared to tackle relative deviations from expectations

with relatively reduced anterior frontal engagement, but the

converse with increased midbrain engagement.

In Experiment 1, we examined distributed anterior PFC,

dorsolateral PFC, parietal and subcortical networks in

Figure 7 Controls and unaffected siblings’ activations in regions-of-interest during Experiment 2. Encoding in working memory of

two numbers in the familiar number-line sequence (A) versus the opposing less expected sequence (B) in healthy control subjects (NC; n = 37)

and unaffected siblings (SIB, n = 36). Regions of interest were extracted from robustly activated regions (P5 0.05 FWE corrected) centred at the

same anterior PFC (1: �46 44 12) and midbrain (2: �4 �18 �8) regions differentially engaged in Experiment 1. Analogous to the findings in

Experiment 1, unaffected siblings engaged relatively increased midbrain activation (P5 0.05) while processing numbers in the expected number

line sequence (A), but engaged relatively reduced anterior PFC processing in the less pre-potent number sequence (B).
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inferring context change from dynamic information

streams. This information was symbolic, abstract and

noisy. Inferences about change in information structure

(C) engaged anterior PFC, which at least in part occurs

through dorsolateral PFC. This is consistent with the role

of anterior PFC in updating changes in higher-order con-

textual episodes (Donoso et al., 2014) and with the con-

ceptualization that the anterior PFC processing is

hierarchically engaged through dorsolateral PFC (Koechlin

et al., 2003; Badre and D’Esposito, 2009). When there was

perceived instability in context driving the inference that it

has changed (C), cortical (anterior PFC, dorsolateral PFC

and parietal cortex) information processing was also inte-

grated with subcortical regions (e.g. midbrain). This is re-

flective of dopaminergic prediction error signalling (Schultz

et al., 1997), it’s distributed cortical processing (Asaad and

Eskandar, 2011), and their combined roles in information

updating. These dopaminergic processes have been sug-

gested to engage D2-mediated gating of new information

into cortex (Seamans and Yang, 2004; O’Reilly and Frank,

2006).

As uncertainty surrounding the contextual prediction was

subsequently reduced at F, anterior PFC, dorsolateral PFC

and subcortical networks were engaged, but these were

reduced at M when context was putatively stable. This

suggests that the anterior PFC was engaged in the control

of changes to contextual information processing (Donoso

et al., 2014), rather than in the stable maintenance of this

information. The concurrent engagement of midbrain func-

tion through dorsolateral PFC at C but not M would also

be consistent with the specific computational role of dopa-

mine (D2) systems in the updating and gating of new in-

formation into cortical processing (Seamans and Yang,

2004; O’Reilly and Frank, 2006).

In patients with schizophrenia, however, there was aber-

rant neural processing of contextual beliefs, which showed

an association with delusions. Overall, patients accumu-

lated more prediction errors than healthy controls.

Patients engaged relatively dysfunctional belief inference

and updating, characterized by an overestimation of pos-

terior probabilities of context change. This occurred at rela-

tively smaller prediction errors eschewed by healthy control

subjects as noise, and was associated with reduced anterior

PFC activity and effective connectivity. These findings are

consistent with conceptualizations of schizophrenia as a

disorder of connectivity (Weinberger et al., 1992; Friston

and Frith, 1995; Meyer-Lindenberg et al., 2001), and with

information processing deficits that misattributed signifi-

cance to noise in the sensory environment (Fletcher and

Frith, 2009; Jardri and Denève, 2013). Earlier work also

suggested patients have reduced prefrontal-parietal connect-

ivity in higher cognitive tasks that relate to dysfunction in

dopaminergic and glutamatergic brain systems (Farber,

2003; Egan et al., 2004; Honey et al., 2004; Tan et al.,

2007b, 2012). Here, our data further suggest that dysfunc-

tion involving anterior PFC, and reduced dorsolateral PFC

to anterior PFC connectivity, may be associated with

aberrant computations about expectations and belief infer-

ence, with relevance to delusions. The processing of beliefs

is consistent with anterior PFC being phylogenetically and

ontogenetically later developing (Koechlin, 2011), and at

the apex of a cascade of posterior to anterior prefrontal

cortical circuits engaged in increasingly complex contextual

processing (Koechlin et al., 2003). Thus, anterior PFC’s

coordinated information processing with dorsolateral PFC

would ostensibly contribute to human probabilistic infer-

ences about environmental information, and when dysfunc-

tional, be implicated in delusional beliefs in psychosis.

Further, our data suggest that dysfunctional subcortical

processing also contributes to abnormal contextual belief

processing. The misattribution of salience has been impli-

cated in delusion formation (Corlett et al., 2007; Fletcher

and Frith, 2009; Menon et al., 2011). Our data suggest

that neural processing of information that first decreased

uncertainty about the prior context change prediction (F) in

patients engaged relatively increased dopamine-associated

midbrain activation and dorsolateral PFC to midbrain in-

formation processing. Patients with significant delusions

had relatively accentuated engagement of this midbrain

function. Similar opposing cortical and subcortical relation-

ships have been modelled in relation to deficits in cortical

dopaminergic D1 (and associated glutamatergic) signalling,

and reciprocal exaggerated subcortical D2 signalling (Akil

et al., 2003; Meyer-Lindenberg et al., 2005; Tan et al.,
2012). We suggest these basic predictions (Akil et al.,

2003) may extend to complex human belief processing at

anterior PFC-related cortical circuits at C, and subsequently

dorsolateral PFC-midbrain circuitry at F. Dysfunction in

these neural circuit mechanisms may have relevance to de-

lusion formation in schizophrenia, potentially through

biased salience about one’s miscalculated probabilistic in-

ferences and their over-reinforcement. Indeed, converging

evidence supports a Bayesian model of disequilibrium be-

tween prior beliefs and sensory evidence, with a bias

towards overestimation of the precision of sensory infor-

mation and their reinforcement in delusions (Adams et al.,

2013; Jardri and Denève, 2013).

These dissociable anterior PFC and midbrain neural pro-

cessing biases against deviations from expectation versus

more familiar information patterns were extended to puta-

tive genetic risk for schizophrenia. The tasks in

Experiments 1 and 2 have overlapping similarities. They

had similar timings and involved thinking about number

sequences. In Experiment 1, patients with schizophrenia

and healthy control subjects detected larger than expected

differences at context change, and processed sequences with

increased familiarity. In Experiment 2, unaffected siblings

and controls processed sequences that were in a less ex-

pected reverse number-line sequence, which are less familiar

than those in a number-line sequence (Dehaene et al., 1993;

de Hevia et al., 2014; Rugani et al., 2015). If indeed dys-

function in anterior PFC affects processing of probabilistic

context change, we might also expect that the dysfunctional

encoding of less expected context information to be at least
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partly implicated, as we have found in Experiment 2 in

unaffected siblings and controls. Relative dysfunction in

processing less familiar or less expected information, par-

ticularly at higher cortical anterior PFC regions, could thus

affect the unbiased evaluation and integration of this infor-

mation into current beliefs. This would be consistent with

data from Experiment 1 where probabilities associated with

changing contexts were putatively overestimated in patients

with schizophrenia. This also builds on recent computa-

tional models of delusion formation which suggest failure

in the top–down control of information integration to

update precise representations of abstract contexts relative

to prior dysfunctional beliefs (Jardri and Denève, 2013).

Our data further support the notion that vulnerabilities in

context processing at anterior PFC is related to genetic risk

for schizophrenia.

On the other hand, the processing of relatively pre-potent

information appears over-reinforced. In Experiment 1, we

found that information reducing uncertainty about current

beliefs (F) in patients with schizophrenia over-engaged dopa-

minergic midbrain. In Experiment 2, analogous increased

midbrain engagement occurred in unaffected siblings

during encoding of more pre-potent number sequences

along the mental number line. These findings are consistent

with conceptualizations about the over-representation of

prior beliefs in recent computational models of delusions

(Jardri and Denève, 2013). Our data suggest the potential

role of the midbrain in mediating these effects. This model is

also an elaboration of a number of earlier representations of

the cortical regulation of subcortical dopamine activity, and

its dysfunction in psychosis (Weinberger, 1987; Saunders

et al., 1998; Meyer-Lindenberg et al., 2005). Our data sug-

gest these opposing cortical-subcortical mechanisms may

relate to neural vulnerabilities for false beliefs and delusions

associated with genetic risk for schizophrenia.

We note that alternative interpretations of our findings

are possible, as behavioural physiology is invariably

fraught with unknowns in underlying mechanisms. For in-

stance, it is conceivable that our patients have less confi-

dence in their performance on tests. The under-activation

of cortical networks and their reduced connectivity might

reflect this psychological state. By analogous reasoning,

their receiving encouraging feedback about the correctness

of their responses might enlist an exaggerated positive

reward response, as they were less confident than controls

that their choices would be correct. Nevertheless, the lack

of differences in patients’ and controls’ confidence ratings

obtained throughout the task despite differences in per-

formance indices suggests this may be less likely. On the

other hand, if indeed patients overestimated context change

probabilities, they would have, as we found, at least similar

if not higher confidence ratings as controls. Nevertheless,

future work may be needed to better define these relation-

ships, for example using explicit measurements of confi-

dence windows (Nassar et al., 2010).

In our dynamic causal modelling analyses we have

focused on a limited set of hypothesized regions of interest

engaging higher cognitive functions vulnerable in schizo-

phrenia. The winning model, while consistently so for

both healthy control and schizophrenia groups modelled

together and separately, was not estimated by Bayesian

model selection as having much greater expected probabil-

ity than the next best model tested. However, the model

coincides with conceptualizations about the functional or-

ganization of anterior frontal cortex (Koechlin et al., 2003;

Badre and D’Esposito, 2009). As model selection arguably

should be informed by the significant weight of prior evi-

dence, we have elected to report on connectivity estimates

based on this model. Nevertheless, similar results were ob-

tained using Bayesian Model Averaging (Penny et al., 2010)

across the four models tested.

The extent to which antipsychotic medications confound

these findings is a limitation. However, this applies only to

Experiment 1, but not in Experiment 2 where we extend

inferences to genetic risk for schizophrenia in unaffected

siblings of patients. There was also no relationship between

severity of delusions or associated connectivity findings

with medication dose in Experiment 1. While delusions

often co-occur with hallucinations, we did not find signifi-

cant imaging effects with the latter. We are, however,

unable to safely conclude about the specificity of our find-

ings to only delusions because of a lack of power to ex-

clude type II errors. Our cognitive task might also be better

able to detect effects associated with delusions, while more

auditory or visual-based tasks might better relate with audi-

tory or visual processing disturbances (Teufel et al., 2015).

Future studies should also investigate the neural correlates

of subacute symptoms and cognitive changes in siblings or

individuals at risk for psychosis.

In conclusion, we posit that the dysfunctional cognitive

repertoire in delusions is associated with deficient engage-

ment of anterior PFC at inferring changes in context beliefs,

and subsequent exaggerated midbrain engagement. Patients

with schizophrenia apparently overestimated the signifi-

cance of noise in inferring change in environmental context,

and did so with reduced anterior PFC engagement, that

may at least in part represent dysfunction in integrating

less pre-potent information. Subsequent reduced uncer-

tainty about contextual state appeared over-reinforced, po-

tentially contributing to confirmation bias, and the cascade

of aberrant strengthening of beliefs about a more chaotic

world relevant to delusions. These information processing

vulnerabilities relate to the genetic risk for schizophrenia,

and may be associated with excitatory and inhibitory im-

balances in glutamatergic and dopaminergic function.
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