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Patients with schizophrenia suffer from deଏcits in monitoring and controlling their own thoughts. Within these

so-calledmetacognitive impairments, alterations in probabilistic reasoningmight be one cognitive phenomenon

disposing to delusions. However, so far little is known about alterations in associated brain functionality.

A previously established task for functional magnetic resonance imaging (fMRI), which requires a probabilistic

decision after a variable amount of stimuli, was applied to 23 schizophrenia patients and 28 healthy controls

matched for age, gender and educational levels. We compared activation patterns during decision-making

under conditions of certainty versus uncertainty and evaluated the process of ଏnal decision-making in ventral

striatum (VS) and ventral tegmental area (VTA).

We replicated a pre-described extended cortical activation pattern during probabilistic reasoning. During ଏnal

decision-making, activations in several fronto- and parietocortical areas, as well as in VS and VTA became appar-

ent. In both of these regions schizophrenia patients showed a signiଏcantly reduced activation.

These results further deଏne the network underlying probabilistic decision-making. The observed hypo-activation

in regions commonly associated with dopaminergic neurotransmission ଏts into current concepts of disrupted

prediction error signaling in schizophrenia and suggests functional links to reward anticipation. Forthcoming

studies with patients at risk for psychosis and drug-naive ଏrst episode patients are necessary to elucidate the

development of these ଏndings over time and the interplay with associated clinical symptoms.

1. Introduction

Schizophrenia patients are impaired in detecting, monitoring and

controlling their own cognition (“thinking about one's thinking”) and

synthesizing their mental states. These so-called metacognitive deଏcits

include a reduced ability to appraise and weigh information effectively,

to select appropriate responses including decisions based on percep-

tions and to cope with cognitive limitations (Lysaker et al., 2011,

2013b). Deଏcits in metacognitive domains are a highly stable property

of psychotic patients (Vohs et al., 2014), predicting learning abilities

(Tas et al., 2012) and treatment response (So et al., 2014), impairing

quality of life (Tas et al., 2013) and outcome (Lysaker et al., 2013a),

and consequently have been implicated into theories about the forma-

tion of delusions (Hemsley and Garety, 1986; Bentall et al., 2009;

Speechley et al., 2010; Murray, 2011; So et al., 2012). Therefore speciଏc

training interventions targeting metacognitive deଏcits in psychosis

have been invented (Moritz and Woodward, 2007; Van Donkersgoed

et al., 2014). However, neural representations of these metacognitive

deଏcits in schizophrenia are widely unclear. The present study was

targeted on investigating two key functions of metacognition: probabi-

listic reasoning and decision-making.

First insight into general neural processes during probabilistic rea-

soning and decision-making was based on lesion (Xi et al., 2011; Lunt

et al., 2012) as well as functional magnetic resonance imaging (fMRI)

studies. These studies localized the neural organization of uncertainty

(risk or ambiguity) in the course of decision-making represented in a

fronto-striatal-thalamic network (Grinband et al., 2006; Bach and

Dolan, 2012). Probabilistic reasoning leading to decisions might well

be perceived as a speciଏc situation of building up beliefs or perceptions

(Deco et al., 2013). Experiences derived from sensory input have to be

integrated into prior knowledge. Within this process, prediction errors
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are counterbalanced in a hierarchical Bayesian inference framework

between lower- and higher-level systems. On a functional level, the

encoding of the precision or uncertainty of prediction errors might be

parallel to the encoding of reward uncertainty (Juckel et al., 2006b;

Murray et al., 2008; Schultz, 2013). Interestingly, in schizophrenia

patients a disruption in prediction error signaling in parallel to a

hypo-activation of the ventral striatum (VS) can be found (Lee and

Mumford, 2003; Fletcher and Frith, 2009; Friston, 2010; Dura-Bernal

et al., 2012). Moreover, it is known from sensitive probabilistic learning

or reward prediction tasks (Weickert et al., 2009; Koch et al., 2011;

Morris et al., 2012) that schizophrenia patients show differential activa-

tion patterns in the fronto-striatal-thalamic network. Hence, these

alterations can be assumed to be a neural correlate of deଏcits in proba-

bilistic reasoning and decision-making in schizophrenia.

Several studies applied the classical beads task regarding probabilis-

tic reasoning and decision-making in healthy volunteers. Blackwood

et al. (2004) reported the involvement of cerebellum as well as parietal

and occipital cortex. Furl and Averbeck (2011) modiଏed the beads task

towards reward-related decision-making and observed less draws until

decision than predicted by a Bayesian model. Moreover, in an event-

related analysis, an increased activation was found in a network com-

prising parietal, insular, anterior cingulate and striatal regions at the

time of decision in comparison to the time of preceding draws. Finally,

our group developed a modiଏed version of the beads task and observed

activations in cerebellum and prefronto-parietal executive functioning

network as well as in medial parieto-occipital regions during the whole

process of probabilistic reasoning in healthy volunteers. During the

decision process itself, activity in ventral tegmental area (VTA) and VS,

comprising the nucleus accumbens (Nacc), was detected (Esslinger

et al., 2013).

However, to our knowledge until now there is only one published

study exploring decision-making under uncertainty in schizophre-

nia (Krug et al., 2014). The authors found reduced activation in the

prefrontal cortex, but not in subcortical dopaminergic regions in

schizophrenia.

In the present study we applied our modiଏed beads task to

schizophrenia patients and matched healthy controls. We intended

to replicate the activation patterns of our previous study and to

evaluate differential activation patterns in schizophrenia patients.

It was assumed that patients inappropriately weight evidence during

probabilistic reasoning (Fine et al., 2007; Speechley et al., 2010), going

along with reduced activation in VS and VTA during ଏnal decision-

making.

2. Methods

2.1. Participants

This study was approved by the local ethics committee of the

Medical Faculty Mannheim of the University of Heidelberg (AZ 2009-

296N-MA). Inpatients were recruited in a stable phase of treatment

and fulଏlled predeଏned inclusion criteria: diagnosis of schizophrenia

according to the Diagnostic and Statistical Manual, IVth revised edi-

tion (DSM-IV R), antipsychotic monotherapy, age between 18 and

60 years, ability to provide informed consent and sufଏcient German

language skills. We excluded patients with severely exacerbated

schizophrenia (Positive and Negative Syndrome Scale (PANSS) score

≥90), current substance dependence excluding nicotine or other dis-

orders of the central nervous system requiring treatment. Current

antipsychotic treatment with second generation antipsychotics was

quantiଏed using chlorpromazine (CPZ) equivalents (Andreasen et al.,

2010),with ameanCPZ equivalent of 406.01±186, indicating interme-

diate dose ranges. Due to anxiety or agitation seven patients were addi-

tionally treated with lorazepam. Control subjects werematched for sex,

age and levels of education (Table 1), had no positive family history of

schizophrenia, bipolar disorder or suicide in ଏrst-degree relatives and

no previous or current psychiatric disorders according to the M.I.N.I.

(Mini-International Neuropsychiatric Interview) or psychopharmaco-

logical therapy.

2.2. Psychometric rating scales and neuropsychological characterization

Psychotic symptoms were characterized by trained raters (FR, SE,

SE) using PANSS and PSYRATS (Psychotic Symptoms Rating Scale). We

further evaluated negative symptoms (Scale for the Assessment of

Negative Symptoms: SANS), comorbid depressive symptoms (Calgary

Depression Scale for Schizophrenia: CDSS), general severity of illness

(Clinical Global Impression: CGI) and psychosocial functioning (Global

Assessment of Functioning: GAF; Personal and Social Performance

Scale: PSP).

Neuropsychological assessment included the Trail Making Tests A

and B (TMT-A, -B), the Wisconsin Card Sorting Test (WCST) and the

Multiple Choice Word Test version B (MWT-B, Table 1).

2.3. Modiଏed beads task

Our modiଏcation of the classical beads task had been described ear-

lier (Esslinger et al., 2013). In short, subjects viewed ଏsh of two colors

jumping out of a lake and had to decide from which of two lakes they

were coming at a color ratio of 80/20% or 20/80%. After each ଏsh,

subjectswere asked if theywanted to see another ଏsh and could answer

the question by pressing according buttons. The colored ଏsh were pre-

sented in a previously deଏned fashion (e.g. 1–1–1–2–1–1–1–1–2–1),

recapitulated eight timeswith alternative starting points. For methodo-

logical reasons, the number of ଏsh per block was restricted to ten. After

presentation of the selected number of ଏsh or a maximum of ten ଏsh,

subjects had to decide for one lake and to rate on a four-point scale

how conଏdent they were regarding their decision (1 = a little uncer-

tain, 2 = fairly certain, 3 = very certain, 4 = totally certain). In the

control condition, subjects had to indicate the colors of ଏsh. To ensure

a standardized duration of the experiment, unequal lengths of the

experimental blocks were counterbalanced by the number of con-

trol trials. Eight experimental blocks and eight control blocks were

presented adding up to eight times at 2.04 min (16.32 min for the

whole experiment).

2.4. Acquisition and evaluation of fMRI data

Blood oxygen level-dependent (BOLD) fMRI was performed on a 3 T

Siemens Trio (Siemens Medical Systems, Erlangen, Germany) by using

echo-planar imaging (28 axial slices; 4-mm thickness; 1-mm gap; TR/

TE 2000/28 ms; FOV 19.2 cm; matrix 64 × 64). FMRI data was analyzed

using SPM8 (www.ଏl.ion.ucl.ac.uk/spm/software/spm8/) as de-

scribed earlier (Esslinger et al., 2013). Prior to analysis, data was pre-

processed including realignment, slice timing, and normalization to a

standard EPI template volumewith resampling to a 3 × 3 × 3mm voxel

size and smoothing with a 9 mm full-width half-maximum Gaussian

ଏlter. Task-speciଏc brain activation was analyzed in a hybrid model ac-

cording to Visscher et al. (2003). We compared neural processes during

lake reasoning (decision out of which lake ଏsh were jumping) versus

color naming (decision about the color of ଏsh). In addition, we com-

pared the neural response to the last ଏsh, followed by a ଏnal decision,

in comparison to all previous ଏsh that were not followed by a decision

for a lake. To control for possiblemovement-related artifacts, six further

regressors were entered into the model, containing information from

the realignment. Contrasts of interest were entered into second-level

random-effects group analyses, applying one-sample and two-sample

T-tests. Since groups slightly differed in gender distribution, gender

was used as a covariate.
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2.5. Statistics

Socio-demographic, psychometric and behavioral parameters were

analyzed using the Statistical Package for Social Sciences (IBM SPSS

version 20.0, Chicago, IL, US). We tested for group-speciଏc differences

of means and applied student's T-tests, Fisher's exact test and X2-test.

Correlations between psychopathological characteristics and neuro-

cognitive abilities were expressed by Pearson's correlation coefଏcient

after correction for multiple testing. Regarding statistical inference of

fMRI data, a threshold of p b 0.05 with family wise error (FWE) correc-

tion for multiple testing was applied and a minimal cluster size thresh-

old of k = 5 adjacent voxels was set. To speciଏcally study activation in

VS andVTA, region of interest (ROI) analyseswere performed. Statistical

threshold for ROI analyses was p b 0.05, small volume (sv) corrected. As

described earlier (Esslinger et al., 2013),masks for VTA andVS, compris-

ing left and right Nacc, were created with MARINA (masks for region of

interest analyses) (Walter et al., 2003), according to an anatomical atlas

(Duvernoy, 1995).

3. Results

Groups of 23 patients and 28 controls, matched for age, gender and

education were included into ଏnal data analysis. Before, ଏve patients

and one control subject had to be excluded (lack of understanding

the task: n = 3, gross brain abnormalities: n = 1, strong movements:

n = 2). Patients were characterized as moderately ill and showed

marked impairment in neurocognitive domains (Table 1).

3.1. Modiଏed beads task

The number of stimuli needed for decision (draws to decision: DTD)

was averaged over the eight repeats of the task. The mean DTD8 over

all blocks differed between patients (4.97 ± 1.4) and controls (4.06 ±

1.5, T = −2,18, df = 49, p = 0.034) with a mean level of certainty

of 2.76 ± 0.8 in patients and 3.06 ± 0.7 in controls (deଏnition: fairly

certain = 2, very certain = 3, T = 1,44, df = 49, p = 0.155). DTD8s

and levels of certainty did not change signiଏcantlywithin groups during

the eight blocks, nor between groups.

3.2. fMRI

3.2.1. General activation patterns

Decision-making during lake reasoning versus color naming was

found to be associated with increased activation in several frontal and

parietal regions, inferior temporal gyrus and globus pallidus (Table 2

and Fig. 1). ROI analyses revealed signiଏcant effects in VTA (coordinates:

9 −19 −14, T = 4.53, p = 0.001 sv-corrected, k = 126), right VS

(coordinates: 12 11 1, T = 4.55, p = 0.001 sv-corrected, k = 67), and

on a trend level in left VS (coordinates: −21 17 −8, T = 2.84, p =

0.062 sv-corrected, k = 20).

Table 1

Sociodemographic, psychopathological andneurocognitive characteristics of study samples: Data is reported asmean ± standarddeviation (SD). Abbreviations: CDSS: CalgaryDepression

Scale for Schizophrenia, CGI-S: Clinical Global Impression— Severity subscore, CPZ: Chlorpromazine equivalent, f: female, GAF: Global Assessment of Functioning, m:male, mg:milligram,

MWT-B: Multiple Choice Word Test (version B), n.a.: not applicable, n.s.: not signiଏcant, PANSS: Positive and Negative Syndrome Scale, PSP: Personal and Social Performance Scale,

PSYRATS: Psychotic Symptoms Rating Scale, sec: seconds, TMT: Trail Making Test; WCST: Wisconsin Card Sorting Test.

Patients (n = 23) Controls (n = 28) Comparison

Sociodemographics

Age 33.17 ± 9.114 35.79 ± 12.075 n.s.

Gender f = 7, m = 16 f = 13, m = 15 X2-test: p = 0.244, n.s.

Fisher-test: p = 0.191, n.s.

Duration of education (years) 15.20 ± 3.278 15.41 ± 3.073 n.s.

Time spent in school (years) 10.96 ± 1.745 11.25 ± 1.555 n.s.

Clinical properties

Duration of illness (years) 7.48 ± 6.802 n.a. n.a.

CPZ-equivalents (mg) 406.01 ± 185.994 n.a. n.a.

PANSS

Total Score 63.57 ± 13.107 n.a. n.a.

Positive symptoms 13.70 ± 4.258 n.a. n.a.

Negative symptoms 16.91 ± 4.776 n.a. n.a.

Global psychopathology 32.96 ± 7.547 n.a. n.a.

Additional psychometric Scales

SANS 24.60 ± 24.632 n.a. n.a.

CDSS 3.00 ± 2.981 n.a. n.a.

PSP 52.80 ± 13.903 n.a. n.a.

GAF 44.10 ± 10.867 n.a. n.a.

CGI-Severity 3.90 ± 1.101 n.a. n.a.

PSYRATS

Amount of preoccupation 1.20 ± 1.398 n.a. n.a.

Duration of preoccupation 1.40 ± 1.430 n.a. n.a.

Conviction 1.70 ± 1.636 n.a. n.a.

Amount of distress 1.60 ± 1.647 n.a. n.a.

Intensity of distress 1.80 ± 1.620 n.a. n.a.

Disruption 1.30 ± 1.337 n.a. n.a.

Processing speed (TMT)

TMT-A (sec) 38.74 ± 13.515 24.61 ± 6.762 T-test: p b 0.001

TMT-B (sec) 83.22 ± 30.179 57.50 ± 19.207 T-test: p = 0.003

Executive functioning (WCST)

Categories completed 6.44 ± 1.464 6.68 ± 1.156 n.s.

Total Trials 89.06 ± 15.821 77.36 ± 8.010 T-test: p = 0.008

Total Errors (%) 25.69 ± 15.099 17.36 ± 4.499 T-test: p = 0.035

Perseveration Score (%) 24.04 ± 14.429 12.10 ± 8.563 T-test: p = 0.001

Concept perseverations 1.78 ± 2.487 0.18 ± 0.390 T-test: p = 0.015

Failure to maintain set 1.33 ± 1.970 1.00 ± 1.846 n.s.

Multiple choice word test version B (MWT-B) 25,409 ± 5198

N = 22

28,571 ± 4857

N = 28

T-test: p = 0.031

Estimated verbal IQ 99,500 ± 13,821 107,929 ± 15,592 T-test: p = 0.052
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Comparing the activation during the last ଏsh with a decision with

activation related to all previous ଏsh, we observed increased activation

in several frontal and parietal areas, in putamen, cerebellum and mid-

brain. ROI analyses showed a signiଏcant effect in VTA (coordinates:

−6 −16−8, T = 5.79, p b 0.001 sv-corrected, k = 124) and VS bilat-

erally (left coordinates: −21 5 −2, T = 5.14, p b 0.001 sv-corrected,

k = 70; right coordinates: 18 11−2, T = 5.45, p b 0.001 sv-corrected,

k = 91) (Table 3 and Fig. 2).

3.2.2. Between group comparisons

Whole brain analyses revealed no signiଏcant differences between

groups, given the strict signiଏcance threshold. However, ROI analyses

revealed signiଏcantly reduced activation in schizophrenia patients

compared to healthy controls in VTA (coordinates: 3 −13 −6, T =

3.74, p = 0.007 sv-corrected, k = 83) and right VS (coordinates:

21 5 −5, T = 2.93; p = 0.038 sv-corrected, k = 22) (Fig. 3) for ଏnal

decision-making (last ଏsh vs. all previous ଏsh). Moreover, ROI-

analyses were repeated without gender as covariate, as well as with

IQ as covariate. In both cases, differences between groups in VTA and

VS remained stable. Furthermore, ROI-analyses for fusiform gyrus and

hippocampus (deଏned and created with the WFU_pickatlas) were

performed to investigate a possible general hypo-activity in the schizo-

phrenia sample. However, no signiଏcant differences between groups

were found in these regions.

While VTA- and VS-activations were signiଏcantly lower in patients

than in controls, the amount of BOLD response in both VS and VTA did

not correlate with the mean number of ଏsh, neither in controls nor in

patients. In patients, the anti-dopaminergic intensity of antipsychotic

treatment (CPZ-equivalents) was neither correlated with the mean

number ofଏsh, norwith VTA- or VS-activation. A comparison of patients

with or without concomitant benzodiazepine treatment did not reveal

activation differences. Severity of psychotic symptoms did neither cor-

relate with mean number of ଏsh, nor with certainty at the time point

of decision or brain activation.

3.2.3. Correlations between fMRI activation and behavior and cognition

Control subjects, but not schizophrenia patients, showed a signiଏ-

cant correlation between WCST item “failure to maintain set” and

mean number of ଏsh (r = 0.517, p = 0.005), which remained signiଏ-

cant even after correction for multiple testing. In the total sample,

we further observed a signiଏcant negative correlation between VTA-

activation and WCST “total errors” (r = −0.302, p = 0.041) as well as

TMT-A reaction times (r = −0.334, p = 0.017).

4. Discussion

The present studywas set up for investigating neuronal activation in

schizophrenia during probabilistic reasoning. As hypothesized, patients

showed signiଏcantly reduced activation in VS and VTA during ଏnal

decision-making. Theଏndings ଏt into current concepts of disrupted pre-

diction error signaling in schizophrenia and suggest functional links to

dopaminergic dysfunctions and reward anticipation.

Several previous fMRI studies addressed decision-making and error-

related learning in schizophrenia and suggested functional alterations

Table 2

Activation during probabilistic reasoning versus control condition, p b 0.05, FWE —

corrected for the whole brain. BA = Brodmann area, Tmax = maximal T-value in the

cluster, coordinates = MNI (Montreal Neurological Institute) coordinates of the peak

voxel in the cluster. k = cluster-size, sub-cluster peaks are inserted.

Activation MNI

Area BA Cluster x y z Tmax

Inferior parietal lobule 40 6836 51 −43 46 13.10

Superior parietal lobule 7 30 −70 49 12.35

Precuneus 19 30 −76 31 11.25

Inferior prefrontal gyrus 47 2200 36 20 −2 11.80

Middle frontal gyrus 10 39 53 −5 11.27

Inferior prefrontal gyrus 47 30 26 −11 10.69

Medial frontal gyrus 8 471 3 29 43 9.90

Inferior prefrontal gyrus 47 115 −30 20 −5 8.77

Inferior prefrontal gyrus 47 267 −42 44 −5 8.62

Superior frontal gyrus 11 −21 47 −14 6.80

Middle frontal gyrus 46 519 −45 26 31 8.03

Middle frontal gyrus 9 −45 8 34 7.45

Middle frontal gyrus 6 −42 2 58 6.14

Inferior temporal gyrus 20 13 63 −28 −20 6.26

Pallidus 12 −12 −4 −5 6.17

Middle frontal gyrus 6 13 −18 17 61 5.88

Fig. 1.Brain activation during themodiଏedbeads task. Across all presented ଏsh, the exper-

imental condition (lake reasoning) is comparedwith the control condition (color naming).

Level of signiଏcance: p b 0.05 FWE — corrected for the whole brain.

Table 3

Activation during presentation of the last versus all preceding ଏsh, p b 0.05 FWE —

corrected for the whole brain. BA = Brodmann area, Tmax = maximal T-value in the

cluster, coordinates = MNI (Montreal Neurological Institute) coordinates of the peak

voxel in the cluster. k = cluster-size, sub-cluster peaks are inserted.

Activation MNI

Area BA Cluster x y z T-value

Inferior prefrontal gyrus 47 133 33 20 −2 8.37

Medial frontal gyrus 6 275 −9 5 55 7.07

Dorsal anterior cingulate cortex 32 9 8 49 6.46

Middle frontal gyrus 6 −27 −10 52 6.28

Putamen 73 −15 5 10 5.97

Cerebellum 39 0 −43 −38 5.91

Midbrain 37 −6 −16 −8 5.79

Midbrain 6 −25 −5 5.68

Midbrain −3 −28 −5 5.29

Inferior parietal lobule 40 17 −39 −34 49 5.56

Lingual gyrus 18 11 24 −76 −5 5.54

putamen 27 18 11 −2 5.45

Putamen 21 5 7 5.44

Precentral gyrus 6 39 36 −10 61 5.42

Middle frontal gyrus 6 30 −7 52 5.32

Middle frontal gyrus 6 39 −7 52 5.22

Claustrum 10 −30 20 1 5.34

Precentral gyrus 6 6 −54 2 37 5.22
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in VS. Morris et al. (2012) found abnormal differential activation of VS

in response to expected versus unexpected outcomes. Waltz et al.

(2007)) and Gold et al. (2012) administered probabilistic selection

tasks to schizophrenia patients and observed deଏcits in reinforcement

learning as a hint towards striatal-cortical dysfunction. Furthermore,

Koch et al. (2011) reported decreased activation in a fronto-striato-

cingulate network in schizophrenia. In the study of Weickert et al.

(2009) schizophrenia patients differentially activated a compensatory

neural network, consisting of dorsolateral prefrontal, cingulate, para-

hippocampal and parietal cortex in the absence of normal frontal-

striatal function. Recently, Krug et al. were able to show reduced activa-

tion in prefrontal cortex during decision-making under uncertainty

(Krug et al., 2014).

Closely related to our approach, three further fMRI studies ap-

plied modiଏcations of the classical beads task to healthy volunteers

(Blackwood et al., 2004; Furl and Averbeck, 2011; Esslinger et al.,

2013). We could largely replicate the activation patterns observed by

Blackwood et al. (2004)). Furl and Averbeck (2011) used a reward-

related version and reported higher activation during decision-making

in a network also comprising striatal regions. The proposed functional

link to reward anticipation (Juckel et al., 2006a, 2006b; Ziauddeen

and Murray, 2010) was further supported by our pilot investigation

(Esslinger et al., 2013). In a mixed model analysis, without considering

the process of decision immediately, but evolving across several preced-

ing trials, we found activations in VTA and VS (comprising Nacc) during

decision-making (Esslinger et al., 2013).

As a next step, we applied the modiଏed beads task to schizophrenia

patients and observed reduced activations in the ROIs VTA and right VS

in parallel to the cognitive process of decision-making. These ଏndings

might be interpreted within theories about decision-making in schizo-

phrenia (Fletcher and Frith, 2009) and the functional representation of

reward uncertainty by dopaminergic neurotransmission (Fiorillo et al.,

2003; Tobler et al., 2005; Schultz et al., 2008; Schultz, 2013). It was

shown that schizophrenia patients differ from controls in their ability

to propagate prediction errors in a hierarchical Bayesian inference frame-

work between lower- andhigher-level systems (Lee andMumford, 2003;

Fletcher and Frith, 2009; Friston, 2010; Dura-Bernal et al., 2012). The sup-

posed disruption in prediction error signaling has been attributed to

hypo-activity in VS, because dopamine signaling is thought to encode

the precision or uncertainty of prediction errors (Juckel et al., 2006b;

Murray et al., 2008). Prediction error signaling and data gathering for

decisions represent different aspects of the Bayesian inference process,

while information might well be apprehended as a form of reward. As a

function of reward probability, the expected reward increases linearly,

while the risk or uncertainty of reward follows an inverted U-shaped

curve with a theoretical maximum at a reward probability of 50%

(Schultz et al., 2008; Schultz, 2013). Patients seem to differ in how they

weight evidence in the beads task (Fine et al., 2007; Moritz et al., 2012)

and in a “faulty appraisal” they might underestimate the uncertainty of

their choices early in the decision process and show a lowered threshold

for making decisions in an ambiguous context (Averbeck et al., 2011;

Rubio et al., 2011; Veckenstedt et al., 2011). In line with the assumption

of a reduction in tonic dopamine availability (Goto et al., 2007), we sug-

gest either a left-shift of the above mentioned inverted U-shaped curve

or a global reduction of the absolute values that explains the observed

hypo-activation during decision-making in schizophrenia.

Noteworthy, in our modiଏed beads task patients used more stimuli

than healthy controls until decision, as averaged over the eight repeats.

We applied similar ratios of stimuli as previous investigations with the

beads task have used. Nevertheless, the experimental setting during

scanning in the fMRI markedly differs from the commonly used test

conditions and might have rendered the patients even more cautious

in decision-making than controls. Noteworthy, in several other studies

schizophrenia patients did not present the canonical jumping to conclu-

sion (JTC) behavior (for review see Ziegler et al., 2012). Further

inଏuencing factors on test behavior might have been the subtype of

delusions (Garety et al., 2012), the chronic course of illness, and the

treatment effects of antipsychotic medication. Importantly, Peters and

Garety had observed a normalization of hasty decision-making during

remission of delusions (Peters and Garety, 2006) and Woodward et al.

reported signiଏcant correlations between normalization of decision-

making and remission of delusions (Woodward et al., 2009b). Since

our sample was low on positive symptoms severity, no severe forms

of hasty decision-making can be expected. It might be further assumed

that patients were aware of their difଏculties in decision-making,

adopted a more cautious approach due to experienced negative con-

sequences and might have over-compensated their primary meta-

cognitive deଏcit on the behavioral level. Aside from the behavioral

level, the primary endpoint of this study was the differential neural

activation pattern during task performance. In similar studies the lack

of a behavioral phenotype regarding decision-making under uncer-

tainty also did not preclude the observation of decreased activation in

a fronto-striato-cingulate network (Koch et al., 2011) or in prefrontal

Fig. 2. Brain activation related to the event of decision-making. Activation in response to the last ଏshwith a decision in comparison to all previousଏsh. Level of signiଏcance: p b 0.05 FWE—

corrected for the whole brain.
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in the patient group (both, p b 0.05 sv-corrected). Mean signal change is shown for the

contrast last ଏsh N all previous ଏsh, separately for both groups. Level of signiଏcance (for

display purposes): p b 0.005, (uncorrected).
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cortex (Krug et al., 2014). In parallel, our study allowed us to reveal the

underlying neural processes of decision-making even without observ-

ing the JTC-phenotype that had been documented in the majority of

schizophrenia studies. These might present an intermediate phenotype

of deଏcient probabilistic reasoning in schizophrenia, independent of

factors that modify and compensate the behavioral phenotype.

It has been proposed that neurocognitive capacities, most impor-

tantly executive functioning, might modulate probabilistic decision-

making (Lysaker et al., 2008; Woodward et al., 2009a; Lincoln et al.,

2010b). In agreement with an assumed association between cognitive

ଏexibility and decision-making, we observed an inverse correlation

between VTA-activation and cognitive ଏexibility in our entire study

sample. However, this correlational ଏnding has to be interpreted with

care, due to the group differences in VTA-activation, as well as cognitive

ଏexibility. The counterintuitive positive relationship in control subjects

between the mean number of ଏsh drawn to decision (DTD8) and the

WCST-item “failure to maintain set” has not been obtained in schizo-

phrenia patients. Other pre-described neurocognitive domains such as

working memory (Broome et al., 2007; Ormrod et al., 2011), verbal

learning and memory or mastery (Lysaker et al., 2011; Buck et al.,

2012) have not been evaluated in our study. In addition, while estimat-

ed verbal intelligence did not explain altered decision-making in schizo-

phrenia, but its associationwith observer-rated delusions (Lincoln et al.,

2010a), small effects of intelligence levels cannot be excluded. However,

using intelligence as covariate did not diminish group differences.

Furthermore, future studies should investigate how emotional states

inଏuence the ability to think about one's own thinking, as well as per-

ception and decisions (Garety et al., 2012).

5. Limitations

Potential confounding effects of chronic course of illness, fMRI-

speciଏc testing conditions, medication, the resulting treatment re-

sponse, as well as learned and counteracting efforts of the patients

might have inhibited observing a JTC-bias in our schizophrenia sample.

Hence, our results add to the knowledge about neural correlates of

probabilistic reasoning and decision-making in schizophrenia, but do

not help explaining the neural correlates of the JTC-bias in particular.

Notably, we did not ଏnd inଏuences of CPZ equivalents neither on a be-

havioral level, nor regarding BOLD responses. This is in concert with

the general tendency in the literature (So et al., 2010) and a recent

experimental study, where dopaminergic treatment modulations

using haloperidol or L-dopa did not modify the number of draws-to-

decision or the probability threshold (Andreou et al., 2013). Neverthe-

less, antipsychotic medication might inଏuence dopaminergic signaling

during decision-making, independent of the strength of just dopami-

nergic binding. In addition, neurochemical signaling of uncertainty of

prediction errors might well involve not only dopamine, but also

amino acid neurotransmitters, acetylcholine and norepinephrine (Yu

and Dayan, 2005). Metacognitive deଏcits are certainly not restricted

to schizophrenia (Dimaggio et al., 2013; Ladegaard et al., 2014), but

represent general patho-mechanisms with important implications for

other mental disorders, too.

6. Conclusions

This fMRI study allows insight into activation patterns of probabilis-

tic reasoning and decision-making in schizophrenia. Compared to be-

havioral studies, the evaluation of fMRI can be considered as more

sensitive, more closely related to the primary cognitive processes and

more independent from factors that might confound the behavioral

phenotype. Applying this method, we found hypo-activation in VS and

VTA during ଏnal decision-making in schizophrenia patients. These

results suggest a dysregulated dopaminergic functioning during these

cognitive processes in schizophrenia. Future studies should focus

on longitudinal investigations starting with at risk mental states for

psychosis in order to describe the neuronal structures and neurochem-

ical correlates of metacognitive deଏcits in schizophrenia and improve

our understanding of the formation of delusions.
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