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Background. A dysfunctional differentiation between self-
relevant and irrelevant information may affect the percep-
tion of environmental stimuli as abnormally salient. The 
aberrant salience hypothesis assumes that positive symp-
toms arise from an attribution of salience to irrelevant 
stimuli accompanied by the feeling of self-relevance. Self-
referential processing relies on the activation of cortical 
midline structures which was demonstrated to be impaired 
in psychosis. We investigated the neural correlates of self-
referential processing, aberrant salience attribution, and 
the relationship between these 2 measures across the psy-
chosis continuum. Methods. Twenty-nine schizophrenia 
patients, 24 healthy individuals with subclinical delusional 
ideation, and 50 healthy individuals participated in this 
study. Aberrant salience was assessed behaviorally in terms 
of reaction times to task irrelevant cues. Participants per-
formed a self-reference task during fMRI in which they had 
to apply neutral trait words to them or to a public figure. 
The correlation between self-referential processing and aber-
rant salience attribution was tested. Results. Schizophrenia 
patients displayed increased aberrant salience attribution 
compared with healthy controls and individuals with sub-
clinical delusional ideation, while the latter exhibited inter-
mediate aberrant salience scores. In the self-reference task, 
schizophrenia patients showed reduced activation in the ven-
tromedial prefrontal cortex (vmPFC), but individuals with 
subclinical delusional ideation did not differ from healthy 
controls. In schizophrenia patients, vmPFC activation cor-
related negatively with implicit aberrant salience attribution. 
Conclusions. Higher aberrant salience attribution in schizo-
phrenia patients is related to reduced vmPFC activation 
during self-referential judgments suggesting that aberrant 

relevance coding is reflected in decreased neural self-refer-
ential processing as well as in aberrant salience attribution.

Key words:  psychosis/salience/vmPFC/self-referential 
processing/fMRI/psychosis continuum

Introduction

The aberrant salience hypothesis of psychosis1–3 suggests 
that delusional perception, acoustic hallucinations, and 
passivity symptoms result from dopamine mediated attri-
bution of salience to certain perceptions and thoughts.4,5 
However, attribution of salience to otherwise irrelevant 
stimuli does not explain why environmental perceptions 
are imbued with specific meaning centered around the 
psychotic person or why his/her thoughts appear to be 
transmitted from the outside or spoken aloud in the envi-
ronment. Indeed, this failure to self-ascribe thoughts,6 as 
well as aberrant self-relevance attribution to environmental 
stimuli6,7 both point to a dysfunction of the self, which can 
also be observed in transcultural studies of schizophrenia.8

The concept of  schizophrenia includes the notion 
of  a disturbed basic sense of  self  as a core mechanism 
specific to schizophrenia.9–11 Difficulties in differen-
tiating self-relevant from self-irrelevant information 
may render the perception of  neutral environmental 
stimuli abnormally salient.2,3 Recently, a direct link 
between self-disturbances and the experience of  aber-
rant salience has been proposed theoretically.12,13 Self-
relevance can be tested with self-referential paradigms 
that require judgments about oneself  and others.14 
Meta-analyses show that the cortical midline structures 
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(CMS) are involved in self-referential processing.15–17 
The CMS comprise ventromedial and dorsomedial 
parts of  the prefrontal cortex (vmPFC, dmPFC) and 
the anterior and posterior cingulate cortex.17,18 In self-
referential studies, schizophrenia patients show a wide 
range of  altered CMS activation19–25 but no change in 
self-referential judgments compared with healthy con-
trols in nonpersonalized tasks.19–22,24,25 The most consis-
tently reported hypoactivation in schizophrenia patients 
during self-referential tasks was found in the medial pre-
frontal cortex (mPFC).19,21–23,25 The vmPFC has thereby 
been identified as the core region of  self-relevance pro-
cessing,26–28 whereas the other regions are also engaged 
in social processing like thinking about other people.15 
The vmPFC is claimed to assign personal value to self-
related representations and therefore serves as the core 
region of  self-relevance coding during self-reflection.27 
More generally, the vmPFC is also involved in the 
computation of  subjective value,29–32 which suggests a 
functional overlap in this region between self-relevance 
processing and the assignment of  salience. Specifically 
investigating schizophrenia patients with delusions of 
reference, 1 study found that patients referred more non-
personalized information to themselves and displayed a 
blunted differentiation between self-referred and non-
self-referred information in the mPFC.23 This suggests 
a link between altered neural self-reference processing 
and aberrant assignment of  salience.

According to the aberrant salience hypothesis psy-
chotic symptoms arise from an attribution of salience 
to irrelevant environmental stimuli imbuing them with 
meaningfulness and relevance.1–3 A variety of phenomena 
observed in psychosis such as mismatch negativity33 and 
latent inhibition34 have been interpreted in this frame-
work.12 In the context of associative learning, heightened 
attention to nonpredictive or irrelevant cues is taken to 
reflect aberrant salience. Previous results from reinforce-
ment learning studies show elevated striatal activation to 
neutral cues in schizophrenia patients.35–39 However, these 
studies differed considerably in their operationalization 
of aberrant salience and used reinforcement learning par-
adigms with highly-reinforced compared with nonrein-
forced cues. The Salience Attribution Test (SAT) has been 
developed to specifically assess aberrant salience attribu-
tion to task-irrelevant or nonpredictive stimuli on the 
behavioral level. The SAT measures explicit salience attri-
bution through subjective judgments about reward con-
tingencies but also implicit salience attribution through 
changes in reaction times (eg, acceleration).40 The mea-
surement of implicit mental processes via reaction times 
enables access to more automatic levels of processing (cf. 
Implicit Association Test).41 The SAT has been shown 
to be valid42 and appropriate for schizophrenia patients, 
whereby deluded schizophrenia patients exhibit increased 
explicit aberrant salience compared with patients without 
delusions.40

Taken together, there is mostly indirect support for 
aberrant salience attribution5,42–44 and evidence for dimin-
ished neural processing of self-relevant stimuli in psy-
chosis.23,25 As both phenomena can be assumed to relate 
to each other as well as to symptoms of delusion, we 
intended to directly test these associations. By measuring 
salience attribution implicitly through reaction times in 
the SAT and analyzing self-relevance processing at brain 
level, we aimed at linking implicit cognitive processing to 
neural processing. A profound understanding of this neu-
rocognitive implementation may substantially advance 
our knowledge of the formation of delusion even at sub-
clinical thresholds. To further elucidate these processes 
at the subclinical level, our study includes healthy indi-
viduals with subclinical delusional ideation in addition to 
schizophrenia patients and healthy control participants. 
We thereby follow the notion of a personality continuum 
of psychotic experiences to investigate whether individu-
als with subclinical delusional ideation and schizophrenia 
patients share underlying neurocognitive mechanisms.45–47 
An association between aberrant salience and self-refer-
ential processing would then support recent theoretical 
work12,13 proposing a close link between those 2 phenom-
ena of psychotic experience.

First, we expected increased aberrant salience in schizo-
phrenia patients compared with healthy controls. Second, 
we hypothesized that schizophrenia patients would show 
decreased activation in the mPFC during self-referen-
tial processing. Following the dimensional approach 
to psychosis, we expected individuals with subclinical 
delusional ideation to take an intermediate position com-
pared with healthy controls and schizophrenia patients. 
Third, heightened levels of aberrant salience attribution 
were assumed to correlate with lower self-referential acti-
vation in the mPFC.

Methods and Material

Participants

In the present study, a total of 50 healthy individuals, 
31 schizophrenia patients, and 24 individuals with sub-
clinical delusional ideation were included. Schizophrenia 
patients fulfilled Diagnostic and Statistical Manual of 
Mental Disorders, Fourth Edition and ICD-10 criteria 
for schizophrenia and had no other psychiatric axis I dis-
order.48 Psychopathological symptoms were assessed with 
the Positive and Negative Syndrome Scale (PANSS).49 
Patients were recruited at the Department of Psychiatry 
and Psychotherapy (Campus Charité Mitte) of the 
Charité-Universitätsmedizin Berlin.

Healthy controls were recruited via online advertisement 
and mailing lists. To recruit an extreme group of individuals 
with subclinical delusional ideation, 1059 individuals com-
pleted the 21-item version of the Peters Delusion Inventory 
(PDI)47 online (mean total PDI score: 6.75 ± standard 
deviation: 3.57). Individuals scoring in the fourth quartile 
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with a total PDI score above nine were contacted and those 
not meeting exclusion criteria were included in the study 
as individuals with subclinical delusional ideation. Healthy 
controls and individuals with subclinical delusional ide-
ation had no Axis I disorder and did not report any past 
event of neurological or psychiatric illness, or past or cur-
rent substance abuse (assessed by the Structured Clinical 
Interview for DSM Disorders [SCID-I]).48

All participants completed the Schizotypal Personality 
Questionnaire (SPQ)50 to obtain general schizo-
typy. Handedness was assessed with the Edinburgh 
Handedness Inventory.51 We obtained a neuropsychologi-
cal test battery including the Trail Making Tests A and 
B for attention and cognitive flexibility, a vocabulary 
test for verbal intelligence (Wortschatztest)52 and a digit-
span test for working memory. In line with the literature53 
schizophrenia patients showed reduced mean scores in all 
of the neuropsychological measures compared with both 
of the other groups (table  1 and table S1). Additional 
analyses of behavioral and MRI data using the neuro-
psychology as covariates can be found in the supplemen-
tary material. Exclusion criteria for all participants were 
standard contraindications for MRI scanning (eg, metal 
implants, cardiac pacemakers, or claustrophobia). All 

participants gave written informed consent to the study 
and received monetary compensation for study participa-
tion. The study was approved by the local Medical Ethics 
Committee.

Most participants underwent both fMRI and SAT 
experimental sessions of the study (34 healthy controls, 
24 individuals with subclinical delusional ideation, 20 
schizophrenia patients). Subsamples did not differ in 
demographics (for sociodemographic characteristics and 
comparisons of these subsamples please see table S1).

Behavioral Paradigm SAT

The SAT is a reinforcement learning paradigm designed 
to measure aberrant and adaptive salience attribution 
implicitly via reaction time differences and explicitly 
via estimations on a visual analogue scale.40 Here, par-
ticipants were instructed to increase their wins by rapid 
responses to a target stimulus that was preceded by con-
ditioned stimuli. The conditioned stimuli varied along 
2 dimensions: color and type. During the main experi-
ment, 1 dimension was relevant with 1 reinforced (87.5% 
reward, eg, blue) and 1 nonreinforced (12.5% reward, eg, 
red) intradimensional manifestation whereas the other 

Table 1.  Sociodemographic Characteristics of the Imaging Sample (Mean ± SD [Minimum/Maximum]).

SZ (n = 22)

Individuals With 
Subclinical Delusional 
Ideation (PDI; n = 24) HC (n = 42) F (df) P Value

Age (y) 33.50 ± 7.31 (24/52) 23.54 ± 5.35 (18/40) 28.21 ± 6.99 (19/54) 12.78 (2,85) <.001a

Gender 28 males, 4 females 16 males, 8 females 27 males, 15 females — .334
Edinburgh Handedness Scale 64 ± 63.09 (-100/100) 76.42 ± 40.74 (-79/100) 76.57 ± 25.72(0/100) 0.56 (2,63) .575
Verbal IQ 98.82 ± 10.39 (75/115) 105.63 ± 6.65 (85/115) 104.31 ± 6.56 (85/115) 4.17 (2,76) .02b

Educational years 16.03 ± 4.37(10/27) 15.86 ± 3.32 (12/23) 16.88 ± 3.04 (13/24) 0.61 (2,64) .55
Trail Making Test A 36.05 ± 13.01 (19/62) 25.46 ± 7.04 (14/40) 24.5 ± 8.07 (10/40) 11.18 (2,78) <.001c

Trail Making Test B 84.73 ± 57.87 (27/304) 49.25 ± 12.08 (32/72) 51.08 ± 17.19 (13/93) 8.97 (2,79) <.001d

Digit Span 6.5 ± 2.11 (4/11) 8.42 ± 2.23 (5/12) 7.78 ± 2.31 (4/14) 4.39 (2,80) .016e

PDI total 8.0 ± 4.39 (1/19) 12.33 ± 1.99 (10/17) 2.12 ± 2.02 (0/6) 105.09 (2,82) <.001f

SPQ total 30.82 ± 15.2 (6/59) 23.7 ± 14.67 (5/73) 9.08 ± 8.722 (0/41) 16.78 (2,63) <.001g

PANSS total 74.41 ± 24.22 (33/118)
PANSS positive 19.91 ± 7.79 (7/39)
PANSS negative 18.14 ± 7.31(8/31)
PANSS general 36.36 ± 12.14 (16/56)
Age of onset (y) 25.44 ± 5.51 (18/37)
Duration of illness (y) 6.38 ± 6.1 (0/19)
Chlorpromazine equivalent 384.81 ± 218.16 (0/700)
Duration of treatment (mo) 35.26 ± 38.90 (0/120)

Note: HC, healthy controls; SZ, schizophrenia patients; SPQ, schizotypal personality questionnaire; PANSS, Positive and Negative 
Syndrome Scale; PDI, Peters Delusion Inventory. Post hoc t tests of significant effects reported in the following order: HC compared 
with PDI, HC compared with SZ and PDI compared with SZ.
at(64) = 2.83, P = .08; t(62) = 2.83, P = .003; t(44) = 5.3, P < .001.
bt(58) = 0.76, P = .45; t(53) = 2.25, P = .028; t(41) = 2.49; P = .017.
ct(58) = 0.74, P = .34; t(29.15) = 3.68, P = .001; t(29.85) = 3.33, P = .002.
dt(58) = 0.45, P = .65; t(23.29) = 2.66, P = .014; t(22.68) = 2.82, P = .01.
et(59) = 1.06, P = .29; t(57) = 2.13, P = .038; t (44) = 2.99, P = .05.
ft(62) = 19.7, P < .001; t(24.5) = 5.82, P < .001; t(27.09) = 4.16, P < .001.
gt(34.9) = 4.17; P < .001, t(22.95) = 5.35, P < .001; t(38) = 1.5, P = .143
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dimension was irrelevant with 2 equally reinforced mani-
festations (each with 50% reward eg, animals and objects). 
Twice during the task, participants were instructed to 
estimate on a visual analogue scale from 0% to 100% how 
often they thought that each of the 4 stimulus types (red 
animals, blue animals, red household objects, and blue 
household objects) had been reinforced. This measured 
explicit salience attribution, whereas reaction time differ-
ences in milliseconds reflected implicit salience attribu-
tion. Adaptive salience was measured by the difference 
between the reinforced and the nonreinforced stimuli 
of the relevant cue dimension, eg, blue > red. Aberrant 
salience attribution was measured via the absolute differ-
ences between the 2 equally reinforced conditioned stim-
uli of the irrelevant dimension, eg, |animals-objects|. The 
relevant and irrelevant dimensions were balanced over 
groups and their respective intradimensional manifesta-
tions were randomized across participants. The whole 
task consisted of 2 practice runs and 2 main experimental 
blocks with 64 trials each. For a more detailed descrip-
tion of the paradigm, see the supplementary material.

FMRI Paradigm: Self-Reference Task

To identify self-referential processing during fMRI, 
participants had to judge whether a neutral personality 
trait word was applicable to themselves (self), to Angela 
Merkel (other), or whether the word contained exactly 
2 syllables (syllables; figure S2).14 These 3 conditions 
were presented in 18 alternating blocks. Each block was 
preceded by a cue indicating the task condition for 3s. 
During each block, 5 trait words were presented for 3 s 
each and participants responded to each word by a but-
ton press indicating either “yes” or “no”. Between blocks, 
a fixation cross was presented for 3 s (for depiction of the 
task see figure S2). Total task duration was approximately 
6 min. All presented German trait words were rated as 
neutral in previous studies.54,55 The paradigm was imple-
mented using the software Presentation (Version 0.70, 
www.neurobs.com). Analysis and results of behavioral 
data from the self-reference paradigm are reported in the 
supplementary material.

Data Analysis

Behavioral Paradigm: SAT

All data were analyzed using SPSS 19 (IBM Corp.). The 
implicit and explicit measures of aberrant salience (dif-
ference between the 2 stimulus manifestations of the 
task irrelevant dimension) were square root transformed 
to reduce skew and averaged across blocks. For implicit 
and explicit aberrant salience, 1-way analyses of variance 
including age as covariate were performed with group 
(healthy controls, individuals with subclinical delusional 
ideation, schizophrenia patients) as between-subject fac-
tor. Significance level for all analyses was P < .05 2-tailed. 

Post hoc analyses of significant effects were performed 
using t tests (Bonferroni-corrected for multiple compari-
sons). Correlational analyses with PANSS symptoms 
scores were performed using Spearman’s rho coefficients 
in the patient group. Here, we chose this coefficient due 
to its robustness with regard to extreme values measured 
by the PANSS. We calculated within-group correlations 
between implicit and explicit aberrant salience using 
Pearson’s correlation coefficient. For analyses concerning 
the adaptive salience measures, see the supplementary 
material.

MRI Acquisition

Anatomical and functional imaging was acquired using 
a 3 Tesla Siemens Trio System MRI-Scanner with a 
12-channel head coil. Movement was minimized by vac-
uum pads on each side of the head. Functional images 
were acquired using T2*-weighted gradient echo planar 
imaging. Thirty-seven slices per volume were collected 
in descending order parallel to the AC-PC line (TR: 
2250 ms, TE: 25 ms, flip angle: 80°, voxel size: 3 mm3).

FMRI Data Analysis

Functional imaging data were analyzed using SPM8 
(Wellcome Department of Imaging Neuroscience, 
Institute of Neurology; http://www.fil.ion.ucl.ac.uk/
spm/). After correction for delay in slice-time acquisition, 
functional images were unwarped using the acquired field 
maps to correct for inhomogeneity of the magnetic field 
and its interaction with head movement. The individual 
anatomical T1 image was coregistered to the individual 
mean echo planar imaging (EPI) and normalized to the 
functional MNI template using the unified segmentation 
approach as implemented in SPM8.56 Spatial normal-
ization parameters were applied to all EPI images and 
finally, all images were smoothed with a Gaussian kernel 
of 8 mm full width at half  maximum. Functional images 
were analyzed using the general linear model approach 
as implemented in SPM8. On the single subject level, 
the 3 conditions self, other, and syllables were modeled. 
Additionally, the 3 preceding cues were modeled and 
the 6 movement parameters were included as additional 
regressors of no interest. The individual contrast images 
of all 3 conditions were subjected to a second-level ran-
dom effects model using a flexible factorial ANOVA 
design with group as the between-subjects factor (healthy 
controls, individuals with subclinical delusional ideation, 
and schizophrenia patients) and condition as the within-
subjects factor (self, other, and syllables) including sub-
jects as a random factor and age as a covariate. To probe 
neural correlates of self-referential processing, the t-con-
trast self > other was assessed combining all 3 groups at 
P < .05 family-wise error (FWE) whole brain corrected. 
Group differences were tested with an F-contrast for the 
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interaction between group and the contrast self > other 
and are reported at P < .05 FWE corrected for the voxels 
showing a significant task effect (self > other at P < .05 
FWE whole brain corrected). For whole brain correction 
see the supplementary material.

To probe a correlation between measures of aberrant 
salience attribution and brain activation during self-
referential processing, mean parameter estimates were 
extracted from the peak of the contrast self>other (vmPFC 
at −9/44/−2) using a 10-mm sphere. Because groups dif-
fered in neuropsychological measures and age, we con-
trolled for these differences and calculated within-group 
partial correlations between the individual implicit aber-
rant salience scores and vmPFC parameter estimates. In 
the following, we calculated Fisher’s z tests to test for dif-
ferences of those correlation coefficients between groups. 
In an explorative approach, we also tested for a correla-
tion of aberrant salience with other regions showing a 
significant activation during self > other (insula, middle 
cingulate cortex, and cerebellum, see table 2) by also using 
10-mm spheres for extracting parameter estimates.

Results

Behavioral Paradigm: SAT

Groups differed in their implicit aberrant salience scores 
(F[2,99] = 3.521, P = .033). Schizophrenia patients dis-
played increased implicit aberrant salience scores compared 
with healthy controls (t[77] = 2.93, P = .012). The individu-
als with subclinical delusional ideation scored intermedi-
ately between patients and healthy controls and thus did 
not differ significantly from schizophrenia patients (t[47.7] 
= 2.01, P > .6) or healthy controls (t[72] = 0.801, P > .9; 
figure 1). Groups did not differ in explicit aberrant salience 
scores (F[2,99] = 0.809, P > .18). Aberrant salience attribu-
tion in patients was not correlated with psychopathology 
scores from the PANSS (P > .5). Implicit and explicit aber-
rant salience did not correlate within any of the groups (P 
> .1). For results concerning adaptive salience attribution, 
please see the supplementary material.

FMRI—Results: The Self-Reference Task

Across all participants, the contrast self > other yielded 
significant activation in the CMS containing the anterior 
cingulate cortex, vmPFC, insula, and cerebellum. The 
global maximum was located in the vmPFC (cluster size 
= 4276; peak at −9/44/−2; t[1,170] = 14.85, PFWE-corrected for 

the whole brain < .05; table 2, figure 2A).
Testing for group differences, we found a significant 

group by self>other interaction in the vmPFC bilaterally 
(9/38/1, F[2,170] = 13.73, PFWE for self  > other = .008; 0/53/−1, 
F[2,170] = 12.2, P = .025; −3/50−2, F[2,170] = 11.71, PFWE 

for self  > other = .036). Post hoc t tests revealed that this finding 
was due to reduced activation in schizophrenia patients 
compared with healthy controls (9/38/1, t[1,170] = 5.14, 
PFWE for self  > other = .001; −6/47/−2, t[1,170] = 4.61, PFWE for 

self  > other = .008) and individuals with subclinical delusional 

Table 2.  Brain Activation for the Contrast Self > Other Across All Participants Reported at P < .05 FWE Corrected for the Whole Brain 
(Cluster Size > 20)

Anatomical Region Cluster Size

MNI-Coordinates

R/L t(1,170) PFWE Whole Brain-CorrectedX y z

self > other vmPFC 4276 −9 44 −2 L 14.85 <.001
9 41 −5 R 14.78 <.001
6 38 13 R 10.73 <.001

Middle cingulate 
cortex

176 0 −16 37 7.83 <.001

Insula 83 42 11 −5 R 6.23 <.001
Cerebellum 624 −9 −61 16 L 6.71 <.001
Cerebellum 154 −30 −64 −26 L 5.76 <.001

Note: FWE, family-wise error; MNI, Montreal Neurological Institute; vmPFC, ventromedial prefrontal cortex.

Fig. 1.  Mean square root transformed aberrant salience scores 
(± SE) for 50 healthy controls (3.08 ± 0.17), 24 delusion-prone 
subjects (3.40 ± 0.27), and 29 schizophrenia patients (3.89 ± 0.25).
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ideation (3/56/1, t[1,170] = 4.54, pFWE for self  > other = .011; 
9/41/−2, t[1,170] = 4.39, PFWE for self  > other = .019). There were 
no differences between individuals with subclinical delu-
sional ideation and healthy controls (t[1,170] = 3.19; PFWE 

for self  > other > .5; figure 2B and 2C). For self, schizophrenia 
patients showed decreased vmPFC activation compared 
with healthy controls (t[62] = 4.701, P < .001) and to indi-
viduals with subclinical delusional ideation (t[44] = 3.65, 
P > .001). For other, schizophrenia patients displayed less 
deactivation compared with healthy controls (t[62] = 3.95, 
P < .001) and compared with individuals with subclinical 
delusional ideation (t[44] = 3.26, P = .002).

FMRI—The Relationship Between Self-Reference and 
Aberrant Salience Processing

Within-group, we tested for a relationship between self-
referential processing in the vmPFC (10-mm sphere 
around the peak at −9/44/−2) and aberrant salience 
attribution while controlling for differences in age and 
neuropsychology. There was a statistically significant 
correlation only in the schizophrenia patients (r[10] = 
−0.602, P = .038; figure  3). No significant correlations 
in individuals with subclinical delusional ideation (r[17] 
= −0.038, P > .8) or healthy controls (r[25] = 0.247, P > 
.2) were observed. No significant correlations were found 
between aberrant salience and other regions showing a 
significant task effect (supplementary material).

The difference in correlation coefficients between 
healthy controls and schizophrenia patients was statisti-
cally significant (z = −2.946, P = .02). There was also a 
significant difference in correlation coefficients between 

individuals with subclinical delusional ideation and 
schizophrenia patients (z = −1.908, P = .028). The cor-
relation coefficients did not statistically differ between 
healthy controls and individuals with subclinical delu-
sional ideation (z = −1.026, P > .1).

Discussion

In the present study, we investigated aberrant salience 
attribution and neural correlates of self-referential 
processing in schizophrenia patients, individuals with 

Fig. 3.  The correlation between reduced activation in the vmPFC for 
the contrast self> other (10-mm sphere around peak of the contrast 
at −9/44/−2) and the aberrant salience score in schizophrenia patients 
(n = 20, r[1,18] = −0.470, P = .037, R2 = 0.221).

Fig. 2.  (A) All participants taken together (n = 88) for the contrast self > other reported at P < .05 FWE corrected for the whole brain. 
(B) Group by self > other interaction in the right vmPFC (9/38/1, F[2,170] = 13.73, PFWE for self  > other = .008) and left vmPFC (−3/50/−2, 
F[2,170] = 11.71, PFWE for self  > other = .036; displayed at .001 uncorrected k > 50). (C) Parameter estimates in right vmPFC (at 9/38/1) for self, 
other, and syllables condition. For self, schizophrenia patients (red) showed decreased activation compared with healthy controls (blue; 
t[62] = 4.701, P < .001) and to individuals with subclinical delusional ideation (purple; t[44] = 3.65, P > .001). For other, schizophrenia 
patients displayed increased activation compared with healthy controls (t[62] = 3.95, P < .001) and compared with individuals with 
subclinical delusional ideation (t[44] = 3.26, P = .002). There were no differences between healthy controls and individuals with 
subclinical delusional ideation for self or other (P > .6) and no group differences for syllables (P > .2). Error bars show the standard error 
of the mean. Order of bars for each condition in panel C: healthy controls, individuals with subclinical delusional ideation, schizophrenia 
patients. (Note: For colour interpretation, please see figure online.)
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subclinical delusional ideation, and healthy controls. 
We report 3 key findings: first, schizophrenia patients 
showed increased aberrant salience attribution compared 
with healthy controls, with individuals with subclinical 
delusional ideation taking an intermediate position; sec-
ond, patients displayed decreased activation during self-
referential processing in the vmPFC compared with both 
healthy controls and individuals with subclinical delu-
sional ideation; third, the activation in this region cor-
related negatively with aberrant salience in schizophrenia 
patients. These findings support the relevance of altered 
self-referential processing6,7 and aberrant salience attribu-
tion in schizophrenia.2,3

Heightened Aberrant Salience in Psychosis

To our knowledge, this is the first study to show height-
ened implicit aberrant salience in schizophrenia patients 
compared with healthy controls using a reaction time 
measurement taken from the SAT, an operationalization 
of  aberrant salience attribution to irrelevant stimuli.40 
Patients speeded up their reaction times following 1 out 
of  2 equally task-irrelevant stimulus manifestations. 
This result supports the aberrant salience hypothesis of 
schizophrenia.2,3 So far, the previous study investigating 
the SAT in schizophrenia patients found higher explicit 
aberrant salience in patients with delusions but did 
not report overall between-group differences either in 
implicit or in explicit aberrant salience measures.40 This 
might be due to differences in sample characteristics as 
indicated by higher positive symptoms in our sample: 
our patient sample displayed higher severity ratings for 
positive symptoms (19.9 compared with 14.8, respec-
tively, using a formula specifically developed to compare 
Scale for the Assessment of  Positive Symptoms and 
PANSS).57 Further, we found that individuals with sub-
clinical delusional ideation displayed intermediate aber-
rant salience scores between schizophrenia patients and 
healthy controls. Albeit not statistically significant, this 
dimensional pattern is in accordance with previous stud-
ies investigating decision-making tasks (such as jumping 
to conclusions) across the psychosis continuum.58,59

It is important to note that we did not observe a signifi-
cant correlation between aberrant salience measures and 
positive symptoms. This might be due to our cross-sec-
tional design, where such correlations can be blurred due 
to multiple factors that develop at different trajectories in 
the course of the disorder, such as the appraisal of aber-
rant salience experience influenced by factors like rea-
soning bias, metacognition and social inclusion.60 Thus, 
the proposed association between aberrant salience and 
delusions may be more obvious at the beginning of the 
disorder, in a state that has been described as “delusional 
mood” and that is later followed by cognitive explanation 
models forming the actual delusions.2,3 Nevertheless, our 
finding of heightened aberrant salience in a rather stable 

and chronic schizophrenia sample suggests that aberrant 
salience is a continuing core feature of the disorder.

With respect to delusion-like ratings, schizophrenia 
patients displayed lower PDI scores compared with indi-
viduals with subclinical delusional ideation. Although 
the PDI was designed for healthy samples,61 this pattern 
suggests that a mere high delusion-like experience as in 
our high-functioning, high PDI sample, does not imply 
clinical impairment. In line with that, psychotic experi-
ences occur in 7% of the general population46 but only 
very few of them seek clinical help and will meet com-
plete diagnostic criteria for schizophrenia later in life,62,63 
which is one important difference from high-risk individ-
uals. Interestingly, we found decreased implicit adaptive 
salience attribution in schizophrenia patients as well as in 
individuals with subclinical delusional ideation. This may 
reflect a motivational deficit in reinforcement learning as 
Roiser and colleagues reported similar results,64 which 
is also in line with previous studies using other learning 
tasks.38,65

Decreased Activation in the vmPFC During Self-
Referential Processing in Schizophrenia Patients

We found that schizophrenia patients showed reduced 
activation compared with healthy controls and individu-
als with subclinical delusional ideation in the vmPFC 
during self-referential processing. The finding of hypoac-
tivation in anterior regions of the cortical midline struc-
tures in schizophrenia patients is consistent with previous 
studies on self-reference.19,21–23 Those findings varied 
with regard to task designs—especially the used control 
condition and the reported contrasts.19–25,66 We chose to 
investigate the contrast self > other due to its specificity 
to self-referential processing, because “thinking about 
myself” activates a similar neural pattern as “thinking 
about another person”.16 Moreover, we found that indi-
viduals with subclinical delusional ideation did not dif-
fer significantly from healthy controls in brain activation 
during self-referential processing. Healthy siblings of 
schizophrenia patients displayed no regional activation 
alterations for the contrast self > control compared with 
controls without genetic risk but heightened functional 
connectivity within the default mode network;67 the lat-
ter finding of hyperconnectivity in the default network 
was also observed in schizophrenia patients.68 Two previ-
ous studies found heightened PFC activation associated 
with psychosis proneness69 and positive schizotypy70 for 
the contrast self > control. These inconsistencies might 
be due to addressing social cognition instead of the self-
referential processing that we decided to investigate.

In a study investigating self-referential processing in 
healthy individuals, vmPFC activation increased with 
higher subjective importance attached to the self-referred 
trait word.71 Thus, the vmPFC is conceptualized to 
assign personal value to self-related representations and 
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therefore serves as the core region of self-relevance cod-
ing during self-reflection.27,72

Aberrant Salience Attribution Is Related to Reduced 
vmPFC Activation

We tested the hypothesis that self-referential processing and 
aberrant salience are related, more specifically that reduced 
activation in the self-reference network is correlated with 
heightened aberrant salience attribution. We found that 
in schizophrenia patients reduced vmPFC was associated 
with higher levels of aberrant salience attribution.

The vmPFC has been conceptualized as the core region 
of self-relevance coding27,72,73 and salience attribution dur-
ing self-referential processing.23,26 In line with our find-
ing, Menon and colleagues23 reported that schizophrenia 
patients felt that more neutral sentences were written spe-
cifically about them when compared with controls and 
showed reduced differences between self-referred and 
non-self-referred sentences in the mPFC. This resonates 
well with our finding of a negative correlation between 
aberrant salience attribution and blunted self-referential 
processing in the vmPFC in patients.

A disturbed sense of self-relevance with a blurred dis-
tinction between self-referencing and other referencing 
may affect aberrant salience attribution by assigning per-
sonal values to neutral events. Due to our correlational 
design, the causal direction of the observed effect can-
not be inferred. However, in our opinion, it is conceivable 
that both phenomena are related to 1 core underlying 
process.12,13 In line with this, a recent finding suggests that 
the vmPFC codes reward values relevant for the current 
decision independent of whether the decision is carried 
out for oneself  or another person.32 Transferring this to 
self-referential processing, vmPFC activation in healthy 
individuals elicited by judgments about oneself  compared 
with another person could be driven by higher relevance 
attribution during self-reference processing. In schizo-
phrenia patients, the blunted vmPFC activation might 
therefore indicate a disturbed attribution of relevance 
present in self-referential judgments as well as in learning 
environmental contingencies during the SAT.

The observed association between the 2 measures was 
only found in the schizophrenia patient group and was 
not explained by cognitive measures. Although aberrant 
salience measures were numerically increased in the indi-
viduals with subclinical delusional ideation, we did not 
observe an association with self-referential activation in 
the vmPFC. This suggests a specific role of altered rel-
evance coding to schizophrenia patients.

Limitations

Several limitations of our article need to be addressed. 
First, most schizophrenia patients in our sample were 
medicated, potentially confounding group differences. 

Although this increases the ecological validity of our 
patient sample, studies in unmedicated patients are war-
ranted. Nevertheless, because antipsychotic medication 
should rather act in reducing aberrant salience via its 
effect on positive symptoms, our finding of elevated aber-
rant salience in patients is unlikely to be due to medica-
tion effects. Controlling for Chlorpromazine-equivalent 
dosage did not change our results (supplementary mate-
rial). Second, unlike Menon and colleagues,23 we did 
not find behavioral group differences in self-referential 
judgments. However, our behavioral results are in line 
with other studies using similar nonpersonalized task 
designs.19–22,24,25,66 Third, while the association between 
aberrant salience and vmPFC activation during self-ref-
erential processing seems to be specific for schizophrenia 
patients, comparable associations might be present in dif-
ferent brain regions in healthy individuals. Fourth, our 
measure of aberrant salience was derived from a proba-
bilistic learning task, however no correlation between 
contingency ratings and our measure of implicit aber-
rant salience was observed in schizophrenia patients (P > 
.3); controlling for neuropsychological measures also did 
not alter our findings. Taken together, this suggests that 
our measure of aberrant salience goes beyond deficits in 
detecting contingencies. Finally, we have to caution that 
aberrant salience and the accompanying heightened sense 
of self  to irrelevant stimuli are complex constructs with 
idiosyncratic aspects and future studies should therefore 
use multiple paradigms to cover their various facets.43

Conclusion

Our findings provide experimental evidence for the 
hypothesis of aberrant salience attribution1–3 and dys-
function of the self1,6–11 in schizophrenia. We demonstrate 
reduced neural self-referential processing in the vmPFC, 
the core region of self-relevance coding, which was asso-
ciated with increased aberrant salience attribution in 
schizophrenia patients. The correlation between reduced 
vmPFC activation and aberrant salience in schizophre-
nia patients indicates disturbed attribution of relevance 
during self-reflection, as well as during detecting environ-
mental contingencies.

Supplementary Material

Supplementary material is available at http://schizophre-
niabulletin.oxfordjournals.org.
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