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2.1 Imaging the healthy brain
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2.1.1 Activation of Anterior Insula during 
   Self-Reflection

G. Modinos1, J. Ormel2, A. Aleman1
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Neuroimaging Center, University of Groningen, Groningen, The Netherlands.
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Functional neuroimaging studies have suggested activation of midline fronto-
parietal brain regions to be at the core of self-related processes. However, 
although some studies reported involvement of the insula, little attention has 
been paid to this region as forming part of the “self”-network. Using functio-
nal magnetic resonance imaging (fMRI), we aimed at replicating and exten-
ding previous studies by scanning subjects whilst reflecting upon their own 
personal qualities as compared to those of an acquaintance. A third condition 
with statements about general knowledge was used to control for attention, 
semantic processing and decision making processes. The results showed a 
significant effect of task in brain activity, consistent with previous findings, by 
which both person conditions recruited a common set of medial prefrontal and 
posterior regions, yet significant differences between self and other were found 
in the medial prefrontal cortex (MPFC) and the anterior cingulate cortex (ACC). 
Notably, significant neural activation in the left anterior insula was observed as 
uniquely associated with self-reflection. The results provide further evidence 
for the specific recruitment of anterior MPFC and ACC regions for self-related 
processing, and highlight a role for the insula in self-reflection. As the insula is 
closely connected with ascending internal body signals, this may indicate that 
the accumulation of changes in affective states that might be implied in self-
processing may contribute to our sense of self.
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 The study of the neural substrates of self-re-

lated processing has become an increasingly promi-

nent issue in cognitive neuroscience. Recent functio-

nal neuroimaging studies have consistently shown 

brain activity within several cortical regions during 

self-referential tasks, particularly along the midline 

and including the prefrontal cortex (PFC), posterior 

cingulate cortex (PCC), and parietal regions. Mo-

reover, these regions appear to be involved across a 

variety of task domains, namely self-reflection [1,2], 

encoding and retrieval of self-related information [3-

6], self-related processing in sexual arousal [7], as-

sessment of one’s own personality and physical traits 

[8-11], self-referential decision-making [12], and first-

person perspective taking [13]. Critically, these rele-

vant regions for social cognition strikingly overlap with 

the neural substrates of the so-called “default mode” 

of the human brain [14]. In this regard, the accumula-

ting evidence for the existence of a default mode of 

brain function has derived from the observation of in-

trinsic activity in a neural architecture encompassing 

regions of the MPFC, PCC and medial precuneus 

[15], whose interaction would be intimately involved 

in self-awareness and conscious experience [16-18].

 Efforts to closely examine neural activity 

associated with self-referential as opposed to other-

person processing have described activity in MPFC, 

anterior cingulate cortex (ACC), supplementary mo-

tor area (SMA) and precuneus for self versus a fa-

mous other [2,9,11], ventral MPFC for self versus a 

similar or dissimilar other [19], and superior medial 

parietal and MPFC for self versus a friend [4,20]. Re-

cently, functional magnetic resonance (fMRI) eviden-

ce was examined in a meta-analysis by Northoff et 

al. [21], which concluded in favor of a neural module 

of cortico-subcortical midline structures underlying 

self-processing. Conversely, a thorough review of the 

available behavioral and physiological evidence of 

the possible specificity of a sense of self postulated 

that the observation of brain activations associated 

Introduction

with self-processing might not be indicative of neu-

ral specificity due to methodological irregularities 

such as the use of inadequate control conditions 

(e.g., lack of another person condition; the use of 

baseline conditions based on case judgments, re-

quiring a dissimilar cognitive process). Instead of 

indicating self-relatedness, the authors proposed 

that such activations would rather be attributable 

to generally processing information about people 

[22]. 

 The insular cortex is well known for its role 

in interoceptive awareness and appraisal of one’s 

own internal states [23]. Furthermore, this structure 

has been involved in studies employing affective 

tasks, being traditionally associated with pain [24]. 

The insular cortex expands bilaterally along the in-

nermost parts of the human forebrain, being neu-

roanatomically plausible to distinguish between the 

anterior and posterior portions. The anterior insula, 

corresponding to the agranular cortex, is thought 

to be involved in social cognition [25]. Several fMRI 

studies on self-related processes reported insula 

activity [10,12,17,26-30], yet little elaboration was 

made of such finding. Hence, the present study 

placed special emphasis on whether the anterior 

insula would have a role in a more general and in 

principle non-emotion-eliciting self-reflection task.

 Understanding the neural regions suppor-

ting self-reflection, a crucial component of self-

awareness, could be critical to elucidate the intrin-

sic brain mechanisms whose impairment may lead 

to psychological disturbances [31]. Impaired self-

awareness is a common feature in several neurolo-

gic [32-34] and psychiatric disorders, such as schi-

zophrenia [35,36], in which prefrontal and cingulate 

regions are frequently compromised [37]. Interes-

tingly, recent findings suggest that impairments in 

the default mode network may also be associated 

with psychiatric disorders [38]. 
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The aim of this study was two-fold: 1) to clarify 

whether insula activity would be intrinsically invol-

ved in self-reflection, and 2) to replicate and ex-

pand current understanding of the neural network 

underlying self-reflection using an fMRI task pre-

viously associated with robust activity in midline 

structures [1]. Considering that Johnson and co-

lleagues’ study [1] used a semantic baseline, and 

was therefore prone to criticism [22], we sought to 

address this issue by adding an other-person re-

flection condition.

 Sixteen right-handed, healthy universi-

ty students (10 male, aged 18-27 years; M = 20.8 

years, SD = 2.5) participated in the study. Subjects 

did not have a history of psychiatric or neurological 

disorder, significant physical illness, head injury, or 

alcohol/drug abuse. None of the subjects were ta-

king alcohol or medication at the time of the study. 

All subjects scored below cut-off on self-reports of 

depression [39] (M = 2.13, SD = 2.05), and psycho-

sis-proneness [40], (M = 1.12, SD = 0.04). These 

 Subjects viewed three types of short sen-

tences about personal qualities, attributes and at-

titudes. They were asked to indicate whether the 

sentence was true about them, whether it was 

true about an acquaintance of theirs, or whether 

it was true about general knowledge. Before scan-

ning, a detailed explanation of the task was given 

to all subjects and they were asked to choose an 

 Based on previous data, we hypothesized 

that: 1) both person conditions (compared to the 

semantic baseline) would show some common ac-

tivation patterns in prefrontal and parietal regions 

[5,11,20]; 2) self-reflection (compared to other-reflec-

tion) would still produce unique activations within the 

cortical midline, especially in its anterior portion, and 

including the anterior insular cortex.

tests were used to rule out interfering factors asso-

ciated with psychopathology that may affect self-

awareness [41]. After subjects were given a complete 

explanation of the study, written informed consent 

was obtained from all of them. Participants were paid 

for their participation. The study was approved by the 

Medical Ethical Committee of the University Medical 

Center Groningen, and was conducted in accordance 

with the Declaration of Helsinki.

acquaintance upon whom they were to reflect inside 

the scanner. An eligible acquaintance was defined as 

someone familiar to the degree of being able to jud-

ge some of their personality and physical traits, but 

not too close and not eliciting strong feelings in them. 

Thus, best friends, parents or romantic partners were 

not permitted; instead, an acquaintance such as a 

classmate or a teammate was suggested.

Materials and Methods

Participants

Task
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 The experiment comprised 90 trials, 30 per 

condition, including items such as, for the Self con-

dition, “I am a good friend”, “I often forget important 

things”, “I am attractive”, “I am good at my studies”. 

Sentences in the Other condition involved, for exam-

ple, “OTHER can be trusted”, “OTHER is a generous 

person”, “OTHER is not very attractive”, “OTHER of-

ten talks too much”. The Semantic condition (base-

line) included sentences such as “You need water to 

live”, “A vertebra is a bone”, “A hand has 8 fingers”, 

“Spring comes after Autumn”. There were an equal 

number of true/false items in the semantic condition 

(50% of each), and of physical/personality traits in 

both person conditions (27% physical, 73% persona-

lity-related) so that results would not be confounded 

by this effect. Similarly, there were the same number 

of positive and negative key-words in the two person-

related sets of sentences (50% of each), validated 

against Anderson’s list of personality trait words [42], 

in order to control for a possible effect of valence on 

brain activity. Subjects responded to each statement, 

presented in white letters on a black screen, with a 

 Images were acquired with a 3T Philips In-

tera MR-scanner (Philips Medical Systems, Best, The 

Netherlands). Functional data comprised 246 volu-

mes acquired with T2*-weighted gradient echo planar 

imaging (EPI) sequences, using a sense-8 head coil. 

Thirty-seven echo planar images per volume sensi-

tive to blood oxygenation level-dependent (BOLD) 

contrast were obtained (TR = 2000 ms; TE = 35 ms; 

Procedure

Imaging data acquisition 

“yes” (right hand, index finger) or “no” (right hand, 

middle finger) button-press response. A constant 

visual reminder of which button to press was dis-

played at the bottom of the screen throughout the 

entire scanning session.

 The experimental design consisted of 5 

blocks for each of the 3 conditions (Self, Other, 

Semantic), interleaved with four 20-s rest periods 

consisting of a fixation cross presented in the 

middle of the screen (at the beginning, middle and 

end of experiment). Order of presentation of the 3 

conditions was randomized. In each 24-s block, 6 

different sentences of the same type were presen-

ted for 4 s each.

 The experiment was executed on a Pen-

tium PC using the software package E-Prime (Ps-

ychology Software Tools Inc., Pittsburgh, PA). Sti-

muli were projected onto a screen positioned at the 

end of the bore, visible through a mirror attached 

to the head-coil. Cushions were used to minimize 

head movement.

3.5x3.5 mm in-plane resolution; Field of View [FOV], 

224 mm). Slices were acquired interleaved and 

oriented parallel to the AC-PC plane, with a thic-

kness of 3.5 mm and no gap. High-resolution T1-

weighted 3D fast-field echo (FFE) sequences were 

obtained for anatomical reference (160 slices; TR, 

25 ms; TE, 4.6 ms; slice-thickness, 1 mm; matrix, 

256 x 256; FOV 26 cm; voxel size, 1 x 1 x 1 mm).
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 The fMRI data were preprocessed and 

analyzed using SMP5 (Wellcome Department of 

Imaging Neuroscience, London, UK) implemented 

in Matlab 7.1 (The Mathwork Inc.). All functional 

images were slice-time corrected, and realigned. 

After realignment, the obtained mean EPI image 

was co-registered with the structural T1 image. 

Subsequently, images were spatially normalized 

to the standard stereotactic space defined by the 

Montreal Neurological Institute (MNI) template. Du-

ring normalization, scans were re-sampled onto a 2 

x 2 x 2 mm3 grid. Functional images were spatia-

lly smoothed with a 3D isotropic Gaussian kernel 

(FWHM of 8 mm). Low-frequency noise was remo-

ved by applying a high-pass filter (cut-off of 128 s) 

to the fMRI time-series at each voxel. Significant 

hemodynamic changes for each condition were 

examined using the general linear model [43], with 

a blocked (epoch) design modeled using a boxcar 

function convoluted with a hemodynamic response 

 Reaction times (RT) during the Self (M 

= 1917 ms), Other (M = 1986 ms), and Semantic 

conditions (M = 1937 ms) did not differ significantly 

from each other (F(2, 45) = 0.318; p = 0.729). This 

was considered as indicative that none of the three 

conditions might have required a superior cognitive 

effort, which enabled a clearer interpretation of re-

sults.

function. Statistical parametric maps for each con-

trast of the t-statistic were calculated on a voxel-by-

voxel basis for each subject (first-level analysis on 

Self > Semantic and Other > Semantic).

 The contrast images obtained per subject 

were entered as the data for the second-level (group) 

analyses. In order to examine significant brain acti-

vation in each effect, we used a one-way within-sub-

jects analysis of variance (ANOVA). One experimental 

factor was specified, with two levels (Self>Semantic, 

Other>Semantic). Peak coordinates were identified at 

p < 0.05, False Discovery Rate corrected (FDR), in 

regions encompassing at least 10 voxels. After de-

termining the main effect of task, we examined di-

fferences between self and other, by means of a t-

test between the two levels (e.g., [self>semantic] > 

[other>semantic]), setting the same statistical correc-

tion for multiple comparisons as mentioned above.

 No significant differences were found when 

examining the proportion of the participants’ attribu-

tion of positive qualities to self or to other (F(1,30) = 

0.119; p = 0.773). All subjects scored above 90% co-

rrect in the semantic condition (M = 28.19, SD = 1.11, 

maximum: 30).

Imaging data analyses

Behavioral data

Results
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 The within-subjects analysis revealed that 

there was a main effect of task in the precuneus ex-

tending into the superior parietal lobe, in the ACC, 

and bilaterally in the middle frontal and superior fron-

tal gyri (MPFC). Additional activations were seen in 

the superior temporal gyrus (STG), calcarine gyrus, 

SMA, and the left anterior insula (Table 1 and 

Figure 1).

Table 1. Neural activation produced by the main effects of task.

Figure 1. Glass brain and rendered view depicting the main effect of task, as characterized with a one-way 
within-subject ANOVA. Significant differences were recognized at p>0.05 (FDR corrected) and extent threshold 
of 10 voxels.

SMA = Supplementary Motor Area. Activations were identified with a t-test between [self>semantic] > 
[other>semantic], and vice-versa. Significance was set at p<0.05 (FDR corrected), encompassing at least 10 
voxels.

Functional imaging results

The t-test analysis between the two levels 

([self>semantic] > [other>semantic]) indicated that 

the Self condition produced significant neural ac-

tivation in ACC, middle and superior frontal gyri 

(MPFC), STG, SMA, and the left anterior insula. In 

addition, brain activity was seen in the calcarine 

gyrus, and the cerebellum. (Table 2 and Figure 2).

Region L/R MNI Coordinates F-value Z-score

x y z
Anterior Cingulate Cortex L -8 28 28 2956 435

R 6 28 28 2831 428
Middle Frontal Gyrus R 26 54 30 2509 408

L -24 52 32 1785 353
Superior Frontal Gyrus R 20 52 36 2280 392

L -24 50 22 2114 380
Precuneus R 4 -62 32 6253 565
Calcarine Gyrus R 14 -88 0 4248 497
Superior Temporal Gyrus L 66 -40 18 1810 355
SMA R 8 10 62 1703 346
Insula L -36 20 4 1587 335
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Table 2. Brain activation differentially associated with Self and Other conditions.

Figure 2. Brain regions with significantly greater activation for Self-reflection, identified at p<0.05, FDR correc-
ted, extent threshold of at least 10 voxels. Activation of the insula is depicted in the sagittal view, plotting its 
differential activation as obtained with the t-test conducted on the within-subjects design ([self>semantic] > 
[other>semantic]). Bars depict variance loadings and 90% confidence intervals.

SMA = Supplementary Motor Area. Activations were identified with a t-test between [self>semantic] > 

[other>semantic], and vice-versa. Significance was set at p<0.05 (FDR corrected), encompassing at least 
10 voxels.

Region L/R MNI coordinates T-score Z-score

x y z

Self-reflection

Anterior Cingulate Cortex L -8 28 28 544 450

R 6 28 28 532 443

Middle Frontal Gyrus R 26 54 30 501 424

L -24 52 32 422 371

Superior Frontal Gyrus R 20 52 36 477 409

L -24 50 22 460 397

Superior Temporal Gyrus R 66 -40 18 425 373

SMA R 8 10 62 413 364

Insula L -36 20 4 398 354

Other-reflection

Precuneus R 4 -62 32 791 577

Superior Parietal Lobe R 20 -68 50 468 402
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 Regarding the Other-reflection condi-

tion, the reverse t-test analysis ([other>semantic] > 

[self>semantic]) showed a significant effect in the 

right precuneus, and the right superior parietal lobe. 

 Finally, we examined the effects of interest 

in these regions in order to ascertain the direction of 

these associations. These contrasts revealed that, at 

p<0.05 (FDR corrected), the significant difference in 

insula activation was produced by Self rather than 

Other (F(3,30) = 4.625; p = 0.040).As for the MPFC, 

ACC, and STG, we observed that activation in those 

regions significantly increased when subjects enga-

ged in self-reflection rather than when they reflected 

upon an acquaintance or upon general knowledge 

(right MPFC, F(1,30) = 6.484, p = 0.016; left MPFC, 

F(1,30) = 4.904, p = 0.035; ACC, F(1,30) = 7.591, 

p = 0.010; STG, F(1,30) = 5.388, p = 0.027) (Figure 

4). Finally, variability in the precuneus was greater 

during the Other person condition (F(1,30) = 9.827; 

p = 0.004).

(Table 2 and Figure 3). In sum, Self-reflection signi-

ficantly explained brain activity in a neural architec-

ture comprising the left anterior insula, MPFC and 

ACC, along with temporal and occipital regions.

Figure 3. Brain regions with significantly greater activation for Other-reflection, identified at p<0.05, FDR correc-
ted, extent threshold of at least 10 voxels. Activation of the precuneus is depicted in the sagittal view, plotting 
its differential activation as obtained with the t-test conducted on the within-subjects design ([other>semantic] > 
[self>semantic]). Bars depict variance loadings and 90% confidence intervals.

Figure 4. Significant differences in activation within the anterior cingulate cortex (ACC), medial prefrontal cortex (MPFC, left and right), and 
superior temporal gyrus (STG) obtained with the t-contrast on the within-subject analysis of variance ([self>semanctic] > [other>semantic]). 
1 indicates Self>Semantic; 2, Other>Semantic. Activations were considered significant at p<0.05 FDR corrected. Bars depict variance 
loadings and 90% confidence intervals.
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 This study investigated whether the ex-

tent to which self-reflection modulates brain acti-

vity could be dissociable from reflecting upon an 

acquaintance and upon general semantic knowled-

ge, with special focus on the involvement of the 

insular cortex. The analysis revealed self-related 

activity in a neural architecture comprising the an-

terior MPFC and ACC. Notably, the anterior insula 

showed unique activity associated with self-reflec-

tion.

 Particular interest was placed on the role 

of the insula in self-reflection. The insular cortex is 

predominantly regarded as associated with inte-

roceptive awareness [23], emotional salience [44], 

awareness over subjective feeling [45] and bodily 

arousal states [46], and has been reported in self-

referential tasks in the emotional domain [21]. Gi-

ven that the present experiment was not designed 

to elicit explicit emotional feeling states (compared 

to, e.g., studies employing emotional pictures), our 

results could suggest a more general function of 

this area in self-referential processing. Alternati-

vely, considering its well-known role in emotion 

[47], insular activity could actually be related to an 

emotional component that might be inherent to 

self-processing; in other words, to the self being 

an emotional entity per se. Indeed, definitions of 

emotion emphasize that an emotion is caused by a 

person consciously or unconsciously evaluating an 

event as relevant to their concerns or goals [48,49]. 

Thus, evaluating one’s own personal characteris-

tics, as in the present self-reflection task, would 

almost by definition involve emotion. In addition, 

as the insula is closely connected with ascending 

internal body signals [50], the accumulation of 

changes in affective states that might be implied in 

self-processing may contribute to our sense of self. 

Taken together, this evidence supports the notion 

that the insula is a supramodal structure, involved in 

a myriad of processes closely related to facilitating 

a sense of self. Disturbances in insula activity may 

result in social and emotional impairments commonly 

observed in psychopathology, as recently suggested 

by a study showing differential insula involvement in 

the failure to maintain adequate social interactions by 

people with Borderline Personality Disorder [51]. 

 The MPFC activity associated with self-

processing aligns well with prior research [1,4,5,7-

9,11,12,19,29,52,53,54]. This study was designed to 

provide an improvement for the limitations that had 

been claimed from those previous studies [22]. The 

fact that reaction times in the paradigm used herein 

were longer than in studies using single trait adjecti-

ves [2,4,8,9,12,29] could indicate that comparing self 

and other in terms of personal attitudes, traits and 

attributes helped induce a more elaborate reflective 

process on one’s own sense of self and identity. Hen-

ce, these data expand the findings from Johnson et 

al. [1] by showing distinct recruitment of the MPFC 

for self-reflection not only when compared to general 

knowledge but also when controlling for the neural 

activity associated with reflecting upon another per-

son. Furthermore, the MPFC is crucial in what has 

been proposed as a default mode of self-evaluation 

[55], in which this region would support automatic 

evaluation of self [17]. Beyond the evident overlap 

between our findings and previous research in de-

fault mode activity, the concurrent insula activation 

observed herein expands prior knowledge on which 

regions within the human forebrain are key players 

in self-awareness. Gusnard et al. [17] reported left 

insula activity when subjects reflected upon their 

emotional state, therefore supporting this area’s role 

in emotional self-awareness. We showed that ante-

rior insula activity is associated with reflecting upon 

non-explicitly emotional stimuli, suggesting its invol-

vement in a distributed network of neural regions, 

the activation of which is increased when specifically 

attending to self-referential mental activity. Similarly, 

self-reflection also induced differential ACC activity, 

which aligns well with previous work [4,7,42,54,56-

58], and is suggestive of this area’s greater engage-

Behavioral data
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ment for self- than for other-person reflection.

 The present report failed to replicate the fin-

dings from Johnson et al. [1] of a specific involvement 

of the PCC in self-reflection. However, their study did 

not use an other-person reflection condition. In our 

study, the precuneus, a neighboring parietal region 

to the PCC, did show a strong BOLD response as a 

main effect of task, which aligns well with its role in 

representing person characteristics [1,8-10,59]. The-

se results may thus support the involvement of pos-

terior areas in perspective-taking [13] and compari-

son processes [60], as subjects might have employed 

comparison and simulation when reflecting upon an 

acquaintance. Moreover, further testing confirmed 

that its activation was largely explained by other-re-

flection. The precuneus involvement in self-proces-

sing tasks has been related to its role in autobiogra-

phical memory [16]. Thus, as a tentative explanation, 

the greater precuneus activity for Other found in the 

present study might have been induced by the sub-

jects’ need to draw on autobiographical memories 

about shared occasions in the past in order to judge 

the acquaintance’s personal and physical attributes. 

 Finally, the STG was also recruited for self-

reflection. The STG has been described as important 

for social cognition, particularly relevant in the Theory 

of Mind network [for review, see 61]. The differential 

activation found in our experiment supports the no-

tion that brain regions involved in self-relatedness are 

also intrinsically participative in social cognitive pro-

cesses, in line with simulation accounts [53,56].

 This study could not control for social desi-

rability, therefore subjects could have been biased 

towards endorsing false responses as veridical in or-

der to give a better image of themselves. However, it 

was emphasized to subjects before scanning that the 

experiment was about thinking about their true cha-

racteristics, and that the experimenters had no inter-

est whatsoever in their personal qualities. Unfortuna-

tely, the risk that subjects may respond with a positive 

bias might be inherent to paradigms on self-related-

ness and social cognition. Nonetheless, we conside-

red the fact that RTs were not significantly longer for 

any of the three conditions as indicative that no diffe-

rential psychological process was interfering with 

one specific condition (e.g., thinking about how I 

want to be instead of how I am; increased uncer-

tainty when judging person attributes compared to 

general knowledge). Furthermore, subjects did not 

attribute more positive items to themselves than to 

the other person, which further confirmed that the-

re was no apparent interference of stimuli valence 

in brain response. In light of the difficulty to rule out 

the possibility of untruthful responses, future simi-

lar paradigms could benefit from the inclusion of a 

measure of social desirability. Finally, the present 

study was not designed to examine the distinction 

between physical and mental self on brain activi-

ty. It is therefore possible that the results reported 

herein reflect brain activity involved in processing 

personality characteristics to a greater extent, sin-

ce they were used more often. However, both con-

ditions comprised an equal number of both types 

of traits, so that this would not affect the contrast 

between Self and Other-reflection. Future studies 

specifically designed to this end may help expand 

current knowledge on the cerebral areas involved in 

reflecting upon different types of person characte-

ristics.

 In sum, the results from the present study 

shed new light on the functional roles of the anterior 

insular cortex by showing its involvement in self-

reflection. Our results confirmed previous eviden-

ce of a relative overlap within the neural systems 

subserving Self- and Other-related processing (as 

shown by the main effect of task), yet some inde-

pendent regions for self-reflection were identified 

– MPFC, ACC and anterior insula. Thus, rather than 

merely reflecting general person-processing, as su-

ggested before [22], there is accumulating eviden-

ce for a set of anterior cortical regions intimately 

involved in self-related processing. Future research 

in schizophrenia and in disorders of emotion re-

gulation such as alexithymia [63] with a focus on 

these areas could help determine the nature of the 

lack of awareness that is frequently present in the-

se disorders.
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2.1.2 Individual Differences in Dispositional  
   Mindfulness and Brain Activity 
   Involved in Reappraisal of Emotion
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Social Cognitive and Affective Neuroscience (in press)

The regulation of negative emotion through reappraisal has been shown to 
induce increased prefrontal activity and decreased amygdala activity. Indivi-
dual differences in dispositional mindfulness reflect differences in typical re-
cognition, detachment and regulation of current experience, thought to also 
operate as top–down control mechanism. We sought to investigate whether 
such individual differences would be associated with brain activity elicited du-
ring reappraisal of negative emotion. Eighteen healthy participants completed 
a functional magnetic resonance imaging task that involved attending to or 
reappraising negative stimuli, and provided emotion experience ratings after 
each trial. Dispositional mindfulness was assessed with a self-report question-
naire. Reappraisal induced activity in a brain network involving predominantly 
dorsal portions of the prefrontal cortex, replicating previous studies. A voxe-
lwise regression analysis showed that individual differences in the tendency to 
be mindful predicted activity in neural regions underlying reappraisal, with dor-
somedial prefrontal cortex activation increasing with more mindfulness traits. 
Notably, this prefrontal activation was inversely correlated with the amygdala 
response to negative scenes, further supporting its role in down-regulating 
emotion-generation regions. These findings suggest that individual differen-
ces in dispositional mindfulness, which reflect the tendency to recognize and 
regulate current states, may modulate activity in neural systems involved in the 
effective cognitive control of negative emotion.
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Introduction

 The ability to regulate negative emotion is 

crucial to adaptively respond to the distressing expe-

riences we can encounter in our everyday life. Over 

the past years, the implications of emotion regulation 

both at clinical and non-clinical levels have stimula-

ted the search for its neural substrates (Gross and 

Munoz, 1995). Reappraisal is perhaps the most stu-

died of the cognitive processes used to decrease the 

experience of negative emotion, involving the reinter-

pretation of affective stimuli to modify their emotional 

impact (Gross, 1999). 

 Functional magnetic resonance imaging 

(fMRI) studies seeking to ascertain the neural basis 

of reappraisal of negative emotion have consistently 

reported that it is accomplished through interac-

tions within a distributed cortico-subcortical network 

(Ochsner and Gross, 2005, 2008). In particular, criti-

cal regions for cognitive control such as the prefrontal 

cortex (PFC) and the anterior cingulate cortex (ACC) 

would exert down-regulatory influences on subcorti-

cal regions such as the amygdala, which has a well-

known role in the processing of the emotional signifi-

cance of external stimuli (LeDoux, 1996; Phelps and 

LeDoux, 2005). The majority of these fMRI studies 

have typically scanned subjects who had been ins-

tructed to use reappraisal to diminish negative affect 

elicited by stimuli of negative valence (Goldin et al., 

2008; Kim and Hamann, 2007; Ochsner et al. 2002; 

van Reekum et al., 2007). Importantly, we also enga-

ge in reappraisal spontaneously, in absence of any 

specific instructions to regulate our emotions (Gross 

and John, 2003). A recent fMRI study examined whe-

ther individual differences in spontaneous reappraisal 

use would similarly influence frontolimbic interactions 

in response to negative stimuli. Drabant and collea-

gues (2009) used a “pure” reactivity task instead of 

instructed reappraisal, assuming that subjects would 

differ in their ability to spontaneously engage in re-

appraisal. The authors reported that individual diffe-

rences in spontaneous reappraisal predicted increa-

sed activation in the PFC and decreased response in 

the amygdala. These findings shed new light on the 

notion that individual differences in the tendency to 

engage in self-regulatory processes may mediate 

neural responses to affective stimuli (Haas et al., 

2007; Jackson et al., 2003). There is rising scientific 

interest in the study of the neural correlates of such 

individual differences given that individuals who 

tend to use reappraisal more often report experien-

cing less negative affect, better social functioning 

and greater psychological well-being (Gross and 

John, 2003). Furthermore, individual differences in 

the tendency to regulate emotion may function as 

protective factors to reduce the risk for psychiatric 

disorders involving emotion dysregulation (Taylor 

and Liberzon, 2007).

 Mindfulness is conceptualized as a self-

regulatory process, thought to operate as a top-

down mechanism to reduce negative affect and 

promote well-being (Lutz et al., 2008). Central to 

numerous meditation practices, mindfulness is 

thought to entail a better recognition of and deta-

chment from current emotional patterns, improving 

the ability to adaptively respond to them (Brown and 

Ryan, 2003). Dispositional mindfulness refers to the 

tendency to be mindful in everyday life, in which 

individuals may differ from one another (Brown and 

Ryan, 2003), and is considered to imply emotion re-

gulation abilities (Lutz et al., 2008). Interestingly, the 

available neuroimaging literature on meditation indi-

cates an association with increased activity in brain 

regions involved in cognitive control and attention 

- i.e., PFC and ACC (Cahn and Polich, 2006). With 

regard to the limbic system, although some stu-

dies have reported increased activity in amygdala 

and hippocampus during meditation (see Newberg 

and Iversen, 2003), others have found decreases, 

which would support the notion that mindfulness 

training is associated with a significant decrease 

in emotionally-reactive behaviors that are incom-

patible with stability of concentration and self-re-

gulation (Lutz et al., 2008). Individual differences in 
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dispositional mindfulness may be reliably detected 

through self-report questionnaires, as mindfulness 

traits may also be present in meditation-naïve in-

dividuals (Baer et al., 2004). Associations between 

individual difference measures, such as a measure 

of trait mindfulness, and brain activity may be re-

liably identified with functional magnetic resonance 

imaging (fMRI) paradigms, providing appropriate 

corrections for multiple comparisons are applied 

(Lieberman et al., 2009). Such analysis may un-

derscore relationships between brain activity and 

psychological variables, in this case, the tendency 

to be more mindful in everyday life. To date, only 

one fMRI study has investigated the effect of indi-

vidual differences in the tendency to be mindful on 

affect regulation. Creswell and colleagues reported 

an association between dispositional mindfulness 

and enhanced dorsal PFC and decreased amygda-

la response during an affect labeling task (Creswell 

et al. 2007), in line with previous positive associa-

tions between mindfulness-based strategies and 

PFC activation (Farb et al., 2007) and decreased 

amygdala response during affect labeling (Lieber-

man et al., 2007). 

 However, the relationship between in-

dividual differences in dispositional mindfulness 

and brain activity during cognitive emotion control 

through a complex process such as reappraisal 

has not been studied to date. This could further 

 Eighteen healthy right-handed subjects 

(eleven males, seven females; mean age 21.1 ± 2.8 

years) from a university sample participated in the 

study. None of the subjects had a history of ps-

ychiatric or neurologic disorders. All participants 

gave written informed consent after a detailed expla-

nation of the experimental protocol, approved by the 

Medical Ethical Committee of the University Medical 

Center Groningen.

our current understanding of the neural dynamics un-

derlying cognitive emotion control through reapprai-

sal, as well as shed new light on the neural correlates 

of mindfulness traits. 

 The present study sought to examine whe-

ther brain activity elicited during instructed reapprai-

sal would be modulated by differences in disposi-

tional mindfulness, in a sample of meditation-naïve 

subjects. We first hypothesized that reappraisal 

would elicit brain activation in a predominantly pre-

frontal network of brain regions involved in attention, 

evaluation and reappraisal of emotional stimuli, inclu-

ding the anterior cingulate cortex and lateral prefron-

tal areas (Ochsner and Gross, 2005), in a whole-brain 

analysis. Second, in light of the dorsomedial PFC 

(DMPFC) role in reappraisal (Ochsner and Gross, 

2005), and on prior neuroimaging literature in min-

dfulness and meditation (Creswell et al., 2007; Lutz 

et al., 2008), we envisaged that individual differences 

in mindfulness traits would modulate activity in dorsal 

prefrontal emotion control regions during reappraisal. 

Furthermore, we expected this prefrontal activity to 

be negatively associated with the amygdala response 

to negative stimuli, as prior research has suggested 

that effective down-regulation of negative emotion 

is attained through such PFC-amygdala interactions 

(Ochsner and Gross, 2005).

Materials and Methods

Participants
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Individual Differences in Dispositional Mindfulness

Pre-scan Session

Stimuli

 Before scanning, all subjects completed the 

Kentucky Inventory of Mindfulness Skills (KIMS, Baer 

et al., 2004). This is a 39-item instrument for the mea-

surement of four aspects of mindfulness: 1) Obser-

ve (e.g., “I intentionally stay aware of my feelings”; “I 

pay attention to how my emotions affect my thoughts 

and behavior”); 2) Describe (e.g., “I’m good at finding 

the words to describe my feelings”; “When I have a 

sensation in my body, it’s difficult for me to descri-

be it because I can’t find the right words.”); 3) Acting 

with awareness (e.g.,. “When I’m doing something, 

I’m only focused on what I’m doing, nothing else”; “I 

don’t pay attention to what I’m doing because I’m da-

ydreaming, worrying, or otherwise distracted”); and 4) 

Accepting without judgment (e.g., “I think some of my 

 In a pre-scanning session immediately befo-

re scanning, participants received extensive training 

in the experimental protocol. Subjects were trained in 

different reappraisal strategies: 1) positive outcome 

- e.g., a man in a hospital bed had completely reco-

vered afterwards; 2) transforming the scene into diffe-

rent terms – e.g., a woman crying outside of a church 

could be crying out of happiness at her daughter’s 

wedding; 3) objectifying the scene depicted in the 

picture – e.g., a woman being attacked by an armed 

man was only a movie scene. Subjects were advi-

 The stimulus set consisted of 66 color pic-

tures from the International Affective Picture System 

(IAPS; Lang et al., 1997). Twenty-two neutral (valence 

M = 5.1 ± 1.7; arousal M = 2.9 ± 2) and 44 negative 

pictures (valence M = 2.5 ± 1.6; arousal M = 5.8 ± 

2.2) were chosen based on normative ratings (Lang 

et al., 1997). Both sets of pictures (neutral and negati-

ve) were matched for general content and their mean 

emotions are bad or inappropriate and I shouldn’t 

feel them”; “I make judgments about whether my 

thoughts are good or bad”). Items are rated on a 

5-point Likert-type scale (1 = never or very rarely 

true, 5 = always or almost always true), and a total 

score is computed by adding the scores on each 

item (0-195 points). Completion of the KIMS does 

not require previous experience with meditation (all 

participants in the study were meditation-naïve), 

and has been validated as a self-report of good 

test-retest reliability and internal consistency for 

the assessment of dispositional mindfulness in stu-

dent and patient samples (Baer et al., 2004, 2006).

sed that no ideal reinterpretation type was appli-

cable to all pictures, so that they were to choose 

the strategy with which they felt more comfortable. 

Pilot testing indicated that reappraisal was gene-

rally accomplished by generating an interpretation 

or alternate story of the photo that could explain 

its content in a less negative way. Previous studies 

using such reappraisal strategies on pictures elici-

ting negative affect have indicated the frequent use 

and success of their application (e.g., Ochsner et 

al., 2002).

arousal and valence ratings were comparable to 

those reported in previous studies of instructed re-

appraisal (e.g., Ochsner et al., 2002). All negative 

pictures depicted complex scenes of burn victims, 

funeral scenes, people crying, and dead animals, 

which are thought to consistently evoke negative 

emotions and brain activation in limbic and para-

limbic regions (Phan et al., 2002). 
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Procedure

fMRI Methods

 The fMRI paradigm involved three main 

conditions, Neutral (viewing of a neutral picture), 

Negative (viewing of a negative picture), and Re-

appraise (reinterpretation of a negative picture), with 

the first one serving as control condition. Each trial 

began with a photo in the center of a black screen, 

for 2 s, with the instruction VIEW displayed in whi-

te letters underneath. During this period subjects 

were to view the photo and allow themselves to na-

turally experience any emotional response to it. The 

photo remained on the screen for an additional 4 s, 

and the instruction underneath changed from VIEW 

to either ATTEND (Neutral and Negative trials) or 

REINTERPRET (Reappraise trials). On Attend trials, 

either a negative or a neutral photo was presented, 

and subjects were instructed to attend and natura-

lly experience any feelings elicited by the photo. On 

Reappraise trails, a negative photo was shown and 

subjects were instructed to reinterpret its content 

so that it no longer elicited a negative response. 

Scanning. Imaging was performed on a 3-T Philips 

Intera MR scanner (Philips Medical Systems, Best, 

The Netherlands). Functional MRI data comprised 

634 volumes acquired with T2-weighted gradient 

echo-planar imaging (EPI) sequences, using a sen-

se-8 head coil, in two functional runs of 317 volu-

mes. Thirty-seven echo planar images per volume 

sensitive to blood oxygenation level-dependent 

(BOLD) contrast were obtained (TR = 2000 ms, TE 

= 35 ms, flip angle = 70°, in-plane resolution = 3.5 

x 3.5 mm). Slices were acquired interleaved and 

parallel to the AC-PC line, with a thickness of 3.5 

mm and no gap. High-resolution T1-weighted 3D 

fast-field echo (FFE) sequences were obtained for 

anatomical reference (160 slices, TR = 25 ms, TE 

= 4.6 ms, slice thickness = 1 mm, flip angle = 30°, 

matrix = 256 x 256, voxel size = 1 x 1 x 1 mm).

Immediately after, the photo disappeared and, for 

3.1 s, subjects saw a black screen where they could 

continue attending to, or reinterpreting, any feelings 

that remained after its presentation. A four-point sca-

le was then presented for 3 s, for the subjects to rate 

the strength of their current negative affect (1 = weak, 

4 = strong) using a four-button response box. Finally, 

an instruction to RELAX in white letters appeared in 

the center of a black screen for 5 s. A 900-ms interval 

separated each trial. Hence, the experimental para-

digm comprised a total of 66 trials of 18 s, interleaved 

with four 20-s rest trials consisting of a white fixation 

cross presented in the center of a black screen. Trial 

order (Neutral, Negative, Reappraise) was counterba-

lanced, over two separate runs. Pictures of negative 

valence were randomly allocated to both negative 

conditions (Negative, Reappraise) across subjects.

fMRI Preprocessing and Analysis. Data were prepro-

cessed and analyzed using Statistical Parametric Ma-

pping software SPM5 (http://www.fil.ion.ucl.ac.uk), 

implemented in Matlab (The Mathwork Inc.). Standard 

pre-processing was applied, with slice time correc-

tion, and realignment to the first volume to correct for 

insterscan motion artifacts. After realignment, a mean 

EPI image was created, which was co-registered with 

the structural T1 image. Subsequently, images were 

spatially normalized to the standard stereotactic 

space defined by the Montreal Neurological Institute 

(MNI) template. Functional images were then spa-

tially smoothed with a 3D isotropic 8-mm full-width/

half-maximum (FWHM) Gaussian kernel to minimize 

noise and residual differences in gyral anatomy. Low-

frequency noise was removed by applying a high-

pass filter (cut-off of 128 s) to the fMRI time-series 
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at each voxel. Significant hemodynamic changes 

for each condition were examined using the General 

Linear Model. Statistical parametric maps for each 

contrast of the t-statistic were calculated on a voxel-

by-voxel basis. Effects were modeled using a boxcar 

convolved with a canonical hemodynamic response 

function for the 4-s trial epoch during which partici-

pants reinterpreted or attended each picture. 

BOLD Response During Reappraisal. To confirm 

that the experimental task induced reappraisal-

related activation at a group level, a one-sample t 

test was designed with the individual images from 

Reappraise>Negative contrast. Activations were con-

sidered significant after P<0.05 False Discovery Rate 

(FDR) correction for multiple comparisons across 

the whole brain. We performed whole-brain analysis 

following the objective to replicate previous studies 

which have successfully identified reappraisal-related 

brain regions, in order to subsequently explore their 

relationship with dispositional mindfulness in a voxel-

wise regression analysis.

BOLD Response in Amygdala to Negative Stimuli. Gi-

ven our a priori hypothesis that the amygdala’s res-

ponse to negative photos would be down-regulated 

during reappraisal, we performed an exploratory 

analysis on the amygdala as functional region of inter-

est (ROI) by applying a pre-defined anatomical mask 

as provided by the Anatomical Automatic Labeling 

(AAL) software comprising the amygdala bilaterally, 

using the WFU-PickAtlas toolbox in SPM5. Effects 

were considered significant after P<0.05 FDR co-

rrection for multiple comparisons. 

BOLD Response During Reappraisal Associated 

with Dispositional Mindfulness. Next, to examine 

the relationship between individual differences in 

mindfulness traits and the brain activity associa-

ted with reappraisal, we carried out a voxel-wise 

regression analysis using the individual t-maps 

from the Reappraise>Negative contrast, and KIMS 

scores as covariate of interest. Given our a priori 

hypothesis that DMPFC activation elicited during 

reappraisal (Ochsner and Gross, 2005) would be 

related to trait mindfulness based on prior literatu-

re on meditation and mindfulness (Creswell et al., 

2007; Lutz et al., 2008), we performed a ROI analy-

sis by applying a pre-defined anatomical mask 

as provided by the AAL software, comprising the 

superior medial frontal gyrus bilaterally, using the 

WFU-PickAtlas toolbox. Correlations were consi-

dered significant after FDR correction for multiple 

comparisons (P<0.05). Behavioral data analysis, 

correlations between reported emotion experience 

(ratings) and brain activity, as well as corrections for 

possible influences of outliers, were carried out in 

SPSS 14.0 (Chicago, MA, USA). We set the level of 

significance at < 0.05, two-tailed.
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Results

Behavioral Data

Imaging Data

 Analysis of reported emotion experience 

showed stronger negative emotion after Negati-

ve trials (M = 2.7 ± 0.4), and diminishment of this 

affect after Reappraise trials (M = 1.9 ± 0.4), F(1,34) 

= 28.82, P<0.001. This significant difference was 

used as an index for the success of the emotion 

regulation strategies, as done in previous studies 

(e.g., Ochsner et al., 2002). Accordingly, both 

emotion induction and reappraisal were attained 

on the behavioral level. A “reappraisal success” 

score was computed subtracting ratings after Re-

appraise from those after Negative trials (e.g., Wager 

et al., 2008). Correlation analyses revealed a posi-

tive correlation between dispositional mindfulness 

scores and reappraisal success (Pearson’s r=0.646, 

P=0.005, two-tailed). Correlations for each subscale 

of the KIMS were as follows: “Describe”, r=-0.137, 

P=0.601; “Observe”, r=0.361, P=0.155; “Act with 

awareness”, r=0.515, P=0.034; “Accept without judg-

ment”, r=0.250, P=0.332. There were no significant 

gender differences in KIMS scores (F(1,16)<1, ns), or 

in reappraisal success (F(1,16)<1, ns).

Table 1. Areas with Statistically Significant Blood-Oxygenation-Level-Dependent (BOLD) Activation during 
Reappraisal of Negative Affect.

Clusters of 20 or more contiguous voxels whose global maxima survived FDR correction for multiple compari-
sons across the whole brain, P<0.05. DMPFC = Dorsomedial prefrontal cortex. DLFPC = Dorsolateral prefrontal 
cortex. MNI = Montreal Neurological Institute.

Hemisphere Brain Region Coordinates x, y, z MNI T-value Z-value 

Left Middle frontal gyrus 

(DLPFC) 

-36 6 52 6.62 4.60 

Right Superior medial gyrus 

(DMPFC) 

8 34 42 4.46 3.58 

-50 40 -6 5.25 3.85 Left and 

Right 

Inferior frontal gyrus 

 44 22 8 4.83 3.78 

Left Anterior cingulate cortex -8 26 32 5.54 4.13 

-62 -34 -6 6.00 4.34 Left and 

Right 

Middle temporal gyrus 

 50 -24 -8 5.22 3.98 

-42 -66 36 6.62 4.59 Left and 

Right 

Angular gyrus 

54 -54 26 5.79 4.25 

Right Cerebellum 32 -64 -30 4.56 3.64 
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BOLD Response in Reappraisal-Related Regions. 

Subtracting activity associated with attending to ne-

gative stimuli from that associated with reappraisal 

(Reappraise>Negative) confirmed significant activa-

tion in left dorsolateral PFC (DLPFC) and right DM-

PFC, bilateral inferior frontal gyrus (IFG), and dorsal 

ACC. Additional activations included the middle tem-

poral gyrus, angular gyrus and cerebellum (Table 1 

and Figure 1). The left and right dorsal PFC activi-

ty seen in this contrast was significantly correlated 

with reappraisal success (left, Pearson’s r=0.500, 

P=0.034; right, r=0.472, P=0.048; two-tailed), in 

line with previous research (Ochsner et al., 2002; 

Wager et al., 2008).

BOLD Response in Amygdala to Negative Stimuli. 

The exploratory analysis using a pre-defined anato-

mical mask showed significant activation of the left 

amygdala. Peak of activation was centered at -24, 

-6, -14, encompassing 28 voxels,T-value=3.43, Z-

value=2.95, P<0.05 FDR corrected) (Figure 2).

Figure 1. Statistical parametric maps during response Reappraisal>Negative. (A) Dorsolateral prefrontal cortex, (B) dorsomedial prefrontal 
cortex, (C) dorsal anterior cingulate cortex. All activations are reported after FDR correction for multiple comparisons across the whole 
brain (P<0.05). Coordinates for activated regions are presented in Table 1.

Figure 2. Group-averaged cluster of activation in the left amyg-
dala in the contrast Negative>Reappraise, shown on the coronal, 
axial and sagittal planes. Activation is reported after FDR correc-
tion for multiple comparisons (P<0.05).
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BOLD Response During Reappraisal Associated 

with Dispositional Mindfulness. As hypothesi-

zed, we observed a positive correlation between 

individual differences in mindfulness traits and 

BOLD response in our prefrontal ROIs, bilaterally 

(Brodmann’s areas [BA] 8/9) (Table 2 and Figure 3). 

For completeness, we applied Cook’s D-test in or-

der to rule out the influence of potential outliers. 

This showed that the correlations remained signifi-

cant after removing the outliers (P<0.05, two-tailed; 

one outlier detected for each region). Furthermore, 

the DMPFC activity was positively correlated with 

 To further characterize the increases in 

prefrontal activation during reappraisal that were 

modulated by individual differences in mindful-

ness traits, we related the extracted mean para-

meter estimates from the peak foci/voxel in the 

prefrontal ROIs to those in the left amygdala (from 

the Negative>Reappraise contrast). This analysis 

showed that the right DMPFC activity increase was 

reappraisal success (left, Pearson’s r=0.510, P=0.030; 

right, r=0.501, P=0.034; two-tailed). 

 We followed up these significant associa-

tions by testing for correlations between the individual 

activation parameters in each of these regions and 

the four subscales of the KIMS (Describe, Observe, 

Act with awareness and Accept without judgment). 

There were no significant correlations, indicating that 

it was rather the total dispositional mindfulness score 

which accounted for the differential activation obser-

ved in the right DMPFC.

inversely correlated with the left amygdala activity 

in response to Negative>Reappraise (Pearson’s r=-

0.495, P=0.037, two-tailed), indicating greater down-

regulation of activity in emotion-experience regions 

with more mindfulness traits. In sum, this suggests 

lessened reactivity due to better recruitment of pre-

frontal resources.

Table 2. Areas with Statistically Significant Blood-Oxygenation-Level-Dependent (BOLD) Activation during 
Reappraisal which were Modulated by Individual Differences in Dispositional Mindfulness.

Clusters of 5 or more contiguous voxels whose global maxima survived False Discovery Rate correction for 
multiple comparisons, P<0.05. DMPFC = Dorsomedial prefrontal cortex. MNI = Montreal Neurological Institute.

Hemisphere Brain Region Coordinates x, y, z MNI T-value Z-value 

-8 42 44 5.87 4.23 Left and 

Right 

Superior medial gyrus 

(DMPFC) 6 34 54 5.10 3.88 
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Figure 3. Positive correlation between brain activity in 
our prefrontal regions of interest during reappraisal and 
individual differences in dispositional mindfulness. (A) Left 
and (B) right dorsomedial prefrontal cortex. Each point in 
the scatterplots represents data for a single subject. All 
activations are reported after FDR correction for multiple 
comparisons (P<0.05). Coordinates for significantly corre-
lated regions are presented in Table 2.

Discussion

 The present study revealed that individual 

differences in the disposition to be mindful modulated 

brain activity in cortical regions involved in the cog-

nitive control of emotion. Thus, the ability to be open 

to, and detach from current affective experience was 

associated with DMPFC activity during instructed re-

appraisal, which was in turn inversely correlated with 

 On the behavioral level, reported emotion 

experience confirmed that participants experienced 

significantly less negative affect after reappraisal 

trials. On the brain level, as predicted, reappraisal in-

duced activation in a predominantly frontal network 

of brain regions encompassing the dorsolateral and 

DMPFC, including the ACC.

 Our findings are consistent with prior stu-

dies on the down-regulation of negative emotion that 

have repeatedly indicated a prominent involvement 

of the PFC, especially its dorsal medial and lateral 

the amygdala response to negative stimuli. Our re-

sults support the notion that reappraisal operates 

through interplay between frontolimbic brain re-

gions (Ochnser and Gross, 2005), and suggest that 

individual differences in typical emotion regulation 

as indexed by mindfulness traits may influence the-

se interactions.

portions (Goldin et al., 2008; Ochsner et al., 2002, 

2004; Wager et al., 2008). In particular, lateral PFC 

portions have been related to mediating interac-

tions between self-referential processing and hig-

her-order processing (Northoff et al., 2006). Aside 

from reappraisal, the DMPFC has been traditionally 

associated with evaluation of self-referential stimuli 

(Gusnard et al., 2001) and judgment of emotional 

stimuli (Northoff et al., 2004), processes on which 

subjects may presumably draw when reappraising 

their own negative emotions. Some of the pictures 

Activity in Reappraisal-Related Regions 
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used in the present study depicted other people in 

suffering that would tap into theory of mind proces-

sing, in which the dorsal PFC also plays a critical 

role (Frith and Frith, 2003; Northoff and Bermpo-

hl, 2004). As for the dorsal ACC, this region has 

been involved in monitoring and control functions 

Increased left amygdala activity was identified 

when attending to negative pictures compared to 

reappraisal. The amygdala was not significantly 

activated during reappraisal even when lowering 

the threshold at a much lenient level (P<0.001 un-

 The tendency to engage in self-regulatory 

processes as indexed by individual differences in 

mindfulness traits was significantly associated with 

brain activity in the DMPFC. Of note, the regions of 

peak activation reported herein were anatomically 

close to those reported in prior reappraisal studies 

(Goldin et al., 2008; Hutcherson et al., 2005; Ochs-

ner et al., 2002, 2004). Current conceptualizations 

of emotion regulation propose that instructed and 

spontaneous processes, although empirically se-

parable, are likely to interact both during an emo-

tional experience and over longer periods of time 

(Jackson et al., 2003). Our results may be related 

to recent findings on the neural correlates of indivi-

dual differences in spontaneous reappraisal during 

a pure reactivity task (Drabant et al., 2009), while 

extending them to neural activity elicited during 

instructed reappraisal use, and to individual diffe-

rences in the tendency to be mindful. This was fur-

ther supported by the positive correlation between 

reappraisal success and mindfulness traits. Further, 

it appeared that the “Act with awareness” subscale 

was significantly contributing to this association.

primarily associated with self-referential stimuli, re-

gardless of the sensory modality of the task involved 

(Northoff and Bermpohl, 2004). The dorsal ACC was 

also engaged during reappraisal in the present study, 

supporting its role in cognitive control (Mohanty et al., 

2007), and emotion regulation (Lane et al., 1998). 

corrected). This finding supports the notion that the 

natural amygdala response to negative stimuli is 

down-regulated during reappraisal of negative affect 

(Kim and Hamann, 2007; Ochsner et al., 2002, 2004; 

Schaefer et al., 2002; van Reekum et al., 2007).

 Our results suggest how dispositional min-

dfulness might be related to brain activity. The pre-

frontal area on the right hemisphere (BA8) whose 

activity correlated with dispositional mindfulness is 

also known for its role in attention and working me-

mory (Smith and Jonides, 1999). Mindfulness-based 

strategies have been indicated to modulate attentio-

nal systems (Jha et al., 2007). Prefrontal activity has 

been previously associated with mindfulness training 

(Farb et al., 2007; Siegel, 2007), as well as with me-

ditation practices in general (see Cahn and Polich, 

2006), and with individual differences in mindfulness 

traits (Creswell et al., 2007). Since tasks that require 

sustained attention are thought to involve the PFC 

and ACC, increased activity in these regions would 

be associated with meditation as it entails focusing 

attention (Newberg and Iversen, 2003). The tendency 

to be mindful can be trained through mindfulness-

based training, and a number of studies have repor-

ted its benefits for the enhancement of psychological 

well-being (Brown and Ryan, 2003), as well as for the 

treatment of psychological disorders involving defi-

cits in emotion regulation (Baer et al., 2003). Thus, 

Amygdala Response to Negative Stimuli

Neural Activity During Reappraisal Associated with Dispositional Mindfulness
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our findings tentatively suggest a neural mechanism 

by which mindfulness-based strategies may help pro-

mote psychological well-being, in light of the relevan-

ce of effective emotion regulation for mental health 

(Gross and Munoz, 1995).

 The amygdala response to negative pictures 

was inversely correlated with the DMPFC region who-

se activity was associated to dispositional mindful-

ness. The concept that reappraisal is accomplished 

through frontolimbic interactions has been supported 

by brain connectivity analysis. A recent study by Wa-

ger and colleagues showed that reappraisal success 

might operate through fronto-subcortical pathways, 

by which regulatory effects from prefrontal regions 

to the amygdala are exerted when decreasing nega-

tive affect (Wager et al., 2008). We found a positive 

correlation between dispositional mindfulness and 

reappraisal success, indicating that more mindful 

individuals reported more reappraisal success. With 

regard to mindfulness-strategies, prior studies have 

suggested that these practices would exert regula-

tory influences from prefrontal regions to attenuate 

the response in limbic regions in order to disengage 

from aversive emotional stimuli following mindfulness 

training (Lutz et al., 2008). As mentioned earlier, the 

DMPFC is critical in self-reflective thought and judg-

ments that depend on inferred social and emotional 

content (e.g., Gusnard et al. 2001, Kelley et al. 2002). 

Furthermore, this region has been implicated in meta-

cognitive tasks that require thinking about and rating 

one’s own feelings (Amodio and Frith, 2006). Toge-

ther with these previous findings, and in light of our 

findings of an inverse relationship between activity 

in DMPFC and activity in the amygdala, the results 

presented herein suggest that individuals with more 

mindful traits showed increased modulation of fron-

tolimbic networks. That is, activity in DMPFC regions 

which are thought to support meta-cognitive reflec-

tive awareness of internal states (Olsson and Ochs-

ner, 2008) is associated with the ability of being more 

aware of and detached from current experience, as 

indexed by mindfulness skills. 

 The present study sought to examine spe-

cific associations between individual differences in 

mindfulness traits and DMPFC activation, based on 

prior neuroimaging literature on mindfulness and 

meditation (Creswell et al., 2007; Lutz et al., 2008). 

We report that mindfulness influenced the DMFPC 

response during reappraisal, which in turn was ne-

gatively associated with the amygdala reactivity to 

negative stimuli. The amygdala response was not 

directly related to trait mindfulness, as assessed 

by Pearson’s product-moment correlation between 

KIMS scores and the parameter estimates extracted 

from the amygdala (alpha level set at <0.05, two-

tailed). Further research with functional connecti-

vity measures may help expand the nature of the 

DMPFC-amygdala-mindfulness relationship, inso-

far as the other structures, such as the ACC, could 

also have a role in mediating the observed associa-

tions. Evidence from animal work suggests that the 

DMPFC may have connections to the rodent amyg-

dala, where the DMPFC exerts an up-regulatory 

effect on amygdala activity during fear response 

(e.g., Burgos-Robles et al. 2009). Mapping rodent 

anatomy to the human brain is not straightforward 

(see, e.g., Milad et al., 2007). However, activity in 

DMPFC could exert down- or up-regulatory effects 

on the amygdala depending on the context. In line 

with this is a recent study (Ochsner et al., 2009) 

showing that DMPFC activity increases when indi-

viduals generate negative appraisals about neutral 

images. Therefore, the content of the representa-

tions processed could have up- or down-regulatory 

effects, depending on the context. In the context 

of the present study, in which DMPFC seemed to 

be important for processes related to mindfulness, 

more mindful individuals may be better at deploying 

effective top-down appraisals that down-regulate 

amygdala activity.
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Interpretational Limitations

Conclusions

 The present study had some limitations. 

The study could have benefited of the inclusion of 

another measure of automatic reappraisal to su-

pport the premise that subjects with more mindful 

traits do engage in reappraisal more frequently. We 

based our assumptions on the literature on mindful-

ness and the implications of being more mindful, 

which strongly indicate that they imply being more 

aware and regulative of current affective states 

(Brown and Ryan, 2003), thus theoretically related 

to how emotion regulation processes operate. Fur-

ther supporting this idea, dispositional mindfulness 

was positively associated with reappraisal success. 

The present study did not include a measure of ge-

neral psychological adjustment, which could in part 

influence the results as it tends to be significantly 

correlated with dispositional mindfulness. Finally, 

the sample size in the present study was relatively 

These results suggest that individual differences in 

dispositional mindfulness are positively associated 

with brain activity in the DMPFC during reapprai-

sal of negative emotion. This prefrontal activity was 

shown to be involved in down-regulating activity in 

emotion-generation regions by its inverse associa-

tion with the amygdala response to negative stimuli, 

small. Potential limitations on inference with sample 

sizes of the sort which are used in fMRI studies must 

be acknowledged. However, individual differences in 

mindfulness scores were clearly present between our 

subjects as may be seen in Figure 3, and their effect 

on brain activity was statistically significant after co-

rrection for multiple comparisons was applied in all 

analyses. Furthermore, recent reviews have stated 

that typical fMRI sample sizes (N=15-20) will only ra-

rely produce statistically significant correlations in the 

absence of any true effect. Thus, correlations identi-

fied with similar fMRI studies are likely to represent 

true underlying relationships between brain activity 

and psychological variables (Lieberman et al., 2009), 

and the formulation of prior anatomical hypotheses 

limit false positive findings, as done in the present 

study.

as reported in prior studies on reappraisal of negative 

affect. Our results align with the notion that individual 

differences in processes involving emotion regulation 

may influence the neural dynamics underlying the 

cognitive control of emotion, and extend this idea to 

individual differences in dispositional mindfulness.
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2.2 Imaging the vulnerable brain
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Schizophrenia Research (in press)

Emotion regulation processes, such as reappraisal, are thought to operate 
through interactions between prefrontal emotion-control regions and subcor-
tical emotion-generation regions such as the amygdala. Impairments in emo-
tional processing and regulation have been reported in schizophrenia and at-
risk populations. Psychometric measures may be used to detect vulnerability 
to schizophrenia in non-clinical samples, or psychosis proneness (PP). It has 
been shown that individuals with PP have a more than tenfold increased risk 
of developing a schizophrenia-spectrum disorder. In the present study, we 
used fMRI to examine the neural dynamics underlying reappraisal in such a 
sample. 600 undergraduate students completed the Community Assessment 
of Psychic Experiences Questionnaire (CAPE), positive subscale. Two groups 
were subsequently formed from the extremes of the distribution (total N = 34). 
Blood-oxygenated-level-dependent activity elicited with a task involving 3 con-
ditions was analyzed: viewing neutral pictures, viewing negative pictures, and 
reappraising negative pictures. Subjects reported the strength of experienced 
negative affect after each trial. Functional connectivity between prefrontal 
control regions and amygdala was investigated. At the behavioral level, both 
groups reported successful diminishment of experienced negative emotion. 
However, high psychosis-prone subjects showed stronger activation than low 
subjects in a number of prefrontal regions during reappraisal, relative to at-
tending to negative pictures. The amygdala response to negative stimuli was 
decreased through reappraisal only in the low group. Functional connectivity 
analysis revealed less prefrontal-amygdala coupling in high psychosis-prone 
subjects. Thus, reduced cognitive control of emotion at a neural level appea-
red to be associated with PP. These findings extend the hypothesis of emotion 
dysregulation in schizophrenia to PP, and suggest that emotion regulation diffi-
culties may be at the core of a vulnerability to psychosis.
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Introduction

 Effective emotion regulation is crucial to 

adaptively respond to the distressing experiences 

one may encounter in everyday life. Reappraisal is 

perhaps the most studied of the cognitive processes 

used to decrease negative emotion, which involves 

reinterpreting affective stimuli in ways that modify 

their emotional impact (Gross, 1999). Over the past 

years, the implications of emotion regulation both 

at clinical and non-clinical levels have stimulated 

the search for its neural substrates (Gross and Mu-

noz, 1995).  Functional magnetic resonance imaging 

(fMRI) studies have revealed that reappraisal is ac-

complished through down-regulatory influences from 

cognitive control regions such as the prefrontal cor-

tex (PFC) and the anterior cingulate cortex (ACC) on 

emotion-experience regions such as the amygdala 

(Ochsner and Gross, 2005). 

 Abnormalities in emotion processing and re-

gulation are cardinal features in psychiatric disorders 

(Taylor and Liberzon, 2007). Such abnormalities are 

common in schizophrenia, and may underlie some of 

the psychotic symptoms and poor social performan-

ce of patients (Aleman and Kahn 2005; Henry et al., 

2008; Phillips et al., 2003). Patients with schizophre-

nia exhibit maladaptive coping with emotional stress, 

including the use of less active and more avoidant 

coping (van den Bosch et al., 1992). Moreover, the ex-

perience of negative affect appears to be associated 

with increased occurrence of psychotic symptoms 

(Myin-Germeys et al., 2001), and maladaptive coping 

has been suggested as a mediator of the relationship 

between stress and symptom exacerbation (Horan 

and Blanchard, 2003). For instance, abnormalities in 

emotion regulation may be related to positive symp-

toms of schizophrenia by developing learned hel-

plessness to passivity symptoms (Peterson and Park, 

2007). Thus, disturbances in regulating affect appear 

to be associated with positive psychotic symptoms. 

Brain imaging studies have shown that patients with 

schizophrenia show abnormal activation in neural re-

gions implicated in emotion processing, such as 

the prefrontal cortex and the amygdala (Aleman 

and Kahn, 2005; Brunet-Gouet and Decety, 2006).

 Schizotypy describes a continuum of per-

sonality characteristics and experiences related to 

psychosis in the general population (Claridge et 

al., 1996). Schizotypal traits are thought to cons-

titute a range of enduring, biologically determined, 

personality and cognitive traits that predispose to 

schizophrenia (Chapman et al., 1994; Lenzenwe-

ger, 2006). There is evidence to suggest that schi-

zotypal traits fall into a factor organization similar to 

that in schizophrenia, consisting of positive (e.g., 

magical ideation, perceptual aberration), negati-

ve (e.g., physical anhedonia, social anhedonia), 

and disorganized (e.g., disorganized speech and 

behavior) symptom constellations (Claridge et al., 

1996; Kerns, 2006; Liddle, 1987). Psychometric 

measures may be used to detect schizotypal traits 

in healthy people (Claridge, 1997; Lenzenweger, 

1994). Prior research has demonstrated the validity 

of such measures as indicators of vulnerability to 

schizophrenia (Chapman et al., 1994; Horan et al., 

2008b) or, more generally, of psychosis proneness 

(PP) (Meyer and Hautzinger, 2002). PP is therefo-

re conceptualized as a subclinical manifestation 

of the same underlying biological factors of schi-

zophrenia-spectrum disorders (i.e., schizophrenia, 

schizoaffective disorder, schizoid personality disor-

der, paranoid personality disorder, and schizotypal 

personality disorder) (Gooding et al., 2005; Johns 

and van Os, 2001; van Os et al., 2009). 

 Research in psychosis-prone individuals 

has revealed impairments in measures of emo-

tional, social and cognitive functioning parallel to 

those of schizophrenia patients (Henry et al., 2009; 

Horan et al., 2008a; Mohanty et al., 2008; van’t 

Wout et al., 2004). Presumably related to emotion 

regulation deficits, subjects with positive dimen-

sion PP (experiencing e.g., unusual beliefs and 
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aberrant perceptions) show increased reactivity to 

emotional stimuli (Phillips and Seidman, 2008), and 

difficulties with mood regulation and coping with 

stress (Kerns, 2005). These findings have led to 

the suggestion that emotion regulation deficits may 

be an underlying marker of vulnerability to schizo-

phrenia-spectrum disorders (Phillips and Seidman, 

2008). Research on psychosis-prone individuals 

has several strengths, as it allows for the study of 

psychotic signs without the confounding factors of 

medication, illness duration and institutionalization, 

and may help develop preventive interventions for 

schizophrenia. To our knowledge, this is the first 

study to examine the neural dynamics underlying 

emotion regulation in such a sample.

 The aim of the present study was to investi-

gate brain activation and functional connectivity pat-

terns associated with reappraisal of negative affect in 

subjects with positive PP. Blood-oxygen-level-depen-

dent (BOLD) fMRI was used with a reappraisal task 

proven to elicit robust activation of prefrontal cogniti-

ve control systems for the down-regulation of limbic 

emotion generation regions (Ochsner et al., 2002). We 

hypothesized that: 1) subjects with high positive PP 

would show altered recruitment of prefrontal regions 

(i.e., medial and lateral PFC, ACC) and 2) decreased 

prefrontal-amygdala coupling during reappraisal.

Methods

Participants

 600 undergraduate students were scree-

ned with the positive subscale of the Community 

Assessment of Psychic Experiences questionnaire 

(CAPE; Stefanis et al., 2002). They all gave written 

informed consent to complete the CAPE. Accor-

ding to their CAPE scores, 34 subjects were ultima-

tely recruited for the actual fMRI experiment. Se-

venteen right-handed subjects scoring above the 

75th percentile (as recommended by Konings et al., 

2006) were assigned to the “high PP” group (mean 

age 19.8 ± 1.8 years, 10 females, mean CAPE posi-

tive factor score 1.74 ± 0.13), and 17 subjects sco-

ring below the 25th percentile were included in the 

“low PP” group (mean age 21 ± 2.8 years, 10 fema-

les, mean CAPE positive factor score 1.12 ± 0.04). 

Groups were matched for age, sex, handedness, and 

level of education. These subjects were screened 

for exclusion criteria using a self-report checklist for 

healthy subjects, comprising the following points: 1) 

no personal history of neurological or psychiatric ill-

ness; 2) no family history of psychotic or neurological 

illness in first-degree relatives; 3) no use of illicit subs-

tances; and 4) no changes in overall level of functio-

ning, including academic performance over the past 

6 months. All 34 participants gave written informed 

consent to participate in the fMRI experiment after 

receiving a detailed explanation of the experimental 

protocol, which was approved by the Medical Ethical 

Committee of the University Medical Center Gronin-

gen.
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Psychosis proneness questionnaire

Stimuli and design

 The CAPE was used to measure PP. This 

instrument was chosen based on the following cha-

racteristics: 1) good validity and reliability for the as-

sessment of schizotypal features in the general po-

pulation (Hanssen et al., 2005), 2) good concurrent 

validity with interview-based measures (Konings et 

al., 2006), 3) developed and standardized on a Dutch 

population. A detailed description of its psychome-

tric properties and administration procedure can be 

found elsewhere (Stefanis et al., 2002). In brief, this is 

a 42-item self-report questionnaire measuring life-ti-

me frequency of attenuated psychotic symptoms, on 

a 4-point scale of “never”, “sometimes”, “often” and 

“nearly always”. Konings et al. (2006) reported high 

effect sizes for the internal stability of the CAPE (0.6–

0.8), indicating that self-reported dimensions of PP 

at baseline were strongly associated with the same 

dimensions at follow-up (mean interval: 7.7 months). 

Thus, the time lag between completion of the CAPE 

and fMRI scanning should not affect the findings. 

 The stimulus set consisted of 66 color pic-

tures from the International Affective Picture System 

(IAPS; Lang et al., 1997). 22 neutral (mean valence 

5.1±1.7; mean arousal 2.89±2) and 44 negative pic-

tures (mean valence 2.5±1.6; mean arousal 5.8±2.2) 

were chosen based on normative ratings (Lang et al., 

1997). All negative pictures depicted complex scenes 

of burn victims, funerals, and interpersonal violen-

ce, and were matched for arousal ratings and visual 

complexity.

 The fMRI paradigm involved 3 main condi-

tions: Negative (viewing of a negative picture), Re-

appraise (reinterpretation of a negative picture), and 

Neutral (viewing of a neutral picture, control condi-

tion). Each trial began with a photo in the center of 

 Originally, the CAPE was based on a 

three-factor structure of positive, negative and de-

pressive factors. For the purpose of the present 

study we only used the positive subscale, given 

that positive schizotypal traits in undergraduates 

have been associated with higher levels of expe-

rienced emotion relative to controls, which could 

be related to failures in regulating emotion. In parti-

cular, students with positive schizotypy have been 

reported to show increased emotionality (Kerns, 

2005), increased affective intensity (Berenbaum et 

al., 2006), and increased negative affect (Phillips 

and Seidman, 2008), Thus, we measured positive 

factor psychosis proneness, which is thought to 

relate to the positive dimension of the schizotypy 

concept (Claridge et al., 1996). Of note, the posi-

tive dimension of the CAPE is significantly corre-

lated with the positive dimension of the Structured 

Interview for Schizotypy, Revised (SIR-R) (ß=0.52, 

t=8.48, p=0.000), and the positive dimension of 

the Brief Psychiatric Rating Scale (BPRS) (ß=0.27, 

t=3.54, p=0.000) (Konings et al., 2006).

a black screen, for 2 s, with the instruction VIEW 

displayed in white letters underneath. During this 

period subjects were to view the photo and allow 

themselves to naturally experience any emotional 

response to it. The photo remained on the screen 

for an additional 4 s, with the instruction either to 

ATTEND or REINTERPRET instead of VIEW. On AT-

TEND trials, subjects were instructed to continue 

attending to and experiencing any feelings elicited 

by the photo (Neutral and Negative conditions). 

On REINTERPRET trials, subjects were instructed 

to reappraise the content of a negative picture so 

that it no longer elicited a negative response (Re-

appraise condition). Immediately after, the photo 

disappeared and, for 3.1 s, subjects saw a black 
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screen where they could continue attending to, 

or reinterpreting, any feelings that lingered after 

its presentation. A four-point scale was then pre-

sented for 3 s, for the subjects to rate the strength 

of their current negative affect using a four-button 

response box (1 = weak, 4 = strong). Finally, an ins-

truction to RELAX in white letters appeared in the 

center of a black screen for 5 s. A 900-ms interval 

separated each trial. Hence, the experimental pa-

radigm comprised a total of 66 trials of 18 s (22 

per condition), interleaved with four 20-s rest trials 

(baseline) consisting of a fixation cross. Trial order 

was randomized, over 2 separate runs.

 Imaging was performed on a 3-Tesla Phi-

lips Intera MR scanner (Philips Medical Systems, 

Best, The Netherlands). Functional MRI data com-

prised 634 volumes acquired with a T2
*-weighted 

gradient echo-planar imaging (EPI) sequence, 

using a sense-8 head coil, in 2 functional runs of 

317 volumes. Thirty-seven echo planar images per 

volume sensitive to BOLD contrast were obtained 

 Data were preprocessed and analyzed 

using SPM5 (http://www.fil.ion.ucl.ac.uk). Standard 

pre-processing was applied, with slice time correc-

tion, and realignment to the first volume to correct 

for interscan motion artifacts. After realignment, a 

mean EPI image was created, which was co-regis-

tered with the structural T1 image. Subsequently, 

images were spatially normalized to the standard 

stereotactic space defined by the Montreal Neu-

rological Institute (MNI) template. Functional ima-

ges were then smoothed with a 3D isotropic 8-mm 

full-width/half-maximum (FWHM) Gaussian kernel. 

Low-frequency noise was removed by applying a 

 All participants underwent a training session 

immediately before fMRI scanning. Subjects were 

trained in different reappraisal strategies: (1) positive 

outcome - e.g., a man in a hospital bed had actually 

recovered completely; (2) transforming the scene into 

different terms – e.g., a woman crying outside of a 

church was actually crying out of happiness at her 

daughter’s wedding; (3) relativizing the content of the 

picture – e.g., thinking that it was just a movie scene. 

As done in previous studies, subjects were advised 

that no ideal reinterpretation type was applicable to 

all pictures, but that they were to choose the strategy 

with which they felt more comfortable (e.g., Ochsner 

et al., 2002).

(TR 2000 ms, TE 35 ms, in-plane resolution 3.5 x 3.5 

mm, field of view 224 mm). Slices were acquired in-

terleaved and in alignment with the anterior commis-

sure-posterior commissure plane, with a thickness 

of 3.5 mm and no gap. In addition, high-resolution 

T1-weighted 3D fast-field echo (FFE) sequences were 

obtained for anatomical reference (160 slices, voxel 

size 1x1x1 mm, TR 25 ms, TE 4.6 ms).

high-pass filter (cut-off of 128 s) to the fMRI time-se-

ries at each voxel. Significant hemodynamic changes 

for each condition were examined using the General 

Linear Model. Statistical parametric maps for each 

contrast of the t-statistic were calculated on a voxel-

by-voxel basis for each subject. Effects were mode-

led using a boxcar convolved with a canonical he-

modynamic response function for the 4-s trial epoch 

during which participants reinterpreted or attended 

each picture. 

 To examine the effect of reappraisal compa-

red to attending to negative scenes across groups, 

we applied a factorial design with the individual ima-

Image acquisition

fMRI data analysis
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ges from the Reappraise>Negative contrast. This 

allowed us to test for within-group and between-

group differences in activation during reappraisal. 

Activations were considered significant after p<0.05 

False-Discovery Rate (FDR) correction for multiple 

comparisons across the whole brain. Mean individual 

parameter estimates from significant clusters that 

were consistent with prior neuroimaging research in 

reappraisal (Ochsner and Gross, 2005) were identified 

with the Anatomical Automatic Labeling Toolbox for 

SPM (Tzourio-Mazoyer et al., 2002), and extracted for 

further analysis of between-group differences using 

SPSS (Chicago, IL). Significance was set at  <0.05. 

 Following the a priori hypothesis of increa-

sed amygdala response to negative pictures, which 

would be down-regulated during reappraisal (Ochs-

ner and Gross, 2005), we performed an anatomical 

region of interest (ROI) analysis on this region. The 

individual images from the Negative>Reappraise 

contrast were entered into a factorial design in SPM 

including a pre-defined anatomical mask of bilateral 

amygdala, as provided by the AAL software using the 

WFU_Pickatlas toolbox in SPM5. Effects were consi-

dered significant after p<0.05, FDR correction. 

 Mean individual parameter estimates of 

activation in the amygdala to negative stimuli were 

extracted in order to assess functional associations 

with brain activity during reappraisal. To this end, pa-

rameter estimates of the significant cluster of amyg-

dala activation in response to Negative>Reappraise 

were used as covariate in a regression model (im-

plemented in SPM5), where it was allowed to inte-

ract with group factor (high PP versus low PP). This 

allowed to test for significant associations between 

activation in amygdala and the reappraisal-related 

BOLD signal on a voxel wise basis within groups, 

and to test for group interactions. Results were 

considered significant after p<0.05, FDR corrected 

for multiple comparisons.

 An index of reappraisal success was 

computed for each participant by subtracting the 

mean ratings of negative affect reported after Re-

appraise trials from those reported after Negative 

trials. Larger difference scores thus correspon-

ded to a greater decrease in negative affect (more 

effective reappraisal), consistent with previous re-

search (Ochsner et al., 2002). Pearson’s product-

moment correlation was used to test for significant 

associations between brain activation elicited in 

Reappraise>Negative and reappraisal success in 

SPSS. Significance was set at <0.05, two-tailed.

 With regard to the behavioral data, group 

differences in reaction times (RT) and reported 

emotion experience were assessed by specifying 

a group (low PP, high PP) by gender (male, female) 

by condition (neutral, negative, reappraise) repea-

ted measures ANOVA in SPSS. Gender was inclu-

ded given its putative role in cognitive reappraisal 

(McRae et al., 2008).

Results

 Analysis of reported emotion experience 

confirmed stronger negative emotion after Negative 

trials in both groups (high PP, mean 2.8±0.5; low PP, 

mean 2.7±0.4), and diminishment of negative emotion 

after Reappraise trials (mean 1.9±0.2, in both groups). 

Mean ratings after Neutral trials were 1.1±0.04 in low 

PP, and 1.7±0.1 in high PP. The significant difference 

between affect ratings of Negative versus Reapprai-

se trials (high PP, F(1,30)=24.697, p<0.001; low PP, 

F(1,32)=44.574, p<0.001) was used as an index of 

reappraisal success (Ochsner et al., 2002). Accordin-

gly, both emotion induction and reappraisal were 

attained at the behavioral level. Of note, negative 

affect dropped after reappraisal also at the indivi-

dual level for all subjects. There were no significant 

group by gender by condition interactions in repor-

ted emotion experience (F(2,58)=1.790, p=0.176), 

or RT (F(2,58)=2.771, p=0.107). The effect of group 

on emotion experience was not significant in any 

of the conditions (Neutral, Negative, Reappraise; all 

F(1,32)<1, ns). 
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 At the brain level, there was an effect of 

Reappraisal within each group (relative to the Ne-

gative condition) in regions consistent with the re-

appraisal literature (Ochsner and Gross, 2005): left 

dorsolateral and dorsomedial PFC (DLPFC, DM-

PFC), ACC, and bilateral ventrolateral PFC (VLPFC) 

(Figure 1A). Additional activations included the 

middle temporal gyrus and angular gyrus bilatera-

lly, and the right cerebellum (Table 1). 

 Between-group comparisons of activated 

clusters revealed significant differences in the left DM-

PFC (F(1,32)=4.827, p=0.035), the ACC (F(1,32)=8.303, 

p=0.007), and the right VLPFC (F(1,32)=5.463, 

p=0.026), which were all activated to a greater extent 

in high PP. There were no regions of greater activation 

in subjects with low PP (Figure 1B).

Table 1. Effect of Reappraise Relative to Negative Trials Across Groups.

All results are significant at p<0.05, after False-Discovery Rate correction across the whole brain. All coordi-
nates Montreal Neurological Institute. DMPFC, dorsomedial prefrontal cortex; DLPFC, dorsolateral prefrontal 
cortex; VLPFC, ventrolateral prefrontal cortex.

 
Figure 1. Panel A shows rendered views of the effect of Reappraisal>Negative in subjects with high and sub-
jects with low psychosis proneness (PP). All results p<0.05 False-Discovery Rate corrected. Panel B shows 
brain regions showing significantly stronger activation in high PP than in low PP.

Brain region x, y, z Coordinates  Size Z T  

Left middle frontal gyrus (DLPFC) -48 22 34 55 5.53 7.23 

Left superior medial gyrus (DMPFC) -6 44 42 1,369 5.36 6.01 

Right anterior cingulate cortex 2 42 18  6.08 8.45 

Right inferior frontal gyrus (VLPFC) 50 32 -8 106 6.06 8.40 

Left inferior frontal gyrus (VLPFC) -48 28 -8 546 5.93 8.10 

Left middle temporal gyrus -60 -34 -6 439 6.33 9.05 

Right middle temporal gyrus 52 4 -32 36 5.27 6.72 

Left angular gyrus -42 -56 30 865 6.33 9.05 

Right angular gyrus 52 -56 28 526 7.03 11.00 

Right cerebellum 28 -64 -32 148 5.71 7.61 
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 The ROI analysis on bilateral amygdala 

revealed increased reactivity of the left amygdala 

associated with Negative>Reappraise (MNI coordi-

nates XYZ = -22, -6, -12; cluster size 20 voxels; T 

4.19; p<0.05 FDR corrected), which was significantly 

more activated in low than in high PP (F(1,32)=5.786, 

p=0.022) (Figure 2, Panel A). There was no significant 

 Negative correlations between activation in 

the left amygdala and a number of prefrontal regions 

were found in the low PP group, including the left 

medial PFC (MPFC) and DLPFC, the VLPFC bilate-

rally, and the ACC (Table 2). Additional correlations 

included the lingual gyrus, superior temporal gyrus 

and hippocampus. There were no regions showing a 

positive correlation. With regard to the high PP group, 

effect in the right amygdala. There were no signifi-

cant gender differences in the amygdala response 

to negative pictures, or in the PFC response to re-

appraisal. As both groups also included the same 

amount of males and females, we report fMRI re-

sults for both genders combined hereafter.

there were no brain regions involved in reappraisal 

showing positive or negative correlations with the 

left amygdala. There was a group interaction in the 

MPFC (MNI coordinates XYZ = -2, 60, 8; cluster size 

22 voxels; T 4.17), with low PP subjects showing a 

significantly stronger negative correlation with left 

amygdala than high PP subjects (Figure 2, Panel 

B).

Table 2. Brain Regions Whose BOLD Response During Reappraisal Was Significantly Correlated with the 
Amygdala Response to Negative Stimuli, in Subjects with Low Psychosis Proneness.

All results are significant at p<0.05, after False-Discovery Rate correction across the whole brain. All coordinates 
Montreal Neurological Institute. BOLD, blood oxygenation level-dependent; MPFC, medial prefrontal cortex; 
DLPFC, dorsolateral prefrontal cortex; VLPFC, ventrolateral prefrontal cortex.

Brain region x, y, z Coordinates  Size T Z 

Left anterior cingulate cortex -10 46 0 1,458 7.67 5.67 

Left superior medial gyrus (MPFC) -4 60 6  5.36 4.45 

Left middle frontal gyrus (DLPFC) -32 14 40 47 3.61 3.27 

Left inferior frontal gyrus (VLPFC) -44 34 -12 115 3.90 3.19 

Right middle frontal gyrus (VLPFC) 40 40 -6 174 5.43 4.49 

Left linual gyrus -58 -60 32 167 5.15 4.32 

Right superior temporal gyrus 64 -34 12 68 4.81       4.11 

Left hippocampus -20 -16 -24 45 4.00 3.55 
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in response to (1) neutral pictures compared to ba-

seline (F(1,32)=0.444, p=0.510), (2) negative pictures 

compared to baseline (F(1,32)=1.457, p=0.236), or 

(3) negative pictures compared to neutral pictures 

(F(1,32)=1.843, p=0.184) (Figure 3).

 Finally, reappraisal success was positively 

correlated with the DMPFC activation in the low PP 

group (r=0.504, p=0.039). There were no significant 

correlations between success and brain activity du-

ring reappraisal in the high PP group.

 Dysregulation of the amygdala response 

has been reported in patients with schizophrenia 

relative to healthy controls mainly as hypoactiva-

tion (Brunet-Grouet and Decety, 2006). However, it 

has been recently argued that reduced activation 

might derive from increased tonic amygdala res-

ponse to the neutral comparator stimuli that fMRI 

studies traditionally use (Hall et al., 2008). For com-

pleteness, we tested this hypothesis by examining 

left amygdala activity in the negative and neutral 

conditions relative to baseline (fixation cross). The-

se analysis revealed no between-group differences 

Figure 2. Panel A shows a coronal section of the group-averaged cluster of activation in the left amygdala 
in response to Negative>Reappraise. As depicted by the scatterplot, subjects with low psychosis proneness 
(PP) activated this region more in Negative than in Reappraise trials, whereas high PP subjects did not show a 
significant difference in activation between those conditions.  Panel B displays the significant group interaction 
between BOLD response in left amygdala and prefrontal activation in response to reappraisal, by which subjects 
with low PP showed a more negative correlation between amygdala and prefrontal cortex. Results are presented 
after False-Discovery Rate correction, p<0.05.

Figure 3. Left amygdala response across different conditions. There was no significant increase in activation to Neutral vs. Baseline 
conditions in either group (panel A). Both groups showed similar activation increases in response to Negative vs. Baseline (panel B), and 
to Negative vs. Neutral trials (panel C). There were no significant differences between groups in any of these three contrasts.
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 The present study examined the neural 

systems supporting cognitive control of emotion in 

subjects with high and low levels of positive factor 

psychosis proneness. While both groups successfu-

lly diminished the experience of negative affect 

through reappraisal, we observed decreased functio-

nal coupling between PFC and amygdala associated 

with high PP. Furthermore, high PP individuals exhi-

bited stronger neural activity in a number of prefron-

tal regions during reappraisal: left DMPFC, ACC, and 

right VLPFC. Given that both groups effectively dimi-

nished negative affect through reappraisal, the obser-

ved hemodynamic differences suggest that subjects 

with high PP required greater activation of prefrontal 

cognitive control regions in order to down-regulate 

the experience of negative emotion.

 Across groups, reappraisal induced neu-

ral activation within a predominantly prefrontal net-

work encompassing the DMPFC, DLPFC, VLPFC 

and ACC. This aligns well with prior literature that 

has consistently reported a prominent role of these 

regions in the down-regulation of negative emotion 

(Ochsner and Gross, 2005). The results also support 

the role of the ACC in cognitive control (Mohanty et 

al., 2007), and emotion regulation (Lane et al., 1998). 

With regard to between-group differences, high PP 

individuals exhibited stronger activation in the DM-

PFC, ACC and right VLPFC. Previous research has 

documented prefrontal overactivation associated 

with adequate performance on cognitive control tasks 

in patients with schizophrenia (Callicott et al., 2003b) 

and their healthy siblings (Callicott et al., 2003a) rela-

tive to healthy controls. The authors suggested that 

such overactivations were likely to reflect inefficient 

prefrontal information processing, which appeared to 

be associated with increased risk for schizophrenia 

(Callicott et al., 2003a). From a structural perspective, 

gray matter changes in PFC and ACC have been de-

tected in subjects at clinical risk for psychosis (e.g., 

Borgwardt et al., 2007; Pantelis et al., 2003), lending 

further support to the involvement of these regions 

in the pathophysiology of the disorder. 

 Individuals with low PP showed increa-

sed activity in the left amygdala when attending 

to negative pictures relative to reappraisal. This is 

consistent with the notion that amygdala activity 

naturally increases in response to negative stimuli, 

which can be down-regulated through reappraisal 

(Ochsner and Gross, 2005). The difference in left 

amygdala activity between attending and reapprai-

sing negative pictures was not observed in the high 

PP group. Nevertheless, levels of activation were 

normal in high PP when contrasting the negative to 

the neutral and baseline conditions. Furthermore, 

the functional association between PFC-amygdala 

was significantly decreased in high PP. This sug-

gests that the frontolimbic dynamics that imple-

ment aspects of emotion-cognition processes are 

altered in association with high PP. That is, low PP 

subjects may have down-regulated negative emo-

tion through the expected frontolimbic interplay, 

whereas high PP individuals may have compen-

sated through increased PFC engagement. These 

results are in agreement with the hypothesis that 

impairments in the neural dynamics underlying 

emotion regulation may predispose to psychopa-

thology (Gross and Munoz, 1995).

 The observation of stronger PFC activation 

in subjects with high positive PP is consistent with 

Mohanty et al.‘s (2005) findings in psychometrically 

identified individuals. With a sample size similar to 

ours, the authors reported that subjects with high 

positive schizotypy showed significant (p<0.05) in-

creases in activation in DLPFC and VLPFC, as well 

as in limbic regions such as the hippocampus and 

the amygdala, during an affective interference task 

(Emotional Stroop task). Such increases were inter-

preted as a greater effort to inhibit strongly inter-

fering emotional stimuli in order to achieve normal 

behavioral performance. The findings from the pre-

Discussion
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ty Disorder (PPD), which shows genetic aggregation 

akin to SPD. Prior research on the association bet-

ween schizophrenia-spectrum personality disorders 

and persons identified as being at heightened risk for 

later development of schizophrenia-spectrum disor-

ders on the basis of their psychometric profiles have 

significantly elevated rates of avoidant, schizotypal, 

and paranoid personality disorders (Gooding et al., 

2007; Thaker et al., 1993). Notably, deficits in emotion 

processing have also been reported in SPD (Mikhai-

lova et al., 1996; Waldeck and Miller, 2000).

 Psychometric scales such as the one used 

in the present study serve a broader objective of pre-

dicting proneness to psychosis as opposed to a spe-

cific vulnerability to DSM schizophrenia. That is, they 

tap a broader range of psychopathologic traits than 

those included in the DSM schizophrenia-spectrum 

disorders (Thaker et al., 1993). Furthermore, scales 

on positive schizotypy have been reported to also 

predict various mood and substance use disorders 

(Chapman et al., 1994; Gooding et al., 2005). Thus, 

such scales are related to psychosis, but it is less 

clear whether they are specifically related to schi-

zophrenia. In this light, the results from the present 

study should be interpreted in reference to healthy 

people with proneness to psychosis as measured by 

self-report questionnaire, which have about 10% in-

creased risk for psychosis than people without such 

proneness, and among whom there are subjects who 

may be sharing overlapping features with SPD and 

PPD. Only longitudinal studies with larger samples 

should be able to elucidate the potential prognostic 

value of the observed neurobiological differences for 

predicting specific psychiatric outcomes.

 Finally, our findings merit some discussion 

in regards to non-schizophrenia psychosis. Previous 

studies examining symptom dimensions in schizo-

typy (Lewandowski et al., 2006) and schizophrenia 

(Ermsley et al., 1999) have consistently reported a 

much stronger relationship of mood symptoms with 

the positive than with the negative dimension. Chap-

man et al. (1994) reported that young adults identified 

sent study extend those of Mohanty and colleagues 

by suggesting that differences in brain activation in 

positive PP appear to be associated not only with 

the processing of negative emotion but also with 

its regulation through reappraisal. Furthermore, our 

results add to the notion that, in schizotypy, brain/

behavior dissociations may reflect compensatory 

mechanisms at work (Phillips and Seidman, 2008). 

With progression, prolonged negative emotion 

associated with the experience of positive schi-

zotypal traits might result in the behavioral impair-

ments observed in schizophrenia. In fact, emotion 

processing deficits have been recently reported in 

subjects at genetic risk for schizophrenia (Eack et 

al., 2009), associated with greater positive and ge-

neral prodromal psychopathology. Taken together, 

these results support the hypothesis that emotion 

processing deficits may be unique endophenoty-

pes for schizophrenia. 

 Prospective epidemiological studies have 

reported that about 10% of subjects psychome-

trically identified as psychosis-prone will go on to 

develop a schizophrenia-spectrum disorder (Cha-

pman et al., 1994; Hanssen et al., 2005; Meehl, 

1990; see van Os et al., 2009 for review). A high 

score on a questionnaire measuring schizotypal 

personality traits is therefore conceptualized as 

a phenotypic marker for possible development 

of schizophrenia (Chapman et al., 1994; Squires-

Wheeler et al., 1991). In particular, scales measu-

ring positive schizotypy demonstrate characte-

ristics of vulnerability indicators to schizophrenia 

and schizophrenia-spectrum disorders (Horan et 

al., 2008b). Individuals hypothesized to be at risk 

for psychosis (with psychometrically identified PP) 

also show more signs of schizotypal personality di-

sorder (SPD) than control subjects (Lenzenweger, 

1998). Despite this overlap, not all subjects with 

PP are psychosocially impaired and qualify for a 

diagnosis of SPD (Lenzenweger, 1998). In addition, 

other personality disorders are included in the schi-

zophrenia spectrum, such as Paranoid Personali-
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as having positive PP had markedly elevated rates 

of mood disorders at 10-year follow-up assessment 

relative to control and anhedonic participants. Clarid-

ge (1997) noted the relationship between schizotypy 

and the affective instability characteristic of borderli-

ne personality disorder and cyclothymia. Therefore, 

affective dysregulation is thought to occur across the 

continuum of schizotypy, and it appears to be best 

conceptualized as part of the positive schizotypy 

dimension. Recent findings of an association bet-

ween positive schizotypy and mania and hypomania 

through the Wisconsin Schizotypy Scales (Kwapil et 

al., 2008) was interpreted as consistent with the si-

milarities in symptoms and genetic liability between 

mood and nonmood psychoses (Cardno et al., 1999). 

The cross-sectional nature of the present fMRI study 

does not allow for the elucidation of whether altera-

tions in the neural dynamics underlying emotion regu-

lation may have the potential to discriminate between 

schizophrenia or non-schizophrenia psychosis, or are 

common to both. Rather, they suggest that positive 

PP is associated with differences in brain activity du-

ring reappraisal. Future studies with a longitudinal 

focus and including measures of mood symptoms 

should help clarify this issue.

 A limitation of our study is that, as in pre-

vious neuroimaging studies of other high-risk groups, 

the sample size was relatively small. In addition, while 

there is evidence to support the current conceptua-

lization of etiological continuity between clinical and 

subclinical forms of psychosis (van Os et al., 2009), 

it is still uncertain where undergraduates with high 

schizotypy scores should be positioned on the spec-

trum of high schizotypy towards severe illness, for the 

body of neurobiological literature is modest. Given 

that our subjects had good premorbid adjustment, a 

subset may display a later age of onset for psychosis 

or remain clinically compensated. Further empirical 

data from neuroimaging studies on emotion regula-

tion including larger samples, and patients with schi-

zophrenia and individuals at genetic or clinical risk, 

are necessary to address these important issues. In 

addition, given that our subjects were recruited 

from a university sample, caution should be used 

when extrapolating the present findings to PP in 

the general population. Students function at a high 

level (Meehl, 1962), thus psychosis-prone indivi-

duals with high intellectual capacity might cope 

better with the problems associated with PP (van ’t 

Wout et al., 2004; Romme et al., 1992). This could 

account in part for the absence of behavioral diffe-

rences. Further, groups were formed with high and 

low scorers to allow consistency with previous lite-

rature on PP, which has typically compared groups 

selected upon the same criterion (e.g., Langdon 

and Coltheart, 1999, 2001, 2004; Modinos et al., 

2009; Platek and Gallup, 2002; Jahshan and Sergi, 

2007; Fernyhough et al. 2008; although see Jans-

sen et al., 2006). The distribution of PP in non-cli-

nical samples does not show a continuous normal 

distribution, but a continuous half-normal distribu-

tion, with the majority of the population having very 

low values albeit a significant proportion also has 

progressively higher values (Van Os et al. 2009). In 

addition, compared to other measures of PP (e.g., 

Paranoia Scale, Launay-Slade Hallucination Scale), 

the CAPE includes more “pathological” items (e.g, 

does not tap on phenomena such as daydreaming), 

so that very low scores are “normal”. Thus, using 

average scorers should not significantly alter the 

present findings, although future studies including 

such control group should help confirm this pos-

sibility. Finally, the cross-sectional design and the 

high educational level of the subjects in the present 

study call for cautiousness when extrapolating the 

results to other high-risk populations for psychotic 

disorders.

 In conclusion, the present study reports 

for the first time that individuals with high positive 

psychosis proneness show differences in the neu-

ral dynamics underlying emotion regulation through 

reappraisal. These findings extend the hypothesis 

of emotion dysregulation in schizophrenia to psy-

chosis proneness (Van’t Wout et al. 2004), and sug-
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gest that difficulties in emotion regulation may be at 

the core of a vulnerability to psychosis. Future lon-

gitudinal research in samples at risk for psychosis 

will shed more light on the potential of emotion pro-

cessing and regulation deficits as trait markers of 

vulnerability, and may point to promising directions 

for early intervention and prevention programs.
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2.2.2 Neural Correlates of Self-Reflection  
   in Psychosis Proneness
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Abnormalities in self-referential processing are thought to be involved in the 
genesis of psychotic symptoms and social dysfunction in schizophrenia. Self-
disturbance has been proposed as psychopathological trait marker of vulne-
rability to schizophrenia, although its pathophysiology is little understood. To 
examine relevant brain mechanisms, the authors used functional magnetic re-
sonance imaging (fMRI) on 18 subjects with high positive-dimension psychosis 
proneness (PP) and 18 comparison subjects with low positive-dimension PP, as 
measured by self-report questionnaire, and a self-reflection task. In the self-
referential condition, subjects judged whether statements containing positive 
and negative personality traits applied to them. In the other-referential con-
dition, subjects judged whether statements containing positive and negative 
personality traits applied to an acquaintance. In the semantic (control) condi-
tion, subjects judged statements concerning general knowledge. Subjects with 
high PP presented an exaggerated tendency to attribute more positive traits to 
self than to other (self-enhancing bias), relative to low PP. This bias was asso-
ciated with stronger activation of the putamen and anterior cingulate cortex 
to self-referential stimuli irrespective of valence. They also showed stronger 
activations in the medial and ventrolateral prefrontal cortex, left anterior insula 
and precuneus to self-related positive traits, and in the left amygdala to self-re-
lated negative traits. These results suggest that common mechanisms (biased 
self-referential processing, differential brain activation in underlying systems) 
are associated with positive psychotic experiences in non-clinical and clinical 
samples, consistent with the notion of a psychosis continuum.
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Introduction

 Schizophrenia has been conceptualized as 

a disorder of the self (Kircher, & David, 2003). Self-

disturbance is thought to play a key role in patients’ 

maladaptive social functioning, as well as in the ge-

nesis of positive psychotic symptoms such as hallu-

cinations and delusions (Bentall, Corcoran, Howard, 

Blackwood, & Kinderman, 2001). Patients with schi-

zophrenia express cognitive biases in self-related 

processing. They may display distorted attributions 

of positive and negative self-related traits as means 

of maintaining self-esteem, by limiting conscious 

awareness of negative aspects of the self stored in 

semantic memory (Bentall, Kinderman, & Kaney, 

1994). The self-enhancing attributional bias is a uni-

versal human bias aiding to maintain a positive sense 

of self (Heine, Lehman, Markus, & Kitayama, 1999; 

Wayment, & Taylor, 1995). This bias is thought to re-

flect a slight over-confidence in individuals’ attitudes, 

or an “overly positive self-conception” (Brown, 1986), 

which may motivate problem-solving behavior and 

taking new initiatives. However, when this bias beco-

mes too strong, it may not be functional anymore. In-

deed, healthy individuals who exhibit an exaggerated 

tendency to self-enhance have been found to display 

poor social functioning and psychological malad-

justment (Colvin, Block, & Funder, 1995). In patients, 

an exaggerated self-serving bias, a form of self-en-

hancement by which individuals attribute positive 

events to internal causes and negative events to ex-

ternal agents, has been suggested to have etiological 

significance in the formation of psychotic symptoms, 

such as persecutory delusions (Blackwood, Howard, 

Bentall, & Murray, 2001). 

 In the healthy brain, functional neuroimaging 

has identified a number of regions located in the mi-

dline of the human cerebral cortex (cortical midline 

structures, CMS), specifically the anterior and poste-

rior portions of the cingulate gyrus (ACC, PCC), and 

adjacent medial prefrontal cortex (MPFC), which are 

engaged during self-referential cognitive or emotio-

nal tasks (Gusnard, Akdubak, Shulman, & Raichle, 

2001; Kelley et al., 2002; Northoff et al., 2006), to-

gether with paralimbic regions such as the anterior 

insula (Craig, 2009; Modinos, Ormel, & Aleman, 

2009). These findings have lead to the hypothesis 

that activity within this network represents a plau-

sible substrate for maintaining an integrated sense 

of self (Northoff, & Bermpohl, 2004). These relevant 

regions for self-processing and social cognition 

overlap with the neural architecture mediating the 

default mode of brain function (Schilbach, Eickhoff, 

Rotarska-Jagiela, Fink, & Vogeley, 2008). The de-

fault network, showing task-independent brain 

function, is thought to subserve functions related 

to the self, insofar as such continuous high neu-

ral activity is related to the ongoing processing of 

self-relevant stimuli (Buckner, Andrews-Hanna, & 

Schacter, 2008). 

 While self-reflection has not been studied 

directly with neuroimaging methods in schizophre-

nia to date, the default network has been the focus 

of recent literature in this population (Garrity et al., 

2007; Whitfield-Gabrieli et al., 2009). Hyperactiva-

tion and hyperconnectivity within the default net-

work has been reported in schizophrenia patients 

relative to healthy controls, associated with both 

the cognitive deficits and the positive psychotic 

symptoms that characterize the disorder (Whitfield-

Gabrieli et al., 2009). Given the overlap with brain 

regions implicated in self-referential processing, it 

is argued that heightened CMS activity in schizo-

phrenia indicates an exaggerated focus on one’s 

own thoughts and feelings, as many of the positive 

psychotic symptoms (e.g., paranoid ideation and 

hallucinations), involve an exaggerated sense of 

self-relevance in the world (Whitfield-Gabrieli et al., 

2009).

 Recent phenomenological conceptualiza-

tions propose that a disturbance of the sense of 

self may be a psychopathological trait marker of 
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neness (PP) (Meyer, & Hautzinger, 2002), which is 

conceptualized as a subclinical manifestation of the 

same underlying biological factors of schizophrenia-

spectrum disorders (Johns, & van Os, 2001; Van Os, 

Linscott, Myin-Germeys, Delespaul, & Krabbendam, 

2009). Research in PP has revealed impairments on 

measures of emotional, social and cognitive functio-

ning parallel to those of schizophrenia patients (Henry 

et al., 2009; Horan, Blanchard, Clark, & Green, 2008; 

Mohanty et al., 2005, 2008; van ‘t Wout, Aleman, Kes-

sels, Larøi, & Kahn, 2004). There is evidence for self-

disturbance in people with PP (Meehl, 1962, 1989). 

Further, paranoid ideation has been associated with 

perceptions of the self in psychosis-prone individuals 

(Martin, & Penn, 2001). Taken together, the accumula-

ted evidence in schizophrenia, ultra high-risk groups, 

and psychosis-prone subjects suggests that self-

processing alterations may be an underlying marker 

of vulnerability for schizophrenia-spectrum disorders 

(Nelson et al., 2009). Research on psychosis-prone 

individuals has several strengths, as it allows for the 

study of psychotic experiences without the confoun-

ding factors of medication, illness duration, institutio-

nalization or other consequences of the clinical disor-

der, and it may help develop preventive interventions 

for schizophrenia. To our knowledge, no study has 

examined the neural correlates of self-reflective pro-

cessing in such a sample.

 The present study examined the effect of 

PP on brain function associated with the processing 

of self-referential positive and negative personality 

traits. First, we tested the hypothesis that individuals 

with high levels of PP would attribute more positive 

traits to self than to other relative to low PP subjects 

(exaggerated self-enhancing bias). Second, given 

that prior literature is suggestive of an association 

between positive psychotic phenomena and increa-

sed CMS activity (Nelson et al., 2009), we expected 

that psychosis-prone individuals would show increa-

ses in activation of midline cortical regions during 

self-referential processing.

psychotic vulnerability, particularly of schizophre-

nia-spectrum disorders (Nelson, Yung, Bechdolf, & 

McGorry, 2008; Parnas, 2000, 2003; Sass, & Par-

nas, 2003). Changes in CMS are among the earliest 

to occur in schizophrenia (Wright et al., 2000) and 

even precede the onset of frank psychosis (Bor-

gwardt et al., 2007; Pantelis et al., 2003). Conse-

quential CMS disruptions are thought to result in 

difficulties to distinguish between the origins of 

endogenously and exogenously generated stimuli 

(Vinogradov, Luks, Schulman, & Simpson, 2008), 

theory of mind deficits (Marjoram et al., 2006), and 

the aforementioned alterations within the default-

mode network (Garrity et al., 2007). Interestingly, 

individuals at genetic risk show hyperactivation 

and hyperconnectivity similar to those observed in 

schizophrenia (Nelson, Yung, Bechdolf, & McGorry, 

2008). Thus, there is converging evidence from stu-

dies in high-risk individuals and patients with schi-

zophrenia to suggest overactivation of CMS, con-

sistent with the notion of exaggerated self-focus 

underlying psychotic experiences. 

 Schizotypy describes a continuum of per-

sonality characteristics and experiences related to 

psychosis in the general population (Claridge et 

al., 1996). Schizotypal traits can be psychometri-

cally identified in healthy people (Claridge, 1997; 

Lenzenweger, 1994; Stefanis et al., 2002). There is 

evidence to suggest that schizotypal traits fall into 

a factor organization similar to that in schizophre-

nia, consisting of positive (e.g., magical ideation, 

perceptual aberration), negative (e.g., physical 

anhedonia, social anhedonia), and disorganized 

(e.g., disorganized speech and behavior) symptom 

dimensions (Claridge et al., 1996; Kerns, 2006; 

Liddle, 1987). Such schizotypal traits are thought 

to constitute a range of enduring, biologically de-

termined, personality and cognitive traits that pre-

dispose to schizophrenia (Chapman, Chapman, 

Kwapil, Eckblad, & Zinser, 1994; Lenzenweger, 

2006). The detection of schizotypal traits in healthy 

subjects is used as an indicator of psychosis pro-
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Method

Participants

Psychosis Proneness Questionnaire

 600 undergraduate students were scree-

ned with the positive subscale of the Community 

Assessment of Psychic Experiences questionnaire 

(CAPE; Stefanis et al., 2002). They all gave written 

informed consent to complete the CAPE. According 

to their CAPE scores, 36 subjects were ultimately 

recruited for the actual fMRI experiment. Eighteen 

right-handed male (n = 10) and female (n = 8) indivi-

duals with a high score on the CAPE positive dimen-

sion (above 75th percentile, as recommended in Ko-

nings, Bak, Hanssen, van Os, & Krabbendam, 2006) 

were assigned to the “high PP” group (aged 18 to 24 

years, M = 19.78, SD = 1.80; mean CAPE positive di-

mension score = 1.74, SD = 0.13), and eighteen right-

handed male (n = 10) and female (n = 8) individuals 

scoring below the 25th percentile of the distribution 

were included in the low psychosis-prone group (“low 

 The CAPE was used to measure PP. This 

instrument was chosen based on the following cha-

racteristics: 1) good validity and reliability for the 

assessment of schizotypal features in the general 

population (Hanssen, Bak, Bijl, Vollebergh, & Van 

Os, 2005), 2) good concurrent validity with interview-

based measures (Konings, Bak, Hanssen, van Os, & 

Krabbendam, 2006), 3) developed and standardized 

on a Dutch population. A detailed description of its 

psychometric properties and administration proce-

dure can be found elsewhere (Stefanis et al., 2002). 

In brief, this is a 42-item self-report questionnaire 

measuring life-time frequency of attenuated psycho-

tic symptoms, on a 4-point scale of “never”, “some-

times”, “often” and “nearly always”. Konings, Bak, 

Hanssen, van Os, & Krabbendam (2006) reported 

high effect sizes for the internal stability of the CAPE 

PP”; aged 18 to 27 years, M = 20.78, SD = 2.32, 

mean CAPE positive factor score = 1.13, SD = .03). 

Thus, groups were matched for age, sex, handed-

ness, and level of education. These subjects were 

screened for exclusion criteria using a self-report 

checklist for healthy subjects, comprising the fo-

llowing points: 1) no personal history of neurolo-

gical or psychiatric illness; 2) no family history of 

psychotic or neurological illness in first-degree 

relatives; 3) no use of illicit substances; and 4) no 

changes in overall level of functioning, including 

academic performance over the past 6 months. All 

36 participants gave written informed consent for 

participating in the fMRI experiment after a detailed 

explanation of the experimental protocol, approved 

by the Medical Ethical Committee of the University 

Medical Center Groningen.

(0.6–0.8), indicating that self-reported dimensions 

of psychosis proneness at baseline were strongly 

associated with the same dimensions at follow-up. 

Thus, the time lag between completion of the CAPE 

and time of scanning would not affect the findings. 

 Originally, the CAPE was based on a three-

factor structure of positive, negative and depressi-

ve factors. For the purpose of the present study, 

we only used the scores on the positive factor, as a 

number of studies have reported a relationship bet-

ween the severity of positive psychotic symptoms 

and disturbances in neural substrates thought to 

play a role in self-referential processing and in the 

default network (Borgwardt et al., 2007; Nelson, 

Yung, Bechdolf, & McGorry, 2008; Pantelis et al., 

2003; Wright et al., 2000). Thus, we measured po-

sitive factor schizotypal traits (e.g., unusual expe-
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Verbal Stimuli

Procedures

(SIR-R) (ß=0.52, t=8.48, p=0.000), and the positive di-

mension of the Brief Psychiatric Rating Scale (BPRS) 

(ß=0.27, t=3.54, p=0.000) (Konings, Bak, Hanssen, 

van Os, & Krabbendam, 2006).

cessing (“OTHER is friendly”), and general semantic 

processing (used as baseline, control task). The se-

mantic condition included 30 sentences on general 

knowledge such as “You need water to live”, “Spring 

comes after Autumn”.

 The experiment was executed using a Pen-

tium PC using the software package E-Prime (Psy-

chology Software Tools Inc., Pittsburgh, PA). Stimuli 

were projected onto a screen positioned at the end 

of the bore, visible through a mirror attached to the 

head-coil. Cushions were used to minimize head mo-

vement.

themselves. In the other-reference condition, partici-

pants judged whether or not each sentence was true 

about a chosen acquaintance. In the semantic-pro-

cessing condition, participants judged whether or not 

a sentence was true about general knowledge. This 

condition was used to control for visual and motor 

processing of stimuli, language processing and type 

of judgment. Order of presentation of the 3 conditions 

was counterbalanced across subjects, and sentences 

of positive and negative valence were randomly pre-

sented in each block of the self and other conditions. 

The experimental design consisted of a total of 90 

trials, divided into 5 blocks of 24 s. In each block, 6 

different sentences of the same condition (Self, Other, 

Semantic) were presented for 4 s each. Blocks were 

interleaved with four 20-s rest periods consisting of a 

fixation cross presented in the middle of the screen 

(at the beginning, two in the middle, and at the end of 

experiment). 

riences, odd beliefs), which relate to the positive 

dimension of the schizotypy concept (Claridge et 

al., 1996). The positive dimension of the CAPE is 

significantly correlated with the positive dimension 

of the Structured Interview for Schizotypy, Revised 

 Two lists of 30 sentences containing a 

personality-trait adjective as keyword were cons-

tructed from Anderson’s list of personality-trait 

words (Anderson, 1968), which were shown to the 

participants during the scan acquisitions. Within 

each of the 2 lists, half of the keywords were posi-

tive and half were negative, selected from the top 

20% and bottom 20%, respectively, of Anderson’s 

sample. One additional list of 10 sentences was 

used for practice trials. The study included three 

different judgment conditions: self-referential pro-

cessing (“I am trustworthy”), other-referential pro-

 Before scanning, a detailed explanation of 

the task was given to all subjects and they were 

asked to choose an acquaintance upon whom 

they were to reflect inside the scanner. An eligible 

acquaintance was defined as someone familiar to 

the degree of being able to judge their personali-

ty traits, but not too close and not eliciting strong 

feelings in them. Thus, subjects chose a relatively 

“neutral” other such as a classmate or a teammate, 

and verbalized their choice to the researcher before 

scanning.

 The scanning paradigm has been descri-

bed elsewhere (Modinos, Ormel, & Aleman, 2009). In 

brief, participants made one of three different judg-

ments about the presented sentences. Subjects 

were not required to judge the valence itself. The 

task included three different judgment conditions: 

in the self-reference condition, participants jud-

ged whether or not each sentence was true about 
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 There were an equal number of true/false 

items in the semantic condition (50% of each), so 

that results would not be confounded by this effect. 

Subjects responded to each statement, presented 

in white letters on a black screen, with a “yes” (right 

hand, index finger) or “no” (right hand, middle fin-

ger) button-press response. A constant visual re-

minder of which button to press was displayed 

at the bottom of the screen throughout the entire 

scanning session.

MRI Acquisition and Preprocessing

Statistical Analysis

 Images were acquired in a 3-T Philips Intera 

magnetic resonance scanner (Philips Medical Sys-

tems, Best, the Netherlands). Functional data compri-

sed 246 volumes acquired with T2
*-weighted gradient 

echo planar imaging (EPI) sequence, using a sense-8 

head coil. Thirty-seven slices per volume, sensitive to 

blood oxygenation level-dependent (BOLD) contrast, 

were obtained using a TR of 2 s, flip angle = 70°, TE = 

35 ms; in-plane resolution = 3.5 x 3.5 mm, and field of 

view of 224 mm. Slices were acquired interleaved and 

oriented parallel to the AC-PC plane, with a thickness 

of 3.5 mm and no gap. High-resolution T1-weighted 

3D fast-field echo sequences were obtained for ana-

tomical reference (160 slices, TR of 25 ms, TE = 4.6 

ms, slice-thickness = 1 mm; matrix: 256 x 256; field 

 We used SPSS (Chicago, IL, USA) for analy-

sis of behavioral data. If Levene’s test for equality of 

variances revealed significance, corrections of the 

degrees of freedom as well as the P-values (Green-

house-Geisser) were reported. Attributional style of 

personality traits was assessed by computing the va-

riables ‘positive attribution to self’ (number of positive 

sentences attributed to self + number of rejected ne-

gative sentences about self) and ‘positive attribution 

to other’ (number of positive sentences attributed to 

other + number of rejected negative sentences about 

other), entered as within-subject factor “Positive attri-

bution” in a repeated measures ANOVA, with “Group” 

(low PP, high PP) as between-subject factor. Reaction 

times (RT) were also analyzed by means of a repea-

of view = 26 cm; voxel size = 1 x 1 x 1 mm).

 Functional data were preprocessed using 

SMP5 software (www.fil.ion.ucl.ac.uk/spm). All 

functional images were slice-time corrected, and 

realigned. After realignment, the obtained mean 

EPI image was co-registered with the structural T1 

image. Subsequently, images were spatially norma-

lized to the standard stereotactic space defined by 

the Montreal Neurological Institute (MNI) template. 

During normalization, scans were re-sampled onto 

a 2 x 2 x 2 mm3 grid. Functional images were spa-

tially smoothed with a 3D isotropic Gaussian kernel 

(FWHM of 8 mm). Low-frequency noise was remo-

ved by applying a high-pass filter (cut-off of 128 s) 

to the fMRI time-series at each voxel. 

ted measures ANOVA with the within-subject fac-

tor “Condition” (positive self, negative self, positive 

other, negative other) and the between-subject fac-

tor “Group”. Post hoc analyses of significant effects 

were performed by t-tests (Bonferroni corrected for 

multiple comparisons).

 For the fMRI data, single-subject statistics 

of the different event types (positive self, negative 

self, positive other, negative other) versus the se-

mantic baseline were defined as contrasts, using 

SPM5. The resulting intrasubject contrast images 

were entered into a group analysis consisting of a 

mixed-effect three-factor ANOVA with “Subject” as 

random factor, “Group” as between-subject factor, 

and “Condition” (positive self, negative self, po-
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Results

Behavioral Data

independent of the specific valence quality, con-

junction analyses (p < .05, FDR corrected) were per-

formed over the two self-referential contrasts as well 

as over the two other-referential contrasts of group 

comparisons. Brain structure labeling was performed 

using the Anatomical Automatic Labeling Toolbox for 

SPM (Tzourio-Mazoyer et al., 2002).

‘positive attribution x group’ interaction [F(1,34) = 

8.15, p = .007]. Post hoc analyses revealed that there 

were a greater number of positive attributions to self 

than to other in the high PP group relative to the low 

PP group (p = .019). The proportion of positive attri-

butions to self and other for each group are shown in 

Figure 1.

sitive self, negative self) as within-subject factor. 

Activations were considered significant at a voxel-

wise threshold of p < .05 (false discovery rate [FDR] 

corrected for multiple comparisons, with an extent 

threshold of k > 5 voxels).

 To define group differences in brain acti-

vation related to self-reflection and other-reflection 

Attributional Style of Positive and Negative Traits

 Analysis of attributional style revealed a 

significant main effect for the factor “positive attri-

bution” [F(1,34) = 19.86, p < .001], by which there 

were more positive items attributed to self than to 

other (p < .001). There was no main effect of group 

[F(1,34) < 1, ns]. However, there was a significant 

Figure 1. Behavioral results of the task paradigm. Significant group x condition interaction between Group and Positive 
Attribution factors, depicting a significantly stronger attribution of positive items to self relative to other in subjects with high 
positive dimension psychosis proneness (High PP) relative to the low psychosis-prone group (Low PP). Error bars depict 
standard error of the mean.
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vs. positive other (p = .048) positive self vs. negati-

ve other (p < .001), and positive other vs. negative 

other (p = .035). Thus, subjects always reacted fas-

test on positive self trials, and slowest on negati-

ve other trials. There was no main effect of group 

[F(1,34) = 1.44, p = .239], or significant “group x 

condition” interaction [F(1,34) < 1, ns].

frontal gryus, pars orbitalis), in response to positi-

ve self>baseline (Table 1, Figure 2 Panel A). Fina-

lly, stronger activation was also evident in the left 

amygdala, in response to negative self>baseline 

(Tables 2, Figure 2 Panels B).

 There were no significant between-group 

differences in the contrasts negative other>baseline 

or positive other>baseline. 

Reaction Times

 A repeated measures ANOVA with judgment 

condition as within-subject factor and group as bet-

ween-subject factor revealed a significant main effect 

of ‘”Condition” [F(1,34) = 10.39, p < .001]. Post hoc 

analysis of RT revealed the following significant pairs: 

positive self vs. negative self (p = .015), positive self 

 Analysis of group differences revealed stron-

ger activation in the high PP group in right putamen, 

precuneus, left anterior cingulate cortex, insula, and 

inferior parietal lobe (for the contrasts of positive 

self>baseline, negative self>baseline). In addition, 

stronger activations in high PP were observed bila-

terally in the medial prefrontal cortex (superior fron-

tal gyrus), and ventrolateral prefrontal cortex (inferior 

Table 1. Coordinates and T Scores (False Discovery Rate Corrected for Multiple Comparisons across the Whole Brain, 
p < .05) for Cerebral Areas Significantly More Activated in the Group Comparison High Psychosis-Prone Group > Low 
Psychosis-Prone during Reflection on Self-Related Positive Personality Traits against Semantic Baseline.

Coordinates are in Montreal Neurologic Institute (MNI) space. BA, Brodmann’s area; R, right hemisphere; L, left hemis-
phere; size, no. of activated voxels.  

Region BA Side x y z T-score Size
Putamen R 26 10 12 639 1412

Anterior cingulate cortex 32 L -8 22 16 623 434

Insula 13 L -34 4 12 485 376

Superior frontal gyrus 10 R 16 50 18 483 325

Superior frontal gyrus 10 L -16 64 20 458 142

Inferior parietal lobe 40 L -34 -78 42 423 44

Precuneus 7 R 6 -60 26 386 115

Inferior frontal gyrus 47 L -48 46 -8 378 16

Inferior frontal gyrus 47 R 46 40 -14 367 18

Functional Magnetic Resonance Imaging



IMAGING THE VULNERABLE BRAIN:
Functional and Structural MRI in Psychosis Proneness

  

79

Table 2. Coordinates and T Scores (False Discovery Rate Corrected for Multiple Comparisons across the Whole Brain, 
p < .05) for Cerebral Areas Significantly More Activated in the Group Comparison High Psychosis-Prone > Low Psychosis-
Prone during Reflection on Self-Related Negative Personality Traits against Semantic Baseline.

Figure 2. Brain areas showing significant stronger activations during self-referential processing in subjects with high 
positive dimension psychosis proneness (PP) relative to subjects with low PP (p < .05, false discovery rate corrected). 
Panel A indicates greater activations during self-referential processing of positively-valenced personality traits, whereas 
Panel B depicts regions where activations were significantly stronger for negatively-valenced stimuli, in addition to the 
anterior cingulate cortex and putamen. ACC = anterior cingulate cortex. IFG = inferior frontal gryus. SFG = superior fron-
tal gyrus. Coordinates of activated regions may be found in Tables 1 and 2. Panel C displays greater activations during 
self-referential processing irrespective of valence.

Coordinates are in Montreal Neurologic Institute (MNI) space. BA, Brodmann’s area; R, right hemisphere; L, left hemis-
phere; size, no. of activated voxels. 

Region BA Side x y z T-score Size
Putamen R 26 10 12 537 423

Anterior cingulate cortex 32 L -8 22 18 509 99

Inferior parietal lobe 40 L -34 -76 40 444 317

Amygdala L -18 0 -22 391 9

Insula 13 L -34 4 12 377 12
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26, 10, 12, k = 55, T = 5.37, p = .018) and the ante-

rior cingulate cortex (maxima at x, y, z = -8, 22, 18, 

k = 7, T = 5.09, p = .018) during decisions about the 

self-relatedness of stimuli (Figure 3).

 We also performed conjunction analyses for 

group contrasts of self and other independent of va-

lence. Analyses revealed greater activation in high PP 

individuals in the right putamen (maxima at x, y, z = 

Figure 3. Brain areas showing significant stronger activations during self-referential processing, irrespective of valen-
ce, in subjects with high positive dimension psychosis proneness (PP) relative to subjects with low PP (p < .05, false 
discovery rate corrected).

Discussion

related to increased activation in prefrontal, limbic 

and striatal regions.

 The higher attribution of positive traits to 

self than to other confirms our first hypothesis, and 

expands previous reports in psychosis proneness 

of altered of self-related processing (e.g., self-fa-

ce perception) (Gallup, Anderson, & Platek, 2003; 

Larøi, D’Argembeau, Brédart, & van der Linden, 

2007; Platek, & Gallup, 2002; Platek, Myers, Critton, 

& Gallup, 2003). Current theoretical accounts view 

the formation of positive psychotic symptoms as 

depending on biased selection of social data, alte-

red inferential reasoning concerning others’ inten-

 The aim of the study was to examine whe-

ther positive psychosis proneness would be associa-

ted with a differential pattern of brain activity during 

self-reflective processing. fMRI was used to measure 

changes in cerebral activation during the attribution 

of positive and negative personality traits to self and 

to other. Participants’ responses were recorded to 

allow full behavioral analysis of the data. First, we 

observed an increased self-enhancing bias in sub-

jects with high compared to subjects with low levels 

of positive psychosis proneness, as indexed by the 

attribution of more positive personality traits to self 

than to other. Second, we report that this effect was 
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et al., 2005). In addition, patients with schizotypal 

personality disorder were reported to exhibit an in-

creased glucose metabolic rate in the putamen, con-

sistent with decreased dopaminergic activity therein 

since dopamine is inhibitory in this region (Shihabu-

ddin et al., 2001). Future studies on striatal function in 

schizotypy should help clarify whether the observed 

fMRI differences are also associated with changes in 

neurochemical mechanisms and dopamine concen-

tration. 

 When investigating the differential effects of 

positively and negatively valenced stimuli, the eva-

luation of personality traits also produced activation 

increases in a number of brain areas in high PP indivi-

duals. In particular, the medial and ventrolateral PFC 

bilaterally, left insula, right precuneus and inferior pa-

rietal lobe were more strongly activated for positive 

self-related stimuli. Additionally to those regions, the 

left amygdala showed an increased response when 

the material was of negative valence. These amygda-

la, insula and medial and ventral portions of the PFC 

have a known role in processing the emotional value 

of stimuli (Phillips, Drevets, Rauch, & Lane, 2003a). 

Increased PFC activation in subjects with high posi-

tive schizotypy has been reported in association with 

an affective interference task (Mohanty et al., 2005). 

The authors reported that these subjects showed 

significant (p < .05) increases in activation in DLPFC 

and VLPFC, as well as in limbic regions such as the 

amygdala during maintenance of attentional set in the 

presence of negative emotional distractors (Emotio-

nal Stroop task), in an fMRI study with a sample size 

similar to ours. 

 In light of this previous evidence, the pre-

sent findings suggest that subjects with high levels of 

positive dimension PP have an increased emotional 

response to self-related stimuli, which may be coun-

terbalanced by attempts to diminish this affect and in-

crease self-esteem. The ACC would be a relevant re-

gion for this purpose, as observed in our experiment, 

given its known role in cognitive control. Increased 

activations in insular, striatal and limbic regions while 

tions, and biased resolution of conflicting attribu-

tional options in favor of a motivationally prepotent 

self-serving bias (Blackwood, Howard, Bentall, & 

Murray, 2001). In fact, dysfunctional strategies for 

avoiding low self-esteem are thought to underlie 

paranoia-inducing explanations (Bentall, Corcoran, 

Howard, Blackwood, & Kinderman, 2001; Bentall, 

Kinderman, & Kaney, 1994). The present findings 

suggest that common mechanisms related to self-

referential processing might contribute to positive 

psychotic experiences in non-clinical and in clinical 

samples.

 In the present study, high positive PP in-

dividuals showed differential increases in brain ac-

tivation relative to low positive PP subjects during 

self-reflection, confirming our second hypothesis. 

Regardless of the stimuli valence, self-reflection 

produced stronger activation in the ACC and pu-

tamen in subjects with high relative to subjects 

with low levels of PP. The ACC region showing 

increased response has been identified as a core 

structure in the integration of internal states with 

external information (Critchley, 2005), emotion pro-

cessing and regulation (Lane et al., 1998; Mohanty 

et al., 2007), as well as in the default-mode network 

(Buckner, Andrews-Hanna, & Schacter, 2008; Gus-

nard, Akdubak, Shulman, & Raichle, 2001). ACC 

dysfunction has been described in schizophrenia 

(Phillips, Drevets, Rauch, & Lane, 2003b), and its 

structure seems to be already compromised in 

subjects at clinical risk for psychosis (Pantelis et 

al., 2003; Borgwardt et al., 2007). The putamen, lo-

cated deep in the cerebrum as part of the basal 

ganglia, has been implicated in emotion perception 

(Parent, & Hazrati, 1995), and reward processing. 

From a neurochemical perspective, research in 

schizophrenic patients has reported dopaminer-

gic abnormalities in the striatum related to posi-

tive symptoms and cognitive impairments (Davis, 

Kahn, Ko, & Davidson, 1991). Evidence of different 

influence of dopamine on brain functioning in high 

versus low schizotypes has been reported (Mohr 
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ges thereof might be observed already in associa-

tion with vulnerability to psychosis. The observed 

activation differences in high PP were mainly iden-

tified as hyperactivations. In consideration of the 

role ascribed to the CMS in self-referential proces-

sing and internally directed attention (Gusnard, Ak-

dubak, Shulman, & Raichle, 2001; Northoff et al., 

2006), our results appear to be consistent with phe-

nomenological accounts postulating that psychotic 

phenomena is associated with increased CMS acti-

vity (Nelson et al., 2009), indicating that an elevated 

self-referential focus may contribute to psychotic 

experiences in non-clinical and clinical samples. 

Finally, with regard to brain morphology, gray mat-

ter abnormalities have been documented in clinical 

high risk individuals who later develop psychosis in 

overlapping regions, that is, ACC, lateral prefrontal, 

striatal and medial temporal regions (Pantelis et al., 

2003). Further, our group reported gray matter vo-

lume differences in association with high positive 

PP in regions of the posterior cortical midline, that 

is, posterior cingulate cortex and precuneus (Modi-

nos et al., 2009).

 A limitation of our study is that, as in 

previous neuroimaging studies of other high-

risk groups, the sample size was relatively small. 

Groups were formed with high and low scorers to 

allow consistency with previous literature on PP, 

which has typically compared performance bet-

ween groups selected upon the same criterion (e.g., 

Langdon & Coltheart, 1999, 2001, 2004; Modinos, 

et al., 2009; Platek & Gallup, 2002; Jahshan & Ser-

gi, 2007; Fernyhough, Jones, Whittle, Waterhouse, 

Bentall, 2008; although see Janssen et al., 2006). 

The distribution of PP in non-clinical samples does 

not show a continuous normal distribution, but a 

continuous half-normal distribution, with the majo-

rity of the population having very low values albeit a 

significant proportion also has progressively higher 

values (Van Os et al. 2009). In addition, compared 

to other measures of PP (e.g., Paranoia Scale, Lau-

nay-Slade Hallucination Scale), the CAPE compri-

processing personality traits of positive and negative 

value could indicate that such traits entail an increa-

sed emotional value for these subjects (responses 

in insula, amygdala), which is regulated in ways that 

facilitate a higher rewarding value (response in puta-

men). That is, by attributing more positive items to 

self than to other, as suggested by prior literature on 

the nature of self-enhancing biases (Blackwood et al., 

2003).

 In addition, it is worth noting that medial 

prefrontal regions including the ACC are known to 

be active during both resting state and self-reflective 

processing (Gusnard, Akdubak, Shulman, & Raichle, 

2001; Lou et al., 2004; Northoff et al., 2006). Hype-

ractivation and hyperconnectivity in these regions du-

ring resting state have been reported in schizophrenia 

(Buckner, Andrews-Hanna, & Schacter, 2008; Garrity 

et al., 2007; Zhou et al., 2007), as well as in subjects 

at genetic risk (Whitfield-Gabrieli et al., 2009). This 

has been interpreted as reflecting increased self-fo-

cus, that is, an enhanced focus in one’s own thoughts 

and feelings. Many of the positive symptoms of schi-

zophrenia involve an exaggerated sense of self-re-

levance in the world, such as paranoid ideation that 

individuals and groups are conspiring against the 

person, and a blurring of internal reflection and ex-

ternal perception, such as hallucinations. Thus, it has 

been proposed that greater activity in regions rele-

vant to self-referential processing may contribute to 

the disturbances of thought that characterize schi-

zophrenia (Whitfield-Gabrieli et al., 2009). Our results 

suggest that biased self-referential processing is also 

associated with the experience of subclinical forms of 

positive psychotic symptoms, in line with the notion 

of a psychosis continuum.

 Furthermore, the present findings of diffe-

rential activation in midline regions (PFC, ACC) du-

ring self-reflection in subjects high positive PP lend 

empirical support to Nelson et al.’s (2009) three-fold 

proposal that a) midline structures are involved in su-

pporting a sense of self; b) their dysfunction may be 

related to positive psychotic symptoms; and c) chan-
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further expand the notion that self-disturbances may 

precede the onset of florid psychotic symptoms.

 In conclusion, the present study establishes 

altered self-referential processing in subjects with 

positive dimension psychosis proneness, in terms 

of increased self-enhancing bias and differential 

patterns of brain activation in relevant regions. The 

cerebral areas in which differences were detected in 

association with high PP appeared to be areas whose 

heightened activation has been previously documen-

ted in patients with schizophrenia, genetic high-risk 

samples, and in relation to positive psychotic symp-

toms. The current findings converge with prior evi-

dence for the notion that self-related alterations may 

reflect pathophysiological mechanisms associated 

with psychotic experiences, rather than developing 

uniquely as a result of illness duration or long-term 

antipsychotic medication (Nelson et al., 2009; Nel-

son, Yung, Bechdolf & McGorry, 2008). 

ses more “pathological” items (e.g, does not tap 

on phenomena such as daydreaming), so that very 

low scores are “normal”. Thus, using average sco-

rers would not be expected to significantly alter the 

present findings. However, future studies on PP in-

cluding such control group should help extend our 

findings. Another potential limitation of the present 

study is that the subjects were recruited from a uni-

versity sample, thus caution should be used when 

extrapolating the present findings to the general 

population. Of note, students function at a high le-

vel (Meehl, 1962), thus psychosis-prone individuals 

with high intellectual capacity might cope better 

with the problems associated with PP (Romme, Ho-

nig, Noorthoorn, & Escher, 1992; van ‘t Wout, Ale-

man, Kessels, Larøi, & Kahn, 2004). Nevertheless, 

our findings are encouraging for further behavioral 

and imaging work in such a group, which may help 
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2.2.3 Neurobiological Correlates of Theory  
   of Mind in Psychosis Proneness

G. Modinos1, R. Renken1, S.G. Shamay-Tsoory2,
J. Ormel3, A. Aleman1

1 Department of Neuroscience, University Medical Center Groningen, and BCN 
Neuroimaging Center, University of Groningen, Groningen, The Netherlands
2 Department of Psychology, University of Haifa, Haifa, Israel
3 Interdisciplinary Center for Psychiatric Epidemiology, University Medical Center Gro-
ningen, Groningen, The Netherlands

Under review for publication in Neuropsychologia

Theory of mind (ToM) refers to the capacity to infer one’s own and other per-
sons’ mental states. ToM abilities are compromised in schizophrenia, in as-
sociation with dysfunctional activity in predominantly prefrontal brain regions. 
Prior behavioral studies have also suggested ToM deficits in healthy individuals 
with psychosis proneness (PP), although no study to date had investigated 
the associated neural mechanisms in such a sample. Here we used functional 
magnetic resonance imaging (fMRI) to compare brain activation of subjects 
with high versus low scores on positive-dimension PP and a ToM task. The 
ToM task involved first and second order attribution of cognitive and affective 
mental states to a cartoon character based on verbal and eye-gaze cues. No 
between-group differences were found on behavioral performance. fMRI analy-
ses revealed a group interaction in anterior prefrontal cortex (BA 10), with the 
high PP group showing significantly more activity thereof relative to low PP 
during second order mentalizing than during first order mentalizing. Further 
between-group differences were observed in dorsomedial and lateral prefron-
tal regions (BA 46/9), with the high PP group also showing greater activation 
during second order mentalizing. These results indicate that subjects with po-
sitive-dimension PP required more activation of prefrontal areas to adequately 
mentalize, suggesting that alterations in the neural mechanisms underlying 
ToM might be associated with vulnerability to psychosis.
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Gallup, 2003; Pickup, 2006; Meyer & Shean, 2006; 

although see Jahshan & Sergi, 2007; Fernyhough, 

Jones, Whittle, Waterhouse, & Bentall, 2008; and 

Fyfe, Williams, Mason, & Pickup, 2008 for lack of 

differences). In addition, support for the trait hypo-

thesis has been recently suggested by a meta-

analysis of ToM studies in schizophrenia (Bora, 

Yucel, & Pantelis, 2009). The authors concluded 

that, although the accumulated findings of ToM de-

ficits in remitted and non-remitted patients suggest 

that there is indeed a trait-related ToM impairment 

in schizophrenia, more careful research is needed 

to investigate this ability in symptom-free patients 

and people at risk for developing psychosis.

 Schizotypy describes a continuum of per-

sonality characteristics and experiences related to 

psychosis in the general population (Claridge et al., 

1996). Schizotypal traits can be psychometrically 

identified in healthy people (Claridge, 1997; Len-

zenweger, 1994; Stefanis et al., 2002). There is evi-

dence to suggest that schizotypal traits fall into a 

factor organization similar to that in schizophrenia, 

consisting of positive (e.g., magical ideation, percep-

tual aberration), negative (e.g., physical anhedonia, 

social anhedonia), and disorganized (e.g., disorga-

nized speech and behavior) symptom dimensions 

(Claridge et al., 1996; Kerns, 2006; Liddle, 1987). 

Such schizotypal traits are thought to constitute a 

range of enduring, biologically determined, perso-

nality and cognitive traits that predispose to schi-

zophrenia (Chapman, Chapman, Kwapil, Eckblad, 

& Zinser, 1994; Lenzenweger, 2006). The detection 

of schizotypal traits in healthy subjects is used as 

an indicator of psychosis proneness (PP) (Meyer, 

& Hautzinger, 2002), which is conceptualized as a 

subclinical manifestation of the same underlying 

biological factors of schizophrenia-spectrum di-

sorders (Johns, & van Os, 2001; Van Os, Linscott, 

Myin-Germeys, Delespaul, & Krabbendam, 2009). 

Research in PP has revealed impairments on mea-

 Theory of mind (ToM) refers to the ability to 

attribute mental states to others, such as beliefs and 

desires, enabling us to explain and predict their be-

havior in order to adaptively function in a social en-

vironment. ToM disruptions have been consistently 

reported in schizophrenia (Bora, Yucel, & Pantelis, 

2009). Such deficits have relevant implications for 

the patients, as they are thought to contribute to im-

paired social functioning (Brüne, 2005), and to play 

a role in the genesis of positive psychotic symptoms 

(Frith, 1992; Frith & Corcoran, 1999). From a neuro-

physiological point of view, key regions for ToM in the 

healthy brain have been identified in the temporal po-

les, the posterior superior temporal sulcus, and most 

robustly in the prefrontal cortex (PFC) (Singer, 2006). 

In patients with schizophrenia, a number of imaging 

studies have documented abnormal hemodynamic 

response in several regions involved in ToM, such 

as medial and lateral portions of the PFC, relative to 

healthy controls (Brunet-Gouet & Decety, 2006).

 The substantial body of evidence for ToM 

abnormalities in schizophrenia has led to the hypo-

thesis that, albeit more severe in acute phases, men-

talizing impairments might be a trait characteristic of 

the disorder (Bora, Yucel, & Pantelis, 2009). However, 

this hypothesis is still a matter of debate (Pousa, Ruiz, 

& David, 2008). Impaired ToM performance on the be-

havioral level has been observed in remitted patients 

(Bora, Yucel, & Pantelis, 2009; Sprong, Schothorst, 

Vos, Hox, & van Engeland, 2007), first-episode schi-

zophrenia (Bertrand, Sutton, Achim, Malla, & Lepage, 

2007; Kettle, O’Brien-Simpson, & Allen, 2008), sub-

jects in prodromal phases (Chung, Kang, Shin, Yoo, & 

Kwon, 2008; although see Couture, Penn, Addington, 

Woods, & Perkins, 2008 for lack of significant diffe-

rences), subjects at genetic risk (Irani et al., 2006; 

Marjoram et al., 2006b), and healthy subjects who 

have been psychometrically defined as being pro-

ne to psychosis (Landgon & Coltheart, 1999, 2001, 

2004; Platek & Gallup, 2002; Platek, Critton, Myers, & 
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sures of emotional, social and cognitive functioning 

parallel to those of schizophrenia patients (Henry et 

al., 2009; Horan, Blanchard, Clark, & Green, 2008; 

Mohanty et al., 2005, 2008; van ‘t Wout, Aleman, 

Kessels, Larøi, & Kahn, 2004). Thus far, there is 

evidence to suggest a mentalizing disturbance in 

people with PP (see Sprong, Schothorst, Vos, Hox, 

& van Engeland, 2007), in line with the notion that it 

may be an underlying marker of vulnerability. Sub-

jects with positive dimension PP (experiencing e.g., 

unusual beliefs and aberrant perceptions) show ele-

vated social anxiety and poorer social functioning 

(Kwapil, Barrantes-Vidal, & Silvia, 2008; Brown, Sil-

via, Myin-Germeys, Lewandowski, & Kwapil, 2008), 

which is thought to be related to ToM deficits. 

 Furthermore, a previous fMRI study in in-

dividuals at genetic risk for schizophrenia reported 

abnormal brain activation in prefrontal regions rele-

vant to ToM processing (Marjoram et al., 2006a). In 

fact, it has been recently suggested that functional 

and structural abnormalities within brain regions 

dedicated to self and other-referential processing 

may be implicated early in the pathophysiology of 

the disorder (Nelson et al., 2009). To date, however, 

no study has examined brain activation during ToM 

in psychosis-prone individuals. Research on such a 

 Six hundred undergraduate students 

were screened with the positive subscale of the 

Community Assessment of Psychic Experiences 

questionnaire (CAPE; Stefanis et al., 2002). They 

all gave written informed consent to complete the 

CAPE. According to their CAPE scores, 36 subjects 

were ultimately recruited for the actual fMRI experi-

ment. Eighteen right-handed individuals with a high 

score on the CAPE positive dimension (above the 

75th percentile, as recommended in Konings, Bak, 

sample has several strengths, as it allows for the stu-

dy of mechanisms relevant to psychotic experiences 

without the confounding factors of medication, illness 

duration, institutionalization or other consequences 

of the clinical disorder.

 Here we used functional magnetic resonan-

ce imaging (fMRI) to examine brain function asso-

ciated with ToM in a group of individuals with high 

positive dimension PP, comparing them with a group 

of subjects with low positive dimension PP. In light 

of recent evidence that tasks involving inference re-

garding cognitive mental states and tasks involving 

inference regarding affective mental states are diffe-

rentially impaired in individuals with schizophrenia 

(Shamay-Tsoory et al., 2007), we adapted a task that 

had previously allowed for the study of these compo-

nents in schizophrenia (Shamay-Tsoory, Aharon-Pe-

retz, & Levkovitz, 2007; Shamay-Tsoory et al., 2007). 

We tested the hypothesis that high PP individuals 

would show differences in activation, relative to low 

PP individuals, in prefrontal regions involved in ToM 

during the correct attribution of mental states, con-

sistent with the one available fMRI study in high-risk 

relatives of patients with schizophrenia (Marjoram et 

al., 2006a).

Hanssen, van Os, & Krabbendam, 2006) were assig-

ned to the “high PP” group (10 men, mean age 19.8 ± 

1.9 years, range 18-24, mean CAPE positive dimen-

sion score 1.74 ± 0.13), and eighteen right-handed 

individuals scoring below the 25th percentile of the 

distribution were included in the low psychosis-prone 

group (“low PP”; 10 men, mean age 21 ± 2.8 years, 

range 18-27, mean CAPE positive dimension score 

1.12 ± 0.04). Thus, groups were matched for age, 

sex, handedness, and level of education. These sub-

Materials and methods

Participants
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written informed consent for participating in the 

fMRI experiment after a detailed explanation of the 

experimental protocol, approved by the Medical 

Ethical Committee of the University Medical Center 

Groningen. The procedures followed were in accor-

dance with the ethical standards of the responsible 

committee on human experimentation and with the 

Helsinki Declaration of 1975, as revised in 1983.

jects were screened for exclusion criteria using a self-

report checklist for healthy subjects, comprising the 

following points: 1) no personal history of neurological 

or psychiatric illness; 2) no family history of psychotic 

or neurological illness in first-degree relatives; 3) no 

use of illicit substances; and 4) no changes in overall 

level of functioning, including academic performan-

ce over the past 6 months. All 36 participants gave 

Psychosis proneness questionnaire

time of scanning would not affect the findings. 

 Originally, the CAPE was based on a three-

factor structure of positive, negative and depressi-

ve factors. For the purpose of the present study, 

we only used the scores on the positive factor, fo-

llowing the notion that some of the positive symp-

toms of schizophrenia reflect an impairment in the 

ability to infer the mental states of others (Frith & 

Corcoran, 1996), and that schizotypal experiences 

analogous to positive symptoms of schizophrenia 

predict poorer mentalizing (Pickup, 2006). Thus, 

we measured positive factor schizotypal traits (e.g., 

unusual experiences, odd beliefs), which relate to 

the positive dimension of the schizotypy concept 

(Claridge et al., 1996). The positive dimension of the 

CAPE is significantly correlated with the positive di-

mension of the Structured Interview for Schizotypy, 

Revised (SIR-R) (ß=0.52, t=8.48, p=0.000), and the 

positive dimension of the Brief Psychiatric Rating 

Scale (BPRS) (ß=0.27, t=3.54, p=0.000) (Konings, 

Bak, Hanssen, van Os, & Krabbendam, 2006).

 The CAPE was used to measure PP. This 

instrument was chosen based on the following cha-

racteristics: 1) good validity and reliability for the 

assessment of schizotypal features in the general 

population (Hanssen, Bak, Bijl, Vollebergh, & Van 

Os, 2005), 2) good concurrent validity with interview-

based measures (Konings, Bak, Hanssen, van Os, & 

Krabbendam, 2006), 3) developed and standardized 

on a Dutch population. A detailed description of its 

psychometric properties and administration proce-

dure can be found elsewhere (Stefanis et al., 2002). 

In brief, this is a 42-item self-report questionnaire 

measuring life-time frequency of attenuated psycho-

tic symptoms, on a 4-point scale of “never”, “some-

times”, “often” and “nearly always”. Konings, Bak, 

Hanssen, van Os, & Krabbendam (2006) reported 

high effect sizes for the internal stability of the CAPE 

(0.6–0.8), indicating that self-reported dimensions of 

psychosis proneness at baseline were strongly asso-

ciated with the same dimensions at follow-up. Thus, 

the time lag between completion of the CAPE and 
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Task and experimental design

using color cartoon images. The stimuli were further 

divided into three conditions: cognitive, affective and 

physical. In short, each trial showed a cartoon outli-

ne of a face (named Jan) and four colored pictures 

of objects belonging to a single category (e.g., fruits, 

chairs) or faces, one in each corner of the computer 

screen (see a complete description of the task and a 

figure with examples of stimuli in the Appendix). The 

conditions were as follows:

5 s, and trial conditions (SOCOG, SOAFF, SOPHY) 

were, again, randomly presented. There were 3 se-

cond order blocks in total, each including 6 trials. 

There were 2 rest periods more (fixation cross) at the 

beginning and at the end of the experiment. In sum-

mary, FO and SO were presented as blocks, whereas 

COG, AFF and PHY were randomly presented events. 

All participants underwent a training session on the 

task immediately before fMRI scanning, including 12 

trials.

 The task was based on that of Shamay-

Tsoory, Aharon-Peretz, & Levkovitz (2007), and 

involved the ability to judge mental states based 

on verbal and eye-gaze cues. The task has been 

validated before and has been shown to be positi-

vely correlated with verbal measures of ToM such 

as false belief stories (Shamay-Tsoory & Aharon-

Peretz, 2007). The task was adapted for the fMRI 

environment as an event-related paradigm, compri-

sing first and second order mental state attribution 

 The experiment began with first order 

mentalizing trials. All trials displayed a verbal cue 

on top of the screen, to which the subjects respon-

ded by indicating the correct answer (the image 

Jan was referring to) using a four-button response 

box. Each trial was shown for 5 s, and trial con-

ditions (FOCOG, FOAFF, FOPHY) were presented 

in random order. There were 3 first order blocks in 

total, each including 6 trials. After a 20-s rest pe-

riod (fixation cross), second order mentalizing trials 

were presented. These images were also shown for 

- First order cognitive condition (FOCOG) in which responding to the sentence on top the image required 

attribution of a cognitive mental state to Jan.

- First order affective condition (FOAFF) in which responding to the sentence on top the image required 

attribution of an affective mental state to Jan.

- Second order cognitive condition (SOCOG) in which responding to the sentence on top the image required 

attribution of a cognitive mental state to Jan about another character’s mental state.

- Second order affective condition (SOAFF) in which responding to the sentence on top the image required 

attribution of an affective mental state to Jan about another character’s mental state.

- First and Second order physical conditions (FOPHY; SOPHY) did not require ToM abilities.
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Imaging

Behavioral analysis

Imaging analysis

3.5 mm, field of view (FOV) = 224 mm). Slices were 

acquired interleaved in alignment with the anterior 

commissure-posterior commissure plane, with a 

thickness of 3.5 mm (no gap). In addition, high-

resolution T1-weighted 3D fast-field echo (FFE) 

sequences were obtained for anatomical reference 

(160 slices, TR = 25 ms, TE = 4.6 ms, slice-thick-

ness = 1 mm, matrix = 256 x 256; FOV = 26 cm; 

voxel size, 1 x 1 x 1 mm).

analyzed First and Second Order data separately. 

Accuracy scores and RT were subjected to separa-

te 3 (Condition: cognitive, affective, physical) by 2 

(Group: low PP, high PP) repeated measures ANO-

VA for each Order type, in SPSS.

al., 1995). For each condition (FOCOG, FOAFF, FO-

PHY, SOCOG, SOAFF, SOPHY), the brain response 

was modeled by convolving each individual trial (5 

s) with canonical hemodynamic response function. 

To identify activity in regions related to ToM con-

ditions, we computed t-contrasts of each condi-

tion to the respective Physical conditions (e.g., 

FOCOG>FOPHY; SOAFF>SOPHY). Following the 

purpose to examine activity in cerebral areas asso-

ciated with the correct attribution of mental states, 

only correct trials were modeled for the fMRI analy-

sis.

 Next, each individual contrast image was 

entered into a second-level random effects analysis 

to examine task-related activations across groups, 

as well as between-group differences (repeated 

measures ANOVA). We aimed at investigating main 

 Participants were scanned on a 3 Tesla 

Philips Intera MR scanner (Philips Medical Systems, 

Best, The Netherlands). E-Prime was used to present 

the task to the subjects during scanning. Functional 

MRI data comprised 240 volumes acquired with a 

T2
*-weighted gradient echo-planar imaging (EPI) se-

quence, using a sense-8 head coil. Thirty-seven echo 

planar images per volume sensitive to blood-oxygen 

level dependent (BOLD) contrast were obtained (TR 

= 2000 ms, TE = 35 ms, in-plane resolution = 3.5 x 

 Performance was rated for accuracy and 

reaction time (RT). Accuracy was scored on a bino-

mial scale (1 = correct, 0 = incorrect). Since Second 

Order trials were expected to be more cognitively de-

manding than First Order trials (Samson, 2009), we 

 Data were preprocessed and analyzed using 

SPM5 (Wellcome Department of Imaging Neuros-

cience; http://www.fil.ion.ucl.ac.uk/spm/). Standard 

pre-processing was applied, with slice time correc-

tion, and realignment to the first volume to correct for 

interscan motion artifacts. After realignment, a mean 

EPI image was created, which was co-registered 

with the structural T1 image. Subsequently, images 

were spatially normalized to the standard stereotactic 

space defined by the Montreal Neurological Institute 

(MNI) template. Functional images were then smoo-

thed with a 3D isotropic 8-mm full-width/half-maxi-

mum (FWHM) Gaussian kernel. Low-frequency noise 

was removed by applying a high-pass filter (cut-off of 

128 s) to the fMRI time-series at each voxel. Signifi-

cant hemodynamic changes for each condition were 

examined using the General Linear Model (Friston et 
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relative to that associated with FO>PHY.

 Statistical maps were thresholded at a level 

of p < 0.005 uncorrected, and voxelwise data were 

corrected for multiple comparisons by spatial extent 

of contiguous suprathreshold individual voxels at p < 

0.05 for a cluster, in line with the one previous fMRI 

study on ToM in subjects at genetic risk for psychosis 

(Marjoram et al., 2006a). Coordinates are reported in 

MNI (Montreal Neurological Institute) space.

 In Second Order trials, the ANOVA on ac-

curacy scores revealed no main effect of Condition 

(F(2,68) = 1.479, p = 0.235), Group (F(1,34) < 1, ns) or 

Group by Condition interaction (F(2,68) < 1, ns). With 

regard to RT, the ANOVA revealed no main effect of 

Group (F(1,34) < 1, ns). However, there was a signifi-

cant main effect of Condition (F(2,68) = 108.506, p < 

0.001). Bonferroni post-hoc correction revealed that 

PHY trials were quicker than COG (p < 0.001) and 

AFF trials (p < 0.001). There was also a significant 

Group by Condition interaction (F(2,68) = 3.329, p = 

0.042), although post-hoc analysis of between-group 

differences for each condition did not reach signifi-

cance (SOCOG, p = 0.230; SOAFF, p = 0.796; SO-

PHY, p = 0.073).

effects of Group (Low PP, High PP), Condition 

(COG, AFF, PHY), Order (FO, SO), and interactions 

Group by Condition and Group by Order.

 Finally, we tested the hypothesis that SO 

trials would be more cognitively demanding than 

FO trials (Samson, 2009) by fitting a within-group 

repeated measures ANOVA with “Order” as within-

subject factor, in the low PP group in order to com-

pare neural activation associated with SO>PHY 

 A Condition (COG, AFF, PHY) by Group 

(high PP, low PP) repeated measures ANOVA was 

conducted on the accuracy scores in each trial for 

each Order type. In First Order trials, there was 

no main effect of Condition (F(2,68) = 2.664, p = 

0.092), Group (F(1,34) = 1.197, p = 0.282), or Group 

by Condition interaction (F(2,68) < 1, ns). A repea-

ted measures ANOVA on RT revealed no main 

effect of Group (F(1,34) < 1, ns), or Group by Con-

dition interaction (F(2,68) = 2.015, p = 0.147). There 

was a significant main effect of Condition (F(2,68) 

= 9.954, p < 0.001). Bonferroni post-hoc correction 

revealed that PHY trials were quicker than COG (p 

= 0.019) and AFF trials (p = 0.001).

 

 A voxel-wise repeated measures ANOVA 

revealed no significant activations as main effect of 

group surviving the statistical threshold of p < 0.05 

cluster-level corrected for multiple comparisons.

Results

Behavioral

Functional MRI

Main effect of Group (Low PP, High PP)
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Main effect of Condition (COG, AFF)

Main effect of Order (First Order, Second Order)

dition produced activations, across groups, in the 

right cuneus, left hippocampus, and the fusiform 

gyrus and cerebellum bilaterally. These activations 

are displayed in Table 1. There was no significant 

Group by Condition interaction.

duced a significant effect in the right inferior parie-

tal lobe, right middle frontal gyrus, inferior frontal 

gyrus, and the cerebellum bilaterally (See Table 2).

 There was a significant effect of COG car-

toons, relative to PHY cartoons, in right hemispheric 

prefrontal regions (superior, inferior, and middle frontal 

gyrus, anterior cingulate cortex), right anterior insula, 

and the supramarginal gyrus bilaterally. The AFF con-

 There was a significant effect of FO>PHY in 

the superior medial gyrus, the right supplementary 

motor area, hippocampus/amygdala, the left calcari-

ne gyrus, fusiform/hippocampus, posterior cingulate 

cortex, precuneus and temporal pole. SO>PHY pro-

Table 1. Brain Regions Showing a Significant Main Effect of Factor Condition Across Groups.

Activations were significant at a corrected threshold of p < 0.05, cluster-level corrected for multiple 
comparisons. Coordinates are in Montreal Neurologic Institute (MNI) space. L, left; R, right.

Condition Side Area Z score x y z

Cognitive R Superior frontal gyrus 447 22 6 54

R Inferior frontal gyrus 412 48 10 12

R Insula 348 30 22 6

R Middle frontal gyrus 360 30 44 16

R Supramarginal gyrus 371 52 -32 40

L Supramarginal gyrus 299 -60 -30 28

Anterior cingulate cortex 302 0 36 2

Affective R Cuneus 503 16 -92 10

R Fusiform gyrus 501 24 -48 -12

L Fusiform gyrus 431 -24 -48 -12

R Cerebellum 350 6 -52 -46

L Hippocampus 292 -26 -22 -14
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Group by Order Interaction

Table 2. Brain Regions Showing a Significant Main Effect of Factor Order Across Groups.

Activations were significant at a corrected threshold of p < 0.05, cluster-level corrected for multiple 
comparisons. Coordinates are in Montreal Neurologic Institute (MNI) space. L, left; R, right.

Order Side Area Z score x x y

First Superior medial gyrus 645 0 62 0

L Calcarine gyrus 597 -4 -90 14

R Supplementary motor area 525 4 -24 56

R Hippocampus/amygdala 501 26 -20 -18

L Posterior cingulate gyrus 378 -6 -52 24

L Temporal pole 366 -48 8 -34

L Precuneus 321 -20 -50 10

Second R Inferior parietal lobe 780 38 -46 42

R Middle frontal gyrus/

Inferior frontal gyrus

737 48 36 30

L Cerebellum 608 -12 -76 -32

R Cerebellum 352 16 -40 -44

 There was a significant Group by Order in-

teraction in the anterior PFC (right superior frontal 

gyrus, BA10; MNI coordinates XYZ, 26 64 6; Z sco-

re 3.19). High PP individuals showed greater acti-

vation for SO>PHY in that region relative to the low 

PP group, than for FO>PHY (Fig. 1). In short, the 

differences between groups in anterior PFC were 

highest for SO mentalizing.

 Further prefrontal regions of greater acti-

vation in high PP for SO mentalizing were identified 

in the lateral PFC bilaterally (middle frontal gyrus, 

inferior frontal gyrus, BA9/46), and the right dorso-

medial PFC (superior medial gyrus, BA9) 

(Table 3 and Fig. 2).
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Figure 1. Panel A displays anterior prefrontal region (BA10) showing significant BOLD response in a whole-
brain analysis of the interaction between Group (Low PP, High PP) and Order (First Order>Physical, Second 
Order>Physical). Panel B shows mean BOLD response levels with confidence intervals. Subjects with High 
psychosis proneness (PP) recruited this region to a significantly greater extent for SO triwals, relative to subjects 
with low PP. Activations were significant at p < 0.05, cluster-level corrected for multiple comparisons.

Table 3. Brain Regions Showing a Significant Group Differences during Second Order trails relative to the 
Physical (control) condition.

Activations were significant at a corrected threshold of p < 0.05, cluster-level corrected for multiple com-
parisons. Coordinates are in Montreal Neurologic Institute (MNI) space. L, left; R, right.

Group contrast and area Z score x y z

High PP>Low PP

R Inferior frontal gyrus 364 40 36 14

L Inferior frontal gyrus 294 -56 20 30

R Superior medial gyrus 336 6 42 48

L Middle frontal gyrus 324 -42 8 36

R Middle frontal gyrus 311 46 14 44

R Precentral gyrus 366 44 0 32

R Superior frontal gyrus 319 26 64 6

of a large right-sided cluster including voxels wi-

thin the middle frontal gyrus and the inferior frontal 

gyrus (BA46/9) for SO relative to FO trials (MNI co-

ordinates XYZ = 50, 34, 28; Z score = 4.41). There 

were no PFC regions showing increased activation 

in FO trials relative to SO trials (Fig. 3).

 Finally, we tested the hypothesis that SO 

trials would be more demanding than FO trials at the 

neural level (Samson, 2009). A within-group analy-

sis of variance in low PP subjects (with “Order” as 

within-group factor, including the contrast images for 

FO>PHY and SO>PHY) revealed stronger activation 
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Figure 3. Image displaying the cluster of activation in the right prefrontal cortex, (including regions in middle and 
inferior frontal gyrus) showing a significant Group by Order interaction. Subjects with high positive dimension ps-
ychosis proneness (PP) showed increased activation for Second Order>Physical than for First Order>Physical, 
relative to the low PP group. Activations were significant at p < 0.05, cluster-level corrected for multiple com-
parisons.

Discussion

 The present study examined the neural 

circuitry underlying Theory of Mind in individuals 

with high positive-dimension psychosis proneness, 

following the hypothesis that alterations thereof 

might be associated with vulnerability to psychosis 

(Bora, Yucel, & Pantelis, 2009; Nelson et al., 2009). 

We report that subjects with high PP showed diffe-

rences in brain activation in a number of prefrontal 

cerebral areas during second order mentalizing re-

lative to the comparison group. 

 Individuals with high positive-dimension 

PP recruited a region within the anterior PFC (BA 

10) to a greater extent for SO trials than for FO trials 

relative to controls. A recent review of anatomical 

and brain imaging studies that have looked into 

the function of BA10 underscored its crucial role in 

integrating the outcomes of two or more separate 

cognitive operations in the pursuit of a higher beha-

vioral goal (Ramnani & Owen, 2004). Second order 

mentalizing was a priori expected to entail higher 

demands than FO mentalizing across groups (Sam-

son et al., 2009). Both FO and SO trials involved 

the processing of language (verbal cue), eye gaze 

(Jan’s), and mentalizing (about Jan). Nevertheless, 

SO trials placed higher demands on working memory 

and attention, as not only Jan’s cues had to be taken 

into account but also those of the other faces on the 

screen. Indeed, SO trials relative to FO trials induced 

increased PFC activation (in right middle and infe-

rior frontal gyri) in low PP subjects. In this light, the 

observed between-group differences on the neural 

level suggest that, although SO trials placed higher 

PFC demands than FO trials in both groups, high PP 

subjects required greater effort to reach equivalent 

performance during SO mentalizing. Given the role 

ascribed to BA10, our results suggest that high PP 

subjects needed greater activity to integrate separate 

cognitive operations in order to correctly mentalize. 

 This result is in accordance with Marjoram et 

al.’s (2006a) findings in high-risk relatives of schizo-

phrenia patients. The authors interpreted such increa-

ses in PFC activation as evidence of impaired ToM 

circuitry due to being at enhanced risk for schizo-

phrenia, which could require some form of compen-

sation from additional activity in other brain regions. 

In addition, increased PFC activation in subjects 

with positive-dimension PP is in line with Mohanty 

et al.‘s (2005) study on affective interference in psy-
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nia (Callicott et al., 2003b; Ramsey et al., 2002). 

Elevated activity in patients was thought to reflect 

a reduction of the efficiency with which the brain 

regions that constitute a network communicate 

with each other (Ramsey et al., 2002). Interestin-

gly, healthy siblings of schizophrenia patients also 

showed overactivation of PFC regions associated 

with adequate performance (Callicott et al. 2003a), 

which was hypothesized to reflect inefficient pre-

frontal information processing that increases the 

risk for schizophrenia. Our findings are seemingly 

consistent with this notion. Finally, from a structural 

point of view, regional gray matter changes in the 

regions of the PFC have been detected in prodro-

mal subjects at clinical risk for psychosis (Nelson 

et al., 2009), lending further support to the idea of a 

critical PFC involvement in the pathophysiology of 

the disorder.

 Patients with positive symptom schizo-

phrenia are hypothesized to abnormally attribute 

mental states, rather than having a genuine deficit 

in the representation of mental states such as that 

in autism (Corcoran, Mercer, & Frith, 1995; Frith & 

Corcoran, 1996). Our sample of subjects with high 

positive-dimension PP showed correct behavioral 

performance, although we observed differential ac-

tivation in ToM-related regions that have also been 

reported to show dysfunctional response in schizo-

phrenia patients during such mental activity. Brain-

behavior dissociations in PP have been proposed 

to indicate that the manifest behavioral impairments 

seen in schizophrenia arise after the persistence of 

subclinical psychotic experiences and depending 

on the degree of neurobiological vulnerability and 

additional environmental risk factors (van Os et al., 

2009). This could explain why the present study 

could not replicate Shamay-Tsoory, Aharon-Peretz, 

& Levkovitz’s (2007) behavioral findings in schizo-

phrenia patients. Such finer differentiation between 

affective and cognitive mental inference deficits 

might become manifest after illness onset.

 Although the PFC is regarded as a key 

chometrically identified individuals with high positive 

schizotypy. The authors reported that these subjects 

showed significant (p < 0.05) increases in activation 

in dorsal and ventral lateral PFC, as well as in limbic 

regions such as the hippocampus and the amygda-

la, during maintenance of attentional set in the pre-

sence of negative emotional distractors (Emotional 

Stroop task), with a sample size similar to ours. Such 

increases were similarly interpreted as indicative of 

greater effort/compensatory mechanism in order to 

achieve normal behavioral performance (Mohanty et 

al., 2005). After illness onset, patients with schizo-

phrenia exhibit abnormal hemodynamic response in 

BA10 during mentalizing relative to healthy controls 

(Brunet-Gouet & Decety, 2006). 

 Additional increases in activation for SO 

mentalizing in high positive-dimension PP were iden-

tified in dorsomedial and lateral regions of the PFC 

(BA9/46). Support for the critical role of these PFC 

areas in ToM processing has been indicated by stu-

dies using mentalizing tasks of diverse nature, such 

as story and cartoon comprehension, as well as the 

viewing of real-time interaction (Frith & Frith, 2003; 

Saxe et al., 2004). Interestingly, positive psychotic 

symptomatology in subjects at genetic risk has been 

reported to be associated with activation differences 

also located in prefrontal regions, suggesting that ps-

ychotic symptoms could arise at least in part from 

deficits in the neural architecture underlying the men-

talizing process required by ToM tasks (Marjoram et 

al., 2006a). Russell et al. (2000) reported that medi-

cated schizophrenia patients showed less activation 

in BA9/46 while making errors in the Eyes Task, in 

which participants were to attribute mental states to 

photographs of eyes. In light of the lack of significant 

differences in accuracy scores between our groups, 

parallel to the behavioral results in Marjoram et al.’s 

study (2006a), the presumed compensatory mecha-

nism appears to be working to a satisfactory extent.

 Furthermore, prefrontal overactivation as-

sociated with adequate performance on cognitive 

tasks had been reported in patients with schizophre-
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player in social cognition, other regions have been 

involved in the mentalizing network, such as the 

superior temporal sulcus and the temporal poles, 

which are thought to serve more general functions 

in ToM processing (Amodio & Frith, 2006). Despi-

te the absence of significant between-group di-

fferences in activation of temporal regions, the 

within-group analysis revealed that they were in-

deed consistently activated across groups during 

mentalizing. Activation of the temporal poles has 

been associated with episodic memory retrieval in 

the auditory and verbal domains (Gallagher & Frith, 

2003), and it has been suggested that those re-

gions may hold memories for social scripts (Frith 

& Frith, 2003), which are required to access social 

knowledge to aid interpretation of social situations. 

Hence, it is possible that the appreciation of car-

toon images does not require these episodic me-

mories of social scripts to the extent of other ToM 

paradigms, particularly verbal stories.

 A limitation of our study is that it did not 

include other established measures of ToM, which 

may have allowed a more comprehensive explora-

tion of putative abnormalities in the high PP group. 

Nevertheless, the task used herein has been vali-

dated before and has been shown to be positively 

correlated with verbal measures of ToM such as 

false belief stories (Baron-Cohen, Leslie, & Frith, 

1985), indicating that they measure similar ToM 

components (Shamay-Tsoory & Aharon-Peretz, 

2007). With regard to the study sample, this study 

was confined to subjects with high scores on posi-

tive dimension psychosis proneness, and suggests 

that they show differential activation of neural sys-

tems underlying ToM. However, the present study 

was not originally designed to test the viability of 

the trait-marker hypothesis. As recommended by 

Pousa, Ruiz, & David (2008), longitudinal studies 

including individuals from both positive and nega-

tive dimension PP may help elucidate whether the 

activation differences occur in association with po-

sitive subclinical experiences. An additional limita-

tion of our study is that, as in previous neuroimaging 

studies of other high-risk groups, the sample size 

was relatively small. Groups were formed with high 

and low scorers to allow consistency with previous 

literature on PP, which has typically compared perfor-

mance between groups selected upon the same cri-

terion (e.g., Langdon & Coltheart, 1999, 2001, 2004; 

Modinos, et al., 2009; Platek & Gallup, 2002; Jahshan 

& Sergi, 2007; Fernyhough, Jones, Whittle, Water-

house, Bentall, 2008; although see Janssen et al., 

2006). The distribution of PP in non-clinical samples 

does not show a continuous normal distribution, but 

a continuous half-normal distribution, with the majo-

rity of the population having very low values albeit 

a significant proportion also has progressively higher 

values (van Os et al. 2009). In addition, compared to 

other measures of PP (e.g., Paranoia Scale, Launay-

Slade Hallucination Scale), the CAPE comprises more 

“pathological” items (e.g, does not tap on phenome-

na such as daydreaming), so that very low scores are 

“normal”. Thus, using average scorers would not be 

expected to significantly alter the present findings. 

However, future studies on PP including such con-

trol group should help extend our findings. Another 

potential limitation of the present study is that the 

subjects were recruited from a university sample, 

thus caution should be used when extrapolating the 

present findings to the general population. Of note, 

students function at a high level (Meehl, 1962), thus 

psychosis-prone individuals with high intellectual ca-

pacity might cope better with the problems associa-

ted with PP (Romme, Honig, Noorthoorn, & Escher, 

1992; van ‘t Wout, Aleman, Kessels, Larøi, & Kahn, 

2004). This could account at least in part for the ab-

sence of behavioral differences. However, the use 

of undergraduate students is consistent to previous 

studies in psychometrically-identified psychosis 

proneness (Langdon & Coltheart, 1999, 2001, 2004; 

Modinos et al., 2009; Platek & Gallup, 2002; Platek, 

Critton, Myers, & Gallup, 2003; Pickup, 2006; Meyer 

& Shean, 2006; Jahshan & Sergi, 2007; Fernyhough, 

Jones, Whittle, Waterhouse, & Bentall, 2008). An ad-
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tions may reflect pathophysiological mechanisms 

at play, rather than developing uniquely as a result 

of illness chronicity or long-term anti-psychotic 

medication.

vantage of studies in PP is that there is no interfe-

rence of cognitive impairment with task performance, 

which may be problematic in patient populations.

 In conclusion, the present study provides 

evidence of differences in neural activation of prefron-

tal regions during theory of mind processing between 

individuals with high and low positive-dimension psy-

chosis proneness. These findings converge with prior 

evidence for the notion that alterations in ToM circui-

try may be at the core of a vulnerability to psychosis. 

Thus, the present results suggest that such altera-

Appendix

Theory of Mind task

The task consisted of 54 trials, each showing a cartoon outline of a face (named Jan) and four colored pictu-

res of objects belonging to a single category (e.g., fruits, chairs) or faces, one in each corner of the computer 

screen. The subject was required to indicate the correct answer (the image to which Jan was referring), based 

on a sentence that appeared at the top of the screen and available cues, such as Jan’s eye gaze, Jan’s facial 

expression, or the face’s (the one to which Jan is referring) eye gaze and facial expression (see Suppl. Material 

and Suppl. Fig. 1). Subjects were instructed to select the correct picture using a four button response box as 

fast as they could. There were two main conditions: “theory of mind” (40 trials) and “physical” (14 trials) requi-

ring a first (24 trials) or second (30 trials) order inference. The theory of mind condition involved mental inferen-

ces, while the physical condition required a choice based on a physical attribute of the character (thus serving 

as control condition, to ensure that the subject understood the task). In the first order physical condition the 

subject was asked to refer to Jan’s location (Jan is near ___), while in the second order condition the subject 

was asked to point to the same object Jan and the character had (Jan has the same fruit as ___ has). In the 

theory of mind conditions, the sentences could be, for example, “Jan is thinking of ___”, or “Jan loves ___”. In 

the second order condition, the four stimuli consisted of face images and the choice of the correct response 

required understanding of the interaction between each of these figures and Jan’s mental state. For example, 

“Jan is thinking of the toy that ___ wants”, and “Jan loves the toy that ___ loves”. Subjects’ performance was 

rated for accuracy and reaction time.
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Appendix Figure 1
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2.2.4 Schizotypy and Brain Structure: 
   A Voxel-Based Morphometry Study
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ningen, Groningen, The Netherlands

Psychological Medicine 2009; 17:1-9

Background. Schizotypy is conceptualized as a subclinical manifestation of the 
same underlying biological factors that give rise to schizophrenia and other 
schizophrenia-spectrum disorders. Individuals with psychometric schizotypy 
(PS) experience sub-threshold psychotic signs, and can be psychometrically 
identified amongst the general population. Previous research using magnetic 
resonance imaging (MRI) has shown gray matter volume (GMV) abnormalities 
in chronic schizophrenia, subjects with an at-risk mental state (ARMS) and 
individuals with schizotypal personality disorder (SPD). However, to date, no 
studies have investigated the neuroanatomical correlates of PS. Methods. Six 
hundred first- and second-year university students completed the Community 
Assessment of Psychic Experiences (CAPE), a self-report instrument on psy-
chosis proneness measuring attenuated positive psychotic experiences. Next, 
a total of 38 subjects with high and low PS were identified and subsequently 
scanned with MRI. Voxel-based morphometry (VBM) was applied to examine 
GMV differences between subjects with high and low positive PS. Results. Sub-
jects with high positive PS showed larger global volumes compared to subjects 
with low PS, and larger regional volumes in medial posterior cingulate gyrus 
and precuneus. There were no regions where GMV was greater in low than 
in high positive PS subjects. Conclusions. These regions, posterior cingulate 
gyrus and precuneus, have also been sites of volumetric differences in MRI stu-
dies of the ARMS and schizophrenia, suggesting that psychotic or psychotic-
like experiences may have common neuroanatomical correlates across schizo-
phrenia spectrum disorders.
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presumably independent of outcome.

 Nevertheless, the neuroanatomical corre-

lates of the distinctive positive psychotic symptoms 

often present in these populations remain poorly 

understood. Psychotic experiences are not exclu-

sively encountered as part of a full-blown psychotic 

disorder or in high-risk subjects, as they may also 

be found in schizotypal personality disorder (SPD) 

(American Psychiatric Association, 1994), and in 

healthy individuals who can be psychometrically 

identified from the general population (Chapman 

et al. 1994). The few available neuroanatomical 

studies in SPD thus far align well with findings on 

schizophrenia and ARMS patients, reporting gene-

ral structural brain abnormalities compared to con-

trols. These would include the temporal lobe (Dic-

key et al. 1999; Downhill et al. 2001; Kawasaki et 

al. 2004; Suzuki et al. 2005b), inferior frontal gyrus 

and insula (Kawasaki et al. 2004), and the thalamic 

pulvinar nucleus (Byne et al. 2001). In addition, the 

prefrontal cortex was implicated in one investiga-

tion (Raine et al. 1992), although later studies failed 

to replicate this finding (Raine et al. 2002; Siever et 

al. 2002; Kawasaki et al. 2004; Suzuki et al. 2005b; 

Zhou et al. 2007), and further evidence suggests 

that this region might rather be involved in transi-

tion (Kawasaki et al. 2004; Suzuki et al. 2005b).

 Epidemiological research has found a pre-

valence of 17.5% of any type of positive psycho-

tic symptoms in the general population (Van Os et 

al. 2000), supporting the notion that psychometric 

schizotypy (PS) represents a dimensional trait, ran-

ging from “normality“ to clinical cases of psychosis 

(Strauss, 1969). This goes in agreement with con-

tinuity models of psychosis proneness, which un-

derstand such schizotypal features as part of the 

normal diversity of personality expression found in 

healthy individuals, although these features entail 

a cognitive vulnerability that predisposes towards 

psychosis (Chapman & Chapman, 1980). Hence, 

 Structural neuroimaging studies have confir-

med the presence of neuroanatomical abnormalities 

in schizophrenia (Wright et al. 2000). The most con-

sistent findings comprise reductions in medial tem-

poral and prefrontal regions, superior temporal gyri, 

parietal areas, and subcortical regions, together with 

ventricular enlargement (Shenton et al. 2001). Fur-

thermore, previous studies have reported that altera-

tions in brain morphology are correlated with positive 

psychotic symptoms in schizophrenia (Young et al. 

1991; Flaum et al. 1995; Suzuki et al. 2005a), particu-

larly in the case of auditory hallucinations (see Allen 

et al. 2008 for review). 

 Subjects with an At Risk Mental State 

(ARMS) (Yung et al. 1998) show sub-threshold psy-

chotic symptoms albeit only a proportion of them will 

ultimately progress to psychosis (McGorry & Singh, 

1998; Yung et al. 2003). Recent magnetic resonance 

imaging (MRI) research of the brain in ARMS subjects 

has shown gray matter volume (GMV) deficits compa-

red to healthy controls, which overall do not seem to 

differ significantly from known deficits in schizophre-

nia (Pantelis et al. 2003; Velakoulis et al. 2006; Bor-

gwardt et al. 2007b). Abnormalities have been found 

mainly in medial temporal lobe (Lawrie et al. 1999; 

Pantelis et al. 2003; Velakoulis et al. 2006; Meisen-

zhal et al. 2008), superior temporal gyrus (Job et al. 

2005; Borgwardt et al. 2007b; Meisenzhal et al. 2008), 

prefrontal cortex (Pantelis et al. 2003; Meisenzhal et 

al. 2008), cerebellum (Pantelis et al. 2003; Job et al. 

2005), anterior cingulate gyrus (Pantelis et al. 2003; 

Borgwardt et al. 2008b; Fornito et al. 2008), posterior 

midline structures (Pantelis et al. 2003; Borgwardt et 

al. 2007a, 2007b), and the insula lobe (Pantelis et al. 

2003; Borgwardt et al. 2007b, 2008a). Notably, not 

only volume decreases have been reported, but also 

increases in GMV have been observed (Pantelis et al. 

2003; Borgwardt et al. 2007a; Shin et al. 2005). Taken 

together, these studies suggest that some anatomical 

abnormalities are present before illness onset, and 
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MRI findings in these subjects could inform the 

pathophysiology of psychotic-like experiences wi-

thout the confounding effects of illness chronicity 

or medication. To date, however, no studies have 

investigated the brain volumetric characteristics of 

subjects with positive PS.

 The aim of the present study was to com-

pare gray matter volume in people with high and 

low positive PS using voxel-based morphometry 

(VBM). VBM has been successfully used in prior 

research to ascertain brain morphology in patients 

with schizophrenia (Wright et al. 1999) as well as in 

ARMS (Borgwardt et al. 2007a, 2007b; Meisenzhal 

 A total of six hundred subjects from a uni-

versity sample completed the positive subscale of 

the Community Assessment of Psychic Experien-

ces questionnaire (CAPE) (Stefanis et al. 2002). The 

questionnaire was voluntarily completed by first- 

and second-year undergraduate students, in order 

to match them on social class and education level. 

 Potential participants were identified when 

scoring above the 75th percentile of the distribution 

of individual positive CAPE scores for the high PS 

group, and below the 25th percentile for the com-

parison group (low PS). These subjects were invi-

ted to participate and were screened for exclusion 

et al. 2008), and SPD subjects (Kawasaki et al. 2004). 

Based on the findings in these previous studies, we 

tested the hypothesis that individuals with high and 

low positive PS scores would show volumetric di-

fferences in inferior frontal, insular, cingulate, medial 

and lateral temporal, and parietal cortex. We further 

hypothesized that gray matter deficits in subjects 

with high levels of positive schizotypy would be qua-

litatively similar to those in ARMS or SPD subjects, 

yet quantitatively less pronounced.

criteria using a self-report checklist for healthy sub-

jects, comprising the following points: 1) no perso-

nal history of neurological or psychiatric illness; 2) no 

family history of psychotic or neurological illness in 

first-degree relatives; 3) no use of illicit substances; 

4) no changes in overall level of functioning, including 

academic performance over the last 6 months. After 

receiving a complete description of study procedure, 

a total of 38 subjects were recruited (18 high PS, 20 

low PS), and written informed consent was obtained 

from all of them. All subjects were paid for their par-

ticipation. The study was approved by the Medical 

Ethical Committee of the University of Groningen.

Methods

Subjects
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Instrument

MRI data preprocessing

MRI data acquisition

lly, the CAPE was based on a three-factor struc-

ture of positive, negative and depressive factors. 

For the purpose of the present study, we only used 

the scores on the positive factor, as a number of 

studies have reported a relationship between the 

severity of positive psychotic symptoms and gray 

matter volume in schizophrenia. In addition, all 

subjects completed the Beck Depression Inventory 

(BDI) (Beck et al. 1996), which is a widely used, 

well-validated measure for depression, administe-

red herein in order to control for other psychiatric 

symptomatology that could act as confound for 

schizotypal signs (i.e., negative symptoms).

intensity variations caused by gradient distortions 

and different positions of cranial structures within 

the MRI coil (Ashburner & Friston, 2000). A further 

step was added to ensure that the total amount of 

gray matter in each voxel was conserved before and 

after spatial normalization (Good et al. 2001). This 

“modulation” step involves multiplying the spatially 

normalized gray matter by its relative volume be-

fore and after spatial normalization. The resulting 

gray matter images were finally smoothed with a 

12 mm isotropic Gaussian kernel. Smoothing is re-

quired to compensate for the inexact nature of spa-

tial normalization and to maximize the chance that 

regional effects are expressed at a spatial scale 

25 ms; TE, 4.6 ms; field of view, 260 mm; matrix, 

256 x 256; 160 contiguous axial slices of 1 mm 

thickness; voxel size, 1 x 1 x 1 mm.

 The CAPE was used to measure positive 

schizotypal signs. This instrument was chosen on 

the basis of the following characteristics: 1) efficient 

assessment of subclinical schizotypal experiences 

in the general population (Hanssen et al. 2005), 2) 

good concurrent validity with interview-based mea-

sures (Konings et al. 2006), and 3) it was developed 

and standardized on a Dutch population. A detailed 

description of its psychometric properties and admi-

nistration procedure can be found elsewhere (Stefa-

nis et al. 2002). In brief, this is a 42-item self-report 

questionnaire that measures frequency of attenuated 

psychotic symptoms, on a 4-point scale of “never”, 

“sometimes”, “often” and “nearly always”. Origina-

 Structural images were pre-processed using 

optimised VBM implemented on the SPM5 software 

package (Wellcome Department of Cognitive Neu-

rology, London, UK) running under Matlab 7.4 (The 

MathWorks, Natick, MA, USA). VBM is a whole-brain, 

unbiased, semi-automated technique for characteri-

sing regional cerebral differences in structural mag-

netic resonance images (Ashburner & Friston, 2000; 

Good et al. 2001; Mechelli et al. 2005). First, struc-

tural images were segmented to extract gray matter 

and then normalised to an asymmetric T1-weighted 

template in MNI stereotactic space, in a recursive 

fashion. Image segmentation incorporated an inten-

sity non-uniformity correction to account for smooth 

 High-resolution MR images were acquired 

on a 3T Philips Intera MR-scanner (Philips Medical 

Systems, Best, NL). Subjects were scanned with a 

T1-weighted 3D fast-field echo (FFE) sequence (TR, 
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Statistical analysis

Results

Demographic and clinical results

where homologies in structural anatomy exist over 

subjects. After smoothing, each voxel represents 

the local average amount of gray matter in the re-

gion, the size of which is defined by the smoothing 

kernel.

 Significant differences in age, BDI scores 

and global GMV were observed between the two 

study groups. Hence, these three variables were 

thereafter entered in the statistical design as co-

variates of no interest to control for potential effects 

on between-group GMV differences. There were no 

group differences in gender or handedness 

(See Table 1).

included: (1) medial temporal structures (hippocam-

pus, parahippocampus and surrounding area, x= -26 

y= -12 z= -14); (2) left inferior frontal gyrus (x= 36 y= 

18 z= -4); (3) insula (left, x= -40 y= -26 z= 16; right, x= 

42 y= 12 z= 3); (4) superior temporal gyrus (x= 32 y= 

6 z= -32); (5) cingulate gyrus (anterior, x= -6 y= 0 z= 

43; posterior, x= 2 y= -50 z= 24); (6) precuneus (x= 2 

y= -52 z= 52). ROIs were defined using a sphere of 10 

mm radius around the focus, using the Small Volume 

Correction tool in SPM5.  Significance was set at p < 

0.05, FDR corrected.

 For regions showing significant between-

group differences, we extracted the individual gray 

matter volumes for each participant and subjected 

them to correlation analysis (Pearson) with the scores 

on the positive factor of the CAPE questionnaire, in 

order to further explore the nature of their associa-

tions. To this end, we used the SPSS 16.0 statistical 

package for Mac (SPSS Inc., Chicago, MA, USA), 

with a two-tailed alpha level of 0.05.

 An analysis of covariance (AnCova) was 

designed by applying the General Linear Model 

to compare the modulated gray matter images of 

subjects with high and low positive psychometric 

schizotypy. Global GMV, BDI scores, and age were 

modelled as covariates of no interest to identify re-

gionally specific differences that were not confoun-

ded by these variables. Global GMV was estimated 

using the total amount of gray matter in the gray 

matter images obtained from segmentation, inclu-

ding the cerebellar gray matter.

 Inferences were made using a statistical 

threshold of p < 0.05 after FDR correction for mul-

tiple comparisons across the whole brain. In addi-

tion to the whole-brain analysis, we performed 6 re-

gion of interest analyses. The ROIs were defined on 

the basis of the reported stereotactic coordinates 

of ROIs from the study of SPD by Kawasaki et al. 

(2004) and from VBM reports in high-risk subjects 

(Pantelis et al. 2003; Borgwardt et al. 2007a). These 
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Table 1. Demographic and clinical characteristics, and global gray matter volumes of study sample.

PS = Psychometric Schizotypy. SD = Standard Deviation. CAPE = Community Assessment of Psychic Experiences. 
BDI = Beck Depression Inventory. GMV = Gray Matter Volume.

CAPE positive factor (r = 0.615, p < 0.001). Thus, 

higher scores on positive psychometric schizotypy 

were associated with younger age, and higher ra-

tings of depression.

two regions of greater volume in the high relative to 

the low positive PS group: medial posterior cingu-

late gyrus (PCC) and precuneus (See Table 2, Figs 

1 and 2). Conversely, there were no areas where 

volume was significantly smaller in subjects with 

high positive PS.

 There was a significant negative correlation 

between CAPE positive factor scores and age  (r = 

-0.356, p = 0.028). Although none of the subjects in 

the study scored above cut-off on the BDI, there was 

a significant correlation between this test and the 

 Global GMV was significantly correlated with 

CAPE positive factor scores (r = 0.325, p = 0.047). A 

direct comparison between the high and the low PS 

groups confirmed larger global GMV in subjects with 

high positive PS (t-score = -2.390, p = 0.022).

 With regard to regional GMV, we detected 

VBM results: low PS versus high PS
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Figure 1. Increased gray matter volume in medial posterior cingulate gyrus in subjects with 
high scores on positive psychometric schizotypy relative to subjects with low scores, at a 
P-uncorrected level of 0.005. Between-group differences were considered significant at 
p < 0.05, FDR corrected.

Figure 2. Increased gray matter volume in the medial precuneus in subjects with high scores 
on positive psychometric schizotypy relative to subjects with low scores, at a p-uncorrected 
level of 0.005. Between-group differences were considered significant at p < 0.05, FDR 
corrected.

mes. Cook’s D-test was applied in order to rule out 

the influence of potential outliers on the correlation. 

This correction strengthened the significance of the 

correlations in both cases (PCC: r = 0.604, p < 0.001; 

Precuneus: r = 0.644, p < 0.001). (Fig 3).

 Finally, the GMV in each of these two re-

gions was extracted and subjected to correlation 

analysis with the CAPE positive factor scores. Sig-

nificant correlations were found between the CAPE 

positive factor and both the PCC (r = 0.503, p = 

0.001) and precuneus (r = 0.484, p = 0.001) volu-
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Table 2. Regions of gray matter volume differences between subjects with high versus subjects with low positive 
psychometric schizotypy (p < 0.05, FDR corrected).

Figure 3. Areas of increased gray matter volume in subjects with high scores in positive psychometric 
schizotypy at a p-uncorrected level of 0.005. The scatterplots show the correspondent positive rela-
tionships between individual scores in psychometric schizotypy (CAPE positive factor) and gray matter 
volume in the medial posterior cingulate cortex (PCC) and medial precuneus. 
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Conclusions

nations compared to non-hallucinators in frontal and 

temporal regions (Shin et al. 2005). Furthermore, two 

studies have reported larger prefrontal volume in sub-

jects with SPD compared to controls (Suzuki et al. 

2005b; Hazlett et al. 2008), and relatively increased 

regional volumes have been found in ARMS subjects 

who later developed psychosis. Individuals who later 

transited to psychosis showed, compared to those 

who did not, larger volumes in the left hippocampus 

(Phillips et al. 2002), in the parahippocampal, parietal 

and posterior temporal cortex, as well as in the tha-

lamus (Borgwardt et al. 2007b), in the pituitary gland 

(Garner et al. 2005), and in the cuneus (Pantelis et al. 

2003). Although the reason for relatively greater volu-

mes in these regions is not understood, it has been 

suggested they may reflect functional compensation 

for early disturbances in other brain regions (Kawasa-

ki et al. 2004), or transient increases due to an active 

pathological process (Meisenzhal et al. 2008). 

 The precuneus, which is part of the parietal 

lobe, has been implicated in discriminating agency 

and, in patients with schizophrenia, in delusions of 

control (Sirigu et al. 1999; Blakemore et al. 2002). The 

cingulate cortex is thought to mediate cognitive and 

emotional impairments in patients with schizophrenia, 

although this appears to be more true of its anterior 

than posterior portion (Baiano et al. 2007). Both the 

precuneus and PCC are key components of the “de-

fault mode” network of the human brain (Cavanna & 

Trimble, 2006; Fransson & Marrelec, 2008). Patients 

with schizophrenia show aberrant functional connec-

tivity within this network, which may contribute to the 

positive and negative symptoms of the disorder (Ga-

rrity et al. 2007).

 The significant negative correlation bet-

ween age and CAPE is consistent with research on 

self-reported experiences in non-clinical populations 

showing a reduction in the endorsement of such ex-

periences as age increases (Van Os et al. 2000; Ver-

doux & Van Os, 2002). According to these studies, 

this could reflect an increased propensity of subjects 

 The present study investigated GMV in 

positive psychometric schizotypy. Using a series 

of ROI analyses, we examined the brain regions 

that have been previously implicated in volumetric 

studies of schizophrenia spectrum disorders. The 

approach used herein showed significant global 

GMV differences between subjects with high com-

pared to low positive PS, with high schizotypal 

subjects showing larger volume. We also found 

significant differences in focal GMV in the PCC and 

the medial precuneus. These global and regional 

MRI findings cannot be attributed to differences in 

BDI scores or age as these variables were modeled 

as covariates of no interest in the statistical analy-

sis.

 This is the first study, to our knowledge, 

to investigate brain morphology with VBM in sub-

jects with high positive PS. We tested the hypothe-

sis that alterations in GMV would be located within 

the same regions that are sites of abnormal GMV 

in ARMS, SPD and schizophrenia. Our results were 

consistent with this hypothesis, as the PCC had 

previously been implicated in structural MRI studies 

of chronic schizophrenia (Hulshoff Pol et al. 2001; 

Mitelman et al. 2005), first-episode schizophrenia 

(Kubiki et al. 2002; Job et al. 2003; Koo et al. 2008), 

early-onset schizophrenia (Sowell et al. 2000), and 

high-risk subjects (Pantelis et al. 2003; Borgwardt 

et al. 2007a, 2007b). Moreover, most of these stu-

dies also reported abnormalities in the precuneus 

(Hulshoff Pol et al. 2001; Shapleske et al. 2002; 

Pantelis et al. 2003; Borgwardt et al. 2007a, 2007b; 

Zhou et al. 2007). While these previous findings 

were of reduced GMC in these regions in schizo-

phrenia and the ARMS, in the present study high 

positive PS was associated with relatively greater 

GMV in the PCC and precuneus. 

 Increases, rather than decreases, in GMV 

have been found in other schizophrenia spectrum 

disorders. Increased GMV has been described in 

first-episode schizophrenia patients with halluci-
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2007; Fernyhough et al. 2008). The distribution of 

schizotypy in non-clinical samples does not show 

a continuous normal distribution, but a continuous 

half-normal distribution, with the majority of the po-

pulation having very low values albeit a significant 

proportion also has progressively higher values 

(Van Os et al. 2009). In addition, compared to other 

measures of schizotypal signs (e.g., Paranoia Scale, 

Launay-Slade Hallucination Scale), the CAPE com-

prises more “pathological” items (e.g, does not tap 

on phenomena such as daydreaming), so that very 

low scores are “normal”. Thus, using average sco-

rers would not be expected to significantly alter the 

present findings. However, future studies on psy-

chometric schizotypy including such control group 

should help expand our findings. Another potential 

limitation of the present study is that the subjects 

were recruited from a university sample, and cau-

tion should therefore be used when extrapolating 

the present findings to schizotypy in the general 

population. Nevertheless, this study demonstrated, 

for the first time, altered GMV in the posterior cin-

gulate cortex and precuneus in a group of subjects 

with high scores on positive psychometric schizo-

typy, consistent with volumetric findings in these 

regions in schizophrenia spectrum disorders. The-

se findings can be interpreted as correlates of the 

increased risk of schizophrenia in these subjects.

at a younger age from the general population to en-

dorse unusual ideas or strange beliefs (Verdoux & Van 

Os, 2002). Also, CAPE and BDI scores were positively 

correlated, in keeping with previous findings of an as-

sociation between symptoms of depression and the 

positive-symptom dimension of schizotypy (Lewan-

dowski et al. 2006). Nonetheless, we observed an 

effect of the positive psychotic-like experiences on 

GMV after controlling for the effect of age and BDI in 

the statistical analyses, in which between-group di-

fferences remained significant.

 Finally, it has been proposed that schizo-

phrenia could result from a disruption of brain ma-

turation during adolescence (Rapoport et al. 1999; 

Thompson et al. 2001). Given that the average age of 

our participants was around 20 years, increased GMV 

in high PS subjects might reflect a delay in synap-

tic pruning (Gotay et al. 2004). Moreover, increased 

global GMV has been described in other disorders of 

neurodevelopmental origin, such as autism (Palmen 

et al. 2004).

 As in previous neuroimaging studies of other 

high-risk groups, the sample size in the present study 

was relatively small. Groups were formed with high 

and low scorers to allow consistency with previous 

literature on PS, which has typically compared be-

havioral performance between groups selected upon 

the same criterion (e.g., Langdon & Coltheart, 1999, 

2001, 2004; Platek & Gallup, 2002; Jahshan & Sergi, 
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2.3.1 Structural Covariance in the 
   Hallucinating Brain: A Voxel-Based 
   Morphometry Study

G. Modinos1, A. Vercammen1, A. Mechelli2, H. Knegtering3,    
P.K. McGuire2, A. Aleman1

1 Department of Neuroscience, University Medical Center Groningen, and BCN Neu-
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chiatry, London, UK
3 Department of Psychiatry, University Medical Center Groningen, Groningen, The 
Netherlands

Journal of Psychiatry and Neuroscience 2009; 34(6):465-9.

Background: Neuroimaging studies have indicated that a number of cortical 
regions express altered patterns of structural covariance in schizophrenia. The 
relation between these alterations and specific psychotic symptoms is yet to 
be investigated. We used voxel-based morphometry to examine regional grey 
matter volumes and structural covariance associated with severity of auditory 
verbal hallucinations. Methods: We applied optimized voxel-based morpho-
metry to volumetric magnetic resonance imaging data from 26 patients with 
medication-resistant auditory verbal hallucinations (AVHs); statistical inferen-
ces were made at p < 0.05 after correction for multiple comparisons. Results: 
Grey matter volume in the left inferior frontal gyrus was positively correlated 
with severity of AVHs. Hallucination severity influenced the pattern of structural 
covariance between this region and the left superior/middle temporal gyri, the 
right inferior frontal gyrus and hippocampus, and the insula bilaterally. Limita-
tions: The results are based on self-reported severity of auditory hallucinations. 
Complementing with a clinician-based instrument could have made the fin-
dings more compelling. Future studies would Benedit from including a measure 
to control for other symptoms that may covary with AVHs and for the effects of 
antipsychotic medication. Conclusion: The results revealed that overall severity 
of AVHs modulated cortical intercorrelations between frontotemporal regions 
involved in language production and verbal monitoring, supporting the critical 
role of this network in the pathophysiology of hallucinations.
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Introduction

Participants

Instrument

Methods

and may result from mutually trophic influences or 

common experience-related plasticity.8 Interestin-

gly, a number of regions express altered patterns of 

structural covariance in patients with schizophre-

nia relative to controls,9-11 but the relation between 

these alterations and specific psychotic symptoms 

is unknown. In the present study, we used voxel-

based morphometry in a sample of patients with 

schizophrenia who had medication-resistant AVHs. 

We tested the hypothesis that severity of AVHs 

would be associated with gray matter abnormali-

ties in frontal and temporal regions and that struc-

tural covariance between these regions would be 

related to hallucination severity.

ditory hallucinations (Table 1). We obtained written 

informed consent from all participants after a de-

tailed study description. The Medical Ethical Com-

mittee of the University Medical Center Groningen 

approved our protocol.

and distress level. A total score is computed by 

adding the scores on each item (range 0–41), which 

is used as typical measure of overall severity and 

frequency of hallucinations.14

 Auditory verbal hallucinations (AVHs) are 

one of the most devastating symptoms of schizo-

phrenia.1 Neuroimaging findings support the notion 

that AVHs are associated with activation within a 

distributed network involved in language processing 

and verbal monitoring,2,3 including the inferior fron-

tal gyrus, middle/superior temporal gyri and medial 

regions such as the hippocampus and insula.4 With 

regard to brain morphology, recent studies using 

voxel-based morphometry have indicated regionally 

specific abnormalities in the inferior frontal and and 

temporal cortices associated with AVHs.5-7 

 Structural covariance refers to the covaria-

tion in regional volume between different brain regions 

 The study sample comprised patients in 

whom schizophrenia was diagnosed using DSM-IV 

criteria12 and confirmed by the Schedules for Clinical 

Assessment in Neuropsychiatry (SCAN) interview13 

and who were experiencing treatment-resistant au-

 To assess severity of AVHs, we used the 

Auditory Hallucinations Rating Scale (AHRS),14 a self-

administered 7-item instrument for the measurement 

of specific characteristics of AVHs: frequency of the 

voices, reality of the voices, loudness, number of voi-

ces, length of the voice content, attentional salience 
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Magnetic resonance imaging data acquisition

Imaging data preprocessing

160 contiguous axial slices, repetition time 25 ms, 

echo time 4.6 ms, field of view 260 mm, flip angle 30º 

and voxel size 1 mm3.

ty nonuniformity correction to account for smooth in-

tensity variations caused by gradient distortions and 

different positions of cranial structures within the MRI 

coil. We added a further step to ensure that the total 

amount of gray matter in each voxel was conserved 

before and after spatial normalization. This “modu-

lation” step involved multiplying the spatially norma-

lized gray matter by its relative volume before and 

after spatial normalization.16 Finally, we smoothed the 

resulting gray matter images with a 12-mm isotropic 

Gaussian kernel.

 We acquired high-resolution T1-weighted 

magnetic resonance imaging (MRI) scans using a 

3 T scanner (Philips Medical Systems), with a fast 

field echo sequence and the following parameters: 

 We preprocessed structural images using 

optimized voxel-based morphometry implemented 

in SPM5 (http://www.fil.ion.ucl.ac.uk/spm), run-

ning under Matlab (The Mathworks). Voxel-based 

morphometry is a whole-brain, unbiased, semi-

automated technique for characterizing regional 

cerebral differences in structural MRIs.15,16 First, 

we segmented structural images to extract gray 

matter and then normalized them to an asymme-

tric T1-weighted template in Montreal Neurological 

Institute (MNI) stereotactic space in a recursive fas-

hion. Image segmentation incorporated an intensi-

Table 1. Patient characteristics.

AHRS, Auditory Hallucinations Rating Scale14; CPZ b = chlorpromazine equivalent units; 
GMV, gray matter volume; SD, standard deviation. 

Variable Mean (SD)

Age, years 36.23 (12.14)

Gender (male/female) 1

Education, years 13.68 (1.78)

Duration of illness, months 163.2 (137.4)

Medication dosage, CPZ b 494 (378)

Global GMV 0.8306 (0.1012)

AHRS total 26.23 (6.79)

Frequency 6.15 (2.87)

Reality 3.81 (1.50)

Loudness 2.77 (0.91)

Number 3.04 (1.91)

Length 3.12 (1.14)

Attention to voices 3.88 (1.77)

Arousal 3.46 (1.17)
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Statistical analysis

 Next, for ROIs showing a significant asso-

ciation with AVHs, we explored patterns of structu-

ral covariance with our a priori ROIs as a function 

of hallucination severity (as indexed by AHRS total 

score) using the Pearson product-moment correla-

tion coefficient. To this end, we extracted regional 

gray matter volume from each ROI using coordina-

tes taken from the literature:5-7,17 The coordinates 

were -18.4, 11.08, -14.57 (left) and 57, -35, 8 (right) 

for the superior temporal gyrus; -38.64, -6.23, 6.45  

for the middle temporal gyrus; 37.92, 35.48, 13.88 

for the inferior frontal gyrus; -43, 12, -10 (left) and 

45, 16, -9 (right) for the insula; and 18.56, -4.29, 

-20.73 for the hippocampus. We set the level of sig-

nificance at p < 0.05, 2-tailed. Figure 1 depicts the 

peak coordinates reported by studies on structural 

correlates of hallucinations from which our ROIs 

were defined.

 To identify brain regions associated with 

overall severity of hallucinations, we subjected the 

individual gray matter segments to a voxel-wise mul-

tiple regression analysis, with AHRS total score as 

predictor. We made inferences after family-wise error 

correction for multiple comparisons across the whole 

brain. We modelled global gray matter volume and 

age as covariates of no interest to identify regiona-

lly specific associations that were not confounded 

by these variables. Given our a priori regions of in-

terest (ROIs), based on previous MRI reports of as-

sociations between AVHs and gray matter volume in 

mainly fronto-temporal regions,4 we applied pre-defi-

ned anatomical ROI analysis, as provided by the Au-

tomatic Anatomical Labeling software (www.cyceron.

fr/freeware/), including the superior temporal, middle 

temporal, and inferior frontal gyri and the insula and 

hippocampus, with a significance level of p < 0.05, 

corrected for family-wise error. 

Figure 1. Summary of brain regions in which gray matter volume was reported to be associated with auditory 
verbal hallucinations in previous neuroimaging studies. We used them as regions of interest for the examination 
of structural covariance as a function of hallucination severity in the present investigation. From left to right: su-
perior temporal gyrus, bilaterally (*green circles5,7), right inferior frontal gyrus (*blue circle17), right hippocampus 
(*black circle7), bilateral insula (*white circles5) and middle temporal gyrus (*red circle7). *Coordinates taken from 
the literature.
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Results

 Our sample comprised 26 patients who 

were experiencing treatment-resistant auditory ha-

llucinations. Patient characteristics are summarized 

in Table 1.

 Severity of AVHs, as indexed by the AHRS 

questionnaire, was positively correlated with gray 

matter volume in the left inferior frontal gyrus (MNI 

coordinates -32, 28, -24; cluster size 29 voxels; t 

score 4.20; z score 3.56; corrected for family-wise 

 We analyzed patterns of structural cova-

riance as a function of hallucination severity bet-

ween volume in the left inferior frontal gyrus and the 

a priori ROIs. This revealed that overall hallucination 

severity was positively associated with structural 

covariance between the left and the contralateral 

inferior frontal (r = 0.405, p = 0.040), left superior 

error; Fig. 2). No other regions survived the correction 

for multiple comparisons.

 There were no significant sex differences 

in AHRS total score (F1,24 = 0.013, p = 0.91), nor in 

gray matter volume of the left inferior frontal gyrus 

region that was correlated with AHRS total score (F1,24 

= 2.083, p = 0.162). Given the lack of significant sex 

differences, we report the results for men and women 

combined.

temporal (r = 0.485, p = 0.012) and middle tempo-

ral gyri (r = 0.489, p = 0.011); bilateral insula (left r = 

0.410, p = 0.038; right r = 0.418, p = 0.034); and right 

hippocampus (r = 0.526, p = 0.006). In sum, patients 

with greater hallucination severity showed increased 

structural covariance between these regions. 

Figure 2. T-statistic map of the positive correlation between gray matter volume in the left inferior frontal gyrus 
and severity of hallucinations. Results considered to be significant at p < 0.05, corrected for family-wise error. 
AHRS = Auditory Hallucinations Rating Scale.
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Discussion

sistant AVHs.

 The analysis of structural covariance re-

vealed that hallucination severity influenced corti-

cal intercorrelations between gray matter volume 

of the left inferior frontal gyrus and a number of 

hallucination-related regions (i.e., left middle tem-

poral, superior temporal and contralateral inferior 

frontal gyri; hippocampus; and insula). Although we 

defined our ROIs using coordinates from previous 

studies, future research using another method 

(e.g., Brodmann-based anatomical mask or using 

coordinates from prior functionally defined re-

gions)23 could further validate these findings. Alte-

red associations between left frontal and temporal 

structures have been evidenced in schizophrenia 

patients compared with healthy controls.9 Fur-

thermore, structural covariance between fronto-

temporal regions, indicating common volumetric 

variations, is abnormal in schizophrenia.24 Our re-

sults extend these prior findings by relating them 

to a specific psychotic symptom, and add further 

support to the notion that language processing and 

verbal monitoring neurocircuitry are critical in the 

generation of hallucinated speech.2-3 In addition, 

these results demonstrate that AVH severity affects 

volumetric correlations with medial structures such 

as the insular cortex and the hippocampus, consis-

tent with the idea that these areas play a part in the 

genesis and modulation of the perceptual/affective 

content of the hallucinations.4,21 Finally, increased 

fractional anisotropy of fronto-temporal bundles in 

patients with schizophrenia and AVHs compared 

with patients without hallucinations has also been 

reported.25 Taken together, these results highlight 

the critical involvement of aberrant fronto-temporal 

interactions in the hallucinatory experience.

 We investigated whether patterns of cova-

riance between regional volumes in the schizophre-

nic human brain would be modulated by overall fre-

quency and severity of AVHs. First, we identified a 

positive correlation between gray matter volume in 

the left inferior frontal gyrus and hallucination seve-

rity. Functional neuroimaging studies have indicated 

enhanced left inferior frontal gyrus activation during 

hallucinations.18 Prolonged use of a structure may 

result in volumetric increases,19 although it is also 

possible that alterations in gray matter volume may 

underlie changes in a region’s functional activity. The 

left inferior frontal gyrus region received convergent 

input from temporal lobe regions and plays a cen-

tral role in speech processing,20 which is an intrinsic 

process in AVHs as they consist of spoken langua-

ge. Thus, it would not be surprising that, amongst a 

sample of hallucinators, greater severity correlated 

with increased gray matter volume therein. This fin-

ding is consistent with studies which have explored 

“state” hallucinations, identifying  the aforementioned 

increases in activation.21 Of note, our findings cannot 

be explained by age or individual differences in ove-

rall brain size because we included these factors as 

confounding variables in the statistical analyses.

 Gray matter volume in temporal regions did 

not appear to be associated with hallucination seve-

rity, as measured by the AHRS. Although temporal 

lobe abnormalities have been repeatedly reported in 

schizophrenia,22 this has mainly been found compa-

red with healthy controls.4 The absence of correla-

tions between AVH severity and the volume of regions 

other than the inferior frontal gyrus in the present stu-

dy may be related to the nature of the patient sample, 

which was restricted to patients with medication-re-
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Limitations

 The present work was based on self-re-

ported severity of auditory hallucinations. Poten-

tial drawbacks of relying on self-reported measu-
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and in studies on the efficacy of AVH treatments.14 
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antipsychotic treatment.
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use voxel-based morphometry to assess structural 

covariance dependent on severity of AVHs. The main 

finding was that hallucination severity modulated 

cortical intercorrelations of regional volumes within a 

speech processing and verbal monitoring network of 

fronto-temporal regions, supporting the critical role of 

their interplay in the neurobiology of hallucinations.
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