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Chapter 1

General introduction

When I’m writing this, Christmas just has been celebrated and New Year’s Eve is 
approaching. For most people, this is a time of relaxing and doing nothing. When we 
are in such a relaxing, default state, we tend to let our mind wander on daily matters 
and personal thoughts. You may think about the nice and tasty dinners with your 
family during Christmas, be troubled about your weight gain or feel happy because 
of the presents you got this year, or you may be imagining what you will wear to the 
New Year’s Eve party. We could say that when we are doing nothing, we are observing 
ourselves. This self observation is not only convenient for ourselves, but also seems 
to have a social function. Knowing who we are, what we feel and will do in certain 
situations is thought to help us in deciding how another person will react in a certain 
situation and what his or her intentions and feelings will be. Thus, we might say that 
doing nothing in particular and being at our default state of mind helps us in being 
social. Unfortunately for my friends and family, instead of being at this default state, I 
am busy writing this thesis about what happens in the brain when we are doing nothing.

When doing nothing in particular, a set of brain areas shows increased activity 
compared to when we are engaged in the performance of difficult tasks (1-3). This 
network is commonly referred to as the default-mode network (DMN) (4). Although 
the exact function of the default-mode network is an ongoing issue of debate, activity 
within this network is associated with ongoing mental processes such as those described 
above. 

The functioning of this default-mode network is disrupted in various psychiatric 
and neurological disorders and has been associated with clinical symptoms and 
social deficits, including the severity of positive symptoms (5) and poor introspective 
processing (6) in schizophrenia, and poor social communication skills in autism (7).

In this thesis the function of the default-mode network is further investigated in 
both healthy volunteers and unaffected siblings of patients with schizophrenia, who are 
genetically at increased risk of developing the disorder. The current chapter serves as an 
introduction. First, existing studies in healthy volunteers on activity and connectivity 
in the default-mode network are described. Second, a background on schizophrenia 
is provided and abnormalities within the default-mode network in schizophrenia are 
discussed. Third, the methods used in this thesis to assess the function of the default-
mode network are explained. To conclude, an outline of the thesis is given. 

Default-mode network

Decreases in activity
In the 1990’s, neuroimaging studies were typically focused on increases in brain 
activity related to cognitive processes and goal-directed behavior. These increases can be 
observed when brain activity during active task conditions are compared with activity 
during passive task conditions. These passive baseline conditions generally consist of 
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looking at a fixation cross, looking at the stimulus of the active condition, or lying 
still with eyes open or closed. Surprisingly, when comparing the active task to the 
passive baseline conditions, consistent task-related decreases in activity were observed. 
In 1997, a meta-analysis of positron emission tomography (PET) studies by Shulman 
and colleagues (1) appeared, revealing that these task-related decreases were robustly 
present during a variety of sensory tasks and were located within the cortical midline 
areas and lateral posterior regions. Two years later, Binder and co-workers reported 
in a functional magnetic imaging (fMRI) study (3) a similar pattern of deactivation 
during an auditory tone discrimination task relative to an eyes-closed rest period. These 
findings were corroborated by a second meta-analysis of PET studies (2). In this study, 
Mazoyer and colleagues compared a resting-state condition in which the subjects were 
instructed to lie still with their eyes closed and to refrain from structured mental activity, 
with various cognitive tasks, including language, memory, finger movement tasks. They 
reported increased activity during resting-state (i.e. decreased activity during the tasks) 
in the same regions observed in the study of Shulman et al. (1) and Binder et al. (3). 
These findings suggest the presence of a set of brain regions that are active during rest 
and passive states, and have diminished activity during cognitive demanding tasks and 
goal-directed behavior. In 2001, Raichle and colleagues (4) proposed that these regions, 
the medial prefrontal cortex, posterior cingulate cortex, precuneus and lateral posterior 
cortices, form an organized, default mode of brain function. After emergence of this 
paper, research has increasingly focused on this default-mode network (DMN) and the 
function of its activity during resting-state.

Spontaneous cognition 
The observation that the DMN is active during passive states has led to the idea that 
the network is involved in ongoing cognitive processes (4;8;9). As discussed by William 
James (1890), we experience a “stream of consciousness”, mental representations and 
internally, self-generated thoughts, when we are not engaged in external information 
processing. When our attention is captured by external information, this spontaneous 
mental activity, also referred to as “task-unrelated thoughts” (10;11) or “stimulus 
independent thoughts” (12;13), diminishes (10;13). By varying the level of task 
difficulty and attention demand, studies have investigated whether a decline in these 
task-unrelated thoughts was associated with a decrease in activity of the DMN. Low 
demanding tasks indeed resulted in a small decrease in activity relative to the baseline, 
while high demanding task conditions resulted in a large decrease in activity within the 
DMN (14;15).  Moreover, activity within the network was positively correlated with 
the level of task-unrelated thoughts reported by the participants (11;12), which were 
more prominent during the low-demanding task conditions. This association between 
task-unrelated thoughts and activity within the DMN indicates that the network is 
indeed involved in ongoing mental processes. 
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Anatomy and function
Further insight in the nature of these ongoing cognitive processes and the function of 
the DMN can be gained by studying the regions of the network: the medial prefrontal 
cortex, the posterior cingulate cortex, precuneus, and the lateral posterior cortices. A 
schematic representation of these regions in the brain is provided in Figure 1. 

The medial prefrontal cortex (MPFC) is commonly divided into a dorsal and ventral 
component. The ventral MPFC (vMPFC, Brodmann areas (BA) 24, 10, 32), extending 
into the rostral ventral anterior cingulate cortex (vACC), is anatomically interconnected 
with limbic structures, including the amygdala, hypothalamus, brain stem and ventral 
striatum as well as with the orbitofrontal cortex (16). These connections implicate the 
involvement of the vMPFC in emotion processing, more specifically in integrating 
sensory information from the body with other internal and external information about 
the emotional stimuli (8;16). Functional neuroimaging studies have indeed associated 
activity within the vMPFC with processing of emotional stimuli (17;18) as well as 
reward processing (19), and have suggested that the vMPFC is involved in identifying 
salient or self-relevant stimuli and regulating behavioral and emotional responses 
(4;8;9;20). In addition, the vMPFC is proposed to be involved in both memory 
formation and retrieval (21;22).

The dorsal MPFC (dMPFC, BA 24, 10, 32 and 9), is less densely connected to 
subcortical regions, but has anatomical connections with other cortical areas, including 
superior temporal gyri and the posterior cingulate cortex (16;23). Activity within the 
dMPFC is associated with monitoring of and reporting on one’s own mental state, 
as well as with mentalizing: attributing of mental states to another person (24). In 
addition, the dMPFC is involved in appraising and evaluating emotional (8;18;25) and 
self-relevant stimuli (26). For example, studies have reported increased activity within 
the dMPFC when subjects had to indicate how a picture made them feel relative to a 
control task (8;25).

Figure 1. 
Schematic representation of 
the regions of the default-
mode network. The PCC, 
dMPFC and vMPFC are 
located medially in the brain 
as shown. The LP is located on 
the lateral surface of the brain, 
as indicated by the dotted line 
and the arrow. PCC= posterior 
cingulate cortex, dMPFC= 
dorsal medial prefrontal 
cortex, vMPFC= ventral 
medial prefrontal cortex, LP= 
lateral posterior cortices.



13

Introduction

In addition to the two medial prefrontal regions, two posterior regions are included 
in the DMN; a medial component and a lateral component. The posteriomedial region 
consists of the posterior cingulate cortex (PCC, BA 23/31), the retrosplenial cortex 
(BA 29/30) and part of the precuneus (BA 7). These areas are closely interconnected to 
each other, therefore I refer in the remainder of this introduction to this posteriomedial 
region as the posterior cingulate cortex (PCC). The PCC is densely connected to the 
medial temporal cortices, hippocampal formation, lateral parietal cortices, prefrontal 
cortex and the (ventral) anterior cingulate cortex (vACC) (27;28). The PCC is engaged 
in episodic memory retrieval (29;30), mentalizing (31), and in assessing self-relevant 
non-emotional and emotional stimuli (32-34). 

The lateral posterior regions (LP, BA 39/40) consist of the inferior parietal lobe, 
including the angular gyri, and superior temporal gyri. These regions have dense 
anatomical connections with the parahippocampal region, hippocampus and PCC, 
(27;35) and activity within these areas is associated with episodic memory retrieval 
(29;36). Furthermore, the LP is important for detecting and processing of behaviorally 
salient stimuli (9;37;38).

When considering these functions of the regions of the DMN, all regions seem to 
be involved in monitoring and evaluating both of internal and external salient, self-
relevant stimuli. This processing of self-relevant stimuli is commonly referred to as 
self-referential processing.

Self-referential processing 
Self-referential processing can be defined as detecting, evaluating and monitoring 
external stimuli as well as internal representations that are relevant for our own self. 
This encompasses various aspects, including monitoring our own thoughts, feelings 
and bodily state, thinking about the future and intentions, remembering past events, 
and monitoring of the environment for salient stimuli (8;9). Self-referential processing 
is an important aspect of social cognition (39;40). Social cognition refers to the 
mental processes underlying social interactions, such as interpreting the emotions and 
intentions of another person (41). Interacting with others, interpreting their facial 
expressions and understanding how they feel requires reflection on our own feelings 
and knowledge (42;43). Indeed, studies have linked self-referential processing to 
constructs of social cognition, including emotion processing and mentalizing (44). This 
association is also visible when the functions of the regions of the DMN are considered, 
as many regions are involved in emotion processing and attributing mental states to 
others, as well as self-referential processing.

A number of studies have investigated DMN activity during tasks that evoked self-
referential processing such as responding to statements describing one’s own personality, 
attitudes or preferences. These studies revealed increased activity in the midline areas 
of the DMN, the dMPFC, vMPFC and PCC, during self-referential conditions as 
compared to control conditions (8;45-56). These control conditions were not resting-
state or passive conditions, but low-level attention tasks. For example, participants had 
to indicate whether a personality trait was socially desirable (57), or whether a depicted 
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scenery was indoor or outdoor (8;54). Also activity within the lateral posterior cortices 
(LP) has been associated with self-referential conditions (47;50-52;54), although this 
finding is less consistent across studies.

The regions of the DMN may each be involved in different aspects of self-referential 
processing. In a meta-analysis of 27 PET and fMRI studies on self-referential tasks, 
Northoff and co-workers (58) investigated functional specialization within the cortical 
midline structures of the DMN. They distinguished between three different sub-
regions within the DMN, the vMPFC/ posterior ACC, the dMPFC and the PCC, and 
suggested that the network consists of separate components that are each involved in 
different subfunctions of self-referential processing. In Chapter 3 of this thesis, we will 
further investigate functional specialization within the DMN during self-referential 
processing.  

   
Resting-state connectivity
To this point, I have described literature on DMN activity during externally focused, 
demanding cognitive tasks and self-referential processing tasks. However, a number of 
fMRI studies have investigated activity within the network during periods of resting-
state. These resting-state conditions typically last between 5 to 10 minutes during 
which the subjects are instructed to lie still with their eyes either closed or open, or 
while looking at a fixation cross, and not to fall asleep. 

In general, resting-state studies focus on spontaneous activity in the brain, or more 
specifically, on spontaneous low-frequency (<0.1 Hz) fluctuations in the fMRI signal. 
This spontaneous activity arises in absence of sensory input and is intrinsically generated 
by the brain. Biswal and colleagues (59) were the first to show that these spontaneous 
fluctuations during resting-state exhibit a high degree of temporal correlation in 
functionally related areas. They observed strong correlations between spontaneous 
fluctuations within the left primary sensory motor cortex and other regions involved 
in motor behaviour: the right primary sensorimotor cortex, the supplementary motor 
area and premotor areas. This interregional temporal correlation is commonly referred 
to as functional connectivity. Later studies have replicated the finding of Biswal and 
colleagues and have reported a high degree of functional connectivity during resting-
state within other neuro-anatomical networks, including the visual system and auditory 
system. These observations indicate that this spatial pattern of coherent fluctuations 
during resting-state reflects the intrinsic functional organization of the brain (59-
61). This intrinsic organization (partly) reflects underlying anatomical connectivity 
and is believed to be important for adequate behavior and brain functioning (61). 
Abnormalities in this functional connectivity during resting-state, or intrinsic 
connectivity, have been observed in various psychiatric and neurological disorders, 
including schizophrenia (62) as will be discussed in the second half of this introduction. 

The areas of the DMN exhibit strong functional connectivity during resting-state. 
This was first observed by Greicius and colleagues (63), who revealed a high degree of 
temporal correlation between the PCC, MPFC and LP. This observation is in line with 
the hypothesis that the DMN forms an organized functional network as postulated 
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by Raichle and co-worker (4) and is replicated by multiple studies (64). In addition 
to the reported positive correlations within the DMN, studies have observed negative 
correlations, also called anti-correlations, between the regions of the DMN and regions 
of a task-positive network. This task-positive network consists of regions involved in 
goal-directed behavior and external orientated task performance, including the frontal 
eye fields, insula, lateral prefrontal cortices and middle temporal cortex (64;65). These 
anti-correlations may be viewed as support for the hypothesis that the DMN is involved 
in introspective, self-referential processing that is attenuated when engaged in cognitive 
demanding tasks. However, it is also suggested that these anti-correlations are spurious 
correlations due to the processing of the data (66) (see the paragraph Methodology later 
in this Introduction).

Cardiorespiratory confounds
Although spontaneous fluctuations in the fMRI signal are thought to have functional 
relevance and to reflect neural activity, they may also be caused by, or at least be 
confounded by, cardiorespiratory processes. These processes can affect the fMRI-
signal independently from neural activity (67-71) (as will be explained later in this 
introduction, the fMRI-signal is dependent on blood flow, volume and oxygenation). 
For example, the cardiac and respiratory cycle cause signal changes in brain areas near 
major vessels and the ventricles, and motion artifacts near the edges of the brain (68;72-
74). Fluctuations in heart rate and respiration volume also affect the fMRI-signal, partly 
by affecting the level of arterial CO2. These variations in heart rate and respiration are 
related to fluctuations in the fMRI-signal in grey matter areas and are present in the 
low-frequency range (≈0.03 Hz and <0.1 Hz) that is of interest in resting-state studies 
(67;69;70). 

These cardiorespiratory confounds may be particularly problematic for the 
interpretation of the intrinsic fluctuations within the DMN, as studies have observed 
respiration and heart rate related fluctuations within regions of the DMN (67;69). In 
Chapter 2, we investigate the effects of cardiorespiratory confounds on resting-state 
activity within the DMN. In addition, we also investigate the effects of these confounds 
on task-related activity changes within the DMN, as heart beat and respiration may 
confound task-related activity when changes in these processes are related to task 
demands (75;76).

Default-mode network and schizophrenia 

Schizophrenia
Schizophrenia is a severe psychiatric disorder characterized by widespread brain 
abnormalities, including grey matter loss, enlarged ventricles and dysfunction of the 
prefrontal cortex, striatum, hippocampus, and amygdala. Patients with schizophrenia 
suffer from distorted reality perception, disrupted thoughts and feelings, and exhibit a 
marked decline in daily functioning. Patients suffer from a wide range of symptoms and 
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there are large differences between patients in the course of the illness and treatment 
response. Schizophrenia has its onset typically during the late adolescence or early 
adulthood and affects approximately 1 % of the population. Although the causes of 
schizophrenia are largely unknown, genetic factors seem to play an important role in 
the development of the disorder. Monozygotic twins of patients have a 50% chance 
of developing schizophrenia, while healthy siblings have a 10 % chance of developing 
the disorder (77;78). Also, siblings of patients exhibit cognitive deficits and brain 
abnormalities that are observed in patients, although to a lesser degree (79-81). Aside 
from genetic factors, several environmental factors contribute to the development of 
the disorder, including cannabis use and stress (82). 

The clinical symptoms of schizophrenia can be divided into negative and positive 
symptoms. Negative symptoms reflect deficits in normal behavior and responses, such 
as speech poverty, flat affect and apathy, while positive symptoms reflect the presence of 
abnormal behavior and mental functioning, including delusions, hallucinations as well 
as disorganized thought. In addition to these symptoms, patients suffer from cognitive 
deficits such as impaired attention, working memory, problem solving, and social 
cognition, and exhibit diminished social and occupational functioning. This social and 
occupational dysfunction is observed even prior to the onset of the disorder and in the 
absence of psychosis, and is a defining feature of schizophrenia. 

Deficiencies in daily functioning, particularly functioning within the community, can 
be largely attributed to deficits in social cognition (83-85). Patients have difficulties in 
processing of emotional stimuli (86), including recognizing emotional facial expressions 
(87;88), and have impaired performance on mentalizing tasks (89;90). These difficulties 
in recognizing and interpreting other people’s emotions and intentions may be related 
to impairments in self-referential processing (91;92), as making representations about 
other persons requires representation of one’s own mental state and beliefs. Indeed, 
patients experience difficulties in identifying self-generated voices and statements as 
their own (44;93) and such impaired self-referential processing was reported to be 
associated with poor social cognition (44). Given the involvement of the DMN in self-
referential processing and social cognition, imaging studies in patients have increasingly 
focused on activity and connectivity within this network.

 
Dysfunction of the DMN in patients
Dysfunction of the DMN has been repeatedly reported in patients with schizophrenia, 
although the findings are inconsistent. Some studies reported more pronounced 
decreases in activation (i.e. increased deactivation) within the DMN during the 
performance of cognitive demanding tasks, including a working-memory task (94) and 
a selective attention task (95). However, other studies observed less deactivation within 
the MPFC (96-98) and PCC (99) during such cognitive tasks. In addition, one study 
reported less deactivation within the DMN in patients during a task that required 
identification and labeling of facial emotions (100). 

Although most studies in schizophrenia have investigated activity (or decrease 
in activity) within the DMN during cognitive tasks, some also focused on activity 
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during self-referential processing. One study of Vinogradov and co-workers reported 
abnormal activation within the midline areas of the DMN during a self-referential 
memory task (93). In addition, Holt and colleagues (6) observed abnormal activation 
within these areas when patients had to indicate the self-descriptiveness of personality 
traits and reported that this abnormal activation was associated with aberrant intrinsic 
connectivity within the network.  

Abnormal intrinsic connectivity within the DMN is thought to contribute to the 
difficulties in self-referential and introspective processing observed in schizophrenia 
(5;101-105) and a number of studies have investigated resting-state connectivity 
in patients. However, the findings of these studies are not consistent. Some studies 
reported reduced intrinsic connectivity between the areas of the DMN, particularly 
within the midline areas (5;104-106), but also between the PCC and the LP (5). 
Reduced connectivity between the frontal midline areas was observed to be associated 
with reduced structural connectivity of these areas (104). However, other studies 
revealed increased intrinsic connectivity within the dMPFC (101), the vMPFC (107) 
and the PCC and vACC (108) as well as between the vMPFC and left LP (102). Also, 
one study reported increased connectivity within the vMPFC and PCC during rest 
periods of a working-memory task that was positively correlated with the severity of 
positive symptoms (96). Furthermore, studies have reported increased connectivity 
between regions of the DMN and areas outside the network, indicating less functional 
specialization in patients (109;110). 

Together, these findings provide some indication of dysfunction of the DMN in 
schizophrenia that may contribute to the difficulties in self-referential processing and 
social cognitive functioning observed in the patients. However, based on these findings, 
it is not clear whether patients exhibit impaired or exaggerated connectivity and 
activation within the DMN. The divergence in findings could be due to differences 
in experimental design or type of analysis, but could also reflect disease-related factors, 
such as clinical state, illness duration and medication. To avoid these confounds and 
to investigate whether dysfunction in the DMN is related to the genetic risk for 
schizophrenia, studies have begun to include genetically at risk subjects.  

Dysfunction of the DMN in healthy relatives
First-degree relatives of patients with schizophrenia, including unaffected siblings, 
have an increased risk to develop schizophrenia and exhibit cognitive deficits that 
are also observed in patients. For example, behavioral studies in first-degree relatives 
have reported deficits in social cognitive processes, including  social perception 
(111), theory of mind (112;113), social skills (114) and  impaired facial emotion 
recognition (115-117). However, it is unclear whether these first-degree relatives have 
abnormal activity and connectivity within the DMN. So far, only a few studies have 
investigated functional connectivity within DMN in first-degree relatives and findings 
are inconclusive as some studies showed increased connectivity (96;102) and other 
studies showed no abnormalities (103) or reduced connectivity (118).  Moreover, no 
study has yet investigated functioning of the DMN during a self-referential processing 
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task in these subjects. In Chapter 4, we will investigate intrinsic connectivity as well 
as connectivity and activation within the DMN during self-referential processing in 
unaffected siblings of patients with schizophrenia.

Methodology 

To examine the function of the DMN in healthy volunteers and in healthy siblings 
of patients with schizophrenia we used functional MRI (fMRI). Here, fMRI is briefly 
explained, followed by an introduction to resting-state connectivity analyses and a 
second type of connectivity analysis. 

Functional MRI
Functional magnetic resonance imaging (fMRI) is a non-invasive technique to measure 
the function of the brain using an MRI scanner. An MRI scanner imposes a strong 
magnetic field which causes hydrogen protons of the body in the scanner to align 
with the magnetic field. A transmitter then applies a radio frequency pulse of a certain 
resonance frequency. This energy is absorbed by the (hydrogen) protons and causes 
the protons to flip and lose their alignment with the basic magnetic field. After the 
transmitter is switched off, the protons will return to align with the main magnetic field 
and release the absorbed electromagnetic energy. This MR-signal is measured and used 
to form an image of the scanned tissue. Protons of different tissues differ in magnetic 
properties, and thus MR-signal, enabling distinction between types of tissue or other 
properties. 

With fMRI, brain function is commonly assessed by measuring changes in the MR 
signal caused by the level of oxygenation of the blood, called the blood-oxygen-level 
dependent (BOLD) signal. Oxygen in the blood is transported by hemoglobin. When 
hemoglobin has an oxygen-molecule attached (oxyhemoglobin) it does not affect 
the MR-signal. However, when hemoglobin is deoxygenated, (deoxyhemoglobin), 
it causes inhomogeneities in the magnetic field and lowers the MR-signal. Increased 
activity within a brain region results in an increased consumption of oxygen. At first 
this results in an increase in deoxyhemoglobin in the blood causing a decrease in 
the BOLD-signal. However, this effect is temporarily as the brain overcompensates 
the oxygen consumption by an inflow of oxygenated blood, thereby decreasing the 
level of deoxyhemoglobin and thus resulting in a net increase in BOLD-signal. It is 
important to realize that the BOLD-signal is an indirect measure of neural activity 
and is dependent on the oxygen consumption, cerebral blood flow and blood volume. 
These hemodynamic processes are rather slow and limit the temporal resolution of 
fMRI. Furthermore, other factors that influence the level of oxygen in the blood can 
also affect the BOLD-signal. Such confounding factors include non-neural influences 
of cardiorespiratory processes. 

With fMRI, multiple images are acquired in a short period of time, measuring the 
BOLD-signal timecourse for each area, or voxel, in the brain. To investigate which 
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brain regions activate during a certain cognitive process, images that are acquired 
during the performance of that cognitive function are compared to images that are 
acquired when this cognitive function was not performed. For example, by contrasting 
a task condition in which subjects had to indicate the self-descriptiveness of personality 
traits with a condition in which they had to indicate whether a trait is social desirable, 
areas involved in self-referential processing can be detected.

Resting- state connectivity analysis
During the acquisition of resting-state functional images, subjects are instructed to lie 
still with their closed or open, or to look at a fixation cross, and not to fall asleep 
for approximately 5 to 10 minutes. In general, resting-state studies focus on patterns 
of spatial coherence in spontaneous low-frequency fluctuations (between 0.01 and 0.1 
Hz) of the BOLD-signal. Analysis of the spatial coherence, or correlations, of these 
fluctuations between brain regions is commonly referred to as functional connectivity. 
Although there are multiple techniques to analyze functional connectivity in the 
brain, in this thesis only seed-based analyses are used. In a seed-based analysis, the 
average BOLD-signal timecourse of a region of interest (seed region) is extracted, 
and the temporal correlations between this brain region and all other voxels, or other 
regions of interest, in the brain are calculated. To limit effects of global signal changes 
unrelated to regional specific correlations in the BOLD-signal, the average signal of 
the brain is commonly removed from the data by regression analysis. However, this 
global signal removal may induce spurious negative correlations (66). Also, correction 
for confounding effects of cardiorespiratory processes on the functional connectivity 
measures is often applied. 

Psychophysiological interaction analysis
With a psychophysiological interaction (PPI) analysis, differences in coupling related 
to task performance (psychological factor) between one brain region (seed region, 
physiological factor) and the rest of the brain can be investigated. (119). In this 
analysis, the timecourse of the BOLD-signal of a seed region is extracted and this signal 
is adjusted for average activation during the task and head motion. The interaction 
between activity within this seed region and the psychological factor, for example self-
referential processing, is then calculated. This interaction is called the PPI regressor. 
Subsequently, it is tested in which brain regions activity covaries positively (positive 
PPI) with this interaction and in which regions activity covaries negatively (negative 
PPI) with this interaction. That is, it is calculated which areas show an increase in 
coupling with the seed region during the performance of one task condition relative 
to another task condition, and which areas show a decrease in coupling during the 
performance of one task condition relative to another task condition. This technique is 
used in Chapter 3 and Chapter 4 to examine changes in coupling between areas in the 
DMN during self-referential processing relative to non-referential processing. 
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Outline

The studies described in this thesis aim to provide more insight in the function of the 
default-mode network (DMN) in self-referential processing and social cognition in 
both healthy volunteers and unaffected siblings of patients with schizophrenia. 

In Chapter 2, we investigate whether resting-state and task-induced activity 
within the DMN can be explained by cardiorespiratory processes. As mentioned, 
these physiological processes affect the BOLD-signal independently of neural activity 
and may be particularly problematic for the interpretation of BOLD-signal changes 
within the DMN. To this end, brain activity, heartbeat, and respiration were measured 
during resting-state and while healthy volunteers performed a cognitive task with a 
high- and low-demand condition. Subsequently, an extensive correction method for the 
cardiorespiratory confounds was applied to the fMRI data and differences in intrinsic 
connectivity and task-related activity before and after this correction were evaluated.

In Chapter 3, we aim to elucidate the involvement of the regions of the DMN in 
self-referential processing. Evidence is starting to accumulate that suggests functional 
specialization within the DMN and regions of the DMN are thought to be involved 
in different subfunctions of self-referential processing. In the study described in this 
chapter, we address functional specialization in the DMN by investigating changes in 
coupling between areas of the network during a self-referential processing task. This 
task consisted of three conditions. The participants had to indicate either whether trait 
adjectives described their own personality (self-referential condition), whether traits 
described the personality of another person (other-referential condition), or whether 
traits were socially desirable (non-referential condition). To exclude confounding effects 
of cardiorespiratory processes on connectivity and activation in the brain, we applied 
the correction method that was used in Chapter 2 

After investigating DMN function during resting-state and self-referential processing 
in healthy controls, we focus in Chapter 4 and Chapter 5 on unaffected siblings of 
patients with schizophrenia. These siblings are at increased genetic risk of developing 
the disorder and exhibit difficulties in social functioning, however it is unclear whether 
the underlying neural circuitries are disrupted in these subjects. 

In Chapter 4 we investigate intrinsic connectivity within the DMN in siblings 
and whether this is related to functioning of the network during self-referential 
processing. To this aim, brain activity was measured in unaffected siblings and 
healthy control subjects during an 8-minute resting-state period and during the self-
referential processing task used in the study described in Chapter 3. We compared 
intrinsic connectivity within the DMN of the siblings to that of the healthy controls. 
Subsequently, we tested whether the groups showed differences in activation and task-
related changes in coupling within the DMN during self-referential processing.

In Chapter 5 we focus on a related aspect of social cognition, namely emotion 
processing. Siblings of patient with schizophrenia exhibit behavioral impairments in 
emotion processing, however it is unclear whether and how the underlying neural 
system is disrupted. In this study, we investigate whether unaffected siblings show 
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abnormal brain activation during basic emotion processing. A comparison was made 
between brain activity measured in healthy unrelated control subjects and activity 
measured in unaffected siblings while they viewed and rated pictures as neutral, positive 
or negative.

In Chapter 6 the main findings of the studies presented in this thesis are summarized 
and a general discussion and conclusion are provided. 
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Chapter 2

Abstract

The default-mode network (DMN) consists of areas showing more activation during 
rest than during a task. Several authors propose some form of cognitive processing to 
underlie BOLD signal changes in the DMN as activity within the network is modulated 
by the level of effort required by the task and is positively correlated with self-referential 
processing. Alternatively, BOLD signal changes within the DMN may be caused by 
cardiorespiratory processes (CR) affecting BOLD signal measurements independent 
of neuronal activity. The goal of this study is to investigate whether BOLD signal 
changes within the DMN can be explained by CR effects. To this aim, brain activity, 
heartbeat, and respiration are measured during resting-state and while subjects perform 
a cognitive task with a high- and low-demand condition. To correct for CR effects 
we used RETROICOR (1) in combination with additive linear modeling of changes 
due to respiration volume, heart rate and heart rate variability. CR effects were present 
within the frequency-range of the DMN and were located in areas of the DMN, but 
equally so in other areas. After removal of CR effects, deactivation and resting-state 
connectivity between the areas of the DMN remained significant. In addition, DMN 
deactivation was still modulated by task demand. The same CR correction method did 
remove activation in task-related areas. We take these results to indicate that the BOLD 
signal within the DMN cannot be explained by CR effects alone and is possibly related 
to some form of cognitive neuronal processing.
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Introduction

Functional imaging studies typically investigate brain function by identifying areas 
showing increased activation during a task as compared to rest or baseline. However, 
some areas in the brain are more active during rest (2-4). Together, these areas are called 
the default-mode network (DMN) and include the posterior cingulate (PCC), the 
medial prefrontal cortices and the lateral posterior cortices (Brodmann area 39) (5-7). 
Functional connectivity studies have found positive correlations between the areas of 
this network in low-frequency bands from around 0.01 to 0.1 Hz during resting-state 
fMRI, indicating that activity within this network is correlated (5;6;8;9).

Several authors propose some form of cognitive processing to underlie BOLD signal 
changes in the DMN, as these signal changes are modulated by the level of effort 
required to perform a task. That is, deactivation within the DMN increases relative to 
rest (i.e. activation decreases) as task-demand increases, suggesting that BOLD signal 
changes within the DMN are related to cognitive processes (10-12). Later studies 
have extended this interpretation by showing positive correlations between BOLD 
signal changes in the DMN and self-referential mental processing (13-15), and mind-
wandering (16).

However, another possible explanation is that BOLD signal changes within the 
DMN are caused, or at least obscured, by confounding cardiorespiratory processes (CR) 
affecting BOLD signal measurements independently from neuronal activity (1;17-
20). For example, the cardiac and respiratory cycle cause signal changes in brain areas 
near major vessels and the ventricles, and motion artifacts near the edges of the brain 
(1;21-23). In addition, fluctuations in heart rate (HR), heart rate variability (HRV) and 
respiration volume are related to BOLD signal changes in grey matter areas not located 
near large vessels (17;19;20;24). These CR effects may be particularly problematic for 
the interpretation of the BOLD signal within the DMN. That is, recent studies showed 
that respiration and HR related fluctuations in the BOLD signal were both present 
in the frequency range of the DMN (≈0.03 Hz and <0.1 Hz, respectively) as well as 
located within areas of the DMN (17;19). In addition to spontaneous CR processes, 
changes in CR processes can be related to task demands (25), making the interpretation 
of task-induced BOLD signal changes difficult.

The goal of this study is to investigate whether resting-state and task-induced BOLD 
signal changes within the DMN can be explained by CR effects. To this aim, brain 
activity, heartbeat, and respiration are measured during resting-state and while subjects 
perform a cognitive task with two levels (high-/low-demand). To identify and correct 
for CR effects we used RETROICOR (1) in combination with regressors to model 
changes due to respiration volume, HR and HRV. Data from earlier studies suggest that 
filtering out CR effects will remove a significant portion of the BOLD signal within 
the DMN. Consequently, we expect to find (a) reduced deactivation within the DMN 
during the task and (b) a reduction in resting-state connectivity after correcting for 
CR effects. However, if the residual BOLD signal within the DMN remains correlated 
during resting-state and still shows a task-demand related increase in deactivation, this 
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may point towards some form of cognitive neuronal activity. In all analyses, a network 
consisting of areas showing activation during the cognitive task (i.e. task-positive 
network) is included to compare the effects of CR correction on the BOLD signal 
within this network to those within the DMN.

Methods

Participants
Fourteen right-handed (mean ± SD Edinburgh Handedness Inventory (26), quotient, 
0.84 ± 0.15) male subjects (mean ± SD years, 22.8 ± 2.3) were included in this 
study. None of the participants had a history of psychiatric or neurological disorders, 
medication use, substance abuse or medical disorders or had any contraindications for 
MRI. Participants were recruited from the University of Utrecht and received monetary 
compensation for participation. All gave written informed consent. The ethics 
committee of the University Medical Center of Utrecht approved this study.

Tasks
Target detection task
In the target detection task (visual oddball task, e.g. (27;28)), subjects were instructed 
to respond, by pressing a button, to target stimuli which appeared within a series of 
nontargets (see Fig. 1). The task consisted of 10 blocks (of 30 s each) of 30 trials (one 
instruction trial, nine targets, and 20 nontargets) alternated with rest periods of 30 
s. In five out the 10 task blocks, targets were more than twice (220%) the size of the 
nontargets (i.e. easy condition), whereas in the other five blocks target-size was 110 or 
115% of that of the nontargets (i.e. difficult condition). The exact size of the difficult 
target was individually determined by performance on a threshold task (see below). 
Before each block, the word ‘easy’ or ‘difficult’ was presented to indicate the onset of 
each condition (i.e. instruction trial). The order of the blocks was counterbalanced over 
the experiment. Within each block, the order of the stimuli was randomized, with the 
restrictions that a target stimulus had to be followed by a nontarget stimulus and that 
the first three stimuli were nontarget stimuli.

Before the target detection task, subjects performed a threshold task which consisted 
of 11 blocks (of 30 s each). In total, five different sizes for targets were used (110, 115, 
120, 130, and 220% of the size of the nontarget). For the difficult task condition, the 
smallest target size was selected on which a subject scored 55% or more correct.

Resting-state
During a resting-state period of 6 min, subjects were instructed to look at a crosshair 
presented in the middle of the screen. Fox et al. (5) showed that results obtained in 
this type of resting-state condition do not differ from results of conditions where a 
subject has the eyes closed or the eyes open without fixation. In addition, by presenting 
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a fixation cross, subjects have less difficulty to remain awake and eye-movements are 
limited, hence intersubject variability is restricted.

Cardiorespiratory processes
Measurements
For measuring CR processes, four electrocardiogram electrodes were affixed to the 
subjects’ chest and a respiration band was placed at the level of the abdomen. The 
measured CR data consisted of two signals, both sampled at 500 Hz: a heart beat signal 
with a trigger marking times at which an R-peak was detected, and a respiratory signal 
measuring the expansion of the respiration band. For the heart beat signal, a beat was 
inserted halfway between the triggers if an interbeat interval (IBI) was longer than 1.5 
and the second trigger was deleted if an IBI was shorter than 500 ms to correct for 
artifacts.

Five measures were derived from these measured signals. (1) Cardiac phase. A phase 
ranging from 0 to 2 pi radians was assigned to every sample. The phase was linearly 
interpolated from the previous to the next heart beat trigger. (2) Respiration phase. 
Phases from -pi to +pi were assigned to every sample as follows (see also (1)). First, the 
respiration signal was normalized to the range of 0 to 1, by adding the minimum value 
and then dividing by the new maximum value. The sorted values of the normalized 
respiration signal were divided into 100 bins with equally spaced bin centres. Next, 
the derivative of the normalized respiration signal was calculated by fitting a quadratic 
polynomial around the middle of 500 ms segments, and using the polynomial’s 
derivative at every sample. Subsequently, for every sample, the number of samples with 
a lower or equal respiratory signal value was counted, based on the bin centres and 
number of values in the bins. This number was divided by the total number of samples 

Figure 1. Target detection task. In the easy condition, targets were 220% the size of the non-
target, whereas in the difficult condition target-size was 110% or 115% of that of the non-target.  
ISI=inter stimulus interval.
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in the respiration signal, and the proportion was multiplied by pi. Finally, the sign of the 
derivative was assigned to this value. For example, at the peak of inhalation, the phase 
rises to pi and then flips over to -pi. (3) HR. For every sample of the heart beat trigger 
signal, the associated IBI was calculated by determining the interval between the two 
surrounding heart beat triggers. This signal was subsequently used to create a smoothed 
HR signal. The mean IBI over 6 s intervals was calculated, and the HR at the sample 
at the center of that interval was defined as 1 divided by this mean IBI. The centers 
of each interval were shifted in 500 ms steps to avoid unnecessary computation time. 
The HR signal between the centers was filled in using linear interpolation. (4) HRV. 
HRV was calculated using the same sliding window as was used for HR. The variance 
of the IBIs during each 6 s interval was assigned to the central samples of the intervals, 
and linear interpolation was used to fill in the signal between them. (5) respiration 
volume per unit time (RVT). The RVT was calculated as in Birn et al. (17). For each 
sample, the amplitude and frequency of the current breath was calculated based on the 
exhalation and inhalation peaks. The amplitude was defined as the difference in value 
between the peaks, and the frequency was 1 divided by their distance in time. The RVT 
is the product of the amplitude and frequency.

The time courses of these five CR measures were down-sampled from 500 Hz to the 
sampling rate of the functional MRI scans (i.e. volumes) to obtain a CR time course at 
every scan. Down-sampling was conducted as follows. For the cardiac and respiration 
phase the sample at which each scan started was used and for HR, HRV, and RVT the 
mean from the start of the scan up to the start of the next scan was taken for each scan.

CR correction
The CR measures were divided into cyclic (cardiac phase and respiration phase) and 
noncyclic (HR, HRV, RVT) variables. All noncyclic variables and the functional MRI 
time courses were detrended using a basis set of cosines. The slowest cosine had a period 
of twice the signal length, and cosines with multiples of the initial frequency were added 
up to a period of 142 s. The cosines were fitted to the signal using multiple regression, 
and the explained signal was subtracted. Subsequently, the BOLD signal was corrected 
using the RETROICOR method (1). This method models the relationship between 
the phase of the cyclic variables and the BOLD signal of each voxel, and subtracts the 
BOLD signal accounted for by the model; for details see Glover et al. (1).

After applying RETROICOR, the BOLD signal was corrected for effects of 
noncyclic CR processes in two steps. First, the time courses of the noncyclic variables 
were shifted with multiple lags to account for the variable delay between fluctuations 
in the BOLD signal and fluctuations in the noncyclic processes. The optimal lags for 
HR, HRV, and RVT were determined by calculating for every voxel separately, the 
correlation between the CR time course and the BOLD signal at a range of lags. The 
optimal lag was then selected as the lag having the strongest absolute correlation. A 
lag of x means that the values of the CR variable at sample n are compared with the 
BOLD signal at sample n + x. Lagged signals were shifted in steps of single scans, i.e. 
by 609 ms. For HRV and RVT the optimal lags were determined in the 0 to 20 s and 
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−10 to 15 s ranges respectively. The negative lags for RVT were included to allow for 
possible effects of changes in CO2 on the fMRI signal occurring prior to changes in 
respiration volume (17;20). For HR, lags ran from 0 to 20 s and 0 to 60 s, to account 
for the peaks of HR - BOLD correlation at two latencies reported by Shmueli et al. 
(19). The lag with the highest correlation in the 0–20 s range was first determined. The 
optimally lagged signal was regressed out of the BOLD signal to create a temporary 
residual BOLD time course. Then the lag in the 0–60 s range was determined that gave 
the highest correlation between HR and the residual BOLD signal.

Second, after the four optimal lags were determined, the BOLD signal was corrected 
for the effects of the noncyclic processes as follows. The time courses of HR, HRV, and 
RVT were each shifted with its determined optimal lag (two lags in case of HR) and 
regressed out of the BOLD signal using multiple regression, for each voxel separately. 
This CR correction (RETROICOR and additional multiple regression) was performed 
using custom Matlab software (Aztec, http://www.ni-utrecht.nl/downloads/aztec).

Variance explained by CR correction
The amount of variance explained by RETROICOR and by additional correction 
for HR, HRV, and respiration volume per time was calculated for the resting-state 
and task-related BOLD signal. The proportion of explained variance (EV) for each 
correction was calculated as EV (%) = 100 * (1- (σpost/σpre)), where σpost was the 
variance after correction and σpre variance before correction. This calculation did not 
take into account the number of regressors included in the model. More specifically, 
to calculate the variance explained by RETROICOR, the variance after correction 
with RETROICOR was taken as σpost and the variance in the BOLD signal after 
applying the high-pass filter was taken as σpre. To calculate the variance explained by 
the additional correction, the residual variance after applying this correction was taken 
as σpost and variance after correction with RETROICOR was taken as σpre.

Average optimal latency of CR regressors
For descriptive purposes, the average latency which tended to give the strongest 
correlation between the CR time course and the BOLD signal was calculated for areas 
of the DMN and task-positive network for each noncyclic variable separately. This was 
done by taking the average of the optimal lags that were used in the multiple regression 
analysis of voxels within the DMN and task-positive network. More specifically, these 
average latencies were calculated by taking first, for each subject, the average of the used 
optimal lags over voxels within each ROI for both resting-state data and task data. Next, 
these latencies per ROI were averaged over subjects and over all ROIs within the DMN 
and within the task-positive network, respectively, to calculate the average latency for 
each network. Subsequently, these latencies within the DMN and task-positive network 
for resting-state and the task data were averaged to calculate the average latency of both 
experiments within the DMN and task-positive network respectively.
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Functional Magnetic Resonance Imaging
Measurements 
All imaging was performed on a Philips 3.0T Achieva whole-body MRI scanner (Philips 
Medical Systems, Best, The Netherlands). Functional images were obtained using a 3D 
PRESTO-SENSE pulse sequence (29) with the following parameters: voxel size 4 mm 
isotropic, TR = 21.75 ms; TE = 32.4 ms (shifted echo, (30)); flip angle = 10°; matrix 56 
× 64 × 40; field of view 224 × 256 × 160; scan duration 609 ms per 40-slice volume; 
SENSE-factor R = 2 (anterior-posterior) and R = 1.8 (left-right). This sequence makes 
use of echo shifting and a multishot 3D acquisition scheme to acquire 40 slices in 609 
ms with a TR of 21.75 ms. In echo shifting, the next RF pulse is already applied before 
the signal acquisition.

Before the functional scans, a reference scan of the same volume of brain tissue was 
acquired with a high flip-angle (25°) for image coregistration. After the functional 
images, an 3D fast field echo T1-weighted structural image of the whole brain was 
made (scan parameters: voxel size 1 mm isotropic, TR = 25 ms; TE = 2.4 ms; flip angle 
= 30°; field of view 256 × 150 × 204, 150 slices). A total of 750 functional images were 
acquired during the target detection task (7.5 min) and 592 functional images during 
the resting-state period (6 min) within two separate dynamic runs.

Image preprocessing
Image preprocessing and analyses were carried out with in-house developed tools and 
SPM2 (http://www.fil.ion.ucl.ac.uk/spm/). After realignment, the functional scans 
were coregistered to the reference scan. The structural scan was also coregistered to 
the reference scan, thereby providing spatial alignment between the structural and 
functional volumes. Next, all scans were spatially coregistered to a MNI T1-standard 
brain and a 3D Gaussian filter (8-mm full width at half maximum) was applied to all 
functional images.

Analyses
The preprocessed functional images of the target detection task were submitted to a 
general linear model (GLM) regression analysis. The design matrix contained factors 
modeling the onsets of the easy (five blocks) and difficult (five blocks) condition as well 
as the instructions that were presented during the task. These factors were convolved 
with a canonical hemodynamic response function (31). To correct for drifts in the 
signal, a high-pass filter (discrete cosine transform basis functions) was applied to the 
data with a cut-off frequency of 0.007 Hz. Group activation maps were generated for 
each contrast using a mixed effects analysis (32). The analyses were repeated for the 
residual fMRI data after correcting for CR effects. Group activation maps were used to 
define the regions of interest.

A region of interest (ROI) approach was adopted to test for the effect of task (easy 
vs. difficult task condition) on BOLD signal changes in DMN regions and a task-
positive network. DMN ROIs were defined as regions consisting of voxels showing 
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significant task-related deactivation (i.e. easy and difficult condition relative to rest, 
P < 0.05 Bonferroni corrected) within predefined Brodmann areas (BA), using the 
automated anatomical labeling atlas (33), being the medial prefrontal cortex (MPFC), 
BA 10), posterior cingulate (PCC, BA 23) and lateral posterior cortices (LP, BA 39). 
Task-positive ROIs were defined as regions consisting of voxels showing significant 
task-related activation (P < 0.05 corrected) within predefined anatomical regions, 
being right inferior frontal gyrus (rIFG, BA 45), precentral gyri/supplementary motor 
area (PCG/SMA, BA 6), right and left fusiform gyri (rFFG and lFFG respectively, BA 
19) (Fig. 4A). These areas were found to be active during visual oddball tasks (27;28) 
anticorrelated with the PCC (5). The ROIs were used for both the activation and 
connectivity analyses

For the activation analyses, the mean regression coefficient (b-value) over all voxels 
per ROI was calculated for each subject for the contrast easy vs rest and difficult vs 
rest. These data were entered in SPSS (SPSS Inc.) to perform repeated-measures GLM 
analyses to test for the effect of task condition (easy, difficult) on activation levels within 
ROIs of the DMN and the task-positive network before and after correcting for CR 
effects separately. In addition, repeated-measures GLM analyses were conducted to test 
for the effect of correction on activation levels within ROIs of the DMN and the task-
positive network.

Connectivity analyses
Before the connectivity analyses of the resting-state data, the average whole-brain signal 
was removed from the preprocessed time series data and the six realignment parameters 
from rigid body transformation were modeled out of the data through linear regression. 
This correction was conducted to remove possible global fluctuations that can confound 
the connectivity analyses. In addition, the data were temporally band-pass filtered 
(0.01–0.1 Hz) to filter out irrelevant frequency bands. Next, for each subject, the mean 
residual time series was calculated for each ROI separately, before and after correcting 
for CR effects.

Correlations within the DMN and the task-positive network were obtained by cross-
correlating the mean residual time series data from each ROI with other ROIs of the 
same network. Per subject, correlation coefficients for each possible pair of ROIs were 
then converted to a normal distribution by Fisher’s z transformation. Subsequently, the 
mean Fisher’s z-score for each pair of ROIs was calculated over subjects. These average 
group Fisher’s z-scores per ROI were then averaged for the DMN and task-positive 
network.

Results

Behavioral results
As expected, accuracy was significantly lower for the difficult condition (mean ± SD 
accuracy, 68.1% ± 14%) compared to the easy condition (mean ± SD accuracy, 99.7% ± 
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0.8%; t(13) = 8.49, P < 0.0005). In addition, mean reaction times for correct responses 
in the difficult condition were significantly longer (mean ± SD, 455 ± 46.9 ms) than in 
the easy condition (mean ± SD, 401 ± 49.6 ms; t(13) = 3.46, P = 0.004). We take these 
results to indicate that the difficult condition was more cognitively demanding than the 
easy condition.

Cardiorespiratory processes
Measurements
Before analyzing the fMRI data, a repeated-measures GLM with task condition (three 
levels; rest, easy, and difficult) as within-subject factor was conducted for each of the 
following CR variables: HR, HRV and respiration volume per time (see Fig. 2). HR 
was significantly increased as the task became more difficult (main effect task condition, 
F(2,26) = 9.17, P = 0.001), whereas respiration volume and HRV showed a trend 
towards a significant effect of task condition (F(2,26) = 2.52, P = 0.098, and F(2,26) = 
2.97, P = 0.069, respectively).

Posthoc paired-sample t-tests showed a significant increase in HR in both the difficult 
condition (t(13) = 3.22, P = 0.007) and the easy condition (t(13) = 3.40, P = 0.005) 
compared to rest, but not between the two task conditions (P = 0.393). A significant 
decrease in HRV was found in the difficult condition compared to rest (t(13) = −2.28, 
P = 0.040) and a trend towards significance was found when comparing the difficult 
condition to the easy condition (t(13) = −1.89, P = 0.082). Furthermore, a trend 
towards a significant increase in respiration volume was found in the easy condition 
compared to rest (t(13) = 1.97, P = 0.071.

 

 

Figure 2.  Cardiorespiratory Measures A. Mean heart rate in beats per minute per condition. B. 
Mean heart rate variability in frequency (Hz) per condition. C. Mean respiration volume per time 
(RVT) per condition in scores standardized to maximum and minimum amplitude. *= p< 0.05, 
+= p< 0.1. Error bars represent standard error of mean.

Explained variance
Next, the impact of CR effects on the BOLD signal within the DMN and task-positive 
network was investigated by calculating, for each ROI separately, how much of the 
variance in BOLD signal could be explained by the effects of respiratory and cardiac 
cycle (RETROICOR; (1)) (see Fig. 3A), and by additional correction for HR, HRV, 
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and respiration volume per time (Fig. 3B). This was done for activation levels (i.e. 
data acquired during the task, see Table 1) and connectivity (i.e. data acquired during 
resting-state fMRI, see Table 2).

During the task, both the amount of variance explained by RETROICOR as well 
as that explained by additional correction was significantly higher for the task-positive 
network (20% and 7%) compared to the DMN (15% and 5%) (t(13) = 6.50, P < 
0.0005; t(13) = 3.22, P = 0.007, respectively). These results indicate that CR effects 
were less pronounced within the DMN compared to the task-positive network during 
cognitive task.

The amount of variance explained by RETROICOR during resting-state differed 
significantly between the DMN (15%) and task-positive network (19%) (t(13) = −5.38, 
P < 0.0005), indicating that effects of the respiratory cycle and cardiac pulsation were 
less present within the DMN compared to the task-positive network during resting-
state. The amount of variance explained by additional correction did not differ between 
the DMN (5%) and task-positive network (6%) (P = 0.133).

Default-mode network Task-positive network

MPFC rLP PCC lLP mean rIFG PCG rFFG lFFG mean

RETROICOR
28.1 

(10.4)
11.4
(3.6)

7.5 
(2.7)

11.1 
(3.6 )

14.5 
(4.3)

30.4 
(12.4)

17.7 
(6.3)

14.6 
(5.1)

17.8 
(6.4)

20.1 
(6.3)

Additional 4.8 
(2.6)

4.9 
(3.3)

5.4 
(3.6)

4.4 
(2.7)

4.9 
(2.8)

8.0  
(4.4)

6.0 
(3.1)

6.9 
(3.3)

5.7 
(2.5)

6.7 
(3.1)

Table 1.  Explained variance during task. Average proportion of variance over subjects within 
regions of interest, in percentages, explained by correction for the respiratory and cardiac cycle 
(RETROICOR) and by additional correction for heart rate, heart rate variability and respiration 
volume per time (additional), standard deviation in brackets.

Default-mode network Task-positive network

MPFC rLP PCC lLP mean rIFG PCG rFFG lFFG mean

RETROICOR
26.5 
(9.4)

12.3
(3.9)

7.9 
(2.4)

11.2 
(3.7)

14.5 
(4.1)

28.7 
(9.8)

16.8 
(6.1)

14.7 
(5.8)

17.0 
(6.0)

19.3 
(5.8)

Additional 5.1 
(1.8)

5.6 
(2.0)

6.0 
(3.3)

4.7 
(1.9)

5.0 
(2.0)

5.8  
(1.9)

5.3 
(2.2)

6.9 
(3.6)

5.6 
(2.8)

5.9 
(2.3)

Table 2.  Explained variance during resting-state. Average proportion of variance over subjects 
within regions of interest, in percentages, explained by correction for the respiratory and cardiac 
cycle (RETROICOR) and by additional correction for heart rate, heart rate variability and 
respiration volume per time (additional), standard deviation in brackets.
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Latency
For descriptive purposes, we determined for each noncyclic variable separately which 
latency tended to give the strongest correlation between the CR time course and the 
BOLD signal. This was done by taking the average of the optimal lags that were used in 
the CR correction of voxels within the DMN and task-positive network. For respiration 
volume, two averages were calculated; the average of the used negative optimal lags and 
the average of the used positive optimal lags.

Changes in the BOLD signal within the ROIs of the DMN were correlated with 
HRV at an average latency of 9 s (lag 15) and with HR at an average latency of 10 s 
(lag 16) and 30 s (lag 49). On average, shifting the respiration volume time course with 
−2 s (lag −3) and 5 s (lag 8) resulted in the strongest correlation with the BOLD signal 
within the ROIs of the DMN. These average latencies did not differ for the ROIs of 
the task-positive network (P > 0.05). For all noncyclic variables, the correlations at the 
optimal lags varied over voxels and had a bimodal distribution with peaks around r = 
0.1 and r = −0.1.

Figure 3. Explained variance by CR effects A. Average proportion of variance over subjects, in 
percentages, of resting-state BOLD signal explained by correction for effects of cardiac pulsation 
and respiratory cycle (RETROICOR), B. Average proportion of variance over subjects, in 
percentages, of resting-state BOLD signal explained by additional correction for heart rate, heart 
rate variability, and respiration volume per time (additional correction). Explained variance is 
overlaid on the mean anatomical image, areas outlined in white represent DMN and outlined in 
green the task-positive network. The proportion of variance of the BOLD signal during the task 
explained by cardiac pulsation and respiratory cycle and additional correction for heart rate, heart 
rate variability, and respiration volume per time yielded similar results
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BOLD signal before correcting for CR effects
Activation levels
Two repeated-measures GLM analyses were performed to test for the effect of task 
condition (easy, difficult) on activation levels within ROIs of the DMN and the task-
positive network, respectively, before correcting for CR effects. In ROIs of the DMN 
(MPFC, PCC, left LP, right LP), deactivation was significantly more pronounced 
during the difficult task condition compared to the easy condition (main effect of 
task condition, F(1,13) = 138.56, P < 0.0005). Furthermore, this task effect differed 
between ROIs (task condition by ROI interaction, F(3,11) = 45.32, P < 0.0005). 
Subsequent paired-sample t-tests showed significantly higher levels of deactivation 
during the difficult condition compared to the easy condition in the MPFC (t(13) = 
3.22, P = 0.007), the PCC (t(13) = 13.04, P < 0.0005), and in both the right LP (t(13) 
= 7.01, P < 0.0005) and left LP (t(13) = 10.48, P < 0.0005) (Fig. 4B).

Within ROIs of the task positive network (rIFG, PCG/SMA, rFFG and lFFG), an 
overall higher level of activation during the difficult task condition compared to the 
easy condition was found (main effect of task condition, F(1,13) = 4.98, P = 0.044). 
This effect differed between the ROIs (task condition by ROI interaction, F(3,11) = 
17.16, P < 0.0005). Subsequent paired-sample t-tests showed a significant increase in 
activation during the difficult condition compared to the easy condition in the rIFG 
(t(13) = 6.47, P< 0.0005) and PCG/SMA (t(13) = 2.39, P = 0.033). A significant 
decline in activation was found in the left FFG (t(13) = −2.24, P = 0.043), whereas 
activation in the right FFG was not affected by task condition (P = 0.221) (Fig. 4C).

Figure 4.  Activity levels before correcting for CR effects A. ROIs overlaid on the mean anatomical 
image. Red areas represent DMN and white areas ROIs of the task-positive network. B, C: Mean 
levels of (de)activation in b-values per ROI and overall level of (de)activation in the selected areas 
during the easy and difficult task condition compared to baseline. Error bars represent standard 
error of mean. **= p <0.0005, *= p <0.05.



42

Chapter 2

Connectivity levels
Average correlations between DMN ROIs differed significantly from zero (Fisher’s z = 
0.57, t(13) = 11.82, P < 0.0005), indicating that resting-state signal within the DMN 
was positively correlated (Table III). Average DMN correlation did not differ from that 
of the task-positive network (P = 0.511), indicating that resting-state signals within 
both networks were equally correlated.

BOLD signal after correcting for CR effects
Activation levels
Repeated-measures GLM analyses were performed on the fMRI data after correcting 
for CR effects for the areas of the DMN and the task-positive network (see Fig. 5A,B). 
Similar to the results before correction, there was an overall higher level of deactivation 
during the difficult compared to the easy task condition in DMN ROIs (main effect of 
task condition, F(1,13) = 83.95, P < 0.0005), and this effect differed between the ROIs 
(task condition by ROI interaction, F(3,11) = 42.68, P < 0.0005). Posthoc paired-
sample t-tests showed significantly higher levels of deactivation during the difficult 
compared to the easy task condition in the PCC (t(13) = 10.49, P < 0.0005), right 
LP (t(13) = 5.44, P < 0.0005), and left LP (t(13) = 10.60, P < 0.0005). No significant 
difference in deactivation between the two conditions was found in the MPFC (P = 
0.359). 

ROIs of the task-positive network did not show higher levels of activation during 
the difficult task condition compared to the easy condition (no main effect of task 
condition, P = 0.643), however the effect of task condition did differ significantly 
between the ROIs (F(3,11 = 23.24, P < 0.0005). Subsequent paired-sample t-tests 
showed a significant increase in activation during the difficult condition compared to 
the easy condition in the rIFG (t(13) = 6.58, P < 0.0005). Activation levels in the 
right FFG and left FFG was significantly lower during the difficult compared to the 

Figure 5. Activity levels after correcting for CR effects A, B: Mean levels of (de)activation in 
b-values per ROI and overall level of (de)activation in the selected areas during the easy and 
difficult task condition compared to baseline. Error bars represent standard error of mean. **= p 
<0.0005, *= p <0.05., += p<0.1.
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easy condition (t(13) = −2.04, P = 0.061 and t(13) = −2.65, P = 0.020, respectively). 
Activation in the PCG/SMA was not affected by task condition (P = 0.553).

Connectivity levels
The average correlation between ROIs of the DMN (Table III) remained significantly 
different from zero (Fisher’s z = 0.53, t(13) = 11.61, P < 0.0005), indicating that the 
resting-state signal within the DMN was correlated even after correcting for CR effects. 
Average DMN correlation did not significantly differ from that of the task-positive 
network (P = 0.936), indicating that resting-state signals within the networks were 
equally correlated.

These analyses were repeated using ROIs based on activation levels after correcting 
for CR effects and yielded similar results.

Comparison of BOLD signal results before and after correction
Activation levels
Two repeated-measures GLM analyses were performed to test for the effect of CR 
correction on activation levels during the two task conditions (easy, difficult) within 
ROIs of the DMN and the task-positive network, respectively. In ROIs of the DMN, 
there was a significant lower level of deactivation during the task after correction for 
CR effects compared to before correction (F(1,13) = 17.89, P = 0.001). The effect of 
correction did not differ between ROIs (no correction by ROI interaction, P = 0.137). 
However, the effect of correction did differ between the two task conditions (correction 
by task condition interaction (F(1,13) = 34.42, P < 0.0005). Subsequent paired-sample 
t-tests showed significantly lower levels of deactivation after correcting for CR effects 
within the DMN during the difficult condition (t(13) = −4.77, P < 0.0005), but 
significantly higher levels of activation during the easy condition after correcting for 
CR effects (t(13) = 3.02, P = 0.009).

ROIs of the task-positive network displayed overall lower levels of activation during 
the task after compared to before correcting for CR effects (main effect of correction 
F(1,13) = 13.31, P = 0.003). This effect of correction did not differ between ROIs (P 
= 0.113). However, the effect of correction did differ between the two task conditions 

Table 3. Resting-state correlations before and after CR correction. Average correlation coefficients 
during resting-state before and after correcting for CR effects in frequency band from 0.01 to 0.1 
Hz. **= p <0.0005

ROIs Fisher’s z-score
before correction

Fisher’s z-score
after correction

Default-mode network 0.57** 0.53**

Task-positive network 0.61** 0.53**
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(correction by task condition interaction F(1,13) = 7.35, P = 0.018). Subsequent 
paired-sample t-tests showed significantly lower levels of activation after correcting 
for CR effects within the task-positive network during the difficult condition (t(13) = 
−3.15, P = 0.008) and during the easy condition (t(13) = −3.603, P = 0.003).

Connectivity levels
A repeated-measures GLM analysis was performed to test for the effect of CR correction 
on connectivity levels within the networks (DMN and task-positive network). 
Compared to before correction, there was an overall lower level of correlation after 
correction (F(1,13) = 4.83, P = 0.046). This effect of correction did not differ between 
the two networks (correction by network interaction, P = 0.278).

To investigate the effect of the removal of the average whole brain signal on 
connectivity levels before and after CR correction, all connectivity analyses were 
rerun without removing the average whole brain signal. These results showed a similar 
connectivity pattern within the DMN and task-positive network as well as a similar 
effect of correcting for CR effects.

Discussion

The goal of this study was to investigate whether resting-state and task induced BOLD 
signal changes within the DMN can be explained by CR effects. To this aim, brain 
activity, heartbeat, and respiration were measured during resting-state and while 
subjects performed a cognitive task with two levels (difficult condition, easy condition). 
We found that correcting for CR effects resulted in both reduced BOLD signal changes 
during the task (Fig. 5A,B) and reduced resting-state connectivity in the DMN and 
the task-positive network (Table III) (i.e. areas that showed more activation during the 
task compared to rest). However, even after applying a strict method to correct for 
CR effects, BOLD signal changes within the DMN during the task as well as resting-
state connectivity between the areas of the DMN remained significant. In addition, 
DMN deactivation was still modulated by the amount of effort or attention required to 
perform the task (Fig. 5A). Taken together, these results suggest that the BOLD signal 
changes within the DMN cannot be explained by CR effects alone and may indeed 
reflect some form of cognitive neuronal processing.

Birn et al. (17) and Shmueli et al. (19) reported CR effects in areas of the DMN. 
Our results are consistent in that we also found BOLD signal changes within regions of 
the DMN, namely MPFC, PCC, left and right lateral posterior cortex, to be reduced 
after correcting for CR effects. However, this reduction also occurred within task-
positive regions. In addition, the proportion of variance explained by factors modeling 
CR effects was higher within the task-positive network compared to DMN. Therefore, 
no evidence is found in the current study to indicate that CR effects on the BOLD 
signal are more pronounced within the DMN.
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We found a decline in resting-state connectivity between regions of the DMN after 
correcting for CR effects. However, resting-state connectivity after correction remained 
significant. This is in concurrence with results of previous studies showing that CR 
processes affect resting-state signal in general (19;20;22). Birn et al. (17) showed that 
although effects of variations in respiratory volume (≈0.03 Hz) on the BOLD signal 
were present within the frequency-band of interest (≈0.01–0.1 Hz), connectivity within 
the DMN was only slightly reduced and remained significant after correcting for these 
effects.

Earlier studies investigating task-related activation within the DMN have shown that 
the amount of deactivation within the network is modulated by the effort required to 
perform the task (2;10;12;16). However, these studies did not correct for possible CR 
effects, making it difficult to attribute this task demand-related increase in deactivation 
to cognitive processing alone. In the current study, after correcting for CR effects the 
task demand-related increase in DMN deactivation remained significant, indicating 
that BOLD signal changes within the DMN are affected by cognitive processing and 
reflect neuronal activity. Support for this notion comes from the finding that areas of 
the DMN are not only functionally but also structurally connected (34). Furthermore, 
BOLD signal changes within the DMN were correlated with EEG power within the 
alpha and beta band (35). Both these findings suggest that BOLD signal changes 
within the DMN reflect neuronal activity and make a pure CR explanation for DMN 
activity unlikely.

Correcting for confounding CR effects will help to more clearly interpret fMRI data 
of the DMN and to further investigate the processes underlying BOLD signal changes 
within the DMN. This may be of importance to psychiatric research in particular as this 
network seems to be disrupted in multiple disorders including schizophrenia (36;37), 
ADHD (38;39) and Alzheimer’s disease (40). In addition, removing CR effects may 
reduce variance between and within subjects (41;42).

However, a problem arises if changes in CR processes are correlated with the task the 
subjects are performing. In that case, correcting for CR effects will also remove some 
task-related variance. In the current study, we found HR and respiration volume to show 
task-related differences when comparing the two task conditions to resting periods. 
Extensive correction for CR effects introduces a trade-off between the interpretability 
of effects and a potential loss of true but confounded task-related variance. For our 
purposes, interpretability was essential, and sufficient task-related variance remained 
within the DMN even after stringent correction.

Recently, correction methods based on component selection through independent 
component analysis (ICA) or principal component analysis were developed. An 
advantage of these methods is that they are data-driven and therefore do not require a 
model of activation or additional measurement of respiration and heart beat (43-46). 
However, most of these techniques only remove effects caused by cardiac pulsation 
and the respiration cycle, and do not, or only partly, remove variance explained by 
fluctuations in respiration volume and HR. Furthermore, it is often difficult to identify 
which components reflect neuronal activity and which components reflect noise. 
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A recent study of Birn et al. (46) investigated whether ICA was able to separate the 
DMN from respiration induced fluctuations by correlating measured respiration signal 
with the component identified as the DMN. The study showed that the component 
identified as the DMN was sometimes similar to the component related to variations in 
respiration volume and that the DMN-component often still correlated with changes 
in respiration volume, indicating that ICA cannot completely separate the DMN from 
respiration induced fluctuations.

The CR correction method used in the current study included regressors to model 
the major CR processes reported to affect the BOLD signal. The locations in the 
brain where these CR processes explained most variance, the latency at which these 
processes affected the BOLD signal as well as the correlations between these processes 
and the BOLD signal are comparable to findings of previous studies (1;17;19). We 
argue that our CR correction removed a sufficient proportion of the variance of the 
BOLD signal to provide an indication that BOLD signal changes within the DMN 
cannot be explained solely by these CR processes. We base this on the finding that 
the task-demand related increase in deactivation within the DMN remained significant 
after correcting the data for CR effects. In contrast, the task-demand related increase 
in activation within the task-positive network was no longer significant after CR 
correction. As discussed earlier, this does not necessarily imply that the task-demand 
related increase in activation before CR correction was caused by CR processes.

A limitation of this study is that only additive linear modelling of the regressors 
was used in the CR correction. Future studies may benefit from more elaborate 
modelling of CR processes to account for nonlinear effects of CR processes. Also, it 
would be useful to further investigate how much additional variance can be explained 
by including more regressors. In addition, a recent study of Birn et al. (47) has reported 
that in some study paradigms convolving the respiration volume per time regressor 
with a respiration response function resulted in better fitting of the BOLD signal than 
assuming a delta function, as was done in the current study.

This study confirmed that part of the BOLD signal within the DMN originates from 
confounding effects of cardiorespiratory processes. Therefore, appropriate modeling 
of and correction for cardiorespiratory processes is needed to assess whether neuronal 
processes drive the BOLD signal within the DMN. After applying such corrections, 
we still found highly correlated resting-state signal within the DMN, indicating the 
connectivity within the network is not solely a cardiorespiratory confound. Furthermore, 
focusing on a demanding task reduces activation within the DMN even after correcting 
for CR effects, building up evidence for the idea that increased activation within the 
DMN during rest reflects some form of cognitive processing. In conclusion, our data 
support the notion that the BOLD signal within the DMN cannot be explained merely 
by confounding effects of cardiorespiratory processes and is therefore possibly related to 
some form of cognitive neuronal processing
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Abstract

Activity within the default-mode network (DMN) is thought to be related to self-
referential processing, such as thinking about one’s preferences or personality traits. 
Although the DMN is generally considered to function as a network, evidence is 
starting to accumulate that suggests that areas of the DMN are each specialized for 
different subfunctions of self-referential processing. Here, we address the issue of 
functional specialization by investigating changes in coupling between areas of the 
DMN during self-referential processing. To this aim, brain activity was assessed during 
a task in which subjects had to indicate whether a trait adjective described their own 
personality (self-referential, Self condition), that of another person (other-referential, 
Other condition), or whether the trait was socially desirable (non-referential, Control 
condition). To exclude confounding effects of cardiorespiratory processes on activity 
and functional coupling, we corrected the fMRI signal for these effects. Activity within 
areas of the DMN was found to be modulated by self-referential processing. More 
specifically, during the Self condition compared to the Other and Control condition, 
activity within the dorsal medial prefrontal cortex, ventral medial prefrontal cortex and 
posterior cingulate cortex was increased. Moreover, coupling between areas of the DMN 
was reduced during the Self condition compared to the Other and Control condition, 
while coupling between regions of the DMN and regions outside the network was 
increased. As such, these results provide an indication for functional specialization 
within the DMN, and support the notion that each area of the DMN is involved in 
different subfunctions of self-referential processing.  
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Introduction 

During rest, a network of brain areas shows increased activation compared to when 
people are performing a complex task (1). This network is called the default-mode 
network (DMN) and includes the dorsal and ventral medial prefrontal cortex (dMPFC 
and vMPFC, Brodmann Area (BA) 10, 9, 32 and 24), the posterior cingulate cortex/ 
retrosplenial cortex (PCC, BA 23/31 and RSC BA 29/30), and the lateral posterior 
cortex (LP, BA 39/40) (2-6). Studies in humans using diffuse tensor imaging (7;8) as 
well as studies in macaques (9-11) reported dense anatomical connections between the 
areas of the DMN. Furthermore, several functional connectivity studies showed strong 
positive correlations within the DMN both during resting-state (2;3;12-14) and during 
cognitive tasks (3;15), indicating that activity within the network is highly correlated.

Several authors propose self-referential, introspective processing to underlie activity 
within the DMN (2;6;16-18). For example, Mason and co-workers (16) reported 
positive correlations between DMN activity and so-called mind-wandering and 
negative correlations between DMN activity and task-demand. A number of studies 
investigated DMN activity during tasks that invoked self-referential processing such 
as responding to statements describing one’s own personality, attitudes or preferences. 
These studies show that activity within the midline areas of the DMN, the dMPFC, 
vMPFC and PCC, is increased during self-referential conditions as compared to a 
control task (19-31;31). Activity within the LP is also found to be increased during self-
referential conditions (21;25-27;29;30), although this finding is less consistent across 
studies.  

Taken together, these findings suggest that the DMN functions as a network. 
However, evidence is now starting to accumulate that suggest some form of functional 
specialization within the DMN (5;32;33). That is, regions of the DMN are thought to 
be involved in different subfunctions of self-referential processing, such as monitoring, 
evaluating and integrating of self-referential stimuli (33;34). In a meta-analysis of 27 
PET and fMRI studies on self-referential tasks, Northoff and co-workers investigated 
functional specialization within the cortical midline structures. Using cluster analyses, 
they distinguished between three different sub-regions within the DMN, being the 
vMPFC/ posterior ACC, the dMPFC and the PCC, suggesting that the DMN consists 
of separate components each involved in different subfunctions of self-referential 
processing (33). Furthermore, Schmitz and Johnson (35) investigated functional 
specialization within the MPFC. They reported an increase in connectivity during 
self-referential processing, dissociating a dorsal and a ventral MPFC network, which 
they interpreted as support for the notion that these regions are engaged in different 
subfunctions of self-referential processing.

Surprisingly, changes in connectivity between areas of the DMN during self-
referential processing have not yet been reported. Such changes are to be expected if 
these areas are engaged in different subfunctions during self-referential processing. 
The failure to report changes within the DMN could be caused by influences of 
cardiorespiratory (CR) processes on the connectivity measures. That is, CR processes 
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such as heart rate and respiration affect the BOLD signal independently of neuronal 
activity (36;37) and are found to contaminate measures of activity within as well as 
connectivity between brain areas (14;38;39). Changes in connectivity due to changes in 
task conditions and cognitive processes could therefore be obscured by these CR effects.

Here, we address the issue of functional specialization within the DMN by 
investigating changes in coupling between areas of the DMN during self-referential 
processing. To this aim, brain activity, heart beat and respiration are measured in 19 
healthy control subjects during a self-referential task. In this task, subjects are asked to 
indicate whether a trait adjective describes their own personality (self-referential, Self 
condition), that of another person (other-referential, Other condition), or whether the 
trait is socially desirable (non-referential, Control condition). To exclude confounding 
effects of CR processes on connectivity and activity in the brain, the fMRI signal is 
corrected for CR effects (14).

Methods

Participants
Nineteen right-handed (mean ± SD Edinburgh Handedness Inventory (40) quotient, 
0.82 ± 0.15) healthy subjects (eight male; mean ± SD years, 21.5 ± 1.9) were included 
in this study. None of the participants had a history of psychiatric or neurological 
disorders, substance abuse, or medical disorders or had any contraindications for MRI. 
Participants were recruited from the University of Utrecht and received monetary 
compensation for participation. All gave written informed consent. The ethics 
committee of the University Medical Center of Utrecht approved this study. 

Task
In the self-referential task (22;25) subjects were instructed to make judgements about 
trait adjectives. Depending on the condition, the subjects were asked to indicate 
whether a trait adjective described their own personality (Self condition), the Dutch 
prime-minister’s personality (Other condition) or whether the trait was social desirable 
(non-referential, Control condition) by pressing the left “yes” or the right “no” button 
(Figure 1). The words were extracted from a list with trait adjectives validated for 
likableness (41) and translated into Dutch. Half of the adjectives were of positive 
valence and half were of negative valence. The task consisted of 5 blocks of 8 trials 
(28 seconds per block) per condition alternated with rest periods of 30 seconds. 
During each trial, one trait adjective was presented for 3.5 seconds or until the subject 
responded. After each response, a fixation cross was presented for the remaining trial 
duration. Each task block started with an instruction trial of 2 seconds indicating the 
onset of a task condition.
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Cardiorespiratory processes
Measurements
Four electrocardiogram electrodes were affixed to the subjects’ chest and a respiration 
band was placed at the level of the abdomen. In this way we obtained two signals; a 
heartbeat signal with a trigger marking times at which an R-peak was detected and a 
respiratory signal measuring the expansion of the respiration band. From the heartbeat 
data, three signals were derived; the phase of the heartbeat (i.e. cardiac cycle), the heart 
rate (HR) and heart rate variability (HRV). From the respiration data, the respiration 
cycle (i.e. respiration phase) was derived and respiration volume per time (RVT) was 
calculated by multiplying respiration amplitude with respiration frequency (See (14) 
for a detailed description of the calculation of the CR signals). Heartbeat phase, HR, 
HRV, respiration phase and RVT were used to correct the fMRI time series data for 
confounding effects of CR processes.

Correction
The correction for the CR processes was performed using custom Matlab software 
(Aztec, http://www.ni-utrecht.nl/downloads/aztec). This method is described in detail 
in our previous study (14). In short, the BOLD signal was corrected for the effects 
of the cardiac and respiratory cycle using RETROICOR (36). Subsequently, the 
remaining BOLD signal was corrected for the effects of HR, HRV and RVT using a 
multiple regression approach. To account for the variable delay between fluctuations 
in the BOLD signal and fluctuations in these CR processes, the time courses of these 
variables were shifted with multiple lags. The optimal lags for HR, HRV and RVT were 
determined by calculating, for every voxel separately, the correlation between the CR 
time course and the BOLD signal at a range of lags. The optimal lag was then selected 
as the lag having the strongest absolute correlation and the lagged signal was included 
in the multiple regression. 

Figure 1. Self-reflection task. The stimulus duration and interstimulus interval (ISI) duration was 
dependent on the reaction time, the fixation cross appeared as soon as the subject responded for the 
remaining trial time.
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The effect of the CR correction on the BOLD signal was investigated by calculating 
how much of the variance in BOLD signal could be explained by the CR processes. 
The proportion of explained variance (EV) was calculated as EV (%) = 100 * (1- 
(σpost/ σpre)), where σpost was the variance after correction and σpre variance before 
correction. 

Functional magnetic resonance imaging
Measurements
All imaging was performed on a Philips 3.0T Achieva whole-body MRI scanner 
(Philips Medical Systems, Best, the Netherlands). Functional images were obtained 
using a 2D-EPI-SENSE sequence with the following parameters: voxel size 4 mm 
isotropic; TR= 1600 ms; TE = 23 ms; flip angle = 72.5°; matrix 52x30x64; field of view 
208x120x256; 30-slice volume; SENSE-factor R=2.4 (anterior-posterior). A total of 
395 functional images were acquired during the self-reflection task.

After the acquisition of the functional images, an 3D Fast Field Echo (FFE) 
T1-weighted structural image of the whole brain was made (scan parameters: voxel size 
1 mm isotropic, TR = 25 ms; TE = 2.4 ms; flip angle = 30°; field of view 256x150x204, 
150 slices). 

Image preprocessing
Image preprocessing and analyses were carried out with SPM5 (http://www.fil.ion.
ucl.ac.uk/spm/). After realignment, the structural scan was co-registered to the mean 
functional scan. Next, using unified segmentation the structural scan was segmented 
and normalization parameters were estimated. Subsequently, all scans were registered 
to a MNI T1-standard brain using these normalization parameters and a 3D Gaussian 
filter (8-mm full width at half maximum) was applied to all functional images.

Whole brain analyses
The preprocessed functional images were submitted to a general linear model (GLM) 
regression analysis after correcting for CR effects. The design matrix contained factors 
modeling the onsets and durations of the Self, Other and Control condition as well 
as the instructions that were presented during the task. These factors were convolved 
with a canonical hemodynamic response function (42). To correct for head motion, 
the six realignment parameters were included in the design matrix as regressors of no 
interest. A high-pass filter was applied to the data with a cut-off frequency of 0.0055 
Hz to correct for drifts in the signal. Subsequently, for each subject, first level contrast 
images were created for each condition compared to baseline and compared to all other 
conditions.

Next, group activation maps were calculated for each contrast using a random 
effects analysis approach. All group activation maps were tested for significance at a 
cluster-defining threshold of p<0.001 with a p<0.05 family wise error-corrected (FWE-
corrected) cluster size of 18 voxels. 
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To provide more insight in the underlying pattern of activity, exploratory regions of 
interest (ROI) analyses were conducted (43) using a 4 mm-radius sphere around the 
peaks of activation within the midline areas of the DMN, dMPFC, vMPFC and PCC, 
in the contrast [Self > Control]. These ROI analyses were not used for inference and are 
depicted in Figure S1 in Supplementary Information.

Psychophysiological interaction analyses
To investigate changes in coupling within the DMN during self-referential processing, 
psychophysiological interaction (PPI) analyses (44) were conducted using SPM5. A 
PPI shows changes in functional coupling between a seed region and other regions 
in relation to a psychological factor (i.e. the various task conditions). For each seed 
region, two PPI analyses were conducted to investigate changes in functional coupling 
during, respectively, the Self versus Control condition and Self versus Other condition 
(i.e. psychological factor). A 4 mm-radius sphere around the peaks of activation within 
the midline areas of the DMN, dMPFC, vMPFC and PCC, in the contrast [Self > 
Control] were taken as seed regions for the PPI analyses as follows. For each subject, the 
first eigenvariate of the BOLD signal within each seed region (i.e. volume of interest) 
was calculated and adjusted for average activation during the task (i.e. F-contrast 
showing effects of task) and head motion. The interaction between activity within the 
seed regions and each psychological factor (i.e. PPI regressor) was then calculated and 
activity positively related to each interaction as well as negatively related activity was 
investigated. Subsequently, these individual contrast images of the PPI analyses were 
entered in second level analyses to test for group-wise effects. To test in which areas 
activity was significantly explained (positively or negatively) by the PPI regressor (i.e. 
interaction between the presence of self-referential processing and activity in one of the 
seed regions) t-tests were performed. Significance of the group t-maps was assessed at a 
cluster-defining threshold of p<0.001, and a p<0.05 FWE-corrected cluster size of 23 
voxels. 

Results 

Behavioral results
During the Control condition, more than 90 percent of the responses matched those 
of the validated ratings on likableness (mean ± SD, 92.8 ± 3.1 %), indicating that 
the subjects paid attention to the task. Reaction times differed significantly between 
the task conditions (F(2,36)= 17.35, p<0.0005). Subsequent paired-sample t-tests 
showed that the subjects responded faster during the Control condition (mean ± SD, 
1299 ± 182 ms) compared to the Self condition (mean ± SD, 1403 ± 162 ms; t(18)=-
4.62, p<0.0005) and the Other condition (mean ± SD, 1434 ± 188 ms; t(18)=-5.06, 
p<0.0005). Reaction times during the Self and Other condition did not differ (p=0.19). 
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Effects of CR correction
To investigate the impact of the correction for cardiorespiratory (CR) processes on 
the BOLD signal, the variance explained by the CR processes was calculated for all 
areas showing task-related activation. On average, 22.2 % (± SD 3.8%) of the variance 
in the whole brain could be explained by the CR correction, indicating that the CR 
correction removed a considerable proportion of the variance within the BOLD signal. 
This is consistent with results from our previous study (14).

Whole brain analyses
Results of the whole brain analyses are presented in Figure 2 and Table 1.

The dorsal medial prefrontal cortex (dMPFC), extending into the ventral MPFC 
(vMPFC), and the retrosplenial cortex (RSC) were more active during the Self 
condition compared to the Control condition. When comparing the Self condition to 
the Other condition, the dMPFC, extending into the vMPFC, and the RSC as well as 
the inferior parietal gyrus (i.e. lateral posterior cortex, LP) showed increased activity 
(see Table 1). These findings of increased activity within areas of the DMN even after 
correcting for cardiorespiratory effects indicate that these areas are engaged in some 
form of self-referential processing. In addition, when comparing the Other condition 
to the Control condition increased activity was found within a more superior region of 
the dMPFC and the PCC. 

Figure 2. Whole brain activation overlaid on the mean anatomical image. A. Significant 
activation during the Self condition compared to the Control condition B. Significant activation 
during the Self condition compared to the Other condition. Cluster-defining threshold of p<0.001 
with a p<0.05 FWE-corrected cluster size of 18 voxels.
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MNI Coordinates

Brain region BA x y z Voxels Z score

Self > Control

Dorsal medial prefrontal cortex 10 -4 48 16 1625 6.06
Retrosplenial cortex 30 -8 -60 8 228 5.15
Inferior frontal gyrus 47 -32 16 -24 119 4.64
Inferior temporal pole 20 44 -16 -20 127 4.42

Other > Control

Middle temporal gyrus 21 -60 -12 -16 58 5.73
Posterior cingulate cortex 23 0 -56 16 108 5.27

Middle temporal pole 38 48 12 -28 121 5.09
Dorsal medial prefrontal cortex 9 -4 52 32 244 4.88

Inferior temporal gyrus 21 -44 8 -36 79 4.67
Orbital frontal cortex 11 0 48 -16 42 4.01

Self > Other

Retrosplenial cortex 30 -8 -64 4 133 5.52
Dorsal medial prefrontal cortex 9 0 52 20 516 5.04

Middle temporal lobe 21 -64 -52 8 148 5.03
Caudate -8 0 8 248 4.68

Middle occipital lobe 19 40 -80 0 83 4.64
Hippocampus 24 -24 -16 39 4.54

Superior frontal cortex 9 -20 40 40 37 4.32
Precuneus 7 -4 -48 44 22 4.12

Middle occipital lobe 19 -32 -84 4 55 4.10
Inferior parietal lobe 40 64 -48 28 40 4.07

Insula 13 44 8 16 21 4.03
Middle cingulate 24 -36 -16 36 20 3.95

Middle frontal cortex 10 32 52 24 31 3.77
Supplementary motor area 6 12 12 64 41 3.73

Table 1. Clusters showing significant activation during the Self condition compared to the Control 
condition (upper part), during the Other condition compared to the Control condition (middle 
part) or during the Self condition compared to the Other condition (lower part). MNI coordinates 
represent the location of the peak voxels. Cluster-defining threshold of p<0.001 with a p<0.05 
FWE-corrected cluster size of 18 voxels. BA= Brodmann area
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Psychophysiological interaction analyses
Psychophysiological interaction (PPI) analyses were performed to investigate changes 
in functional coupling during self-referential processing. Peaks of activation within the 
three midline areas of the DMN in the contrast [Self > Control] were taken as seed 
regions: a seed region located in the dMPFC (x,y,z = -4, 48, 16), in the vMPFC (x,y,z= 
0, 64, 4) and a region located in the PCC (x,y,z= -4, -52, 28). Two PPI analyses were 
performed for each seed region, showing changes in functional coupling between each 
seed region and other areas during the Self versus Control condition and the Self versus 
Other condition, respectively. Results of the PPI analyses are presented in Figure 3 and 
Table 2 and 3.

Self versus Control condition - dMPFC
There was an increase in coupling between activity within the inferior frontal gyrus 
(IFG) extending into the supplementary motor area (SMA), middle temporal gyrus, 
precuneus and dorsal anterior cingulate cortex (dorsal ACC) and activity in the dMPFC 
during the Self condition compared to the Control condition. Results of the negative 
interaction contrast showed that there was a decrease in coupling between activity 
within the PCC and activity within the dMPFC during the Self condition compared to 
the Control condition. 

Figure 3. Areas showing significant psychophysiological interactions overlaid on the mean 
anatomical image. Areas showing decreased (blue) or increased (red) coupling with (A) the 
dMPFC, (B) the vMPFC, (C) the PCC during the Self condition compared to the Control 
condition, and with (D) the PCC during the Self condition compared to the Other condition. Seed 
regions are depicted in green. Cluster-defining threshold of p<0.001 with a p<0.05 FWE-corrected 
cluster size of 23 voxels.
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Self versus Control condition – vMPFC
An increase in coupling was found between the vMPFC and postcentral gyrus, SMA 
and IFG during the Self condition compared to the Control condition. A decrease in 
coupling with activity within the vMPFC was found within the PCC, left and right 
angular gyrus (i.e. lateral posterior cortices, LP) during the Self condition compared to 
the Control condition.

MNI Coordinates

Brain region BA x y z Voxels Z score

dMPFC:  Positive

Inferior frontal gyrus 44 -48 12 16 682 5.01
Middle temporal gyrus 21 -48 -44 -4 28 4.31

Anterior cingulate cortex 32 12 24 36 38 3.93
Precuneus 7 -24 -64 40 47 3.87

dMPFC:  Negative

Posterior cingulate cortex 23 4 -64 24 137 4.52

vMPFC:  Positive

Postcentral gyrus 3 -56 -12 44 216 4.43
Inferior frontal gyrus 45 -40 24 0 41 4.20

Supplementary motor area 6 -4 -8 60 46 3.88

vMPFC:  Negative

Angular gyrus 39 -48 -76 28 72 4.58
Posterior cingulate cortex 31 4 -64 28 168 4.40

Angular gyrus 39 44 -64 28 29 3.63

PCC:  Positive

Precentral gyrus 4 -48 -12 44 32 3.58

PCC:  Negative

Angular gyrus 39 48 -56 36 32 3.50

Table 2. Clusters showing positive or negative PPI with the dMPFC, vMPFC and PCC during 
the Self condition compared to the Control condition. MNI coordinates represent the location of 
the peak voxels. Cluster-defining threshold of p<0.001 with a p<0.05 FWE-corrected cluster size 
of 23 voxels. BA= Brodmann area
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Self versus Control condition - PCC
There was an increase in coupling between activity within the PCC and activity within 
the precentral gyrus during the Self condition compared to the Control condition. 
Coupling between activity within the PCC and activity within the right angular gyrus 
(i.e. LP) was found to be decreased when comparing the Self to the Control condition.

MNI Coordinates

Brain region BA x y z Voxels Z score

dMPFC:  Positive

Insula 13 -40 0 16 188 4.77
Superior temporal gyrus 38 -40 12 -32 55 4.63

Postcentral gyrus 3 -48 -24 56 195 4.52
Supplementary motor area 6 -4 12 56 172 4.39

Superior frontal gyrus 8 -8 44 40 25 4.13

dMPFC:  Negative

ns

vMPFC:  Positive

Inferior frontal gyrus 45 -44 28 -4 335 5.20
Supplementary motor area 6 -8 36 60 355 4.89

Postcentral gyrus 3 -40 -16 60 67 3.82
Hippocampus -28 -20 -12 33 3.76

vMPFC:  Negative

ns

PCC:  Positive

ns

PCC:  Negative

Inferior parietal lobe 40 56 -56 44 39 4.31

Table 3. Clusters showing positive or negative PPI with the dMPFC, vMPFC and PCC during 
the Self condition compared to the Other condition. MNI coordinates represent the location of the 
peak voxels. Cluster-defining threshold of p<0.001 with a p<0.05 FWE-corrected cluster size of 23 
voxels. BA= Brodmann area
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Self versus Other condition - dMPFC 
An increase in coupling between activity within the dMPFC and insula, extending into 
the IFG, the superior temporal gyrus, postcentral gyrus, SMA, and superior frontal 
gyrus was found during the Self condition compared to the Other condition (Table 3). 
Results of the negative interaction contrast did not reach significance, indicating that 
functional coupling between the dMPFC and other areas of the DMN did not decrease 
during the Self condition as compared to the Other condition.

Self versus Other condition – vMPFC
When comparing the Self condition to the Other condition, an increase in coupling was 
found between activity within the vMPFC and activity within the IFG, extending into 
the insula, the superior frontal gyrus, postcentral gyrus as well as the left hippocampus. 
No decreases in coupling with activity within the vMPFC were observed.

 
Self versus Other condition - PCC
Results of the positive interaction contrast did not reach significance, however a 
decrease in coupling between activity within the PCC and right inferior parietal lobule 
was found during the Self condition compared to the Other condition. 

Discussion

In this study, we addressed functional specialization in the DMN by investigating 
functional coupling during self-referential processing. We used an extensive correction 
method to remove confounding effects of cardiorespiratory (CR) processes, namely 
heartbeat and respiration. Consistent with previous reports, activation within 
the midline areas of the DMN was increased during self-referential processing 
(15;19;20;22;24-27;30;45;46). More specifically, activity within the dorsal medial 
prefrontal cortex (dMPFC), ventral MPFC (vMPFC) and posterior cingulate cortex/ 
retrosplenial cortex (PCC/ RSC) was increased when judging personality traits with 
respect to oneself (i.e. self-referential processing) as compared to making judgements 
about another person (i.e other-referential) or the social desirability of the traits (i.e. 
non-referential). In addition, we found increased activation within the lateral posterior 
cortices (LP) when making judgements about personality traits with respect to oneself 
compared to making judgements with respect to another person. Furthermore, when 
engaged in self-referential processing, functional coupling between areas of the DMN 
was decreased, while coupling with areas outside the network was increased, providing 
an indication for functional specialization within the DMN.

Activity within the midline areas of the DMN was increased not only during self-
referential processing but also when subjects were involved in making judgements 
about personality traits with respect to another person. This is in line with previous 
studies, which suggest that when making judgements about another person, people are 
engaged in some form of self-referential processing (18;19;21;33;47;48). That is, when 
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judging another person’s personality or feelings, people tend to reflect on their own 
feelings, personality and experiences. However, the extent of self-referential processing 
is thought to be greater when thinking of one’s own personality as compared to another 
person’s personality. Indeed, activity was increased within the DMN during self-
referential processing when compared to other-referential processing. It is important 
to note that these increases in activity represent relative increases. That is, although the 
dMPFC and vMPFC show increased activation during self-referential processing, these 
areas as well as the PCC show less deactivation instead of increased activation during 
other-referential processing compared to non-referential processing.  

In addition to these activation changes, we found that during self-referential 
processing functional coupling between the dMPFC and PCC, between the vMPFC 
and PCC and LP as well as between the PCC and right LP was decreased when 
compared to non-referential control processing. When comparing self-referential 
processing to other-referential processing, a decrease in coupling was observed between 
the PCC and right LP. In contrast, functional coupling between the vMPFC, dMPFC 
and PCC and areas outside the DMN including the inferior frontal gyrus, superior 
frontal gyrus, insula, middle temporal gyrus, somatosensory cortex and hippocampus, 
was increased during self-referential processing. This increased coupling with regions 
outside the DMN suggests that the areas of the DMN are also part of other networks. 

To our knowledge, this is the first study to report a decrease in functional coupling 
within the DMN during self-referential processing. A previous study by Schmitz and 
Johnson (35) did report an increase in coupling between activity in areas of the DMN 
and activity in areas outside the network during self-referential processing, but did 
not find changes in coupling between areas of the DMN. The differences between the 
results of the current study and the study of Schmitz and Johnson could be due to 
confounding effects of CR processes, but may also be caused by differences in seed 
regions which were located closer to the midline of the brain in the current study. Also, 
the task of the current study differed from the task used by Schmitz and Johnson in 
that an other-referential condition as well as periods of rest were included in addition to 
the self-referential and control condition.

Although the results from the current study provide support for the notion that areas 
of the DMN are engaged in different subfunctions of self-referential processing, these 
findings do not necessarily imply that self-referential processing solely drives activity 
within the DMN during resting-state. In addition, the task used in this study did not 
allow us to specify the possible subfunctions of self-referential processing. However, 
results of previous studies do provide some indication of the nature of the subfunctions. 
That is, the ventral part of the MPFC is thought to play a role predominantly in 
identifying stimuli as self-relevant by integrating cognitive and emotional processing 
(23;32;33;49), whereas the dorsal part of the MPFC has been associated with 
introspective self-referential processing such as the appraisal and evaluation of the self-
relevant stimuli (23;50;51). The PCC and the LP are, given their dense connections 
with the hippocampal formation (10;11), thought to be involved in integrating new 
self-referential stimuli in a context of autobiographic memories and past self-referential 
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stimuli. To further investigate functional specialization within the DMN, it would be 
useful to investigate changes in functional coupling during a more elaborate task that 
encompasses the various components of self-referential processing such as identifying, 
monitoring, evaluating, and integrating of self-referential stimuli. 

Future studies investigating functional specialization may also benefit from the 
use of different effective connectivity techniques such as dynamic causal modelling 
(52) or structural equation modelling (53). In the current study, psychophysiological 
interaction (PPI) analyses were used to investigate changes in functional coupling. By 
using PPI, we were only able to model contributions from a single area at a time (i.e. 
modulation by the dMPFC, vMPFC and PCC), as a PPI only gives an indication in 
which areas activity covariates with one other region (i.e. the seed region) as a function 
of the psychological variable. In contrast, dynamic causal modelling and structural 
equation modelling allow inference of causal interactions between multiple areas.

The current study confirms that, even after correcting for confounding effects of CR 
processing, activity within areas of the DMN is related to self-referential processing. 
More specifically, we found increased activity within the dMPFC, vMPFC, PCC 
as well as the LP during self-referential processing. In addition, functional coupling 
between these regions was reduced during such processing, while coupling with areas 
outside the DMN was increased, suggesting that sub-regions of the DMN are also 
part of different networks. As such, these results provide an indication for functional 
specialization within the DMN, suggesting that each area of the DMN is involved in 
different subfunctions of self-referential processing.  
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Figure S1.  Signal changes within the three seed regions. Error bars represent the standard error of 
the mean. Note that these analyses were not used for inference. dMPFC= dorsal medial prefrontal 
cortex, vMPFC= ventral medial prefrontal cortex, PCC= posterior cingulate cortex.
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Abstract

The default-mode network (DMN) of the brain shows highly coherent intrinsic 
activity in healthy subjects and is implicated in self-referential processing important 
for social cognition. Schizophrenia patients show abnormal resting-state connectivity 
within the DMN and this aberrant connectivity is thought to contribute to difficulties 
in self-referential and introspective processing. Subjects at increased genetic risk of 
developing schizophrenia, including unaffected siblings of patients, also exhibit brain 
abnormalities and impaired social cognitive processing. As in patients, abnormal 
resting-state connectivity within the DMN may underlie deficits in social cognition in 
siblings. Here, we investigate resting-state DMN connectivity in siblings and whether 
this is related to functioning of the network during self-referential processing.  Brain 
activity was measured using functional MRI in 25 unaffected siblings of patients with 
schizophrenia and 25 healthy controls during an 8-minute resting-state period and 
during a self-referential processing task in which the subjects had to indicate whether 
a trait adjective (e.g. “lazy”) described their personality (self-referential condition) or 
whether the trait was socially desirable (non-referential condition). Compared with 
controls, siblings showed exaggerated connectivity during resting-state between the 
midline areas of the DMN. Moreover, they failed to adequately modulate connectivity 
between these areas during self-referential processing. No abnormalities in activation 
during self-referential processing were observed. These findings suggest that subjects 
at increased genetic risk of developing schizophrenia exhibit abnormal intrinsic 
connectivity within the DMN and that this is associated with aberrant interactions 
within this network during self-referential processing. This dysfunction of the DMN 
may contribute to impairments in social cognition.

We thank the investigators of the Genetic Risk and Outcome of Psychosis (GROUP) study in Utrecht for 
their assistance in the recruitment of the participants and Anca Rapcencu for her assistance in the data 
acquisition.
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Introduction

Schizophrenia is characterized by a range of neurocognitive and social cognitive 
impairments that cannot be explained by dysfunction of a single brain area, but may 
be attributed to widespread brain abnormalities. Functional MRI (fMRI) research on 
schizophrenia has therefore increasingly focused on connectivity of neural networks 
during cognitive task performance and during task-free resting-state periods (1).  
Functional connectivity during resting-state, or intrinsic connectivity, is thought to be 
important for normal cognitive functioning and behavior (2) and is typically analyzed 
by calculating coherency of spontaneous activity between distant brain regions. 

A network that consistently shows coherent intrinsic activity in healthy subjects is the 
default-mode network (DMN), which includes the medial prefrontal cortex (MPFC), 
the posterior cingulate cortex (PCC), extending into the precuneus, and the lateral 
posterior cortices (3-7). The DMN shows decreased activation during cognitive task 
performance relative to resting-state or internally focused tasks and is implicated in self-
referential and introspective processes (6-9), important for social cognitive functioning. 
For example, studies have reported increased DMN activity, particularly within the 
midline areas (the MPFC and PCC/precuneus) during tasks that evoke self-referential 
processing such as responding to statements describing one’s own personality, attitudes 
or preferences (10-17). Furthermore, in a previous study we reported decreased 
connectivity between areas of the DMN during self-referential processing, indicating 
functional specialization within the network (17). 

Studies in patients with schizophrenia have repeatedly reported abnormal resting-
state connectivity within the DMN, particularly within the midline areas (18-24). 
This aberrant intrinsic connectivity within the network is thought to contribute to the 
difficulties in self-referential and introspective processing observed in schizophrenia 
(18-20;24-26). Recent support for this notion is provided by a study of Holt and 
colleagues (27), which reported that aberrant DMN resting-state connectivity in 
patients was associated with abnormal activation within the network during a self-
referential processing task. 

Unaffected siblings of patients with schizophrenia, who are genetically at increased 
risk of developing schizophrenia, also exhibit widespread functional brain abnormalities 
(1;28). Furthermore, behavioral studies in unaffected first-degree relatives, including 
siblings, have reported deficits in social cognitive processing (29-31). Thus, one may 
postulate that, as is found in patients, aberrant resting-state DMN connectivity may 
contribute to these social cognitive deficits in siblings. However, it is unclear whether 
siblings show abnormal resting-state DMN connectivity. Only a few studies have 
investigated intrinsic connectivity within the DMN in first-degree relatives and the 
findings of these studies are inconclusive as some studies showed increased connectivity 
(25;32) and other studies showed no abnormalities (26) or reduced connectivity (33). 
Moreover, no study has yet investigated DMN connectivity and activation during self-
referential processing in these subjects.
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Here, we investigate resting-state DMN connectivity in siblings and whether this 
is related to functioning of the network during self-referential processing. To this aim, 
brain activity was measured in unaffected siblings of patients with schizophrenia and 
healthy control subjects during an 8-minute resting-state period and during a self-
referential processing task. In this task, subjects had to indicate whether a trait adjective 
(e.g. “lazy”) described their personality (self-referential condition) or whether the trait 
was socially desirable (non-referential condition). Based on studies in patients, we 
expected that the unaffected siblings of patients would show abnormal resting-state 
connectivity within the DMN, particularly between the midline areas. Furthermore, we 
expected that this abnormal intrinsic connectivity would be related to aberrant changes 
in connectivity and activation within the network during self-referential processing.

Methods 

Participants
Twenty-five unaffected siblings of patients with schizophrenia (9 male, mean ± SD 
years, 27.9 ± 4.6) and twenty-five unrelated healthy control subjects (9 male, mean ± 
SD years, 27.5 ± 8.1) participated in this study. All subjects were right-handed and the 
groups did not differ in age (p=0.827) or sex. Furthermore, the groups did not differ 
in level of own education (siblings; 6.1, controls; 6.3, p= 0.988), or that of their father 
(siblings; 5.4, controls; 5.7, p= 0.379) or mother (siblings; 5.4, controls; 5.2, p= 0.858) 
as measured on a 9-point scale ranging from no education, 0, to university degree, 8. 
None of the participants received psychotropic medication, had any contra-indications 
for MRI, suffered from alcohol or drugs dependence, or had a history of a neurological 
or psychiatric disorder as verified by either the Mini International Neuropsychiatric 
Interview (7 subjects) or the World Health Organisation of Schedules for Clinical 
Assessment in Neuropsychiatry (SCAN 2.1, 43 subjects). Participants were unrelated 
to each other and healthy control subjects who had a first-degree relative suffering from 
a psychotic disorder were excluded. Participants were recruited from the database of 
the Genetic Risk and Outcome of Psychosis (GROUP) study, and received monetary 
compensation for participation. All gave written informed consent and the ethics 
committee of the University Medical Center of Utrecht approved this study. 

Behavioral and functional MRI data of the self-referential task of 7 healthy controls 
were included in our recently published study (17). No resting-state data were acquired 
of these 7 healthy controls and of 7 siblings, thus resting-state analyses were performed 
on data of 18 healthy controls (7 male) and 18 siblings (7 male). 

Resting-state 
During a resting-state period of 8 minutes, subjects were instructed to lie still with their 
eyes closed and not to fall asleep.
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Self-referential task
In the self-referential task, subjects were instructed to make judgments about trait 
adjectives, as described previously (17). In short, depending on the condition, the 
subjects were asked to indicate whether a trait adjective described their own personality 
(self-referential, Self condition), the Dutch prime-minister’s personality (other-
referential, Other condition) or whether the trait was social desirable (non-referential, 
Control condition) by pressing the left “yes” or the right “no” button. The task consisted 
of 5 blocks of 8 trials (28 seconds per block) per condition alternated with rest periods 
of 30 seconds. During each trial, a trait adjective was presented for 3.5 seconds or 
until the subject responded. After each response, a fixation cross was presented for the 
remaining trial duration. Each task block, condition, started with an instruction trial of 
2 seconds. 

Behavioral data analyses
Using SPSS 15.0 (Statistical Package for the Social Sciences), a two-sample t-test 
was performed to test for group differences in accuracy on the Control trials. Also, a 
repeated-measures ANOVA analysis was performed to test for effects of condition (Self, 
Other and Control) and group on reaction time (RT).

Correction for cardiorespiratory confounds
During scanning, both heart beat and respiration were measured as these 
cardiorespiratory (CR) processes affect the fMRI signal independently of neuronal 
activity (34;35) and are found to affect measures of connectivity between brain areas 
(36-38).  Heartbeat was measured by four electrocardiogram electrodes affixed to the 
subjects’ chest and respiration was measured by a respiration band placed at the level of 
the abdomen. Correction for the CR processes was performed using the same approach 
as described in our previous studies (17;36) with custom Matlab software (Aztec, http://
www.ni-utrecht.nl/downloads/aztec).

Functional magnetic resonance imaging
Measurements
All imaging was performed on a Philips 3.0T Achieva whole-body MRI scanner 
(Philips Medical Systems, Best, the Netherlands). A total of 800 functional images were 
obtained during resting-state using a 3D PRESTO-SENSE pulse sequence (39)  with 
the following parameters: voxel size 4 mm isotropic, TR = 21.75 ms; TE = 32.4 ms 
(shifted echo, (40); flip angle = 10°; matrix 56x64x40; field of view 224x256x160; scan 
duration 609 ms per 40-slice volume; SENSE-factor R=2 (anterior-posterior) and R= 
1.8 (left-right). Prior to these functional images, a reference image of the same volume 
of brain tissue was acquired with a high flip-angle (25°) for image co-registration. 
Subsequently, a total of 395 functional images were acquired during the self-referential 
task using a 2D-EPI-SENSE sequence and a T1-weighted structural image was 
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acquired for within-subject registration purpose with the scan parameters identical to 
those described in our previous study (17). 

Image preprocessing
Image preprocessing and analyses were carried out with SPM5 (http://www.fil.ion.ucl.
ac.uk/spm/). Resting-state functional images were realigned to the reference image, 
and the structural image was co-registered to the reference image. Next, using unified 
segmentation the structural scan was segmented and normalization parameters were 
estimated. All scans were then registered to a MNI T1-standard brain using these 
normalization parameters and the functional images were spatially smoothed using a 
3D Gaussian filter (8-mm full width at half maximum). 

Functional images of the self-referential task were preprocessed using a similar 
approach as described above with the addition that slice-time correction was performed 
prior to the realignment. Also, the structural image was co-registered to the mean 
functional image.

Resting-state analyses  
The preprocessed functional images were corrected for CR effects as described above 
and the corrected images were temporally band-pass filtered (0.01 Hz < f > 0.1 Hz) 
using an 8th order Finite Impulse Response filter. The first 16 images (order times 2) 
were discarded due to suboptimal filter performance. Next, time series were extracted 
from two midline regions of the default-mode network by averaging the time series 
of the voxels within each region. These two seed regions were 8-mm radius spheres 
centered in the ventral MPFC (vMPFC) [-2, 58 -8], and PCC [-2 -50 36] based on a 
previous study (41). Subsequently, for each seed region, a whole-brain multiple linear 
regression analysis was performed with the average time series of the seed region as 
a regressor of interest to calculate the correlations between the seed region and every 
other voxel in the brain. To reduce spurious correlations, the six realignment parameters 
as well as the average time series of the whole brain were included as regressors of no 
interest. The resulting contrast image corresponding to the regressor of the seed region 
was then converted to correlation coefficient (R) images using the Volume Toolbox and 
subsequently to a normal distribution by Fisher’s z transformation.

Subject-specific Fisher’s z correlation maps were entered into second level 
random effects analyses and one-sample t-tests were performed for each seed region. 
Subsequently, to test whether siblings showed significant aberrant connectivity, 
whole-brain two-sample t-tests were performed. Group activation maps were tested 
for significance using cluster-inference with a cluster-defining threshold of p< 0.001 
and cluster-probability of p<0.05 family-wise error (FWE) corrected for multiple 
comparisons. 
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Self-referential task - Activation analyses  
The preprocessed functional images were submitted to a general linear model (GLM) 
regression analysis after correcting for CR effects. The design specification and first level 
analyses were conducted using the same approach as described in our previous study 
(17). In short, the design matrix contained factors modeling the onsets and durations of 
the Self, Other and Control condition and the instructions that were presented during 
the task. The six realignment parameters were included as regressors of no interest to 
correct for head motion. Subsequently, for each subject, first level contrast images were 
created for self-referential processing (i.e. Self condition) relative to non-referential 
processing (i.e. Control condition). 

Next, these contrast images were entered in second level random effects analyses. 
One-sample t-tests were performed to reveal activity during self-referential processing 
for each group and a two-sample t-test was performed to investigate whether siblings 
showed abnormal activation during self-referential processing. Group activation maps 
were tested for significance using cluster-inference with a cluster-defining threshold of 
p< 0.001 and cluster-probability of p<0.05 FWE-corrected for multiple comparisons.  

Next, region of interest (ROI) analyses were performed using the seed regions of 
the resting-state analyses, to test for group differences during self-referential processing 
within these areas specifically at a less stringent threshold. For each subject, the mean 
regression coefficient (b-value) over all voxels per ROI was calculated and imported in 
SPSS 15.0. These subject-wise values were then submitted in a factorial 2x2 ANOVA 
to test for group differences (controls, siblings) in activation within the two ROIs 
(vMPFC, PCC).

In addition, an exploratory two-sample t-test was performed on the contrast self-
referential relative to other-referential processing (i.e. Other condition). This contrast 
has been reported to reveal activation within the cortical midline areas, particularly the 
frontal regions, however to a lesser extent than comparing self-referential processing to 
non-referential processing (17;42;43).  

Self-referential task - Psychophysiological interaction analyses
To investigate whether modulation of connectivity during self-referential processing 
within the DMN is abnormal in siblings, psychophysiological interaction (PPI) 
analyses (44) were conducted in SPM5. Using this technique, we examined group 
differences in brain interactions between a seed region and other brain areas during self-
referential processing relative to non-referential processing. The seed region was defined 
as an 8 mm-radius sphere around the peak voxel within the DMN in a conjunction 
map of activation of the controls and siblings during self-referential processing. For 
each subject, PPI analysis was performed using a similar approach as described in our 
previous study (17) and these individual contrast images were entered in second level 
random effect analyses. One sample t-tests were then performed for each group to test 
for increases in connectivity (positive PPI) and reductions in connectivity (negative 
PPI) during self-referential processing. Subsequently, a two sample t-test analysis was 
performed to test for group differences in these connectivity changes. Significance of the 
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group t-maps was assessed using cluster-inference with a cluster-defining threshold of 
p< 0.001 and cluster-probability of p<0.05 FWE-corrected for multiple comparisons. 

In addition, PPI analyses were performed using the results of the between-group 
resting-state analyses, to test whether abnormal resting-state connectivity was related 
to aberrant task-related changes in connectivity. More specifically, first level PPI 
analyses were conducted using the resting-state seed region that revealed significant 
group differences in connectivity. Subsequently, one-sample and two-sample t-tests 
were performed and were limited to 8 mm-radius spheres around the peak voxels of 
areas exhibiting significant group differences in resting-state connectivity with the seed 
region using the WFU Pickatlas toolbox (45). Significance of the group t-maps was 
assessed using a threshold of p <0.05 FWE-corrected for multiple comparisons.

Results

Behavioral results
Average response accuracy on the Control trials was above 90 percent (mean ± SD, 
92.8 ± 4.2 %), and did not differ between siblings and healthy controls (t (48) =0.34, 
p=0.739) indicating that the subjects paid attention to the task. 

RT were well within the maximum response time of 3.5 sec (RT, mean ± SD, 
1.45 ± 0.19 sec). Siblings and controls did not differ in overall RT (no main effect of 
group, F(1,48)= 0.34, p=0.560). RT did differ per condition (main effect of condition, 
F(2,47)= 56.80, p<.0005), but this pattern of RT did not differ between siblings and 
controls (no group by condition interaction, F(2,47)= 1.21, p=0.306). These findings 
suggest that both group performed equally well. 

Resting-state connectivity
Connectivity maps of the two seed regions showed significant positive correlations 
between the midline areas of the DMN and lateral regions of the network including 
the left and right angular gyri and middle temporal gyri, in both healthy controls and 
siblings (See Table 1 and Table 2).

When comparing the connectivity maps of the PCC seed region of the two groups, 
no significant group differences were observed. However, comparison of the maps of 
the vMPFC did reveal enhanced connectivity between the vMPFC seed region and the 
precuneus (peak voxel; x, y, z= -8 -68 20, z=4.23, k= 54, Figure 1 and Table 1) in siblings 
relative to healthy controls. No areas showed reduced connectivity in siblings relative 
to healthy controls. These results suggest that siblings have exaggerated connectivity 
within the DMN during resting-state. 
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Self-referential task
Activation results
Both the healthy controls and siblings showed significant activation within the 
midline areas of the DMN, the ventral and dorsal MPFC and PCC, extending into 
the retrosplenial cortex (RSC) and precuneus, during self-referential relative to non-
referential processing (Table S1 in Supplementary Information) as revealed by one-
sample t-tests. In addition, activation was observed within the left superior temporal 

Table 1. Clusters showing significant positive correlations with the PCC seed region during 
resting-state. MNI coordinates represent the location of the peak voxels. Cluster-defining threshold 
of p<0.0005 and a p=0.05 FWE-corrected critical cluster size of 27 voxels.

MNI Coordinates

Brain region x y z Z score  voxels

Controls

L precuneus -4 -52 32 Inf 2426
R angular gyrus 48 -68 36 5.60 150

L superior frontal gyrus 0 56 12 4.91 146
R middle temporal gyrus 60 -12 -16 4.60 73

cerebellum 48 -64 -36 4.38 57
L middle temporal gyrus -64 -24 -8 3.81 28

Siblings

L cingulate gyrus -4 -48 32 Inf 2360
R angular gyrus 48 -60 36 5.39 203

cerebellum 44 -60 -40 4.74 141
L superior frontal gyrus 0 56 8 4.28 76

Figure 1. Areas showing significant positive correlations with the vMPFC seed region during 
resting-state A) in healthy controls and B) in siblings. C) Significant enhanced connectivity was 
revealed between the vMPFC and precuneus in the siblings relative to the healthy controls. No 
areas showed less connectivity in the siblings relative to the controls. Colorbar represents t-values, 
left=left. Cluster-defining threshold of p<0.0005 and a p=0.05 FWE-corrected critical cluster size 
of 27 voxels (A, B) and 34 voxels (C).
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gyrus in the healthy controls. However, the two-sample t-test failed to show significant 
group differences in activation (a cluster-defining threshold of p< 0.001 and a p=0.05 
FWE-corrected critical cluster size of 23 voxels), suggesting that siblings have no 
abnormal activation during self-referential processing. 

Similar to the whole-brain results, the ROI analyses using the resting-state seed 
regions failed to show group differences during the self-referential processing (no main 
effect of group, F (1,48)= 0.94, p= 0.336, or group by ROI interaction, F (1,48)= 1.14, 
p= 0.292). 

MNI Coordinates

Brain region x y z Z score  voxels

Controls

L superior frontal gyrus     -8 56 -8   Inf 2565
L precuneus                  0 -60 24 5.66 182

L angular gyrus              -52 -64 32 5.38 40
R angular gyrus              52 -64 28 5.01 80

R middle temporal gyrus      60 -12 -16 4.54 86

Siblings

L superior frontal gyrus     -4 60 -8 7.80 793
R middle temporal gyrus      60 -8 -12 5.48 61

R angular gyrus              52 -64 20 5.07 107
L angular gyrus              -48 -68 28 4.87 69

L precuneus                  -12 -52 8 4.77 278
L middle temporal gyrus      -56 -12 -16 4.54 51

L orbital gyrus -36 20 -12 4.21 31
R fusiform gyrus             36 -44 -12 4.00 45

Siblings>Controls

L precuneus    -8 -68 20 4.23 54

Controls>Siblings

NS

Table 2. Clusters showing significant positive correlations with the vMPFC seed region during 
resting-state. MNI coordinates represent the location of the peak voxels. Cluster-defining threshold 
of p<0.0005 and a p=0.05 FWE-corrected critical cluster size. Critical cluster size was 27 voxels 
for the within-group analyses and 34 voxels for the comparison between the controls and siblings.
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The exploratory analyses did not show any significant group differences in activation 
during self-referential processing compared to other-referential processing. These 
findings suggest that siblings do not have abnormal activation during self-referential 
processing within the DMN.

Connectivity results
Conjunction analysis of activation during self-referential processing in healthy controls 
and siblings revealed a peak locus of activation within the MPFC (x, y, z= 4, 48, 20), 
which was taken as seed region for the PPI analysis (see Methods and Materials). 
Consistent with our previous study, healthy controls and siblings showed an increase 
in connectivity (positive PPI) between this seed region and regions mainly outside the 
DMN during self-referential processing relative to non-referential processing (See Figure 
2 and Table S2 in Supplementary Information). Furthermore, healthy controls showed a 
reduction in connectivity (negative PPI) between the MPFC and the precuneus during 
self-referential processing (See Figure 2 and Table S2 in Supplementary Information). 
In contrast, no decrease in connectivity between these areas of the DMN was observed 
in the siblings (See Figure 2). Direct comparison of the two groups did however not 
reveal any significant group differences in connectivity changes (a cluster-defining 
threshold of p< 0.001 and a p=0.05 FWE-corrected critical cluster size of 27 voxels).

Additional PPI analyses based on the result of abnormal resting-state connectivity 
between the vMPFC (seed region) and precuneus revealed a decrease in connectivity 
between these areas in healthy controls. Siblings did not show this task-related change 
in connectivity within the precuneus (Figure 3) and direct comparison between the 
groups revealed that this group difference was significant (peak voxel; x, y, z= -12 -64 
16, Z= 3.33) (Figure 3). These findings suggest that siblings failed to show a reduction 
in connectivity within the DMN during self-referential processing. 

Figure 2. Areas showing significant connectivity changes during the self-referential task. Areas 
showing decreased (blue) or increased (red) connectivity with the seed region MPFC (green circle) 
during self-referential processing relative to non-referential processing in healthy controls (upper 
row) and in the siblings (lower row). Note that the siblings do not show reductions in connectivity. 
Colorbar represents t-values, left=left.  Cluster-defining threshold of p<0.0005 and a p=0.05 
FWE-corrected critical cluster size of 24 voxels.
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Discussion

Here, we investigated whether siblings of patients with schizophrenia show abnormal 
resting-state connectivity within the default-mode network (DMN). Furthermore, we 
studied whether such abnormal intrinsic connectivity is related to the functioning of the 
network during self-referential processing. Brain activity was measured with fMRI in 
unaffected siblings and healthy controls during resting-state and during a self-referential 
processing task. Compared with controls, siblings showed exaggerated functional 
connectivity during resting-state between the ventral medial prefrontal cortex (vMPFC) 
and precuneus. Moreover, they failed to show adequate task-related modulation of 
connectivity between these areas during self-referential processing. No abnormalities 
in activation during self-referential processing were observed. These findings suggest 
that the intrinsic connectivity within the DMN is abnormal in subjects genetically at 
increased risk of developing schizophrenia and that this dysfunction is associated with 
aberrant interactions within the network during self-referential processing. 

Our finding of exaggerated intrinsic connectivity in siblings between the vMPFC 
and precuneus during resting-state is in line with the results of two previous studies in 
subjects at increased risk of developing schizophrenia. In a study by Whitfield-Gabrieli 
and colleagues (32) enhanced connectivity between the vMPFC and PCC was reported 
during rest periods in a cognitive task in first-degree relatives. Furthermore, a study (46) 
in young adults who were at ultra-high risk of developing psychosis revealed increased 
connectivity between these midline areas during resting-state. Our finding, however, 
is not consistent with three other studies in first-degree relatives that reported reduced 
connectivity (33) within the PCC/precuneus or failed to find abnormal connectivity 
within the midline areas of the DMN (25;26). This divergence in findings may be 
due to differences in the choice of seed region and analyses. That is, in contrast to our 
study, the studies of Liu et al. (25) and Jang et al. (33) only included the PCC as seed 
region and not the vMPFC, and the study of Repovs et al. (26) limited the connectivity 
analyses to specified regions of interest. By including a seed region in the vMPFC in 
addition to the PCC and by analyzing connectivity with all other brain areas, our 
analyses were less restricted to specified regions. This may have revealed connectivity 
differences that might not have been observed when restricting the analyses to regions 
of interest or using one seed region.  

Figure 3. Precuneus shows significant decreased connectivity with the seed region vMPFC 
during self-referential processing relative to non-referential processing in A) healthy controls and 
B) this differs significantly from the siblings. Colorbar represents t-values, left=left.. p=0.05 
FWE-corrected.
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The observed aberrant intrinsic functional connectivity within the DMN in siblings 
may be related to abnormalities in self-referential processing. Indeed, siblings failed 
to show a reduction in connectivity between these areas during such processing. This 
decrease in connectivity was observed in healthy controls in the current study as well 
as in our previous study (17) and may suggest some form of functional specialization 
within the network. That is, although the regions of the network show intrinsic 
functional correlations, various studies have suggested that the DMN consists of 
separate components (6), which are involved in different sub-functions of self-referential 
processing (42;47). For example, the ventral part of the MPFC is thought to play a 
role predominantly in identifying stimuli as self-relevant by integrating cognitive and 
emotional processing (13;42;47;48), whereas the posterior part of the DMN is thought 
to be involved in integrating new stimuli in a context of autobiographic memories and 
past stimuli. The absence of a decrease in connectivity during self-referential processing 
together with exaggerated connectivity during resting-state may suggest diminished 
specialization within the DMN in subjects at increased risk for schizophrenia. This may 
in turn contribute to difficulties in self-referential processing observed in schizophrenia. 
However, this interpretation is speculative and requires further research investigating 
the functional relevance of aberrant connectivity within the DMN. These future 
studies may benefit from the use of more elaborate tasks that encompasses the various 
components of self-referential processing. 

Surprisingly, we did not observe aberrant activation during self-referential processing 
in the siblings. We did expect to find such abnormalities, as Holt et al. (27) showed 
abnormal activation in patients with schizophrenia using a task comparable to the 
task used here. Also, we did observe abnormal activation within areas of the DMN 
in siblings during an emotion processing task in a previous study (49). However, 
the absence of aberrant activation is in keeping with a study by Marjoram et al. (50) 
that reported no abnormal activation in relatives of patients during a theory of mind 
paradigm. Moreover, the absence of abnormal activation in combination with the 
finding of abnormal connectivity can be viewed in the context of the notion that the 
core deficits of schizophrenia can be attributed to abnormal connectivity or integration 
of brain regions (51;52). Local brain abnormalities could then follow these aberrant 
interactions but are secondary. In line with this notion, our findings suggest that brain 
interactions are disrupted in subjects who are genetically at risk for schizophrenia 
while local brain activation is still intact. Longitudinal imaging studies in subjects at 
high risk of developing the disorder may provide more insight in the development of 
abnormalities in brain connectivity and activation in schizophrenia. 

In addition to the absence of abnormalities in activation, we did not observe 
differences in task performance between the siblings and controls. This might be caused 
by the absence of an accuracy measure for the self-referential trials. We did record 
reaction times on all trials, however this measure is probably not suitable to detect 
subtle differences in behavior, since the subjects were not instructed to respond as fast 
as possible and the task was relatively easy to perform. 
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In conclusion, our data show exaggerated intrinsic connectivity between midline 
areas of the DMN, the vMPFC and precuneus, in unaffected siblings of patients 
with schizophrenia. In addition, we report that siblings fail to adequately modulate 
connectivity between these areas during self-referential processing. Together, these 
findings suggest that functional interactions within the DMN are disrupted in subjects 
genetically at increased risk of developing schizophrenia and that this dysfunction of 
the network may contribute to impairments in self-referential processing.
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Supplementary Information

Table S1. Clusters showing significant activation during self-referential processing relative to non-
referential processing. MNI coordinates represent the location of the peak voxels. Cluster-defining 
threshold of p<0.0005 and a p=0.05 FWE-corrected critical cluster size of 23 voxels.

MNI Coordinates

Brain region x y z Z score  voxels

Controls

R superior frontal gyrus 8 64 8 6.64 1938
L middle orbitofrontal gyrus -32 28 -16 5.07 98

L angular gyrus -48 -72 24 5.01 55
R middle orbitofrontal gyrus 32 20 -16 4.83 190

Siblings

R superior frontal gyrus 4 48 20 6.28 1191
L lingual gyrus -8 -52 4 5.64 296

R cingulate gyrus 0 20 -4 4.50 46
L insular cortex -28 12 -16 4.28 37
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MNI Coordinates

Brain region x y z Z score  voxels

Controls: 
Positive PPI

L precentral gyrus -40 -4 40 4.69 568
L superior parietal gyrus -28 -64 48 3.86 33

L cingulate gyrus -4 16 24 3.86 32
L superior temporal gyrus -56 -44 16 3.77 73

Controls:
Negative PPI

L precuneus -12 -72 20 3.65 56
Siblings:

Positive PPI

L superior frontal gyrus 0 4 56 4.75 231
R precentral gyrus 32 -8 40 4.65 52

L parahippocampal gyrus -20 -24 -16 4.26 134
L middle temporal gyrus -60 -48 4 4.23 69
L inferior frontal gyrus -52 12 4 4.06 283

Siblings:
Negative PPI

NS

Table S2. Clusters showing positive or negative psychophysiological interaction with the MPFC 
(x, y, z= 4, 48, 20) during self-referential processing relative to non-referential processing. MNI 
coordinates represent the location of the peak voxels. Cluster-defining threshold of p<0.0005 and a 
p=0.05 FWE-corrected critical cluster size of 24 voxels.
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Abstract 

Schizophrenia is characterized by impaired social cognition, including emotion 
processing. Behavioral studies have reported impaired performance on various emotion 
processing tasks, and imaging studies in patients have observed aberrant activity within 
the underlying neural circuitry. Also, subjects at increased genetic risk of developing 
schizophrenia, including unaffected siblings of patients, show behavioral impairments 
in emotion processing. It is unclear, however, whether and how the underlying neural 
system is disrupted in these subjects. In this study, we investigated whether siblings 
of patients with schizophrenia show abnormal brain activation during basic emotion 
processing. Brain activity was measured using functional magnetic resonance imaging 
in 24 unaffected siblings of patients with schizophrenia and 25 healthy control subjects 
while they viewed and rated neutral, positive, and negative pictures. None of the 
subjects had a psychiatric disorder, and the two groups did not differ in age, gender, or 
level of own, paternal, or maternal education. Compared with control subjects, siblings 
showed increased activity within the amygdala, hippocampus, medial prefrontal cortex, 
posterior and anterior cingulate cortex, and middle temporal gyrus in response to 
emotionally arousing pictures relative to neutral pictures. No activation differences 
between the groups were found during the neutral stimuli, indicating that the observed 
hyperactivity is likely caused by abnormal emotion processing rather than impaired 
visuoattentional processing. Our findings of hyperactivity in siblings during emotion 
processing suggest that functional abnormalities within the neural circuitry of emotion 
processing are related to the genetic risk for developing schizophrenia.
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Introduction

Schizophrenia is characterized by impaired social cognition and functioning. Social 
cognition refers to the mental operations underlying interpersonal social interactions 
and includes emotion processing (1). Emotion processing has been the focus of many 
studies in schizophrenia, and emotional dysfunction is frequently reported in patients 
(2). That is, behavioral studies have shown deficits in the recognition of emotional 
facial expressions  (3;4) as well as abnormal ratings of emotional words and pictures (5). 
In addition, imaging studies have repeatedly observed structural abnormalities within 
areas relevant to emotion processing, particularly the amygdala and hippocampus, as 
well as functional abnormalities within these areas during the viewing of emotional 
stimuli (6-13), indicating that the neural system of emotion processing is disrupted in 
patients with schizophrenia.

Abnormalities in social functioning and emotion processing have also been reported 
in subjects who are genetically at increased risk, such as unaffected siblings of patients. 
Behavioral studies in first-degree relatives, including siblings, of patients have reported 
deficits in social perception (14) and social skills (15) (15) as well as impaired facial 
emotion recognition (16-18), suggesting that abnormal social functioning and emotion 
processing is related to the genetic risk to develop schizophrenia.

Remarkably, although unaffected siblings show behavioral abnormalities in emotion 
processing, it is unclear whether and how the underlying neural system is disrupted in 
these subjects. Only two imaging studies have directly investigated the neural circuitry 
during emotion processing in siblings(19;20), and both failed to observe functional 
abnormalities specifically in the siblings. That is, Habel et al. (19) reported reduced 
activation within the amygdala, but combined the data of siblings with the data of 
patients with schizophrenia in the comparison to healthy control subjects. The study of 
Rasetti et al. (20) did not report functional brain abnormalities in siblings. However, 
the task that was used in this study might be specific not only for emotion processing 
but also for face processing, as the authors suggested.

Here, we investigate whether unaffected siblings of patients with schizophrenia show 
abnormal brain activation during basic emotion processing. Activity was measured with 
functional magnetic resonance imaging (fMRI) in 24 unaffected siblings and 25 healthy 
unrelated control subjects while they viewed and rated pictures from the International 
Affective Pictures System (IAPS) (21) as neutral, positive, or negative. Brain activity 
during the presentation of negative and positive pictures was contrasted against 
activity during the neutral pictures. Moreover, to test for abnormalities in general 
visuoattentional processing, activity during neutral pictures was contrasted against the 
baseline condition (i.e., fixation cross). If emotional dysfunction is indeed associated 
with the genetic risk for developing schizophrenia, activity during the viewing and 
rating of both the positive and the negative pictures but not during the neutral pictures 
should be aberrant within areas underlying emotion processing. We focus on the 
amygdala and hippocampus, because earlier studies in patients have repeatedly reported 
abnormal activity particularly within these areas.
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Methods

Participants
Twenty-four unaffected siblings of patients with schizophrenia (eight males, mean ± 
SD years, 29.4 ± 6.1) and 25 unrelated healthy control subjects (seven males, mean 
± SD years, 27.5 ± 7.5) participated in this study. All subjects were right-handed, and 
the groups did not differ in age (p = .323) or gender (p = .762). Furthermore, the 
groups did not differ in level of own education (siblings; 5.4, control subjects; 6.4, 
p = .163), or that of their father (siblings; 5.0, control subjects; 5.9, p = .287) or 
mother (siblings; 4.9, control subjects; 5.0, p = .821) as measured on a 9-point scale 
ranging from no education, 0, to university degree, 8. None of the participants received 
psychotropic medication, had any contraindications for MRI, suffered from alcohol or 
drug dependence, or had a history of a neurological or psychiatric diagnosis as verified 
by either the Mini International Neuropsychiatric Interview (eight subjects) or the 
Schedules for Clinical Assessment in Neuropsychiatry (SCAN 2.1, 41 subjects) (22;23). 
All participants were unrelated to each other and healthy control subjects who had a 
first-degree relative suffering from a psychotic disorder were excluded. Participants were 
recruited from the database of an ongoing multicenter longitudinal study, the Genetic 
Risk and Outcome of Psychosis (GROUP) study, and received monetary compensation 
for participation. All gave written informed consent. The ethics committee of the 
University Medical Center of Utrecht approved this study.

Task
The experimental task consisted of the presentation of pictures from the IAPS (21) 
which were divided into three conditions—neutral, positive, and negative—according 
to validated ratings of the IAPS. Each condition consisted of 32 pictures, and the 
pictures of the three conditions were comparable for content (human figures, scenery, 
objects, and animals). The valence and arousal ratings (mean ± SD) of the pictures in 
each condition were respectively, 5.00 ± .32 and 2.76 ± .49 for the neutral, 7.58 ± .42 
and 5.64 ± .82 for the positive, and 2.23 ± .24 and 5.99 ± .71 for the negative pictures.

The task consisted of four experimental activation blocks (96 sec) interleaved with 
four baseline rest blocks (attending to a fixation cross, 32 sec). Within each activation 
block, eight pictures of each condition were presented in a pseudo-random order, 
resulting in 24 pictures per activation block. Participants were instructed to view each 
picture (2 sec) and subsequently to rate it (maximum of 2 sec) as neutral, positive, or 
negative by pressing a button. After each response, a fixation cross appeared for the 
remaining trial duration (Figure 1).

Behavioral data analyses
Two repeated-measures analyses of variance (ANOVA) were performed to test for effects 
of condition (neutral, positive, and negative) and group on rating accuracy (subject’s 
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ratings matching IAPS ratings) and reaction time (RT) of the correctly rated trials, 
respectively, using SPSS 15.0 (Statistical Package for the Social Sciences, Chicago, 
Illinois).

Functional Magnetic Resonance Imaging
Measurements
All imaging was performed on a Philips 3.0-T Achieva whole-body MRI scanner 
(Philips Medical Systems, Best, the Netherlands). Functional images were obtained 
using a two-dimensional echo planar imaging-sensitivity encoding (EPI-SENSE) 
sequence with the following parameters: voxel size 4 mm isotropic; repetition time (TR) 
= 1600 msec; echo time (TE) = 23 msec; flip angle = 72.5°; matrix 52 × 30 × 64; field 
of view 208 × 120 × 256; 30-slice volume; SENSE-factor R = 2.4 (anterior-posterior). 
Three hundred twenty functional images were acquired during the task.

A whole-brain three-dimensional fast field echo T1-weighted structural image was 
acquired for within-subject registration purpose, scan parameters: voxel size 1 mm 
isotropic; TR = 25 msec; TE = 2.4 msec; flip angle = 30°; field of view 256 × 150 × 204; 
150 slices.

Image preprocessing
Image preprocessing and analyses were carried out with SPM5 (http://www.fil.ion.
ucl.ac.uk/spm). After realignment, the structural scan was coregistered to the mean 
functional scan. Next, using unified segmentation, the structural scan was segmented, 

Figure 1. Experimental task. An example of a neutral picture (left), positive picture (middle) 
and negative picture (right), depicting content similar to the pictures used form the International 
Affective Pictures System (21). The duration of the evaluation screen and intertrial interval 
(fixation cross) was dependent on the reaction time: the fixation cross appeared as soon as the 
subject responded for the remaining trial time.
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and normalization parameters were estimated. Subsequently, all scans were registered 
to a Montreal Neurological Institute T1-standard brain using these normalization 
parameters and a three-dimensional Gaussian smoothing kernel (8-mm full width at 
half maximum) was applied to all functional images.

First-level analysis
The preprocessed functional images were submitted to a general linear model regression 
analysis to estimate the effects of the three conditions (neutral, positive, and negative) 
on brain activation in each individual separately. Trials were assigned to a condition if 
the rating of the subject corresponded to the categorization based on the IAPS ratings, 
as incorporating subject’s ratings improves detection of amygdala activation (24). Trials 
on which the rating of the subject did not match the IAPS rating were assigned to a 
separate “nonmatch” condition. The design matrix of the regression model contained 
three factors modeling the onsets and duration (2 sec) of the (matching) neutral, 
positive, and negative trials and a factor modeling the onsets and duration (2 sec) of the 
nonmatching trials. All factors were convolved with a canonical hemodynamic response 
function (25). To correct for head motion, the six realignment parameters were 
included in the design matrix as regressors of no interest. A high-pass filter was applied 
to the data with a cutoff frequency of 0.0058 Hz to correct for drifts in the signal. 
Subsequently, for each subject, first-level contrast images were created for the positive 
condition compared with the neutral condition, for the negative condition compared 
with the neutral condition, and for the neutral condition compared with baseline. The 
positive and negative conditions were contrasted against the neutral condition instead 
of the baseline, fixation cross-condition to control for deficits in attentional or visual 
processes.

Group analyses
A whole-brain analysis was performed to investigate whether siblings showed aberrant 
activity during the viewing of negative and positive pictures relative to the neutral 
pictures (factorial 2 × 2 ANOVA, with valence (negative vs. neutral and positive vs. 
neutral) as within-subject and group (control subjects and siblings) as between-subject 
factor). Subsequently, in case the factorial ANOVA revealed significant effects, post hoc 
t tests were performed.

Finally, to test whether whole-brain activity differed between the siblings and the 
healthy control subjects during the viewing of neutral pictures, a two-sample t test was 
performed on the contrast neutral versus baseline. All group activation maps were tested 
for significance at a cluster-defining threshold of p < 0.0005 and a p < 0.05 family-wise 
error-corrected critical cluster size of 21 voxels.

Next, region of interest (ROI) analyses were performed to test for group differences 
in brain activity in response to the emotionally arousing pictures within the amygdala 
and hippocampus specifically. The hippocampus was defined using the LONI 
Probabilistic Brain Atlas (26) with a probability threshold of 80% and the amygdala 
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was defined based on the Anatomical Automatic Labeling atlas (27) using the MarsBar 
toolbox. For each subject, the mean regression coefficient (b-value) over all voxels per 
ROI was calculated for each contrast and imported in SPSS 15.0. These subject-wise 
values were then submitted to factorial 2 × 4 × 2 ANOVA to test for group differences 
(control, siblings) in activation within the four ROIs (left and right hippocampus, 
and left and right amygdala) during the viewing of the emotionally arousing pictures 
(negative vs. neutral and positive vs. neutral). Additionally, to test for group differences 
in brain activity during the viewing of neutral pictures, a factorial 4 × 2 ANOVA was 
conducted for the contrast neutral versus baseline with ROI as within and group as 
between-subject factor.

Results

Behavioral results
On average, more than 85% of the subject’s ratings (accuracy, mean ± SD, 87 ± 11%) 
matched the IAPS ratings. Overall rating accuracy was similar for siblings and control 
subjects [no main effect of group; F(1,47) = .53, p = 0.472], suggesting that both 
groups performed equally well. Accuracy differed significantly per condition (neutral, 
positive, and negative; main effect of condition; F(2,46) = 31.17, p < 0.001, Figure S1 
in Supplementary Information), but this pattern did not differ between the two groups 
(no group by condition interaction; F(2,46) = .43, p = 0.655).

RT were well within the maximum response time of 2 sec (RT, mean ± SD, 0.58 
± 0.18 sec). Siblings and control subjects did not differ in overall RT [no main effect 
of group; F(1,47) = 0.15, p = 0.905]. RT did differ per condition [main effect of 
condition; F(2,46) = 33.31, p < 0.001, Figure S1 in Supplementary Information), but 
these differences in RT between the conditions were similar in both siblings and control 
subjects [no group by condition interaction; F(2,46) = 2.00, p = 0.146]. These findings 
suggest that the siblings did not have behavioral deficits in emotion processing on the 
current task.

Whole brain results
As expected, significant activation was observed over all subjects within the neural 
circuitry of emotion processing, including the amygdala, hippocampus, and medial 
prefrontal cortex (MPFC), during the presentation of the negative and positive pictures 
relative to the neutral pictures (main effect of task, Figure S2 in Supplementary 
Information). Activity differed significantly between the two contrasts, positive versus 
neutral and negative versus neutral, within the bilateral middle temporal gyri (MTG) 
and MPFC (main effect of valence, Table S1 in Supplementary Information). Group 
differences in activity were observed within the left amygdala, left hippocampus, 
MPFC, anterior cingulate cortex (ACC), and posterior cingulate cortex (PCC) during 
the viewing of emotionally arousing pictures relative to neutral pictures (main effect of 
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group). These group differences were not specific for either positive or negative pictures 
(no group by valence interaction).

To test the directionality of the observed group differences, a two-sample t test was 
performed (Figure 2, Table 1). This test revealed that siblings showed increased activity 
compared with control subjects within the bilateral amygdala and hippocampus, the 
precuneus/PCC, the ventral ACC, extending into the ventral MPFC, dorsal MPFC, 
left postcentral gyrus, middle cingulate cortex, and right MTG during the viewing of 
the emotionally arousing pictures relative to the neutral pictures. No significant reduced 
activity was observed in the siblings relative to the control subjects.

Finally, a two-sample t test was performed to test for group differences during the 
neutral pictures. This analysis did not reveal any significant differences, suggesting that 
the observed abnormal brain activity in siblings is likely caused by exaggerated activity 
during the viewing and rating of emotional pictures rather than abnormal activity 
during the neutral condition.

ROI results
Similar to the whole-brain analysis, the ROI analysis revealed increased activation 
within the amygdala and hippocampus in siblings compared with control subjects in 
response to the emotionally arousing pictures relative to neutral pictures [main effect of 
group; F(1,47) = 11.11, p = 0.002]. Even when using an ROI approach, this elevated 
level of activation in siblings was not found to be specific for either positive or negative 
pictures [no group by valence interaction; F(1,47) = 1.24, p = 0.272 or main effect of 
valence; F(1,47) = 2.04, p = 0.160] nor restricted to specific ROIs [no group by ROI 
interaction; F(3,45) = .53, p = 0.661 or main effect of ROI; F(3,45) = 0.14, p = 0.938]. 
For illustrative purposes, mean percentages of signal change per ROI in response to the 
negative and the positive pictures relative to the neutral pictures are presented in Figure 
3.

In addition, similar to the whole-brain results, no group differences were observed 
within the ROIs during the neutral condition [no main effect of group; F(1,47) = 0.55, 
p = 0.461 or group by ROI interaction; F(3,45) = 1.47, p = 0.234], confirming that 

Figure 2. Areas showing significantly increased activity in siblings compared to the controls during 
the viewing of negative and positive pictures relative to neutral pictures. No areas showed more 
activity in the control subjects relative to the siblings. Activation is overlaid on a mean brain-
extracted anatomical image, left=left. Colorbar represents t-values, cluster-defining threshold of 
p<0.0005 and a p=0.05 FWE-corrected critical cluster size of 21 voxels.
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the observed elevated activation in the siblings is likely caused by exaggerated activity 
during the viewing of emotional pictures.

Finally, the ROI analyses were repeated with gender as covariate to test for possible 
effects on brain activation. These analyses yielded similar results and revealed no main 
or interaction effects of gender.

MNI Coordinates

Brain region x y z Z score  voxels

Siblings>Controls

R superior parietal gyrus    16 -52 24 5.44 164
L precuneus                  -8 -48 44 5.04

L posterior cingulate cortex                  0 -52 32 4.53
R hippocampus               24 -16 -20 5.33 26

brainstem                   8 -24 -20 3.61
R middle temporal gyrus      60 -60 4 4.78 30

L insular cortex            -36 4 -12 4.42 36
L hippocampus               -20 -12 -16 3.98

L amygdala               -24 -4 -20 3.85
R superior frontal gyrus     8 60 20 4.36 42
L superior frontal gyrus     0 64 8 4.07

L anterior cingulate cortex           -4 40 0 4.34 50
R superior frontal gyrus     4 52 -4 4.28
R middle frontal gyrus       16 52 8 3.47

L superior parietal gyrus    -24 -40 52 4.33 46
L middle cingulate cortex           0 -12 44 4.16 29
L middle cingulate cortex           -12 -24 40 3.82

L postcentral gyrus          -16 -28 36 3.65

Controls>Siblings

NS

Table 1. Clusters showing significant group differences in activation during the viewing of negative 
and positive pictures relative to neutral pictures. MNI coordinates represent the location of the peak 
voxels. In bold are the peak voxels of each cluster followed by separate (>8mm apart) maxima 
within the cluster (maximum of three peak voxels per cluster) in plain text. Cluster-defining 
threshold of p<0.0005 and a p=0.05 Family-wise error corrected critical cluster size of 21 voxels. 
L= left, ns= not significant, MNI, Montreal Neurological Institute, R= right.
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Discussion

This study investigated whether brain activity during emotion processing is abnormal in 
subjects who are genetically at increased risk for developing schizophrenia. Unaffected 
siblings of patients with schizophrenia and healthy control subjects viewed and rated 
neutral and emotionally arousing (positive and negative) pictures while undergoing 
fMRI scanning. Compared with control subjects, siblings showed hyperactivity within 
the amygdala and hippocampus and other areas involved in emotion processing, 
including the MPFC, PCC, ACC, and MTG in response to both the positive and 
negative pictures relative to neutral pictures. Activation during the neutral condition 
did not differ between the two groups, indicating that the observed hyperactivity in the 
siblings is likely caused by abnormalities in emotion processing rather than impaired 
visuoattentional processing. Our findings suggest that subjects at increased genetic risk 
show abnormalities in the neural circuitry of emotion processing. This in turn suggests 
that emotional dysfunction observed in schizophrenia reflects an association with the 
genetic risk for the disorder.

Our finding of hyperactivity in the neural circuitry of emotion processing agrees 
with studies showing exaggerated reactivity to emotional stimuli in unaffected first-
degree relatives of patients with schizophrenia (28). For example, unaffected first-
degree relatives, including siblings, show enhanced reactivity to daily life stressors as 

Figure 3. Activity within the regions of interest.  Mean percentage of signal change (b-values) per 
ROI during the viewing of negative and positive pictures relative to neutral pictures. This figure is 
for illustrative purposes. Overall, activity was increased in the siblings relative to the healthy control 
subjects (main effect of group; F (1,47)= 11.11, p= 0.002). No post-hoc t-tests were performed as 
no significant main or interaction effects of the within-subjects variables were observed. Error bars 
represent standard error of mean.
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indicated by a more profound decrease in positive mood and increase in negative mood 
compared with control subjects in response to stressors (29) as well as an increased 
physiologic stress response to a metabolic stressor (infusion of the glucose analogue 
2-deoxy-d-glucose) (30). Furthermore, our findings are in line with previous imaging 
studies showing brain abnormalities in genetically at risk subjects. Functional imaging 
studies have repeatedly reported abnormal brain activity in unaffected relatives within 
the hippocampus (31;32) and the MPFC (31;33;34) during various nonemotional 
cognitive paradigms including working memory and sentence completion. Also, a meta-
analysis of 25 structural imaging studies reported smaller brain volumes, particularly in 
the amygdala-hippocampal region, in first-degree nonpsychotic relatives compared with 
healthy control subjects (35). Interestingly, this co-occurence of smaller brain volume 
and hyperactivity is also reported within the prefrontal cortex in unaffected first-degree 
relatives (31;36-39). In the prefrontal cortex, this hyperactivity is suggested to result 
from physiological inefficiency (31). This explanation may also apply to the observed 
hyperactivity within the amygdala and hippocampus, although further research is 
required.

Our result of hyperactivity within the amygdala in siblings is not consistent with two 
previous studies. Habel et al. (19) observed reduced amygdala activity during a sadness 
induction task in a combined group of patients and their brothers relative to control 
subjects. Because no direct comparison between siblings and control subjects was made, 
it remains unclear whether brain activity was abnormal in the siblings. In the study of 
Rasetti et al. (20), no abnormal amygdala activity was observed in unaffected siblings 
compared with control subjects during the viewing of fearful and angry faces relative to 
geometric shapes. The divergence in findings between the study of Rasetti et al. and the 
current study could be due to differences in experimental design. First, we incorporated 
a control condition consisting of neutral stimuli matched for content and complexity 
with the emotional stimuli instead of a low-level cognitive task as used in the study 
of Rasetti et al. (20). By inclusion of this neutral control condition, we were able to 
control for the potential confounding effects of general visuoattentional processes 
on amygdala activity and to more specifically attribute abnormal activity to deficits 
in emotion processing. Second, we used complex emotional pictures, whereas Rasetti 
et al. used emotional facial expressions. Although both stimulus types induce activity 
within the amygdala, hippocampus and MPFC, they differ in that emotional pictures 
are thought to involve emotional experience whereas emotional facial expressions 
involve emotion recognition (40). Also, emotional pictures are reported to be less 
susceptible to habituation and induce higher levels of subjective arousal (40). Finally, 
facial expressions are social stimuli, whereas emotional pictures can be either social or 
non-social. Although this might suggest that siblings show abnormal activity during 
emotional nonsocial stimuli, but not during emotional social stimuli, this explanation 
is unlikely because we incorporated both pictures with a social content (human figures, 
social scenery) and pictures with a nonsocial content (objects, animals). However, 
further research is necessary to investigate directly whether, and if so why, siblings 
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respond differently to emotional facial expressions compared to social and nonsocial 
emotional pictures.

Hyperactivity within the amygdala and hippocampus is related to emotional 
dysfunction and may therefore also affect social functioning (41-43). Impaired social 
functioning is an important characteristic of schizophrenia and is also observed in 
unaffected first-degree relatives (14;15). The amygdala is involved in social functioning 
by detecting emotionally arousing stimuli as well as socially relevant, salient stimuli 
(44). That is, a meta-analysis of imaging studies on emotion processing reported 
amygdala activation in response to relevant, salient stimuli regardless of valence (45), 
and a recent study observed amygdala activation as a function of subjective significance 
of the stimuli (46). The hippocampus is also implicated in social cognitive functioning 
through its role in the formation of emotional, episodic memory of salient stimuli, and 
modulation of stress responses (41;47). In turn, this stress response to and the episodic 
memory of a stimulus affect amygdala activity and thereby the emotional reactions 
(avoidance and approach behavior) important for normal social behavior (42;48).

In addition to abnormal amygdala and hippocampus activity, hyperactivity was 
observed in the MPFC, ventral ACC, PCC, and right MTG. These areas are part of the 
default-mode network and are involved in various aspects of social cognition including 
emotion processing (49) as well as theory of mind and self-referential processing (50;51). 
More specifically, the MPFC (including the ventral ACC) is involved in the regulation 
of affective state and integrating cognitive and emotion processing (51;52). The MTG 
(extending into the posterior superior temporal sulcus) is considered important for 
understanding other’s people intentions and emotions (53;54). Finally, the PCC is 
implicated in integrating salient, emotional stimuli in the context of autobiographic 
memories (52). Previous functional imaging studies have reported abnormal MPFC 
and PCC activity in schizophrenia patients while evaluating sentences describing social 
situations (55), during the viewing of facial emotional expressions (56), and during 
various nonemotional cognitive paradigms (57-59). Given the functions of the MPFC, 
MTG, and PCC, our finding of hyperactivity within these areas support the notion of 
abnormal social cognitive processing in subjects who are genetically at increased risk to 
develop schizophrenia.

A possible caveat of this study is that we failed to show differences in task performance 
between the siblings and healthy control subjects, suggesting that the siblings did not 
suffer from behavioral abnormalities in emotion processing. In contrast, recent studies 
did report reduced task performance in first-degree relatives  (18) and unaffected siblings 
of schizophrenia patients (17) during recognition of emotional facial expressions. The 
failure to observe behavioral abnormalities might be caused by the fact that our task 
was designed to elicit maximum amygdala activity by minimizing cognitive demand, 
because this reduces activity within the amygdala (60). Consequently, our task could 
be lacking sensitivity to detect subtle differences in emotion processing in siblings. 
A second possible caveat is that our finding of hyperactivity in unaffected siblings is 
inconsistent with two studies in patients with schizophrenia reporting hypoactivity 
during the viewing of emotionally arousing pictures using fMRI (8) or positron 
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emission tomography (61). This divergence in findings could be due to the current or 
past medication use of the patients, as neuroleptics are found to affect brain metabolism 
(62-64).

In conclusion, our data show hyperactivity within the neural circuitry of emotion 
in unaffected siblings of patients with schizophrenia during a basic emotion processing 
task. Hyperactivity was observed in the siblings compared with control subjects within 
the amygdala, hippocampus, medial prefrontal cortex, cingulate cortex, and middle 
temporal gyrus in response to emotionally arousing pictures relative to neutral pictures. 
These findings suggest that functional abnormalities within the neural circuitry of 
emotion processing are related to the genetic risk for developing schizophrenia.
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Supplementary Information

Figure S1. Mean accuracy and reaction times. Post-hoc paired sample t-tests of mean accuracy per 
condition of both the siblings and the controls showed that subjects identified significantly more 
negative pictures correctly (i.e. confirm categorization based on IAPS rating; mean ± SD, 92.8 ± 
4.8 %) compared to the neutral pictures (mean ± SD, 86.0 ± 11.9 %; t(48)=3.43, p= 0.001) 
and compared to the positive pictures (mean ± SD, 82.5 ±  12.2%; t(48)=6.63, p< 0.0005). 
Accuracy did not differ between the positive and negative pictures (t(48)= 1.29, p=0.204). Post-
hoc paired sample t-tests of reaction times showed faster responses for the negative pictures compared 
to neutral pictures (t(48)=5.33, p<0.0005) and positive pictures (t(48)=8.11, p<0.0005), and 
significantly slower responses for the positive pictures compared to the neutral pictures (t(48)=-
3.79, p<0.0005). Error bars represent standard error of the mean.

Table S1. Clusters showing differences in whole-brain activation levels between the two contrasts 
negative vs. neutral pictures and positive vs. neutral pictures.  MNI coordinates represent the 
location of the peak voxels. In bold are the peak voxels of each cluster followed by separate (>8mm 
apart) maxima within the cluster in plain text. Cluster-defining threshold of p<0.0005 and a 
p=0.05 FWE-corrected critical cluster size of 21 voxels.

MNI Coordinates

Brain region x y z Z score voxels

R middle occipital gyrus     52 -68 0 5.35 84
R middle temporal gyrus      44 -60 4 4.59
R middle temporal gyrus      56 -44 8 3.67
L middle occipital gyrus     -44 -72 0 4.96 64
L middle temporal gyrus      -52 -60 4 4.16

L anterior cingulate cortex           0 32 12 4.35 33
L superior frontal gyrus     0 52 0 3.93

L superior frontal gyrus     -16 28 52 4.13 23
L superior frontal gyrus     -20 20 56 3.78
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Figure S2. Whole-brain activation during the viewing of the negative and positive pictures 
relative to neutral pictures over all subjects. Activation is overlaid on a mean brain-extracted 
anatomical image, left=left. Colorbar represents t-values, cluster-defining threshold of p<0.0005 
with a p<0.05 FWE-corrected cluster size of 21 voxels.
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Summary

The aim of the research presented in this thesis was to elucidate the function of the 
default-mode network (DMN) in self-referential processing and social cognition. The 
first part of the thesis was focused on studies in healthy volunteers, while the second 
part described two studies in unaffected siblings of patients with schizophrenia.  

In Chapter 2, we investigated whether resting-state and task-induced activity within 
the DMN can be explained by (non-neural) effects of cardiorespiratory processes. 
Brain activity, heart beat and respiration were measured during resting-state and 
while participants performed a cognitive task with a high and low cognitive demand 
condition. Subsequently, we corrected the fMRI data for effects of the respiratory 
and cardiac cycle, and for effects of fluctuations in respiration volume, heart rate and 
heart rate variability. Effects of these physiological processes were present within the 
low-frequencies (0.01-0.1 Hz) and were partly located within areas of the DMN. 
Furthermore, we observed that the removal of the cardiorespiratory confounds resulted 
in both reduced task-related activation and reduced resting-state connectivity within the 
DMN, but also within a task-positive network (i.e. areas that showed more activation 
during the task compared to rest). However, significant deactivation levels as well as 
resting-state connectivity within the DMN remained. In addition, DMN deactivation 
was still modulated by the amount of effort or attention required to perform the task. 
Taken together, these results suggest that activity within the DMN cannot be explained 
by cardiorespiratory confounds alone and likely reflects underlying cognitive activity, 
such as self-referential processing.

In Chapter 3, we focused on the role of the DMN regions in self-referential 
processing. Functional specialization in the DMN was assessed by investigating task-
related changes in functional coupling during a self-referential processing task. To 
exclude confounding effects of cardiorespiratory processes on activation and functional 
coupling, we applied the correction method described in the previous chapter. 
Consistent with previous reports, activation within the midline areas of the DMN 
was increased during self-referential processing (1-11). More specifically, activation 
within the dorsal medial prefrontal cortex (dMPFC), ventral MPFC (vMPFC) and 
posterior cingulate cortex (PCC) was increased when judging personality traits with 
respect to oneself (i.e. self-referential processing) as compared to making judgements 
about another person (i.e. other-referential) or the social desirability of the traits (i.e. 
non-referential). In addition, we found increased activation within the lateral posterior 
cortices (LP) when making judgements about personality traits with respect to oneself 
compared to making judgements with respect to another person. Furthermore, when 
engaged in self-referential processing, functional coupling between areas of the DMN 
was decreased, while coupling with areas outside the network was increased. Together, 
this suggests functional specialization within the DMN and supports the notion that 
each area of the DMN is involved in different subfunctions of self-referential processing. 

After confirming that the DMN shows highly coherent intrinsic activity in healthy 
volunteers and is implicated in self-referential processing, we studied in Chapter 4 
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whether intrinsic connectivity within the DMN is abnormal in unaffected siblings 
of patients with schizophrenia. Furthermore, we examined whether such abnormal 
intrinsic connectivity is related to activation and functional coupling within the 
network during the self-referential processing task used in the previous chapter. Our 
data revealed exaggerated intrinsic connectivity between midline areas of the DMN, 
the vMPFC and precuneus, in unaffected siblings of patients with schizophrenia. 
Moreover, siblings failed to show adequate task-related modulation of coupling 
between these areas during self-referential processing. No abnormalities in activation 
during self-referential processing were observed. These findings suggest that subjects 
with an increased genetic risk of developing schizophrenia exhibit abnormal intrinsic 
connectivity within the DMN and that this is associated with aberrant interactions 
within the network during self-referential processing. This dysfunction of the DMN 
may contribute to impairments in social cognition observed in schizophrenia.

In Chapter 5, we further focused on impairments in social cognitive functioning 
in unaffected siblings by investing brain activity during emotion processing in these 
subjects. More specifically, brain activity was measured in unaffected siblings and 
control subjects while they viewed and rated neutral, positive and negative pictures

Compared with controls, siblings showed increased activation within the amygdala, 
hippocampus, and the midline areas of the DMN in response to both the positive and 
negative pictures relative to neutral pictures. Activation during the neutral condition 
did not differ between the two groups, indicating that the observed hyperactivation in 
the siblings is likely caused by abnormalities in emotion processing rather than impaired 
visuo-attentional processing. These findings show that subjects at risk of developing 
schizophrenia exhibit abnormalities in the neural circuitry of emotion processing. This 
suggests that emotional dysfunction, and thereby social cognitive dysfunction, observed 
in schizophrenia is associated with the genetic risk for the disorder.

General discussion

The studies in this thesis provide support for the notion that the DMN is involved in 
self-referential mental activity relevant for social cognitive functioning. Furthermore, 
based on these studies, we propose that the DMN is organized in highly interconnected, 
but functionally specialized regions. Moreover, we speculate that abnormalities in this 
functional organization may contribute to aberrant self-referential processing and social 
cognitive functioning observed in schizophrenia. 

We revealed strong intrinsic connectivity between the regions of the DMN, the 
MPFC, PCC and LP, (Chapter 2) and observed that activation within these areas was 
associated with self-referential processing (Chapter 3). When engaged in this processing, 
coupling between areas of the DMN was decreased, while coupling of DMN areas 
with regions outside the network was increased, indicating functional specialization. 
Together, this suggests that although the regions of the DMN are highly interconnected, 
they are also part of other (sub-) networks. This interpretation echoes the hypothesis 
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that the DMN comprises of interacting, interconnected, subsystems that are linked 
by hubs (12-14). Hubs are regions of high connectivity through the brain, important 
for interconnecting functionally specialized systems and information processing. In 
a recent study, Buckner and colleagues (13) aimed to map hubs in the brain using 
a complex functional connectivity approach to test for correlations across the brain 
based on graph theory. They revealed a pattern of cortical hubs that largely overlapped 
with key regions of the DMN, namely the PCC, vMPFC and the LP. In addition, the 
posterior midline regions, including the PCC, and the LP were observed as anatomical 
hubs in an analysis of structural connectivity within the brain (14). The vMPFC did not 
appear as an anatomical hub in this study. This could be due to differences in structural 
and functional connectivity analyses, as it is not fully understood whether and how 
functional connectivity reflects structural connectivity. Together, these studies suggest 
that regions of the DMN serve as connectors to integrate information from subsystems.  

This thesis, along with existing literature, provides an indication that the DMN 
is organized in highly interconnected subsystems, however the functional relevance 
of the separate systems and their interactions are still unclear. Here, we speculate on 
the functions of these subsystems in the context of self-referential processing. The 
anterior part of the DMN, the vMPFC and dMPFC, may be involved in introspective 
processing and evaluation of self-relevant stimuli. More specifically, previous studies 
have associated the vMPFC with identifying stimuli as self-relevant by integrating 
cognitive, emotional and sensory information (15-18), while the dMPFC has been 
associated with monitoring of and reporting on one’s own mental state and feelings as 
well as attributing mental states to other persons (18-20). The posterior midline part of 
the DMN, the PCC, has been implicated in emotion processing, in the representation 
of the external environment as well as in autobiographic memory through dense 
connections with the hippocampus formation (21;22). The lateral posterior regions, 
LP, have been implicated autobiographic memory and in detecting of and orienting a 
person towards behaviorally salient or socially relevant stimuli. Together, the posterior 
regions may be involved in integrating new self-relevant stimuli in a context of 
autobiographic memories and past stimuli. Interactions between the posterior DMN 
and the anterior DMN may serve to process self-referential information by integration 
of autobiographic information, external information and internal information about 
stimuli. 

Abnormalities in this functional organization of the DMN may contribute to 
aberrant information processing observed in schizophrenia, including impaired social 
cognitive functioning. This idea is in concurrence with the belief that the core deficits 
of schizophrenia can be attributed to abnormal connectivity or functional integration 
of brain regions (23-25). In this thesis, the unaffected siblings of patients failed to show 
task-related modulation of coupling between the vMPFC and PCC (precuneus) during 
self-referential processing and showed exaggerated functional connectivity between 
these areas during resting-state. This abnormal functional organization within the 
DMN may result in aberrant integration of information about self-referential stimuli. 
This in turn may contribute to difficulties in correctly identifying self-generated 
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information that is commonly observed in schizophrenia (26;27) as well as impairments 
in other domains of social cognition including emotion processing (see Chapter 5). 
Support for this notion is provided by a recent study in patients that revealed aberrant 
functional coupling within the DMN during evaluation of self-generated information 
relative to evaluation of external generated information (28). Unfortunately, no other 
study has yet investigated connectivity within the DMN in unaffected siblings during 
self-referential processing or other domains of social cognition. However, in this thesis 
we did reveal abnormal activation in siblings during emotion processing within regions 
of the DMN as well as within the amygdala and hippocampus. This finding provides 
further support for the importance of the regions of the DMN in social cognitive 
functioning in schizophrenia.

Limitations and future directions

Although the research in this thesis provides insight in the function of the DMN, the 
proposed functional organization of the DMN and its relevance for self-referential 
processing is still speculative and requires further research.

An interesting question that remains unanswered in this thesis is how each region 
or subnetwork affects the other. In the studies of this thesis, psychophysiological 
interaction (PPI) analyses were used to investigate changes in coupling during self-
referential processing. PPI gives an indication in which areas activity covariates with 
one other region (i.e. the seed region) as a function of the psychological variable. 
We were therefore only able to model contributions from a single area at a time (i.e. 
modulation by the dMPFC, vMPFC and PCC). Future studies investigating functional 
specialization may benefit from the use of different effective connectivity techniques 
such as dynamic causal modelling (29) or structural equation modelling (30). These 
techniques allow inference of causal interactions between multiple areas and thereby 
enable testing of more complex models of interactions within the DMN as well as 
between regions of the DMN and regions outside the network, such as the amygdala.  

More elaborate modelling of the intrinsic connectivity may also be useful to gain 
further insight in the functional organization of the DMN and abnormalities in this 
organization in subjects at increased risk of developing schizophrenia. In this thesis 
we applied seed-based analyses to investigate resting-state correlations. This technique 
requires the definition of a seed region from which correlations with activity across the 
brain are calculated. It is a useful technique when one is only interested in a certain 
network or correlations between certain regions. However, the results depend heavily 
on the choice of seed region. Data-driven approaches such as Independent Component 
Analyses (ICA) may provide information that is overlooked when a seed region is not 
chosen properly or when group differences are present in connectivity between areas 
unrelated to the seed. ICA can decompose brain activity in (spatially) independent 
components, thereby simultaneously extracting multiple networks or separable 
subsystems. In addition, complex network analyses, such as graph theory-based 



116

Chapter 6

analyses, may provide additional information about the topological properties of the 
functional networks, including the DMN, within as well as between groups.  Although 
studies using this type of analysis have revealed less clustered, less hierarchical and less 
efficiently wired networks, including the DMN, in patients with schizophrenia (31), it 
is still unclear whether these abnormalities are present in first-degree relatives. 

Aside from the question how the regions of the DMN interact, the functional 
relevance of both the interactions and the subsystems is not yet fully understood. 
We revealed reduced coupling between regions of the network during self-referential 
processing, indicating that the regions are involved in subfunctions of self-referential 
processing. Although we have speculated on these functions, the self-referential 
processing task used in this thesis did not allow for further specification of the functions. 
To further investigate the functional relevance of the regions within the DMN, it 
would be useful to investigate changes in functional coupling during a more elaborate 
task. For example, a task that encompasses the various components of self-referential 
processing such as identifying, monitoring, evaluating and integrating of self-referential 
stimuli. Furthermore, we showed both abnormal intrinsic connectivity and aberrant 
coupling during self-referential processing between the midline areas of the DMN in 
siblings. These findings point towards an association between intrinsic connectivity 
and functioning of the network during self-referential processing. However, we did not 
assess the behavioral relevance of the abnormal connectivity or assess the causality of 
the interactions. To investigate the association between abnormal DMN connectivity 
and behavior, and to gain insight in the causality of the interactions within the DMN, 
future studies may consider combining fMRI with Transcranial Magnetic Stimulation 
(TMS). By applying TMS to one of the areas of the DMN, brain activity in this area and 
in regions that are influenced by this area can be disrupted. This way, causal interactions 
can be identified as well as the effects of disrupted brain activity and interactions on 
behavior. When choosing a region to stimulate, it is important to bear in mind that 
TMS is only able to stimulate regions near the surface of the cortex. The LP might be 
an interesting region to stimulate, as stimulation of this region has already been shown 
to affect behavior on a self-referential task (32). More specifically, stimulation resulted 
in longer reaction times when judging the self-relatedness of statements, but not when 
judging the relatedness of statements to another person, suggesting specific disruption 
of self-referential processing (32). 

In this thesis, we have predominantly focused on the role of the DMN in self-
referential processing. A broad definition of self-referential processing was used that 
encompasses various processes, including monitoring one’s own thoughts, feelings, 
and bodily state, thinking about the future and intentions, remembering past events, 
and monitoring of the environment for salient stimuli. However, the regions of the 
DMN are implicated in other functions as well, such as emotion processing as shown 
in Chapter 5, and mentalizing (33). Furthermore, activity within the DMN may 
reflect processes unrelated to internal cognitive processes. Studies in monkeys have also 
reported activity in regions corresponding to the human DMN. Although great apes 
might have the capacity to indulge on internal thoughts and are considered to have 
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social intelligence (see (34) for a review), the extent and content of internal processes 
in monkeys are not comparable to that in humans. Also, spontaneous coherent DMN 
activity has been reported during deep sleep in humans (35). These findings may 
suggest that DMN activity only partly reflects internal thought processes, including 
self-referential processes, and is partly caused by ongoing (physiological) processes 
unrelated to internal cognitive processes.

A few additional remarks have to be made about the studies in this thesis. First, 
we failed to observe differences in task performance between siblings of schizophrenia 
patients and healthy controls, suggesting that the siblings did not suffer from behavioral 
abnormalities in self-referential or emotion processing. However, the tasks were 
relatively easy to perform and might not have been suitable to detect subtle behavioral 
abnormalities. Second, in this thesis we have focused on the PCC, LP, vMPFC, and 
dMPFC. These regions have been consistently reported as components of the DMN, 
but other regions have also been suggested to be part of the network, including the 
inferior temporal gyri and hippocampus (12). In Chapter 5, we did investigate 
activation within the hippocampus in healthy controls and siblings of schizophrenia 
patients. However, the role of the hippocampus was mainly examined and discussed 
in relation to the amygdala and basic emotion processing. Also, unfortunately, we 
could not test for functional coupling between the hippocampus and the areas of the 
DMN during emotion processing, as the task paradigm was not suitable for this type of 
analysis. Future studies may investigate abnormalities in functional connectivity during 
emotion processing in both healthy controls and healthy siblings of schizophrenia 
patients. 

Conclusions

The aim of this thesis was to gain more insight in the function of the default-mode 
network (DMN) in self-referential processing and social cognition in healthy 
volunteers and unaffected siblings of patients with schizophrenia. The research in this 
thesis confirms that activity within the DMN reflects self-referential mental activity 
relevant for social cognitive functioning and does not merely reflect physiological noise. 
In addition, based on our findings, we suggest that the DMN is organized in highly 
interconnected but functionally specialized regions. Furthermore, our findings indicate 
that the functional organization of the DMN is aberrant in unaffected siblings of 
schizophrenia patients and suggest that this may contribute to aberrant self-referential 
processing observed in schizophrenia. Finally, our data show that unaffected siblings of 
schizophrenia patients exhibit abnormal activation within the DMN, the amygdala, 
and hippocampus during another important aspect of social cognition, namely 
emotion processing. Together, this suggests that activity within the DMN and the 
functional organization of the network are important for self-referential processing and 
that abnormalities within the DMN may contribute to difficulties in social cognitive 
functioning observed in schizophrenia.
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Inleiding

Stelt u zich voor dat u op de bank zit, te genieten van een kop koffie. Waar denkt u dan 
aan? Waarschijnlijk bent u aan het dagdromen en denkt u tijdens deze ontspannen staat 
aan zaken zoals wat u gister heeft gedaan, de plannen voor aankomend weekend, maar 
ook over hoe u zich op dat moment voelt. Dit proefschrift onderzoekt wat er gebeurt 
in het brein tijdens deze ontspannen, standaard staat of default-mode bij gezonde 
vrijwilligers en bij broers en zussen van schizofrenie patiënten. 

Default-mode netwerk
Wanneer we ontspannen zijn en niets specifieks doen is er een netwerk van gebieden 
in het brein meer actief dan wanneer we complexe cognitieve taken of handelingen 
uitvoeren. Deze set van gebieden wordt het default-mode netwerk (DMN) genoemd 
en bestaat uit drie mediaal gelegen gebieden, de ventrale mediale prefrontale cortex 
(vMPFC), dorsale mediale prefrontale cortex (dMPFC) en de posterieure cingulate 
cortex (PCC) (doorlopend in de precuneus), en lateraal posterieur (LP) gelegen 
gebieden, waaronder de superieure temporale gyrus. Activiteit in dit netwerk daalt 
(ook wel deactivatie genoemd) wanneer er van rust of een passieve toestand wordt 
overgegaan op het uitvoeren van taken of handelingen. Deze daling in activiteit (en 
dus het niveau van deactivatie) lijkt hierbij gerelateerd te zijn aan de moeilijkheid van 
de taak en de hoeveelheid aandacht die nodig is om de taak uit te voeren. Doordat de 
activiteit in het DMN hoger is in rust en daalt wanneer aandacht nodig is voor het 
uitvoeren van taken wordt gedacht dat het netwerk betrokken is bij spontane cognitieve 
processen die aanwezig zijn tijdens rust, waaronder zelfreflectie. Zelfreflectie omvat 
verschillende aspecten, waaronder het monitoren van onze gedachten, gevoelens en 
lichaam, bedenken wat we gaan doen in de toekomst en het denken aan gebeurtenissen 
uit het verleden. Deze processen zijn belangrijk voor sociale interacties, omdat het 
weten hoe wij zelf zouden reageren of ons zouden voelen in bepaalde situaties helpt bij 
het begrijpen van emoties en het voorspellen van intenties van anderen. Verschillende 
functionele MRI studies hebben aangetoond dat activiteit in de gebieden van het 
DMN hoger is tijdens taken die zelfreflectie induceren dan tijdens controle taken, wat 
suggereert dat het DMN inderdaad betrokken is bij zelfreflectie. De functie van het 
DMN in zelfreflectie werd in hoofdstuk 3 in meer detail onderzocht.

Naast studies tijdens cognitieve taken en zelfreflectietaken is er ook onderzoek gedaan 
naar activiteit in het DMN tijdens rust. Deze studies hebben gekeken naar temporale 
correlaties tussen activiteit, gemeten als spontane fluctuaties in het fMRI signaal, in een 
gebied en activiteit in een ander gebied. Deze temporale correlatie wordt functionele 
connectiviteit genoemd. Functionele connectiviteit tijdens rust geeft de intrinsieke 
functionele organisatie van het brein weer en is belangrijk voor adequaat gedrag en 
correct functioneren van de hersenen. Afwijkingen in functionele connectiviteit tijdens 
rust, ofwel intrinsieke connectiviteit, zijn waargenomen bij verschillende psychiatrische 
stoornissen waaronder schizofrenie. Het DMN laat sterke functionele connectiviteit 



123

Nederlandse samenvatting

zien tijdens rust, hetgeen aangeeft dat het DMN een functioneel, georganiseerd netwerk 
van gebieden vormt. 

Echter, hoewel spontane fluctuaties in het fMRI signaal worden gedacht functioneel 
relevant te zijn en neurale activiteit weer te geven, kunnen deze fluctuaties ook zijn 
veroorzaakt of worden beïnvloed door cardiorespiratoire processen, zoals hartslag 
en ademhaling. Deze processen kunnen het fMRI signaal onafhankelijk van neurale 
activiteit beïnvloeden. Dit probleem is vooral relevant voor activiteit in het DMN, 
omdat effecten van cardiorespiratoire processen lijken te zijn gelokaliseerd in gebieden 
van het netwerk. Het effect van deze processen op connectiviteit tijdens rust en 
taakgerelateerde activiteit in het DMN is onderzocht in hoofdstuk 2 van dit proefschrift.

Default-mode netwerk en schizofrenie
Verscheidene studies bij patiënten met schizofrenie hebben verstoorde functionele 
connectiviteit en activiteit gerapporteerd in het DMN. Schizofrenie is een chronische, 
ernstige, psychiatrische stoornis die gekenmerkt wordt door verstoringen van de 
werking en de anatomie van de hersenen. Schizofrenie patiënten hebben verstoorde 
waarneming van de realiteit en verstoorde gedachtegang en gevoelens. Ook lijden 
patiënten aan verminderd cognitief en sociaal functioneren. Zij hebben moeite met 
onder andere het identificeren van emoties van andere mensen en het voorspellen van 
hun intenties, maar ook met het identificeren van zelfgegenereerde informatie. Deze 
problemen in zelfreflectie en sociale interacties worden wellicht deels veroorzaakt door 
verstoringen van de werking van het DMN, gegeven de rol van het netwerk in deze 
processen. Ook gezonde broers en zussen van patiënten hebben soms moeite met sociale 
interacties. Deze broers en zussen hebben een genetische kwetsbaarheid om schizofrenie 
te ontwikkelen. Echter, het is niet duidelijk of activiteit in het DMN en de functionele 
connectiviteit van het netwerk verstoord is bij deze mensen. In hoofdstuk 4 van dit 
proefschrift is de werking van het DMN onderzocht bij gezonde broers en zussen van 
schizofrenie patiënten.

Samenvatting studies

Het doel van het onderzoek dat beschreven is in dit proefschrift was om de functie 
van het DMN in zelfreflectie en sociale cognitie verder te onderzoeken bij gezonde 
vrijwilligers en broers en zussen van schizofrenie patiënten. 

In Hoofdstuk 2, hebben we onderzocht of activiteit in het DMN tijdens rust en 
tijdens een taak kan worden verklaard door de effecten van cardiorespiratoire processen. 
Hiervoor werd hersenactiviteit, hartslag en ademhaling gemeten bij gezonde controles 
tijdens rust en gedurende een cognitieve taak bestaande uit een moeilijke en een 
makkelijke conditie. Vervolgens werden de fMRI data gecorrigeerd voor effecten van 
de respiratoire en cardiale cyclus en voor effecten van fluctuaties in respiratoir volume, 
hartslag en variabiliteit in hartslag. De resultaten lieten zien dat de effecten van 
deze fysiologische processen aanwezig waren in de lage frequenties (0.01-0.1 Hz) en 
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gedeeltelijk gelokaliseerd waren in gebieden van het DMN. Ook bleek dat de correctie 
voor deze cardiorespiratoire effecten resulteerde in zowel verminderde (de)activatie 
tijdens de taak als verminderde connectiviteit tijdens rust binnen het DMN, maar ook 
binnen een taakgerelateerd netwerk (gebieden die meer actief waren tijdens de taak dan 
tijdens rust). Echter, de gemeten deactivatie en connectiviteit in het DMN was nog 
wel significant aanwezig. Ook was het niveau van deactivatie in het DMN nog steeds 
gemoduleerd door het niveau van aandacht dat nodig was om de taak uit te voeren. 
Deze resultaten suggereren dat activiteit binnen het DMN niet alleen kan worden 
verklaard door effecten van cardiorespiratoire processen en waarschijnlijk onderliggende 
cognitieve processen weergeeft, zoals zelfreflectie. 

In Hoofdstuk 3 is de rol van de gebieden van het DMN in zelfreflectie in meer 
detail onderzocht. Verscheidene onderzoeken suggereren dat er sprake is van functionele 
specialisatie binnen het DMN en dat de gebieden van het netwerk betrokken zijn bij 
verschillende subfuncties van zelfreflectie. In de studie beschreven in dit hoofdstuk 
is gekeken naar deze functionele specialisatie door veranderingen in connectiviteit 
tussen de gebieden van het DMN tijdens een zelfreflectietaak te onderzoeken. Om 
cardiorespiratoire effecten op connectiviteit en activatie resultaten uit te sluiten, 
hebben we de correctie methode toegepast die in het vorige hoofdstuk beschreven is. 
In overeenstemming met eerdere studies lieten de resultaten meer activatie zien in de 
mediale gebieden van het DMN tijdens zelfreflectie. Activiteit in de dMPFC, vMPFC 
en PCC was hoger tijdens het beoordelen of persoonlijkheidskenmerken van toepassing 
waren op de eigen persoonlijkheid (zelfreflectie conditie) dan wanneer er werd 
aangegeven of een persoonlijkheidskenmerk sociaal wenselijk was (controle conditie). 
Ook vonden we verhoogde activiteit in de LP tijdens het beoordelen van de kenmerken 
met betrekking tot de eigen persoonlijkheid in vergelijking met het beoordelen van 
kenmerken met betrekking tot een ander persoon. Tot slot toonden de resultaten een 
daling in connectiviteit aan tussen de gebieden van het DMN tijdens zelfreflectie, 
terwijl connectiviteit met gebieden buiten het netwerk verhoogd was. De voorgaande 
resultaten suggereren dat er sprake is van functionele specialisatie van het DMN en 
ondersteunen het idee dat elk gebied van het netwerk betrokken is bij verschillende 
subfuncties van zelfreflectie.

 Na connectiviteit en activiteit van het DMN tijdens rust en zelfreflectie te hebben 
onderzocht bij gezonde vrijwilligers, werd er in Hoofdstuk 4 en 5 gekeken naar 
hersenactiviteit bij de gezonde broers en zussen van schizofrenie patiënten. 

In Hoofdstuk 4 is onderzocht of de intrinsieke connectiviteit binnen het DMN 
verstoord is bij broers en zussen van patiënten. Ook hebben we onderzocht of deze 
verstoorde connectiviteit gerelateerd is aan activatie en connectiviteit van het netwerk 
tijdens de zelfreflectietaak die is gebruikt in het vorige hoofdstuk. Onze data toonden  
ten opzichte van de gezonde vrijwilligers bij de broers en zussen hogere intrinsieke 
connectiviteit aan tussen mediale gebieden van het DMN, de vMPFC en precuneus. 
Verder lieten de broers en zussen geen taakgerelateerde verandering in connectiviteit 
zien tussen deze gebieden tijdens zelfreflectie die wel werd gezien bij gezonde controles. 
Er werden geen verstoringen in activatie tijdens de taak gevonden. Deze resultaten 
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suggereren dat mensen met een verhoogd risico op het ontwikkelen van schizofrenie 
verstoorde intrinsieke connectiviteit in het DMN hebben dat is gerelateerd aan 
verstoorde interacties in het netwerk tijdens zelfreflectie. Deze verstoring in de werking 
van het DMN draagt mogelijk bij tot problemen in sociale cognitie bij schizofrenie. 

De studie beschreven in Hoofdstuk 5 was gericht op een gerelateerd aspect van 
sociale cognitie, het verwerken van emotionele informatie. Broers en zussen van 
schizofrenie patiënten kunnen moeite hebben met de verwerking van emotionele 
informatie, echter is het niet duidelijk of het onderliggende neurale systeem verstoord 
is. In deze studie is hersenactiviteit gemeten van gezonde broers en zussen en bij 
gezonde controles terwijl zij emotioneel geladen plaatjes bekeken en beoordeelden. In 
vergelijking met de gezonde controles lieten de broers en zussen relatief meer verhoogde 
activiteit zien in de amygdala, hippocampus en de mediale gebieden van het DMN in 
reactie op zowel de positieve emotionele plaatjes als de negatieve plaatjes dan in reactie 
op neutrale plaatjes. Activiteit tijdens het verwerken van de neutrale plaatjes verschilde 
niet tussen de twee groepen, hetgeen aangeeft dat de gevonden hyperactiviteit bij de 
broers en zussen tijdens de emotionele plaatjes waarschijnlijk werd veroorzaakt door 
verstoring in de verwerking van emotionele informatie en niet door een verstoring in 
algemene visuele of attentie processen. Tezamen laten de resultaten zien dat personen 
met een verhoogd risico om schizofrenie te ontwikkelen verstoorde activiteit hebben in 
het neurale systeem van emotie verwerking. Dit suggereert dat emotionele disfunctie, en 
sociaal cognitief disfunctioneren, wat gevonden is in schizofrenie wellicht geassocieerd 
is met het genetische risico op het ontwikkelen van deze stoornis. 

 

Conclusies 

Het doel van dit proefschrift was om meer inzicht te krijgen in de functie van het 
default-mode netwerk (DMN) in zelfreflectie en sociale cognitie bij gezonde 
vrijwilligers en bij gezonde broers en zussen van schizofrenie patiënten. Het onderzoek 
van dit proefschrift bevestigt dat activiteit in het DMN zelfrelevante mentale activiteit, 
belangrijk voor sociale cognitie, reflecteert en niet alleen wordt veroorzaakt door 
fysiologische ruis. Verder suggereren wij, gebaseerd op onze bevindingen, dat het 
DMN is georganiseerd in sterk onderling verbonden, maar functioneel gespecialiseerde 
gebieden. Ook suggereren de resultaten dat de functionele organisatie van het DMN 
verstoord is bij gezonde broers en zussen van schizofrenie patiënten wat wellicht 
bijdraagt tot verstoorde zelfreflectie geobserveerd in schizofrenie. Tot slot laten de 
resultaten zien dat de broers en zussen van schizofrenie patiënten verstoorde activiteit 
hebben in de gebieden van het DMN, de hippocampus en amygdala tijdens een 
ander belangrijk aspect van sociale cognitie, namelijk het verwerken van emotionele 
informatie. Samen suggereren de studies van dit proefschrift dat activiteit in het DMN 
en de functionele organisatie van het netwerk belangrijk zijn voor zelfreflectie en dat 
verstoringen in de werking van het DMN mogelijk bijdragen aan problemen in sociaal 
cognitief functioneren bij schizofrenie. 



126

Chapter 7



Dankwoord

Chapter 8



128

Chapter 8

Na 4 jaar is het zover, mijn proefschrift is af!! Nou ja, bijna af. Ik ben nu aangekomen bij 
het schrijven van het hoofdstuk dat vaak als eerst wordt gelezen; het dankwoord. In dit 
hoofdstuk wil ik iedereen bedanken die in de afgelopen jaren heeft bijgedragen aan dit 
proefschrift. Naast de kennis en hulp van supervisoren en collega’s, heeft ook de nodige 
gezelligheid en steun van velen om mij heen ervoor gezorgd dat ik dit promotietraject 
heb kunnen volbrengen.  

Allereerst wil ik alle deelnemers aan de studies van dit proefschrift bedanken. Zonder 
jullie inzet en deelname was er weinig hersenactiviteit geweest om te onderzoeken! 

De leden van de beoordelingscommissie, de professoren Iris Sommer (bedankt voor 
het voorzitten), Marian Joëls, Serge Rombouts, Henk Aarts, bedankt voor het lezen 
en beoordelen van dit proefschrift. Also Professor Guillén Fernández, thank you 
for assessing my manuscript. I am looking forward to working in your group at the 
Donders Institute!

Mijn promotor en co-promotor wil ik bedanken voor alle begeleiding tijdens mijn 
promotie. Beste professor Kahn, bedankt dat ik bij u kon promoveren. Bedankt voor 
uw snelle reacties en commentaar op mijn artikelen en ook voor de ruimte die u mij 
heeft gegeven om het default-mode netwerk te onderzoeken. 
Beste dr. Vink, co-promotor, beste Matthijs. Het is alweer bijna 5,5 jaar geleden dat ik 
begon bij jou op het UMC. Bedankt dat ik toen als stagiaire aan de slag kon en kon 
blijven eerst als onderzoeksassistent en daarna als AiO. Ik heb veel van je geleerd in de 
afgelopen jaren, van programmeren in Matlab en werken met SPM tot het schrijven 
van kortere zinnen en helder formuleren. Bedankt dat je mij de vrijheid hebt gegeven 
om in discussie te gaan met je, om thuis te werken als ik dat wilde en bij het uitvoeren 
van de studies. Bedankt voor het vertrouwen dat je in mij hebt getoond!

Thomas, het is alweer even terug, maar ik wil je bedanken voor je begeleiding tijdens 
mijn stage. Zonder jou was Aztec nooit van de grond gekomen! Bedankt voor je geduld 
tijdens het uitleggen van Matlab en alle wiskundige functies, maar ook voor de lunches 
en koffiepauzes.
Nick, ook jou wil ik bedanken voor je begeleiding tijdens mijn stage. Het was fijn dat 
ik als externe studente de mogelijkheid kreeg om onderzoek te doen in Utrecht.

Bas, hoewel ik nooit onder jouw supervisie gewerkt heb, heb ik wel kunnen profiteren 
van je kennis, vooral van je kennis op het gebied van sequenties en de kwaliteit van 
scans. Bedankt hiervoor! Ook natuurlijk bedankt voor de gezelligheid en nodige 
bittergarnituurtjes tijdens de congressen, borrels en de lunches!

De collega’s van GROUP; Kim, Sanne, Jessica, Anke, Robbert, Sander, Afke, Anna en 
Marloes, bedankt voor jullie hulp bij het benaderen van de “sibs” en voor het testen. 
Wiepke en Joyce, ook erg bedankt voor alles rondom GROUP en de sibs!



129

Dankwoord

De flows, Mirjam, Florian en Peter, bedankt voor jullie hulp bij het scannen en voor 
de gezelligheid die het scannen op de vrijdagavond (Peter), donderdagavond en in de 
weekenden stukken minder erg maakte!

Gerrit en Niels, bedankt dat jullie aanwezig waren voor vragen over praktische zaken 
rondom het scannen.

Vincent en Yumas, analyses draaien was lastig geweest zonder jullie beheer van het 
netwerk. Bedankt!

Emmy, Jeanette en Jacqueline, bedankt voor jullie hulp bij de administratieve kant van 
de promotie!

Bedankt Thijs, Jeroen en Reinoud voor jullie hulp met ASL. Hoewel de data helaas het 
proefschrift niet hebben gehaald, was het leerzaam om meer van deze techniek te leren.

Lieve Anca, m’n stagiaire! Ik vond het erg leuk en leerzaam om je te begeleiden tijdens 
je stage. Bedankt voor je inzet en hulp bij het scannen van de deelnemers, maar ook 
voor de koffiepauzes en lunches! Succes met je opleiding tot psychiater!

Bram, helaas ben je alweer even weg van het UMC, maar ik ben blij dat het je bevalt in 
Nashville. Je bent tot september mijn kamergenoot geweest en wat heb ik veel gehad aan 
je tijdens mijn tijd op het UMC. Ik heb veel van je geleerd. Bedankt voor je adviezen 
op werkgebied en op privégebied, voor je “Matlab-knutsels”, je nuttige inzichten, de 
koffiepauzes, de restauranttips, en voor de gezelligheid op congressen en ons kantoor!

Tjerk, wat een gezelligheid het afgelopen jaar op de kamer! Ik heb vaak moeten lachen 
om je droge humor, en de koffiepauzes, Bengal-thee pauzes (met het witte theepotje) 
en het beluisteren van 5 versies van een nummer waren altijd fijne, ontspannen 
onderbrekingen van de dag. Ook de avondjes met (en zonder) GoT, de borrels en 
congressen (vooral Quebec!) waren zeer gezellig. Bedankt voor de gesprekken, je 
gezelligheid en voor je hulp met InDesign. Op naar Nijmegen!

Lieve Sanne, we zijn pas anderhalf jaar collega’s, maar we hebben elkaar in die tijd 
aardig goed leren kennen. Bedankt voor je hulp met scannen in de weekenden, maar 
ook voor de gezelligheid tijdens de summerschool, de borrels, het fietsen en het treinen. 
Ik ben blij dat je mijn paranimf wilt zijn! 

Lieve Janna Marie, wat een liters koffie zullen we hebben gedronken de afgelopen jaren! 
Bedankt voor je interesse, je attentheid en alle pauzes samen. Ook bedankt voor de 
leuke tijd in Florence (ik heb nog nooit zoveel gezien in 2 dagen), Barcelona en Quebec!   
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De overige leden van de borrelgroep, mede-imaging-AiO’s; Cé (sappie?), Kelly, Remko   
en Antoin (bedankt voor de offertes en succes in Oxford!). Op de gang, in de Brink, bij 
de Basket, de Poort en op congres; het was altijd gezellig met jullie! Bedankt voor de 
leuke tijd! 

En natuurlijk de andere collega’s van de afgelopen jaren. Bedankt voor de gezelligheid 
tijdens congressen en pauzes, en voor discussies over data: Janna (veel succes nog met 
je promotie!), Esther, Sanne K, Thalia, Marc, Sven, Gayane, Max, Helene (stage samen 
was gezellig!), Judy, Heleen F., Fiona, Mireille, Anouk, Marinka, Heleen B., Thomas 
S., Anna H., Inge, Willemijn, Lucija, Elbert, Mitzy, Neeltje, René M, Martijn, Martijn 
M., Tamar, Juliette, Marieke, Rosanne, Branko, Dienke, Sarai, Erika, Matthijs B., 
Mathijs, Floris, Erno, Dora, Maartje A., Maria, Astrid, Eske, Daan, Maartje S., Branka, 
Nicoletta, Paula en Elian.  

Natuurlijk zijn er ook mensen van buiten de onderzoekswereld die ik wil bedanken. 

Dit boekje had er niet zo uitgezien zonder jouw hulp Richard. Bedankt voor het 
ontwerpen van de cover! 

Lieve Edo, je hebt mij erg geholpen en gesteund in het begin van m’n promotie en 
ervoor, tijdens mijn studie. Bedankt dat je er die jaren was voor mij en dat je altijd in 
mijn kunnen hebt vertrouwd.  

Mijn lieve vriendinnen, Daniëlle, Daphne, Eva en Daniëlle. De vele feestjes, etentjes, 
borrels, avondjes kletsen en vakanties met jullie hebben gezorgd voor de nodige 
ontspanning, plezier en steun tijdens de jaren van mijn promotie en lang ervoor. 
Danie, al heel ons leven vriendinnen; samen naar de kleuterschool, basisschool en 
middelbare school en nu ook samen promoveren. In die tijd hebben we aardig wat 
meegemaakt en beleefd. Bedankt dat je al die jaren mijn lieve vriendin bent! Ik hoop 
dat we onze avondjes in de Juffer snel weer kunnen hervatten. 
Lieve Eva, bedankt voor je enthousiasme, de feestjes, concerten en uitgebreide etentjes, 
voor de gesprekken en je steun als het tegen zat. Ik ben blij dat je mij bij wilt staan bij 
de verdediging! 
Lieve Daps, alweer zo lang m’n vriendin. Bedankt voor de 22 jaar vriendschap, de 
gezelligheid tijdens deze jaren en dat je er altijd bent voor mij. Ik denk dat er weinig 
mensen zijn die op de dag van hun bevalling nog een Nederlandse samenvatting gaan 
controleren! Dank je wel. Ik wens Frank en jou heel veel geluk met Jonathan!
 
Lieve Ronnie, bro, jij hebt een bijzondere bijdrage geleverd aan dit proefschrift (zie blz.  
95). Ik moet nog steeds lachen om dat stralende gezicht! Maar ook nu en de laatste 
jaren krijg ik vaak een lach op mijn gezicht door jou; samen pà en mam voor de gek 
houden, volgens hun onbegrijpelijk praten met elkaar, samen shoppen en natuurlijk de 
vakantie in Istanbul. Ronnie, ik ben blij dat je mijn lieve broer bent!
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Lieve mams en pà, het is fijn te weten dat ik altijd bij jullie terecht kan. Jullie hebben 
mij altijd gesteund, als ik maar deed waar ik mij goed bij voelde, dan was het prima 
wat jullie betrof. Ook is jullie vertrouwen in mij altijd erg bemoedigend geweest. Pà, 
dank je wel dat je altijd, maar dan ook echt altijd, klaar staat om te helpen, en dat je 
mijn artikelen leest. Mams, hoewel het moeilijk blijft te begrijpen wat ik nu precies 
doe, heb je mij wel geholpen met het omgaan met niet-inhoudelijke aspecten van het 
promoveren die soms aanwezig waren; frustraties en stress. Je bent altijd een luisterend 
oor voor mij. Lieve pà en mams, heel erg bedankt voor alles! 

Lieve Maarten, wat ben ik blij dat ik jou in mijn leven heb! Tijdens de drukte van het 
afgelopen half jaar waren de weekenden en avonden samen met jou momenten waarop 
ik helemaal kon ontspannen en even alles kon vergeten. Bedankt lief, voor je steun, je 
interesse, je liefde, je humor, je mafheid, en dat je mij helemaal mezelf laat zijn. Ik vind 
het heerlijk samen met jou en ik heb zin in alle leuke, spannende dingen die we in het 
vooruitzicht hebben!
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Mariët van Buuren was born on May 15 1982, in Zaanstad, the Netherlands. In 2000 
she graduated from high school (Zaanlands Lyceum) and started the study Economics 
and Business at the University of Amsterdam. After passing the first year’s examination,  
she decided to change her field of study and started in September 2002 with a 
Bachelor’s degree program in Clinical Psychology at the University of Amsterdam. After 
obtaining her Bachelor’s degree in August 2005, she was accepted into the Research 
Master Psychology program at the same university. During the first year of this study 
she performed an internship at the Department of Clinical Psychology, where she 
investigated the role of stresshormones on emotional memory using functional MRI. 
To perform her second fMRI research project she started in January 2007 as an intern 
at the Department of Psychiatry at the University Medical Center Utrecht under 
supervision of dr. Matthijs Vink and Prof. dr. Nick Ramsey. This internship created 
the basis for her PhD project. In August 2007, she obtained her Master’s degree and 
continued at the Department of Psychiatry as a research assistant. Mariët started her 
PhD in May 2008 at the same department under supervision of Matthijs Vink and 
Prof. dr. René S. Kahn. From May 2012, she will work as a post-doctoral researcher in 
the group of Prof. dr. Guillén Fernández at the Donders Institute for Brain, Cognition 
and Behaviour, at the Radboud University Nijmegen.

Mariët van Buuren werd geboren op 15 mei 1982 te Zaanstad. Zij behaalde in 2000 
haar VWO diploma (Zaanlands Lyceum) en begon in hetzelfde jaar aan de studie 
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