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General introduction
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Schizophrenia is a severe and chronic psychiatric disorder, characterized by a complex 
and heterogeneous clinical picture. Next to rather visible positive symptoms like 
delusions and hallucinations, and cognitive deficits like disruptions in attention, 
memory, and executive functioning, negative symptoms are key symptoms of 
schizophrenia (Kahn & Keefe, 2013). Negative symptoms are described as diminutions 
in behaviors that are considered normal. They form a heterogeneous symptom cluster 
consisting of blunted affect, alogia, apathy, anhedonia, and asociality (Kirkpatrick et 
al., 2006). 

Negative symptoms are present in the whole spectrum of psychotic disorders ranging 
from subclinical levels to clinical severity: they have been shown to be present in 
healthy individuals, individuals at risk for mental illness, first-episode psychosis and 
chronic schizophrenia, (Kaiser, Heekeren, & Simon, 2011). Negative symptoms have 
shown a strong relationship with functional outcome: people with higher levels of 
negative symptoms have shown impairments in occupational, household, social, 
and recreational functioning and lower quality of life (Foussias et al., 2014a). In 
addition, negative symptoms are associated with higher caregiver burden and distress 
(Provencher & Mueser, 1997). Moreover, they have been shown to be often persistent 
(Herbener & Harrow, 2001) and difficult to treat (Aleman et al., 2017). 

Their debilitating and persistent nature strongly underlines the importance of studies 
to new and improved treatment options for negative symptoms. One of the factors 
hampering the development of treatment for negative symptoms is that to date not 
much is known about the cognitive and emotional mechanisms and the underlying 
neural substrates of negative symptoms (Aleman et al., 2017). 

Even though the number of studies to the cognitive, emotional and neural underpinnings 
of negative symptoms has increased in recent years, a clear picture may currently 
be obscured by the heterogeneity in findings. For example, although ventral striatal 
activation during reward anticipation is generally found in association with negative 
symptoms (Radua et al., 2015), not all studies have reported this association (e.g., 
Esslinger et al., 2012; Kirschner et al., 2016b; Mucci et al., 2015; Simon et al., 2015).  This 
may, at least partly, be due to heterogeneity in symptoms within the negative symptom 
cluster (Foussias et al., 2015). It has been proposed that negative symptoms are better 
characterized as two separate, but interrelated subfactors (Blanchard & Cohen, 2006). 
This has been confirmed by multiple factor analyses on two often-used scales for the 
assessment of negative symptoms, the Scale for the Assessment of Negative Symptoms 
(SANS) and the negative subscale of the Positive and Negative Syndrome Scale (PANSS) 
(Fervaha et al., 2014b; Liemburg et al., 2013; Stiekema et al., 2016; Strauss et al., 2013). 
The two negative symptom factors encompass expressive deficits and amotivation and 
are thought to be a better description of the heterogeneous negative symptom cluster 
(Messinger et al., 2011). While expressive deficits are thought to reflect disturbances in 
the outward expression of emotion and speech and consists of blunted affect and alogia, 
amotivation is thought to reflect reduced self-initiated and maintained behaviors and 
comprises apathy, asociality, and anhedonia (Foussias et al., 2014a; Messinger et al., 
2011). Within the amotivation factor, apathy (or avolition) may serve as a core negative 
symptom, especially given its strong association with functional outcome (Foussias & 
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Remington, 2010). 

Expressive deficits and amotivation have been shown to be differentially associated 
with depression, functional and clinical outcome, and quality of life (Fervaha et al., 
2014b; Kirkpatrick, 2014; Stiekema et al., 2016; Strauss et al., 2013) and may originate 
from different cognitive and underlying neural dysfunctions (Ergül & Üçok, 2015; 
Kaiser, Heekeren, & Simon, 2011). Taken together, assessment of the cognitive and 
neural substrates of the negative symptom factors separately or even on a symptom 
level is warranted in order to promote understanding of negative symptoms. 

Box 1. Terminology
In the negative symptom literature, many different terms for the negative symp-
tom cluster and its components are used. Although not exhaustive, this box gives an 
overview of the use of the different terms in the literature and in this thesis 
specifically.

Blunted affect* and affective flat-
tening refer to a reduced observed 
expression of emotion, characterized by 
reduced facial and vocal expression, and 
expressive gestures. The term flat affect 
was used previously to describe these 
phenomena, but is now considered only 
suitable for description of the extreme 
end of the spectrum.

Alogia reflects poverty of speech, a 
reduction of speech or richness of 
speech.

Apathy* and avolition are inter- 
changeable terms used to describe a 
behavioral state characterized by a 
quantitative reduction of self-generated 
voluntary and purposeful behaviors. 

Anhedonia generally refers reduced 
experience of positive emotions. A 
distinction is often made between 
a reduction in anticipatory pleasure 
(wanting something) and consum-
matory pleasure (liking something). 

Asociality refers to social withdrawal 
that originates from indifference or 
reduced desire for social contact.

Expressive deficits* or diminished 
expression are used to refer to the 
negative symptom factor consisting 
of blunted affect and alogia.

Amotivation* is sometimes used as 
a synonym to apathy and avolition, 
but is also used to describe one of the 
negative symptom factors consisting 
of apathy, asociality, and anhedonia. 
In the literature, this factor is some-
times referred to as social amotiva-
tion or avolition, but in the current 
thesis the term amotivation will be 
used.

Deficit syndrome or deficit schizo-
phrenia describes a subgroup of 
patients with schizophrenia with en- 
during primary negative symptoms 
(i.e., not due to anxiety, medication 
effects, psychotic symptoms, cogni-
tive impairment, or depression). 

*In this thesis, the terms blunted affect and apathy will be used to refer to the re-
spective symptoms. The terms expressive deficits and amotivation will be used to 
refer to the negative symptom factors.
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Underlying mechanisms and neural substrates of negative 
symptoms
Task-based fMRI studies have found a variety of processes and underlying neural 
substrates that may be disrupted in patients with negative symptoms. To date, most 
neuroimaging studies have addressed the negative symptom cluster as a whole. 
However, more recently a small number of studies have studied the neural correlates 
of amotivation and expressive deficits or their component symptoms separately, 
suggesting a differential cognitive and neural substrate for these factors. 

Box 2. Functional Magnetic Resonance Imaging (fMRI)
In order to assess the underlying neural correlates of cognitive and emotional pro-
cesses and possible disruptions thereof, functional Magnetic Resonance Imaging 
(fMRI) has proven to be a useful tool. It has been shown that neuronal activity in-
duces an increase in oxygenated blood flow to the active region (the hemodynamic 
response). The resulting change in relative levels of oxyhemoglobin and deoxy-
hemoglobin (oxygenated or deoxygenated blood) can be detected on the basis of 
their differential magnetic susceptibility. This effect is referred to as the blood-
oxygenated-level dependent (BOLD) contrast. It should be noted that the BOLD 
contrast, as measured using fMRI, is not a direct measure of neuronal activity, but is 
nonetheless a good proxy of neural activation (Logothetis, 2002). 

Two different types of fMRI paradigms can be distinguished: task-evoked fMRI and 
resting-state fMRI paradigms. During task-evoked fMRI paradigms, participants are 
asked to perform a task and task-related changes in BOLD signal are assessed to in-
vestigate which areas of the brain are active, or which interactions between regions 
are involved, during a specific process. 

In resting-state paradigms no particular task is performed and participants are asked 
to lie still, stay awake, in absence of an external task. Using resting-state paradigms 
circumvents the problem that differences in task performance between groups 
may influence fMRI results, a problem that is often encountered in task-based fMRI 
studies (van den Heuvel & Hulshoff Pol, 2010). During wakeful rest, the brain shows 
intrinsic (or task-unrelated) ongoing neural and metabolic activity, reflected by 
spontaneous low frequency fluctuations of the BOLD signal (Raichle, 2009). In rest-
ing-state studies these spontaneous fluctuations are examined. Interestingly, these 
fluctuations have been shown to correlate between spatially remote but function-
ally similar brain areas. Several distinct resting-state networks have been identified 
including the somatomotor network (Biswal et al., 1995), primary visual and audito-
ry networks (Cordes et al., 2000), default mode network (Greicius et al., 2003), exec-
utive cognitive control network (Menon & Uddin, 2010), dorsal and ventral attention 
networks (Fox et al., 2006), and salience network (Seeley et al., 2007). Resting-state 
networks been found reflect the underlying structural connections between brain 
areas (Van Den Heuvel et al., 2009), and have been shown to correspond closely 
with BOLD dynamics during task (Smith et al., 2009) and to correlate with cogni-
tive performance (van den Heuvel & Hulshoff Pol, 2010), emphasizing their utility in 
studying the neural underpinnings of psychopathology. 



GENERAL INTRODUCTION

11

1

Amotivation
It has been suggested that reduced goal-directed behavior is central to the symptoms 
that comprise the amotivation factor. Goal-directed behavior requires a large number 
of processes, most notably, reward and effort processing, executive functioning, and 
self-initiation of behaviors. Disruptions in any of these processes may lead to reductions 
in goal-directed behavior and thus to the occurrence of amotivation (Levy & Dubois, 
2006). 

First, goal-directed behavior requires association of positive affective and emotional 
associations with ongoing and forthcoming behavior (Levy & Dubois, 2006). This relies 
on reward-related processes like reward anticipation and the anticipation of a favorable 
outcome of an action, as well as intact emotional memory (Kring & Barch, 2014). Reward 
processing has been associated with a variety of brain regions within mesocorticolimbic 
networks, most notably the ventral striatum, orbitofrontal cortex, and anterior and 
posterior cingulate cortex (Liu et al., 2011). Indeed, negative symptoms have been found 
to be related to reduced activation of the ventral striatum during reward processing 
(Radua et al., 2015) and the anterior cingulate cortex during processing of positive 
emotional stimuli (Nelson et al., 2015). More specifically to amotivation, ventral striatal 
activation during reward processing has been found in relation to amotivation, but not 
expressive deficits (Kirschner et al., 2016a; Simon et al., 2015). 

Besides reward processing, computation of the effort needed to execute the action, as 
well as willingness to expend that effort is needed to engage in goal-directed behavior 
(Kring & Barch, 2014). If the expected benefit of a certain action exceeds the expected 
effort, this will lead to the approach motivation needed to prepare and execute the 
action (Kring & Elis, 2013). On a neural level, effort computation and expenditure is 
thought to involve the striatum, ventromedial prefrontal cortex, and insula (Treadway 
et al., 2012). Difficulties in effort cost computation and expenditure have been found 
in relation to negative symptoms (Fervaha et al., 2013; Gold, Waltz, & Frank, 2015) 
and difficulties in effort expenditure have been related to less activation in the nucleus 
accumbens, the posterior cingulate gyrus, and medial frontal gyrus, in patients with 
schizophrenia compared to healthy controls (Huang et al., 2016). However, how this 
relates to negative symptoms remains to be investigated. 

Furthermore, when the reward/effort ratio is such that one is inclined to engage in the 
action, intact executive functioning (including processes like allocation of attention, 
rule finding, set-shifting, and the maintenance of goals and subgoals) is needed to 
plan the action (Levy & Dubois, 2006). These processes have often been associated 
with activation and connectivity in a network of frontal, striatal, and parietal regions 
(Leh, Petrides, & Strafella, 2010). In patients with schizophrenia, disturbances in 
executive functioning have been found, and have been associated with activation and 
connectivity in a network (Deserno et al., 2012; Minzenberg et al., 2009). In relation to 
negative symptoms, reduced activation has been found in the left DLPFC, left premotor 
cortex, and bilateral nucleus accumbens during processing of novel stimuli (Wolf et 
al., 2008) and to reduced activation in the right hippocampus, amygdala, superior 
temporal cortex, fusiform gyrus, and thalamus, the left middle frontal gyrus and lateral 
parietal cortex, and the bilateral insula, cuneus, and posterior cingulate cortex during 



12

the processing of target stimuli (Shaffer et al., 2015) during auditory oddball paradigms. 
Moreover, stronger severity of amotivation has been found in association with reduced 
activation in the thalamus and parietal cortex during planning behavior (Liemburg et 
al., 2015).

Finally, the initiation or auto-activation of thoughts or behavior is imperative to execute 
goal-directed action (Levy & Dubois, 2006). Difficulties in action initiation are reflected 
in reduced activation of mental set and emotional response, and lack of self-generated 
thoughts (mental emptiness) and self-generated actions. In patients with reduced 
thought or action initiation, there may be a clear contrast between an obvious reduction 
of self-generated actions and a normal production of actions in response to external 
demands. Self-initiation of behavior is thought to rely on the anterior midcingulate 
cortex and (pre-) supplementary motor area ((pre-) SMA) (Hoffstaedter et al., 2013; 
Jenkins et al., 2000) and disruptions in these areas are thought to lead to reduced goal-
directed behavior and therefore to amotivation (Levy & Dubois, 2006). 

Expressive deficits 
When it comes to expressive deficits, the body of research concerning this topic is 
much more limited. However, studies on blunted affect and alogia in patients with 
schizophrenia suggest that recognition and processing of emotions and allocation of 
cognitive resources may be disrupted in patients with expressive deficits. In line with 
the modest number of studies, models regarding the underlying cognitive and neural 
mechanisms of expressive deficits have not been thoroughly developed.

Studies focusing on blunted affect have found that this symptom was associated with 
impairments in judging facial affect of others, especially when differences in affect were 
subtle (Gur et al., 2006). One area that is consistently implicated in the processing of 
emotional stimuli and facial affect in particular is the amygdala (Wager et al., 2003). This 
area has consistently been associated with disrupted emotional processing (Aleman & 
Kahn, 2005), and indeed, during the processing of facial affect, negative symptoms have 
been associated with reduced activation of the amygdala for positive affect (Lepage et 
al., 2011; Rahm et al., 2015). Moreover, Gur et al. (2007) showed that blunted affect was 
related to increased amygdala activation during disrupted processing of fearful faces, 
suggesting an overstimulation of the amygdala in these patients. 

Alogia on the other hand may be due to limited cognitive resources (Cohen et al., 2014). 
This idea is based on the assumption that at any given time, an individual has a certain 
amount of cognitive resources that can be allocated towards cognitive functioning. 
Given the cognitive deficits that are often found in patients with schizophrenia, fewer 
cognitive resources may be available in patients than in healthy individuals. Patients 
may therefore lack the resources needed to produce normal levels of speech while 
having to attend to other cognitive functions as well. Hager et al. (2015) added to 
this that patients with schizophrenia with more severe expressive deficits showed 
disruptions in reward-modulated allocation of resources. Using a working memory 
task with varying levels of performance incentives, patients and healthy controls were 
expected to allocate resources towards the higher yield, a function thought to be 
mediated by the anterior cingulate cortex (ACC) (Krebs et al., 2012). Results showed 
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that patients were less able to adapt cognitive resources towards a rewarding outcome, 
suggesting that not only limited resources, but also allocation of resources may be 
underlying expressive deficits.

Resting-state functional connectivity and negative symptoms
Similar to task-based fMRI studies, studies using resting-state fMRI have shown a 
heterogeneous pattern of findings. Although dysconnectivity of large-scale brain 
networks has long been linked to schizophrenia (Stephan, Baldeweg, & Friston, 2006), 
to date no clear-cut association has been found between connectivity changes and 
negative symptoms. Both increased (Bluhm et al., 2007; Cole et al., 2011; Mingoia et al., 
2012; Mwansisya et al., 2013; Wang et al., 2015) and decreased functional connectivity 
(Bluhm et al., 2007; Cole et al., 2011; Lui et al., 2009; Pu et al., 2014; Wang et al., 2014) 
have been found in relation to negative symptoms, both within and between resting-
state networks. However, not in all studies an association with negative symptoms 
has been found (Orliac et al., 2013; Rotarska-Jagiela et al., 2010; Schilbach et al., 2016; 
Wang et al., 2016). Specifically, negative symptoms have been associated with altered 
connectivity between a variety of brain regions, including the lateral and medial 
prefrontal cortex, anterior and posterior cingulate, precuneus, and several areas in the 
temporal lobe (Bluhm et al., 2007; Cole et al., 2011; Lui et al., 2009; Mingoia et al., 2012; 
Mwansisya et al., 2013; Pu et al., 2014; Wang et al., 2015, 2014). How these changes in 
functional connectivity reflect variations in the negative symptom factors or specific 
symptoms remains unclear. 

More recently, the organization of the brain as a complex graph has received considerable 
attention. Using graph theory, it has been shown that the brain, like many other 
complex networks, has a small-world organization or topology, which is characterized 
by high local clustering, combined with short path lengths between nodes, i.e., brain 
areas, balancing integration and segregation or specialization of processing (Fornito & 
Bullmore, 2015). Studies have shown that in patients with schizophrenia the functional 
organization of the brain is less like a less small-world network than in healthy controls 
(Kambeitz et al., 2016). Specifically, retained or higher functional integration (e.g., 
retained or higher global efficiency) and lower segregation (e.g., smaller clustering 
and modularity coefficients) may imply that network connectivity is more random 
in patients with schizophrenia (Rubinov et al., 2009). Associations between negative 
symptom severity and lower (Ma et al., 2012; Yu et al., 2011) and higher integration 
(Su et al., 2015) have been found, but whether this reflects heterogeneity in negative 
symptoms remains unknown. 

Aim and outline of this thesis
The aim of this thesis is to investigate the neural substrate of negative symptoms. Neural 
correlates of negative symptoms as a whole, as well as those of the expressive deficits 
and amotivation factor and apathy as core negative symptom are assessed, in order to 
unravel the neural processes that are disrupted in people with negative symptoms. To 
this end, task-based brain activation related to reward processing, affective forecasting 
(i.e., thinking about positive events that may happen in the future), cognitive flexibility, 
and self-initiative are examined, as well as connectivity during rest (Figure 1). Both 
studies in patients with schizophrenia and in healthy individuals are included, in order 
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to take into account a broad range of symptom severity.

In chapter 2, the involvement of reward-related ventral striatal activation is studied 
in association with negative symptoms. Using quantitative meta-analysis, results from 
published literature on this topic are combined to assess whether negative symptoms 
are consistently related to reduced activation of the ventral striatum during reward 
processing. In chapter 3, we expand the study of reward-related processing to a more 
broad and personalized representation of rewarding stimuli. To this end, we explore 
the neural underpinnings of affective forecasting as a possible substrate for negative 
symptoms in patients with schizophrenia. 

In chapter 4 we zoom in further on negative symptoms and examine whether 
functional brain organization is differently related to the factors of negative symptoms: 
expressive deficits and amotivation. Brain organization is studied using graph analysis 
on resting-state data of patients with schizophrenia. The aim of this chapter is to assess 
whether the graph theoretical properties of the functional networks of these patients 
are related to expressive deficits, amotivation, or negative symptoms as a whole. In 
chapter 5, we focus specifically on the amotivation factor and assess reward-related 
resting-state connectivity in relation to the amotivation factor. Specifically, we assess 
functional connectivity between a seed consisting of the ventral tegmental area and 
substantia nigra, and the rest of the brain in patients with schizophrenia. 

In chapter 6, the focus is shifted from patients with schizophrenia to healthy individuals 
with varying levels of apathy. The focus on amotivation is narrowed by assessing the 
neural correlates of a single core negative symptom, namely apathy. Specifically, in 
this chapter we assess whether apathy in the healthy population is associated to neural 
alterations during set-shifting, a crucial component of executive functioning. In chapter 
7, the neural correlates of apathy in the healthy population are explored further. In this 
chapter, the focus lies on the association between apathy and neural activation related 

Figure 1. Cognitive processes that may be 
related to negative symptoms. Numbers 
refer to the chapter in which the neural cor-
relates of the respective cognitive process 
or symptom factor are discussed. 
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to auto-activation or self-initiative.

Finally, in chapter 8, results are summarized and discussed in relation to the current 
literature.





PART I

Neural correlates of negative symptoms





Chapter 2

Negative symptoms and ventral striatal 
activation during reward processing in 

schizophrenia: A systematic review and meta-
analysis 

Nicky G. Klaasen
Esther M. Opmeer
André Aleman

Submitted for publication



20

Abstract
Negative symptoms form a debilitating symptom cluster in patients with schizophrenia. 
Reduced motivation is considered a central aspect of negative symptoms and 
may be mediated by disruptions in reward processing. Indeed, disrupted reward 
processing and related ventral striatal (VS) activation have been found in people 
with schizophrenia. However, results have been inconsistent regarding the specific 
relationship between reward-related VS activation and negative symptoms. Therefore, 
we performed a systematic review and meta-analysis of published studies in order to 
assess this association. Results showed a statistically significant, small to moderate, 
negative correlation between reward-related VS activation and negative symptoms 
in the left VS (r=-0.21, k=23), but not the right VS (r=-0.08, k=18). This correlation was 
most pronounced in studies targeting reward anticipation. There was no association 
between VS activation and positive symptoms. The findings support the notion that left 
VS activation during reward-related tasks is specifically related to negative symptoms 
in patients with schizophrenia. Further research is needed to address clinical and 
methodological variations.

Introduction
The negative symptoms of schizophrenia refer to the absence or reduction of normal 
functions or behaviors. They include blunted affect, alogia, anhedonia, apathy and 
asociality (Kirkpatrick et al., 2006). Negative symptoms are prominent and disabling 
in all stages of the disorder, from prodromal to chronic stages (Millan et al., 2014) and 
have been shown to strongly predict worse functional outcome (Ho et al., 1998; Hunter 
& Barry, 2012; Ventura et al., 2015; Verma et al., 2012), most notably social functioning 
(Strassnig et al., 2015). The large impact of negative symptoms on functioning justifies 
a relentless quest for effective treatments, which unfortunately are lacking at present 
(Aleman et al., 2017; Kirkpatrick et al., 2006; Millan et al., 2014). In order to develop more 
effective treatments, it is crucial to understand the cognitive and neural mechanisms 
that underlie negative symptoms.  

Amotivation and apathy are a central component of negative symptoms, especially 
with respect to functional outcome (Foussias & Remington, 2010). Intact evaluation, 
prediction and maintenance of rewarding information are crucial for motivation and 
goal-directed behavior (Kring & Barch, 2014). Disrupted reward processing could 
therefore play a role in the occurrence of negative symptoms. Reward processing 
concerns attribution of a positive valence to an object, behavioral act or internal 
state (Winton-Brown et al., 2014), in many possible domains (e.g., gustatory, 
olfactory, monetary, social). Reward processes can be divided into three components, 
underpinned by distinct but closely related neuroanatomical and neurochemical 
circuitry: anticipation, outcome, and learning (Liu et al., 2011). Several studies have 
reported that the ventral striatum (VS), a key area of the dopaminergic reward system 
(Berridge, Robinson, & Aldridge, 2009), is involved in each of these three processes 
(Abler et al., 2006; Kelley et al., 2002; Knutson et al., 2001). The dopamine hypothesis 
of schizophrenia states that dysregulation of striatal dopamine may lie at the base of 
positive and negative symptoms (Howes & Kapur, 2009). Increased striatal dopamine 
may contribute to aberrant salience allocation to neutral stimuli. This, in combination 
with cognitive, social and cultural factors may induce hallucinations and delusions. 
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Failure to correctly allocate salience to rewarding stimuli on the other hand may be at 
the core of negative symptoms (Heinz & Schlagenhauf, 2010; Howes & Kapur, 2009; 
Whitton, Treadway, & Pizzagalli, 2015).

All three reward processes have been shown to be disrupted in schizophrenia, albeit 
to different degrees (Kring & Barch, 2014). Patients generally report less anticipatory 
pleasure than healthy controls (Gard et al., 2007) and consistently show reduced brain 
activation during anticipation of reward, especially in the VS (Barch & Dowd, 2010). In-
the-moment hedonic experience on the other hand has been shown to be relatively 
intact in patients with schizophrenia (Strauss & Gold, 2012), although not all studies 
have found this (Tso, Grove, & Taylor, 2014). Moreover, neural responses during receipt 
of monetary rewards have shown to be comparable to healthy controls, while studies 
on non-monetary rewards (e.g., olfactory rewards), have shown mixed results (Kring 
& Barch, 2014). Disruptions in reward learning have also been found in patients with 
schizophrenia (Barch & Dowd, 2010; Deserno et al., 2013). This functional impairment 
is consistently correlated with reduced activation of brain regions involved in reward 
prediction, most notably in the VS (Deserno et al., 2013; Murray et al., 2008). 

Moreover, a relationship has been suggested between the level of negative symptoms 
and VS activation during reward processing. However, studies have shown somewhat 
mixed results. Negative symptoms have been associated with less VS activation during 
reward anticipation in some (e.g., Dowd & Barch, 2010; Juckel et al., 2006b; Simon 
et al., 2010), but not all previous studies (e.g., Grimm et al., 2012; Simon et al., 2015)
(Grimm et al., 2012; Simon et al., 2015). During the outcome phase, negative symptoms 
have been related to differences in degree of experiencing pleasure or positive emotion 
(Dowd & Barch, 2010; Herbener et al., 2008; Tso, Grove, & Taylor, 2014) and ventral 
striatal brain activation during hedonic experience (Gradin et al., 2013), although other 
studies have no relationship with negative symptoms (Wolf et al., 2014). Furthermore, 
patients with high levels of negative symptoms have shown difficulties incorporating 
value information in their decision making (Gold et al., 2012) and activation in the 
ventral striatum was found to be related to negative symptoms in some (Morris et al., 
2012; Waltz et al., 2009), but not all studies examining reward learning (Park et al., 
2015; Walter et al., 2009).

To summarize, the current literature suggests that reward processing is disrupted in 
patients with schizophrenia and that the ventral striatum may play an important role. 
Individual differences in symptoms, especially negative symptoms, may be related to 
this disruption in VS activation. However, because the results regarding this relation 
are mixed, the robustness and magnitude of this relationship is not clear. A meta-
analysis by Goghari and colleagues (Goghari, Sponheim, & MacDonald, 2010) indicated 
an association between negative symptoms and ventral striatum activation during 
reward and conditioning tasks (r=0.45, CI95%=0.16-0.74). However, this meta-analysis 
was based on only three studies, which were the only available studies at that time. 
More recently, Radua et al. (2015) reported reduced ventral striatal activation in a meta-
analysis of studies including patients with schizophrenia and/or high-risk populations 
compared to healthy controls. They observed a negative correlation between ventral 
striatal activation during reward anticipation and degree of negative symptoms, but 



22

not with positive symptoms. Notably, since the literature search of this meta-analysis, 
several additional articles on reward processing in schizophrenia have been published. 
In addition, it is possible that aberrant brain activation in high-risk populations differs 
from that in patients and thus a separate analysis in patients only is warranted. 
Furthermore, the relationship between negative symptoms and VS activation may be 
broader than just monetary reward. Ventral striatal activation during sensory or social 
reward may also be related to symptoms of schizophrenia. 

We therefore aimed to go beyond previous meta-analyses by including more studies 
and by analyzing studies reporting on schizophrenia separately. Besides examining 
whether there is a consistent association between negative symptoms and ventral 
striatal activation in patients with schizophrenia, we also evaluated whether this would 
extend to positive symptoms. We hypothesized that activation in the VS would be 
related to symptom severity, especially to negative symptoms.

Materials and Methods
Literature search
In order to identify the articles regarding negative symptoms and ventral striatal (VS) 
activation during reward processing in schizophrenia, a literature search was performed 
in PubMed and Web of Science to articles published until April 13th 2017. The search 
included the terms [(schizophrenia OR psychosis OR schizoaffective) AND (reward 
OR reinforcement OR salience OR “positive faces” OR “happy faces”) AND (fMRI OR 
PET OR SPECT OR neuroimaging OR “neural activation”)]. Furthermore, the reference 
lists of included articles and relevant reviews were manually screened for additional 
references not found in the database search.

Study selection
Selection of the relevant articles was performed in two steps. First, titles and abstracts 
were reviewed. Articles were included if they (1) were written in English, (2) were an 
article that contained original research, (3) used task-based fMRI, PET or SPECT, and 
(4) included a sample of patients with schizophrenia and/or schizoaffective disorder. In 
case of uncertainty, the article was included for full-text screening. 

During full text screening of the remaining articles, it was assessed whether the articles 
fulfilled the abstract selection criteria. In addition, they were reviewed to assure that 
they (5) used a reward-processing task, (6) included a sample of at least ten individuals, 
(7) had an independent sample from any other study, and (8) investigated the correlation 
between VS activation and positive or negative symptoms. Reward processing tasks 
in all three reward stages (i.e., anticipation, outcome and learning) and in all domains 
(e.g., monetary, social, olfactory, and gustatory) were included in the analysis. 

All articles were evaluated on these criteria independently by two researchers (NK and 
EO). Inconsistencies were solved in a consensus meeting. In case two studies used the 
same sample, the largest sample was included or in case of equal sample sizes, the most 
recent study was included in the meta-analysis. If there was doubt whether two samples 
were independent, the corresponding authors of those publications were contacted. 
One study (Schlagenhauf et al., 2008) reported measurements on two different time 
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points; from this study only the baseline measurement was included. 

Data extraction
From all selected articles, we extracted the correlation values, sample size, placement of 
the region of interest (ROI), contrast for which the correlation was calculated, medication 
status, and symptom scores. In case correlations were calculated for different measures 
of negative or positive symptoms within the same study, the correlation with the most 
comprehensive and general measure of symptoms was included. 

In several cases, it appeared from the article that a correlation coefficient was calculated, 
but the correlation value was not reported (all non-significant correlations). The 
corresponding authors of these articles were contacted for the statistical information. 
In several cases the authors provided the missing correlations (Culbreth et al., 2016; 
Kirschner et al., 2016b; Mucci et al., 2015; Wolf et al., 2014). In order to account for 
the remaining missing non-significant correlations, these values were estimated. To be 
sufficiently but not excessively conservative, an estimation of the unreported values 
was made based on the pooled correlation coefficient of the included studies that 
reported a non-significant correlation coefficient (or of which a value could be obtained 
from the corresponding author). This pooled correlation coefficient was used as an 
estimate of the non-reported non-significant correlations.

Statistical analysis
The data were analyzed using the metafor package (Viechtbauer, 2010), implemented 
in R (R Core Team, 2017). The correlation values and the sample sizes were used to 
calculate the pooled correlation. The correlation coefficients were first standardized 
using Fisher’s r-to-z-transform. The resulting z-values were pooled and transformed 
back to a correlation coefficient. The correlation values were interpreted as weak 
(around 0.1), explaining 1% of the total variance, moderate (around 0.3), explaining 9% 
of the total variance or strong (around 0.5 and larger), explaining at least 25% of the 
total variance (Cohen, 1992). Because of the variability in study characteristics (e.g., 
study populations, tasks and symptom measures), the random effects model was used 
for the analysis in order to obtain the pooled correlation coefficient. 

In order to assess the reliability of the correlation meta-analysis, statistical 
heterogeneity and publication bias were reviewed. Statistical heterogeneity refers to 
variation in effects between studies not due to chance. Heterogeneity was assessed 
with Cochran’s Q test, which tests whether all study effects are equal. In order to 
quantify the heterogeneity, the I2 statistic was calculated. An I2 value of 0-50% indicates 
low heterogeneity, an I2 of 50-75% indicates moderate and an I2 of 75-100% indicates 
high heterogeneity. In order to assess potential publication bias, funnel plot asymmetry 
was investigated and Egger’s regression test was performed. 
 
Results
Database search
An overview of the selection procedure can be found in Figure 1.The literature search 
resulted in a total of 845 records. Manual screening of the reference lists yielded 26 
additional records. After removal of duplicate records (records that were obtained from 
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multiple sources, e.g., PubMed, Web of Science, and the reference lists), 617 records 
were screened based on their abstract information. Of 173 articles the full-text was 
assessed for eligibility. Finally, 26 articles were included in the meta-analysis. 

Characteristics of the studies included in the meta-analysis can be found in Table 1, 2, 
and 3. There were several sources of heterogeneity in the pooled sample: the included 
studies varied in terms of the measurement of negative symptoms and the type of task 
and contrast that were used. Furthermore, there were differences in patient samples 
regarding severity, duration of illness and medication use.
 

Figure 1: Flow diagram of selection procedure. VS: ventral striatum; NS: negative symptoms; PS: positive 
symptoms.

Quantitative meta-analysis
Negative symptoms 
In 17 of the 23 articles in which a correlation between negative symptoms and the left 
VS was calculated, a correlation value was reported or made available. For the right 
VS, this was the case for 13 out of 18 articles. The remaining values were estimated by 
calculating the pooled correlation of all reported non-significant values (left VS: r=-0.04 
and right VS: r=-0.09).
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The meta-analysis of correlations between negative symptoms and reward-related left 
VS activation resulted in a significant negative pooled correlation of small to moderate 
strength (r=-0.21, p=.003, k=23; Figure 2). Statistical heterogeneity between studies was 
significant and moderate (I2=50.1%; Q(22)=43.96, p=.004). Visual inspection of the funnel 
plot (Figure 4) yielded minor indications for publication bias. Specifically, it showed a 
minor absence of studies with a high standard error (SE) and high positive z-scores. 
This was confirmed by Eggers regression test that showed a significant deviation from 
a symmetric funnel (z=-2.19, p=.03). However, the Trim and Fill plot showed no imputed 
studies, suggesting that there were no strong indications for publication bias. 

Performing the analysis separately on anticipation and learning contrasts yielded 
a significant correlation for reward anticipation (r=-0.24, p=0.046, k=12; I2=64.35%; 
Q(11)=31.08, p=.001) and a trend-level association for learning contrasts (r=-0.14, 
p=0.07, k=9; I2=7.95%; Q(8)=8.2, p=.41). No separate analysis was performed on the 
outcome contrasts, because only two contrasts could be included in this analysis.

Overall, reward-related activation in the right VS was not significantly associated with 
negative symptoms (r=-0.08, p=0.21, k=18; I2=39.96%; Q(17)=30.79, p=.02), nor was right 
VS activation during anticipation or learning (Figure 3). Again, no separate analysis was 
performed for reward outcome. Visual inspection of the funnel plot, Eggers regression 
test (z=0.68, p=.50), and the Trim and Fill plot showed no indications for publication 
bias.

Positive symptoms
Regarding the relation with positive symptoms, a correlation value was available in 8 out 
of 15 studies for the left VS and in 6 of 11 studies for the right VS. The remaining values 
were estimated the same way as for negative symptoms (left VS: r=-0.01 and right 
VS: r=-0.02). Because of the small number of values per type of reward contrast, this 
analysis was only performed for a combination of all reward contrasts. No significant 
pooled correlation was found between positive symptoms and activation in the left VS 
(r=0.05, p=.46, k=15); I2=13.09%; Q(14)=17.44, p=.23) and the right VS ( r=-0.06, p=.35, 
k=11); I2<0.001%; Q(10)=8.87, p=.54). 
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Figure 2: Forest plot of correlations between negative symptoms and left ventral striatal activation. 1In this 
study association were calculated for two separate samples.
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Figure 3: Forest plot of correlations between negative symptoms and right ventral striatal activation. 1In this 
study association were calculated for two separate samples.

Figure 4: Funnel plot of effect sizes 
(Fisher’s z) and standard error of studies 
in which a correlation value was reported 
between left VS activation and negative 
symptoms; black: reported values; grey: 
estimated values.
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ROI placement
In order to explore possible effects of placement of the ROI on the individual studies' 
effect size, the ROIs used to calculate the correlation between left ventral striatal 
activation and negative symptoms were visualized (Figure 5). For this visualization 
ROIs were included from studies that reported a correlation value and of which an ROI 
mask could be derived from the article or was provided by the authors. This showed 
that there was substantial variation in ROI placement. Comparison of studies reporting 
negative correlations with those reporting positive correlations showed that in the 
studies reporting a positive correlation the ROI was placed somewhat more dorsally 
and laterally in comparison to the ROIs in studies that found a negative correlation, 
although considerable overlap existed as well. 

Figure 5: Plot of the regions of interest (ROIs) of the left ventral striatum (VS) used to calculate the correlation 
with negative symptoms. ROIs from studies that reported a negative correlation are shown in red (significant 
correlations) and pink (non-significant correlations). ROIs from studies that reported a positive correlation 
are shown in light blue (only non-significant correlations were reported). Overlap is shown in purple.

Qualitative review
In several articles correlations with activation in other brain areas than the VS have 
been reported. For an exploratory review of the concerned studies, three additional 
articles were included (Morris et al., 2015; Nielsen et al., 2012; Rauch et al., 2010; White, 
Gilleen, & Shergill, 2013). These studies were not included in the meta-analysis of 
reward-related VS activation, because they did not investigate the VS. 
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Negative symptoms
Exploratory review of these studies on other brain areas than VS showed a very diverse 
pattern of findings. During the anticipation of reward, a correlation was found between 
negative symptoms and activation in the ventromedial prefrontal cortex (Dowd & 
Barch, 2012), dorsolateral prefrontal cortex (Dowd et al., 2016), inferior frontal gyrus 
(Dowd & Barch, 2012), and caudate (Mucci et al., 2015). During the receipt of reward, a 
correlation was found between negative symptoms and reduced activation in the lateral 
prefrontal cortex (Waltz et al., 2010) and the middle and superior frontal gyrus, uncus, 
and cerebellum (Dowd & Barch, 2012), and between negative symptoms and increased 
activation in the amygdala (Rauch et al., 2010). Furthermore, in patients with higher 
levels of negative symptoms activation was lower in the precentral and postcentral 
gyrus (Waltz et al., 2009) and caudate (Dowd et al., 2016) during reward learning. 

Positive symptoms
Regarding positive symptoms, during anticipation of reward a correlation was found with 
activation in the medial prefrontal cortex (MPFC) and the midcingulate (Subramaniam 
et al., 2015). During the outcome phase delusions were found in association with 
activation in the MPFC (Schlagenhauf et al., 2009) and amygdala (Rauch et al., 2010). 
During learning, a correlation was found with activation in the ACC (Walter et al., 2009) 
and the amygdala-hippocampal complex and parahippocampal gyrus (Gradin et al., 
2011). 

Discussion
The results from this meta-analysis suggest reward-related striatal involvement in 
negative symptoms, especially in the left ventral striatum (VS). This relationship was 
not found for positive symptoms and was therefore specific for negative symptoms. 
This suggests that abnormal ventral striatal activation during reward processing is 
disruptive for motivational and goal-directed behavior. 
These results are in line with previous reports of a decrease in left VS activation related 
to more negative symptoms in patients with schizophrenia (Goghari, Sponheim, & 
MacDonald, 2010) and combined studies of patients with schizophrenia and high risk 
groups (Radua et al., 2015). The absence of a relationship with positive symptoms is 
also in line with previous findings (Goghari, Sponheim, & MacDonald, 2010; Radua et 
al., 2015). 

Our findings are compatible with the model of motivation and pleasure in schizophrenia 
as presented by Kring and Barch (2014). This model integrates hedonic experience, 
memory processing, reward learning, reward prediction, executing effort, and 
construction of action plans to describe the process from a hedonic experience to goal-
directed behavior. In this respect, in-the-moment hedonic experience forms the initial 
input on which the following processes are based. Reward prediction and learning on 
the other hand are crucial for the experience of anticipatory pleasure. When anticipatory 
pleasure of a reward exceeds the anticipated effort to obtain it, this will lead to the 
construction of an action plan and subsequently a behavioral response. Therefore, if 
one of these processes is disturbed, a reduction in goal-directed behavior could be the 
result. Because all three reward processes share an involvement of VS activation (Abler 
et al., 2006; Kelley et al., 2002; Knutson et al., 2001), disruptions in VS activation during 
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one or multiple of the described processes may contribute to reduced goal-directed 
behavior and therefore lead to negative symptoms. 

In addition, the correlation between negative symptoms and reward-related activation 
in the VS corresponds to what is known about the function of the VS. The VS consists of 
the nucleus accumbens (NAcc) and the ventral parts of the caudate and the putamen. 
It is part of a limbic network containing the basal ganglia (BG) in which it receives input 
from the ACC and projects to the ventral pallidum, which projects to the medial dorsal 
nucleus of the thalamus, which in turn projects back to the prefrontal cortex. This limbic 
loop is crucial for emotional and reward-related behavior (Walter et al., 2005). The dorsal 
striatum on the other hand has been suggested to be part of a more executive network 
(Balleine, Delgado, & Hikosaka, 2007).  In this network, the dorsolateral prefrontal 
cortex (DLPFC) projects to the anterior caudate and via the globus pallidus, internal 
segment, and the substantia nigra pars reticularis to the dorsomedial and ventral 
anterior nuclei of the thalamus and back to the DLPFC. This network is thought to be 
involved in cognitive processes like planning, working memory, and attention (Haber & 
Behrens, 2014). Integration between these loops creates a possibility for motivation-
to-action conversion (Haber & Behrens, 2014). Both loops are therefore crucial for goal 
directed behavior and disruption in either of these loops may cause disruptions in goal-
directed behavior, a major component of negative symptoms. However, disruptions in 
just one of these loops may influence different stages of goal-directed behavior. While 
alterations in the executive loop may disrupt planning of behaviors, alterations in the 
limbic loop may disrupt reward valuation, anticipation and learning, which in turn may 
disrupt motivational processes and thereby goal-directed behavior. 

The functional segregation of the different parts of the striatum could explain that 
the reported correlations between activation in a more dorsal part of the striatum 
and negative symptoms had different effect sizes (e.g., in a positive direction) (Grimm 
et al., 2012) than those with activation in the ventral striatum. However, Mucci et al. 
(2015) found a negative correlation between dorsal caudate activation and avolition, 
but not anhedonia. These different findings may lead to the conclusion that differences 
in the roles of the ventral and dorsal striatum may be subtle and complex. Therefore, 
additional studies on the involvement of these areas in reward and motivational 
processes are needed. 

Functional segregation of the striatum may also play a role in the absence of a 
significant correlation with positive symptoms. In a study on coherent intrinsic activity 
within striatal subregions, (Sorg et al., 2013) found that intrinsic connectivity in the 
dorsomedial, associative striatum was related to positive symptoms during psychosis, 
whereas connectivity in the ventral, limbic striatum was related to negative symptoms 
during remission. Moreover, according to the dopamine hypothesis of schizophrenia, 
positive symptoms may be due to allocation of salience to irrelevant or neutral stimuli 
(Howes & Kapur, 2009; Whitton, Treadway, & Pizzagalli, 2015). Therefore, the current 
focus on positive rewarding and therefore relevant stimuli could explain the low 
correlation with positive symptoms. It could be hypothesized that positive symptoms 
correlate more strongly with VS activation during processing of neutral rather than 
rewarding stimuli (Howes & Kapur, 2009).
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The association between negative symptoms and ventral striatal activation may not be 
restricted to reward-related processes. For example, Harvey et al. (Harvey et al., 2010) 
reported that higher levels of anhedonia were related to lower VS activation during the 
processing of positive emotional information in patients with schizophrenia. Moreover, 
higher levels of negative symptoms have been reported in patients with lower VS 
activation during an auditory oddball task (Wolf et al., 2008) and a self-monitoring 
task (Kumari et al., 2010). These findings support the idea that the relation between 
negative symptoms and VS activation is not solely dependent on reward processes, but 
may be more broadly related to a disruption in salience attribution to relevant stimuli 
(Kapur, 2003). 

Limitations
Several limitations regarding the current study have to be mentioned. First, there 
was moderate heterogeneity between the included studies, which could be due to 
clinical and methodological factors. Clinical factors such as medication use, symptom 
severity and illness duration could have an effect on the correlation between negative 
symptoms and ventral striatal activation. Medication use, especially the use of typical 
antipsychotics, has been shown to influence VS activation (Beninger et al., 2010; Juckel 
et al., 2006a; Schlagenhauf et al., 2008). However, because a correlation between 
negative symptoms and VS activation was also found in studies of unmedicated 
patients (Juckel et al., 2006b) and patients on atypical antipsychotics (Kirschner et al., 
2016a; Simon et al., 2010), medication status may not fully explanation the observed 
relationship. 

Experimental factors that could contribute to heterogeneity between the studies may 
be the type of fMRI task, the reward processing stages under study, placement of the 
ROI, the amount of variation in symptom severity, and the measure used for indexing 
symptoms. Regarding the last factor, it is important to note that different measures 
incorporate different aspects of negative symptoms (and all have their pros and cons; 
see Lincoln et al., (2017) for a review). The PANSS negative scale, the SANS and the 
BNSS encompass the entire spectrum of negative symptoms. In this meta-analysis the 
focus was on negative symptoms in general. However, a focus on a more specific range 
of symptoms or single symptom may give different and more precise information. 
Furthermore, several studies have shown that negative symptoms consist of two 
subdomains: amotivation and expressive deficits (Fervaha et al., 2014b; Liemburg et 
al., 2013; Strauss et al., 2013). The amotivation factor may be particularly related to 
VS activation during reward processing (Kirschner et al., 2016a). Therefore, assessing 
the factors separately may aid in the understanding of the neural base of negative 
symptoms (Kring & Barch, 2014). Furthermore, single symptom measures like the AES 
and the Chapman Physical and Social Anhedonia scales make it possible to draw more 
precise and specific conclusions. For example, whereas anhedonia may be more related 
to the consummation of reward, apathy or amotivation may be more related to the 
anticipation or leaning of rewards (Simon et al., 2010). Finally, several non-significant 
correlation values included in this meta-analysis had to be estimated because of lack of 
reported values. It would be desirable for future studies to report both significant and 
non-significant correlation values.
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Conclusion
In conclusion, the current study showed a relationship between negative, but not 
positive, symptoms and reward-related ventral striatal activation. These results fit with 
the role of the VS in reward-related processes, which influence motivation and may be 
compromised in patients with negative symptoms. Future research may benefit from 
addressing clinical and methodological factors that may moderate this association. 
Finally, treatment strategies may be developed that target improving reward sensitivity 
in order to reduce negative symptoms.
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Abstract
Reduced motivation and goal-directed behavior are central to negative symptoms of 
schizophrenia and may be mediated by reduced anticipatory pleasure. Indeed, using 
standardized reward paradigms, an association between reduced anticipatory pleasure 
and negative symptom severity has often been found. Recently, it has been shown that 
this association extends to the imagination of personally generated positive future 
events. The aim of this study was to assess the association between brain activation 
and functional connectivity during imagination of positive future events and severity of 
negative symptoms in patients with schizophrenia. We analyzed fMRI data of 27 patients 
with schizophrenia, with varying levels of negative symptoms (measured with the Scale 
for the Assessment of Negative Symptoms [SANS]). During MR-scanning, participants 
performed an affective forecasting task, which consisted of imagining positive future 
events and neutral routine events. Associations between negative symptoms and ratings 
of vividness and valence of these events were assessed. Furthermore, we investigated 
the association between negative symptom severity and brain activation and functional 
connectivity during the imagination of positive versus neutral events. Results showed 
that negative symptom severity was related to lower vividness ratings and less positive 
valence ratings of imagined positive future events. Imagination of positive future 
events (compared to routine events) was related to activation in the superior/orbital 
medial frontal gyrus and precuneus/PCC. Although regional brain activation was not 
related to negative symptom severity, we did observe a relationship between severity 
of negative symptoms and lower functional connectivity between the precuneus/PCC 
and the precuneus/paracentral lobule and cerebellum (lobule VI/Crus I). These results 
indicate that negative symptoms are characterized by behavioral alterations in affective 
forecasting, and that these differences may be underpinned by concomitant alterations 
in functional brain connectivity rather than level of regional activation, emphasizing the 
importance of neural dysconnectivity in the characterization of negative symptoms.

Introduction
Motivational problems and reductions in goal-directed behavior are central to 
schizophrenia (Kring & Barch, 2014). It has been proposed that a lack of anticipatory 
pleasure may play an important role in these disruptions (Gard et al., 2007; Levy & 
Dubois, 2006). Anticipatory pleasure can be described as thinking about enjoyment or 
pleasure of future events. It is thought to be a key requisite for goal-directed behavior, 
because it may increase motivation to obtain a certain pleasurable goal and may thereby 
promote goal planning and execution (Kring & Barch, 2014). Reduced experience of 
anticipatory pleasure has been consistently shown in patients with schizophrenia and 
may play a crucial role in the occurrence of negative symptoms (Kring & Barch, 2014).

Anticipation of pleasure has been found to depend on involvement of the mesolimbic 
dopaminergic circuit, including the ventral tegmental area, the ventral and dorsal 
striatum, amygdala, and medial prefrontal cortex, extending to the anterior cingulate 
cortex (ACC) (Haber & Knutson, 2009; Liu et al., 2011). Therefore, it could be 
hypothesized that disrupted activation and connectivity of these brain areas during the 
anticipation of pleasure is associated with reductions in motivation and goal-directed 
behavior in patients with schizophrenia. 
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Indeed, reduced activation during the anticipation of pleasure or reward in patients with 
schizophrenia has been found in the ventral striatum, (dorsal) caudate, ACC, posterior 
cingulate cortex (PCC), amygdala–hippocampal complex, parahippocampal gyrus, 
and ventromedial prefrontal cortex (VMPFC) (Dowd & Barch, 2010, 2012; Gradin et al., 
2011; Radua et al., 2015; Walter et al., 2009). In relation to negative symptoms, reduced 
activation in the ventral striatum has consistently been reported (Radua et al., 2015). 
Additionally, reduced activation in the dorsal caudate (Mucci et al., 2015), and VMPFC 
(Dowd & Barch, 2012) during reward anticipation have been found. Furthermore, 
several studies have indicated that negative symptoms are associated with lower 
corticostriatal functional connectivity (Koch, Rus, Reess, et al. 2014; Reckless et al. 
2015; Park et al. 2017), as well as lower functional connectivity between the midbrain 
and the insula (Gradin et al. 2013).

To date, the anticipation of reward has often been studied using standardized 
paradigms. While standardization enables direct comparability between participants, 
these paradigms leave no room for individual differences in goals and appraisal of 
positive stimuli. Tasks that use personally generated positive events may therefore 
shed new light on anticipation of pleasure in patients with schizophrenia. In line with 
this idea, Raffard et al. (2013) have used an affective forecasting task during which 
participants were asked to imagine and extensively describe pleasant and unpleasant 
future events. Results showed that pleasant and unpleasant future events imagined by 
patients were less specific and contained fewer sensory details than events imagined by 
healthy controls. Moreover, it has been found that during the imagination of positive 
events, patients with higher levels of apathy, a core negative symptom, reported less 
self-reference. Self-reference was measured as the self-reported degree to which the 
patients’ imagination elicited an emotional response and feelings of pre-experiencing 
the event, and if the patient could imagine what he or she would do or think during 
the event. In line with these findings, Goodby and MacLeod (2016) have demonstrated 
that patients with first-episode psychosis were impaired in future thinking (i.e., 
quickly generating positive and negative future events). Notably, impairments in 
future thinking (measured by the number of generated events, ratings of how likely 
participants deemed the events, and valence ratings), regarding positive events, were 
related to the severity of negative symptoms. It thus seems that imagining positive 
future events may be disrupted in patients with schizophrenia, especially in patients 
with higher levels of negative symptoms.

In a sample of healthy subjects, affective forecasting has been associated with activation 
in the VMPFC, caudate nucleus, and PCC (D’Argembeau et al., 2008), consistent with 
the areas that have been associated with anticipation of reward. It is, however, still 
unknown whether activation or functional connectivity of these areas during positive 
affective forecasting is related to severity of negative symptoms in patients with 
schizophrenia.

Therefore, in this study we investigated brain activation and functional connectivity 
during imagination of positive future events compared with neutral routine events in 
patients with schizophrenia. Specifically, the association between negative symptom 
severity and neural activation and functional connectivity during positive affective 
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forecasting was investigated. We hypothesized (1) that during the imagination of 
positive compared to neutral events more activation would be seen in the VMPFC, 
caudate, and PCC, (2) that functional connectivity between these regions and the rest 
of the brain depends on task condition (i.e., positive compared to neutral events), and 
(3) that activation and connectivity would be lower in patients with higher levels of 
negative symptoms.  

Materials and Methods
Participants
In this study, 27 patients with schizophrenia were included. Inclusion criteria were: age 
of 18 years or older, sufficient knowledge of the Dutch language, and a diagnosis of 
schizophrenia or schizoaffective disorder without a comorbid substance dependence 
disorder (according to the Diagnostic and Statistical Manual of Mental Disorders IV; 
DSM-IV). Exclusion criteria were: presence of a neurological disorder in present or past, 
use of medication that may influence brain activation (except antipsychotics), visual 
or hearing problems that could not be corrected, MR-incompatibility, and inability to 
undergo cognitive testing. This inability to undergo cognitive testing was assessed with 
the Digit Symbol Substitution Task of the WAIS-R (Wechsler, 1981). Participants had to 
obtain a score of at least 24, which is 2.5 standard deviations (SD) below the mean of 
a previous study by our group with a comparable patient sample (M=50.28, SD=10.71) 
(van der Meer, van’t Wout, & Aleman, 2009). 

All participants gave written informed consent before entering the study. The study 
was approved by the Medical Ethical Committee of the University Medical Center 
Groningen and was carried out according to the Declaration of Helsinki.

Clinical Measures
DSM-IV diagnosis of schizophrenia, schizoaffective disorder and substance dependence 
disorder was based on the Mini International Neuropsychiatric Interview plus version 
5.0.0 (MINI-plus) (Lecrubier et al., 1997; Sheehan et al., 1997). Furthermore, several 
measures were administered to assess symptom severity. Negative symptoms were 
assessed using the Scale for the Assessment of Negative Symptoms (SANS) (Andreasen, 
1982). Additionally, the full range of symptoms of schizophrenia was evaluated using 
the Positive and Negative Syndrome Scale (PANSS) (Kay, Opler, & Lindenmayer, 
1989) and depressive symptoms were assessed using the Calgary Depression Scale for 
Schizophrenia (CDSS) (Addington, Addington, & Schissel, 1990). 

Affective forecasting task
Pre-scan interview
The affective forecasting task used in this study was an adaptation of the task developed 
by D’Argembeau et al. (2008). During a pre-scan interview, participants were asked to 
think of five neutral routine events and five positive future events. The routine events 
were defined as emotionally neutral repetitive tasks that were performed every day or 
at least multiple times per week (e.g., brushing my teeth), while positive future events 
were events that may occur in the near future (up to a month; e.g., having dinner with 
my family). Any event was allowed, given that its occurrence was plausible and that 
it would take place in a particular place and time, lasting maximally one day. Short 
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cue statements were derived from the participant’s descriptions. These statements 
were used as a cue during the remainder of the pre-scan interview, during which they 
were asked to imagine every event and rate their vividness and emotional valence. 
Specifically, they were asked to imagine the event with as much detail as possible: 
taking into account the location, objects and people present during the event, what 
they would be doing, and how they would feel during the event. Subsequently they 
were asked to rate the emotional valence of their imagination (ranging from -3 = very 
negative to 3 = very positive), and vividness/amount of details of the imagination 
(ranging from 1 = vague with no details to 6 = vivid and highly detailed). 

fMRI session
The task was part of a scanning protocol that also included an effort-reward task, an 
anatomy scan, and MR spectroscopy. Prior to the scanning session, participants were 
given explanations on the MR procedures and task, and the affective forecasting task 
was practiced. In the MR scanner, the instruction was briefly repeated, after which 
the affective forecasting task was presented (see Figure 1). The task consisted of four 
epochs, each containing all five neutral events and all five positive events. The order 
of the trials within the epochs was randomized. Each trial started with a fixation cross 
(1.5 s), followed by presentation of the cue statement (5 s). Then a screen appeared 
instructing the participant to imagine the event and close their eyes. The imagine phase 
lasted 15 seconds and was ended by a tactile stimulus (i.e., a tap on the lower leg by the 
experimenter). Subsequently, the participant was asked to rate the vividness/amount 
of details of the imagination on a 7-point Likert-scale (ranging from 0 = vague with no 
details to 6 = vivid and highly detailed), by means of a button press. Rest periods of 10 
TRs (18-20 s) were presented at the beginning and end of the task and between epochs. 
A fixation cross was presented during all rest periods. The total task duration was 21 
minutes.

 
Figure 1. The affective forecasting task. The task consisted of four epochs and each event was presented in 
every epoch. The end of the imagination phase was marked with a tactile stimulus (i.e., a tap on the lower leg 
by the researcher).

Image acquisition
The fMRI data were collected using a 3.0 Tesla Philips Intera MR-scanner scanner (Best, 
NL), equipped with a 32-channel SENSE head coil. Whole-brain functional images were 
acquired using a T2*-weighted echo planar imaging sequence (47 descending axial 
slices, TR=2000 ms; TE=22 ms; flip angle=90º; FOV (rl, ap, fh)=192 x 192 x 141 mm; voxel 
size 3 x 3 x 3 mm; slice thickness 3 mm; slice gap=0 mm; 642 volumes). Two participants 
were scanned using slightly different parameters (39 descending axial slices; TR=2000 
ms; TE=30 ms; flip angle=80º; FOV (rl, ap, fh)=224 x 224 x 136.5 mm; voxel size 3.5 x 3.5 
x 3.5 mm; slice thickness 3.5 mm; slice gap=0 mm; 642 volumes). Furthermore, a whole 
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brain T1-weighted image was acquired for anatomical reference (170 axial slices; TR=9 
ms; TE=3.5 ms; FOV=232 x 170 x 256 mm; voxel size=1 mm isotropic; flip angle=8°). 
All images were scanned approximately 30° from the Anterior Commissure-Posterior 
Commissure (AC-PC) plane in order to prevent artifacts due to nasal cavities.

Analysis
Demographic and clinical data
Demographic, clinical and behavioral data were analyzed using IBM SPSS version 23.0 
(IBM Corp, Armonk, NY, 2014) and MATLAB 2013a, (The MathWorks Inc., Natick, MA). 
Bivariate associations between demographic and clinical variables were calculated. 
Because bivariate normality was not met, Kendall’s Tau test was used to calculate rank 
correlations. 

Behavioral data 
Mean vividness and valence ratings obtained during the pre-scan interview and mean 
vividness ratings during fMRI scanning were calculated separately for neutral and 
positive events. In order to assess a possible association between these ratings and 
negative symptom severity, repeated measures analyses of covariance (ANCOVA) 
were used with condition as the within-subject factor and mean-centered SANS total 
score as the covariate of interest. Because of the close relationship between negative 
and depressive symptoms, this analysis was repeated with mean-centered CDSS scores 
as covariate. Significance was set to p<.05.

fMRI data
Preprocessing
The data were preprocessed and analyzed using Statistical Parametric Mapping 
(SPM12 version 6470; http://www.fil.ion.ucl.ac.uk/spm/) implemented in MATLAB 
2013a. PAR/REC-files were converted to NIfTI, using an in-house script. Anatomical and 
functional images were reoriented manually to the anterior commissure – posterior 
commissure (AC-PC) plane. Subsequently, the data were preprocessed in the following 
order: (1) slice timing correction to the first slice, (2) realignment to the mean image, 
(3) coregistration of the T1-image to the mean functional image, (4) normalization of 
the images to Montreal Neurological Institute (MNI) space, and (5) smoothing of the 
functional images using an 8 mm Full Width Half Maximum Gaussian kernel.

First-level analysis
On first-level, task regressors were defined by the onset and duration of the imagine 
phase, separately for positive and neutral events. In addition, instruction periods 
and the rating phase were defined as regressors of no interest. Furthermore, motion 
parameters and their first derivatives were added. In order to reduce the effects of 
motion, high-motion volumes (FD>.9) (Siegel et al., 2014) were regressed out using an 
additional regressor. In addition, a 128 s high pass filter was applied. For all participants, 
contrasts for positive imagination (positive > neutral events) and neutral imagination 
(neutral events > fixation cross) were taken to second level. 

Second level analysis - activation
On second level, whole-brain task activation was assessed over all patients for positive 
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imagination and neutral imagination, using a one-sample t-test. Because of the a priori 
hypothesis regarding the involvement of the VMPFC, caudate nucleus, and PCC during 
positive imagination based on the findings of D’Argembeau et al. (2008), a small volume 
correction (SVC) on these regions was applied for the contrast positive > neutral. To this 
end, 20 mm spheres were drawn around the previously reported peak coordinates of 
activation in these regions during imagination of positive > negative imagination (the 
positive > neutral contrast was not investigated in this paper)  (D’Argembeau et al., 
2008). To be able to detect activation differences in non-hypothesized areas for this 
contrast, an additional whole-brain analysis was performed. For the contrast neutral 
> baseline only a whole-brain approach was used, because there were no specific 
hypotheses regarding regions of activation. Significance was set to p<.05 family wise 
error (FWE) cluster-level corrected for the extent of the whole brain or region of interest 
mask, with an initial threshold of p<.001, uncorrected.

In order to assess the association between brain activation during positive imagination 
and negative symptom severity, a regression analysis was performed with SANS total 
score as the independent variable and activation during positive > neutral events as 
the dependent variable. Again, a small-volume correction (using the same mask as for 
the analysis of task activation) as well as a whole-brain analysis was performed, with a 
threshold of p<.05 FWE cluster level corrected (initial threshold p<.001). 

Because of the close relationship between negative symptoms and depression, any 
negative symptom-related clusters of activation were explored further. Specifically, it 
was assessed whether SANS-scores uniquely explained the variance in these clusters, or 
whether any variance explained by the SANS was also explained by CDSS scores. To this 
end, the first eigenvariates of the activation in the negative symptom-related clusters 
were extracted. These were entered into a stepwise linear regression analysis, in which 
CDSS and SANS scores were entered as independent variables in a step-wise manner 
(SANS scores were entered last). To emphasize the exploratory nature of this analysis 
and in order to avoid the suggestion of circular analysis, only explained variances were 
reported. Whether the beta-values were significantly different from zero was not 
examined, because this analysis was a mere exploration of the association between 
SANS scores and activation that was found in the main analysis.  Finally, in order to 
assess the robustness of the effect against the subtle differences in scan parameters, 
all analyses were repeated without the participants with alternative scan parameters.

Second level analysis – functional connectivity
Functional connectivity of the regions activated during positive > neutral imagination 
was analyzed by means of a generalized psychophysiological interaction analysis (gPPI; 
Mclaren et al. 2012). To this end, separate regions of interest (ROIs) were determined 
functionally as a sphere of 6 mm radius around any peak coordinates from the overall 
task activation, for the contrast positive > neutral events. Functional connectivity 
was calculated between the time courses of these regions and all other voxels in the 
brain during positive > neutral imagination. In addition, the association between this 
functional connectivity and SANS scores was examined. As in the activation analysis, 
any negative symptom-related clusters of connectivity were entered into an exploratory 
step-wise regression analysis with CDSS and SANS as the independent variables, 
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in order to assess whether any variance in these clusters was uniquely explained by 
negative symptoms over and above depressive symptoms. Significance was set to 
p<.05 family wise error (FWE) cluster-level corrected for the extent of the whole brain, 
with an initial threshold of p<.001, uncorrected. 

Results
Demographic and clinical data
Demographic and clinical characteristics are shown in Table 1. Negative symptom 
severity as measured by the SANS ranged from 13 to 64 (M=40.52, SD=16.00). CDSS 
scores ranged from 0 to 11 (M=2.67, SD=3.17) and were correlated with SANS scores 
(τ=0.48, p=.001). 

Table 1. Demographic and clinical variables

Possible range1 Mean (SD) Min/max τ SANS 

total

p

N - 27 - - -

Age - 34.59 (8.61) 22/56 -.34 .02

N Male/female (% male) - 70.37 - -.08 .64

Education (years2) - 15.61 (2.48) 12/20 0.004 .98

SANS total 0/130 40.52 (16.00) 13/64 - -

SANS blunted affect 0/45 12.93 (5.86) 5/24 .58 <.001

SANS alogia 0/30 5.93 (2.91) 0/11 .56 <.001

SANS avolition/apathy 0/25 11.33 (5.23) 1/20 .69 <.001

SANS anhedonia/asociality 0/30 10.33 (6.13) 0/21 .64 <.001

PANSS total 30/210 59.48 (13.22) 32/83 .30 .03

PANSS positive 7/49 13.81 (5.00) 7/24 -.04 .80

PANSS negative 7/49 14.52 (3.96) 8/23 .55 <.001

PANSS general 16/112 31.15 (6.99) 17/44 .32 .02

CDSS 0/27 2.67 (3.17) 0/11 .48 .001

Note. SA: Schizoaffective disorder; SZ: Schizophrenia; SANS: Scale for the Assessment of Negative 
Symptoms; PANSS: Positive and Negative Syndrome Scale; CDSS: Calgary Depression Scale for Schizo-
phrenia; 1Higher scores indicate stronger severity. 2Including primary school. 

 Behavioral data
There was a main effect of condition on vividness ratings obtained during the pre-scan 
interview and a negative association with SANS score (F(1, 25)=4.97, p=.04 and F(1, 
25)=15.98, p<.001, resp., Figure 2A), but no interaction between SANS and condition 
(F(1, 25)=0.69, p=.41). Regarding valence ratings obtained during the pre-scan interview, 
there was again a main effect of condition and a negative association with SANS score 
(F(1, 25)=208.36, p<.001 and F(1, 25)=7.75, p=.01, resp., Figure 2B), but no interaction 
(F(1, 25)=1.02, p=.32). 

Due to a technical issue during scanning, vividness ratings of one participant were 
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not obtained. Therefore, the analyses on vividness ratings during the fMRI task were 
performed on the data of 26 participants. These vividness ratings showed a similar 
pattern as the ratings obtained during the pre-scan interview: there was a negative 
association with SANS scores (F(1, 24)=8.32, p=.01, Figure 3), However, there was no 
main effect of condition or an interaction effect (F(1, 24)=1.76, p=.20 and F(1, 24)=0.60, 
p=.45, resp.). 

Repeating the analyses with CDSS score as covariate yielded no significant effects 
of depressive symptoms on any of the ratings (for pre-scan ratings of vividness: F(1, 
25)=2.45, p=.13; for pre-scan ratings of valence: F(1, 25)=1.30, p=.27; for ratings of 
vividness during scanning: F(1, 24)=2.04, p=.17). 

 Figure 2. Scatter plots of the association between vividness (A) and valence (B) participant ratings obtained 
during the pre-scan interview and total SANS scores.
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Figure 3. Scatter plots of the association between participant ratings obtained during the fMRI 
experiment and total SANS scores.

Table 2. Areas of brain activation during imagination of neutral and positive events

peak coordinates

k side x y z t p (FWE)

Neutral > baseline1

Middle/superior frontal gyrus 
(BA6/8/9/10/24/32) 1923 L -27 47 17 7.57 <.001

L -6 17 44 6.44

L -42 23 35 5.73

Middle/superior frontal gyrus (BA10)
    

131 R 30 35 20 5.66 .01

R 21 47 20 4.22

Positive > neutral2

Medial superior/orbital frontal gyrus 
(BA10) 47* L -6 56 14 4.42 .03

L -3 59 -7 4.18

L -9 56 5 3.82

Precuneus/PCC (BA31) 33* L -6 -55 23 4.02 .049

0 -55 29 3.92

Note. BA: Brodmann area; k: cluster extent (in voxels); FWE: Family-Wise Error corrected: 1 Whole-brain 
analysis: corrected on cluster level; 2 Small volume corrected analysis; * cluster extent (in voxels) within 
the small volume mask.
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fMRI data
Activation
During neutral imagination (compared to fixation), activation was found in the left 
middle and superior frontal gyrus, extending to the bilateral supplementary motor 
area and midcingulate gyrus, and the left precentral gyrus (BA6/22/9/8; whole brain 
corrected, Figure 4 and Table 2). Activation during positive > neutral imagination was 
found in the medial superior/orbital frontal gyrus (BA 10), and precuneus/PCC (BA 31) 
after small volume correction (Figure 4 and Table 2). The whole-brain analysis yielded 
no significant activation for this contrast. Furthermore, there was no association, either 
in the whole-brain analysis or after small-volume correction, between activation and 
negative symptom severity (SANS total score) for both the contrasts positive  > neutral 
and neutral > fixation. Removal of the participants with alternative scan parameters did 
not change the results.

Because the associations between SANS scores and valence ratings and vividness 
ratings (during both the pre-scan interview and the fMRI task) were irrespective 
of condition, an exploratory analysis was performed to assess whether negative 
symptoms were associated with brain activation during imagination in general. To this 
end, first-level contrasts of positive + neutral > baseline were taken to second level to 
investigate the association with SANS scores. However, no association between SANS 
scores and activation during positive and neutral activation was found. Again, removing 
participants with alternative scan parameters did not change these results.

Functional connectivity
Functional connectivity was calculated for the ROIs in the medial frontal gyrus and 
precuneus/PCC. Functional connectivity during positive > neutral imagination was 
found between the precuneus/PCC seed and the midbrain (Figure 5 and Table 3). Higher 
SANS scores were associated with lower functional connectivity between the

Table 3. Functional connectivity of the precuneus/PCC region of interest (ROI) during imagination of 
positive > neutral events

peak coordinates

k side x y z t p (FWE)

Task-related FC

Midbrain 75 R 12 -7 -13 5.12 0.033

R 12 -16 -19 4.88

SANS-related FC

Precuneus/paracentral lobule (BA 5/6) 231 R 9 -49 74 5.13 <.001

R 3 -46 68 5.09

Cerebellum (lobule VI/Crus I) L -15 -31 77 4.84

72 L -21 -52 -25 4.65 .03

L -30 -64 -28 4.24

Note. FC: functional connectivity; k: cluster extent (in voxels); FWE: Family-Wise Error cluster corrected 
for the whole-brain.
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precuneus/PCC and the precuneus/paracentral lobule (extending to the supplementary 
motor area; BA 5/6) and cerebellum (lobule VI/Crus I). 

Exploration of the first eigenvariates of these clusters showed that a substantial portion 

Figure 4. Task activation 
during the affective forecast-
ing task. Threshold was set 
to p<.05 FWE cluster-level 
corrected (with an initial 
threshold of p<.001) for the 
whole brain for the contrast 
neutral > baseline (in blue) and 
small-volume corrected for the 
contrast positive > neutral (in 
red). For visualization purposes 
images were resliced to a voxel 
size of 0.4 mm.

Figure 5. Functional connectiv-
ity (FC) between the precu-
neus/PCC region of interest 
(ROI; in blue) and the rest of 
the brain during positive > 
neutral imagination. Threshold 
was set to p<.05 FWE clus-
ter-level corrected (with an 
initial threshold of p<.001) for 
the whole brain. For visuali-
zation purposes images were 
resliced to a voxel size of 0.4 
mm.
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of the variance was uniquely explained by SANS-scores (25.6% for the precuneus/
paracentral lobule and 21.4% for the cerebellum cluster), in addition to the variance 
that was explained by CDSS scores (32.8% for the precuneus/paracentral lobule and 
17.5% for the cerebellum). No positive association between negative symptoms and 
functional connectivity of the precuneus/PCC was found and no suprathreshold 
functional connectivity was found between the medial frontal gyrus ROI and the rest 
of the brain.

Discussion
In this study, we investigated whether brain activation and functional connectivity 
during affective forecasting of positive events is related to the severity of negative 
symptoms in patients with schizophrenia. Participants with more severe negative 
symptoms reported less vividness and less positive valence of their imagined positive 
future events, as well as for neutral events. Moreover, imagination of positive events 
elicited activation in the medial superior/orbital frontal gyrus and precuneus/PCC. 
Although regional activation during imagination of positive future events was not 
related to negative symptom severity, lower functional connectivity between the 
precuneus/PCC and precuneus/paracentral lobule and cerebellum (lobule 6/Crus I) was 
associated with more severe negative symptoms.

The findings of reduced vividness and valence of positive imagined events in relation 
to more severe negative symptoms is in line with previous findings in patients with 
schizophrenia (Goodby & Macleod, 2016; Raffard et al., 2013). In these studies, 
imagination of positive events was compared to imagination of negative events, 
showing that negative symptoms were specifically associated with problems in 
imagining positive events. In the current study, we compared positive with neutral 
events, adding to previous findings that during imagination of neutral routine events 
ratings of vividness and valence were associated with negative symptom severity 
as well. Therefore, based on previous and current findings, it may be suggested that 
imagination of positive and neutral, but not negative events is related to negative 
symptoms in patients with schizophrenia. While neutral events (e.g., brushing my 
teeth) and positive events (e.g., having dinner with my family) may elicit ‘approach’ or 
‘go’ actions, negative events (e.g., having a fight with the neighbor) are more likely to 
elicit avoidance or ‘no-go’ actions. Therefore, these findings fit with the idea of negative 
symptoms as a result of disrupted go-learning (i.e., what to do to obtain a reward) and 
intact no-go learning (i.e., what not to do to avoid punishment), that has been found in 
patients with schizophrenia (Strauss, Waltz, & Gold, 2014) and specifically in patients 
with negative symptoms (Gold et al., 2008).

Moreover, the findings of reduced vividness and valence of imagined future events in 
association with increased severity of negative symptoms fit with known models of 
motivational problems in patients with schizophrenia. Specifically, a vivid representation 
of a positive outcome (having dinner with your family) is thought to be imperative for 
prediction of pleasure (how much will I enjoy this dinner?) as well as for pre-experiencing 
feelings of pleasure (I feel happy thinking about having a nice dinner with my family) 
(Kring & Barch, 2014). Therefore, although a temporal dependency between the two 
ratings cannot be assessed, it is possible that reduced vividness of imagined positive 
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events may lead to reduced valence ratings, i.e., reduced anticipatory pleasure. This 
may in turn reduce the tendency to act upon the anticipatory pleasure, leading to 
reduced goal-directed behavior, a disturbance central to the negative symptom cluster 
(Kring & Barch, 2014). 

Of note, individuals with more severe negative symptoms may simply experience fewer 
or less pleasurable events than those with less severe negative symptoms, which may 
influence the reported reduction in anticipatory pleasure. Because negative symptoms 
are characterized by reduced goal-directed behavior, people with negative symptoms 
may be less inclined to seek pleasurable events and may therefore experience them less 
often. Indeed, negative symptoms have been associated with reduced quality of life 
in various domains including interpersonal relations and professional and household 
functioning, taking into account both frequency and subjective quality of the activity 
(Fervaha et al., 2014a; Rabinowitz et al., 2012). The positive events that occur in the 
lives of patients with more severe negative symptoms may therefore be less positive 
compared to those in the lives of patients with less severe negative symptoms, leading 
to lower valence ratings. 

On the neural level, imagination of positive events in schizophrenia patients was 
associated with activation in the medial frontal gyrus and precuneus/PCC. This is in 
accordance with previous studies in healthy individuals, in which activation in similar 
regions was found during imagination of future events in general (Addis, Wong, 
& Schacter, 2007; Sharot et al., 2007), and during imagination of positive events 
compared to negative events in particular (Blair et al., 2013; D’Argembeau et al., 2008). 
Furthermore, the current results are in line with previous meta-analyses that underline 
the involvement of the anterior part of the medial frontal gyrus (Brodmann area 10) in 
mentalizing (Denny et al., 2012; Gilbert et al., 2006) and more generally in emotional 
processing and social cognition (Ray et al., 2015). Furthermore, the PCC and the medial 
frontal gyrus are core regions of the default mode network (DMN), a network of brain 
areas that support emotional and self-referential processing, and thinking about one’s 
past and future (Raichle, 2015). 

Given the involvement of the caudate nucleus in both reward-related processing (Liu et 
al., 2011) and positive imagination in healthy individuals (D’Argembeau et al., 2008), we 
expected to find main task activation in the caudate for the contrast positive > neutral 
imagination in the current study. However, this was not the case. Because altered 
activation in this area during reward-related processes has been found in patients with 
schizophrenia (Gradin et al., 2011; Morris et al., 2015; Mucci et al., 2015), this absence 
could perhaps be due to the fact that only patients with schizophrenia, and no healthy 
controls, were included in the current study and that caudate activity may have been 
attenuated accordingly. However, to test this hypothesis, a direct comparison between 
patients with schizophrenia and healthy controls is warranted.

Contrary to our expectations, brain activation in the regions involved in positive 
affective forecasting was not associated with negative symptom severity. Because 
negative symptoms were related to valence and vividness of both positive and neutral 
events, it may be suggested that brain activation during imagination in general, rather 
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than specifically positive imagination, is related to negative symptoms. However, 
an additional exploratory analysis showed that also activation during imagination of 
positive and neutral events combined was not related to negative symptom severity. 

In contrast, we did observe a relationship between functional connectivity of the 
precuneus/PCC and severity of negative symptoms. Thus, severity of negative 
symptoms may be underpinned to a stronger degree by connectivity of brain areas 
rather than degree of local activation. Indeed, schizophrenia is commonly linked to 
dysconnection (i.e., disrupted connectivity) of large-scale brain networks (Stephan, 
Baldeweg, & Friston, 2006), which may not be fully explained by altered activity in 
specific brain regions (Rish et al., 2013). The association of negative symptoms with 
connectivity between the precuneus/PCC and precuneus/paracentral lobule may be 
explained by previous findings that have linked connectivity between these regions 
to mental simulation of goal-directed actions, most notably when participants were 
asked to imagine the steps necessary to obtain a goal (Gerlach et al., 2013). Given the 
involvement of the paracentral lobule, SMA and lobule VI and Crus I of the cerebellum 
in motor control and motor imagery (Zapparoli et al., 2013), the lower connectivity 
between these areas and the PCC/precuneus ROI may imply that individuals with 
negative symptoms may have difficulty translating imagined positive events to a goal-
directed action, leading to apathy, a central negative symptom. 

Strengths and limitations
The personalized nature of the affective forecasting task could be regarded as strength 
as well as a limitation. On the one hand, the current paradigm with its personalized 
stimuli leaves room for personal interpretation and experience of pleasurable events 
and personal goals. Accounting for these personal preferences possibly makes the task 
more sensitive and adds to its ecological validity. On the other hand, the subjective 
and unstandardized nature of the stimuli and participant ratings does not allow for 
complete experimental control. It may therefore be advisable to assess current findings 
in concordance with findings from more standardized paradigms, combining the 
strengths of both approaches.

A limitation of the current study may be the inclusion of patients using antipsychotics. 
Antipsychotic medication has been shown to influence the dopamine pathways that 
are involved in reward processing (Kapur, 2004). Indeed, in healthy individuals, a 
single dose of antipsychotic medication has been shown to alter reward processing 
(Abler, Erk, & Walter, 2007; Pessiglione et al., 2006) and to induce secondary negative 
symptoms (Artaloytia et al., 2006). Ideally, replication of the current study in a sample 
of antipsychotic medication-naïve patients may therefore be warranted to affirm 
the current results. This may however be challenging, given that most patients with 
schizophrenia are using antipsychotic medication from an early start after entering 
mental health care.

A second limitation is the absence of a healthy control group. Although a comparison 
with healthy controls is not essential given the specific hypothesis regarding negative 
symptoms, it does somewhat limit the interpretation of the results. Specifically, 
inclusion of healthy participants would allow further exploration of reasons for the 
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absence of task activation in the caudate nucleus and, moreover, the absence of an 
association between brain activation and symptom severity. In other words: can the 
absence of caudate activation in patients be ascribed to schizophrenia in general or to 
task demands of the current task, and is the absence of an association with negative 
symptoms due to normal levels of activation in patients, or a decrease in patients with 
schizophrenia in general, unrelated to the severity of negative symptoms? Therefore, 
we are currently recruiting a healthy control group that will be included in a subsequent 
version of the current manuscript.

Conclusion
To conclude, the present study showed that in patients with schizophrenia, severity of 
negative symptoms is related to reduced ratings of vividness and valence of imagined 
positive future events. Imagination of positive future events elicited activation in 
the superior/orbital medial frontal gyrus and precuneus/PCC. Reduced functional 
connectivity of the precuneus/PCC seed rather than local activation strength was 
related to negative symptom severity. 
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Abstract
Negative symptoms are key to the symptomatology of schizophrenia, due to their 
interference with functional outcome and quality of life. Aberrant brain topology 
has been found in relation to negative symptoms. However, findings on the exact 
nature of these associations are contradictory, possibly due to heterogeneity within 
the negative symptom cluster. Factor analyses have repeatedly shown that negative 
symptoms can be divided into two factors: expressive deficits and amotivation. This 
study is the first to assess the relationship between these factors and brain topology. 
Resting-state fMRI data was collected from eighty-three patients with schizophrenia. 
The data was decomposed using independent component analysis (ICA) and graph 
analysis was applied on adjacency matrices, i.e., Pearson’s correlations between 
components. Components were grouped into modules (interconnected nodes with 
overlapping connectivity patterns). Global graph analytical measures (global efficiency 
and mean whole-brain local efficiency) were calculated, as well as local measures (local 
efficiency, eigenvector centrality and participation coefficient) per module and per 
node. There was no relationship for any negative symptom measure and global graph 
metrics. Expressive deficits were related (albeit only at p<.05, uncorrected), to higher 
local efficiency in the limbic module, higher eigenvector centrality in the default mode/
executive control module, and lower local efficiency and eigenvector centrality in a 
component containing the inferior parietal lobule. This suggests that, despite some 
modest indications of altered local topological organization, commonly used functional 
network measures may not be related to expressive deficits, amotivation and negative 
symptoms as a whole. 

Introduction
Negative symptoms form a key dimension in schizophrenia and consist of blunted affect, 
alogia, avolition/apathy, anhedonia, and asociality (Kirkpatrick, 2014). These symptoms 
have shown to interfere with quality of life and are related to poor outcome, including 
occupational impairment, social impairment, lower compliance with medication, and 
higher chance of (repeated) hospitalization (Fervaha et al., 2014b; Ho et al., 1998; 
Patel et al., 2015; Rabinowitz et al., 2012; Tattan & Creed, 2001). However, treatment 
of negative symptoms has been demonstrated to be difficult (Aleman et al., 2017). 
In order to promote the development of treatment options for negative symptoms, 
better understanding of negative symptoms is crucial. Despite the importance of 
understanding negative symptoms the exact cognitive and neural underpinnings of this 
symptom domain remain unclear.

Schizophrenia has been linked to dysconnectivity of large-scale brain networks 
(Stephan, Baldeweg, & Friston, 2006). Studies assessing connectivity changes in 
patients with schizophrenia have shown an overall pattern of context-independent 
decreased connectivity, especially between frontal and parietal regions. Additionally, 
more focal context-dependent abnormalities in connectivity–both increased and 
decreased connectivity–have been demonstrated (Fornito et al., 2012). In relation to 
negative symptoms, disrupted connectivity within and between several resting-state 
networks has been found (e.g., Bluhm et al., 2007; Manoliu et al., 2013), although not in 
all studies (Orliac et al., 2013). 
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In recent years, topological organization of the brain has received considerable 
attention (for a review, see e.g., Fornito et al., 2013; Sporns, 2013). It has been shown 
that the human brain is organized as a small-world network (a network with high 
local clustering, combined with short path lengths between nodes, i.e., brain areas), 
balancing between wiring cost and topological complexity (Fornito & Bullmore, 2015). 
In schizophrenia, there is evidence that this organization may be altered (Fornito et 
al., 2012; Kambeitz et al., 2016; Narr & Leaver, 2015; Van Den Heuvel & Fornito, 2014). 
Importantly, changes in structural brain topology have been observed to be related 
to the course of illness in schizophrenia, specifically in terms of general functioning, 
intelligence and symptomatology, underlining the importance of understanding these 
changes (Collin et al., 2016). In studies on resting-state connectivity in patients with 
schizophrenia, retained or higher functional integration (e.g., retained or higher global 
efficiency) and less segregation (e.g., smaller clustering and modularity coefficients) 
have been found (Alexander-Bloch et al., 2013; Lynall et al., 2010; Ma et al., 2012). This 
might imply that network connectivity in the brains of patients is more random (Rubinov 
et al., 2009). Moreover, these changes may show that the wiring cost in schizophrenia 
may be increased at the expense of functional segregation (Fornito & Bullmore, 2015). 

With regard to negative symptoms, findings are mixed. Negative symptoms have 
been related to lower global and local efficiency of networks based on structural 
connectivity (Wang et al., 2012), although not consistently (Liu et al., 2008; van den 
Heuvel et al., 2010). In networks based on functional connectivity during rest, higher 
levels of negative symptoms have been found in relation to lower (Ma et al., 2012; Yu et 
al., 2011) and higher integration (Su et al., 2015). We expect that the heterogeneity of 
these results may be related to the heterogeneity within the negative symptom cluster.

Blanchard and Cohen (2006) have proposed that the negative symptom dimension may 
consist of two separate factors: amotivation and expressive deficits, which has been 
confirmed repeatedly (Fervaha et al., 2014b; Liemburg et al., 2013; Messinger et al., 2011; 
Strauss et al., 2013). The amotivation factor is thought to consist of avolition/apathy, 
anhedonia, and asociality, whereas the expressive deficits factor comprises blunted 
affect and alogia. Amotivation and expressive deficits are thought to have a different 
nosology, relationship with clinical and functional outcome, and response to treatment 
(Ergül & Üçok, 2015; Fervaha et al., 2014b; Kirkpatrick, 2014; Strauss et al., 2013). 
Therefore, separate assessment of the relationship of functional brain organization 
with amotivation and expressive deficits may be beneficial for the understanding of the 
neural underpinnings of negative symptoms in patients with schizophrenia. 

In the current study, we aimed to explore whether changes in integration and segregation 
of the functional connectome are related to expressive deficits, amotivation, and total 
negative symptoms. Similarly, the association with centrality of specific brain regions 
was examined. To this end, network analysis was performed on resting-state fMRI data 
of patients with schizophrenia.  

Materials and Methods
Participants
In the current study, data from eighty-three patients with a DSM-IV diagnosis of 
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schizophrenia or schizoaffective disorder were analyzed. Data from five different 
studies performed in our research group were included, in which patients were recruited 
from mental health care centers in the North of the Netherlands (Dlabac-de Lange et 
al., 2015; Liemburg et al., 2012, 2015; Pijnenborg et al., 2011; Vercammen et al., 2011). 
Patients were included if they were: 18 years or older and considered able to give 
informed consent. Both inpatient and outpatients were included. Participants were 
excluded if they had incompatibilities for MR scanning (e.g., due to metal implants, 
claustrophobia, (suspected) pregnancy) or if there was no PANSS data available 
(including reliable scoring of items that rely solely on informant report, i.e., item N4 
and G16). After explanation of the study procedures, all participants gave written 
informed consent. All studies were approved by the Medical Ethics Committee of the 
University Medical Center Groningen (METC-UMCG) and were carried out adhering to 
the Declaration of Helsinki. 

Clinical measures
All diagnoses were confirmed with the Schedules for Clinical Assessment in 
Neuropsychiatry (SCAN 2.1) (Giel & Nienhuis, 1996) or the Mini-International 
Neuropsychiatric Interview-Plus (MINI-Plus) diagnostic interview (Lecrubier et al., 
1997). Symptom severity was assessed using the Positive and Negative Syndrome Scale 
(PANSS) (Kay, Opler, & Lindenmayer, 1989). The two negative symptom dimensions, 
amotivation and expressive deficits, were determined by the PANSS items based on a 
factor analysis by Liemburg et al. (2013) and replicated by Stiekema et al. (2016). The 
social amotivation factor comprised of PANSS items N2 Emotional withdrawal, N4 
Passive/apathetic social withdrawal, and G16 Active social withdrawal. The expressive 
deficits factor consisted of items N1 Flat affect, N3 Poor rapport, N6 Lack of spontaneity 
and flow of conversation, G5 Mannerisms and posturing, G7 Motor retardation, and 
G13 Avolition. Both subdimensions were also summed to a total negative symptoms 
score to investigate whether the subdomains showed specific relations to graph 
measures compared to this composite score. Depression severity was assessed using 
the anxio-depressive dimension from El Yazaji et al. (2002), comprising PANSS item G1 
Somatic concern, G2 Anxiety, G3 Guilt Feeling, and G6 Depression, a composite score 
that has shown to correlate with various depression measures (El Yazaji et al., 2002). 
Level of education was measured using the Verhage system, on a scale ranging from 1 
(completion of less than 6 years of primary school) to 7 (university or technical college 
degree) (Verhage, 1964).

Age, level of education, and depression severity were identified as possible confounders 
for the association between negative symptom measures and graph measures. 
Therefore, Spearman rank coefficients were calculated between these variables and 
expressive deficits, amotivation, and total negative symptoms. In case of significant 
correlations, network analyses resulting in a significant result were corrected for the 
variable in question. 

Image acquisition
The MRI data were collected using a 3.0 Tesla Philips Intera Achieva MR-scanner (Best, 
NL), equipped with an 8-channel SENSE head coil. Foam padding was used to fixate the 
head and thereby reduce head motion and earplugs and headphones were used 
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Table 1. Scan parameter settings of the functional scans

N  No.  
volumes

No.  
slices

TR/TE (ms) FOV (ap/fh/rl) (mm) Slice thick-
ness (mm)

Slice gap 
(mm)

Pixel 
spacing 
(mm)

27 200 43 2300/28 220.0/129.0/220.0 3 0 3.4/3.4/3.0

1 200 39 2300/28 220.0/117.0/220.0 3 0 3.4/3.4/3.0

33 250 43 3000/28 220.0/129.0/220.0 3 0 3.4/3.4/3.0

22 300 37 2000/30 220.0/121.8/220.0 3 3 3.4/3.4/3.3

Note. TR: repetition time; TE: echo time; ap: anterior-posterior; fh: foot-to-head; rl: right-left

to reduce noise. Whole-brain functional images were acquired using a T2*-weighted 
echo planar imaging sequence. For anatomical reference, a whole brain T1-weighted 
image was acquired. Because the data were collected as part of different studies, slight 
differences in parameter settings were present (Table 1). Specific analyses assessing 
the effect of the scan parameter differences assured that the scan parameters did 
not influence the graph measures (see Supplementary Material for details on this 
procedure). Therefore, all scans were combined into one overall graph analysis. 

Analyses
Preprocessing
The data were preprocessed and analyzed using Statistical Parametric Mapping 
(SPM12 version 6470) (http://www.fil.ion.ucl.ac.uk/spm/) implemented in MATLAB 
2013a. First, the PAR/REC-files were converted to NIfTI, using in-house developed 
software. All images (both T1 and T2*) were reoriented manually to the AC-PC plane. 
Preprocessing consisted of (1) slice time correction to the first slice, (2) realignment, 
(3) coregistration of the T1-image to the mean functional image, (4) normalization of 
the images to Montreal Neurological Institute (MNI) space, and (5) smoothing of the 
functional images using an 8 mm Full Width Half Maximum Gaussian kernel.

Independent component analysis (ICA)
Group Independent Component Analysis (Group ICA) was used to parcellate the imaging 
data of all participants combined (Yu et al., 2011), performed using Group ICA of fMRI 
Toolbox (GIFT) version 3.0a (Calhoun et al., 2001), implemented in MATLAB 2013a. In 
order to allow for detailed evaluation of subnetworks within resting-state networks, 
high-dimensional Group ICA was performed (number of components C=100) using the 
Infomax algorithm (Abou-Elseoud et al., 2010; Kiviniemi et al., 2009; Ray et al., 2013). 
Single subject time courses and spatial maps were back-reconstructed by means of 
spatial-temporal regression (Beckmann et al., 2009). In order to ensure component 
stability, the algorithm was repeated 20 times using ICASSO (Himberg, Hyvärinen, & 
Esposito, 2004). All 100 components were visually classified as being of neural origin 
or artifact by two independent researchers (NGK and EMO) and differences between 
the classifications were solved in a consensus meeting. This classification was based on 
the assumption that components of neural origin would show peak activation in grey 
matter and would show low spatial overlap with ventricles and known vascular, motion 
and susceptibility artifacts. 
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Post-processing
In order to reduce the effect of scanner drifts, head motion and physiological nuisance 
variables, the time courses of the independent components were post-processed, 
separately for all participants (Van Dijk et al., 2010). First the Group ICA time courses 
were linearly detrended, after which the six motion parameters, as well as their first 
derivatives were regressed from the imaging data. Additionally, white matter (WM) 
and cerebral spinal fluid (CSF) signal were regressed out as well. To this end, the 
anatomical images were segmented in grey matter (GM), WM, and CSF and resliced 
to match the orientation and voxel size of the functional images. Time courses of the 
functional images were extracted by taking those principal components that counted 
for 95% of the explained variance for CSF and white matter separately. Subsequently, 
the time courses were band-pass filtered using a filter of 0.008-0.08Hz (Van Dijk et al., 
2010). Finally, framewise displacement (FD) per scan was calculated and high-motion 
volumes, defined by FD>.5 (Power et al., 2012), were removed and interpolated (Huang, 
Francis, & Carr, 2008). 

Network analysis
An adjacency matrix was created based on Pearson’s correlations between the 
postprocessed time courses of the neural components (Supplementary Figure S1). 
Graph analysis was performed based on this adjacency matrix using the Brain 
Connectivity Toolbox ((Rubinov & Sporns, 2010); www.brain-connectivity-toolbox.
net). In order to assess the relationship of expressive deficits, amotivation, and total 
negative symptoms with global integration and segregation, global efficiency (Eglob) 
and local efficiency (mean local efficiency of all nodes; Eloc) of the whole network were 
calculated. Furthermore, to assess whether the organization of specific subnetworks 
was related to the negative symptom factors, the independent components were 
decomposed into modules (see next paragraph) and mean local graph measures 
were calculated per module: local efficiency (Eloci), eigenvector centrality (ECi), 
and participation coefficient (Parti). Subsequently, local graph measures (Eloci, ECi, 
and Parti) were calculated separately for all components. All graph measures were 
calculated across a range of thresholds (i.e., the 1 - 30% strongest connections in the 
adjacency matrix, with increments of 1%). For further characterization of the graph 
measures, see Supplementary Table S1.

In order to decompose the adjacency matrix into modules, the optimal threshold 
for module decomposition was calculated by binarizing the individual correlation 
matrix per subject for each threshold (i.e., 1-30%), and subsequently averaging across 
participants. Entropy (i.e., the amount of information/randomness in the matrix) was 
calculated for each threshold (Shannon, 1948). Lower entropy indicates more stability 
of the edges across participants. This entropy (Hact) was compared to the entropy 
based on randomized networks (Hrnd): if at a given threshold, Hact least resembles Hrnd, 
most information is extracted from the correlation matrix. Fifty randomized matrices 
per participant for each threshold were generated, with the same number of nodes 
and degree distribution (Maslov & Sneppen, 2002). By randomly sampling one of 
these randomized matrices, 500 new average graphs were constructed. Entropy was 
calculated for all of these matrices and averaged, after which the difference between 
the entropy in the actual and random matrices was calculated. The optimal threshold 
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was defined as having (1) a minimal actual entropy, i.e., an optimally stable adjacency 
matrix across participants and (2) a maximal difference between actual entropy and 
average entropy based on randomized matrices (Geerligs et al., 2015). Using the 
optimal threshold, the independent components were divided into modules (Rubinov 
& Sporns, 2011).  An initial module partition was created using the algorithm by Blondel 
et al. (2008) by maximizing within-module edges minimizing between-module edges 
and repeated 500 times to avoid local minima. This partition was refined using the 
modularity fine-tuning algorithm of Sun et al. (2009), which was repeated until the 
modularity no longer increased. 

Correlation analysis
 The associations between global and local graph measures and expressive deficits, 
amotivation and total negative symptoms were calculated using Spearman’s rank 
coefficients, because the negative symptom measures were not normally distributed. 
Correlations per combination of negative symptom measure and graph measure were 
calculated for each threshold (i.e., the 1 - 30% strongest connections) and aggregated 
by calculating the area under the curve (AUC). To assess whether results could be 
accounted for by chance, non-parametric permutation testing was applied. Negative 
symptom scores were permuted randomly and correlations with all graph measures 
were recalculated. This was repeated 5000 times. A two-tailed test of the null hypothesis 
(p<.05) was performed per combination for each negative symptoms measure with 
each of the graph measures. For the local graph measures, significance was corrected 
for the number of modules or nodes in the analysis using a false discovery rate (FDR) 
correction (Benjamini & Hochberg, 1995).

Results
Demographical and clinical data
Eighty-three participants were included in the analysis (age: M=35.04; 59 male, 24 
female).  Additional demographic and clinical information can be found in Table 2. 
Spearman’s rank coefficients showed that expressive deficits and amotivation are 
moderately correlated and that age and level of education were not related to any 
measure of negative symptoms. On the other hand, depressive symptoms and the 
PANSS positive subscale showed an association with amotivation, but not expressive 
deficits. 

Network analysis
Selection of the components from the Group ICA resulted in retention of 67 components 
(Supplementary Figure S1). Based on the module decomposition, these components 
were divided in five networks, including a limbic, visual, executive control/default mode 
(EC/DM), default mode/ salience (DM/S), and sensorimotor module (Figure 1&2).

Negative symptoms and global graph measures
No association was found between the negative symptom measures (expressive 
deficits, amotivation, and total negative symptoms) and global efficiency and mean 
local efficiency of the entire brain (Supplementary Table S2). 
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Negative symptoms and local graph measures per module
Regarding the mean local graph measures per module, positive correlations were 
found between expressive deficits and the local efficiency of the limbic module 
(p=.04) and the eigenvector centrality of the EC/DM module (p=.045; Supplementary 
Table S3). However, these associations did not survive the FDR correction for multiple 
comparisons. 

Table 2. Demographic and clinical information

Mean (SD) Min/ max Spearman’s ρ (p)

ED A NS

Age 35.04 (11.06) 18/61 .05 (.68) -.03 (.78) .03 (.77)

Handedness (R/L1) 72/7 - - - -

Education 5.07 (1.30) 1/7 -.02 (.87) .20 (.06) .09 (.41)

Expressive deficits 12.41 (4.38) 6/22 - .34 (.002) * .91 (<.001) *

Apathy/ amotivation 6.37 (2.68) 3/16 .34 (.002)* - .67 (<.001) *

Negative symptoms 18.78 (5.92) 9/34 .91 (<.001)* .67 (<.001)* -

Depressive symptoms 8.98 (3.64) 4/20 .07 (.55) .47 (<.001)* .26 (.02) †

PANSS positive2 14.75 (4.50) 7/25 -.03 (.82) .34 (.002) * .09 (.40)

PANSS negative2 15.18 (4.62) 7/26 .82 (<.001)* .63 (<.001) * .90 (<.001) *

PANSS general2 30.71 (7.38) 17/51 .42 (<.001)* .58 (<.001) * .57 (<.001) *

PANSS total 60.64 (13.30) 31/95 .51 (<.001)* .67 (<.001) * .66 (<.001) *

Note. R: Right handed; L: Left handed; 1Handedness was unknown for 4 participants; PANSS: Positive 
and Negative Syndrome Scale, 2original PANSS scales proposed by Kay et al. (1989) were used for 
comparison; SD: standard deviation; ED: expressive deficits; A: amotivation; NS: total negative 
symptoms. † Significant at p<.05, uncorrected; *significant after Bonferroni correction, p<.006.

Figure 1. Layout of the average 
graph across participants for 
the optimal threshold of 1.23% 
strongest connections from the 
adjacency matrix, visualized 
using Gephi (version 0.9.1, force 
atlas 2, node size is relative to 
node degree).
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Figure 3. Modules 
and component for 
which indications 
of an association 
were found between 
graph measures and 
expressive deficits 
(albeit at p<.05, 
uncorrected). For 
visualization purposes 
component maps 
were resliced to a 
voxel size of 0.4 mm 
and thresholded at 
T>15.

Figure 2. Visualization 
of the modules. For 
visualization purposes 
component maps were 
resliced to a voxel 
size of 0.4 mm and 
thresholded at T>10
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Negative symptoms and local graph measures per component
When the analysis was performed for all 67 nodes (i.e., components) individually, the 
topological properties of several nodes showed a correlation with negative symptom 
measures (Supplementary Table S4). However, none of the reported associations 
survived FDR correction. Given the large number of comparisons that were made, 
we must take into account the possibility that a substantial part of these results are 
false positives. However, the uncorrected associations showed that for component 61, 
containing the inferior parietal lobule (IPL), both local efficiency (p=.03) and eigenvector 
centrality (p=.01) were associated with expressive deficits, possibly suggesting a 
consistent pattern of expressive deficits-related topological alteration (Figure 3). While 
several correlations were found with expressive deficits, only one significant association 
was found with amotivation, namely with the local efficiency of a middle/ superior 
occipital gyrus component (component 64). Moreover, associations with total negative 
symptoms seemed to be mostly driven by expressive deficits, except for the association 
between the local efficiency in a postcentral gyrus component, which seemed driven 
by a trend-level association with amotivation. Furthermore, the association between 
eigenvector centrality of a component containing the hippocampus and local efficiency 
of a component containing the inferior frontal gyrus seemed driven by trend-level 
associations with both expressive deficits and amotivation. 

Discussion
To our knowledge, this is the first study in which topological brain organization was 
assessed in relation to the separate subfactors within negative symptoms: expressive 
deficits and amotivation. We used graph theory based on resting-state fMRI data to 
assess global and local topological brain organization of patients with schizophrenia 
with varying levels of negative symptoms. The analyses showed no relationship 
between negative symptoms and global measures of integration (global efficiency) 
and segregation (mean local efficiency). Higher local efficiency of the limbic module 
and higher eigenvector centrality of the EC/DM module were associated with higher 
levels of expressive deficits, but these associations did not survive FDR correction for 
multiple comparisons. Likewise, although several associations were found between 
node-specific graph measures and the negative symptom measures, these associations 
did not survive correction for multiple comparisons either.

Several possible explanations for the absence of a clear association between topological 
properties during rest and negative symptoms could be proposed. Conceptually, it 
could be argued that because the reduced behavior involved in negative symptoms 
may be better reflected by alterations in task-evoked brain activation or connectivity 
than the spontaneous fluctuations that are assessed in resting-state data. Indeed, this 
may be reflected in previous—conflicting—findings. Whilst Yu et al. (2011) and Ma et 
al. (2012) found a negative relationship between negative symptoms and integration, 
Su et al. (2015) found a positive relationship, suggesting a lack of consistency in these 
findings. Although based on published information there are no large differences in 
demographic and clinical variables that could account for these heterogeneous findings 
(e.g., age, medication use, patient living status, and symptoms severity), there are 
obvious methodological differences between the studies. Among these are differences 
in parcellation schemes, graph construction (both considered to be crucial factors in 
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reproducibility of results, cf. Telesford, 2013), definition of negative symptoms, and the 
use of parametric versus non-parametric statistics. Therefore, based on our and previous 
results, it seems premature to make any definitive statements about the precise nature 
of the relationship between negative symptoms and the functional connectome. 

Considering the wider literature on brain connectivity and negative symptoms (i.e., 
where other methods than graph analysis were used), we deem it unlikely there are 
no disturbances in connectivity related to negative symptoms because many studies 
have found an association between negative symptoms connectivity alterations during 
rest. However, these findings have been very heterogeneous, both in terms of brain 
areas and direction of the found associations. Specifically, negative symptoms have 
been linked to increased interhemispheric connectivity of the inferior temporal gyrus 
(Mwansisya et al., 2013) and to increased connectivity within the frontopolar cortex 
and the right inferior temporal gyrus (Mingoia et al., 2012). Stronger connectivity in 
association with negative symptoms has also been found between the lateral default 
mode network (DMN) (i.e., the bilateral temporal cortex) and the right frontoparietal 
control network (Wang et al., 2015), between the DLPFC and a motor network 
(including the primary motor and sensory cortices, presupplementary motor area, 
anterior cerebellum, and posterior putamen) (Cole et al., 2011), and between the 
posterior cingulate and right fusiform gyrus (Bluhm et al., 2007). In contrast, lower 
connectivity of the lateral prefrontal cortex and the posterior cingulate to other parts 
of the brain has been reported to be associated with negative symptoms (Wang et al., 
2014). Associations have also been found with weaker connectivity between the DLPFC 
and the medial prefrontal cortex (MPFC) and precuneus/posterior cingulate cortex 
(Cole et al., 2011), weaker connectivity between the superior temporal gyrus and the 
bilateral precuneus (Lui et al., 2009), and weaker connectivity between the posterior 
cingulate and premotor areas, middle and superior temporal gyri, inferior frontal gyrus, 
dorsal anterior cingulate gyrus, the brain stem (Bluhm et al., 2007) and precuneus (Pu et 
al., 2014). Thus, although previous studies have reported associations between resting-
state connectivity abnormalities and negative symptoms, the heterogeneity of these 
findings add to our findings of an absence of a robust association with intrinsic network 
organization.

A second characteristic of the current study that may have influenced the results 
is the definition of negative symptoms and the subfactors expressive deficits and 
amotivation, using the PANSS. Although the PANSS is a widely used scale for the 
measurement of the symptoms of schizophrenia, it has been suggested that it is not 
an optimal scale for the characterization of negative symptoms (Kirkpatrick et al., 
2006; Lincoln, Dollfus, & Lyne, 2017). Moreover, even though the subfactors expressive 
deficits and amotivation can be measured using the PANSS, the scale was not designed 
to specifically measure these subfactors and better options are currently available 
(Lincoln, Dollfus, & Lyne, 2017), like the Brief Negative Symptoms Scale (BNSS) 
(Kirkpatrick et al., 2011) and the Clinical Assessment of Negative Symptoms (CAINS) 
(Horan et al., 2011). Therefore, using these measures might improve the investigation 
of the neurobiological substrate of these factors. Moreover, even though our focus on 
expressive deficits and amotivation reduced the heterogeneity of negative symptoms, 
substantial heterogeneity may still remain. An even more detailed exploration of the 
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neurobiological substrate of single, core negative symptoms may significantly increase 
understanding of this influential symptom cluster. For example, in a study on functional 
brain topology using electroencephalography (EEG), a relationship has been found 
between lack of spontaneity and flow of conversation and longer path length, but not 
with other negative symptoms (Rubinov et al., 2009). Due to its strong relationship with 
other negative symptoms, and more importantly with functional outcome, apathy has 
been suggested to be a core symptom within the negative symptom cluster (Foussias 
& Remington, 2010). In this light, it would be interesting to focus on apathy-related 
topological changes in future studies.

The analysis of local graph measures showed indications of altered topological 
organization in relation to expressive deficits. Even though these associations did 
not survive correction for multiple comparisons, it is noteworthy that topological 
organization of the limbic and EC/DM module and an IPL component were related 
to expressive deficits. These symptoms have been related to processing of facial 
expressions (Gur et al., 2006), which has been found to rely on a broad range of 
brain areas, among which regions that were found as part of our limbic module (e.g., 
amygdala and hippocampus) and our EC/DM module (e.g., anterior cingulate and 
medial prefrontal cortex) (Phan et al., 2002), as well as the IPL (Sarkheil et al., 2013). 
Likewise, the IPL and several limbic areas have been found to be hub regions for 
affective processing (Zhang, Li, & Pan, 2015). Moreover, abnormalities in both limbic 
and DM brain regions during affective processing and altered topological integration of 
the IPL during rest have been found in relation to negative symptoms in patients with 
schizophrenia (Gur et al., 2007; Lee et al., 2014; Yu et al., 2011). It is therefore plausible 
that altered organization of these regions is related to expressive deficits, although 
replication of these findings is needed.

Related to these local graph measures, it is noteworthy that no apparent signs 
of abnormalities in graph measures were found in relation to amotivation. The 
correlations with total negative symptoms seemed to be mainly driven by correlations 
with expressive deficits, not amotivation. This may be due to the fact that variance 
in amotivation scores was relatively small compared to variance in expressive deficit 
and total negative symptom scores. Because a small range in scores will reduce the 
covariance between the ranks of symptom scores and graph measures, this could 
explain the absence of associations between graph measures and amotivation. Future 
studies may benefit from specifically including patients that present with a wide range 
of amotivation levels as well as expressive deficits levels.

An additional important limitation of the current study is the absence of a healthy 
control group, because it does not allow for validation with results of previous studies 
using graph analysis comparing patients with schizophrenia with healthy participants. 
However, graph analysis based on a Group ICA parcellation has previously produced 
reliable results in patients with schizophrenia (e.g., Yu et al., 2011) and moreover, 
the same analysis pipeline has been previously performed in other samples and 
has produced reliable results (van der Horn et al., 2017). Notably, given the current 
dimensional approach a control group is not crucial for investigating associations 
related to negative symptoms. 
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A second limitation may be the use of scans with different scan parameters in the 
current study. During the analysis, these differences were addressed by comparing 
the distributions of graph measures between the three groups of scans with different 
parameters. Results showed that these differences had no effect on the graph measures. 
Therefore, we concluded that they did not significantly affect the results. 

Conclusion
To conclude, no statistically robust relationship was found between brain topology 
and negative symptoms, neither for total negative symptoms nor for the subfactors 
expressive deficits or amotivation. Specifically, no relationship was found for global 
measures, while local graph measures showed modest indications of an expressive 
deficits-related altered topological organization of the limbic and default mode/
executive control module, as well as an IPL component. However, these effects did not 
survive multiple comparison correction and must therefore be interpreted with caution. 
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Supplementary material
Effect of scan parameter settings on graph measures
The scan parameters in Table 1 show that the scans can be divided into three groups. 
There was one minor exception: one scan was acquired with a slightly lower number of 
slices, and was added to the first group. 

In order to verify whether the results of the graph analysis were influenced by differences 
in scan parameters, after postprocessing all graph measures (both global measures 
and local measures per module) were calculated per group of scans. The resulting 
distributions were visualized using boxplots and statistically compared with pair-wise 
two-sample Kolmogorov-Smirnov (KS) tests to test for differences in distribution, 
corrected for multiple comparisons by false discovery rate (FDR) correction. Neither 
visual inspection of the boxplots nor the results of the KS tests showed any differences 
in distribution. 

Supplementary tables
Supplementary Table S1. Description of the used graph measures

Measure Description

Global efficiency (Eglob) Average of the inverse shortest path lengths between any two nodes in 
the network

Local efficiency (Eloc) Average of the inverse shortest path lengths between any node in the 
network and their neighboring nodes

Local efficiency (Eloci) Local efficiency averaged over all nodes in module i, or per node

Eigenvector centrality (ECi) Reflects how strong a node’s neighbors are connected and thus how 
central they are in the network. High eigenvector centrality indicates 
that a node is connected to important nodes that also have high eigen-
vector centrality. Averaged across all nodes in module i and calculated 
per node

Participation coefficient (Parti) Diversity of intermodular connections of individual nodes, averaged 
across all nodes in module i (i.e., the ratio of connections between vs. 
within module i), and per node.

Supplementary Table S2. Association between negative symptoms and 
global graph measures

Graph measure AUC p

Expressive deficits Global efficiency .96 .71

Local efficiency 1.01 .70

Amotivation Global efficiency 3.20 .21

Local efficiency 1.97 .45

Negative symptoms Global efficiency 1.98 .43

Local efficiency 1.62 .54

Note. AUC: area under the curve, in arbitrary units.



NEGATIVE SYMPTOM DIMENSIONS AND CONNECTOMICS

73

4

Supplementary Table S3. Association between negative symptoms and local graph 
measures per module

Graph measure Module AUC p

Expressive deficits Local efficiency Limbic 5.65 .04*

Local efficiency Visual .97 .75

Local efficiency EC/DM -1.15 .65

Local efficiency DM/S -2.82 .25

Local efficiency Sensorimotor 1.01 .73

Eigenvector centrality Limbic 4.63 .12

Eigenvector centrality Visual -1.09 .73

Eigenvector centrality EC/DM 5.98 .045*

Eigenvector centrality DM/S -1.74 .56

Eigenvector centrality Sensorimotor -4.90 .10

Participation coefficient Limbic 2.30 .39

Participation coefficient Visual 3.04 .30

Participation coefficient EC/DM -.03 .99

Participation coefficient DM/ S -2.02 .47

Participation coefficient Sensorimotor 1.20 .68

Amotivation Local efficiency Limbic 1.27 .65

Local efficiency Visual -.95 .74

Local efficiency EC/DM 1.57 .54

Local efficiency DM/ S .78 .76

Local efficiency Sensorimotor 3.41 .24

Eigenvector centrality Limbic .28 .93

Eigenvector centrality Visual -.64 .84

Eigenvector centrality EC/DM .61 .85

Eigenvector centrality DM/ S .70 .82

Eigenvector centrality Sensorimotor .35 .91

Participation coefficient Limbic -1.31 .63

Participation coefficient Visual 1.34 .65

Participation coefficient EC/DM -3.22 .23

Participation coefficient DM/ S -1.56 .57

Participation coefficient Sensorimotor .22 .94

Negative symptoms Local efficiency Limbic 4.13 .13

Local efficiency Visual 1.16 .70

Local efficiency EC/DM -.34 .88

Local efficiency DM/S -1.50 .55
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Supplementary Table S3, continued. Association between negative symptoms and local 
graph measures per module

Graph measure Module AUC p

Local efficiency Sensorimotor 2.44 .40

Eigenvector centrality Limbic 2.84 .34

Eigenvector centrality Visual .13 .97

Eigenvector centrality EC/DM 4.20 .17

Eigenvector centrality DM/S -1.21 .68

Eigenvector centrality Sensorimotor -3.51 .24

Participation coefficient Limbic 1.50 .58

Participation coefficient Visual 3.39 .24

Participation coefficient EC/DM -2.14 .42

Participation coefficient DM/S -2.57 .36

Participation coefficient Sensorimotor .75 .79

Note. DM: default-mode; EC: executive control; S: salience; AUC: area under 
the curve, in arbitrary units; *significant at p<.05, uncorrected for multiple 
comparisons.

Supplementary Table S4: Associations between negative symptoms and graph measures per 
component, significant at p<.05, uncorrected

Graph measure Node (IC) L/R/B Component AUC p

Expressive deficits Local efficiency 8 (10) B Brainstem/ Thalamus 5.56 .03

Local efficiency 16 (18) B Hippocampus/ parahip-
pocampal gyrus

6.72 .01

Local efficiency 19 (25) B Insula 6.01 .03

Local efficiency 44 (61) R Inferior parietal lobule -5.40 .03

Local efficiency 45 (62) B Caudate/ anterior 
cingulate

6.49 .01

Local efficiency 63 (95) B Precuneus -4.89 .04

Eigenvector 
centrality

17 (19) B Supplementary motor 
area/ Superior frontal 
gyrus

-6.76 .02

Eigenvector 
centrality

41 (57) R Postcentral/ Superior 
parietal gyrus/ Precuneus

-5.86 .0498

Eigenvector 
centrality

44 (61) B
Inferior parietal lobule

-7.29 .01

Eigenvector 
centrality

47 (65) L Anterior cingulate/ medi-
al superior frontal gyrus

6.14 .04

Eigenvector 
centrality

52 (77) B Supramarginal gyrus/ 
postcentral gyrus

-6.98 .02

Eigenvector 
centrality

60 (92) L Inferior frontal/ middle 
frontal gyrus

-5.95 .03



NEGATIVE SYMPTOM DIMENSIONS AND CONNECTOMICS

75

4

Supplementary Table S4, continued: Associations between negative symptoms and graph measures per 
component, significant at p<.05, uncorrected

Graph measure Node (IC) L/R/B Component AUC p

Participation 
coefficient

3 (3) L Postcentral/ precentral 
gyrus

5.45 .04

Participation 
coefficient

5 (5) B Superior temporal gyrus/ 
Insula

6.15 .02

Participation 
coefficient

10 (12) B
Lingual/ fusiform gyrus

5.46 .045

Participation 
coefficient

13 (15) B
Putamen/ Caudate

4.74 .04

Participation 
coefficient

43 (59) B Middle/ superior tempo-
ral gyrus

7.15 <.001

Amotivation Local efficiency 46 (64) B Middle/ superior occipital 
gyrus

5.69 .02

Negative symp-
toms

Local efficiency 6 (6) B
Postcentral gyrus

5.32 .049

Local efficiency 30 (39) B Inferior frontal gyrus 5.47 .03

Local efficiency 45 (62) R Caudate/ anterior 
cingulate

6.24 .02

Eigenvector 
centrality

21 (29) L
Hippocampus

6.18 .03

Eigenvector 
centrality

44 (61) L
Inferior parietal lobule

-5.97 .08

Eigenvector 
centrality

52 (77) L Supramarginal gyrus/ 
postcentral gyrus

-6.16 .04

Eigenvector 
centrality

60 (92) L Inferior frontal/ middle 
frontal gyrus

-6.77 .02

Participation 
coefficient

5 (5) B Superior temporal gyrus/ 
Insula

6.05 .02

Participation 
coefficient

10 (12) B
Lingual/ fusiform gyrus

5.67 .04

Participation 
coefficient

13 (15) B
Putamen/ Caudate

5.06 .03

Participation 
coefficient

43 (59) B Middle/ superior tempo-
ral gyrus

6.19 .01

Participation 
coefficient

44 (61) B
Inferior parietal lobule

-4.85 .0466

Participation 
coefficient

60 (92) B Inferior frontal/ middle 
frontal gyrus

-5.23 .03

Note. IC: independent component; L/R/B: left/ right/ bilateral hemisphere; AUC: area under the curve, in 
arbitrary units.
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Supplementary figure

 

Supplementary Figure 
S1: Adjacency matrix, 
containing the mean 
Pearson’s correlations per 
node. For visualization, 
nodes were sorted 
according to the modules 
derived from the module 
decomposition (modules 
were demarcated 
with dashed lines) and 
correlations on the 
diagonal from the upper 
left to lower right were set 
to zero.
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Abstract
Motivational problems lie at the core of the negative symptoms of schizophrenia and are 
characterized by a lack of goal-directed behavior and initiative. It is still largely unknown 
which neural substrates underpin amotivation in people with schizophrenia, though 
deficiencies in the mesocorticolimbic dopamine system have been proposed. Here we 
examined the association between amotivation and seed-based intrinsic connectivity 
of mesocorticolimbic brain areas in 84 people with schizophrenia during rest. Results 
showed that spontaneous fluctuations of midbrain dopaminergic regions were positively 
associated with striatal and prefrontal fluctuations, irrespective of amotivation severity 
in people with schizophrenia. Most importantly, amotivation was negatively associated 
with functional connectivity between the midbrain’s substantia nigra/ventral tegmental 
area and medial- and lateral prefrontal cortex, the temporoparietal junction, and dorsal 
and ventral striatum. These relations were observed independent of depressive and 
positive symptoms. Our findings suggest that amotivation in people with schizophrenia 
is associated with deficient intrinsic connectivity of mesocorticolimbic pathways linked 
to cognitive control and reward processing. Compromised functional connectivity of 
dopaminergic neurons that is fundamental to approach behavior and motivation may 
help explain the lack of active behavior in people with amotivation.

Introduction
Apathy or amotivation is one of the most prominent symptoms of schizophrenia 
(Foussias & Remington, 2010). It can be defined as a reduction of self-initiated goal-
directed behavior (Levy & Dubois, 2006). Previous studies have shown that amotivation 
in schizophrenia is associated with widespread deficits in reward processing (Simon 
et al., 2010), executive control (Faerden et al., 2009) and social cognition (Sergi et 
al., 2007). However, the neural mechanisms underlying amotivation in schizophrenia 
remain largely unknown.

It has been proposed that amotivation may be related to dysfunction of the 
mesocorticolimbic dopamine system, which is composed of dopaminergic neurons 
in the midbrain substantia nigra (SN) and ventral tegmental area (VTA) and their 
projections to striatal and dorsolateral prefrontal regions (Levy & Dubois, 2006; Rolls 
& Grabenhorst, 2008). Ascending midbrain dopamine projections are pivotal to reward 
learning and motivational processing (Düzel et al., 2009). A large body of evidence has 
also pointed to an aberrant mesocorticolimbic dopamine pathway being involved in 
motivational and voluntary impairments in schizophrenia (for a review, see Strauss, 
Waltz, & Gold, 2014). Preliminary findings have also suggested attenuated reward 
signals in people with schizophrenia to be related to negative symptoms, anhedonia and 
amotivation (Gradin et al., 2013). A recent review proposes that the negative symptoms 
in schizophrenia are associated with an increased spontaneous phasic dopamine release 
(Maia & Frank, 2017). However, whether amotivation in schizophrenia is associated 
with intrinsic connectivity variations of the mesocorticolimbic dopaminergic circuits 
has not been investigated yet. 

Interestingly, a recent study has suggested increased RSFC within mesocortical 
networks in people with high levels of the personality trait “openness to experience” 
(Passamonti et al., 2015). Amotivation can be characterized as a loss of interest and 
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a reduction of voluntary behavior, which could be partly regarded as the inverse of 
openness to experiences. Indeed, being open to new experiences is an item of the 
widely used Apathy Evaluation Scale (AES) (Marin, Biedrzycki, & Firinciogullari, 1991). 
We therefore expect a negative relationship between intrinsic connectivity within the 
mesocorticolimbic network and amotivation severity. To this end, we examined the 
association between amotivation and the dopaminergic brain reward system in people 
with schizophrenia or schizoaffective disorders using resting-state functional magnetic 
resonance imaging (fMRI). 

Materials and Methods
Participants
Data from eighty-four participants with a diagnosis of schizophrenia or schizoaffective 
disorder who participated in one of five neuroimaging studies in our department 
(Dlabac-de Lange et al., 2015; Liemburg et al., 2012, 2015; Pijnenborg et al., 2011; 
Vercammen et al., 2011) were included for the analyses of the current study (see Table 
1 for details about participants). In these studies, participants from both inpatient 
and outpatient care were included if they were 18 years or older and were considered 
able to give informed consent. Exclusion was based on MR incompatibility (e.g., due 
to metal implants, claustrophobia, (suspected) pregnancy). Specific to the current 
analysis, participants were included if they were diagnosed with schizophrenia or 
schizoaffective disorder, had undergone resting-state scanning, and had Positive and 
Negative Syndrome Scale (PANSS) data available (including reliable scoring of items 
that rely entirely on informant report, i.e., item N4 Passive/apathetic social withdrawal 
and G16 Active social avoidance). Participants were excluded if their resting-state data 
was not of sufficient quality due to clearly visible artifacts, abortion of the scan, or 
non-compliance with scanning instructions (i.e., refusing to close the eyes). All studies 
have been approved by the local ethical committee of the University Medical Center of 
Groningen, and all of the participants gave oral and written informed consent after the 
study procedure had been fully explained. All procedures were performed according to 
the Declaration of Helsinki.

All participants were diagnosed based on the Diagnostic and Statistical Manual of 
Mental Disorders, Fourth Edition (DSM-IV). Diagnosis was confirmed with either the 
Schedules for Clinical Assessment in Neuropsychiatry (SCAN 2.1) (Giel & Nienhuis, 
1996) or the Mini-International Neuropsychiatric Interview-Plus (MINI-Plus) diagnostic 
interview (Sheehan et al., 1998). The level of amotivation was assessed by calculating 
a social amotivation factor (including items N2 Emotional withdrawal, N4 Passive/
apathetic social withdrawal, and G16 Active social avoidance) (Liemburg et al., 2013; 
Stiekema et al., 2016) based on the Positive and Negative Syndrome Scale (PANSS) 
(Kay, Fiszbein, & Opler, 1987). This factor has been shown to correlate highly with the 
AES (Liemburg et al., 2015).

Image acquisition
MRI data were acquired with a 3T Philips Intera MR-system (Best, the Netherlands) 
equipped with an eight-channel SENSE head coil. Head movement was restricted by 
foam pads fixating the head. Noise was reduced using earplugs and headphones. The 
resting-state fMRI data were acquired by measuring the blood oxygen level-dependent 
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(BOLD) signal using gradient-echo echo-planar imaging (EPI) with the following 
sequence parameters settings: FOV=220 mm × 220 mm, data matrix=64 × 64, slice 
thickness=3 mm, interleaved transversal slices. Owing to the fact that we combined 
data from different studies at our center, other acquisition parameters differed slightly 
per study: Study-1) TR=2000 ms, TE=30 ms, flip angle=70°, 37 slices with 0.3 mm 
gap, 300 volumes, applied for 22 participants; Study-2) TR=2300 ms, TE=28 ms, flip 
angle=85°, 43 slices with no gap and 200 volumes, applied for 29 participants (including 
one participant with 39 slices); Study-3) TR=3000 ms, TE=28 ms, flip angle=85°, 43 
slices with no gap and 250 volumes, applied for 33 participants. All participants were 
instructed to keep their eyes closed without falling asleep during scanning. 

Furthermore, a 3D high-resolution structural image was acquired for each subject 
using a gradient-echo T1-weighted sequence with the following sequence parameters 
corresponding to above EPI sets: 1) TR/TE=9 ms/3.5 ms, flip angle=8°, FOV=232 mm 
× 256 mm, data matrix=256 × 256 and 170 transversal slices; 2) TE=3.6 ms, and other 
parameters same with those of 1); 3) TR/TE=25 ms/4.6 ms, flip angle=30°, FOV=256 mm 
× 204 mm, 160 slices, and other parameters same with those of 1).

Preprocessing
MRI data was preprocessed using SPM12b (version 5970; http://www.fil.ion.ucl.ac.uk/
spm/), implemented in Matlab (version 8.1; The MathWorks Inc., USA). The functional 
images were corrected for slice timing and realigned to correct for head movement. 
The T1-weighted images were then coregistered to the mean EPI image. The functional 
images were subsequently normalized to the MNI template and re-sampled to a voxel 
size of 3 × 3 × 3 mm3, and spatially smoothed with an 8 mm full width at half maximum 
Gaussian isotropic kernel. Finally, using the DPARSF toolbox (version 2.3; http://
www.rfmri.org/DPARSF), the waveform of each voxel was detrended (to remove the 
systematic drift or trend) and passed through a band-pass filter (0.01–0.08 Hz) to reduce 
the effects of low frequency drift and high-frequency physiological noise. Given that 
global signal regression could potentially change functional connectivity distributions 
and result in increased negative correlations and thus introduce spurious correlations 
(Saad et al., 2012), we used a principal component-based noise reduction method 
(CompCor) to correct for physiological noise by regressing out principal components 
consisting of white matter (WM) signal and cerebrospinal fluid (CSF) signal (Behzadi 
et al., 2007). Six motion parameters and framewise head displacement (Power et al., 
2012) were also used as nuisance variables to account for the influence of head motion 
on the RSFC. To account for potential effects of confounding factors (including head 
movements and physiological noise) on our main results, Pearson correlations among 
amotivation and mean values of head motion parameters (including both framewise 
head displacement and root-mean-square of the translation parameters (Van Dijk, 
Sabuncu, & Buckner, 2012)) and principal components of physiological noise were 
calculated.

Functional connectivity analysis
Seed definition
The bilateral SN/VTA seed regions were defined as two 5-mm-radius spheres centered 
on MNI coordinates (left SN/VTA, x=−8, y=−20, z=−22; right SN/VTA, x=6, y=−18, z=−22) 
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based on a previous study (Passamonti et al., 2015).

Statistics
Using DPARSF, the mean time-course of the SN/VTA was extracted from each SN/VTA 
seed; the voxel-wise linear correlation between the mean time course of the SN/VTA 
and the time course of each voxel in the whole brain was calculated. By using SPM12, 
the correlation map of each subject was Z transformed (Fisher's Z) and entered into 
a second-level general linear model (GLM) to identify the SN/VTA-seeded networks 
of people with schizophrenia in the current study. To test the relationships between 
amotivation and the SN/VTA-seeded reward networks, a multiple linear regression was 
performed with brain connectivity as the dependent variable and amotivation scores as 
the predictor. Age, sum scores of the positive symptomatology items and sum scores 
of the depressive symptomatology items (including G1 somatic concern, G2 anxiety, G3 
guilt feeling and G6 depression; (El Yazaji et al., 2002)) of the PANSS were included as 
nuisance variables. The different sets of scanning parameters (nominal variable) were 
entered as dummy regressors to control for their potential influence. The one-way 
ANOVA was also conducted to further test the difference in RSFC among different sets 
of scan parameters. 

To test for the robustness of the results in a relatively homogeneous sample with respect 
to medication use, we additionally performed a second-level GLM analysis selectively 
including participants treated with atypical antipsychotics only (N=66). Haloperidol 
dose equivalent or D2-receptor occupancy could not be calculated, because details 
about antipsychotic medication dosage were not available for all participants. 

To correct for multiple comparisons in all analyses, we used a threshold-free cluster 
enhancement (TFCE) algorithm with 5000 nonparametric permutation testing on the 
basis of cluster-based inference (Smith & Nichols, 2009) by using the TFCE toolbox 
implanted in SPM (http://dbm.neuro.uni-jena.de/tfce/). Threshold was set at p<.05 
family-wise error (FWE) correction.

Results
Demographic and clinical information on the participants can be found in Table 1.The 
amotivation scores ranged from 3 to 16 (6.39 ± 2.66, M ± SD; Figure 1). Using the SN/
VTA as seed regions (Figure 2), the functional connectivity analysis showed that the 
BOLD-signal in the dopaminergic midbrain was positively associated with fluctuations 
in a broad set of brain regions, mainly including the dorsal and ventral striatum, areas 
corresponding to the frontoparietal network and prefrontal and parietal regions often 
implicated in the default mode network (Figure 2; Table S1). No area was found that 
was negatively correlated with the SN/VTA. No significant difference in RSFC among 
different sets of scan parameters was found (ps>.3; Figure S1).

The multiple regression analyses revealed that amotivation was significantly negatively 
associated with RSFC between the left SN/VTA and the medial prefrontal cortex (mPFC), 
posterior cingulate cortex (PCC), orbital frontal cortex (OFC), dorsal anterior cingulate 
cortex (dACC), bilateral temporoparietal junction (TPJ) and putamen (Figure 3A and B; 
Table S2). Amotivation was also negatively associated with right SN/VTA–seeded RSFC 
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with the bilateral dorsolateral prefrontal cortex (dlPFC), ventrolateral prefrontal cortex 
(vlPFC), mPFC, PCC, OFC, dACC, TPJ, caudate and left pallidum (Figure 3C and D; Table 
S2). A similar pattern of results was present in the robustness analysis limited to people 
treated with atypical antipsychotics only (Tables S3 and S4). No correlation was found 
between positive or depressive symptoms and SN/VTA-seeded RSFC. No significant 
correlation was observed among amotivation and head motion measures or among 
amotivation and physiology noise parameters (ps>.69).

Table 1. Patient characteristics and clinical measures

Variable Mean (SD)

Age (years) 34.88 (10.98)

N male / female 59 / 25

Handedness1 (left / right-handed) 7 / 74

Medication type2 (atypical / typical / free) 66 / 5 / 9

PANSS Total 60.55 (13.26)

PANSS Positive 14.69 (4.54)

PANSS Negative 15.16 (4.57)

PANSS General 30.69 (7.31)

PANSS Depressive3 8.99 (3.62)

Note. 1 For three participants information on handedness was not avail-
able; 2 For four participants, medication records were not available; Free - 
free of antipsychotic medication; 3Sum scores of the depressive symptom-
atology items of the PANSS (El Yazaji et al., 2002).

Figure 1. Frequency distribution of levels of amotivation in people with schizophrenia. (A) The frequency 
as a function of amotivation severity. The red curve is the curve best fitting with a normal distribution. The 
black vertical line represents the mean amotivation severity. (B) The cumulative frequency as a function of 
amotivation severity. The x-axis represents amotivation levels measured by the PANSS social amotivation 
factor. The y-axis represents the cumulative frequency on the left and the cumulative proportion on the right 
side. The colored histogram depicts actual frequency in each bin.
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Figure 3. Associations between amotivation and resting-state functional connectivity of the substantia 
nigra (SN)/ventral tegmental area (VTA) in schizophrenia. (A) Areas showing negative associations between 
amotivation and RSFC of the left SN/VTA. Color bars show the TFCE-values. (B) Scatter plot of the local 
maxima associations shown in A. (C) Negative associations between amotivation and functional connectivity 
of the right SN/VTA. Color bars show the TFCE values. (D) Scatter plot from the local maxima (peak voxel of 
the cluster) connectivity shown in C. Abbreviations: dlPFC, dorsal lateral prefrontal cortex; vmPFC, ventral 
medial prefrontal cortex; PCC, posterior cingulate cortex; NAcc, nucleus accumbens.

Figure 2. Resting-state functional 
connectivity of the substantia nigra 
(SN)/ventral tegmental area (VTA) in 
schizophrenia. (A) Positive functional 
connectivity of the left SN/VTA (MNI 
coordinates, x −8, y −20, z −22). (B) 
Positive functional connectivity of the 
right SN/VTA (MNI, x 6, y −18, z −22). 
The color bars show the TFCE-values. 
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Discussion
In the current study, we examined the neural substrates of amotivation as reflected by 
spontaneous BOLD-signal fluctuations in a putatively dopaminergic circuit in people 
with schizophrenia. In line with the positive correlations within mesocorticolimbic 
networks observed in healthy individuals during rest (Passamonti et al., 2015), our 
results showed intrinsic positive functional couplings of midbrain dopaminergic regions 
with striatal and prefrontal areas in people with schizophrenia. Notably, we observed 
that connectivity of these mesocorticolimbic pathways was negatively related to 
amotivation, indicating that individuals characterized by higher levels of amotivation 
showed lower functional connectivity between these brain regions. Crucially, this 
relationship was independent of concurrent depressive and positive symptoms, which 
have both been associated with alterations of the reward system (Fletcher & Frith, 
2009; Hamilton et al., 2011). These results suggest that amotivation in schizophrenia 
is independently related to disruptions in the functional circuitry of the reward system, 
or at least, stronger related to dopaminergic variation than depression in the present 
study.

Striatal dopamine dysregulation in schizophrenia has been found in numerous reward-
related neuroimaging studies (Radua et al., 2015; Ziauddeen & Murray, 2010) and has 
been hypothesized to play an important role in the genesis of psychotic symptoms 
(Howes & Kapur, 2009) . Despite that reward processing was not investigated in the 
present study, there is a large body of research implying the SN/VTA in dopamine-related 
reward processing (for a review, see Düzel et al., 2009). Moreover, Passamonti et al. 
(2015), who used the same method for voxel-based SN/VTA connectivity as we applied 
in this study, demonstrated that these areas were directly associated with reward from 
both olfactory and visually delivered pleasant stimuli in healthy individuals. Different 
from previous studies who investigated reward processing in schizophrenia with a 
specific reward task manipulation (Gold et al., 2008; Strauss, Waltz, & Gold, 2014; Wolf et 
al., 2014), our findings demonstrate that dysconnectivity of the midbrain dopaminergic 
system related to amotivation is intrinsic and occurs independently of task. Together with 
the previously reported predictive role of the intrinsic mesocorticolimbic connectivity 
in the treatment of schizophrenia (increased functional connectivity strength in these 
networks predicting better treatment responses (Hadley et al., 2014)), these findings 
suggest that the intrinsic mesocorticolimbic connectivity may be a potential biomarker 
for the severity of amotivation in people with schizophrenia.

Weaker connectivity between dopaminergic midbrain areas and the prefrontal cortex 
with increased degree of amotivation in people with schizophrenia may indicate an 
attenuated dopaminergic input to prefrontal control areas (Rolls & Grabenhorst, 2008). 
The prefrontal cortex plays a fundamental role in cognitive control and in translation 
of motivation into action, thereby initiating motivated behavior (Kouneiher, Charron, 
& Koechlin, 2009). Dysregulated dopaminergic inputs have been suggested as the 
key to pathophysiological changes in prefrontal activation in schizophrenia (Lesh et 
al., 2011). Previous findings have shown that frontostriatal dysfunction is associated 
with amotivation (Levy & Dubois, 2006), goal representation and motivational drive 
(Barch & Dowd, 2010), and severity of negative symptoms in people with schizophrenia 
(Reckless et al., 2015). A recent study has found reduced prefrontal involvement during 
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planning related to amotivation in people with schizophrenia (Liemburg et al., 2015). 
More speculatively, future treatment targeted at up- or down-regulating prefrontal 
activity might affect dopamine transmission (Cho & Strafella, 2009) within frontostriatal 
pathway and might sequentially improve initiative behaviors in schizophrenia (Dlabac-
de Lange et al., 2015).

We also found that amotivation was negatively associated with connectivity of the 
dopaminergic midbrain areas with the TPJ and mPFC. Hypoactivation of these areas 
have been pointed out to contribute to social anhedonia in schizophrenia (Dodell-
Feder et al., 2014). Social amotivation is the main factor composing the measurement 
of amotivation used in this study, therefore our findings may also contribute 
to neuroimaging evidence relevant for the neural basis of social dysfunction in 
schizophrenia. Dopaminergic mesocortical networks have also been shown to mediate 
associative learning (Murray et al., 2008) and indeed the processing of social reward 
that enhances social interaction (Stephan, Friston, & Frith, 2009). Our results may be 
implicated in difficulties regarding reward-based learning from social experiences, 
which may ultimately enhance social withdrawal and reinforce apathetic behavior in 
schizophrenia.

Our results also support the dysconnection hypothesis of schizophrenia, which 
emphasizes that a disruption in connectivity between brain regions may underlie the 
disintegration among thoughts, emotions, and behaviors in schizophrenia (Friston, 
2002). The association between increasing levels of amotivation and reduced functional 
connectivity of mesocorticolimbic dopamine circuits suggests a pathological lack of 
functional integration/interaction of reward brain processes, which may be caused by 
impaired anatomical connectivity and/or synaptic plasticity (Stephan, Friston, & Frith, 
2009). Given the role of dopamine in modulation of the default mode network (Delaveau 
et al., 2010; Sambataro et al., 2010; Tomasi et al., 2009), decreased connectivity 
between the SN/VTA and the default mode network along with increased amotivation 
in our study may contribute to disturbances of thought in schizophrenia. Although the 
dysconnectivity hypothesis has been implied for schizophrenia as a diagnostic group 
and specifically for positive symptomatology (for a review, see Pettersson-Yeo et al., 
2011), our results show that functional disintegration of reward-related circuits may 
have specific importance for negative symptomatology as well. This dysfunctional 
integration among components of the dopaminergic systems may be related to both 
subcortical hyperdopaminergia and prefrontal hypodopaminergia in people with 
schizophrenia (Howes & Kapur, 2009), but the exact nature and implications of the 
abnormalities await further clarification. 

Potential limitations of our study should be considered. Without any molecular 
imaging in the present study, interpretation regarding the dopaminergic system 
based on our findings should be made with caution. Because the reward system and 
pathophysiological mechanisms in people with schizophrenia are modulated by multiple 
neurotransmitter systems (Stephan, Friston, & Frith, 2009), future studies specifically 
investigating the neurotransmitter systems would be necessary. Despite the high 
correlations between the current measure of amotivation and the AES (Liemburg et al., 
2015), our measure may be suboptimal as it was based on a PANSS subfactor. However, 
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the emotional withdrawal, apathetic social withdrawal, and active social avoidance 
items have consistently been found to load on one factor reflecting lack of initiative 
(Liemburg et al., 2013; Stiekema et al., 2016), which could be considered as a core 
component of amotivation. Still, future studies may benefit from using more focused 
measures in which amotivation or apathy is specifically assessed (Lincoln, Dollfus, & 
Lyne, 2017). Although participants in this study received different medications (typical, 
atypical and free of antipsychotics), the pattern of results remained in the robustness 
analysis, which only included people with atypical antipsychotics. A recent study 
suggested that effects of antipsychotics are only marginal on motivational impairment 
(Fervaha et al., 2015a). However, because blockade of dopamine D2 receptors is the 
common mechanism of antipsychotics, these pharmacological agents also affect the 
mesocorticolimbic pathways. Another potential confounding effect might be history 
of substance abuse or dependence, including smoking. These potential modulatory 
effects give rise to an important issue for further study. 

In conclusion, we provide neuroimaging evidence that diminished intrinsic connections 
within mesocorticolimbic circuits might underlie the lack of initiative and motivation 
in schizophrenia. In other words, a lack of dopaminergic input to reward, social 
and executive control brain systems may be related to amotivation in people with 
schizophrenia. These findings may have implications for understanding the role of neural 
structures underlying reward processing in the pathogenesis of negative symptoms 
in schizophrenia and may inspire further development of treatment approaches that 
enhance reward sensitivity and behavioral activation.

Funding
This study was supported by grants from ERC (“DRASTIC”, project no. 312787) and 
Netherlands Organisation for Scientific Research (N.W.O.; project no. 453-11-004) to 
A. Aleman. M.J. van Tol was supported in part by a NWO-VENI grant (no. 016.156.077).



AMOTIVATION AND MESOCORTICOLIMBIC CONNECTIVITY 

89

5

Supplementary material
Supplementary tables

Supplementary Table S1. Positive intrinsic functional connections of left and right SN/VTA in 
people with schizophrenia.

Region L/R BA x y z TFCE P FWE k

Left SN/VTA

Vermis II R 6 -37 -19 21729.02 < .05 51367

Cerebellum 
IX X

L -15 -37 -22 21545.47

Lingual gyrus R 27 15 -31 -7 18876.18

Cerebellum IX X L -3 -43 -7 14749.1

Fusiform gyrus L 37 -30 -13 -25 13154.49

Cerebellum IX X R 15 -52 -22 13154.49

Hippocampus R 20 30 -10 -19 11607.28

Insula L -27 11 -19 10156.06

Orbitofrontal cortex L 11 -3 26 -7 10156.06

Cerebellum crus II R 27 -88 -37 9587.62

Cerebellum crus II R 6 -82 -28 9587.62

Temporal pole L 20 -36 17 -34 9422.44

Inferior frontal gyrus (triangular) R 9 39 17 29 1124.08

Vermis II R 6 -37 -19 21729.02

Right SN/VTA

Cerebellum IX X L -15 -37 -22 26380.93 < 0.05 63368

Supplementary motor area 6 0 20 47 25576.91

Superior frontal gyrus (medial) 9 0 41 38 25398.93

Anterior cingulate gyrus R 24 3 35 23 25233.37

Cerebellum IX X R 24 -31 -22 24893.7

Supplementary motor area L 6 -3 11 68 24553.18

Supplementary motor area L 6 -6 -10 77 24039.72

Middle frontal gyrus (orbital) L 10 -3 56 -4 24034.35

Superior frontal gyrus (medial) R 10 3 56 14 23888.01

Superior frontal gyrus (medial) L 10 -3 59 29 23888.01

Posterior cingulate gyrus R 23 3 -31 38 23819.29

Middle frontal gyrus L 10 -30 59 5 23737.29

Superior frontal gyrus (dorsolateral) L 10 -21 65 17 23710.95

Middle frontal gyrus L 44 -45 23 38 23659.33

Middle frontal gyrus L 9 -39 11 53 23586.37

Precuneus 31 0 -46 44 23477.74

Note. L: left; R: right; BA: Brodmann’s area. For each cluster, the cluster size was reported in the 
line of the local maxima.
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Supplementary Table S2. Negative associations between the intrinsic functional connections of 
left and right SN/VTA apathy in people with schizophrenia.

Region L/R BA x y z TFCE PFWE k

Left SN/VTA

Anterior cingulate gyrus L 32 -9 47 17 766.43 < 0.05 1237

Middle frontal gyrus (orbital) R 10 6 62 -1 757.29

Anterior cingulate gyrus R 24 6 23 23 729.65

Superior frontal gyrus (medial) R 10 9 62 26 723.8

Caudate R 18 26 2 710.43

Olfactory cortex L 25 -3 26 -4 708.39

Middle frontal gyrus L 9 -21 53 32 704.36

Anterior cingulate gyrus R 32 3 41 5 704.27

Caudate L -6 14 8 646.43

Pallidum L -9 2 -4 639.99

Caudate R 25 6 11 -7 616.69

Superior frontal gyrus (dorsolat-
eral)

R 32 18 47 23 615.23

Putamen R 24 11 14 608.21

Anterior cingulate gyrus R 32 9 29 38 565.93

Precuneus/Posterior cingulate 
cortex

R 23 12 -58 29 659.48 452

Precuneus/Posterior cingulate 
cortex

L 23 -12 -55 23 625.16

Angular gyrus R 39 48 -64 17 622.17

Angular gyrus R 41 42 -46 26 597.99

Posterior cingulate gyrus 23 0 -43 35 551.02

Superior temporal gyrus L 21 -45 -31 5 598.86

Middle temporal gyrus L 22 -57 -43 11 578

Middle temporal gyrus L 21 -48 -55 17 561.4

Postcentral gyrus L 3 -66 -10 23 554.41

Inferior temporal gyrus L 20 -42 -22 -28 616.02 169

Parahippocampal gyrus R 15 -7 -19 552.67

Superior temporal gyrus R 22 69 -28 11 593.84 67

Inferior temporal gyrus R 20 51 -13 -16 587.35 111

Middle temporal gyrus R 21 63 -1 -31 558.1

Fusiform gyrus R 20 45 -16 -31 553.25

Rolandic operculum R 51 -13 20 582.43 87
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Supplementary Table S2, continued. Negative associations between the intrinsic functional 
connections of left and right SN/VTA apathy in people with schizophrenia.

Region L/R BA x y z TFCE PFWE k

Right SN/VTA

Anterior cingulate gyrus L 32 -3 53 14 1259.58 < 0.05 15586

Superior frontal gyrus (medial) R 32 12 53 20 1231.41

Superior frontal gyrus (orbital) L 11 -27 59 -4 1208.16

Superior frontal gyrus (dorsolat-
eral)

L 46 -21 59 23 1168.58

Anterior cingulate gyrus R 11 6 41 2 1128.55

Inferior frontal gyrus (triangular) L 46 -51 20 23 1118.28

Middle frontal gyrus L 8 -24 17 41 1104.48

Inferior frontal gyrus (triangular) L 46 -36 32 23 1093.39

Middle frontal gyrus L 9 -39 11 50 1088.04

Superior frontal gyrus (dorso- 
lateral)

R 10 12 68 26 1085.36

Anterior cingulate gyrus L 24 -3 14 26 1077.9

Anterior cingulate gyrus L 32 -6 32 17 1072.27

Anterior cingulate gyrus R 32 15 35 20 1069.15

Inferior frontal gyrus (triangular) L 45 -45 23 2 1068.97

Precuneus L 23 -3 -58 20 1060.08

Calcarine cortex L 18 -18 -64 20 1044.65

Posterior cingulate cortex R 23 18 -61 20 1035.77

Middle frontal gyrus (orbital) R 47 33 50 -1 1023.2

Note. L: left; R: right; BA: Brodmann’s area. For each cluster, the cluster size was reported in the 
line of the local maxima.
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Supplementary Table S3. Positive intrinsic functional connections of left and right SN/VTA in 
people with schizophrenia taking atypical antipsychotics.

Region L/R BA x y z TFCE PFWE k

Left SN/VTA

Cerebellum III R 9 -40 -22 16846.09 < 0.05 52298

Parahippocampal gyrus R 34 24 -25 -22 16602.65

Cerebellum IX X L -15 -37 -22 15512.05

Fusiform gyrus L 37 -30 -13 -31 10556.12

Thalamus R 6 -28 5 10556.12

Cerebellum XI R 9 -58 -22 9410.84

Hippocampus R 30 -10 -19 9410.84

Cerebellum IX X L -6 -55 -16 9410.84

Vermis IX 0 -43 -4 9410.84

Cerebellum crus II R 9 -85 -25 7779.11

Cerebellum crus I R 24 -79 -28 7746.4

Vermis i 0 -73 -19 7746.4

Middle temporal gyrus L 20 -45 5 -28 7712.78

Right SN/VTA

Vermis I I 3 -46 -19 21481.65 < 0.05 61281

Cerebellum III L -9 -37 -25 20583.12

Superior frontal gyrus (medial) 9 0 41 38 19305.68

Anterior cingulate gyrus 24 0 35 23 19161.15

Supplementary motor area L 6 3 17 50 19028.78

Posterior cingulate gyrus L 23 3 -40 29 18849.09

Mid-cingulate gyrus R 32 3 -22 38 18650.47

Precuneus 32 0 -46 44 18604.79

Precuneus 23 0 -55 23 18534.27

Supplementary motor area L 6 -3 8 68 18452.12

Middle frontal gyrus L 9 -48 17 44 18292.17

Superior frontal gyrus (orbital) L 11 -30 59 -1 18238.3

Supplementary motor area R 8 9 20 65 18217.9

Superior frontal gyrus (dorsolat-
eral)

L 10 -21 65 17 18087.29

Middle frontal gyrus L 9 -39 11 56 18062.01

Middle frontal gyrus (orbital) L 10 -3 53 -4 18061.43

Note. L: left; R: right; BA: Brodmann’s area. For each cluster, the cluster size was reported in the 
line of the local maxima.
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Supplementary Table S4. Negative associations between the intrinsic functional connections of 
left and right SN/VTA and apathy in people with schizophrenia taking atypical antipsychotics.

Region L/R BA x y z TFCE PFWE k

Left SN/VTA

Middle frontal gyrus (orbital) R 10 6 62 -1 925.57 < 0.05 8347

Middle frontal gyrus L 9 -21 53 32 901.63

Superior frontal gyrus (medial) L 10 -6 53 14 896.02

Anterior cingulate gyrus R 32 3 20 23 872.93

Superior frontal gyrus (medial) R 32 9 50 29 864.62

Middle frontal gyrus (orbital) L 11 0 41 -4 832.54

Caudate L -9 14 11 815.65

Precuneus/Posterior cingulate 
cortex

R 23 15 -52 26 810.15

Anterior cingulate gyrus R 32 15 32 20 803.57

Caudate R 18 26 2 791.64

Precuneus/Posterior cingulate 
cortex

L 23 -12 -55 23 786.06

Superior frontal gyrus (dorsolateral) R 10 24 56 11 772.45

Rolandic operculum L 44 -48 -10 23 772.06

Middle temporal gyrus L 22 -57 -43 11 767.53

Middle temporal gyrus R 22 48 -67 20 760.4

Putamen R 24 11 14 752.77

Angular gyrus R 39 51 -70 41 749.71

Cerebellum IX R 15 -49 -43 718.85 1817

Cerebellum VIIB R 9 -76 -43 699.26

Cerebellum IX L -6 -58 -43 683.99

Cerebellum crus I R 30 -64 -40 671.32

Cerebellum VIIB R 24 -79 -49 667.88

Cerebellum crus II 0 -79 -28 580.88

Cerebellum crus I L -21 -79 -28 575.14

Cerebellum crus I R 45 -70 -37 565.45

Cerebellum XI R 36 -46 -31 547.15

Superior occipital gyrus L 17 -6 -100 5 592.87 63

Precentral gyrus R 6 39 -13 68 579.32 441

Superior frontal gyrus (dorsolateral) R 8 21 29 56 565.78

Postcentral gyrus R 3 51 -22 62 563.51

Middle frontal gyrus R 8 36 14 62 562.41

Middle frontal gyrus R 9 30 38 38 548.37

Precentral gyrus R 6 21 -16 74 528

Temporal pole R 38 45 14 -16 572.56 134
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Supplementary Table S4, continued. Negative associations between the intrinsic functional 
connections of left and right SN/VTA and apathy in people with schizophrenia taking atypical 
antipsychotics.

Region L/R BA x y z TFCE PFWE k

Superior parietal lobule R 7 24 -64 68 564.81 54

Right SN/VTA

Superior frontal gyrus (dorsolateral) L 10 -18 62 26 1255.7 < 0.05 14748

Superior frontal gyrus (medial) L 10 -6 53 11 1229.17

Superior frontal gyrus (orbital) L 11 -27 62 -4 1206.71

Middle frontal gyrus (orbital) L 11 -9 62 -7 1193.38

Superior frontal gyrus (medial) R 10 9 56 17 1163.56

Superior frontal gyrus (medial) L 32 -9 50 32 1163.4

Middle frontal gyrus L 46 -21 47 20 1132.81

Inferior frontal gyrus (triangular) L 44 -57 20 23 1115.65

Superior frontal gyrus (medial) R 32 12 50 32 1090.59

Inferior frontal gyrus (triangular) L 46 -42 26 23 1088.83

Middle frontal gyrus (orbital) R 11 6 41 2 1085.26

Inferior frontal gyrus (triangular) L 45 -45 23 2 1048.68

Middle frontal gyrus L 9 -48 17 44 1034.16

Middle frontal gyrus L 8 -24 17 41 1021.83

Pallidum L -18 5 5 1021.59

Middle temporal gyrus L 39 -42 -58 23 994.41

Caudate L 25 -6 14 -1 992.89

Middle frontal gyrus L 9 -21 35 41 977.85

Superior frontal gyrus (medial) L 9 -9 50 50 967.36

Fusiform gyrus R 37 39 -4 -31 686.78

Parahippocampal gyrus R 28 21 8 -31 677.96 92

Cuneus R 18 21 -67 26 616.43

Inferior temporal gyrus R 20 48 -28 -22 610.84 127

Note. L: left; R: right; BA: Brodmann’s area. For each cluster, the cluster size was reported in the 
line of the local maxima.
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Supplementary figure

 
Supplementary Figure S1. Boxplots of the correlations between amotivation and resting-state functional 
connectivity of the SN/VTA using different scan parameters. There were three sets of scan parameter in total, 
including 1) TR=2000 ms and Time Points (TP)=300; 2) TR=2300 ms and TP=200; 3) TR=3000 ms and TP=250. 
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Abstract
Apathy is a prominent and influential symptom in several neurological and psychiatric 
disorders, but it also occurs in the healthy population. It has considerable impact on 
daily life functioning, in clinical as well as healthy samples. Even though cognitive 
control is thought to be disrupted in people with apathy, the exact neural underpinnings 
of apathy remain unclear. Because flexible shifting between behaviors (set-shifting) is 
crucial for goal-directed behavior, disruptions in set-shifting may underlie apathy. In 
this study, the neural correlates of apathy during set-shifting were studied in 34 healthy 
participants with varying levels of apathy, measured by the Apathy Evaluation Scale 
(AES). During functional MRI scanning participants performed a set-shifting task, 
distinguishing between behavioral switches (a change in response to different stimuli), 
cognitive switches (a change in response rule), and salience decoupling (detecting a 
change in relevant stimuli). Regression analysis was used to assess the relationship 
between apathy and brain activation. Results showed that higher apathy scores were 
related to reduced activation in the medial superior frontal gyrus and cerebellum (Crus I/
II) during cognitive set-shifting, but not behavioral shifting and salience decoupling. No 
relationship between apathy and accuracy or response time was found. These results 
support the idea that alterations in the neural basis of cognitive control, especially 
cognitive set-shifting, may contribute to apathy.

Introduction
Apathy is a prominent symptom in several neurological and psychiatric disorders, 
including Alzheimer’s and Parkinson’s disease, traumatic brain injury, schizophrenia, 
and major depressive disorder (Andersson, Krogstad, & Finset, 1999; Cacciari et al., 
2010; Dujardin et al., 2007; Foussias & Remington, 2010; Krishnan et al., 1995; Schooler 
et al., 2015; Spalletta et al., 2015). Apathy refers to a quantitative reduction of voluntary 
and purposeful behaviors (Levy & Dubois, 2006). It has been indicated as a predictor of 
worse functional outcome, for example reduced social, instrumental, and physical daily 
life abilities (Bobes et al., 2010; Kiang et al., 2003; Laatu et al., 2013; Pagonabarraga et 
al., 2015; Reekum et al., 2005). Despite the prominence of apathy in various disorders, 
the cognitive and neural underpinnings of apathy remain unclear. The number of studies 
on apathy in clinical populations has increased over the past years, but results may be 
influenced by factors like medication use, hospitalization, and comorbid symptoms. 
Apathy also occurs in a minority of the healthy people at subclinical to clinical levels 
(Fervaha et al., 2015b; Simon et al., 2015; Spalletta et al., 2013), and it can be considered 
to be part of the construct of subclinical negative symptoms (Fervaha et al., 2015b). 
Apathy in the healthy population is related to higher levels of distress (Fervaha et al., 
2015b) and reduced quality of life (Pardini et al., 2016). Therefore, studying apathy in a 
healthy population may prove beneficial in order to assess the underlying cognitive and 
neural substrates. 

Several affective and cognitive processes are suggested to play a role in goal-directed 
behavior and apathy might result from a disruption in any of these processes (Levy & 
Dubois, 2006; Stuss, Reekum, & Murphy, 2000). Goal-directed actions require a balance 
between flexible shifting between behaviors and maintaining current behavior despite 
distractions or competing behaviors (Goschke & Bolte, 2014). Therefore, reduced 
cognitive flexibility may play an important role in the occurrence of apathy (Levy & 
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Dubois, 2006). 

Cognitive flexibility concerns the ability to switch between cognitive processes in 
response to a changing environment or internal goals and relies on intact salience 
detection and attention, working memory, inhibition, and shifting (Dajani & Uddin, 
2015). A task that has previously been used to measure specific behavioral properties 
of cognitive flexibility, namely maintenance of a rule in mind, inhibition of an initial 
response, and periodically (overtly) changing the response rule, is the set-shifting task 
developed by Shafritz et al. (2005).This task distinguishes behavioral switches (a change 
in response to different stimuli) from cognitive switches (a change in response rule) and 
salience decoupling (detecting a change in relevant stimuli). Disturbances in all three 
processes could possibly underlie reduced goal-directed behavior and therefore lead to 
higher levels of apathy.

Brain areas that have been associated with both behavioral flexibility and cognitive 
set-shifting are the dorsolateral prefrontal cortex (DLPFC), anterior cingulate cortex 
(ACC), insula, and basal ganglia (Dajani & Uddin, 2015; Dosenbach et al., 2006; Leber, 
Turk-Browne, & Chun, 2008; Shafritz, Kartheiser, & Belger, 2005). Furthermore, there 
are indications that activation in the intraparietal sulcus (IPS) is specifically related to 
behavioral shifting, whereas activation in the ventrolateral prefrontal cortex (VLPFC) 
and posterior parietal cortex (PPC) are specific for cognitive set-shifting (Shafritz, 
Kartheiser, & Belger, 2005). Of these areas, the lateral PFC (including VLPFC, DLPFC, 
and frontopolar cortex), ACC, insula, and basal ganglia have also been implicated in 
apathy (Alzahrani & Venneri, 2015; Kirschner et al., 2016a; Knutson et al., 2014; Levy 
& Dubois, 2006; Stuss, Reekum, & Murphy, 2000; Zamboni et al., 2008). Therefore, 
differences in activation of these areas during behavioral and/or cognitive set-shifting 
might underlie apathy. 

Besides behavioral and cognitive set-shifting, reduced sensitivity to salience of relevant 
stimuli could also play a role in the occurrence of apathy. If internal goals or external 
stimuli are not recognized as salient, motivation to respond to these stimuli may be 
lacking. Salience detection is associated with activation in the anterior insula and ACC 
(Seeley et al., 2007), an area that has shown altered activation in people with apathy 
(Bonnelle et al., 2015a; Knutson et al., 2014; Levy & Dubois, 2006; Njomboro, Deb, & 
Humphreys, 2012; Yuen et al., 2014).

To our knowledge, the direct relationship between apathy and behavioral shifting, 
cognitive set-shifting, and salience allocation has not been studied to date. In order 
to examine these processes, the current study used a set-shifting paradigm in healthy 
participants. We hypothesized that higher levels of apathy are associated with less 
accurate shifts in behavior or cognitive set according to task conditions and that this is 
related to altered activation in lateral prefrontal areas, basal ganglia, ACC, and insula. 
On the other hand, we hypothesized that apathy could also be related to reduced 
sensitivity for salience, possibly due to altered anterior insula and ACC activation. 
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Materials and Methods
Participants
Three hundred students (from the University of Groningen and Hanze University for 
Applied Sciences) were screened on levels of apathy using the Apathy Scale (Starkstein 
et al., 1992) and the in- and exclusion criteria. Inclusion criteria were: age between 18 and 
28 years old, right-handed, and native Dutch speaking. Exclusion criteria were: current 
or past presence of a neurological or psychiatric disorder (in the participant themselves; 
family history of psychiatric illness was not taken into account), use of medication that 
may influence brain activation, visual or hearing problems that could not be corrected, 
and MR-incompatibility. Subsequently, twenty students with the highest scores and 
twenty students with the lowest scores, who met the inclusion criteria, were invited 
to participate in the MRI session. All participants gave written informed consent after 
oral and written explanation of all study procedures. The study was approved by the 
Medical Ethics Committee of the University Medical Center Groningen and was carried 
out according to the Declaration of Helsinki.

Questionnaires
At time of scanning, apathy was evaluated using the self-rated version of the Apathy 
Evaluation Scale (AES) (Marin, Biedrzycki, & Firinciogullari, 1991). Apathy was further 
characterized using the action initiation scale of the Lille Apathy Rating Scale (LARS) 
(Sockeel et al., 2006). The AES was used as the primary apathy measure because it 
was considered the most suitable for the population under investigation. Schizotypy 
was assessed using the Schizotypal Personality Questionnaire (SPQ) (Raine, 1991) 
and depressive symptoms were assessed using the Beck Depression Inventory (BDI) 
(Beck et al., 1961). A systematic review by Lako et al. (2012) showed that a substantial 
amount of items of the BDI may be identified as non-depressive symptoms, among 
others apathy, therefore a BDI depression score was calculated based on a pure 
depression factor defined by Shafer (2006). Although apathy and depression often co-
occur, they are thought to reflect separate constructs (Levy et al., 1998). Therefore, we 
considered it not necessary to exclude participants based on BDI score to study the 
neural correlates of apathy, which may in fact limit generalizability of the results by 
selecting an overly homogeneous sample. Moreover, the role of depressive symptoms 
will be taken into account in the statistical analysis (see the section “fMRI analysis” for 
more information).

In order to further characterize the general psychological status of the participants, the 
Positive and Negative Affect Scale (PANAS) and the Symptom Checklist 90 (SCL-90) 
were administered. Finally, the Snaith-Hamilton pleasure scale (SHAPS) and Temporal 
Experience of Pleasure Scale (TEPS) were used to measure the ability to experience 
pleasure. 

Set-shifting task
Participants performed a set-shifting task adapted from Shafritz et al. (2005), which 
was presented in E-prime 2.0.10. This event-related task was scanned as part of an 
MRI protocol including 3 tasks and an anatomy scan. Before entering the scanner all 
participants received task instructions, followed by a short practice session. During 
scanning the task was introduced by a short recapitulation of the instructions to ensure 



APATHY AND SET-SHIFTING

103

6

that the participant remembered the task instructions.

During the task, participants were presented with circles, triangles, and squares of 
different colors and sizes as stimuli (Figure 1). The task consisted of 14 epochs, each 
containing 40 pseudo-randomly presented trials, which contained one stimulus each. 
For each stimulus, participants were asked to determine whether it was a target shape 
or a different shape (non-target or standard). At the beginning of an epoch, either circles 
or triangles were appointed as the target stimulus, while the other shape became the 
non-target stimulus. Squares were standard stimuli and were never presented as a 
target. 

Each epoch contained 4 target, 4 non-target, and 32 standard stimuli. The target 
changed every two epochs. This resulted in six epochs in which participants had to shift 
cognitive set (i.e., the target was different from the target in the previous epoch) and 
six epochs in which they had to maintain cognitive set (i.e., the target was the same as 
in the previous epoch). The first and last epoch were treated separately in the analysis, 
because the first epoch could not be classified as shift or maintain and the last epoch 
was excluded to maintain an equal number of maintain and shift epochs.

At the beginning of each epoch, the target shape (circle or triangle) for that epoch 
was presented for 2000ms. After this instruction stimuli were presented for 500ms, 
followed by a blank black screen with a jittered duration of 1000-2809 ms. This duration 
was pseudorandomly selected based on f(x)=2000 exp(-.1x)+1000, where x=[0, 100]. 
Participants were allowed to respond during the presentation of the stimulus and the 
first 1000ms of the following blank screen. They were instructed to respond by button 
presses using the right index finger for target stimuli and the right middle finger for the 
other stimuli (non-target and standard). 

At the onset and end of the task a 16 s rest period was included. Furthermore, between 
the epochs there were rest periods of 8-9 s. The variation in duration of these rest 
periods were due to the programming in number of TRs, not in seconds, in order to 
obtain the exact TR for each participant. During all rest periods a fixation cross was 
presented. The total task duration was 19 minutes.

Stimuli of different colors and sizes were used to prevent habituation to physical 
stimulus characteristics (Kirino et al., 2000). However, to avoid confounding effects 
of stimulus appearance, color intensity was matched between conditions. Moreover, 
stimulus color and size, and their order of presentation during the task were the same 
for all participants, averaging out possible effects of color or shape.



104

Figure 1. Procedure of the set-shifting task. Stimuli were presented for 500ms; blank screens for 1000 - 2809 
ms (jittered). The target stimulus changed every two epochs.

The task was used to examine neural activation during behavioral and cognitive set 
shifts as previously described in Shafritz et al. (2005). Behavioral shifts reflected an 
alteration of ongoing behavior. Specifically, all target trials required a shift in behavioral 
response, (i.e., response with the right index finger instead of the right middle finger). 
Consequently, the difference in activation during target versus non-target trials was 
calculated to assess the neural correlates of behavioral shifting. Shifting cognitive 
set was required to correctly respond to target stimuli during shift epochs. After all, 
the stimulus that was previously a target had become a non-target and vice versa. To 
examine neural underpinnings of cognitive set-shifting activation during targets in shift 
epochs was compared with targets during maintain epochs.

Related to this, but not previously examined in light of the current task, is salience 
decoupling. This process reflects detection of a change in relevance of a stimulus: if a 
stimulus that was previously salient (i.e., a target) is not salient anymore (i.e., a non-
target), detection of this change is imperative for an appropriate change in behavior; 
hence neural activation during the presentation of non-target stimuli was compared 
between shift and maintain epochs. 

Image acquisition
The fMRI data were collected using a 3.0 Tesla Philips Intera MR-scanner scanner 
(Best, NL), equipped with a 32-channel SENSE head coil. During the task, whole-brain 
functional images were acquired using a T2*-weighted echo planar imaging sequence 
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(47 descending axial slices; slice thickness=3 mm; slice gap=0 mm; TR=2000 ms; TE=22 
ms; FOV(ap,fh,rl)=192 x 141 x 192 mm; voxel size=3 mm isotropic, flip angle=90°, 583 
volumes). For anatomical reference, a whole brain T1-weighted image was acquired (170 
axial slices; TR=9 ms; TE=3.5 ms; FOV=232 x 170 x 256 mm; voxel size=1 mm isotropic; 
flip angle=8°). Images were tilted approximately 30° from the Anterior Commissure-
Posterior Commissure (AC-PC) plane in order to prevent artifacts due to nasal cavities.

Clinical and behavioral analysis
Demographic, clinical, and behavioral data were analyzed using IBM SPSS version 23.0 
(IBM Corp, Armonk, NY, 2014) and MATLAB 2013a, (The MathWorks Inc., Natick, MA). 
Assessment of the distribution of AES scores (Supplementary Figure S1) indicated a 
unimodal distribution, confirmed by Hartigan’s Dip statistic (Hartigan & Hartigan, 1985), 
which showed no significant deviation from a unimodal distribution (D=.07, p=.160). 
Therefore, AES scores were treated as a continuous variable. This is in accordance with 
the idea that apathy is present along a continuum ranging from normal and subclinical 
levels the general population to clinical levels found in patients, a distribution similar 
to the continuum that has been proposed for the negative symptoms of schizophrenia 
(Kaiser, Heekeren, & Simon, 2011). Furthermore, this approach has been used in 
previous studies on the neural substrates of subclinical symptoms and personality 
traits in healthy subjects (Servaas et al., 2015; Vercammen & Aleman, 2010), including 
brain activation related to apathy (Simon et al., 2015). Bivariate relationships between 
apathy and demographic and clinical variables were examined. Because the assumption 
of bivariate normality was not met, Kendall’s Tau test was used. 

In addition, mean accuracy was calculated per condition. Response times were 
summarized per condition using the median, as it is more robust to possible outliers 
and skewed distributions. For the assessment of possible differences on accuracy 
and response times between conditions, repeated measures analyses of covariance 
(ANCOVA) were used with condition as the within-subject factor and AES scores as 
covariate of interest. In case of a nonsignificant effect of AES scores, this analysis was 
repeated without this covariate in order to assess the main effect of condition. In case 
of a significant F-test, subsequent post-hoc pairwise Bonferroni-corrected comparisons 
were performed. For all tests, significance was set to p<.05.

fMRI analysis
The data were preprocessed and analyzed using Statistical Parametric Mapping (SPM12 
version 6470) (http://www.fil.ion.ucl.ac.uk/spm) implemented in MATLAB 2013a. First, 
the PAR/REC-files were converted to NIfTI, using an in-house script. Both T1 and T2* 
images were reoriented manually to the AC-PC plane. Afterwards, slice time correction 
to the first slice was performed. Functional images were realigned to the mean image. 
The resulting motion parameters showed that motion was minimal for all participants 
(<3 mm translation and <3° rotation). In order to further detect possible motion artifacts, 
functional displacement (FD) was calculated. Motion was deemed excessive when 
FD>0.9 for a certain volume (Siegel et al., 2014). The amount of volumes with excessive 
motion was minimal (< 5%) for all participants, which we regarded acceptable. The T1-
image was coregistered to the mean functional image. The data was then normalized 
to Montreal Neurological Institute (MNI) space. Finally, images were smoothed using 
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an 8 mm Full Width Half Maximum Gaussian kernel.

Hemodynamic changes related to the set-shifting task were calculated using a General 
Linear Model (GLM). For the first-level models, standard, non-target, and target trials 
were defined as regressors separately for shift and maintain epochs. Onsets were 
defined as the onset of the stimulus and durations were set to the response time for 
each individual trial. In addition, instruction periods and the first and last epoch were 
defined as separate regressors of no interest. Furthermore, motion parameters and 
their first temporal derivatives were added to the model as nuisance regressors. A high 
pass filter of twice the fundamental frequency (i.e., the longest period between two 
subsequent trials of the same condition), calculated per individual, was applied. For 
all participants, first-level contrasts for behavioral shift (target>non-target), cognitive 
set-shift (target shift>target maintain), and salience decoupling (non-target shift>non-
target maintain) were defined and were taken to second level. 

On second level, all contrasts were separately entered into one-sample t-tests to assess 
the main effects of task over all participants. Subsequently, a linear regression analysis 
was performed with AES scores as the independent variable, to assess the association 
between the level of apathy and neural activation. Significance was set to p<.05 family 
wise error (FWE) cluster-level corrected, with an initial threshold of p=.001, uncorrected. 
In order to be more sensitive to apathy-related brain activation differences, the 
multiple comparisons correction was small-volume corrected for a predefined mask 
of our regions-of-interest. This mask consisted of apathy-related brain areas that 
were relevant for the current task (i.e., a conjunction between an apathy mask and the 
current task activation). For the apathy mask, a map was used including brain areas 
related to apathy in various disorders (Kos et al., 2016). This map was multiplied with the 
binarized map of the combined task-related activation for all contrasts (Supplementary 
Figure S2). The final mask consisted of Automated Anatomical Labeling (AAL) areas 
that contained the overlapping areas (Supplementary Figure S3 and Supplementary ROI 
mask). Furthermore, all analyses were repeated for the whole brain in order to account 
for possible effects outside the ROI-mask (also p<.05 FWE cluster-level corrected with 
an initial threshold of p=.001). 

Apathy is thought to be closely related to depression and positive schizotypy. Indeed, 
there were high correlations between the AES and the BDI depression and SPQ positive 
scale in our sample (Table 1). Because of these considerable correlations between AES 
and the BDI depression and SPQ positive subscales, any clusters of apathy-related 
activation were explored in more depth. Specifically, it was assessed whether the 
variance in these clusters was uniquely explained by AES-scores, or whether any variance 
explained by the AES was also explained by the BDI depression or the SPQ positive 
score. For this purpose, the first eigenvariates of the activation in the apathy-related 
clusters were extracted. These were entered into a stepwise linear regression analysis 
in which BDI depression, SPQ positive and AES were entered step-wise as independent 
variables, whereby the AES was entered last. To emphasize the exploratory nature of 
this analysis and in order to avoid the suggestion of circular analysis, only explained 
variances were reported. We did not test whether the beta-values were significantly 
different from zero, because this analysis was merely an exploration of the relationship 



APATHY AND SET-SHIFTING

107

6

between AES scores and brain activation that was found in the main analysis. 

Results
Demographics
Six participants were excluded because of insufficient task performance (accuracy of 
<50% in one of the conditions). Demographic and clinical variables of the remaining 
34 participants can be found in Table 1. Notably, whereas AES scores were found at the 
lower end of the clinical range (Kant, Duffy, & Pivovarnik, 1998), PANAS, SCL-90, TEPS, 
and SHAPS scores were within the normal  ranges. AES scores correlated positively 
with scores on the LARS action initiation scale, the BDI depression factor, all subscales 
and total score of the SPQ, the PANAS positive subscale, the SCL-90, the TEPS, and 
the SHAPS. No relationships were found between AES scores and age, gender, or 
years of education. All participants reported occasional use of alcohol, except for one 
participant who reported no use of alcohol. Five participants reported occasional drug 
use. However, neither alcohol use nor drug use was excessive or could be classified as 
substance abuse in any of the participants. Moreover, alcohol use during the 24 hours 
before scanning was minimal and not related to AES scores and only one participant 
used marijuana in the 24 hours before the scan.

Behavioral results
Regarding both accuracy and reaction times, Mauchley’s test of sphericity revealed that 
the assumption of sphericity was not met (χ2(14)=176.78, p<.001 and χ2(14)=141.81, 
p<.001, resp.). Therefore, the Greenhouse-Geisser correction was applied (ε=.56. and 
ε=.48, resp.). For both accuracy and reaction times there was no main effect of AES 
score (F(1, 32)=1.31, p=.26 and F(1, 32)=.38, p=.54, resp.), nor an interaction effect of 
condition and AES score (F(2.81, 89.95)=.18, p=.90 and F(2.15, 68.77)=.09, p=.93, resp.). 
Because there was no main or interaction effect of apathy, the analysis was repeated 
without the AES score as covariate. These results showed an effect of condition on 
both accuracy (F(2.81, 92.71)=69.09, p<.001) and reaction times (F(2.16, 71.16)=56.97, 
p<.001). Subsequent post-hoc pairwise comparisons revealed that accuracy in target 
trials was lower than in standard and non-target trials. Accuracy in non-target shift 
trials was lower than in non-target maintain trials. Reaction times were faster during 
standard trials than during the other conditions. During the non-target conditions, 
reaction times were faster during maintain trials compared to shift trials (Supplementary 
Figure S4). 

fMRI results
Main effects of task
Behavioral shifting was associated with activation in the postcentral/precentral gyrus, 
extending to the supplementary motor area (SMA), inferior parietal lobule, and 
supramarginal gyrus and furthermore in the anterior cingulate cortex (ACC), extending 
to the orbital medial and medial superior frontal gyrus. Cognitive set-shifting elicited 
activation in the rolandic operculum and the calcarine sulcus, extending to the lingual 
gyrus. Salience decoupling was associated with activation in the ACC and middle 
cingulate cortex, extending to the medial superior frontal gyrus and SMA, and in the 
inferior parietal lobule, extending to the angular gyrus and the supramarginal gyrus 
(Supplementary Table S1 and Figure 2A). 
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Table 1: Demographic and clinical variables

Possible range1 Mean (SD) Min/max τ AES total p

N - 34 - - -

Age - 22.68 (2.23) 18/27 .002 .99

N Male/female - 12/22 - .11 .48

Education (years2) - 17.38 (2.00) 14/24 -.06 .66

AES total 18/72 33.26 (5.55) 25/44 - -

LARS action initiation -4/4 -2.66 (1.33) -4/1.5 .53 <.001

SPQ positive 0/46 7.62 (6.09) 0/23 .37 .004

SPQ negative 0/43 7.50 (5.83) 0/22 .57 <.001

SPQ disorganization 0/19 5.12 (4.26) 0/15 .29 .025

BDI depression factor 0/33 3.26 (4.41) 0/19 .49 <.001

PANAS positive 10/50 33.32 (7.13) 18/46 -.36 .005

PANAS negative 10/50 14.24 (3.65) 10/25 .21 .098

SCL-90 total 90/450 121.38 (25.60) 92/179 .46 <.001

TEPS 18/108 81.56 (11.56) 55/102 -.46 <.001

SHAPS 0/14 1.21 (2.76) 0/14 .33 .02

Cigarettes3 - 1.39 (4.11) 0/20 -.23 .19

Alcohol4 - 0.85 (2.27) 0/12 -.23 .19

Note. AES: Apathy Evaluation Scale; LARS: Lille Apathy Rating Scale; SPQ; Schizotypal Personality 
Questionnaire; BDI: Beck Depression Inventory; PANAS: Positive and Negative Affect Schedule; SCL-90: 
Symptom Checklist 90; TEPS: Temporal Experience of Pleasure Scale; SHAPS: Snaith-Hamilton Pleasure 
Scale; 1Higher scores indicate stronger severity, except for PANAS positive. 2Including primary school. 

3Number of cigarettes smoked in the 24 hours before scanning; 4Units of alcohol consumed in the 24 
hours before scanning.

Relationship with apathy
During cognitive set-shifting, higher apathy scores were associated with reduced 
activation in the (medial) superior frontal gyrus (mSFG), extending to the middle 
frontal gyrus (Table 2). A comparable cluster, but more extended to the middle frontal 
gyrus, was found in the whole brain analysis. Furthermore, the whole brain analysis 
supplemented the findings with an activation cluster in the cerebellum (Crus II, 
extending to Crus I) in which activation was reduced in relation to higher apathy scores 
(Table 2, Figure 2B). 

Further exploration of the first eigenvariates of these clusters showed that a substantial 
part of their variance was uniquely explained by AES-scores (27.6% for the mSFG and 
15.9% for the cerebellum), over and above the variance that was explained by BDI-
depression and SPQ-positive scores (19.2% for the mSFG and 12.7% for the cerebellum).

There were no significant associations between apathy and brain activation for the 
other contrasts (i.e., behavioral shifting and salience decoupling), both small volume 
corrected and whole brain.  
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Figure 2. Brain activation during the set shifting task. A) Overall task activation (N=34).  Green: main effects for 
behavioral shifting; blue: cognitive set-shifting; yellow: salience decoupling. Coordinates (MNI) of the upper 
panel: MNI x=-47, y=-24, z=16, lower panel: x=-6, y=-83, z=42. B) Areas related to apathy during cognitive set-
shifting (N=34). Coordinates (MNI) of the upper panel: x=-8, y=45, z=43, lower panel: x=23, y=-80, z=-28. For 
display purposes the data was resliced to a voxel size of .4mm. All clusters are reported at p=.05, FWE cluster 
corrected (initial threshold: p=.001).

The fact that activation in the mSFG and cerebellum was not found in the main task 
effect of cognitive set-shifting could be due to an attenuation of the overall signal in 
these areas caused by the participants with high levels of apathy. In order to confirm 
this and to exclude the possibility that activation in these areas is not directly related to 
cognitive set-shifting, task effects were also assessed separately for participants with 
the lowest scores on the AES, based on a median split of the AES scores (Supplementary 
Table S2 and Supplementary Figure S5). This median split on AES scores was chosen over 
including the participants with the lowest AS scores obtained during initial screening, 
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because the AES was administered at moment of scanning and therefore more closely 
reflects the level of apathy at moment of the measured brain activation. The follow-up 
analysis confirmed the involvement of the medial superior frontal gyrus and cerebellum 
Crus I/II in cognitive set-shifting.

Table 2. Areas of brain activation during cognitive set-shifting related to apathy

peak coordinates

k side x y z t p (FWE)

ROI analysis

Medial superior frontal gyrus (BA 9) 91 L -3 53 44 4.77 0.018

L -21 41 44 4.70

R 0 56 41 4.44

R 6 56 41 4.41

L -33 35 41 3.58

L -9 38 53 3.56

Whole-brain analysis

Cerebellum (Crus I/II) 91 R 18 -85 -31 4.87 0.02

R 36 -79 -40 3.82

Medial superior frontal gyrus (BA 9) 95 L -3 53 44 4.77 0.017

L -21 41 44 4.70

L -33 35 41 3.58

Note. BA: Brodmann area; k: cluster extent (in voxels); FWE: Family-Wise Error corrected, on cluster level.

During the course of the current analysis, the study by Eklund et al. (2016) has shown that 
in some cases, the use of cluster inference may lead to inflated error rates. Furthermore, 
they showed that using non-parametric models to analyze fMRI data may prevent 
error rate inflation. Even though excessive inflation of error rates was not expected 
given the current design (using a cluster-forming threshold of p=.001, uncorrected, 
combined with a jittered event-related design), this recent development was taken 
into account. Specifically, in order to assess the robustness of the current results, all 
analyses were repeated using a nonparametric analysis (see Supplementary Methods). 
Using the non-parametric approach, all task activation clusters remained significant at 
FWE<.05, cluster corrected, with a cluster-forming threshold of p=.001, uncorrected 
(see Supplementary Table S3 for the results). Regarding the regression analysis, the 
association between AES scores and the cluster in the (medial) superior frontal gyrus 
remained significant, while the relationship with the cluster in the cerebellum was now 
at trend-level (p=.053; Supplementary Table S4). 

Discussion
In the current study we investigated cognitive flexibility in relation to apathy using a 
set-shifting task. Notably, higher levels of apathy were related to less activation during 
cognitive set-shifting in the medial superior frontal gyrus (mSFG) and, to a somewhat 
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lesser extent, the cerebellum (Crus I/II). There was no relationship between apathy 
severity and brain activation during behavioral shifts and salience decoupling.

Medial superior frontal gyrus 
To our knowledge, the current finding of reduced activation in the mSFG during 
cognitive set-shifting in relation to apathy is novel. This finding is in line with findings 
on the function of the mSFG and a relationship between the mSFG and apathy has 
previously been found in clinical samples using other paradigms. Cognitive functions 
like working memory, planning, rule-finding, and set-shifting are imperative for 
carrying out goal-directed actions and impairments in one or multiple of these domains 
may lead to higher levels of apathy (Levy & Dubois, 2006). Even though lateral 
prefrontal areas are often thought to be involved in these functions, the mSFG, through 
interactions with these lateral prefrontal areas, has been implicated in various cognitive 
control processes as well (Coutlee & Huettel, 2012; Taren, Venkatraman, & Huettel, 
2011). These include overcoming prepotent responses and preparations for successful 
shifts in response (Horga et al., 2011), but also control over and preference for response 
strategies (Venkatraman et al., 2009a, 2009b), which are all important for cognitive 
set-shifting. In addition, the involvement of the mSFG in the occurrence of apathy is 
in line with previous findings on the neural correlates of apathy in clinical samples. 
A recent review by Kos et al. (2016) concluded that numerous studies have provided 
evidence of associations between apathy and alterations in prefrontal areas, among 
which the mSFG, in patients with neurodegenerative diseases. Moreover, it has been 
found that in patients with schizophrenia, atrophy in the mSFG is related to reduced 
cognitive flexibility as measured with the WCST (Bonilha et al., 2008). In addition to 
focal abnormalities in the mSFG, Alexopoulos et al. (2013) have shown that in patients 
with late-life depression, apathy is related to increased connectivity between the mSFG 
and the nucleus accumbens. Therefore, the current finding of a relationship between 
apathy and medial superior frontal activation during cognitive set-shifting may support 
the idea of disturbances in cognitive control in people with apathy.

Cerebellum (Crus I/II)
Besides lower prefrontal activation, reduced activation in Crus I/II of the cerebellum 
was found in relation to apathy during cognitive set-shifting. When the analyses were 
repeated using a non-parametric analysis, this effect was reduced to trend-level. 
Whereas the cerebellum is classically thought to be involved in motion control, it has 
become apparent that cerebellar activation is also involved in executive functions 
(Koziol et al., 2014), in particular cerebellar Crus I/II (E et al., 2014; Niendam et al., 2012; 
Stoodley, 2012). Moreover, a study by Stoodley et al. (2012) has shown that Crus I and 
II are involved in cognitive rather than motor tasks. Crus I and II have been found to be 
a part of the executive control network during rest (Habas et al., 2009) and stronger 
connectivity between Crus I and II within a frontoparietal resting-state network has 
been found to predict better executive functioning in healthy people (Reineberg et al., 
2015). Studies in non-human primates have shown Crus I and II projections from and to 
the dorsolateral prefrontal cortex, a key region for cognitive control (Buckner, 2013). 
Moreover, novelty seeking, a personality trait that is thought to be reduced in people 
with apathy (Marin, 1991; Sockeel et al., 2006) has been related to larger cerebellar 
white matter and cortical volume, as well as to microstructural grey matter changes in 
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the left Crus I of the cerebellum in healthy adults (Laricchiuta et al., 2014; Picerni et al., 
2013). In addition, cerebellar Crus I and II dysfunction has been found in patients with 
Parkinson’s disease and apathy (Robert et al., 2012; Skidmore et al., 2013). Furthermore, 
impairments in flexibility on attentional performance tasks and goal-directed daily-life 
tasks have been found in patients with vascular cerebellar lesions (Manes et al., 2009). 
Together these results support a disturbance of the cerebellum Crus I and II during 
cognitive control as an underlying substrate for apathy. However some caution is 
warranted, as this was only partially replicated using the non-parametric approach. 

Specificity of cognitive set-shifting
Although we hypothesized that shifts in cognitive set as well as in behavior and in 
salience decoupling were associated with apathy, reduced neural activation was only 
found during cognitive set-shifting. This could be related to the specificity of the 
underlying process. Shafritz et al. (2005) stated that a behavioral shift reflects either 
the alteration of ongoing behavior or the implementation of the appropriate response, 
while a cognitive set-shift reflects implementation of a new cognitive set. The current 
findings may therefore imply that apathy in a healthy sample is related to flexibly 
implementing a cognitive set rather than shifting behavior. Furthermore, based on 
our results we suggest that only brain activation during relatively more cognitively 
demanding tasks is related to apathy, whereas relatively less demanding processes 
like behavioral shifting and salience decoupling are unaffected. That we only found 
an effect of apathy during cognitive set-shifting and not lower-level processes might 
also be related to the high levels of education and relatively high functioning of the 
participants. Lower-level cognitive control processes like salience decoupling and 
behavioral shifting may be disrupted in apathy in lower educated or lower functioning 
populations. However, further investigation, using different paradigms and patient 
samples is warranted to explore these possibilities.

Strengths and limitations
The apathy-related reduction in prefrontal and cerebellar brain activation during 
cognitive set-shifting supports the importance of cognitive flexibility as a substrate 
of reduced goal-directed behavior or apathy. Because the sample in the current study 
was psychiatrically and neurologically healthy and did not take any psychoactive 
medication, this effect seems independent of disease or medication status and may 
therefore be a more general apathy-related disturbance.

Several limitations of the current study should be taken into consideration. First, the 
high correlations between apathy and other psychopathology measures may give rise 
to the question whether the found disturbances are in fact apathy-related or a more 
general effect of subclinical psychopathology. However, the follow-up analysis showed 
that a considerable amount of variance was uniquely explained by apathy severity. This 
emphasizes the unique contribution of apathy levels to these findings. Secondly, there 
was no effect of apathy on behavioral measures during the task. However, this could be 
due to a lack of sensitivity of the behavioral measures that were employed, especially 
given the subtlety of the effect of apathy in a high-functioning healthy sample. Because 
the current task was specifically designed for use in an fMRI paradigm it was not 
optimized for the detection of subtle behavioral alterations. 
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Future research
Despite some subclinical symptoms, all participants in the current study were free 
of any lifetime neurological or psychiatric diagnoses and were all students in higher 
education. This could have resulted in an extraordinarily high functioning sample and 
therefore may reduce generalizability to the general population. Replication of these 
results in more general, neurological, and psychiatric samples could build upon these 
results towards a more general cognitive and neural substrate of apathy. Moreover, 
investigating the substrate of apathy in different healthy and patient samples could 
reveal similarities and dissimilarities between different groups, and increase the 
understanding of apathy. 

Moreover, Levy and Dubois (2006) have proposed impairments in several cognitive, 
emotional/affective and auto-activation mechanisms as possible substrates for apathy. 
The current study provides insight in the neural correlates of apathy during one 
particular cognitive control process. Several recent studies have investigated possible 
neural substrates of apathy during planning (Liemburg et al., 2015) and reward and 
effort processing (Bonnelle et al., 2015a; Kirschner et al., 2016a; Simon et al., 2015). 
Future studies may add to this by focusing on the neural correlates of apathy using 
different paradigms. Clearly, further research into the full range of possible cognitive 
and neural substrates of apathy, in both healthy and in patient samples, will promote 
the understanding of apathy. 

Conclusion
To conclude, apathy in healthy people was related to activation of the medial superior 
frontal gyrus and, somewhat less consistently, the cerebellum (Crus I/II) during cognitive 
set-shifting. However, apathy was not related to brain activation during behavioral 
shifting or salience decoupling. These results support the involvement of the neural 
substrates of cognitive control, especially cognitive set-shifting, in apathy. 
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Supplementary Material
Supplementary methods
In order to assess the robustness of the fMRI results, all analyses were repeated using 
a nonparametric analysis using SnPM13 (http://warwick.ac.uk/snpm). For the main 
task effects, all first-level contrasts from the parametric analysis (i.e., behavioral shift: 
target>non-target, cognitive set-shift: target shift>target maintain, and salience 
decoupling: non-target shift>non-target maintain) were entered in separate one-
sample t-tests. For the association between AES scores and brain activation, a regression 
analysis was used, with AES scores as the covariate of interest. Variance smoothing was 
set to 8 mm FWHM kernel and 5000 permutations were computed. Significance was set 
to p<.05, FWE cluster-corrected, with a cluster-forming threshold of p=.001.

Supplementary tables

Supplementary Table S1. Overall task effects for all contrasts, using the parametric analysis

peak coordinates

Area k side x y z t p (FWE)

Behavioral shift
Post/precentral gyrus 
(BA 6) 1903 L -45 -22 59 7.08 <.001

target > nontarget L -30 -16 65 6.94

L -57 -25 47 5.76

Anterior cingulate cortex 
(BA 32) 317 R 3 47 11 6.06 <.001

R 3 53 -4 5.61

L -6 38 8 5.07

Postcentral gyrus (BA 
2/3/40) 449 R 45 -28 44 5.88 <.001

R 51 -22 41 5.65

R 60 -13 35 4.40

Cognitive set-shift
Rolandic operculum/ insula 
(BA 13) 88 L -33 -28 20 4.69 0.025

target shift > 
target maintain L -45 -37 17 3.89

L -45 -28 29 3.70

Calcarine sulcus (BA 17) 115 R 9 -94 -4 4.48 0.008

L -6 -91 -1 4.39

R 9 -82 -1 3.94

Salience decou-
pling

Anterior/ middle cingulate 
gyrus (BA 32) 156 R 6 32 29 6.00 0.002

nontarget shift 
> nontarget 
maintain R 3 23 41 4.7

L -3 20 47 4.65
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Supplementary Table S1, continued. Overall task effects for all contrasts, using the parametric analysis

peak coordinates

Area k side x y z t p (FWE)

Inferior parietal lobule 
(BA 40) 176 L -57 -58 35 5.28 0.001

L -54 -55 47 4.87

L -51 -49 23 3.74

Note. BA: Brodmann area; k: cluster extent (in voxels); FWE: Family-wise error corrected, on cluster level. 

Supplementary Table S2. Task effects for cognitive set-shifting in participants with low apathy scores, 
using a parametric analysis

peak coordinates

k side x y z t p (FWE)

Cerebellum (Crus I/II) 201 R 18 -88 -31 5.43 <.001

R 33 -82 -43 5.22

R 30 -85 -34 4.98

Medial superior frontal gyrus (BA 9) 149 R 6 56 41 4.53 0.017

L -12 41 29 4.23

L -3 56 32 4.13

Lingual gyrus/calcarine sulcus (BA 18/17) 84 R 0 -82 -10 4.45 0.029

9 -94 -7 4.35

Note. BA: Brodmann area; k: cluster extent (in voxels); FWE: Family-Wise Error corrected, on cluster level.

Supplementary Table S3. Overall task effects for all contrasts, using a non-parametric analysis

peak coordi-
nates

Area k side x y z Pseudo-t p (FWE)

Behavioral shift
Post/precentral gyrus 
(BA 6) 2164 L -39 -19 65 7.62 <.001

target > nontarget L -48 -34 59 6.07

L -27 -43 71 6.06

Postcentral gyrus (BA 
2/3/40) 656 R 42 -31 44 5.94 .004

R 51 -28 53 5.38

R 60 -19 44 4.74

Anterior cingulate 
cortex (BA 32) 417 R 0 44 8 5.45 .007

R 3 50 -4 5.21

R 0 62 8 4.60
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Supplementary Table S3, continued. Overall task effects for all contrasts, using a non-parametric 
analysis

peak coordi-
nates

Area k side x y z Pseudo-t p (FWE)

Insula/ rolandic oper-
culum (BA 48) 133 R 45 -1 2 4.97 .04

R 54 14 -7 3.80

R 60 5 2 3.64

Cerebellum 6 112 R 27 -52 -25 4.53 .049

Cognitive set-shift
Rolandic operculum/ 
insula (BA 13) 110 L -39 -28 17 5.17 .046

target shift > target 
maintain

Supplementary motor 
area (BA 6) 128 R 3 -1 71 5.00 .04

L -6 -4 74 4.76

L -18 -7 74 4.33

Calcarine sulcus (BA 
17) 172 R 9 -94 -4 4.40 .02

L -9 -91 -1 3.91

R 3 -76 -10 3.62

Salience de- 
coupling

Anterior/ middle cin-
gulate gyrus (BA 32) 197 R 6 32 29 5.25 .02

nontarget shift > 
nontarget maintain R 0 20 47 4.81

Inferior parietal lobule 
(BA 40) 211 L -51 -55 50 4.92 .01

L -54 -58 35 4.74

Middle frontal /pre-
central gyrus (BA 6/9) 126 L -48 8 47 4.26 .03

L -27 26 53 4.02

L -36 26 47 3.78

Note. BA: Brodmann area; k: cluster extent (in voxels); FWE: Family-wise error corrected, on cluster level. 
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Supplementary Table S4. Areas of brain activation during cognitive set-shifting related to apathy, using 
a non-parametric analysis

peak coordinates

k side x y z t p (FWE)

Whole-brain analysis

Medial superior frontal gyrus (BA 9) 218 L 0 56 41 5.93 .02

L -18 44 47 4.55

L -9 50 47 4.34

Cerebellum (Crus I/II) 101 R 27 -85 -31 4.37 0.053

R 18 -85 -31 4.37

R 36 -79 -40 3.83

Note. BA: Brodmann area; k: cluster extent (in voxels); FWE: Family-Wise Error corrected, on cluster level. 

Supplementary figures

Supplementary Figure S1. Distribution of apathy scores at time of scanning, measured with the AES.
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Supplementary Figure S2. Maps used for formation of the mask used in the Region of Interest (ROI) analysis. 
A: Apathy mask from Kos et al. (2016); B: Binarized map of the task-related activation for all contrasts 
combined; C: Combined map after multiplication of A and B. Coordinates (MNI): z=[-56; -40; -24; -8; 8; 23; 
39; 55; 71].

 

Supplementary Figure S3. Mask used in the Region of Interest (ROI) analysis. Coordinates (MNI): z=[-56; 

-40; -24; -8; 8; 23; 39; 55; 71].
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Supplementary Figure S4. Behavioral results from the set-shifting task with A) mean accuracy per condition 
and B) median reaction time per condition. Values that are denoted with the same letter were not significantly 
different from each other, all other comparisons were significant (p<.05, Bonferroni corrected). 

Supplementary Figure S5. Main effects for cognitive set-shifting, in participants with low levels of apathy 
only (N=18). Coordinates (MNI) of the upper panel: x=-8, y=45, z=43, lower panel: x=23, y=-80, z=-28. For 
display purposes the data was resliced to a voxel size of .4mm. All clusters are reported at p<.05, FWE cluster-
corrected (initial threshold: p=.001).



120

Supplementary ROI mask. 
Mask used for the ROI analysis, may be found in the online version of this article: http://
dx.doi.org/10.1002/hbm.23556 
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Abstract
Human behavior can be externally driven, e.g., catching a falling glass, or self-initiated 
and goal-directed, e.g., drinking a cup of coffee when one deems it is time for a break. 
Apathy refers to a reduction of self-initiated goal-directed or motivated behavior, 
frequently present in neurological and psychiatric disorders. The amount of undertaken 
goal-directed behavior varies considerably in clinical as well as healthy populations. 
In the present study, we investigated behavioral and neural correlates of self-initiated 
action in a student sample (N=39) with minimal to high levels of apathy. We replicated 
activation of fronto-parieto-striatal regions during self-initiation. The neural correlates 
of self-initiated action did not explain varying levels of apathy in our sample, neither 
when mass-univariate analysis was used, nor when multivariate patterns of brain 
activation were considered. Other hypotheses, e.g., regarding a putative role of deficits 
in reward anticipation, effort expenditure or executive difficulties, deserve investigation 
in future studies.

Introduction
Intentional behavior is of critical importance for normal daily functioning. It comprises 
multiple components, including deciding whether to act, what action to perform, and 
when to execute it (Haggard, 2008). A disruption in intentional behavior could lead to 
behavioral poverty known as apathy(Levy & Dubois, 2006). Apathy, i.e., a quantifiable 
reduction in goal-directed behavior, is frequently present in a variety of neurological 
and psychiatric disorders (Reekum et al., 2005), but is also present to a certain degree in 
a portion of the healthy population (Bonnelle et al., 2015a; Fervaha et al., 2015b; Pardini 
et al., 2016; Simon et al., 2015; Spalletta et al., 2013). In the general population apathy 
has been associated with lower behavioral activation, reduced perceived quality of life 
(Pardini et al., 2016), and higher levels of distress (Fervaha et al., 2015b), similar to the 
clinical manifestation of apathy. Moreover, structural differences in grey and white 
matter of the brain have been associated with higher apathy in the healthy population 
(Bonnelle et al., 2015a; Pardini et al., 2016; Spalletta et al., 2013). However, whether 
variations in apathy in the non-clinical population are also underpinned by functional 
abnormalities in regions subserving intentional behavior has not been studied to date.

It has been suggested that apathy is not a unitary concept, but that it can be divided 
into different domains, including an emotional, cognitive, and auto-activation domain 
(Levy & Dubois, 2006; Starkstein et al., 2001; Stuss, Reekum, & Murphy, 2000). First, the 
emotional domain is thought to relate to the appreciation of, and rewarding feelings 
associated with the outcome of undertaking future actions. Second, the cognitive 
domain relates to executive functions needed to realize an action, such as cognitive 
planning, calculating needed effort, and controlling action. Finally, the auto-activation 
domain relates to the actual initiation of planned behavior, e.g., to start the motor 
program. Levy & Dubois (2006) have proposed that apathy may be related to specific 
neural substrates underlying these subtypes of disrupted processing, suggesting that 
differential neural pathways could lead to the same behavioral manifestation. 

So far, the neural basis of apathy has been investigated in the context of reward 
processing and executive control, mainly in clinical samples (Liemburg et al., 2015; 
Mucci et al., 2015; Park et al., 2015; Simon et al., 2010; Waltz et al., 2009, 2010, 2013; 
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Wolf et al., 2014) and less frequently in healthy individuals (Bonnelle et al., 2015a). 
In these healthy individuals, an association has been found between higher levels of 
apathy and increased effort sensitivity, and between apathy and increased involvement 
of the supplementary motor area (SMA) and anterior cingulate cortex (ACC) and 
reduced connectivity between these brain regions (Bonnelle et al., 2015a). To date, to 
our knowledge, the neural underpinnings of apathy related to self-initiation of actions 
independent of reward and effort computation have not been studied as yet, neither in 
patients nor in a healthy population.

Previous research on self-initiated behavior in healthy individuals suggested that self-
initiated behavior is associated with the recruitment of fronto-parieto-striatal regions 
(Haggard, 2008). Separate components of self-initiated behavior have been studied, 
including a selection component (i.e., deciding what action to perform), and a timing 
component (i.e., deciding on when to initiate a pre-specified or self-chosen action). 
Using functional Magnetic Resonance Imaging (fMRI), what and when components of 
action execution have been studied in healthy individuals employing a task that evoked 
either self-initiated, or externally triggered finger movements (Hoffstaedter et al., 2013). 
In this study, selecting which action to perform was associated with activation in medial 
frontal regions including the bilateral pre-supplementary motor cortex extending 
to the anterior midcingulate cortex, in addition to dorsolateral prefrontal cortices 
(DLPFC), dorsal premotor cortices, and inferior parietal lobules (IPL). Deciding on the 
timing of action execution was associated with largely overlapping regions, however 
with additional recruitment of the bilateral anterior insula, anterior putamen, globus 
pallidum, and left cerebellum (Hoffstaedter et al., 2013). Taken together, primary and 
supplementary motor regions, the DLPFC, ACC, IPL, and (parts of) the striatum have 
been consistently related to selection and timing components of action and therefore 
may have high relevance for disturbances in self-initiated behavior underpinning 
apathy. Indeed, substantial evidence was found for consistent involvement of the ACC 
and IPL in a dysfunctional fronto-parieto-striatal network, in relation to apathy across 
disorders (Kos et al., 2016). These results suggest that regions that were associated 
with apathy are largely in accordance with those involved in self-initiation of actions. 

The aim of this paper was to investigate whether levels of apathy in a healthy 
population were associated with neural correlates of action initiation of self-selected 
behavior. To this end, we employed an event-related functional MRI paradigm adapted 
from Hoffstaedter et al. (2013) that allowed us to investigate both the action selection 
and timing components of self-initiated behavior. We hypothesized that higher levels 
of apathy would be related to altered activation of regions associated with intentional 
behavior, namely within the fronto-parieto-striatal circuit. We expected apathy-related 
variations primarily during the condition where both type and timing of action could be 
freely determined. Furthermore, we hypothesized that higher levels of apathy would 
be associated with longer times needed to make a decision on what and when to act 
and with reduced variability in behavior, i.e., more similar button presses. Finally, we 
tested whether levels of apathy could be predicted from multivariate patterns of brain 
activation during intentional behavior using multivariate pattern analysis.
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Materials and Methods
Participants
For this study, university and vocational university students were recruited via 
advertisements on university websites, via email, posters, and by word of mouth. 
In total, 469 students responded to our advertisements, and subsequently a pool of 
300 students completed the Apathy Scale (AS) (Starkstein et al., 1992) and a short 
questionnaire regarding the inclusion criteria, and MR safety. From this initial sample, 
participants with the highest (N=20) and lowest scores (N=20) were selected to assure 
sufficient variability in apathy scores. Participants with high and low scores were 
matched on age and sex. Participants were native Dutch speakers, right-handed, and 
MR-compatible. They did not report any neurological or psychiatric disorders or visual 
or hearing problems that could not be corrected, and did not take medication that could 
influence task performance. Participants were invited to complete an fMRI protocol 
including an anatomy scan and three tasks, among which a self-initiation task. Time 
between initial sign-up and invitation to complete the fMRI protocol ranged between 
two and 13 months. All participants gave informed consent after having received 
written information about the aims and procedures of the study. The study protocol 
was approved by the local medical ethical committee of the University Medical Center 
Groningen. The procedures were carried out according to the latest version of the 
declaration of Helsinki (World Medical Association, 2009).

Behavioral measurements
At time of MR data acquisition, several measures were used to quantify behavioral 
characteristics of the selected participants (N=40). The self-rated Apathy Evaluation 
Scale (AES-S) (Marin, Biedrzycki, & Firinciogullari, 1991)  and the semi-structured 
interview for the Lille Apathy Rating Scale (LARS) (Sockeel et al., 2006) were used to 
measure apathy. Apathy measured with the AES at time of MR-scanning correlated 
significantly with apathy measured with the AS during the screening phase (τ=.63, 
p<.001 [one-tailed]). The AES-S was considered our primary outcome measure because 
we believed it was better suitable for the population we investigated. However, the 
Action Initiation (AI) subscale of the LARS was used to measure everyday productivity 
and self-initiation to specifically characterize self-initiation aspects of goal directed 
behavior. To further investigate characteristics of our sample, the Snaith-Hamilton 
pleasure scale (SHAPS) (Snaith et al., 1995) and Temporal Experience of Pleasure Scale 
(TEPS) (Gard et al., 2006) were assessed to measure the degree to which an individual 
is capable to experience pleasure. To evaluate the general psychological status of the 
included participants, the Beck Depression Inventory (BDI) (Beck et al., 1961), the 
Symptom Checklist 90 (SCL-90)(Derogatis, Lipman, & Covi, 1973), the Schizotypal 
Personality Questionnaire (SPQ)(Raine, 1991), and the Positive and Negative Affect 
Schedule (PANAS) (Watson, Clark, & Tellegen, 1988) were added to the protocol. 
Because depressive and apathetic symptoms partly overlap, we separately mention the 
score on the core “depressed mood” items of the BDI, previously identified in a meta-
analysis of factor structures (Shafer, 2006).

Task design
The task that was used is based upon the self-initiative task developed by Hoffstaedter 
et al. (2013), including adjustments on response options and duration of the task. This 
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task was designed to evoke self-initiated behavior, by allowing participants to select 
what to do and when to act. During the task, participants were asked to take initiative 
by pressing one of two buttons with their right index or right middle finger at a visual 
cue or at a self-chosen point in time. The task consisted of three conditions: free, timed 
choice, and no choice (see Figure 1). In the free condition, participants could choose 
which button to press and when to press it. The timed choice condition only offered 
freedom in choosing which button to press, on a fixed point in time. In the no choice 
condition participants were requested to respond with a fixed button press (i.e., left 
or right) as quick as possible after a cue. During instructions participants were asked 
not to provide rhythmic or routine responses in the free and timed choice conditions. 
Comparison of the conditions allowed for examination of brain activation related to the 
what and when components of self-initiated behavior.

 
Figure 1. Outline of the Self-Initiative task with three conditions that were pseudorandomized in blocks 
(adapted from Hoffstaedter et al. (2013))

Free choice
During free trials, participants were presented with a visual cue (hashes) during which 
the participant had to choose to press the left or right button at any time, though when 
no button press was recorded within 20 seconds, the next trial was presented. After 
a button press, the participant received feedback on which button was pressed, by 
means of an arrow which was presented for 3.5 seconds. In case of no button press, 
a message that no response was recorded was shown. Participants were instructed 
not to press a button during feedback. Afterwards, a fixation cross appeared (500 ms) 
which was followed by the next trial. Response times within this condition were used to 
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determine the interstimulus intervals (ISIs), i.e., the duration of the fixation crosses, for 
the subsequent timed choice and no choice conditions, in order to keep the number of 
trials equal for all three conditions. Response times were calculated using the onset of 
the visual cue and subsequent button press as offset.

Timed choice
During the timed choice condition, a double arrow (pointing to the left and right side of 
the screen) was presented as a cue during which the left or right button (as chosen by 
the participant) had to be pressed as quickly as possible. The double arrow was visible 
for 3.5 s. In between trials a fixation cross was presented. The durations of these fixation 
crosses (ISIs) varied, and were based upon the response times during the free condition 
(presented in random order). 

No choice
During the no choice condition an arrow was presented, which pointed either to the 
left or the right side of the screen. Participants had to respond as quickly as possible by 
pressing the corresponding button. The arrow remained visible for 3.5 s. In between the 
arrows, fixation crosses were presented of which the length varied and was determined 
by the response times during the free condition. 

The task consisted of five blocks in total, and each block comprised the three conditions 
(free, timed choice and no choice), presented in sub blocks of 60 seconds each and 
separated by 15-second periods of fixation. The five blocks lasted 210 seconds each, 
with 8-9 s fixation periods in between the blocks, in addition to a 20 s-fixation period 
at the beginning and a 8-19 s fixation period at the end of the task, which adds up to a 
total task duration of 18-22 minutes. Variations in fixation periods can be explained by 
programming in TRs, not in seconds. The order of the sub blocks alternated between 
‘free-timed choice-no choice’ and ‘free-no choice-timed choice’. Because ISIs in the 
timed choice  and no choice conditions were determined by the response times in 
the free condition, the latter condition was always presented first. In accordance with 
Hoffstaedter et al. (2013), we did not introduce conditions that separately manipulated 
the when (timing) component. 

Image acquisition
Imaging data was acquired on a 3.0 Tesla magnetic resonance imaging system (Philips 
Intera, Best, the Netherlands) equipped with a 32-channel SENSE head coil. For 
anatomical reference, a T1-weighted image was obtained (TR/TE=9/3.5ms) using fast-
field echo and turbo-field echo: 170 axial slices; FOV (rl, ap, fh)=232 × 170 × 256 mm; 
flip angle=8°, voxel size=1 × 1 × 1 mm, slice thickness=1 mm. An Echo Planner Imaging 
sequence was used for functional scanning (TR/TE=2000/22ms) using 47 descending 
axial slices; FOV (rl, ap, fh)=192 x 192 x 141 mm, flip angle of 90º, voxel size=3 x 3 x 3 
mm, slice thickness=3 mm; slice gap=0 mm.

Demographic and behavioral data analyses
Demographic and behavioral data was analyzed using IBM SPSS Statistics (Version 
23) and MATLAB 2013a (The MathWorks, Natick MA, USA). The independent variable 
apathy, as measured with the AES-S, was treated as a continuous variable because 
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the distribution was not deviant from a unimodal distribution (Hartigan’s dip test 
for unimodality (Hartigan & Hartigan, 1985); D=.06, p=.2). However, because the 
assumption of normality was not met for AES-S scores (Shapiro-Wilk W test=.924, 
p=.011), possible associations between demographic variables and apathy were tested 
with the non-parametric Kendall’s Tau correlation measure. Results were considered 
significant for p<.05.

Functional magnetic resonance imaging
fMRI data were analyzed in the context of the General Linear Model (GLM) using 
Statistical Parametric Mapping (SPM12; version 6470; http://www.fil.ion.ucl.ac.uk/
spm/software/spm12/), in MATLAB 2013a (The MathWorks, Natick MA, USA). Before 
processing the functional images, we performed visual inspection to check for possible 
artifacts. Further, image origins (of T1 and EPI- images) were manually set to the center 
point of the anterior commissure to ensure proper alignment with the templates. 
Preprocessing steps included correction for slice timing, realignment, co-registration 
of the T1-image to the mean functional image, normalization to Montreal Neurological 
Institute (MNI) space by warping the co-registered T1 image to SPMs standard Tissue 
Probability Map template in standard space and that transformations were then applied/
written to the functional images, and smoothing with an 8 mm isotropic Full Width at 
Half Maximum (FWHM) Gaussian Kernel. Data for one participant was excluded due to 
excessive movement during the entire experiment. Movement was deemed excessive 
if participants moved more than 3 mm in x, y, or z direction or if rotations were more 
than 1 degree in any direction. 

In accordance with Hoffstaedter et al. (2013), the self-initiative task was modeled in 
an event-related manner for the conditions free, timed choice, and no choice. We 
employed presentation (hashes/arrows) to define trial onsets, and response times 
were used to define the duration of each event for the three conditions (free, timed 
choice, and no choice). Non-response trials and sudden peaks in head motion (>3 
mm or 1 degree in any direction) were modeled as separate regressors of no interest. 
Furthermore, motion parameters and their first derivatives were added to the model 
(i.e., 12 motion regressors in total).

Statistical modeling of fMRI-data
At first level, contrasts were defined for each condition (free, timed choice, and no 
choice). At second level, free, timed choice, and no choice contrasts were entered into 
a one-sample T model to evaluate task related activity vs. activity at low level implicit 
baseline (i.e., during fixation crosses). Furthermore, multiple regression analyses were 
conducted to evaluate the relationship between AES-S score and brain activation 
on free, timed choice, and no choice contrasts. More complex contrasts as defined 
by Hoffstaedter et al. (2013) (what and when), were unsuitable to define at first level 
because we observed an inequality of residual means squares over the three conditions, 
leading to an underestimation of task effects at the second level (see Supplementary 
Figure S1). Therefore, these complex contrasts were not included in the regression 
analyses. 

Regression analyses were considered the most appropriate statistical method because 
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of the unimodal distribution of AES-S scores in the included sample and therefore 
mass-univariate regression analyses were considered our main analyses. However, 
because participants were initially selected on low and high apathy scores, additional 
exploratory group analyses were performed. For this reason, free, timed choice, and no 
choice contrasts were entered into two-sample T models to evaluate possible differences 
between low and high apathy severity groups (based on a median split). Moreover, a 
flexible factorial model was applied to evaluate group differences on more complex 
contrasts, which allowed to properly handle the inequality in residual means squares 
of the conditions. This model included group (high and low apathy) as between-subject 
factor and condition (free, timed choice, and no choice) as within-subject factor, which 
allowed for assuming unequal variances in the condition factor. In this model, group 
differences for more complex contrasts, to separate the when and what component of 
self-initiated behavior (see Hoffstaedter et al. (2013)) were explored. These contrasts 
allowed to directly compare free with timed choice and no choice conditions ([Free > 
Timed Choice] ∩ Free > No Choice]), to separate the when component of self-initiated 
behavior and the timed and free with the no choice condition ([Timed Choice > No 
Choice] ∩ Free > No Choice]) to separate the what component of self-initiated behavior. 

In a subsequent step of the main regression analyses, hedonic capacity (SHAPS), 
depression (BDI core depression score), and positive schizotypal symptoms (SPQ-pos) 
were included as covariates in the second level models. Hedonic capacity was included 
to regress out variance in the AES-S scores that related to the emotional aspects of 
apathy (lowered propensity to anticipate to and experience pleasurable feelings). 
This way, we studied the relationship between self-initiation related brain activation 
and AES-S score including the cognitive and behavioral components of apathy. 
Furthermore, core depressive symptoms and positive schizotypal symptoms were 
included as covariates, because these symptoms may result in behavior that resembles 
apathetic behavior (e.g., staying indoors, reducing social contact). Furthermore, in 
order to evaluate possible neural correlates of apathy independent of depression, a last 
additional analysis was performed only including participants that scored “minimal” on 
depression (range 0-13; excluding N=5 for BDI>13).

All voxel-wise analyses were performed both at whole-brain level and using a ROI-
restricted approach. Our ROI mask included regions that were previously found to be 
related to apathy (Kos et al., 2016), as well as the self-initiative task that we used and 
included large portions of the inferior and middle frontal gyri, (pre-)supplementary 
motor cortex, premotor cortex, inferior parietal cortex, supramarginal gyrus, cingulate 
cortex, thalamus, amygdala, striatum, globus pallidus, hippocampus, and some regions 
within temporal lobe (see Supplementary Figure S2). 

The threshold was set at p<.05, family wise error (FWE) corrected at cluster level with 
an initial threshold of p<.001, uncorrected. For our regions of interest, the correction 
area was restricted to the spatial extent of the composite mask. For regions outside our 
ROI mask, a correction for the whole brain was applied. 

Multivariate analyses
Additional exploratory analyses were performed in the context of multivariate 
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regression and group classification using the “Pattern Recognition for Neuroimaging 
Toolbox (Schrouff et al., 2013). First, three separate multivariate regression analyses 
were performed for the free, timed choice, and no choice contrasts (vs. implicit 
baseline) to investigate the potential of whole-brain functional images for predicting 
the severity of apathy using Relevance Vector Regression. Multivariate weight maps 
were constructed to visualize the spatial pattern driving the regression. Second, linear 
SVM learning was used to classify participants to the low and high apathy group. Prior 
to regression and SVM analyses, the contrast maps where masked using a standard 
grey matter mask. 

To assess generalizability, a leave-one-out cross-validation (LOOCV) procedure was 
carried out. During this procedure, the analysis was repeated as many times as there 
were participants, excluding all data from a single subject at each iteration. Data for 
the remaining participants was subsequently used to train the model; the data for the 
excluded participant was used for testing the algorithms. 

Statistical significance was assessed using permutation testing. AES-S scores and group 
classifications were randomly permuted 1000 times and the models were tested using 
these labels. The number of times the permuted accuracy was greater than the true 
accuracy was counted and divided by the number of permutations in order to produce 
a p-value. 

Results
Behavioral data
Apathy, as measured with the self-rated version of the Apathy Evaluation Scale (AES-S), 
was significantly associated with action initiation as measured using the Lille Apathy 
Rating Scale (LARS_AI, Table 1). Furthermore, higher levels of apathy were significantly 
associated with higher depression scores (Beck Depression Inventory [BDI]), reduced 
pleasure (Temporal Experience of Pleasure Scale [TEPS], and Snaith-Hamilton Pleasure 
Scale [SHAPS]), higher (positive and negative) schizotypal symptoms (Schizotypal 
Personality Questionnaire [SPQ]), and higher symptoms of psychopathology (Symptom 
Checklist [SCL-90], Table 1, p<.05). 

Of note, the mean scores on the BDI, TEPS, SHAPS, SPQ, and SCL-90 were low and 
comparable to other normal populations, while the mean score on the AES-S was in the 
range of clinical populations (Marin, Biedrzycki, & Firinciogullari, 1991). Figure 2 (A-C) 
displays the distribution of the AES, LARS-AI and BDI-factor for the total sample, as 
well as divided in two groups of low and high apathy scores.
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Table 1. Demographical information and mean scores on the questionnaires for the total group and sepa-
rate for participants scoring low and high on apathy

Total group  
(N=39)

Low apathy 
(N=20)

High apathy  
(N=19)

Possible 
range1 Mean (SD)

Min/
Max

τ with 
AES-S2 Mean (SD)

Min/
Max Mean (SD)

Min/ 
Max

Age - 22.69 (2.27) 18/27 - 22.75 (2.15) 19/27 22.63 (2.45) 18/26

Sex (M/F) - - 13/26 - - 5/15 - 8/11

Education3 - 17.36 (1.89) 14/24 - 17.55 (2.16) 14/24 17.16 (1.57) 14/20

AES-S× 18/72 33.41 (5.33) 25/44  - 29.05 (1.79) 25/31 38 (3.64) 32/44

LARS-AI× -4/4 -2.68 (1.26) -4/1.5  .53** -3.3 (.86) -4/-1 -2.03 (1.31) -4/1.5

BDI× 0/63 6.21 (6.35) 0/27  .53** 2.55 (3.27) 0/12 10.05 (6.6) 0/27

BDI-  factor× 0/33 3.28 (4.23) 0/19  .51** 1 (1.75) 0/6 5.68 (4.76) 0/19

TEPS-ANT× 10/60 43.26 (6.92) 25/55 -.43** 46.8 (5.24) 33/55 39.53 (6.59) 25/55

TEPS-CON× 8/48 38.69 (5.11) 26/47 -.32* 40.7 (4.85) 31/47 36.58 (4.59) 26/47

SHAPS× 0/14 1.08 (2.6) 0/14  .33** .9 (3.16) 0/14 1.26 (1.91) 0/7

SPQ-pos× 0/46 7.87 (5.96) 0/23  .35** 5.35 (4.34) 0/14 10.53 (6.36) 2/23

SPQ-neg× 0/43 8.05 (5.86) 0/22 .58** 4.4 (3.35) 0/11 11.89 (5.56) 2/22

PANAS-pos× 10/50 32.41 (7.6) 15/46 -.38** 35.85 (5.31) 26/46 28.79 (8.07) 15/44

PANAS-neg× 10/50 14.21 (3.68) 10/25 .18 12.7 (2.58) 10/18 15.79 (4.05) 10/25

SCL-90× 90/450 121.49 
(24.76)

92/179 .46** 108.25 
(14.81)

95/157 135.42 
(25.74)

92/179

Note. * p<.05 is statistically significant; ** Significant after Bonferroni correction, p<.005; × Significant 
different means for low and high apathy groups, t-test, p<.05; AES-S: Apathy Evaluation Scale; Self-rat-
ed; BDI: Beck Depression Inventory; PANAS: Positive and Negative Schedule; LARS_AI: Lille Apathy 
Rating Scale, Action Initiation subscale; SCL-90: Symptom Checklist; SHAPS: Snaith-Hamilton Pleasure 
Scale; SPQ: Schizotypal Personality Questionnaire; TEPS: Temporal Experience of Pleasure Scale; TEPS-
ANT: Anticipatory pleasure subscale of the TEPS; TEPS-CON: Consummatory subscale of the TEPS. 1 A 
higher number indicates higher severity, except for PANAS-pos and TEPS. 2 Correlations between apathy 
scores and other factors are calculated with a Kendall’s Tau test (τ). 3 Years including primary school

Neuroimaging results
Overall task effects
Activation elicited in the free condition (i.e., freedom in timing and selection of 
actions) compared to the implicitly modeled low level baseline (i.e., fixation cross) was 
primarily found in bilateral dorsolateral and ventrolateral prefrontal regions, inferior 
frontal gyri, insula, precentral and postcentral gyri, anterior and midcingulate cortex 
(ACC and MCC), supramarginal gyri, inferior parietal lobes (IPL), cerebellar crura, and 
anterior cerebellar regions (extending to the left lingual gyrus and right fusiform gyrus). 
Additional activation during the free condition was found in the occipital lobe, right 
precuneus, and right superior parietal lobe (Figure 3A and Supplementary Table S1 for 
all peak activations). Higher activation in the timed choice condition (i.e., freedom in 
selection of actions) compared to low level baseline was primarily found in the right 
ventrolateral, dorsolateral and inferior orbital frontal regions, left inferior operculum 
(extending to the insula), left precentral gyrus, bilateral midbrain, bilateral 
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Figure 2. A) Distribution of the AES-S of the total group (N=39), the low apathy group (N=20), and high 
apathy group (N=19); B) Distribution of the LARS-AI of the total group (N=39), the low apathy group (N=20), 
and high apathy group (N=19); C) Distribution of the BDI-factor of the total group (N=39), of the low apathy 
group (N=20), and high apathy group (N=19)

middle and inferior occipital regions, and the anterior cerebellum. A single cluster of 
lower activation (compared to baseline) was found in the bilateral medial orbitofrontal 
gyrus (Figure 3C and Supplementary Table S1 for all peak activations). Lastly, increased 
activation elicited by the no choice condition (i.e., no freedom in timing nor selection 
of actions) was primarily found in the left supramarginal gyrus extending to the IPL 
and precentral gyrus, the left operculum, and furthermore right occipital and anterior 
cerebellar regions (Figure 3C and Supplementary Table S1 for all peak activations). 

Association with apathy
No relations were found between apathy and activation during free, timed choice, and 
no choice conditions, nor when investigating more complex contrasts evaluating what 
action to perform and when a to initiate a pre-specified action, in regression and group 
analyses, for both voxel-based ROI-constricted and whole-brain analyses at p<.05 
FWE corrected at cluster level (initial threshold of p<.001, uncorrected). Uncorrected 
peak activations of the Self-Initiative task ROI-analyses for the free, timed choice, 
and no choice conditions, for the total group and high versus low apathy groups are 
displayed in Supplementary Table S2. Adding BDI, SPQ, and SHAPS scores to the model 
as covariates to account for variations in depression severity, schizotypy, and hedonic 
capacity, did not change these results. Excluding participants with mild to moderate 
depression (BDI>13) also did not change the results. Lastly, no associations were 
found between apathy severity and behavioral responses of the self-initiative task (see 
Supplementary Material and Supplementary Table S3).
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In exploratory multivariate regression analyses, correlations between observed and 
predicted apathy scores were non-significant for the free (r=.21, p=.09; R2=.04, p=.46; 
MSE=28.83, p=.10), timed choice (r=.05, p=.22; R2=0.00, p=.87; MSE=34.78, p=.68), 
and no choice contrasts (r=-.29, p=.73; R2=.09, p=.33; MSE=40.67, p=.90), indicating 
that degree of apathy could not be predicted based on the activation pattern in grey 
matter voxels. Furthermore, SVM analyses revealed that the automated classifier only 
performed at chance to differentiate the two apathy groups for all three conditions 
(classification accuracies are displayed in Supplementary Table S4). 
 

Discussion
To our knowledge, the current study is the first designed to investigate the neural 
underpinnings of apathy in a non-clinical sample by focusing on self-initiated 
behavior. We included participants with apathy ranging from low to high scores, and 
manipulated the extent to which they could freely execute finger movement behavior 
while measuring brain activation using functional MRI. The self-initiative task robustly 

Figure 3. Whole-brain task 
activation of all participants 
(N=39) during the  A) free 
condition (red), B) timed 
choice condition (green), C) 
no choice condition (blue), 
and D) free, timed choice, 
and no choice conditions, 
all significant p<.05 FWE 
cluster-corrected (initial 
threshold p<.001, uncorrect-
ed). Coordinates (MNI): x=6, 
y=-22.5, z=30
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activated fronto-parietal regions when participants decided what action to perform 
and when to perform it. However, no relationship between degree of apathy and 
brain activation during action initiation was observed, neither when mass-univariate 
analysis was used, nor when multivariate patterns of brain activation were considered. 
In summary, in this study no correlation was found between apathy in a student sample 
and neural substrates related to auto-initiation components of action execution.

In the current study, apathy was studied in relation to goal-directed behavior by focusing 
on self-initiation of simple finger movements in a controlled experimental task. This 
way, the effects of emotional or hedonic components that are commonly part of goal-
directed action could be minimized, isolating the possible effects of disrupted action 
initiation of apathy. We hypothesized that apathy was at least in part underpinned by 
deficits in an action-initiation circuit and specifically hypothesized that higher apathy 
scores would be related to lower variability in choice of action and less recruitment 
of fronto-parietal areas important for action initiation. However, these hypotheses 
were refuted by the data. This either means that the neural correlates of self-initiated 
action are indeed not involved in apathy in a non-clinical sample, or that our findings 
can be explained by methodological drawbacks or artifacts. Therefore, several possible 
alternative explanations for our findings will be discussed successively.

First of all, the lack of associations between apathy and behavioral and neural measures 
of self-initiation may raise the question whether the measurement of apathy was valid 
and reliable in this study. Apathy was measured with the Apathy Evaluation Scale, self-
rated version (AES-S), which is a standardized, reliable, questionnaire that is suitable 
for a non-clinical population, though most frequently used in clinical populations, 
e.g., patients with schizophrenia (Marin, Biedrzycki, & Firinciogullari, 1991). The self-
rated version of the AES has been demonstrated to have lower correlations with 
behavioral measures compared to the AES rated by a clinician (AES-C) or informant 
(AES-I) in a validity study. Therefore, it could be possible that the AES-C and AES-I 
are more sensitive in measuring apathy, but this needs further study. Moreover, the 
lower correlations have been attributed to a relatively narrow range of AES-S scores in 
that particular sample (Marin, Biedrzycki, & Firinciogullari, 1991), while in the current 
study a wide variety in scores was observed, bolstering confidence in the sensitivity 
of our measurements. Furthermore, in our sample, AES-S scores were associated 
with reduced action initiation of daily life activity as measured with a clinical apathy 
evaluation instrument (i.e., the LARS_AI), but also with reduced pleasure (as measured 
with the SHAPS and TEPS), and higher depression (BDI), supporting convergent validity. 
Even though correlations between these measures of apathy, pleasure, and depression 
were significant and indicated an overlap in symptoms, the correlation coefficients 
(ranging between .32 and .53) also demonstrated that the AES-S measures a unique 
aspect that is not incorporated in other questionnaires, supporting discriminant 
validity. In other words, the symptoms measured by the AES-S might overlap with 
depressive or anhedonic symptoms, e.g., staying in bed or indoors and reduced feelings 
of anticipatory pleasure, but the AES-S also measures symptoms that are more specific 
to apathy, i.e., motivational and self-initiation aspects of behavior. In our MR-analyses 
we entered the AES-S and additional covariates in order to specifically evaluate the 
relationship between neural correlates and the self-initiation component of apathy, 
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while taking into account the possible effects of mood and pleasure (or anhedonia). 
However, accounting for variations on other clinical measures and even excluding 
participants with signs of mild to moderate depression did not change the results.  
 
Secondly, it is important to consider what exactly is being measured by the self-initiative 
task that we employed. Levy & Dubois (Levy & Dubois, 2006) described the auto-
initiation deficit as “difficulties in activating thoughts or initiating the motor program 
necessary to complete the behavior”. A person suffering from an auto-activation deficit 
particularly has problems in self-initiation of actions, while externally driven responses 
and actions are spared. In the task we used, both aspects were acknowledged; we 
attempted to provide circumstances in which participants were indeed free in their 
choice and timing of actions, but also conditions in which a person was provided with 
a structured assignment and whereby behavior was more externally driven. Using a 
paradigm that provides assignments to act voluntary might however be regarded as 
paradoxical. The range of possible behavioral responses in our paradigm was limited and 
might even in the most free condition be considered as externally driven or comparable 
to a decision making task because we provided the subjects with a limited range of 
possible behaviors. Nevertheless, according to Haggard (2008), these paradigms 
“capture a key computational feature of voluntary action, namely the participant must 
themselves generate the information that is needed to perform an action”. Our study is 
in line with this idea. However, we need to keep in mind that we studied self-initiation 
in a limited and perhaps artificial way within a controlled setting. 

Moreover, brain activation related to the task corresponded with different stages of 
self-initiation, which provides further support for the validity of the paradigm that 
was used. In most restricted assignments without freedom in selection and timing of 
behavior (the no choice condition), particularly regions related to motor behavior (e.g., 
planning, intention, motor speed, and control) were involved, including the precentral 
gyrus, inferior parietal, and cerebellar regions, which is in accordance with the existing 
literature (Desmurget & Sirigu, 2012; Hoffstaedter et al., 2013; Johnson-Frey, Newman-
Norlund, & Grafton, 2005; Turner et al., 2003; Wenzel et al., 2014). The paradigm 
also reliably activated expected regions as a function of increasing task load. With 
increasing task freedom, we found activation in regions related to executive processes, 
attentional control, and decision making, including parietal regions, insula, anterior and 
midcingulate regions, and dorsolateral and inferior frontal regions (Bechara, Damasio, 
& Damasio, 2000; Kringelbach, 2005; Kühn & Brass, 2009; Rolls & Grabenhorst, 2008; 
Tanji & Hoshi, 2008). In assignments offering more freedom in timing and selection of 
actions similar regions were involved, albeit to a larger extent, and more bilaterally 
distributed. 

Another aspect of the self-initiative task that warrants discussion regards its specificity. 
A clear advantage of this task is that it does not involve any reward components, effort 
computation, and only minimally involves memory and planning components (functions 
related to the cognitive and affective domains of apathy), which makes it a task that 
is specifically aimed at auto-activation of movement. Of note, studies that reported 
behavioral aspects to be involved in apathy in the healthy population have thus far 
always employed tasks that included rewarding components and effort computation, 
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which might impede drawing conclusions on selective behavioral aspects of apathy. 

Our results thus rather suggest that apathy in non-clinical populations is not strongly 
underpinned by core abnormalities in initiating motor behavior. It is perhaps more likely 
that in the healthy population apathy, as a multidimensional construct, is stronger 
associated with complex processes including effort computation, planning and reward 
learning, as was previously demonstrated in other studies (Bonnelle et al., 2015a, 2015b; 
Engel, Fritzsche, & Lincoln, 2015). We observed that participants with higher levels of 
apathy presented reduced pleasure, primarily in the anticipatory phase compared to 
in-the-moment consummatory pleasure, which is in accordance with anhedonia in 
patients with schizophrenia suffering from apathy (Waltz et al., 2009) and anhedonia 
in healthy university students (Gard et al., 2006). Effort computation was however not 
examined in our population, nor were the cognitive aspects of apathy, which therefore 
limits further conclusions on apathy-related deficits in our studied sample. 

For future studies, it would be interesting to evaluate the neural correlates of apathy 
in other samples, including clinical populations or individuals with lower education and 
higher age, as one might expect that levels of apathy may be higher in these populations. 
Furthermore, where in the current study there was insufficient information on stability 
of apathy severity over time within our included participants, both individuals with 
stable, long-term apathy (‘trait’ apathy), as well as those with temporary or adaptive 
apathy (‘state’ apathy) may have been included. Of note, more chronic or severe forms 
of apathy may be less likely in our university student sample, in contrast to apathy 
induced by stressful changes in the social or physical environment of a person. The 
results from the present study might suggest that apathy as a non-clinical behavioral 
manifestation maybe qualitatively different from apathy as presented in clinical 
populations (i.e., patients with schizophrenia, Parkinson’s Disease), but further work is 
required to establish the viability of this suggestion. 

Conclusion
In conclusion, in this study degree of apathy as measured with a clinical apathy 
evaluation scale was not associated with activation of brain regions in the fronto-
parieto-striatal circuit during an fMRI task that evoked self-initiated behavior in a 
highly-educated sample of young individuals. These results suggest that alterations 
in starting motor programs, a critical component of the auto-activation subdomain of 
apathy, do not explain the occurrence of apathy in the normal population. According 
to Levy & Dubois (2006), the auto-activation component of apathy is the most severe 
form of apathy, which frequently occurs in patients with focal basal ganglia lesions. 
Therefore, it might be suggested that this component is not, or not strongly, involved 
in a population without psychiatric and neurological complaints. This may also explain 
why they can still function relatively well, i.e., they did not seek professional help for 
their apathy (and did not receive a neurological or psychiatric diagnosis) as it may have 
been less disruptive to their daily life because of intact action-initiation.
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Supplementary Material 
Behavioral task analyses
A repeated measures analysis of variance (ANOVA) was performed to evaluate whether 
response times over the three conditions were significantly different from each other. 
Furthermore, possible associations between apathy and behavioral responses during 
the fMRI task were tested by means of an analysis of covariance (ANCOVA) for the total 
group, and using two-samples T-tests for differences between low and high apathy 
groups. In the total group analysis, apathy was included as a covariate of interest and 
condition was included as a within-subject factor. Separate models were constructed 
for response times (including all three conditions free, timed choice, and no choice), 
proportion of left responses, and response variability (both for two conditions free and 
timed choice). The proportion of left button presses was calculated in percentages per 
condition. The variability in button presses was calculated in a binary fashion as follows: 
in case a response was different from the previous response (i.e., using a different 
finger) it was counted as 1, in case it was the same it was counted as 0. Response counts 
were summed and divided by the total number of responses per participant to obtain 
a measure of variability. The no choice condition was not included in the ANCOVA 
analyses, because response type was predetermined in this condition. The relationship 
between response accuracy (i.e., the number of correct button presses) in the no choice 
condition and apathy was evaluated with a Kendall’s Tau test.

Behavioral task results
Repeated measures ANCOVA with apathy as a continuous covariate of interest 
did not reveal significant main effects of apathy on response times (F(1, 37)=.18, 
p=.67), proportion of left responses (F(1, 37)=.01, p=.94), or on response variability 
(F(1,37)=1.17, p=.29). Furthermore, there were no significant interactions between 
apathy and condition (free, timed choice, no choice) on response times (F(1, 37.04)=.08, 
p=.79), proportion of left responses (F(1, 37 )=.41, p=.53) and variability of responses 
in the free and timed choice conditions (Supplementary Table 3, F(1, 37)=.45, p=.51). 
The correlation analysis showed no relationship between apathy and the accuracy of 
responses in the no choice condition (Supplementary Table S2, Kendall’s τ=-.11, p=.35). 
Lastly, all two-samples T-tests for group differences on the behavioral task results were 
non-significant. 
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Supplementary Figure S1. Visualization of the residual means squares (ResMS) of one of the participants, 
representative for the pattern observed in all participants (cond 1=free; cond 2=timed; cond 3=no choice).

For all participants the distribution of the residual means squares (ResMS) of the timed 
choice and no choice conditions were comparable in height and shape, while the 
distribution of the ResMS of the free condition was lower and wider (for an example, 
see Supplementary Figure S1).  

We can only speculate on the reason of this difference in ResMS over the three 
conditions. It may be due to a more widespread activation pattern in the free condition, 
compared to the other conditions. It is also possible that estimation of the error is less 
accurate in the free condition. Because of the difference in distribution of the ResMS 
between the conditions, more complex contrasts including the what (timed & free > 
no choice) and when (free > timed & no choice) contrasts, as previously specified by 
Hoffstaedter et al. (2013), could not reliably be defined at the first level and therefore 
not entered in a Second-Level analysis.  
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Supplementary Figure S2. The mask that was used in the Region of Interest (ROI) analyses. Coordinates: 
x=-5.5, y=-14.5, z=8. The mask  was composed using regions previously associated with apathy as well as 
with the self-initiative task. To define these overlapping regions, a composite mask was built using two 
separate binarized masks; one ‘apathy mask’ based on Kos et al. (2016) and one ‘self-initiative mask’ for 
current task-activation summed over free, timed choice, and no choice contrasts at p<.005 uncorrected and 
k>10). Both binarized masks were multiplied using the Imcalc function in SPM12, to only end up with regions 
present in both masks. Lastly, all regions of the Automated Anatomical Labels atlas that corresponded to the 
overlapping regions were selected for the final mask.

Supplementary Table S1. Peak activations of the self-initiative task for the free, timed choice, and no 
choice conditions, all significant p<.05 FWE cluster-corrected (initial threshold p<.001, uncorrected)

Main task 
effect 
(N=39) Region (AAL) BA

Cluster 
size 
(voxels) Side T-value

p-value 
(FWE)

MNI coordinates

  x           y  z

    Free Supramarginal 
gyrus

40 989 R 7.23 <.001  63    -43     41

 Inferior parietal 
lobule

40  R 6.68 <.001  57    -34     50

 Supramarginal 
gyrus

40  R 6.34 <.001  63    -40     26

 Middle frontal 
gyrus

46 3671 R 7.15 <.001  27         44  32

 Inferior frontal 
gyrus

44  R 6.91 <.001  51           14  5

 Supplementary 
motor area 

6  R 6.79 <.001    9         14  50
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Supplementary Table S1, continued. Peak activations of the self-initiative task for the free, timed 
choice, and no choice conditions, all significant p<.05 FWE cluster-corrected (initial threshold p<.001, 
uncorrected)

Main task 
effect 
(N=39) Region (AAL) BA

Cluster 
size 
(voxels) Side T-value

p-value 
(FWE)

MNI coordinates

  x           y  z

 Cerebellum 
crus 1

- 426 L 6.13 <.001 -45 -58 -34

 Lingual gyrus 19  L 4.72 <.001 -21    -79   -10

 Cerebellum 
lobule 6

-  L 3.78 <.001 -27    -64    -16

 Precentral 
gyrus

6 982 L 5.97 <.001 -60      8      26

 Middle frontal 
gyrus

46  L 5.8 <.001 -30       50    23

 Middle frontal 
gyrus 

46  L 5.02 <.001 -24          53   7

 Cerebellum 
crus 1

- 543 R 5.02 <.001  45    -58    -34

 Cerebellum 
crus 1

-  R 4.98 <.001  33    -52   -34

 Lingual gyrus 19  R 4.37 <.001  33    -70   -16

 Superior occipi-
tal gyrus 

18 104 R 4.74 <.001  30    -94     11

 Superior occipi-
tal gyrus 

18  R 4.69 <.001  18    -97       8

 Precuneus 7 91 R 4.91 <.001  12    -58     53

    Precuneus 7  R 3.91 0.001  21    -70     53

 Timed 
Choice

Middle occipital 
gyrus 

19 11999 L 10.4 <.001 -48 -79 -1

 Middle occipital 
gyrus

19  R 9.7 <.001  45    -76    -7

 Cerebellum -  R 9.66 <.001  15    -73   -19

 Insula - 457 L 6.7 <.001 -45         11 - 1

 Precentral 
gyrus

6  L 5.07 <.001 -57         8   26

 Insula -  L 5.02 <.001 -36    - 4      14

 Midbrain - 93 R 6.56 <.001    9    -22    - 13

 Midbrain -  L 4.41 <.001 -12 -16 -13

 Hippocampus -  R 3.98 <.001  24    -25   - 7

 Middle frontal 
gyrus

45 353 R 4.59 <.001   45        41  11
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Supplementary Table S1, continued. Peak activations of the self-initiative task for the free, timed 
choice, and no choice conditions, all significant p<.05 FWE cluster-corrected (initial threshold p<.001, 
uncorrected)

Main task 
effect 
(N=39) Region (AAL) BA

Cluster 
size 
(voxels) Side T-value

p-value 
(FWE)

MNI coordinates

  x           y  z

 Middle frontal 
gyrus

46  R 4.56 <.001   39       56  - 4

 Inferior frontal 
gyrus

45  R 4.53 <.001   51         41 - 4

   Medial frontal 
gyrus

10 129 R 5.49 0.012    6        59  -10

No Choice Superior occipi-
tal gyrus

18 4038 R 8.88 <.001  21    -88     14

 Inferior occipital 
gyrus

19  R 8.83 <.001  36    -70    -10

 Cerebellum 
lobule 6 

-  R 8.69 <.001  27    -58    -22

 Insula  169 L 7.96 <.001 -48    - 1      11

 Inferior frontal 
gyrus (opercular 
part)

  L 4.07 <.001 -60 8 8

  Cerebellum 
lobule 8

- 87 R 7.19 <.001  21    -61   -49

 Precentral 
gyrus

6 734 L 6.7 <.001 -33    -19     68

   Inferior parietal 
lobule

40  L 6.59 <.001 -45    -28     44

  Supramarginal 
gyrus

40  L 6.54 <.001 -54    -25     23

Note. AAL: Automated Anatomic Labeling; BA: Brodmann area; FWE: Family-Wise Error corrected, on 
cluster level; MNI: Montreal Neurological Institute
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Supplementary Table S2. Uncorrected peak activations of the of the self-initiative task ROI-analyses 
for the free, timed choice, and no choice conditions, for the total group (upper panel) and high versus low 
apathy groups (lower panel)

Effects of apathy Region (AAL) BA

Cluster 
size 

(voxels) Side T-value p-value 

MNI  
coordinates

  x         y        z      

Free

        Positive Angular_L (65) 7 1 L 3.36 0.001 -33 -58 38

        Negative No suprathreshold voxels at p<.001 uncorrected

Timed Choice

       Positive Frontal_Sup_L (3) 9 4 L 3.69 <.001 -24 41 47

       Negative No suprathreshold voxels at p<.001 uncorrected

No choice

       Positive No suprathreshold voxels at p<.001 uncorrected

       Negative Rolandic_Oper_L (17) 6 3 L 3.94 <.001 -48 5 16

Free

       Low < high No suprathreshold voxels at p<.001 uncorrected

       Low > high No suprathreshold voxels at p<.001 uncorrected

Timed Choice

       Low < high Frontal_Sup_L (3) 9 2 L 3.35 0.001 -12 47 47

       Low > high Frontal_Inf_Oper_R 
(12)

48 26 R 4.82 <.001 48 11 5

SupraMarginal_R 
(64)

48 3 R 3.68 <.001 45 -37 29

Rolandic_Oper_R 
(18)

48 5 R 3.68 <.001 57 11 23

Precentral_L (1) 6 1 L 3.38 0.001 -57 5 26

Precentral_L (1) 6 1 L 3.35 0.001 -60 8 29

No choice

       Low < high No suprathreshold voxels at p<.001 uncorrected

       Low > high ParaHippocampal_R 
(40)

37 1 R 3.33 0.001 27 -31 -10

Note. AAL: Automated Anatomic Labeling; BA: Brodmann area; FWE: Family-Wise Error corrected, on 
cluster level; MNI: Montreal Neurological Institute
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Supplementary Table S3. Response times and response types per condition, and 
associations with apathy (as measured with the AES-S)

Responses per condition

Total group 

Mean (SD)

(N=39)* 

Low apathy

Mean (SD)

(N=20)**

High apathy

Mean (SD)

(N=19)**

Free Response times1 2.89 (2.58) 2.38 (2.31) 3.43 (2.8)

Left button presses2 47.24 (5.16) 47.38 (5.38) 47.09 (5.07)

Variability3 59.54 (9.91) 57.69 (7.47) 61.48 (11.85)

Timed Choice Response times1 .41 (.11) .37 (.06) .44 (.14)

Left button presses2 44.23 (10.11) 44.83 (9.66) 43.6 (10.79)

Variability3 58.79 (15.04) 57.94 (14.56) 59.69 (15.88)

No choice Response times1 .43 (.07) .42 (.05) .45 (.08)

Accuracy4 96.9 (3.14) 97.56 (2.74) 96.21 (3.45)

Note. *Correlations between group means and AES-S were calculated with a Kendall’s 
Tau Test (τ) ± all non-significant; **Two samples T-tests were performed to evaluate 
group differences: all non-significant; 1 mean RT in seconds; 2 proportion of left button 
presses in percentages; 3 variability of response types in percentages; 4 accuracy of 
response in percentages.

Supplementary Table S4. Classification accuracies to differentiate the two apathy groups, displayed per 
condition

Property/Condition Free  Choice  No choice

Total accuracy 54% 59% 44%

Balanced accuracy 54% 59% 44%

BA p-value .28 .11 .68

Class accuracy (low and 
high)

50% 58% 50% 68% 45% 42%

CA p-value .58 0.27 .59 .06 .71 .68

Class predictive  
value (low and high)

56% 52% 63% 57% 45% 42%

Note. BA: balanced accuracy; CA: Class accuracy 
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Summary and general discussion
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The aim of this thesis was to investigate the neural substrate of negative symptoms. 
To this end, the association between negative symptoms and brain activation 
was assessed during various emotional and cognitive processes, including reward 
processing (chapter 2), affective forecasting (chapter 3), set-shifting (chapter 6), and 
self-initiation of behavior (chapter 7), as well as functional connectivity during rest 
(chapter 4 and 5; Figure 1). Results showed that negative symptoms were associated 
with ventral striatal activation during reward processing (chapter 2) and with vividness 
of patients’ imagination of future events and the extent to which the imagination of 
these events elicited a positive feeling (chapter 3). Although regional brain activation 
during the imagination of positive future events was not related to negative symptom 
severity, we did observe an association between severity of negative symptoms and 
lower functional connectivity between a seed in the precuneus/posterior cingulate 
cortex (PCC) and the precuneus/paracentral lobule and cerebellum (lobule VI/Crus I) 
(chapter 3). 

Previous studies have shown that negative symptoms may be better described as 
two separate symptom factors: amotivation and expressive deficits (Liemburg et al., 
2013; Stiekema et al., 2016; Strauss et al., 2013). Therefore, in chapter 4 we shifted our 
focus from negative symptoms to the neural correlates of amotivation and expressive 
deficits. We found that neither expressive deficits nor amotivation were associated with 
altered functional brain topology (chapter 4). In chapter 5 we focused on amotivation in 
particular and found that this factor was associated with lower connectivity between the 
VTA and an extensive mesocorticolimbic network. Finally, when we narrowed the focus 
to apathy, a central symptom within the amotivation factor, we found an association 
between apathy and activation in the superior frontal gyrus and the cerebellum (Crus 
I/II) during cognitive set-shifting (chapter 6), but not with brain activation during self-
initiation (chapter 7). 
 

 
Figure 1. A. Cognitive processes that may be related to negative symptoms; B: Summary of findings in this 
thesis. Numbers refer to the respective chapter. Regarding the brain image, colors depict the cognitive 
process or, in the case of resting-state studies, the symptom factor under study. 

A B
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Integration of findings
Amotivation
Central to the amotivation factor is a deficit in goal-directed behavior. Patients with 
amotivation may engage in fewer enjoyable and day-to-day activities, and this may 
affect professional and social functioning. Multiple models have been proposed to 
explain this deficit in goal-directed behavior. Levy and Dubois (Levy & Dubois, 2006) 
proposed a model of goal-directed behavior which emphasizes the role of affective or 
reward-related processes, executive functioning, and auto-activation. More recently, 
Kring and Barch (2014) constructed a similar model specifically aimed at explaining the 
motivational dimension of negative symptoms in schizophrenia. Combining these two 
models results in a comprehensive framework that may be useful in the integration of 
the findings in chapter 2,3,5,6, and 7 (Figure 2). The combined framework encompasses 
several stages related to reward processing (ranging from hedonic responses to 
approach motivation), as well as construction of action plans (relying on intact executive 
functioning), and auto-activation or initiation of behavior and thoughts.

According to this framework a pleasurable event will elicit an in-the-moment hedonic 
response (a sense of liking: “This movie is great!”). In order to translate this positive 
feeling into future goal-directed behavior, it needs to be maintained and remembered. 
Then, when the opportunity arises to repeat the behavior (e.g., a new movie from the 
same director is released), this will trigger retrieval of the memory, which contributes 
to the subjective value that is ascribed to the behavior. This will result in anticipatory 
pleasure (looking forward to the action: “This new movie will be great to watch!”). This 
anticipatory pleasure and the calculated effort it takes to obtain the reward (e.g., buying 
tickets, going to the movie theater) will influence the subjective value of the action. 
If the anticipated reward outweighs the anticipated effort, this will result in approach 
motivation (i.e., the intentions to come into action), after which an action plan to 
obtain the reward is constructed, a process that relies on executive functioning (e.g., 
allocation of attention, rule finding, cognitive flexibility, and (sub)goal maintenance). 
This information feeds back to the effort computation, and if the approach motivation 
is retained the action is initiated and executed, leading to goal-directed behavior (going 
to see the movie). In turn, disruptions in any of these subprocesses may lead to reduced 
goal-directed behavior, resulting in apathy and the superordinate amotivation factor. 
In this thesis, brain activation and functional connectivity related to reward-related 
processing (chapter 2, 3, and 5), executive functioning (chapter 6), and self-initiation 
(chapter 7) have been examined in association with negative symptoms, amotivation, 
and its central component apathy.

Reward-related processing
In recent years, the neural correlates of reward processing in patients with schizophrenia 
have received considerable attention. Especially activation in the ventral striatum 
(VS), an area consistently implicated in the processing of rewarding and salient stimuli 
(Liu et al., 2011; Menon, 2015), has often shown reduced activation in patients with 
schizophrenia (Radua et al., 2015). Moreover, several studies have found associations 
between severity of negative symptoms and activation in this region, although mixed 
findings have obscured a clear-cut view of this relationship. Therefore, in chapter 2, 
a meta-analysis was performed on previously published studies that assessed the
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association between reward-related ventral striatal activation and negative symptoms. 
Results showed that reduced VS activation during reward processing is related to 
stronger severity of negative symptoms. This relationship between negative symptoms 
and reward-related processing is often thought to reflect a decrease in reward 
anticipation and learning, which reduces the chance of engaging in goal-directed 
behavior (Kring & Barch, 2014). More specifically, Maia and Frank (2017) have proposed 
a model that links altered reward processing to altered dopamine function, explaining 
both positive and negative symptoms. They have suggested that a combination of 
increased spontaneous and decreased adaptive (i.e., in response to relevant stimuli) 
phasic dopamine responses may be involved in schizophrenia: whereas increased 
spontaneous phasic dopamine release may lead to the occurrence of positive 
symptoms, decreased adaptive phasic dopamine responses may lead to negative 
symptoms. Specifically, decreased phasic dopamine response to relevant stimuli may 
reduce positive prediction errors (i.e., dopamine response to unexpected rewards), 
leading to reduced value-guided learning. This may in turn reduce VS activation during 
reward anticipation, resulting in the motivational deficits that are central to negative 
symptoms. This may account for the association between negative symptoms and 
lower VS activation during reward processing (chapter 2).

Besides altered VS activation, disrupted value-guided learning may reduce the valuation 
of positive stimuli, which may explain the less positive valence ratings in relation to 
negative symptoms during the imagination of positive future events in chapter 3.  On 
the neural level, no striatal involvement was found during the imagination of positive 
events, nor was an association between striatal activation or connectivity and negative 
symptoms, making it difficult to explain the neural mechanisms that underlie these 
behavioral changes in terms of this model.

Figure 2. Model of goal-directed 
behavior, adapted from Kring & 
Barch (2014) and Levy & Dubois 
(2006). Thin backwards arrows 
represent feedback of informa-
tion. 
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The finding of reduced resting-state connectivity between the ventral tegmental 
area (VTA) and the ventral striatum in relation to amotivation (chapter 5) may also be 
explained by this model: in case of a relationship between amotivation and decreased 
adaptive dopamine transients, a reduction of functional connectivity between the VS 
and the VTA, an area known for its dopaminergic projections to the limbic system, 
is to be expected. Indeed, we showed that in patients with schizophrenia, negative 
symptoms were associated with reduced functional connectivity between the VTA and a 
mesolimbic network, including the VS. However, because no data on dopamine release 
in response to reward-related stimuli was included these conclusions are speculative. 

Taken together, the findings in chapter 2, 3, and 5 contribute to the idea that disruptions 
of reward-related processing, and especially anticipation of pleasurable events may 
underlie amotivation and therefore negative symptoms in patients with schizophrenia. 
However, as Levy and Dubois (Levy & Dubois, 2006) stated, besides intact intention 
to act (i.e., approach motivation), which may be related to reward-related processing, 
subsequent executive and auto-activation processes are also imperative for goal-
directed behavior. Because disruptions in these processes may lead to the occurrence 
of apathy and amotivation as well, we investigated these cognitive (chapter 6) and 
auto-activation (chapter 7) processes and their neural correlates in later chapters.

Executive functioning
In chapter 6, the neural correlates of apathy during set-shifting were examined in a 
healthy sample. Results showed an association between apathy and activation in the 
(medial) superior frontal gyrus and Crus I/II of the cerebellum (although this was only at 
trend level in the nonparametric analysis), during cognitive set-shifting, the switching 
of a response rule. This suggests a possible involvement of these areas and cognitive 
set-shifting in the occurrence of apathy. Of course, results in healthy individuals may 
not translate one-to-one to psychiatric or neurological populations, but these results 
may be a starting point for further research. In this light, a recent study measuring 
electroencephalography (EEG) during a set-shifting task has shown an association 
between apathy and the strength of an event-related potential that has been associated 
with shifting of attention to novel stimuli (the P3a), both in healthy controls and patients 
with Parkinson’s disease (Kopp et al., 2006). Future studies on the association between 
(neural correlates of) executive functioning and apathy in patients with schizophrenia 
may shed more light on this topic.

Auto-activation
Chapter 7 targeted the third apathy-related process, namely auto-activation. This 
process reflects the final stage toward execution of goal-directed behavior: the initiation 
of behavior (Figure 2). After reward-related processing has led to approach motivation 
and therefore intention to act and a plan has been made on how to obtain the goal, the 
intention and plan have to be translated into a motor action. In chapter 7 we examined 
auto-activation with a self-initiative task, in which participants were asked to press one 
of two buttons, with varying levels of freedom (both in terms of choice of the button 
to press and their timing of the press). Although fronto-parieto-striatal brain activation 
that is generally found in relation to self-initiation was replicated in this study, neither 
behavior nor neural activation during the task was related to apathy. This suggests that 
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an auto-activation deficit may not play a role in apathy, at least in healthy individuals. 

Taken together, the results in chapter 2, 3, 5, 6, and 7 underline the involvement of 
disrupted reward-related processing and executive functioning in the occurrence of 
amotivation. First, the results from chapter 2, 3, and 5 suggest an important role of 
reward processing in the occurrence of disrupted goal-directed behavior in people 
with negative symptoms and specifically amotivation. Specifically, reduced ventral 
striatal activation during reward processing (chapter 2) and functional connectivity 
of a mesocorticolimbic network during rest (chapter 5) suggest that dopamine-driven 
reward alterations may lie at the base of the occurrence of amotivation. The negative 
symptom-related reduced vividness, less positive valence ratings, and lower functional 
connectivity of the precuneus/PCC seed that were found in chapter 3 may in turn 
suggest less effective anticipatory pleasure in patients with more negative symptoms.

Because in chapter 2 anticipatory pleasure, on-the-moment hedonic responses, 
and reward learning were combined, the exact subprocess(es) that contribute to the 
occurrence of negative symptoms could not be distinguished. Similarly, in chapter 5 
we focused on VTA connectivity during rest, leaving no room for separation of these 
subprocesses. Chapter 3 on the other hand was aimed specifically on the anticipation of 
pleasurable events. Although in this chapter we did not compare anticipatory pleasure 
to the other subprocesses, the reduced vividness and less positive valence ratings that 
were reported by patients with more negative symptoms underline the importance 
of anticipatory pleasure deficits for the occurrence of negative symptoms. However, 
whether these deficits are due to specific difficulties in anticipatory pleasure or whether 
they may also be related to disruption in preceding subprocesses like hedonic response 
or memory for previous pleasurable experiences (Figure 2) remains to be investigated. 

Furthermore, the reduced activation in the mSFG and cerebellum Crus I/II in chapter 6 
underlines the importance of a possible disruption of action plan construction due to 
deficits in executive functioning (especially cognitive set-shifting). Finally, in chapter 
7 auto-activation or initiation deficits was not found to be related to apathy in healthy 
individuals. Of course this does not exclude the possibility of initiation difficulties 
playing a role in patients with more severe (clinical) levels of apathy. Taken together, 
these findings emphasize the importance of reward and cognitive processing for the 
understanding the amotivation factor.

Expressive deficits
Although amotivation is generally considered to be stronger related to functional 
outcome (Fervaha et al., 2014b; Strauss et al., 2013), this does not exclude the effect 
that expressive deficits have on functional outcome, and indeed expressive deficits have 
been associated with functional outcome (Gur et al., 2006; Walther et al., 2016). In fact, 
a recent study has shown that people are less likely to desire future interactions with 
individuals with more pronounced expressive deficits and that expressive deficits are 
related to the individuals’ satisfaction with social support networks (although this holds 
for amotivation as well; Riehle and Lincoln 2017). However, to date not much is known 
about the neural correlates of expressive deficits. A few task-based fMRI studies have 
suggested involvement of the amygdala and ACC (Gur et al., 2007; Hager et al., 2015), 
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but no studies on resting-state connectivity changes underlying this subfactor have 
been performed. Therefore, in chapter 4, we assessed whether expressive deficits and 
amotivation are differentially related to changes in the functional connectome, using 
common functional network measures (i.e., global and local efficiency, and eigenvector 
centrality and participation coefficient). In this chapter we found no statistically robust 
relationship between brain topology and negative symptoms, neither for expressive 
deficits or amotivation, suggesting that the functional connectome, at least when 
characterized by these network measures, may not be related to expressive deficits nor 
to amotivation.

Cognition and negative symptoms
Negative symptoms and cognitive deficits are commonly thought to be separable or 
even independent domains (Harvey et al., 2006; Kirkpatrick et al., 2006). Associations 
have been found between the two domains, although not consistently and of moderate 
strength at most (de Gracia Dominguez et al., 2009). These associations may reflect 
overlap in measurement instruments (see the section Methodological considerations), 
but it may also reflect common underlying deficits (Foussias et al., 2014a). For 
example, Fervaha et al. (2016) assessed the relationship between alogia and verbal 
fluency, a negative symptom and cognitive deficit that are conceptually very similar. 
Not surprisingly, they found a strong association between alogia and verbal fluency 
(while there was no association with other negative symptoms), which was robust to 
controlling for sociodemographic and clinical variables. This may suggest that alogia 
and verbal fluency may tap into the same deficit and that therefore the difference 
between the two may be more semantical than etiological. 

Moreover, the deficits that characterize negative symptoms and cognitive deficits 
may be interrelated. As proposed by Levy & Dubois (Levy & Dubois, 2006), disruptions 
in cognitive processes that are needed to successfully construct an action plan may 
impair goal-directed behavior, leading to negative symptoms. The association between 
reduced neural activation during cognitive set-shifting and apathy in chapter 6 may 
support this idea, although directionality of this relationship could not be definitively 
established. Conversely, motivational processes underlying negative symptoms may 
influence cognitive functioning as well: it has been shown that amotivation and effort 
exertion during cognitive testing may be directly related to cognitive performance 
(Fervaha et al., 2014c; Foussias et al., 2014b). In addition, effort exertion may partially 
mediate the association between amotivation and cognitive performance (Foussias 
et al., 2014b). On the neural level, it has been found that reward processing and the 
resulting motivation may guide allocation of cognitive resources implemented in the 
ACC (Hager et al., 2015) and improve executive functioning mediated by frontoparietal 
regions (Etzel et al., 2016), possibly leading to increased cognitive performance 
(Foussias et al., 2014b). Taken together, although distinct domains, cognition and 
negative symptoms may be strongly interrelated. 

Negative symptoms and depression
Although negative symptoms (especially the amotivation factor with its symptoms 
anhedonia and apathy) and depressive symptoms have been found to be associated 
(Stiekema et al., 2016), associations are generally weak to moderate and have not been 
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found consistently (e.g., Kirkpatrick et al., 2011; Kring et al., 2013; Rabany et al., 2011; 
Strauss et al., 2013). Moreover, factor analyses have repeatedly shown that depressive 
symptoms load on a different factor than negative symptoms (Foussias et al., 2014a). 
In terms of reward or pleasure processing, it has generally been found that whereas 
depression is related to in-the moment experience of pleasure, negative symptoms are 
characterized by reduced anticipation of pleasure (Millan et al., 2014), although not all 
studies support this view (Da Silva et al., 2017). Likewise, on the neural level, Simon 
et al. (Simon et al., 2010) have found that while reduced ventral striatal activation 
during reward anticipation is related to negative symptoms, reduced orbitofrontal 
(OFC) activation during the receipt of reward is associated with depressive symptoms. 
Similarly, it has been found that during effort-based reinforcement learning amotivation 
is related to different striato-orbitofrontal dysfunction in patients with schizophrenia 
compared to patients with depression (Park et al., 2017). Therefore, although overlap 
and comorbidity exist, accumulating evidence supports the idea of negative and 
depressive symptoms as separate constructs. 

Clinical implications
Findings from neuroimaging research are sometimes difficult to relate directly to clinical 
practice. Although machine learning techniques have the potential of generating 
clinically relevant information (e.g., diagnostic information or predicting treatment 
response), currently this approach does not surpass existing clinical assessment 
instruments (Dazzan, 2014; Fu & Costafreda, 2013). Unfortunately the lack of individual 
specificity of the group-wise studies in the current thesis may result in modest direct 
translation into diagnostic information on the individual level. Still, the findings in this 
thesis may have several clinical implications. 

First, knowledge about the neural underpinnings of negative symptoms increases 
understanding of negative symptoms. Whereas amotivation in patients might 
occasionally be interpreted by family and friends as laziness, the findings in this thesis 
support the notion of underlying neural abnormalities that may underline the need for 
treatment to improve these symptoms.

In addition, the neuroimaging results from this thesis may contribute in guiding the 
development of treatments. This is of utmost importance, because negative symptoms 
are generally considered difficult to treat (for a review, see Aleman et al., 2017). One 
possible reason for this is the heterogeneity of the negative symptoms cluster: targeting 
interventions directly at amotivation or expressive deficits may yield more promising 
results, because the underlying cognitive and neural mechanisms of these factors 
are likely to be different. Insight into the neural mechanisms underlying amotivation 
and expressive deficits may therefore provide direction for the development and 
improvement of effective interventions for negative symptoms.

In this light, the findings from chapter 2, 3, and 5 indicate that reward processing and 
specifically the anticipation of rewards or pleasure may be an important mechanism 
to improve in people with predominant amotivation. An example of an intervention 
aimed at improving the anticipation of reward is the Positive Emotions Program 
for Schizophrenia developed by Ngyen et al. (2016). This intervention focuses on 
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improving the experience and anticipation of pleasure, as well as reducing defeatist 
beliefs. A pilot study examining this intervention showed specific improvements of 
apathy and anhedonia (Favrod et al., 2015). Although replication of these findings in a 
double-blind randomized control trial is warranted, these results suggest the potential 
for interventions specifically aimed at the needs of the patient.

Furthermore, the current neuroimaging results may guide neurostimulative treatments, 
which are used to change brain activation and functional connectivity in order to 
decrease symptom severity. Neurostimulation of the dorsolateral prefrontal cortex 
has shown promising effects on negative symptoms in general (Dlabac-de Lange et al., 
2015), but further tailoring of the treatment protocol may increase efficacy. Based on 
the findings in chapter 6, people with amotivation (or more specifically apathy) who 
experience difficulties in executive functioning may benefit from neurostimulation of 
the left superior frontal gyrus. However, because the participants in the study of chapter 
6 were healthy volunteers, replication of this result is warranted before translation to 
neurostimulation is desirable.

Methodological considerations and future perspectives
Measuring negative symptoms
In this thesis negative symptoms have been measured using several clinical assessment 
instruments, all with their advantages and disadvantages. Specifically, the PANSS 
(used in many studies included in chapter 2, and used in chapter 4 and 5) and the SANS 
(chapter 3) are two commonly used measures for the assessment of negative symptoms 
and may therefore enable comparison with many previous studies. Moreover, the 
SANS was constructed specifically for the characterization of negative symptoms and 
encompasses a broad range of negative symptoms. However, both the PANSS and 
SANS have been criticized, among other things for containing measures of cognitive 
functioning, which is generally considered conceptually separate from negative 
symptoms. Especially the inclusion of reduced abstract thinking and stereotyped 
thinking in the negative subscale of the PANSS and the attention deficit subscale of the 
SANS may be related to cognitive rather than negative symptoms and may therefore 
hamper the assessment of negative symptoms (Kirkpatrick et al., 2006). In the current 
thesis, this criticism was met by the use of the PANSS amotivation and expressive 
deficits factors which do not include abstract thinking or stereotyped thinking (chapter 
4 and 5) and the use of a version of the SANS from which the attention subscale was 
excluded (chapter 3). 

Other criticisms of the PANSS and SANS include the focus on observable symptoms 
rather than internal experience of the participant (Lincoln, Dollfus, & Lyne, 2017) and 
lack of distinction between anticipatory and consummatory anhedonia (Kirkpatrick et 
al., 2006). In this respect the use of newer measures like the Brief Negative Symptoms 
Scale (BNSS) (Kirkpatrick et al., 2011) and the Clinical Assessment Interview For 
Negative Symptoms (CAINS) (Horan et al., 2011) may provide a more reliable measure 
of negative symptoms: they provide comprehensive characterization of all negative 
symptom domains (i.e., blunted affect, alogia, apathy, anhedonia, and asociality), with 
a focus on both observable symptoms and internal experience (Lincoln, Dollfus, & Lyne, 
2017).
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The focus on apathy (in chapter 6 and 7) warranted the use of a more specific measure 
for this negative symptom. To this end, the Apathy Evaluation Scale (AES) was used. 
This measure is widely used to assess apathy severity in several healthy and clinical 
populations (Clarke et al., 2011). Because we aimed to assess the neural correlates 
of different domains that may be disrupted in people with apathy (i.e., affective or 
reward-related processing, executive functioning, and auto-activation) (Levy & Dubois, 
2006), comparison of groups with difficulties predominantly in one of these domains 
may have given more insight in the different types of disruptions that may underlie 
apathy. Unfortunately, based on the AES a distinction between these types of apathy 
cannot be made. However, since the design of this study, a scale has been developed 
to characterize the subtypes of apathy proposed by Levy and Dubois (Levy & Dubois, 
2006): the Dimensional Apathy Scale (DAS) (Radakovic & Abrahams, 2014). The use 
of this measure may benefit future studies on the neural correlates of the separate 
domains of apathy. 

Although measuring negative symptoms is often done using observer-based 
interviews or self-rated questionnaires, other more objective measures constructs 
may give crucial additional information. For example, whereas the AES assesses daily 
activity level by asking participants what they do on a regular day, this measure may 
be influenced by lack of insight or socially desirability of certain answers. Therefore, 
objective measures of motor activity like actigraphy may add crucial information 
to the assessment of apathy. Indeed, actigraphy has been associated with apathy in 
patients with schizophrenia (Docx et al., 2013; Farrow et al., 2005) and has been related 
to cerebral blood flow (Walther et al., 2011), brain volume (Farrow et al., 2005), and 
structural connectivity (Docx et al., 2017) in patients with schizophrenia. Expressive 
deficits may be characterized more objective by measuring facial expression using 
electromyography EMG of the facial muscles (Riehle & Lincoln, 2017) and assessment 
of gestures and speech production by means of automated analysis of video or audio 
recordings of social interactions (Alpert et al., 2002; Foussias et al., 2015; Kupper et 
al., 2010). Including these behavioral measures in neuroimaging studies may aid in the 
characterization of negative symptoms and may therefore promote understanding of 
the components of negative symptoms.

Primary versus secondary negative symptoms
With regards to negative symptoms, a distinction can made between primary and 
secondary negative symptoms. Whereas primary negative symptoms of schizophrenia 
are thought to be intrinsic to the disorder, secondary negative symptoms may be 
caused by other characteristics of the disorder (e.g., depressive and positive symptoms, 
antipsychotic side-effects, environmental effects, and substance abuse) (Carpenter, 
Heinrichs, & Alphs, 1985; Lincoln, Dollfus, & Lyne, 2017). Although clinically similar, the 
neural mechanisms leading to primary and secondary negative symptoms have not 
been compared directly (Kirschner, Aleman, & Kaiser, 2017) and including both in the 
same study may therefore introduce confounding effects. Therefore, we attempted 
to account for potential sources of secondary negative symptoms by taking potential 
causes for secondary negative symptoms into account (i.e., controlling any significant 
findings for positive symptomatology in chapter 5, 6, and 7, depressive symptomatology 
in chapter 3 - 7, and antipsychotic medication in chapter 5). Substance abuse was taken 
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into account by excluding any patients with a substance dependence disorder (chapter 
3). Furthermore, in the healthy participants in chapter 6 and 7 substance use was only 
minimal. Moreover, by studying subclinical apathy in healthy individuals potential 
confounding factors of medication use and (strongly) impoverished environments 
have been circumvented, because these participants did not take any psychotropic 
medication and had the opportunity to undertake physical and social activities (chapter 
6 and 7). 

Neuroimaging paradigms for the study of negative symptoms
Neural correlates of cognitive and emotional processes are commonly studied using 
standardized laboratory tasks, yielding control over stimuli and behavior. This may 
provide good models for cognitive and emotional processing in healthy individuals 
and may allow characterization of deficits in people with various disorders. However, 
recently a shift has emerged towards studying the same functions in more naturalistic 
paradigms, more closely reflecting the complexity of the external world (Hasson & 
Honey, 2012). Along those lines, in chapter 3 we used an affective forecasting task 
in which the stimuli were self-generated events. This resulted in a task with complex 
stimuli that were more closely related to the participants’ lives than a standardized 
monetary reward task. Although it is not to say that this approach is superior to a 
standardized task, it may provide additional information, complementary to the 
traditional approach. 

Other approaches to study negative symptoms using more naturalistic paradigms 
may include virtual reality tasks. For example, instead of a set-shifting task (chapter 
6), executive functioning has recently been measured using a virtual reality task (Han, 
Young Kim, & Kim, 2012). In this study participants were asked to take the quickest 
bus route to a specific location. Prior to the task participants viewed a conversation 
between their avatar and a mother figure, telling their avatar that a certain bus 
route was the fastest. During the task participants were asked to review a schematic 
representation of the available bus routes and subsequently determine the optimal bus 
to take. The need for flexibly altering their behavior was introduced by the fact that 
this schematic showed that the optimal bus route was different from the previously 
suggested route. Results showed that patients with schizophrenia were less flexible in 
adapting their behavior. Moreover, in patients that showed inflexible behavior, negative 
symptoms were associated with longer decision times. Although these results should be 
interpreted with caution because of a small sample size, a single-trial task design, and 
possible confounding effects of differences in level of education and general cognitive 
functioning, this virtual reality approach may have potential as a more naturalistic task 
for the characterization of executive functioning. 

In this thesis, the neural correlates of expressive deficits were studied using a resting-
state paradigm. Previous studies have adopted task-related fMRI paradigms in 
which participants were asked to identify or mimic facial expressions and found 
that expressive deficits were associated with increased activation of the thalamus, 
amygdala and hippocampus during the processing of fearful faces (Gur et al. 2007; Lee 
et al. 2014).  An interesting question could be whether these results persist in a more 
natural setting, for example in a social interaction. An example of this approach is a 
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study on facial expressions during social interactions in healthy individuals (Riehle & 
Lincoln, 2017). In this study, facial expressions of healthy participants were measured 
using EMG of the zygomaticus major (a facial muscle which facilitates smiling). Total 
amount of smiling during social interactions and synchrony of zygomaticus activations 
between interaction partners (smiling mimicry) were measured, as well as (subclinical) 
severity of expressive deficits and the willingness to engage in future interactions. 
Results showed that expressive deficits were related to the amount of smiling on trend 
level, but also explained by amotivation. However, because expressive deficit scores in 
this study were generally low with a narrow range, this may account for the absence of 
a convincing association. Therefore, repetition of this paradigm in a sample of patients 
with varying expressive deficit severity may be highly interesting. Unfortunately, given 
the restrictions that accompany MRI scanning, fMRI may not be of much use for the 
assessment of the neural mechanisms underlying dysfunctional social interaction using 
a similar paradigm. Previous studies have examined the neural correlates of various 
forms of social cognition using near-infrared spectroscopy (NIRS) (Liu et al., 2016; Suda 
et al., 2011; Takeuchi et al., 2017), leading to the idea that the use of simultaneous EMG-
NIRS recordings during social interactions may give an opportunity to assess (cortical) 
neural correlates of social interaction, smiling behavior and disruptions thereof. 

Finally, the functional connectivity networks that were studied using resting-state 
paradigms in chapter 4 and 5 may also be studied using naturalistic stimuli (e.g., 
watching a movie or listening to music). This approach may imitate more closely 
the complex dynamic input of the outside world, while retaining the advantages of 
resting-state scanning (e.g., low cognitive load and fewer behavioral confounds). 
Although naturalistic viewing and resting-state clearly reflect distinct mental states, 
a recent study using dynamic naturalistic stimuli showed similar (but not identical) 
connectivity patterns compared to traditional resting-state connectivity. Moreover, 
test-retest reliability of connectivity patterns and graph measures was higher in the 
naturalistic condition (Wang et al., 2017). Another advantage to this approach is that 
it may increase experimental control, because the use of naturalistic stimuli may 
prevent mind wandering. Because it has been shown that during resting-state scanning 
participants may engage in mind wandering, and that differences in the content of this 
mind wandering may influence resting-state connectivity (Chou et al., 2017). On the 
other hand, the nature of the stimuli in a naturalistic paradigm may influence neural 
activation and connectivity (Vanderwal et al., 2015), leading to the conclusion that 
although this approach may have its benefits, it may be best used complementary to 
resting-state paradigms rather than substituting them.

Concluding remarks
To conclude, in this thesis the neural correlates of negative symptoms were studied in 
patients with schizophrenia and healthy individuals. Functional neuroimaging was used 
during tasks tapping into reward processing, executive processing and auto-activation, 
as well as during resting-state. Results emphasized the involvement of altered neural 
activation and functional connectivity during reward processing and executive 
functioning in the occurrence of negative symptoms. These findings may contribute to 
enhanced understanding and treatment of negative symptoms, ultimately improving 
functional outcome of those confronted with these symptoms.



SUMMARY AND GENERAL DISCUSSION

159

8



160

References
Abler, B., Erk, S., & Walter, H. (2007). Human reward system activation is modulated 

by a single dose of olanzapine in healthy subjects in an event-related, double-blind, 
placebo-controlled fMRI study. Psychopharmacology, 191(3), 823–833.

Abler, B., Walter, H., Erk, S., Kammerer, H., & Spitzer, M. (2006). Prediction error as 
a linear function of reward probability is coded in human nucleus accumbens. 
NeuroImage, 31(2), 790–795.

Abou-Elseoud, A., Starck, T., Remes, J., Nikkinen, J., Tervonen, O., & Kiviniemi, V. 
(2010). The effect of model order selection in group PICA. Human Brain Mapping, 
31(8), 1207–1216.

Addington, D., Addington, J., & Schissel, B. (1990). A depression rating scale for 
schizophrenics. Schizophrenia Research, 3(4), 247–51.

Addis, D. R., Wong, A. T., & Schacter, D. L. (2007). Remembering the past and imagining 
the future: Common and distinct neural substrates during event construction and 
elaboration. Neuropsychologia, 45(7), 1363–1377.

Aleman, A., & Kahn, R. S. (2005). Strange feelings: Do amygdala abnormalities 
dysregulate the emotional brain in schizophrenia? Progress in Neurobiology.

Aleman, A., Lincoln, T. M., Bruggeman, R., Melle, I., Arends, J., Arango, C., & Knegtering, 
H. (2017). Treatment of negative symptoms: Where do we stand, and where do we 
go? Schizophrenia Research, In press.

Alexander-Bloch, A. F., Vértes, P. E., Stidd, R., Lalonde, F., Clasen, L., Rapoport, J., 
Giedd, J., Bullmore, E. T., & Gogtay, N. (2013). The anatomical distance of functional 
connections predicts brain network topology in health and schizophrenia. Cerebral 
Cortex, 23(1), 127–138.

Alexopoulos, G. S., Hoptman, M. J., Yuen, G., Kanellopoulos, D., Seirup, J. K., Lim, K. O., 
& Gunning, F. M. (2013). Functional connectivity in apathy of late-life depression: a 
preliminary study. Journal of Affective Disorders, 149(1–3), 398–405.

Alpert, M., Shaw, R. J., Pouget, E. R., & Lim, K. O. (2002). A comparison of clinical 
ratings with vocal acoustic measures of flat affect and alogia. Journal of Psychiatric 
Research, 36(5), 347–353.

Alzahrani, H., & Venneri, A. (2015). Cognitive and neuroanatomical correlates of 
neuropsychiatric symptoms in Parkinson’s disease: A systematic review. Journal of 
the Neurological Sciences, 356(1–2), 32–44.

Andersson, S., Krogstad, J. M., & Finset, A. (1999). Apathy and depressed mood in 
acquired brain damage: relationship to lesion localization and psychophysiological 
reactivity. Psychological Medicine, 29(2), 447–456.

Andreasen, N. C. (1982). Negative symptoms in schizophrenia. Definition and reliability. 
Archives of General Psychiatry, 39(7), 784–8.

Artaloytia, J. F., Arango, C., Lahti, A., Sanz, J., Pascual, A., Cubero, P., Prieto, D., & 
Palomo, T. (2006). Negative signs and symptoms secondary to antipsychotics: 
A double-blind, randomized trial of a single dose of placebo, haloperidol, and 
risperidone in healthy volunteers. American Journal of Psychiatry, 163(3), 488–493.

Balleine, B. W., Delgado, M. R., & Hikosaka, O. (2007). The Role of the Dorsal Striatum in 



REFERENCES

161161

Reward and Decision-Making. Journal of Neuroscience, 27(31), 8161–8165.
Barch, D. M., & Dowd, E. C. (2010). Goal representations and motivational drive in 

schizophrenia: the role of prefrontal-striatal interactions. Schizophrenia Bulletin, 
36(5), 919–34.

Bechara, A., Damasio, H., & Damasio, A. R. (2000). Emotion, decision making and the 
orbitofrontal cortex. Cerebral Cortex (New York, N.Y. : 1991), 10(3), 295–307.

Beck, A. T., Ward, C. H., Mendelson, M., Mock, J., & Erbaugh, J. (1961). An inventory for 
measuring depression. Archives of General Psychiatry, 4, 561–71.

Beckmann, Mackay, Filippini, & Smith. (2009). Group comparison of resting-state FMRI 
data using multi-subject ICA and dual regression. NeuroImage, 47(suppl. 1), S148.

Behzadi, Y., Restom, K., Liau, J., & Liu, T. T. (2007). A component based noise correction 
method (CompCor) for BOLD and perfusion based fMRI. NeuroImage, 37(1), 90–101.

Beninger, R. J., Baker, T. W., Florczynski, M. M., & Banasikowski, T. J. (2010). Regional 
differences in the action of antipsychotic drugs: implications for cognitive effects in 
schizophrenic patients. Neurotoxicity Research, 18(3–4), 229–43.

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate: a practical and 
powerful approach to multiple testing. Journal of the Royal Statistical Society.

Berridge, K. C., Robinson, T. E., & Aldridge, J. W. (2009). Dissecting components of 
reward: “liking”, “wanting”, and learning. Current Opinion in Pharmacology, 9(1), 
65–73.

Biswal, B., Yetkin, F. Z., Haughton, V. M., & Hyde, J. S. (1995). Functional connectivity 
in the motor cortex of resting human brain using echo-planar MRI. Magnetic 
Resonance in Medicine : Official Journal of the Society of Magnetic Resonance in 
Medicine / Society of Magnetic Resonance in Medicine, 34(4), 537–41.

Blair, K. S., Otero, M., Teng, C., Jacobs, M., Odenheimer, S., Pine, D. S., & Blair, R. J. 
R. (2013). Dissociable roles of ventromedial prefrontal cortex (vmPFC) and rostral 
anterior cingulate cortex (rACC) in value representation and optimistic bias. 
NeuroImage, 78, 103–110.

Blanchard, J. J., & Cohen, A. S. (2006). The structure of negative symptoms within 
schizophrenia: Implications for assessment. In Schizophrenia Bulletin (Vol. 32, pp. 
238–245). Oxford University Press.

Blondel, V. D., Guillaume, J.-L., Lambiotte, R., & Lefebvre, E. (2008). Fast unfolding 
of communities in large networks. Journal of Statistical Mechanics: Theory and 
Experiment, 10008(10), 6.

Bluhm, R. L., Miller, J., Lanius, R. A., Osuch, E. A., Boksman, K., Neufeld, R. W. J., 
Théberge, J., Schaefer, B., Williamson, P., Theberge, J., Schaefer, B., & Williamson, P. 
(2007). Spontaneous low-frequency fluctuations in the BOLD signal in schizophrenic 
patients: Anomalies in the default network. In Schizophrenia Bulletin (Vol. 33, pp. 
1004–1012). Oxford University Press.

Bobes, J., Arango, C., Garcia-Garcia, M., Rejas, J., & Group, C. S. C. (2010). Prevalence of 
negative symptoms in outpatients with schizophrenia spectrum disorders treated 
with antipsychotics in routine clinical practice: findings from the CLAMORS study. 
The Journal of Clinical Psychiatry, 71(3), 280–286.

Bonilha, L., Molnar, C., Horner, M. D., Anderson, B., Forster, L., George, M. S., & Nahas, 



162 162

Z. (2008). Neurocognitive deficits and prefrontal cortical atrophy in patients with 
schizophrenia. Schizophrenia Research, 101(1–3), 142–151.

Bonnelle, V., Manohar, S., Behrens, T., & Husain, M. (2015a). Individual Differences in 
Premotor Brain Systems Underlie Behavioral Apathy. Cerebral Cortex (New York, 
N.Y. : 1991), 26(2), bhv247-.

Bonnelle, V., Veromann, K.-R., Burnett Heyes, S., Sterzo, E. Lo, Manohar, S., Husain, 
M., Lo Sterzo, E., Manohar, S., & Husain, M. (2015b). Characterization of reward and 
effort mechanisms in apathy. Journal of Physiology-Paris, 109(1–3), 16–26.

Buckner, R. L. (2013). The cerebellum and cognitive function: 25 years of insight from 
anatomy and neuroimaging. Neuron, 80(3), 807–815.

Cacciari, C., Moraschi, M., Paola, M. Di, Cherubini, A., Orfei, M. D., Giove, F., Maraviglia, 
B., Caltagirone, C., & Spalletta, G. (2010). White matter microstructure and apathy 
level in amnestic mild cognitive impairment. Journal of Alzheimer’s Disease : JAD, 
20(2), 501–507.

Calhoun, V. D., Adali, T., Pearlson, G. D., & Pekar, J. J. (2001). A Method for Making Group 
Inferences from Functional MRI Data Using Independent Component Analysis. 
Human Brain Mapping, 14r, 140–151.

Carpenter, W. T., Heinrichs, D. W., & Alphs, L. D. (1985). Treatment of Negative 
Symptoms. Schizophrenia Bulletin, 11(3), 440–452.

Cho, S. S., & Strafella, A. P. (2009). rTMS of the Left Dorsolateral Prefrontal Cortex 
Modulates Dopamine Release in the Ipsilateral Anterior Cingulate Cortex and 
Orbitofrontal Cortex. PLoS ONE, 4(8), e6725.

Chou, Y., Sundman, M., Whitson, H. E., Gaur, P., Chu, M.-L., Weingarten, C. P., Madden, 
D. J., Wang, L., Kirste, I., Joliot, M., Diaz, M. T., Li, Y.-J., Song, A. W., & Chen, N. 
(2017). Maintenance and Representation of Mind Wandering during Resting-State 
fMRI. Scientific Reports, 7(December 2016), 40722.

Clarke, D. E., Ko, J. Y., Kuhl, E. A., van Reekum, R., Salvador, R., & Marin, R. S. (2011). 
Are the available apathy measures reliable and valid? A review of the psychometric 
evidence. Journal of Psychosomatic Research, 70(1), 73–97.

Cohen, A. S., McGovern, J. E., Dinzeo, T. J., & Covington, M. A. (2014). Speech deficits in 
serious mental illness: A cognitive resource issue? Schizophrenia Research, 160(1), 
173–179.

Cohen, J. (1992). A power primer. Psychological Bulletin, 112(1), 155–9.
Cole, M. W., Anticevic, A., Repovs, G., & Barch, D. (2011). Variable Global Dysconnectivity 

and Individual Differences in Schizophrenia. Biological Psychiatry, 70(1), 43–50.
Collin, G., de Nijs, J., Hulshoff Pol, H. E., Cahn, W., & van den Heuvel, M. P. (2016). 

Connectome organization is related to longitudinal changes in general functioning, 
symptoms and IQ in chronic schizophrenia. Schizophrenia Research, 173(3), 166–
173.

Cordes, D., Haughton, V. M., Arfanakis, K., Wendt, G. J., Turski, P. A., Moritz, C. H., 
Quigley, M. A., & Meyerand, M. E. (2000). Mapping functionally related regions of 
brain with functional connectivity MR imaging. American Journal of Neuroradiology, 
21(9), 1636–1644.

Coutlee, C. G., & Huettel, S. A. (2012). The functional neuroanatomy of decision making: 



REFERENCES

163

prefrontal control of thought and action. Brain Research, 1428, 3–12.
Culbreth, A. J., Westbrook, A., Xu, Z., Barch, D. M., & Waltz, J. A. (2016). Intact Ventral 

Striatal Prediction Error Signaling in Medicated Schizophrenia Patients. Biological 
Psychiatry: Cognitive Neuroscience and Neuroimaging, 1(5), 474–483.

D’Argembeau, A., Xue, G., Lu, Z.-L., Van der Linden, M., & Bechara, A. (2008). Neural 
correlates of envisioning emotional events in the near and far future. NeuroImage, 
40(1), 398–407.

Da Silva, S., Saperia, S., Siddiqui, I., Fervaha, G., Agid, O., Daskalakis, J. Z., Ravindran, A., 
Voineskos, A. N., Zakzanis, K. K., Remington, G., & Foussias, G. (2017). Investigating 
consummatory and anticipatory pleasure across motivation deficits in schizophrenia 
and healthy controls. Psychiatry Research, 254, 112–117.

Dajani, D. R., & Uddin, L. Q. (2015). Demystifying cognitive flexibility: Implications for 
clinical and developmental neuroscience. Trends in Neurosciences, 38(9), 571–578.

Dazzan, P. (2014). Neuroimaging biomarkers to predict treatment response in 
schizophrenia: The end of 30 years of solitude? Dialogues in Clinical Neuroscience, 
16(4), 491–503.

de Gracia Dominguez, M., Viechtbauer, W., Simons, C. J. P., van Os, J., & Krabbendam, 
L. (2009). Are psychotic psychopathology and neurocognition orthogonal? A 
systematic review of their associations. Psychological Bulletin, 135(1), 157–171.

Delaveau, P., Salgado-Pineda, P., Fossati, P., Witjas, T., Azulay, J.-P., & Blin, O. (2010). 
Dopaminergic modulation of the default mode network in Parkinson’s disease. 
European Neuropsychopharmacology, 20(11), 784–792.

Denny, B. T., Kober, H., Wager, T. D., & Ochsner, K. N. (2012). A Meta-analysis 
of Functional Neuroimaging Studies of Self- and Other Judgments Reveals a 
Spatial Gradient for Mentalizing in Medial Prefrontal Cortex. Journal of Cognitive 
Neuroscience, 24(8), 1742–1752.

Derogatis, L. R., Lipman, R. S., & Covi, L. (1973). SCL-90: an outpatient psychiatric 
rating scale--preliminary report. Psychopharmacology Bulletin, 9(1), 13–28.

Deserno, L., Boehme, R., Heinz, A., & Schlagenhauf, F. (2013). Reinforcement Learning 
and Dopamine in Schizophrenia: Dimensions of Symptoms or Specific Features of a 
Disease Group? Frontiers in Psychiatry, 4, 172.

Deserno, L., Sterzer, P., Wustenberg, T., Heinz, A., & Schlagenhauf, F. (2012). Reduced 
Prefrontal-Parietal Effective Connectivity and Working Memory Deficits in 
Schizophrenia. Journal of Neuroscience, 32(1), 12–20.

Desmurget, M., & Sirigu, A. (2012). Conscious motor intention emerges in the inferior 
parietal lobule. Current Opinion in Neurobiology, 22(6), 1004–1011.

Dlabac-de Lange, J. J., Bais, L., van Es, F. D., Visser, B. G. J., Reinink, E., Bakker, B., van 
den Heuvel, E. R., Aleman, A., & Knegtering, H. (2015). Efficacy of bilateral repetitive 
transcranial magnetic stimulation for negative symptoms of schizophrenia: results 
of a multicenter double-blind randomized controlled trial. Psychological Medicine, 
45(6), 1263–1275.

Docx, L., Emsell, L., Van Hecke, W., De Bondt, T., Parizel, P. M., Sabbe, B., & Morrens, M. 
(2017). White matter microstructure and volitional motor activity in schizophrenia: 
A diffusion kurtosis imaging study. Psychiatry Research: Neuroimaging, 260, 29–36.



164

Docx, L., Sabbe, B., Provinciael, P., Merckx, N., & Morrens, M. (2013). Quantitative 
Psychomotor Dysfunction in Schizophrenia: A Loss of Drive, Impaired Movement 
Execution or Both? Neuropsychobiology, 68(4), 221–227.

Dodell-Feder, D., Tully, L. M., Lincoln, S. H., & Hooker, C. I. (2014). The neural basis of 
theory of mind and its relationship to social functioning and social anhedonia in 
individuals with schizophrenia. NeuroImage: Clinical, 4, 154–163.

Dosenbach, N. U., Visscher, K. M., Palmer, E. D., Miezin, F. M., Wenger, K. K., Kang, H. 
C., Burgund, E. D., Grimes, A. L., Schlaggar, B. L., & Petersen, S. E. (2006). A core 
system for the implementation of task sets. Neuron, 50(5), 799–812.

Dowd, E. C., & Barch, D. M. (2010). Anhedonia and emotional experience in schizophrenia: 
neural and behavioral indicators. Biological Psychiatry, 67(10), 902–11.

Dowd, E. C., & Barch, D. M. (2012). Pavlovian Reward Prediction and Receipt in 
Schizophrenia: Relationship to Anhedonia. PLoS ONE, 7(5), e35622.

Dowd, E. C., Frank, M. J., Collins, A., Gold, J. M., & Barch, D. M. (2016). Probabilistic 
Reinforcement Learning in Patients With Schizophrenia: Relationships to Anhedonia 
and Avolition. Biological Psychiatry: Cognitive Neuroscience and Neuroimaging, 
1(5), 460–473.

Dujardin, K., Sockeel, P., Devos, D., Delliaux, M., Krystkowiak, P., Destee, A., & Defebvre, 
L. (2007). Characteristics of apathy in Parkinson’s disease. Movement Disorders : 
Official Journal of the Movement Disorder Society, 22(6), 778–784.

Düzel, E., Bunzeck, N., Guitart-Masip, M., Wittmann, B., Schott, B. H., & Tobler, P. 
N. (2009). Functional imaging of the human dopaminergic midbrain. Trends in 
Neurosciences, 32(6), 321–328.

E, K. H., Chen, S. H., Ho, M. H., & Desmond, J. E. (2014). A meta-analysis of cerebellar 
contributions to higher cognition from PET and fMRI studies. Human Brain Mapping, 
35(2), 593–615.

Eklund, A., Nichols, T. E., & Knutsson, H. (2016). Cluster failure: Why fMRI inferences 
for spatial extent have inflated false-positive rates. Proceedings of the National 
Academy of Sciences, 113(28), 201602413.

El Yazaji, M., Battas, O., Agoub, M., Moussaoui, D., Gutknecht, C., Dalery, J., D’Amato, 
T., & Saoud, M. (2002). Validity of the depressive dimension extracted from principal 
component analysis of the PANSS in drug-free patients with schizophrenia. 
Schizophrenia Research, 56(1–2), 121–127.

Engel, M., Fritzsche, A., & Lincoln, T. M. (2015). Subclinical negative symptoms and the 
anticipation, experience and recall of emotions related to social interactions: An 
experimental study. Psychiatry Research, 230, 350–356.

Ergül, C., & Üçok, A. (2015). Negative symptom subgroups have different effects on the 
clinical course of schizophrenia after the first episode: A 24-month follow up study. 
European Psychiatry, 30(1), 14–19.

Esslinger, C., Englisch, S., Inta, D., Rausch, F., Schirmbeck, F., Mier, D., Kirsch, P., Meyer-
Lindenberg, A., & Zink, M. (2012). Ventral striatal activation during attribution of 
stimulus saliency and reward anticipation is correlated in unmedicated first episode 
schizophrenia patients. Schizophrenia Research, 140(1–3), 114–121.

Etzel, J. A., Cole, M. W., Zacks, J. M., Kay, K. N., & Braver, T. S. (2016). Reward Motivation 



REFERENCES

165

Enhances Task Coding in Frontoparietal Cortex. Cerebral Cortex, 26(4), 1647–1659.
Faerden, A., Vaskinn, A., Finset, A., Agartz, I., Ann Barrett, E., Friis, S., Simonsen, C., 

Andreassen, O. A., & Melle, I. (2009). Apathy is associated with executive functioning 
in first episode psychosis. BMC Psychiatry, 9(1), 1.

Farrow, T. F. D., Hunter, M. D., Wilkinson, I. D., Green, R. D. J., & Spence, S. A. 
(2005). Structural brain correlates of unconstrained motor activity in people with 
schizophrenia. Br J Psychiatry, 187(5), 481–482.

Favrod, J., Nguyen, A., Fankhauser, C., Ismailaj, A., Hasler, J.-D., Ringuet, A., Rexhaj, S., 
& Bonsack, C. (2015). Positive Emotions Program for Schizophrenia (PEPS): a pilot 
intervention to reduce anhedonia and apathy. BMC Psychiatry, 15, 231.

Fervaha, G., Foussias, G., Agid, O., & Remington, G. (2013). Neural substrates underlying 
effort computation in schizophrenia. Neuroscience and Biobehavioral Reviews.

Fervaha, G., Foussias, G., Agid, O., & Remington, G. (2014a). Impact of primary negative 
symptoms on functional outcomes in schizophrenia. European Psychiatry, 29(7), 
449–455.

Fervaha, G., Foussias, G., Agid, O., & Remington, G. (2014b). Motivational and 
neurocognitive deficits are central to the prediction of longitudinal functional 
outcome in schizophrenia. Acta Psychiatrica Scandinavica, 130(4), 290–299.

Fervaha, G., Takeuchi, H., Foussias, G., Agid, O., & Remington, G. (2016). Using poverty 
of speech as a case study to explore the overlap between negative symptoms and 
cognitive dysfunction. Schizophrenia Research, 176(2–3), 411–416.

Fervaha, G., Takeuchi, H., Lee, J., Foussias, G., Fletcher, P. J., Agid, O., & Remington, 
G. (2015a). Antipsychotics and Amotivation. Neuropsychopharmacology, 40(6), 
1539–1548.

Fervaha, G., Zakzanis, K. K., Foussias, G., Agid, O., & Remington, G. (2015b). Distress 
related to subclinical negative symptoms in a non-clinical sample: Role of 
dysfunctional attitudes. Psychiatry Research, 230(2), 249–54.

Fervaha, G., Zakzanis, K. K., Foussias, G., Graff-Guerrero, A., Agid, O., & Remington, 
G. (2014c). Motivational Deficits and Cognitive Test Performance in Schizophrenia. 
JAMA Psychiatry, 71(9), 1058.

Fletcher, P. C., & Frith, C. D. (2009). Perceiving is believing: a Bayesian approach to 
explaining the positive symptoms of schizophrenia. Nature Reviews. Neuroscience, 
10(1), 48–58.

Fornito, A., & Bullmore, E. T. (2015). Connectomics: a new paradigm for understanding 
brain disease. European Neuropsychopharmacology : The Journal of the European 
College of Neuropsychopharmacology, 25(5), 733–48.

Fornito, A., Zalesky, A., & Breakspear, M. (2013). Graph analysis of the human 
connectome: Promise, progress, and pitfalls. NeuroImage, 80, 426–444.

Fornito, A., Zalesky, A., Pantelis, C., & Bullmore, E. T. (2012). Schizophrenia, 
neuroimaging and connectomics. NeuroImage, 62(4), 2296–2314.

Foussias, G., Agid, O., Fervaha, G., & Remington, G. (2014a). Negative symptoms of 
schizophrenia: Clinical features, relevance to real world functioning and specificity 
versus other CNS disorders. European Neuropsychopharmacology, 24(5), 693–709.



166

Foussias, G., & Remington, G. (2010). Negative symptoms in schizophrenia: avolition 
and Occam’s razor. Schizophrenia Bulletin, 36(2), 359–69.

Foussias, G., Siddiqui, I., Fervaha, G., Agid, O., & Remington, G. (2015). Dissecting 
negative symptoms in schizophrenia: Opportunities for translation into new 
treatments. Journal of Psychopharmacology, 29(2), 116–126.

Foussias, G., Siddiqui, I., Fervaha, G., Mann, S., McDonald, K., Agid, O., Zakzanis, K. K., 
& Remington, G. (2014b). Motivated to do well: An examination of the relationships 
between motivation, effort, and cognitive performance in schizophrenia. 
Schizophrenia Research, 166(1–3), 276–282.

Fox, M. D., Corbetta, M., Snyder, A. Z., Vincent, J. L., & Raichle, M. E. (2006). 
Spontaneous neuronal activity distinguishes human dorsal and ventral attention 
systems. Proceedings of the National Academy of Sciences, 103(26), 10046–10051.

Friston, K. J. (2002). Dysfunctional connectivity in schizophrenia. World Psychiatry : 
Official Journal of the World Psychiatric Association (WPA), 1(2), 66–71.

Fu, C. H. Y., & Costafreda, S. G. (2013). Neuroimaging-Based Biomarkers in Psychiatry : 
The Canadian Journal of Psychiatry CanJPsychiatry, 58(9), 499–508.

Gard, D. E., Gard, M. G., Kring, A. M., & John, O. P. (2006). Anticipatory and consummatory 
components of the experience of pleasure: A scale development study. Journal of 
Research in Personality, 40(6), 1086–1102.

Gard, D. E., Kring, A. M., Gard, M. G., Horan, W. P., & Green, M. F. (2007). Anhedonia 
in schizophrenia: distinctions between anticipatory and consummatory pleasure. 
Schizophrenia Research, 93(1–3), 253–60.

Geerligs, L., Renken, R. J., Saliasi, E., Maurits, N. M., & Lorist, M. M. (2015). A Brain-
Wide Study of Age-Related Changes in Functional Connectivity. Cerebral Cortex, 
25(7), 1987–1999.

Gerlach, K. D., Spreng, R. N., Madore, K. P., & Schacter, D. L. (2013). Future planning: 
Default network activity couples with frontoparietal control network and reward-
processing regions during process and outcome simulations. Social Cognitive and 
Affective Neuroscience, 9(12), 1942–1951.

Giel, R., & Nienhuis, F. (1996). Schedules for Clinical Assess,ent in Neuropsychiatry 
(in Dutch): Vragenschema’s voor klinische beoordeling in neuropsychiatrie. WHO, 
Geneva/Groningen.

Gilbert, S. J., Spengler, S., Simons, J. S., Steele, J. D., Lawrie, S. M., Frith, C. D., & 
Burgess, P. W. (2006). Functional Specialization within Rostral Prefrontal Cortex 
(Area 10): A Meta-analysis. Journal of Cognitive Neuroscience, 18(6), 932–948.

Goghari, V. M., Sponheim, S. R., & MacDonald, A. W. (2010). The functional neuroanatomy 
of symptom dimensions in schizophrenia: A qualitative and quantitative review of a 
persistent question. Neuroscience and Biobehavioral Reviews, 34(3), 468–486.

Gold, J. M., Waltz, J. A., & Frank, M. J. (2015). Effort Cost Computation in Schizophrenia: 
A Commentary on the Recent Literature. Biological Psychiatry.

Gold, J. M., Waltz, J. A., Matveeva, T. M., Kasanova, Z., Strauss, G. P., Herbener, E. 
S., Collins, A. G. E., & Frank, M. J. (2012). Negative Symptoms and the Failure to 
Represent the Expected Reward Value of Actions. Archives of General Psychiatry, 
69(2), 129.



REFERENCES

167

Gold, J. M., Waltz, J. A., Prentice, K. J., Morris, S. E., & Heerey, E. A. (2008). Reward 
processing in schizophrenia: a deficit in the representation of value. Schizophrenia 
Bulletin, 34(5), 835–47.

Goodby, E., & Macleod, A. K. (2016, June). Future-directed thinking in first-episode 
psychosis. British Journal of Clinical Psychology, pp. 93–106.

Goschke, T., & Bolte, A. (2014). Emotional modulation of control dilemmas: The role 
of positive affect, reward, and dopamine in cognitive stability and flexibility. 
Neuropsychologia, 62, 403–423.

Gradin, V. B., Kumar, P., Waiter, G., Ahearn, T., Stickle, C., Milders, M., Reid, I., Hall, J., & 
Steele, J. D. (2011). Expected value and prediction error abnormalities in depression 
and schizophrenia. Brain, 134(6), 1751–1764.

Gradin, V. B., Waiter, G., O’Connor, A., Romaniuk, L., Stickle, C., Matthews, K., Hall, J., 
& Douglas Steele, J. (2013). Salience network-midbrain dysconnectivity and blunted 
reward signals in schizophrenia. Psychiatry Research: Neuroimaging, 211(2), 104–
111.

Greicius, M. D., Krasnow, B., Reiss, A. L., & Menon, V. (2003). Functional connectivity in 
the resting brain: a network analysis of the default mode hypothesis. Proceedings 
of the National Academy of Sciences of the United States of America, 100(1), 253–8.

Grimm, O., Vollstädt-Klein, S., Krebs, L., Zink, M., & Smolka, M. N. (2012). Reduced 
striatal activation during reward anticipation due to appetite-provoking cues in 
chronic schizophrenia: A fMRI study. Schizophrenia Research, 134(2–3), 151–157.

Gur, R. E., Kohler, C. G., Ragland, J. D., Siegel, S. J., Lesko, K., Bilker, W. B., & Gur, 
R. C. (2006). Flat affect in schizophrenia: relation to emotion processing and 
neurocognitive measures. Schizophrenia Bulletin, 32(2), 279–87.

Gur, R. E., Loughead, J., Kohler, C. G., Elliott, M. A., Lesko, K., Ruparel, K., Wolf, D. H., 
Bilker, W. B., & Gur, R. C. (2007). Limbic Activation Associated With Misidentification 
of Fearful Faces and Flat Affect in Schizophrenia. Archives of General Psychiatry, 
64(12), 1356.

Habas, C., Kamdar, N., Nguyen, D., Prater, K., Beckmann, C. F., Menon, V., & Greicius, 
M. D. (2009). Distinct cerebellar contributions to intrinsic connectivity networks. 
The Journal of Neuroscience : The Official Journal of the Society for Neuroscience, 
29(26), 8586–8594.

Haber, S. N., & Behrens, T. E. J. (2014). The neural network underlying incentive-based 
learning: implications for interpreting circuit disruptions in psychiatric disorders. 
Neuron, 83(5), 1019–39.

Haber, S. N., & Knutson, B. (2009). The Reward Circuit: Linking Primate Anatomy and 
Human Imaging. Neuropsychopharmacology, 35(10), 4–26.

Hadley, J. A., Nenert, R., Kraguljac, N. V, Bolding, M. S., White, D. M., Skidmore, F. M., 
Visscher, K. M., & Lahti, A. C. (2014). Ventral Tegmental Area/Midbrain Functional 
Connectivity and Response to Antipsychotic Medication in Schizophrenia. 
Neuropsychopharmacology, 39(4), 1020–1030.

Hager, O. M., Kirschner, M., Bischof, M., Hartmann-Riemer, M. N., Kluge, A., Seifritz, E., 
Tobler, P. N., & Kaiser, S. (2015). Reward-dependent modulation of working memory 
is associated with negative symptoms in schizophrenia. Schizophrenia Research, 



168

168(1–2), 238–244.
Haggard, P. (2008). Human volition: towards a neuroscience of will. Nature Reviews 

Neuroscience, 9(12), 934–946.
Hamilton, J. P., Chen, G., Thomason, M. E., Schwartz, M. E., & Gotlib, I. H. (2011). 

Investigating neural primacy in Major Depressive Disorder: multivariate Granger 
causality analysis of resting-state fMRI time-series data. Molecular Psychiatry, 
16(7), 763–72.

Han, K., Young Kim, I., & Kim, J.-J. (2012). Assessment of cognitive flexibility in real life 
using virtual reality: a comparison of healthy individuals and schizophrenia patients. 
Computers in Biology and Medicine, 42(8), 841–7.

Hartigan, J. A., & Hartigan, P. M. (1985). The Dip Test of Unimodality. The Annals of 
Statistics, 13(1), 70–84.

Harvey, P.-O., Armony, J., Malla, A., & Lepage, M. (2010). Functional neural substrates 
of self-reported physical anhedonia in non-clinical individuals and in patients with 
schizophrenia. Journal of Psychiatric Research, 44(11), 707–16.

Harvey, P. D., Koren, D., Reichenberg, A., & Bowie, C. R. (2006). Negative symptoms and 
cognitive deficits: What is the nature of their relationship? Schizophrenia Bulletin, 
32(2), 250–258.

Hasson, U., & Honey, C. J. (2012). Future trends in Neuroimaging: Neural processes as 
expressed within real-life contexts. NeuroImage, 62(2), 1272–1278.

Heinz, A., & Schlagenhauf, F. (2010). Dopaminergic dysfunction in schizophrenia: 
salience attribution revisited. Schizophrenia Bulletin, 36(3), 472–85.

Herbener, E. S., & Harrow, M. (2001). Longitudinal assessment of negative symptoms 
in schizophrenia/schizoaffective patients, other psychotic patients, and depressed 
patients. Schizophrenia Bulletin, 27(3), 527–37.

Herbener, E. S., Song, W., Khine, T. T., & Sweeney, J. A. (2008). What aspects of 
emotional functioning are impaired in schizophrenia? Schizophrenia Research, 
98(1–3), 239–46.

Himberg, J., Hyvärinen, A., & Esposito, F. (2004). Validating the independent components 
of neuroimaging time series via clustering and visualization. NeuroImage, 22(3), 
1214–1222.

Ho, B. C., Nopoulos, P., Flaum, M., Arndt, S., & Andreasen, N. C. (1998). Two-year 
outcome in first-episode schizophrenia: predictive value of symptoms for quality of 
life. The American Journal of Psychiatry, 155(9), 1196–201.

Hoffstaedter, F., Grefkes, C., Zilles, K., & Eickhoff, S. B. (2013). The “what” and “when” 
of self-initiated movements. Cerebral Cortex, 23(3), 520–530.

Horan, W. P., Kring, A. M., Gur, R. E., Reise, S. P., & Blanchard, J. J. (2011). Development 
and psychometric validation of the Clinical Assessment Interview for Negative 
Symptoms (CAINS). Schizophrenia Research, 132(2–3), 140–5.

Horga, G., Maia, T. V, Wang, P., Wang, Z., Marsh, R., & Peterson, B. S. (2011). Adaptation 
to conflict via context-driven anticipatory signals in the dorsomedial prefrontal 
cortex. The Journal of Neuroscience : The Official Journal of the Society for 
Neuroscience, 31(45), 16208–16.



REFERENCES

169

Howes, O. D., & Kapur, S. (2009). The dopamine hypothesis of schizophrenia: version 
III--the final common pathway. Schizophrenia Bulletin, 35(3), 549–62.

Huang, J., Francis, A. P., & Carr, T. H. (2008). Studying overt word reading and speech 
production with event-related fMRI: A method for detecting, assessing, and 
correcting articulation-induced signal changes and for measuring onset time and 
duration of articulation. Brain and Language, 104(1), 10–23.

Huang, J., Yang, X.-H., Lan, Y., Zhu, C.-Y., Liu, X.-Q., Wang, Y.-F., Cheung, E. F. C., Xie, 
G.-R., & Chan, R. C. K. (2016). Neural Substrates of the Impaired Effort Expenditure 
Decision Making in Schizophrenia. Neuropsychology, 30(6), 685–696.

Hunter, R., & Barry, S. (2012). Negative symptoms and psychosocial functioning in 
schizophrenia: neglected but important targets for treatment. European Psychiatry : 
The Journal of the Association of European Psychiatrists, 27(6), 432–6.

Jenkins, I. H., Jahanshahi, M., Jueptner, M., Passingham, R. E., & Brooks, D. J. (2000). 
Self-initiated versus externally triggered movements. II. The effect of movement 
predictability on regional cerebral blood flow. Brain : A Journal of Neurology, 123(6), 
1216–28.

Johnson-Frey, S. H., Newman-Norlund, R., & Grafton, S. T. (2005). A distributed left 
hemisphere network active during planning of everyday tool use skills. Cerebral 
Cortex (New York, N.Y. : 1991), 15(6), 681–95.

Juckel, G., Schlagenhauf, F., Koslowski, M., Filonov, D., Wüstenberg, T., Villringer, A., 
Knutson, B., Kienast, T., Gallinat, J., Wrase, J., & Heinz, A. (2006a). Dysfunction of 
ventral striatal reward prediction in schizophrenic patients treated with typical, not 
atypical, neuroleptics. Psychopharmacology, 187(2), 222–228.

Juckel, G., Schlagenhauf, F., Koslowski, M., Wüstenberg, T., Villringer, A., Knutson, B., 
Wrase, J., & Heinz, A. (2006b). Dysfunction of ventral striatal reward prediction in 
schizophrenia. NeuroImage, 29(2), 409–416.

Kahn, R. S., & Keefe, R. S. E. (2013). Schizophrenia Is a Cognitive Illness. JAMA 
Psychiatry, 70(10), 1107.

Kaiser, S., Heekeren, K., & Simon, J. J. (2011). The negative symptoms of schizophrenia: 
Category or continuum? Psychopathology, 44(6), 345–353.

Kambeitz, J., Kambeitz-Ilankovic, L., Cabral, C., Dwyer, D. B., Calhoun, V. D., van den 
Heuvel, M. P., Falkai, P., Koutsouleris, N., & Malchow, B. (2016). Aberrant Functional 
Whole-Brain Network Architecture in Patients With Schizophrenia: A Meta-analysis. 
Schizophrenia Bulletin, 42(suppl. 1), S13–S21.

Kant, R., Duffy, J. D., & Pivovarnik, A. (1998). Prevalence of apathy following head 
injury. Brain Injury, 12(1), 87–92.

Kapur, S. (2003). Psychosis as a state of aberrant salience: a framework linking biology, 
phenomenology, and pharmacology in schizophrenia. The American Journal of 
Psychiatry, 160(1), 13–23.

Kapur, S. (2004). How antipsychotics become anti-’psychotic’ - From dopamine to 
salience to psychosis. Trends in Pharmacological Sciences.

Kay, S. R., Fiszbein, A., & Opler, L. A. (1987). The Positive and Negative Syndrome Scale 
for schizophrenia. Schizophr Bull., 13(2), 261–276.

Kay, S. R., Opler, L. A., & Lindenmayer, J. P. (1989). The Positive and Negative Syndrome 



170

Scale (PANSS): Rationale and standardisation. British Journal of Psychiatry. Oxford 
University Press.

Kelley, A. E., Bakshi, V. P., Haber, S. N., Steininger, T. L., Will, M. J., & Zhang, M. (2002). 
Opioid modulation of taste hedonics within the ventral striatum. Physiology & 
Behavior, 76(3), 365–77.

Kiang, M., Christensen, B. K., Remington, G., & Kapur, S. (2003). Apathy in schizophrenia: 
clinical correlates and association with functional outcome. Schizophrenia Research, 
63(1–2), 79–88.

Kirino, E., Belger, A., Goldman-Rakic, P., & McCarthy, G. (2000). Prefrontal activation 
evoked by infrequent target and novel stimuli in a visual target detection task: 
an event-related functional magnetic resonance imaging study. The Journal of 
Neuroscience : The Official Journal of the Society for Neuroscience, 20(17), 6612–
6618.

Kirkpatrick, B. (2014). Progress in the study of negative symptoms. Schizophrenia 
Bulletin, 40(suppl. 2), S101-6.

Kirkpatrick, B., Fenton, W. S., Carpenter, W. T., & Marder, S. R. (2006). The NIMH-
MATRICS consensus statement on negative symptoms. Schizophrenia Bulletin, 
32(2), 214–9.

Kirkpatrick, B., Strauss, G. P., Nguyen, L., Fischer, B. A., Daniel, D. G., Cienfuegos, A., 
& Marder, S. R. (2011). The brief negative symptom scale: psychometric properties. 
Schizophrenia Bulletin, 37(2), 300–5.

Kirschner, M., Aleman, A., & Kaiser, S. (2017). Secondary negative symptoms - A review 
of mechanisms, assessment and treatment. Schizophrenia Research, In press.

Kirschner, M., Hager, O. M., Bischof, M., Hartmann, M. N., Kluge, A., Seifritz, E., Tobler, 
P. N., & Kaiser, S. (2016a). Ventral striatal hypoactivation is associated with apathy 
but not diminished expression in patients with schizophrenia. Journal of Psychiatry 
and Neuroscience, 41(3), 152–161.

Kirschner, M., Hager, O. M., Muff, L., Bischof, M., Hartmann-Riemer, M. N., Kluge, 
A., Habermeyer, B., Seifritz, E., Tobler, P. N., & Kaiser, S. (2016b). Ventral Striatal 
Dysfunction and Symptom Expression in Individuals With Schizotypal Personality 
Traits and Early Psychosis. Schizophrenia Bulletin, sbw142.

Kiviniemi, V., Starck, T., Remes, J., Long, X., Nikkinen, J., Haapea, M., Veijola, J., Moilanen, 
I., Isohanni, M., Zang, Y.-F., & Tervonen, O. (2009). Functional segmentation of the 
brain cortex using high model order group PICA. Human Brain Mapping, 30(12), 
3865–3886.

Knutson, B., Fong, G. W., Adams, C. M., Varner, J. L., & Hommer, D. (2001). Dissociation 
of reward anticipation and outcome with event-related fMRI. Neuroreport, 12(17), 
3683–7.

Knutson, K. M., Monte, O. D., Raymont, V., Wassermann, E. M., Krueger, F., & Grafman, 
J. (2014). Neural correlates of apathy revealed by lesion mapping in participants 
with traumatic brain injuries. Human Brain Mapping, 35(3), 943–953.

Kopp, B., Tabeling, S., Moschner, C., & Wessel, K. (2006). Fractionating the neural 
mechanisms of cognitive control. Journal of Cognitive Neuroscience, 18(6), 949–
965.



REFERENCES

171

Kos, C., van Tol, M.-J., Marsman, J.-B. C., Knegtering, H., & Aleman, A. (2016). Neural 
correlates of apathy in patients with neurodegenerative disorders, acquired brain 
injury, and psychiatric disorders. Neuroscience and Biobehavioral Reviews.

Kouneiher, F., Charron, S., & Koechlin, E. (2009). Motivation and cognitive control in the 
human prefrontal cortex. Nature Neuroscience, 12(7), 939–45.

Koziol, L. F., Budding, D., Andreasen, N., D’Arrigo, S., Bulgheroni, S., Imamizu, H., Ito, M., 
Manto, M., Marvel, C., Parker, K., Pezzulo, G., Ramnani, N., Riva, D., Schmahmann, 
J., Vandervert, L., & Yamazaki, T. (2014). Consensus paper: the cerebellum’s role in 
movement and cognition. Cerebellum (London, England), 13(1), 151–177.

Krebs, R. M., Boehler, C. N., Roberts, K. C., Song, A. W., & Woldorff, M. G. (2012). The 
involvement of the dopaminergic midbrain and cortico-striatal-thalamic circuits in 
the integration of reward prospect and attentional task demands. Cerebral Cortex, 
22(3), 607–615.

Kring, A. M., & Barch, D. M. (2014). The motivation and pleasure dimension of 
negative symptoms: Neural substrates and behavioral outputs. European 
Neuropsychopharmacology, 24(5), 725–736.

Kring, A. M., & Elis, O. (2013). Emotion deficits in people with schizophrenia. Annual 
Review of Clinical Psychology, 9, 409–33.

Kring, A. M., Gur, R. E., Blanchard, J. J., Horan, W. P., & Reise, S. P. (2013). The Clinical 
Assessment Interview for Negative Symptoms (CAINS): Final Development and 
Validation. American Journal of Psychiatry, 170(2), 165–172.

Kringelbach, M. L. (2005). The human orbitofrontal cortex: linking reward to hedonic 
experience. Nature Reviews Neuroscience, 6(9), 691–702.

Krishnan, K. R., Hays, J. C., Tupler, L. A., George, L. K., & Blazer, D. G. (1995). Clinical 
and phenomenological comparisons of late-onset and early-onset depression. The 
American Journal of Psychiatry, 152(5), 785–788.

Kühn, S., & Brass, M. (2009). When doing nothing is an option: The neural correlates of 
deciding whether to act or not. NeuroImage, 46(4), 1187–1193.

Kumari, V., Fannon, D., Ffytche, D. H., Raveendran, V., Antonova, E., Premkumar, P., 
Cooke, M. A., Anilkumar, A. P. P., Williams, S. C. R., Andrew, C., Johns, L. C., Fu, C. 
H. Y., McGuire, P. K., & Kuipers, E. (2010). Functional MRI of verbal self-monitoring 
in schizophrenia: performance and illness-specific effects. Schizophrenia Bulletin, 
36(4), 740–55.

Kupper, Z., Ramseyer, F., Hoffmann, H., Kalbermatten, S., & Tschacher, W. (2010). 
Video-based quantification of body movement during social interaction indicates 
the severity of negative symptoms in patients with schizophrenia. Schizophrenia 
Research, 121(1–3), 90–100.

Laatu, S., Karrasch, M., Martikainen, K., & Marttila, R. (2013). Apathy is associated 
with activities of daily living ability in Parkinson’s disease. Dementia and Geriatric 
Cognitive Disorders, 35(5–6), 249–255.

Lako, I. M., Bruggeman, R., Knegtering, H., Wiersma, D., Schoevers, R. A., Slooff, C. 
J., & Taxis, K. (2012). A systematic review of instruments to measure depressive 
symptoms in patients with schizophrenia. Journal of Affective Disorders, 140(1), 
38–47.



172

Laricchiuta, D., Petrosini, L., Piras, F., Macci, E., Cutuli, D., Chiapponi, C., Cerasa, A., 
Picerni, E., Caltagirone, C., Girardi, P., Tamorri, S. M., & Spalletta, G. (2014). Linking 
novelty seeking and harm avoidance personality traits to cerebellar volumes. 
Human Brain Mapping, 35(1), 285–296.

Leber, A. B., Turk-Browne, N. B., & Chun, M. M. (2008). Neural predictors of moment-to-
moment fluctuations in cognitive flexibility. Proceedings of the National Academy 
of Sciences of the United States of America, 105(36), 13592–13597.

Lecrubier, Y., Sheehan, D. V., Weiller, E., Amorim, P., Bonora, I., Sheehan, K. H., Janavs, 
J., & Dunbar, G. C. (1997). The Mini International Neuropsychiatric Interview (MINI). 
A short diagnostic structured interview: Reliability and validity according to the 
CIDI. European Psychiatry, 12(5), 224–231.

Lee, J. S., Chun, J. W., Yoon, S. Y., Park, H. J., & Kim, J. J. (2014). Involvement of the 
mirror neuron system in blunted affect in schizophrenia. Schizophrenia Research, 
152(1), 268–274.

Leh, S. E., Petrides, M., & Strafella, A. P. (2010). The neural circuitry of executive 
functions in healthy subjects and Parkinson’s disease. Neuropsychopharmacology : 
Official Publication of the American College of Neuropsychopharmacology, 35(1), 
70–85.

Lepage, M., Sergerie, K., Benoit, A., Czechowska, Y., Dickie, E., & Armony, J. L. (2011). 
Emotional face processing and flat affect in schizophrenia: functional and structural 
neural correlates. Psychological Medicine, 41(9), 1833–44.

Lesh, T. A., Niendam, T. A., Minzenberg, M. J., & Carter, C. S. (2011). Cognitive control 
deficits in schizophrenia: mechanisms and meaning. Neuropsychopharmacology : 
Official Publication of the American College of Neuropsychopharmacology, 36(1), 
316–38.

Levy, M. L., Cummings, J. L., Fairbanks, L. A., Masterman, D., Miller, B. L., Craig, A. 
H., Paulsen, J. S., & Litvan, I. (1998). Apathy is not depression. The Journal of 
Neuropsychiatry and Clinical Neurosciences, 10(3), 314–319.

Levy, R., & Dubois, B. (2006). Apathy and the functional anatomy of the prefrontal 
cortex-basal ganglia circuits. Cerebral Cortex (New York, N.Y. : 1991), 16(7), 916–28.

Liemburg, E., Castelein, S., Stewart, R., van der Gaag, M., Aleman, A., & Knegtering, H. 
(2013). Two subdomains of negative symptoms in psychotic disorders: established 
and confirmed in two large cohorts. Journal of Psychiatric Research, 47(6), 718–25.

Liemburg, E. J., Dlabac-De Lange, J. J. L. A. S., Bais, L., Knegtering, H., van Osch, M. J. 
P., Renken, R. J., & Aleman, A. (2015). Neural correlates of planning performance 
in patients with schizophrenia - Relationship with apathy. Schizophrenia Research, 
161(2–3), 367–375.

Liemburg, E. J., van der Meer, L., Swart, M., Curcic-Blake, B., Bruggeman, R., Knegtering, 
H., & Aleman, A. (2012). Reduced connectivity in the self-processing network of 
schizophrenia patients with poor insight. PLoS ONE, 7(8), e42707.

Lincoln, T. M., Dollfus, S., & Lyne, J. (2017). Current developments and challenges in the 
assessment of negative symptoms. Schizophrenia Research, In press.

Liu, N., Mok, C., Witt, E. E., Pradhan, A. H., Chen, J. E., & Reiss, A. L. (2016). NIRS-Based 
Hyperscanning Reveals Inter-brain Neural Synchronization during Cooperative 



REFERENCES

173

Jenga Game with Face-to-Face Communication. Frontiers in Human Neuroscience, 
10, 82.

Liu, X., Hairston, J., Schrier, M., & Fan, J. (2011). Common and distinct networks 
underlying reward valence and processing stages: A meta-analysis of functional 
neuroimaging studies. Neuroscience and Biobehavioral Reviews, 35(5), 1219–1236.

Liu, Y., Liang, M., Zhou, Y., He, Y., Hao, Y., Song, M., Yu, C., Liu, H., Liu, Z., & Jiang, T. 
(2008). Disrupted small-world networks in schizophrenia. Brain, 131(4), 945–961.

Logothetis, N. K. (2002). The neural basis of the blood-oxygen-level-dependent 
functional magnetic resonance imaging signal. Philosophical Transactions of the 
Royal Society B: Biological Sciences, 357(1424), 1003–1037.

Lui, S., Deng, W., Huang, X., Jiang, L., Ma, X., Chen, H., Zhang, T., Li, X., Li, D., Zou, 
L., Tang, H., Zhou, X. J., Mechelli, A., Collier, D. A., Sweeney, J. A., Li, T., & Gong, 
Q. (2009). Association of Cerebral Deficits With Clinical Symptoms in Antipsychotic-
Naive First-Episode Schizophrenia: An Optimized Voxel-Based Morphometry 
and Resting State Functional Connectivity Study. American Journal of Psychiatry, 
166(2), 196–205.

Lynall, M.-E., Bassett, D. S., Kerwin, R., McKenna, P. J., Kitzbichler, M., Muller, U., & 
Bullmore, E. (2010). Functional Connectivity and Brain Networks in Schizophrenia. 
Journal of Neuroscience, 30(28).

Ma, S., Calhoun, V. D., Eichele, T., Du, W., & Adalı, T. (2012). Modulations of functional 
connectivity in the healthy and schizophrenia groups during task and rest. 
NeuroImage, 62(3), 1694–1704.

Maia, T. V, & Frank, M. J. (2017). An Integrative Perspective on the Role of Dopamine in 
Schizophrenia. Biological Psychiatry, 81(1), 52–66.

Manes, F., Villamil, A. R., Ameriso, S., Roca, M., & Torralva, T. (2009). “Real life” executive 
deficits in patients with focal vascular lesions affecting the cerebellum. Journal of 
the Neurological Sciences, 283(1–2), 95–8.

Manoliu, A., Riedl, V., Doll, A., Bäuml, J. G., Mühlau, M., Schwerthöffer, D., Scherr, M., 
Zimmer, C., Förstl, H., Bäuml, J., Wohlschläger, A. M., Koch, K., & Sorg, C. (2013). 
Insular Dysfunction Reflects Altered Between-Network Connectivity and Severity 
of Negative Symptoms in Schizophrenia during Psychotic Remission. Frontiers in 
Human Neuroscience, 7, 216.

Marin, R. S. (1991). Apathy: a neuropsychiatric syndrome. The Journal of Neuropsychiatry 
and Clinical Neurosciences, 3(3), 243–54.

Marin, R. S., Biedrzycki, R. C., & Firinciogullari, S. (1991). Reliability and validity of the 
apathy evaluation scale. Psychiatry Research, 38(2), 143–162.

Maslov, S., & Sneppen, K. (2002). Specificity and Stability in Topology of Protein 
Networks. Science, 296(5569), 910–913.

McLaren, D. G., Ries, M. L., Xu, G., & Johnson, S. C. (2012). A generalized form of 
context-dependent psychophysiological interactions (gPPI): A comparison to 
standard approaches. NeuroImage, 61(4), 1277–1286.

Menon, V. (2015). Salience Network. In Brain Mapping: An Encyclopedic Reference (Vol. 
2, pp. 597–611).

Menon, V., & Uddin, L. Q. (2010, June). Saliency, switching, attention and control: a 



174

network model of insula function. Brain Structure and Function, pp. 1–13.
Messinger, J. W., Trémeau, F., Antonius, D., Mendelsohn, E., Prudent, V., Stanford, A. 

D., & Malaspina, D. Avolition and expressive deficits capture negative symptom 
phenomenology: Implications for DSM-5 and schizophrenia research, 31 Clinical 
Psychology Review § (2011). NIH Public Access.

Millan, M. J., Fone, K., Steckler, T., & Horan, W. P. (2014). Negative symptoms 
of schizophrenia: Clinical characteristics, pathophysiological substrates, 
experimental models and prospects for improved treatment. European 
Neuropsychopharmacology, 24(5), 645–92.

Mingoia, G., Wagner, G., Langbein, K., Maitra, R., Smesny, S., Dietzek, M., Burmeister, 
H. P., Reichenbach, J. R., Schlösser, R. G. M., Gaser, C., Sauer, H., & Nenadic, I. 
(2012). Default mode network activity in schizophrenia studied at resting state 
using probabilistic ICA. Schizophrenia Research, 138(2), 143–149.

Minzenberg, M., Laird, A., Thelen, S., Carter, C., & Glahn, D. (2009). Meta-analysis of 41 
functional neuroimaging studies of executive function in schizophrenia. Archives of 
General Psychiatry, 66(8), 811–822.

Morris, R. W., Quail, S., Griffiths, K. R., Green, M. J., & Balleine, B. W. (2015). Corticostriatal 
Control of Goal-Directed Action Is Impaired in Schizophrenia. Biological Psychiatry, 
77(2), 187–195.

Morris, R. W., Vercammen, A., Lenroot, R., Moore, L., Langton, J. M., Short, B., Kulkarni, 
J., Curtis, J., O’Donnell, M., Weickert, C. S., & Weickert, T. W. (2012). Disambiguating 
ventral striatum fMRI-related bold signal during reward prediction in schizophrenia. 
Molecular Psychiatry, 17(3), 280–289.

Mucci,  a., Dima, D., Soricelli, A., Volpe, U., Bucci, P., Frangou, S., Prinster, A., Salvatore, 
M., Galderisi, S., & Maj, M. (2015). Is avolition in schizophrenia associated with a 
deficit of dorsal caudate activity? A functional magnetic resonance imaging study 
during reward anticipation and feedback. Psychological Medicine, 45(8), 1765–1778.

Murray, G. K., Corlett, P. R., Clark, L., Pessiglione, M., Blackwell,  a D., Honey, G., Jones, 
P. B., Bullmore, E. T., Robbins, T. W., & Fletcher, P. C. (2008). Substantia nigra/ventral 
tegmental reward prediction error disruption in psychosis. Molecular Psychiatry, 
13(3), 267–276.

Mwansisya, T. E., Wang, Z., Tao, H., Zhang, H., Hu, A., Guo, S., & Liu, Z. (2013). The 
diminished interhemispheric connectivity correlates with negative symptoms 
and cognitive impairment in first-episode schizophrenia. Schizophrenia Research, 
150(1), 144–150.

Narr, K. L., & Leaver, A. M. (2015). Connectome and schizophrenia. Current Opinion in 
Psychiatry, 28(3), 229–35.

Nelson, B. D., Bjorkquist, O. A., Olsen, E. K., & Herbener, E. S. (2015). Schizophrenia 
symptom and functional correlates of anterior cingulate cortex activation to 
emotion stimuli: An fMRI investigation. Psychiatry Research - Neuroimaging, 
234(3), 285–291.

Nguyen, A., Frobert, L., McCluskey, I., Golay, P., Bonsack, C., & Favrod, J. (2016). 
Development of the Positive Emotions Program for Schizophrenia: An Intervention 
to Improve Pleasure and Motivation in Schizophrenia. Frontiers in Psychiatry, 7, 13.



REFERENCES

175

Nielsen, M. Ø., Rostrup, E., Wulff, S., Bak, N., Lublin, H., Kapur, S., & Glenthøj, B. (2012). 
Alterations of the Brain Reward System in Antipsychotic Naïve Schizophrenia 
Patients. Biological Psychiatry, 71(10), 898–905.

Niendam, T. A., Laird, A. R., Ray, K. L., Dean, Y. M., Glahn, D. C., & Carter, C. S. (2012). 
Meta-analytic evidence for a superordinate cognitive control network subserving 
diverse executive functions. Cognitive, Affective & Behavioral Neuroscience, 12(2), 
241–68.

Njomboro, P., Deb, S., & Humphreys, G. W. (2012). Apathy and executive functions: 
insights from brain damage involving the anterior cingulate cortex. BMJ Case 
Reports, 2012, 2–5.

Orliac, F., Naveau, M., Joliot, M., Delcroix, N., Razafimandimby, A., Brazo, P., Dollfus, 
S., & Delamillieure, P. (2013). Links among resting-state default-mode network, 
salience network, and symptomatology in schizophrenia. Schizophrenia Research, 
148(1–3), 74–80.

Pagonabarraga, J., Kulisevsky, J., Strafella, A. P., & Krack, P. (2015). Apathy in Parkinson’s 
disease: clinical features, neural substrates, diagnosis, and treatment. The Lancet.
Neurology, 14(5), 518–531.

Pardini, M., Cordano, C., Guida, S., Grafman, J., Krueger, F., Sassos, D., Massucco, 
D., Abate, L., Yaldizli, Ö., Serrati, C., Amore, M., Mattei, C., Cocito, L., & Emberti 
Gialloreti, L. (2016). Prevalence and cognitive underpinnings of isolated apathy in 
young healthy subjects. Journal of Affective Disorders, 189, 272–5.

Park, I. H., Chun, J. W., Park, H.-J., Koo, M.-S., Park, S., Kim, S.-H., & Kim, J.-J. (2015). 
Altered cingulo-striatal function underlies reward drive deficits in schizophrenia. 
Schizophrenia Research, 161(2–3), 229–236.

Park, H. Il, Lee, B. C., Kim, J.-J., Il Kim, J., Koo, M.-S., Il, X., Park, H. Il, Lee, B. C., Kim, 
J.-J., Joong, X., Kim, I., & Koo, M.-S. (2017). Effort-based reinforcement processing 
and functional connectivity underlying amotivation in medicated patients with 
depression and schizophrenia. The Journal of Neuroscience : The Official Journal of 
the Society for Neuroscience, 2524–16.

Passamonti, L., Terracciano, A., Riccelli, R., Donzuso, G., Cerasa, A., Vaccaro, M., 
Novellino, F., Fera, F., & Quattrone, A. (2015). Increased functional connectivity 
within mesocortical networks in open people. NeuroImage, 104, 301–309.

Patel, R., Jayatilleke, N., Broadbent, M., Chang, C.-K., Foskett, N., Gorrell, G., Hayes, 
R. D., Jackson, R., Johnston, C., Shetty, H., Roberts, A., McGuire, P., & Stewart, R. 
(2015). Negative symptoms in schizophrenia: a study in a large clinical sample of 
patients using a novel automated method. BMJ Open, 5(9), e007619.

Pessiglione, M., Seymour, B., Flandin, G., Dolan, R. J., & Frith, C. D. (2006). Dopamine-
dependent prediction errors underpin reward-seeking behaviour in humans. Nature, 
442(7106), 1042–1045.

Pettersson-Yeo, W., Allen, P., Benetti, S., McGuire, P., & Mechelli, A. (2011). 
Dysconnectivity in schizophrenia: Where are we now? Neuroscience & Biobehavioral 
Reviews, 35(5), 1110–1124.

Phan, K. L., Wager, T., Taylor, S. F., & Liberzon, I. (2002). Functional neuroanatomy 
of emotion: a meta-analysis of emotion activation studies in PET and fMRI. 



176

NeuroImage, 16(2), 331–48.
Picerni, E., Petrosini, L., Piras, F., Laricchiuta, D., Cutuli, D., Chiapponi, C., Fagioli, S., 

Girardi, P., Caltagirone, C., & Spalletta, G. (2013). New evidence for the cerebellar 
involvement in personality traits. Frontiers in Behavioral Neuroscience, 7, 133.

Pijnenborg, G. H. M., Van der Gaag, M., Bockting, C. L. H., Van der Meer, L., & Aleman, 
A. (2011). REFLEX, a social-cognitive group treatment to improve insight in 
schizophrenia: study protocol of a multi-center RCT. BMC Psychiatry, 11(1), 161.

Power, J. D., Barnes, K. A., Snyder, A. Z., Schlaggar, B. L., & Petersen, S. E. (2012). 
Spurious but systematic correlations in functional connectivity MRI networks arise 
from subject motion. NeuroImage, 59(3), 2142–2154.

Provencher, H. L., & Mueser, K. T. (1997). Positive and negative symptom behaviors 
and caregiver burden in the relatives of persons with schizophrenia. Schizophrenia 
Research, 26(1), 71–80.

Pu, W., Rolls, E. T., Guo, S., Liu, H., Yu, Y., Xue, Z., Feng, J., & Liu, Z. (2014). Altered 
functional connectivity links in neuroleptic-naïve and neuroleptic-treated patients 
with schizophrenia, and their relation to symptoms including volition. NeuroImage: 
Clinical, 6, 463–474.

Rabany, L., Weiser, M., Werbeloff, N., & Levkovitz, Y. (2011). Assessment of negative 
symptoms and depression in schizophrenia: Revision of the SANS and how it relates 
to the PANSS and CDSS. Schizophrenia Research, 126(1–3), 226–230.

Rabinowitz, J., Levine, S. Z., Garibaldi, G., Bugarski-Kirola, D., Berardo, C. G., & Kapur, 
S. (2012). Negative symptoms have greater impact on functioning than positive 
symptoms in schizophrenia: Analysis of CATIE data. Schizophrenia Research, 137(1–
3), 147–150.

R Core Team. (2017). R: A Language and Environment for Statistical Computing. Vienna, 
Austria.

Radakovic, R., & Abrahams, S. (2014). Developing a new apathy measurement scale : 
Dimensional Apathy Scale. Psychiatry Research, 219(3), 658–663.

Radua, J., Schmidt, A. A., Borgwardt, S., Heinz, A., Schlagenhauf, F., McGuire, P., 
& Fusar-Poli, P. (2015). Ventral Striatal Activation During Reward Processing in 
Psychosis A Neurofunctional Meta-Analysis. JAMA Psychiatry, 72(12), 1–31.

Raffard, S., Esposito, F., Boulenger, J.-P., & Van der Linden, M. (2013). Impaired ability 
to imagine future pleasant events is associated with apathy in schizophrenia. 
Psychiatry Research, 209(3), 393–400.

Rahm, C., Liberg, B., Reckless, G., Ousdal, O., Melle, I., Andreassen, O. A., & Agartz, 
I. (2015). Negative symptoms in schizophrenia show association with amygdala 
volumes and neural activation during affective processing. Acta Neuropsychiatrica, 
27(4), 213–20.

Raichle, M. E. (2009). A Paradigm Shift in Functional Brain Imaging. J. Neurosci., 29(41), 
12729–12734.

Raichle, M. E. (2015). The Brain’s Default Mode Network. Annual Review of Neuroscience, 
38(1), 433–447.

Raine, A. (1991). The SPQ: a scale for the assessment of schizotypal personality based 
on DSM-III-R criteria. Schizophrenia Bulletin, 17(4), 555–64.



REFERENCES

177

Rauch, A. V., Reker, M., Ohrmann, P., Pedersen, A., Bauer, J., Dannlowski, U., Harding, 
L., Koelkebeck, K., Konrad, C., Kugel, H., Arolt, V., Heindel, W., & Suslow, T. (2010). 
Increased amygdala activation during automatic processing of facial emotion in 
schizophrenia. Psychiatry Research: Neuroimaging, 182(3), 200–206.

Ray, K. L., McKay, D. R., Fox, P. M., Riedel, M. C., Uecker, A. M., Beckmann, C. F., Smith, 
S. M., Fox, P. T., & Laird, A. R. (2013). ICA model order selection of task co-activation 
networks. Frontiers in Neuroscience, 7, 237.

Ray, K. L., Zald, D. H., Bludau, S., Riedel, M. C., Bzdok, D., Yanes, J., Falcone, K. E., 
Amunts, K., Fox, P. T., Eickhoff, S. B., & Laird, A. R. (2015). Co-activation based 
parcellation of the human frontal pole. NeuroImage, 123, 200–211.

Reckless, G. E., Andreassen, O. A., Server, A., Estefjells, T., & Jensen, J. (2015). Negative 
symptoms in schizophrenia are associated with aberrant striato-cortical connectivity 
in a rewarded perceptual decision-making task. NeuroImage: Clinical, 8, 290–297.

Reekum, R. van, Stuss, D. T., Ostrander, L., van Reekum, R., Stuss, D. T., & Ostrander, 
L. (2005). Apathy: why care? The Journal of Neuropsychiatry and Clinical 
Neurosciences, 17(1), 7–19.

Reineberg, A. E., Andrews-Hanna, J. R., Depue, B. E., Friedman, N. P., & Banich, M. 
T. (2015). Resting-state networks predict individual differences in common and 
specific aspects of executive function. NeuroImage, 104, 69–78.

Riehle, M., & Lincoln, T. M. (2017). Social consequences of subclinical negative 
symptoms: An EMG study of facial expressions within a social interaction. Journal of 
Behavior Therapy and Experimental Psychiatry, 55, 90–98.

Rish, I., Cecchi, G., Thyreau, B., Thirion, B., Plaze, M., Paillere-Martinot, M. L., Martelli, 
C., Martinot, J. L., & Poline, J. B. (2013). Schizophrenia as a Network Disease: 
Disruption of Emergent Brain Function in Patients with Auditory Hallucinations. 
PLoS ONE, 8(1), e50625.

Robert, G., Jeune, F. Le, Lozachmeur, C., Drapier, S., Dondaine, T., Peron, J., Travers, 
D., Sauleau, P., Millet, B., Verin, M., & Drapier, D. (2012). Apathy in patients with 
Parkinson disease without dementia or depression: a PET study. Neurology, 79(11), 
1155–1160.

Rolls, E. T., & Grabenhorst, F. (2008). The orbitofrontal cortex and beyond: from affect 
to decision-making. Progress in Neurobiology, 86(3), 216–44.

Rotarska-Jagiela, A., van de Ven, V., Oertel-Knöchel, V., Uhlhaas, P. J., Vogeley, K., & 
Linden, D. E. J. (2010). Resting-state functional network correlates of psychotic 
symptoms in schizophrenia. Schizophrenia Research, 117(1), 21–30.

Rubinov, M., Knock, S. A., Stam, C. J., Micheloyannis, S., Harris, A. W. F., Williams, L. 
M., & Breakspear, M. (2009). Small-world properties of nonlinear brain activity in 
schizophrenia. Human Brain Mapping, 30(2), 403–416.

Rubinov, M., & Sporns, O. (2010). Complex network measures of brain connectivity: 
Uses and interpretations. NeuroImage, 52(3), 1059–1069.

Rubinov, M., & Sporns, O. (2011). Weight-conserving characterization of complex 
functional brain networks. NeuroImage, 56(4), 2068–2079.

Saad, Z. S., Gotts, S. J., Murphy, K., Chen, G., Jo, H. J., Martin, A., & Cox, R. W. (2012). 
Trouble at Rest: How Correlation Patterns and Group Differences Become Distorted 



178

After Global Signal Regression. Brain Connectivity, 2(1), 25–32.
Sambataro, F., Blasi, G., Fazio, L., Caforio, G., Taurisano, P., Romano, R., Di Giorgio, A., 

Gelao, B., Lo Bianco, L., Papazacharias, A., Popolizio, T., Nardini, M., & Bertolino, 
A. (2010). Treatment with Olanzapine is Associated with Modulation of the Default 
Mode Network in Patients with Schizophrenia. Neuropsychopharmacology, 35(4), 
904–912.

Sarkheil, P., Goebel, R., Schneider, F., & Mathiak, K. (2013). Emotion unfolded by motion: 
a role for parietal lobe in decoding dynamic facial expressions. Social Cognitive and 
Affective Neuroscience, 8(8), 950–7.

Schilbach, L., Derntl, B., Aleman, A., Caspers, S., Clos, M., Diederen, K. M. J., Gruber, 
O., Kogler, L., Liemburg, E. J., Sommer, I. E., Müller, V. I., Cieslik, E. C., & Eickhoff, S. 
B. (2016). Differential Patterns of Dysconnectivity in Mirror Neuron and Mentalizing 
Networks in Schizophrenia. Schizophrenia Bulletin, 42(5), 1135–48.

Schlagenhauf, F., Juckel, G., Koslowski, M., Kahnt, T., Knutson, B., Dembler, T., Kienast, 
T., Gallinat, J., Wrase, J., & Heinz, A. (2008). Reward system activation in schizophrenic 
patients switched from typical neuroleptics to olanzapine. Psychopharmacology, 
196(4), 673–684.

Schlagenhauf, F., Sterzer, P., Schmack, K., Ballmaier, M., Rapp, M., Wrase, J., Juckel, 
G., Gallinat, J., & Heinz, A. (2009). Reward Feedback Alterations in Unmedicated 
Schizophrenia Patients: Relevance for Delusions. Biological Psychiatry, 65(12), 
1032–1039.

Schooler, N. R., Buchanan, R. W., Laughren, T., Leucht, S., Nasrallah, H. A., Potkin, 
S. G., Abi-Saab, D., Berardo, C. G., Bugarski-Kirola, D., Blaettler, T., Edgar, C. J., 
Nordstroem, A. L., O’Gorman, C., & Garibaldi, G. (2015). Defining therapeutic 
benefit for people with schizophrenia: focus on negative symptoms. Schizophrenia 
Research, 162(1–3), 169–174.

Schrouff, J., Rosa, M. J., Rondina, J. M., Marquand, A. F., Chu, C., Ashburner, J., Phillips, 
C., Richiardi, J., & Mourão-Miranda, J. (2013). PRoNTo: Pattern Recognition for 
Neuroimaging Toolbox. Neuroinformatics, 11(3), 319–337.

Seeley, W. W., Menon, V., Schatzberg, A. F., Keller, J., Glover, G. H., Kenna, H., Reiss, A. 
L., & Greicius, M. D. (2007). Dissociable Intrinsic Connectivity Networks for Salience 
Processing and Executive Control. Journal of Neuroscience, 27(9), 2349–2356.

Sergi, M. J., Rassovsky, Y., Widmark, C., Reist, C., Erhart, S., Braff, D. L., Marder, S. 
R., & Green, M. F. (2007). Social cognition in schizophrenia: Relationships with 
neurocognition and negative symptoms. Schizophrenia Research, 90(1–3), 316–324.

Servaas, M. N., Aleman, A., Marsman, J.-B. C., Renken, R. J., Riese, H., & Ormel, J. 
(2015). Lower dorsal striatum activation in association with neuroticism during the 
acceptance of unfair offers. Cognitive, Affective & Behavioral Neuroscience, 15(3), 
537–52.

Shafer, A. B. (2006). Meta-analysis of the factor structures of four depression 
questionnaires: Beck, CES-D, Hamilton, and Zung. Journal of Clinical Psychology, 
62(1), 123–146.

Shaffer, J. J., Peterson, M. J., McMahon, M. A., Bizzell, J., Calhoun, V., van Erp, T. G. M., 
Ford, J. M., Lauriello, J., Lim, K. O., Manoach, D. S., McEwen, S. C., Mathalon, D. H., 



REFERENCES

179

O’Leary, D., Potkin, S. G., Preda, A., Turner, J., Voyvodic, J., Wible, C. G., & Belger, A. 
(2015). Neural Correlates of Schizophrenia Negative Symptoms: Distinct Subtypes 
Impact Dissociable Brain Circuits. Molecular Neuropsychiatry, 1(4), 191–200.

Shafritz, K. M., Kartheiser, P., & Belger, A. (2005). Dissociation of neural systems 
mediating shifts in behavioral response and cognitive set. NeuroImage, 25(2), 600–
606.

Shannon, C. E. (1948). A Mathematical Theory of Communication. The Bell System 
Technical Journal, 27, 379–423.

Sharot, T., Riccardi, A. M., Raio, C. M., & Phelps, E. A. (2007). Neural mechanisms 
mediating optimism bias. Nature, 450(7166), 102–105.

Sheehan, D. V., Lecrubier, Y., Sheehan, K. H., Janavs, J., Weiller, E., Keskiner, A., 
Schinka, J., Knapp, E., Sheehan, M. F., & Dunbar, G. C. (1997). The validity of the 
Mini International Neuropsychiatric Interview (MINI) according to the SCID-P and 
its reliability. European Psychiatry, 12(5), 232–241.

Sheehan, D. V, Lecrubier, Y., Sheehan, K. H., Amorim, P., Janavs, J., Weiller, E., Hergueta, 
T., Baker, R., & Dunbar, G. C. (1998). The Mini-International Neuropsychiatric 
Interview (M.I.N.I.): the development and validation of a structured diagnostic 
psychiatric interview for DSM-IV and ICD-10. The Journal of Clinical Psychiatry, 22-
33-57.

Siegel, J. S., Power, J. D., Dubis, J. W., Vogel, A. C., Church, J. A., Schlaggar, B. L., & 
Petersen, S. E. (2014). Statistical improvements in functional magnetic resonance 
imaging analyses produced by censoring high-motion data points. Human Brain 
Mapping, 35(5), 1981–1996.

Simon, J. J., Biller, A., Walther, S., Roesch-Ely, D., Stippich, C., Weisbrod, M., & Kaiser, 
S. (2010). Neural correlates of reward processing in schizophrenia — Relationship to 
apathy and depression. Schizophrenia Research, 118(1–3), 154–161.

Simon, J. J., Cordeiro, S. A., Weber, M.-A. A., Friederich, H.-C. C., Wolf, R. C., Weisbrod, M., 
& Kaiser, S. (2015). Reward System Dysfunction as a Neural Substrate of Symptom 
Expression Across the General Population and Patients With Schizophrenia. 
Schizophrenia Bulletin, 41(6), 1370–1378.

Skidmore, F. M., Yang, M., Baxter, L., Deneen, K. von, Collingwood, J., He, G., Tandon, 
R., Korenkevych, D., Savenkov, A., Heilman, K. M., Gold, M., & Liu, Y. (2013). Apathy, 
depression, and motor symptoms have distinct and separable resting activity 
patterns in idiopathic Parkinson disease. NeuroImage, 81, 484–495.

Smith, S. M., Fox, P. M. T. M. T., Miller, K. L., Glahn, D. C., Fox, P. M. T. M. T., Mackay, 
C. E., Filippini, N., Watkins, K. E., Toro, R., Laird, A. R., & Beckmann, C. F. (2009). 
Correspondence of the brain’s functional architecture during activation and rest. 
Proceedings of the National Academy of Sciences of the United States of America, 
106(31), 13040–5.

Smith, S., & Nichols, T. (2009). Threshold-free cluster enhancement: Addressing 
problems of smoothing, threshold dependence and localisation in cluster inference. 
NeuroImage, 44(1), 83–98.

Snaith, R. P., Hamilton, M., Morley, S., Humayan, A., Hargreaves, D., & Trigwell, P. 
(1995). A scale for the assessment of hedonic tone. The Snaith-Hamilton Pleasure 



180

Scale. British Journal of Psychiatry, 167(7), 99–103.
Sockeel, P., Dujardin, K., Devos, D., Denève, C., Destée, A., Defebvre, L., Denève, 

C., Destée, A., & Defebvre, L. (2006). The Lille apathy rating scale (LARS), a new 
instrument for detecting and quantifying apathy: validation in Parkinson’s disease. 
Journal of Neurology, Neurosurgery, and Psychiatry, 77(5), 579–584.

Sorg, C., Manoliu, A., Neufang, S., Myers, N., Peters, H., Schwerthöffer, D., Scherr, M., 
Mühlau, M., Zimmer, C., Drzezga, A., Förstl, H., Bäuml, J., Eichele, T., Wohlschläger, 
A. M., & Riedl, V. (2013). Increased intrinsic brain activity in the striatum reflects 
symptom dimensions in schizophrenia. Schizophrenia Bulletin, 39(2), 387–395.

Spalletta, G., Fagioli, S., Caltagirone, C., & Piras, F. (2013). Brain microstructure of 
subclinical apathy phenomenology in healthy individuals. Human Brain Mapping, 
34(12), 3193–203.

Spalletta, G., Long, J. D., Robinson, R. G., Trequattrini, A., Pizzoli, S., Caltagirone, C., & 
Orfei, M. D. (2015). Longitudinal Neuropsychiatric Predictors of Death in Alzheimer’s 
Disease. Journal of Alzheimer’s Disease : JAD, 48(3), 627–636.

Sporns, O. (2013). Structure and function of complex brain networks. Dialogues in 
Clinical Neuroscience, 15(3), 247–262.

Starkstein, S. E., Mayberg, H. S., Preziosi, T. J., Andrezejewski, P., Leiguarda, R., & 
Robinson, R. G. (1992). Reliability, validity, and clinical correlates of apathy in 
Parkinson’s disease. The Journal of Neuropsychiatry and Clinical Neurosciences, 
4(2), 134–9.

Starkstein, S. E., Petracca, G., Chemerinski, E., & Kremer, J. (2001). Syndromic validity 
of apathy in Alzheimer’s disease. The American Journal of Psychiatry, 158(6), 872–7.

Stephan, K. E., Baldeweg, T., & Friston, K. J. (2006). Synaptic Plasticity and 
Dysconnection in Schizophrenia. Biological Psychiatry.

Stephan, K. E., Friston, K. J., & Frith, C. D. (2009). Dysconnection in Schizophrenia: 
From Abnormal Synaptic Plasticity to Failures of Self-monitoring. Schizophrenia 
Bulletin, 35(3), 509–527.

Stiekema, A. P. M., Liemburg, E. J., van der Meer, L., Castelein, S., Stewart, R., van 
Weeghel, J., Aleman, A., & Bruggeman, R. (2016). Confirmatory factor analysis 
and differential relationships of the two subdomains of negative symptoms in 
chronically ill psychotic patients. PLoS ONE, 11(2), e0149785.

Stoodley, C. J. (2012). The cerebellum and cognition: evidence from functional imaging 
studies. Cerebellum (London, England), 11(2), 352–365.

Stoodley, C. J., Valera, E. M., & Schmahmann, J. D. (2012). Functional topography of 
the cerebellum for motor and cognitive tasks: an fMRI study. NeuroImage, 59(2), 
1560–1570.

Strassnig, M. T., Raykov, T., O’Gorman, C., Bowie, C. R., Sabbag, S., Durand, D., 
Patterson, T. L., Pinkham, A., Penn, D. L., & Harvey, P. D. (2015). Determinants 
of different aspects of everyday outcome in schizophrenia: The roles of negative 
symptoms, cognition, and functional capacity. Schizophrenia Research, 165(1), 76–
82.

Strauss, G. P., & Gold, J. M. (2012). A new perspective on anhedonia in schizophrenia. 
The American Journal of Psychiatry, 169(4), 364–73.



REFERENCES

181

Strauss, G. P., Horan, W. P., Kirkpatrick, B., Fischer, B. A., Keller, W. R., Miski, P., 
Buchanan, R. W., Green, M. F., & Carpenter, W. T. (2013). Deconstructing negative 
symptoms of schizophrenia: Avolition-apathy and diminished expression clusters 
predict clinical presentation and functional outcome. Journal of Psychiatric 
Research, 47(6), 783–790.

Strauss, G. P., Waltz, J. a., & Gold, J. M. (2014). A review of reward processing and 
motivational impairment in schizophrenia. Schizophrenia Bulletin, 40(suppl. 2), 
107–116.

Stuss, D. T., Reekum, R. van, & Murphy, K. J. (2000). Differentiation of states and causes 
of apathy. In J. C. Borod (Ed.) (pp. 340–363). New York: Oxford University Press.

Su, T. W., Hsu, T. W., Lin, Y. C., & Lin, C. P. (2015). Schizophrenia symptoms and brain 
network efficiency: A resting-state fMRI study. Psychiatry Research - Neuroimaging, 
234(2), 208–218.

Subramaniam, K., Hooker, C. I., Biagianti, B., Fisher, M., Nagarajan, S., & Vinogradov, 
S. (2015). Neural signal during immediate reward anticipation in schizophrenia: 
Relationship to real-world motivation and function. NeuroImage.Clinical, 9, 153–
163.

Suda, M., Takei, Y., Aoyama, Y., Narita, K., Sakurai, N., Fukuda, M., & Mikuni, M. (2011). 
Autistic Traits and Brain Activation during Face-to-Face Conversations in Typically 
Developed Adults. PLoS ONE, 6(5), e20021.

Sun, Y., Danila, B., Josić, K., & Bassler, K. E. (2009). Improved community structure 
detection using a modified fine-tuning strategy. EPL (Europhysics Letters), 86(2), 
28004.

Takeuchi, N., Mori, T., Suzukamo, Y., & Izumi, S.-I. (2017). Integration of Teaching 
Processes and Learning Assessment in the Prefrontal Cortex during a Video Game 
Teaching–learning Task. Frontiers in Psychology, 7, 2052.

Tanji, J., & Hoshi, E. (2008). Role of the Lateral Prefrontal Cortex in Executive Behavioral 
Control. Physiological Reviews, 88(1), 37–57.

Taren, A. A., Venkatraman, V., & Huettel, S. A. (2011). A parallel functional topography 
between medial and lateral prefrontal cortex: evidence and implications for 
cognitive control. The Journal of Neuroscience : The Official Journal of the Society 
for Neuroscience, 31(13), 5026–31.

Tattan, T. M. G., & Creed, F. H. (2001). Negative symptoms of schizophrenia and 
compliance with medication. Schizophrenia Bulletin, 27(1), 149–155.

Telesford, Q. K., Burdette, J. H., & Laurienti, P. J. (2013). An exploration of graph metric 
reproducibility in complex brain networks. Frontiers in Neuroscience, 7, 67.

Tomasi, D., Volkow, N. D., Wang, R., Telang, F., Wang, G.-J., Chang, L., Ernst, T., & 
Fowler, J. S. (2009). Dopamine Transporters in Striatum Correlate with Deactivation 
in the Default Mode Network during Visuospatial Attention. PLoS ONE, 4(6), e6102.

Treadway, M., Buckholtz, J., Cowan, R., Woodward, N., Li, R., Ansari, M., Baldwin, 
R., Schwartzman, A., Kessler, R., & Zald, D. (2012). Dopaminergic mechanisms of 
individual differences in human effort-based decision-making. J Neurosci, 32(18), 
6170–6176.

Tso, I. F., Grove, T. B., & Taylor, S. F. (2014). Differential hedonic experience and 



182

behavioral activation in schizophrenia and bipolar disorder. Psychiatry Research, 
219(3), 470–6.

Turner, R. S., Desmurget, M., Grethe, J., Crutcher, M. D., & Grafton, S. T. (2003). Motor 
subcircuits mediating the control of movement extent and speed. Journal of 
Neurophysiology, 90(6), 3958–66.

Van Den Heuvel, M. P., & Fornito, A. (2014). Brain networks in schizophrenia. 
Neuropsychology Review.

van den Heuvel, M. P., & Hulshoff Pol, H. E. (2010). Exploring the brain network: A review 
on resting-state fMRI functional connectivity. European Neuropsychopharmacology.

Van Den Heuvel, M. P., Mandl, R. C. W., Kahn, R. S., & Hulshoff Pol, H. E. (2009). 
Functionally linked resting-state networks reflect the underlying structural 
connectivity architecture of the human brain. Human Brain Mapping, 30(10), 3127–
3141.

van den Heuvel, M. P., Mandl, R. C. W., Stam, C. J., Kahn, R. S., & Hulshoff Pol, H. E. 
(2010). Aberrant frontal and temporal complex network structure in schizophrenia: 
a graph theoretical analysis. Journal of Neuroscience, 30(47), 15915–26.

van der Horn, H. J., Liemburg, E. J., Scheenen, M. E., de Koning, M. E., Spikman, J. M., 
& van der Naalt, J. (2017). Graph Analysis of Functional Brain Networks in Patients 
with Mild Traumatic Brain Injury. PLOS ONE, 12(1), e0171031.

van der Meer, L., van’t Wout, M., & Aleman, A. (2009). Emotion regulation strategies in 
patients with schizophrenia. Psychiatry Research, 170(2–3), 108–13.

Van Dijk, K. R. A., Hedden, T., Venkataraman, A., Evans, K. C., Lazar, S. W., & Buckner, R. 
L. (2010). Intrinsic functional connectivity as a tool for human connectomics: theory, 
properties, and optimization. Journal of Neurophysiology, 103(1), 297–321.

Van Dijk, K. R. A., Sabuncu, M. R., & Buckner, R. L. (2012). The influence of head motion 
on intrinsic functional connectivity MRI. NeuroImage, 59(1), 431–438.

Vanderwal, T., Kelly, C., Eilbott, J., Mayes, L. C., & Castellanos, F. X. (2015). Inscapes: A 
movie paradigm to improve compliance in functional magnetic resonance imaging. 
NeuroImage, 122, 222–232.

Venkatraman, V., Payne, J. W., Bettman, J. R., Luce, M. F., & Huettel, S. A. (2009a). 
Separate neural mechanisms underlie choices and strategic preferences in risky 
decision making. Neuron, 62(4), 593–602.

Venkatraman, V., Rosati, A. G., Taren, A. A., & Huettel, S. A. (2009b). Resolving response, 
decision, and strategic control: evidence for a functional topography in dorsomedial 
prefrontal cortex. The Journal of Neuroscience : The Official Journal of the Society 
for Neuroscience, 29(42), 13158–64.

Ventura, J., Subotnik, K. L., Gitlin, M. J., Gretchen-Doorly, D., Ered, A., Villa, K. F., 
Hellemann, G. S., & Nuechterlein, K. H. (2015). Negative symptoms and functioning 
during the first year after a recent onset of schizophrenia and 8 years later. 
Schizophrenia Research, 161(2–3), 407–13.

Vercammen, A., & Aleman, A. (2010). Semantic expectations can induce false 
perceptions in hallucination-prone individuals. Schizophrenia Bulletin, 36(1), 151–
156.

Vercammen, A., Knegtering, H., Bruggeman, R., & Aleman, A. (2011, September). 



REFERENCES

183

Subjective loudness and reality of auditory verbal hallucinations and activation of 
the inner speech processing network. Schizophrenia Bulletin. Oxford University 
Press.

Verhage, F. (1964). Intelligence and Age: Research on Dutch People aged Twelve 
to Seventy-seven Years Old. [In Dutch: Intelligentie en leeftijd. Onderzoek bij 
Nederlanders van twaalf tot zevenenzeventig jaar]. Assen: Van Gorkum.

Verma, S., Subramaniam, M., Abdin, E., Poon, L. Y., & Chong, S. A. (2012). Symptomatic 
and functional remission in patients with first-episode psychosis. Acta Psychiatrica 
Scandinavica, 126(4), 282–9.

Viechtbauer, W. (2010). Conducting Meta-Analyses in R with the metafor Package. 
Journal of Statistical Software, 36(3), 1–48.

Wager, T. D., Phan, K. L., Liberzon, I., & Taylor, S. F. (2003). Valence, gender, and 
lateralization of functional brain anatomy in emotion: A meta-analysis of findings 
from neuroimaging. NeuroImage, 19(3), 513–531.

Walter, H., Abler, B., Ciaramidaro, A., & Erk, S. (2005). Motivating forces of human 
actions. Neuroimaging reward and social interaction. Brain Research Bulletin, 67(5), 
368–81.

Walter, H., Kammerer, H., Frasch, K., Spitzer, M., & Abler, B. (2009). Altered reward 
functions in patients on atypical antipsychotic medication in line with the revised 
dopamine hypothesis of schizophrenia. Psychopharmacology, 206(1), 121–132.

Walther, S., Eisenhardt, S., Bohlhalter, S., Vanbellingen, T., Müri, R., Strik, W., & 
Stegmayer, K. (2016). Gesture Performance in Schizophrenia Predicts Functional 
Outcome After 6 Months. Schizophrenia Bulletin, 42(6), 1326–1333.

Walther, S., Federspiel, A., Horn, H., Razavi, N., Wiest, R., Dierks, T., Strik, W., & Müller, 
T. J. (2011). Resting state cerebral blood flow and objective motor activity reveal 
basal ganglia dysfunction in schizophrenia. Psychiatry Research: Neuroimaging, 
192(2), 117–124.

Waltz, J. a., Kasanova, Z., Ross, T. J., Salmeron, B. J., McMahon, R. P., Gold, J. M., & 
Stein, E. a. (2013). The Roles of Reward, Default, and Executive Control Networks in 
Set-Shifting Impairments in Schizophrenia. PLoS ONE, 8(2), e57257.

Waltz, J. a, Schweitzer, J. B., Gold, J. M., Kurup, P. K., Ross, T. J., Jo Salmeron, B., Rose, E. 
J., McClure, S. M., & Stein, E. a. (2009). Patients with Schizophrenia have a Reduced 
Neural Response to Both Unpredictable and Predictable Primary Reinforcers. 
Neuropsychopharmacology, 34(6), 1567–1577.

Waltz, J. a, Schweitzer, J. B., Ross, T. J., Kurup, P. K., Salmeron, B. J., Rose, E. J., Gold, 
J. M., & Stein, E. A. (2010). Abnormal Responses to Monetary Outcomes in Cortex, 
but not in the Basal Ganglia, in Schizophrenia. Neuropsychopharmacology, 35(12), 
2427–2439.

Wang, H., Guo, W., Liu, F., Wang, G., Lyu, H., Wu, R., Chen, J., Wang, S., Li, L., & Zhao, 
J. (2016). Patients with first-episode, drug-naive schizophrenia and subjects at 
ultra-high risk of psychosis shared increased cerebellar-default mode network 
connectivity at rest. Scientific Reports, 6, 26124.

Wang, H., Zeng, L.-L., Chen, Y., Yin, H., Tan, Q., & Hu, D. (2015). Evidence of a dissociation 
pattern in default mode subnetwork functional connectivity in schizophrenia. 



184

Scientific Reports, 5, 14655.
Wang, J., Ren, Y., Hu, X., Nguyen, V. T., Guo, L., Han, J., & Guo, C. C. (2017). Test-retest 

reliability of functional connectivity networks during naturalistic fMRI paradigms. 
Human Brain Mapping, 38(4), 2226–2241.

Wang, Q., Su, T. P., Zhou, Y., Chou, K. H., Chen, I. Y., Jiang, T., & Lin, C. P. (2012). Anatomical 
insights into disrupted small-world networks in schizophrenia. NeuroImage, 59(2), 
1085–1093.

Wang, X., Xia, M., Lai, Y., Dai, Z., Cao, Q., Cheng, Z., Han, X., Yang, L., Yuan, Y., Zhang, 
Y., Li, K., Ma, H., Shi, C., Hong, N., Szeszko, P., Yu, X., & He, Y. (2014). Disrupted 
resting-state functional connectivity in minimally treated chronic schizophrenia. 
Schizophrenia Research, 156(2), 150–156.

Watson, D., Clark, L. A., & Tellegen, A. (1988). Development and validation of brief 
measures of positive and negative affect: the PANAS scales. Journal of Personality 
and Social Psychology, 54(6), 1063–70.

Wechsler, D. (1981). Wechsler adult intelligence scale—revised manual. NewYork: 
Psychological Corporation.

Wenzel, U., Taubert, M., Ragert, P., Krug, J., & Villringer, A. (2014). Functional and 
structural correlates of motor speed in the cerebellar anterior lobe. PloS One, 9(5), 
e96871.

White, T. P., Gilleen, J., & Shergill, S. S. (2013). Dysregulated but not decreased salience 
network activity in schizophrenia. Frontiers in Human Neuroscience, 7(March), 1–12.

Whitton, A. E., Treadway, M. T., & Pizzagalli, D. A. (2015). Reward processing dysfunction 
in major depression, bipolar disorder and schizophrenia. Current Opinion in 
Psychiatry, 28(1), 7–12.

Winton-Brown, T. T., Fusar-Poli, P., Ungless, M. A., & Howes, O. D. (2014). Dopaminergic 
basis of salience dysregulation in psychosis. Trends in Neurosciences, 37(2), 85–94.

Wolf, D. H., Satterthwaite, T. D., Kantrowitz, J. J., Katchmar, N., Vandekar, L., Elliott, 
M. a., & Ruparel, K. (2014). Amotivation in Schizophrenia: Integrated Assessment 
With Behavioral, Clinical, and Imaging Measures. Schizophrenia Bulletin, 40(6), 
1328–1337.

Wolf, D. H., Turetsky, B. I., Loughead, J., Elliott, M. A., Pratiwadi, R., Gur, R. C. R. E., 
& Gur, R. C. R. E. (2008). Auditory Oddball fMRI in Schizophrenia: Association of 
Negative Symptoms with Regional Hypoactivation to Novel Distractors. Brain 
Imaging and Behavior, 2(2), 132–145.

World Medical Association. (2009, June). Declaration of Helsinki. Ethical principles 
for medical research involving human subjects. Journal of the Indian Medical 
Association.

Yu, Q., Sui, J., Rachakonda, S., He, H., Gruner, W., Pearlson, G., Kiehl, K. A., & Calhoun, 
V. D. (2011). Altered topological properties of functional network connectivity in 
schizophrenia during resting state: A small-world brain Network study. PLoS ONE, 
6(9), e25423.

Yuen, G. S., Gunning-Dixon, F. M., Hoptman, M. J., AbdelMalak, B., McGovern, A. R., 
Seirup, J. K., & Alexopoulos, G. S. (2014). The salience network in the apathy of late-
life depression. International Journal of Geriatric Psychiatry, 29(11), 1116–1124.



REFERENCES

185

Zamboni, G., Huey, E. D., Krueger, F., Nichelli, P. F., & Grafman, J. (2008). Apathy and 
disinhibition in frontotemporal dementia: Insights into their neural correlates. 
Neurology, 71(10), 736–742.

Zapparoli, L., Invernizzi, P., Gandola, M., Verardi, M., Berlingeri, M., Sberna, M., De 
Santis, A., Zerbi, A., Banfi, G., Bottini, G., & Paulesu, E. (2013). Mental images across 
the adult lifespan: A behavioural and fMRI investigation of motor execution and 
motor imagery. Experimental Brain Research, 224(4), 519–540.

Zhang, W., Li, H., & Pan, X. (2015). Positive and negative affective processing exhibit 
dissociable functional hubs during the viewing of affective pictures. Human Brain 
Mapping, 36(2), 415–426.

Ziauddeen, H., & Murray, G. K. (2010). The relevance of reward pathways for 
schizophrenia. Current Opinion in Psychiatry, 23(2), 91–96.



186

Samenvatting (Summary in Dutch)

Negatieve symptomen? Zijn symptomen niet altijd negatief?
Er zijn verschillende symptomen die voorkomen bij mensen met de diagnose 
schizofrenie. Patiënten hebben vaak positieve symptomen, zoals hallucinaties en 
wanen. Hierbij horen ze bijvoorbeeld stemmen die mensen zonder schizofrenie meestal 
niet horen. Omdat het hierbij gaat om ervaringen die bij andere mensen niet aanwezig 
zijn, worden ze positieve symptomen genoemd. Bij negatieve symptomen gaat het om 
kenmerken die juist wel aanwezig zijn bij gezonde mensen, maar verminderd of afwezig 
zijn bij mensen met negatieve symptomen. Veel voorkomende negatieve symptomen 
zijn een vlakkere gezichtsuitdrukking en intonatie, verminderd doelgericht gericht 
gedrag (apathie), verminderde plezierbeleving (anhedonie), spraakarmoede (alogie), 
en sociale teruggetrokkenheid. 

Negatieve symptomen zijn aanwezig bij een aanzienlijk deel van de mensen met 
psychotische stoornissen en hebben een grote invloed op de toekomst van deze 
mensen. Mensen met negatieve symptomen hebben bijvoorbeeld meer moeite met 
het vinden en behouden van werk, het onderhouden van relaties en hebben over het 
algemeen een lagere kwaliteit van leven. De behandeling van deze symptomen is 
daarom erg belangrijk. Helaas zijn er op dit moment weinig behandelmogelijkheden. 
Dit komt onder andere doordat er nog niet veel bekend is over welke hersenprocessen 
verstoord zijn bij mensen met negatieve symptomen. 

Beter begrip door het opdelen van negatieve symptomen
Uit eerder onderzoek is naar voren gekomen dat negatieve symptomen niet zo 
homogeen zijn als eerder gedacht werd. Negatieve symptomen kunnen in twee aparte 
clusters verdeeld worden: amotivatie en verlies van expressie. Amotivatie bestaat uit 
apathie, anhedonie, en sociale teruggetrokkenheid. Verlies van expressie verwijst naar 
een vlakkere gezichtsuitdrukking en intonatie en alogie (figuur 1A). 

Hoewel verlies van expressie en amotivatie samen kunnen voorkomen, lijken ze door 
verstoringen in verschillende hersenprocessen veroorzaakt te worden. Het is daarom 
zinvol om ze apart te onderzoeken. Daarnaast is amotivatie een sterkere voorspeller 
van een slechtere toekomst dan gebrek aan expressiviteit. Het onderzoeken van de 
hersenprocessen die verstoord zijn bij mensen met amotivatie kan dus meer opleveren. 
Daarom ligt in dit proefschrift de nadruk op de hersenprocessen die verstoord zijn bij 
amotivatie (en het onderliggende symptoom apathie).

Een belangrijk kenmerk van amotivatie is dat mensen met amotivatie moeite hebben om 
tot doelgericht gedrag te komen. Doelgericht gedrag komt tot stand door verschillende 
opvolgende processen: voorpret en beloningsgevoeligheid, planningsvaardigheden, en 
zelf-initiatie. Kort gezegd moet je eerst het plezier of nut inzien van de actie (Heeft het 
zin om in actie te komen?), vervolgens plan je de actie  (Welke stappen moet je zetten om 
je doel te bereiken?), en ten slotte initieer je hem (Kom in actie!; figuur 2).
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Figuur 1. A: Opdeling van negatieve symptomen in amotivatie en verlies van expressie, met de bijbehorende 
symptomen; B: Indeling van dit proefschrift, op basis van de opdeling van negatieve symptomen. 

 

Al  deze processen moeten  intact zijn en elkaar op een juiste manier opvolgen 
om tot een actie te komen. In elk van deze processen kan een verstoring optreden, 
waardoor amotivatie kan ontstaan. In dit proefschrift is onderzocht of verstoringen in 
de verwerking van beloning, planning, en zelf-initiatie in de hersenen gerelateerd zijn 
aan negatieve symptomen. Hierbij hebben we negatieve symptomen steeds verder 
opgedeeld, om zo steeds beter te begrijpen hoe deze symptomen ontstaan (zie figuur 
1B). 

In deel I van dit proefschrift hebben we negatieve symptomen nog als geheel onderzocht, 
om vervolgens in deel II negatieve symptomen uit te splitsen in amotivatie en verlies 
van expressie. In deel III hebben we nog verder ingezoomd door het symptoom apathie 
apart te onderzoeken. We hebben voor alle onderzoeken functionele MRI-scans 
gebruikt, waarop we verschillende analysemethodes toegepast hebben. Zo hebben we 

Figuur 2. Processen die  
mogelijk een rol spelen bij het 
ontstaan van amotivatie
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in kaart gebracht welke hersengebieden er bij een bepaalde taak betrokken zijn en 
hoe  hersengebieden met elkaar samenwerken. Vervolgens hebben we gekeken of er 
een verband is tussen deze hersenfuncties en de ernst van negatieve symptomen. Kort 
gezegd: zijn bepaalde hersengebieden meer of juist minder actief bij mensen die ernstigere 
negatieve symptomen hebben? En werken hersengebieden meer of juist minder met elkaar 
samen bij deze mensen? In de volgende secties zal ik de resultaten van de onderzoeken 
in dit proefschrift toelichten (zie figuur 3 voor een samenvatting van de resultaten).

Deel I: Negatieve symptomen en de hersenen
Als je geen voorpret ervaart: negatieve symptomen door minder 
beloningsgevoeligheid?
Beloningsgevoeligheid wordt vaak in verband gebracht met amotivatie en dus met 
negatieve symptomen. Als mensen minder gevoelig zijn voor een toekomstige 
beloning of minder voorpret hebben bij  het vooruitkijken naar een leuke gebeurtenis 
in de toekomst, komen ze waarschijnlijk minder snel in actie en zullen ze dus minder 
ondernemen. Je kunt het je misschien ook wel voorstellen: het plannen van een 
vakantie kost bijvoorbeeld best wat tijd en moeite, maar als je je kunt voorstellen hoe 
je je op vakantie zult voelen (lekker ontspannen en met een goed boek  genietend van 
de zon), dan lijkt het al snel de moeite waard. Maar wat als je dat gevoel niet hebt? Is 
het dan wel de moeite waard om van alles te ondernemen om je vakantie te regelen?
Om dit te onderzoeken hebben we in hoofdstuk 2 gekeken of er bij mensen met 
schizofrenie die ernstigere negatieve symptomen hebben minder hersenactivatie is 
dan bij mensen met minder ernstige negatieve symptomen. We hebben hierbij specifiek 
gekeken naar activatie in het ventrale striatum, een hersengebied dat vaak in verband 
wordt gebracht met het verwerken van beloning (voor de ligging van het ventrale 

Figuur 3. Samenvatting van de 
bevindingen in dit proefschrift. 
Negatieve symptomen zijn 
uitgesplitst in amotivatie 
(inclusief apathie) en vermin-
derde expressie. De gekleurde 
hersengebieden zijn gebieden 
die minder actief waren bij 
mensen ernstigere symp-
tomen. De getallen verwijzen 
naar het corresponderende 
hoofdstuk.
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striatum in de hersenen: zie figuur 3, nr. 2). Naar dit onderwerp zijn de afgelopen jaren 
al tientallen studies gedaan. Wel is  er veel verschil tussen deze studies, wat  invloed 
kan  hebben op de uitkomsten. Zo zijn  bepaalde studies gericht op beloningsanticipatie 
(het vooruitdenken aan een beloning), terwijl in andereonderzoeken de focus lag op 
de plezierervaring tijdens het ontvangen van een beloning, of het leren op basis van 
beloning (leren dat bepaald gedrag beloond wordt en dat gedrag herhalen). Dit maakt 
het lastig de resultaten direct met elkaar te vergelijken. In hoofdstuk 2 hebben we 
de bevindingen van al deze eerdere studies samengevoegd en er een gecombineerde 
analyse (meta-analyse) op gedaan. Uit deze overkoepelende analyse bleek dat het 
ventrale striatum tijdens deze processen minder actief is bij mensen met ernstigere 
negatieve symptomen. Dit effect was vooral zichtbaar tijdens de anticipatie van 
beloning. Deze bevindingen wijzen erop dat mensen met negatieve symptomen 
mogelijk meer moeite hebben met het verwerken van de voorpret die gepaard kan 
gaan met een toekomstige beloning. 

In veel “neuroimaging” studies naar de verwerking van beloning in de hersenen 
wordt gebruik gemaakt van gestandaardiseerde computertaken. De deelnemers 
aan het onderzoek krijgen vaak een geldbedrag te zien dat ze kunnen winnen als ze 
snel genoeg op een knopje drukken. Hoewel dit de onderzoekers veel controle geeft 
over wat er tijdens het experiment gebeurt, kan dit ook betekenen dat niet iedere 
deelnemer de onderzochte beloning op dezelfde wijze ervaart. Zo kan het ontvangen 
van een beloning van €10,- een stuk positiever voelen voor iemand met een bescheiden 
inkomen dan voor iemand die het breder heeft. 

Om meer aandacht te hebben voor de individuele ervaring hebben we in hoofdstuk 
3 mensen met schizofrenie gevraagd om in de MRI-scanner situaties te verbeelden 
waar ze naar uitkijken. Dit gaf ons de mogelijkheid om te onderzoeken of patiënten 
met ernstigere negatieve symptomen minder voorpret hebben bij het verbeelden 
van gebeurtenissen die ze zelf als positief ervaren en of dit terug te zien is in de 
hersenen. Hierbij hebben we zowel de activatie van individuele hersengebieden als 
de samenwerking tussen hersengebieden tijdens het verbeelden onderzocht. Uit dit 
onderzoek bleek dat mensen met ernstigere negatieve symptomen aangaven dat ze 
de gebeurtenissen minder scherp voor zich zagen tijdens het verbeelden. Daarnaast 
kregen ze ook een minder positief gevoel bij het verbeelden van de gebeurtenissen 
in vergelijking met mensen met minder ernstige negatieve symptomen. Dit was 
niet terug te zien in de activatie van individuele hersengebieden, maar wel in de 
samenwerking tussen hersengebieden: bij mensen met meer negatieve symptomen 
was de samenwerking tijdens het inbeelden van positieve gebeurtenissen minder sterk 
tussen de precuneus/cortex cingularis posterior en een aantal andere hersengebieden die 
betrokken zijn bij het verbeelden van acties (zie figuur 3, nr. 3). Daarom suggereren deze 
resultaten dat mensen met ernstigere negatieve symptomen meer moeite hebben om 
een voorstelling te maken van positieve gebeurtenissen. Deze verstoring kan ervoor 
zorgen dat ze minder snel in actie zullen komen en kan daardoor leiden tot negatieve 
symptomen. In het geval van een vakantie hebben mensen met ernstigere negatieve 
symptomen mogelijk een minder duidelijk beeld bij hun vakantie en beleven ze minder 
voorpret bij het denken eraan. Daardoor zullen ze minder snel plannen maken voor de 
vakantie en in actie komen. 



190

Deel II: Negatieve symptomen meer in detail: verlies van expressie en 
amotivatie, en de hersenen
In hoofdstuk 4 en 5 hebben we verder ingezoomd op negatieve symptomen door 
ons te richten op verlies van expressie en amotivatie. Dit hebben we gedaan door de 
samenwerking tussen verschillende hersengebieden,  in rust, te onderzoeken. Eerder 
onderzoek heeft uitgewezen dat de hersenen ook als je geen taak uitvoert actief zijn 
en dat hersengebieden die samenwerken tijdens het doen van taken ook in  rust met 
elkaar samenwerken. Deze samenwerking is terug te zien op MRI-scans doordat deze 
gebieden een vergelijkbaar patroon van activatie laten zien: als het ene gebied actief is, 
dan is het andere dat ook. Verstoringen in deze synchronisatie tussen hersengebieden, 
ook wel functionele connectiviteit genoemd, treden op bij psychiatrische en 
neurologische aandoeningen. In hoofdstuk 4 en 5 hebben we in kaart gebracht of 
bepaalde verstoringen in functionele connectiviteit samenhangen met verlies van 
expressie en amotivatie. 

Verlies van expressie en amotivatie door verstoring van de organisatie van de 
hersenen?
In hoofdstuk 4 hebben we grafentheorie gebruikt om te bekijken of verstoringen in 
functionele connectiviteit samenhangen met verlies van expressie en amotivatie. 
Grafentheorie is een tak van de wiskunde waarmee de organisatie van netwerken in 
kaart gebracht kan worden. Het kan gebruikt worden om de organisatie van mensen in 
sociale netwerken weer te geven, maar ook voor de weergave van de organisatie van 
hersengebieden in de hersenen (zie figuur 4 in box 1). Met behulp van grafentheorie 
hebben we onderzocht of de efficiëntie van de organisatie van de hersenen bij mensen 
met schizofrenie samenhangt met de mate van verlies van expressie, amotivatie of 
negatieve symptomen. Uit de resultaten kwam geen duidelijk verband naar voren 
tussen efficiëntie en verlies van expressie, amotivatie, of van negatieve symptomen 
in het algemeen. Het lijkt er dus op dat de organisatie van de hersenen, in elk geval 
zoals we die hier in kaart gebracht hebben, niet verstoord is bij mensen met ernstigere 
negatieve symptomen.

Amotivatie door verstoring in het beloningsnetwerk van de hersenen?
In hoofdstuk 5 hebben we ons beperkt tot amotivatie en hebben we de samenwerking 
tussen hersengebieden op een andere manier in kaart gebracht. We hebben ons hierbij, 
net zoals in hoofdstuk 2 en 3, gericht op hersenprocessen die met beloningsverwerking 
te maken hebben. Daarom hebben we als uitgangspunt gekozen voor het ventrale 
tegmentum, een centraal gebied in het beloningsnetwerk van de hersenen. Vervolgens 
hebben we onderzocht of samenwerking van dit gebied met andere hersengebieden 
verminderd is bij mensen met meer amotivatie. Uit deze studie bleek dat mensen met 
meer amotivatie minder sterke samenwerking hadden tussen het ventrale tegmentum 
en een groot aantal hersengebieden dat gerelateerd is aan beloningsverwerking en de 
hogere controlefuncties van de hersenen (figuur 3, nr. 5). 

Deel III: Nog meer in detail: onderzoek naar apathie
In hoofdstuk 6 en 7 hebben we de focus gericht op apathie, een belangrijk onderdeel 
van amotivatie. Zo belangrijk zelfs, dat het ook wel gerekend wordt tot de kern van 
de negatieve symptomen. Mensen met apathie hebben de minst goede uitkomst: zij  
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hebben over het algemeen de meeste moeite met functioneren op professioneel en 
sociaal gebied en hebben de laagste kwaliteit van leven. 

Apathie komt voor bij zowel mensen met psychiatrische en neurologische stoornissen 
als bij verder gezonde mensen. In hoofdstuk 6 en 7 hebben we apathie onderzocht 
in die laatste groep. Het onderzoeken van psychiatrische symptomen die in lichtere 
vorm ook voorkomen bij gezonde mensen is erg zinvol omdat we op deze manier 
aanknopingspunten kunnen vinden voor het onderzoek in patiënten. Daarnaast kun je 
door het onderzoek te richten op gezonde mensen eventuele invloed van medicatie 
zoals antipsychotica (wat patiënten vaak gebruiken, maar gezonde mensen niet) 
en andere kenmerken die soms voorkomen bij een psychiatrische stoornis, zoals het 
wonen in een instelling of verslechterde sociale contacten, uitsluiten. Op deze manier 
kun je dus een relatief ‘pure’ vorm van apathie onderzoeken.

Apathie door minder planningsvaardigheden?
Naast beloningsgevoeligheid kunnen ook verstoringen in planningsvaardigheden 
leiden tot apathie en amotivatie. Terugkomend op het voorbeeld van het voorbereiden 
van een vakantie: je kunt heel veel zin hebben om op vakantie te gaan, maar voor je daar 
bent moet er een hoop gepland worden. Hiervoor is het nodig om je gedachteprocessen 
goed onder controle te hebben en hierin flexibel te zijn. Als het hotel van je eerste keuze 
is volgeboekt in de periode dat jij op vakantie wilt, moet je je vakantieperiode aanpassen, 
of een ander hotel kiezen. De functies die voor deze controle verantwoordelijk zijn 
noemen we executieve functies. Eén daarvan, het flexibel omgaan met het wisselen 

Box 1. Gebruik van de grafentheorie in dit proefschrift 

Figuur 4. Voorbeelden van toepassingen van grafentheorie. A: Een sociaal netwerk, weergegeven in 
een graaf. De smileys stellen personen voor en de lijnen tussen de personen geven een vriendschap 
weer. In deze graaf zijn vriendengroepen te zien (elk in een eigen kleur), waarbinnen iedereen met el-
kaar bevriend is. Doordat één persoon uit een vriendengroep weer met iemand uit een andere vrienden-
groep bevriend is, zijn de groepen ook weer met elkaar verbonden, ook al is niet iedere persoon met 
elke andere persoon in de graaf bevriend. B: Een graaf van hersengebieden, waarbij iedere stip het 
middelpunt van een hersengebied is. De lijnen geven weer welke gebieden met elkaar samenwerken. 
De indeling van de hersengebieden is vergelijkbaar met een sociaal netwerk: ook hier zijn groepen of 
subnetwerken te onderscheiden (weer aangegeven met de verschillende kleuren). Niet alle hersenge-
bieden werken met elkaar samen, maar er zijn wel hersengebieden die van meerdere netwerken deel 
uitmaken en zo de netwerken met elkaar verbinden.
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van aandacht, is onderzocht in hoofdstuk 6. 

Hiervoor hebben we 40 gezonde studenten met veel of juist weinig apathie gevraagd 
om in de MRI-scanner hun aandacht te richten op geometrische figuren die op het 
computerscherm werden aangeboden. Het figuur waarop de deelnemers hun aandacht 
moesten richten veranderde steeds. De deelnemers moesten dus flexibel omgaan met 
hun aandacht en zich steeds aanpassen aan de veranderende situatie. Wat we hebben 
gevonden is dat mensen met meer apathie hetzelfde presteerden op deze taak als 
mensen zonder apathie. Wel waren er subtiele verschillen in hersenactivatie: naarmate 
mensen meer apathie hadden, hadden ze minder activatie in een deel van de prefrontale 
cortex en het cerebellum, hersengebieden die betrokken zijn bij flexibiliteit (figuur 4, nr. 
6). Dit suggereert dat het netwerk van hersengebieden wat betrokken is bij het flexibel 
aanpassen van je gedrag aan nieuwe situaties, verstoord is bij mensen met apathie. 

Apathie door minder zelf-initiatie?
In hoofdstuk 7 hebben we zelf-initiatie onderzocht, het derde proces dat mogelijk 
verstoord is bij mensen met apathie en amotivatie. Het idee hierachter is dat, wanneer 
je het nut inziet van je actie en je weet welke stappen je hiervoor uit moet voeren, 
de laatste stap zal zijn dat je daadwerkelijk in actie moet komen. Je kunt immers zin 
hebben om op vakantie te gaan, weten hoe je je vakantie moet plannen, maar je moet 
het ook daadwerkelijk gaan uitvoeren. Er zijn aanwijzingen dat dit laatste voor mensen 
met apathie lastig is. Daarom hebben we dit proces in hoofdstuk 7 onderzocht, door 
40 gezonde studenten met veel of weinig apathie te vragen om in de MRI-scanner op 
een knopje te drukken. Hierbij konden mensen zelf bepalen welke knop ze indrukten 
en wanneer ze dat deden. Op deze manier hebben we hersenactivatie onderzocht 
op het moment waarop de deelnemers besloten in actie te komen. Tijdens de taak 
bleken mensen met meer apathie zich niet anders te gedragen dan mensen met 
minder apathie: ze wachtten even lang met drukken en wisselden de keuze voor de 
verschillende knoppen even vaak. Ook hersenactivatie die we vonden tijdens het 
uitvoeren van deze taak bleek niet gerelateerd aan de mate van apathie. Dit zou 
kunnen betekenen dat verstoringen in zelf-initiatie, in elk geval bij mensen zonder 
psychiatrische of neurologische aandoeningen, niet betrokken zijn bij het ontstaan van 
apathie.

Wat kunnen we nu met deze bevindingen?
Een belangrijke vraag is uiteraard wat het nut is van deze kennis. Ten eerste is het 
belangrijk meer te begrijpen over de hersenfuncties die verstoord zijn bij mensen met 
negatieve symptomen, om meer begrip te creëren voor mensen met deze symptomen. 
Zeker amotivatie of apathie worden nog wel eens onterecht gezien als luiheid, terwijl 
de bevindingen uit hoofdstuk 5 en 6 suggereren dat er veranderingen in hersenfuncties 
in het spel zijn  bij deze symptomen. Meer kennis over de onderliggende oorzaken kan 
daarom bijdragen aan meer begrip voor negatieve symptomen.

Daarnaast kan meer begrip van de onderliggende processen bijdragen aan de 
ontwikkeling van betere interventies voor negatieve symptomen. Hoofdstuk 2, 3, 
en 5 uit dit proefschrift bevestigen het idee dat beloningsgevoeligheid verminderd 
is bij mensen met negatieve symptomen. Dit kan een aanknopingspunt zijn voor 
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toekomstige behandelingen of trainingen die zich richten op het vergroten van 
de beloningsgevoeligheid en die daarmee hopelijk negatieve symptomen kunnen 
helpen verminderen. Ook behandelingen gericht op de biologische veranderingen bij 
negatieve symptomen kunnen baat hebben bij de bevindingen uit dit proefschrift. 
Een voorbeeld hiervan zijn behandelingen waarbij met behulp van neurostimulatie 
bepaalde hersengebieden en hersennetwerken gestimuleerd worden om negatieve 
symptomen te verminderen. De huidige bevindingen kunnen gebruikt worden om 
beter te bepalen op welke hersengebieden en hersennetwerken deze behandelingen 
zich moeten richten.

Conclusie
In dit proefschrift zijn verschillende processen onderzocht die mogelijk verband houden 
met de negatieve symptomen die bij mensen met schizofrenie voorkomen. Specifiek 
onderzocht zijn beloningsgevoeligheid en het hebben van voorpret voor positieve 
gebeurtenissen, cognitieve flexibiliteit, en zelf-initiatie , evenals de hersenactivatie 
die aan deze processen ten grondslag ligt. Daarnaast hebben we  de connectiviteit 
of samenwerking tussen hersengebieden onderzocht. Uit deze studies kunnen we 
concluderen dat hersenfuncties tijdens het verwerken van een beloning of het hebben 
van voorpret verstoord zijn bij mensen met schizofrenie en negatieve symptomen, 
net als de hersenactivatie tijdens het flexibel richten van aandacht. Deze bevindingen 
kunnen bijdragen aan meer begrip van en voor negatieve symptomen, evenals aan de 
ontwikkeling en verbetering van behandelingen voor deze symptomen.
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dankbaar voor. Dankbaar voor jou, je jokies, je steun, je vertrouwen, en je liefde. Na 
ruim 150 weekenden, zo’n 1100 telefoongesprekken, en ontelbaar veel appjes kunnen 
we nu eindelijk echt bij elkaar zijn. Ik kan niet wachten.
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