
 

 

 University of Groningen

The Predictive Brain and Psychopathology
Geng, Haiyang

DOI:
10.33612/diss.131330743

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2020

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Geng, H. (2020). The Predictive Brain and Psychopathology: Searching for the hidden links across anxiety,
hallucination and apathy. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.
https://doi.org/10.33612/diss.131330743

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://doi.org/10.33612/diss.131330743
https://research.rug.nl/en/publications/ddbd9542-b510-452a-b211-21f80e660d89
https://doi.org/10.33612/diss.131330743


	

	

 
	
	
	
	
	

	

Chapter 1 	

 

 

 

 

General introduction 
	
	
	
	 	



	

	

	
	 	



Chapter 1 

General introduction 10 

1.1 General introduction 
The term ‘predictive brain’ emphasizes the significance of “the brain always 
looks into the future”, and denotes an important concept in cognitive 
neuroscience (Bubić  et al., 2010). By ‘predictive brain’ we imply the processes 
that the brain incorporates in its use of existing knowledge/hypothesis of 
sensations to generate future states of environments and impact incoming 
sensory processing. The predictive nature of brain function has been 
demonstrated in various cognitive domains including visual processing, 
executive functions and motor processing (Pezzulo et al., 2008). Similarly, 
clinical neuroscience and psychiatric research increasingly acknowledge the 
important roles of prediction in psychopathology, such as: (1) Disrupted 
anticipatory processes of uncertain threats may contribute to anxiety (Grupe & 
Nitschke, 2013); (2) Stronger semantic expectation may increase false positive 
perception of hallucinations (Aleman et al., 2003; Aleman & Vercammen, 2013; 
Daalman et al., 2012; Powers et al., 2017a); (3) Altered ability to imagine 
affective future events may be associated with reduced goal-directed behavior of 
apathy (Raffard et al., 2013b). Collectively, these findings from cognitive 
neuroscience and clinical neuroscience converge to emphasize the essential roles 
of prediction in normal and abnormal cognitive functioning.  
 
One decade ago, the Research Domain Criteria (RDoC) framework was 
proposed to address the limitations of research based on the Diagnostic and 
Statistical Manual of Mental Disorders (DSM), including failure to consistently 
predict clinical treatments and match with basic neuroscience findings (Insel et 
al., 2010). The RDoC suggested that understanding neural circuit mechanisms 
would be a significant step forward in its ability to inform and aid diagnosis and 
treatment of psychiatric disorders. Following the RDoC, transdiagnostic 
neuroimaging studies have found that common disruption of key large-scale 
brain networks including the frontoparietal network (FPN), the default mode 
network (DMN) and the salience network (SN) were manifested widely across 
autism, anxiety disorders, and schizophrenia (Menon, 2011b; Sha et al., 2019). 
However, it still remains unsolved whether there are common cognitive 
mechanisms in relation to these shared alterations of large-scale brain networks. 
This also holds for the question of whether prediction plays a significant role in 
different disorders and symptoms.  
 
Building on these advances in cognitive and clinical neuroscience, this thesis 
exploited functional Magnetic Resonance Imaging (fMRI) measurements 
including brain activation, functional connectivity and dynamic brain networks 
(see the details in section 1.7) to examine putative common neurocognitive 
mechanisms across the prevalent symptoms of anxiety, apathy, and 
hallucinations (Corlett et al., 2019; Grupe & Nitschke, 2013; Kos et al., 2016a), 
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with an emphasis on the role of prediction. We hypothesized that involvement of 
predictive processing may be common to all three, which might be linked to a 
shared disruption of core-large-scale brain networks across anxiety, apathy and 
hallucinations. The findings from this thesis may provide new insights into 
understanding shared neurocognitive mechanisms across neuropsychiatric 
disorders and could subsequently help inform clinical diagnosis and aid the 
development of treatments.  
 
1.2 What is prediction? 
Prediction can be considered as any kind of process that incorporates information 
about the past and the present to generate possible future states of the external 
and internal environments. Distinct terms, including anticipation (Nitschke et al., 
2006, 2009), expectation (Aleman et al., 2003; Aleman & Vercammen, 2013; 
Daalman et al., 2012), and future thinking or prospection (Schacter et al., 2007, 
2012), have been used to refer to predictive processes in different studies. I will 
briefly introduce them and explain how they were used in this thesis. For a more 
detailed discussion of these concepts, please consult the review paper by Bubić  
et al. (2010). (1) Expectation describes the representations of what is predicted 
to occur in the future. For instance, in Chapter 3, semantic expectation is the 
verbal representation of what is triggered by the context of sentences. (2) The 
process of an expectation being constructed and communicated to other brain 
regions (i.e. sensory areas) is known as anticipation. Such as, in Chapter 2, 
paradigms focusing on anticipation of uncertain threats in the future are used to 
examine how ‘expectation brain regions’ interact with other regions. (3) 
While expectation and anticipation are described on relatively short timescale, 
imagination of potentially distant future events could be termed as future 
thinking or prospection on longer timescale. For example, in Chapter 5, in 
affective forecasting task, participants were asked to imagine affective personal 
events in the near future (up to one month). (4)The common term prediction 
could be used for describing the general orientation towards the future including 
a wide range of predictive processes as described above.  
 
Noteworthy, although different studies used different terms, cognitive processes 
engaged in each task used in this thesis can be conceived as a unified predictive 
process, which has been suggested by the predictive coding theory (Karl J. 
Friston & Stephan, 2007) and the review paper mentioned before (Bubić  et al., 
2010). For instance, in Chapter 2, anticipation of uncertain threats includes 
constructing the representation (i.e. expectation) of threats, and communicating  
with other emotional regions (i.e. anticipation) and future thinking in the near 
future involved by task stimuli. The same reasoning can be applied to other 
paradigms in the thesis including semantic expectation (Chapter 3) and affective 
forecasting (Chapter 5). In each chapter of the thesis, the conventional usage of 
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these terms used in previous studies was followed (occasionally exchanged with 
prediction), in order to be consistent with the literature. In the Introduction and 
Discussion of the thesis, when considering the shared neurocognitive processes 
across these predictive processes, the general term ‘prediction/predictive 
processing’ is used. 
 
1.3 A brief history of prediction  
Research on prediction has a long history. One of the first scientific proposals of 
a relationship between prediction and action dates back to the Ideomotor 
principle proposed by William James in the 19th century, which suggested that 
perception and action share common processes (James, 1890). In the 20th 
century, pioneers in the motor control field started to emphasize the close 
interplay between sensory and motor processes. For instance, the theories of 
“Efference copy” and “Corollary discharge” suggested that motor activity can 
directly influence sensory processing (Feinberg, 1978; von Holst & Mittelstaedt, 
1950). The studies of prediction were greatly inspired by von Helmholtz who 
argued that sensory systems were invoked during prediction to infer the causes 
of changes in sensory inputs (Helmholtz, 1867). Recently, one of most influential 
models of prediction is the predictive coding framework proposed by Friston 
(Friston & Stephan, 2007), which suggests that the brain, as a “Bayesian 
inference machine”, constantly builds and updates prediction of the future states 
of the environment and the body. Notably, Helmholtz’s and Friston’s theories of 
prediction emphasize the continuous exchange between incoming sensory 
and existing knowledge/hypothesis of sensations by feedback neuronal 
connections. Because ambiguity and noise are always present both in the 
environment and neural system, prior biases/ prediction are crucial for 
facilitating and optimizing current processing. However, disrupted prediction 
could make people hyper-act or hypo-act before really facing the reality, which 
may be the case for the symptoms we consider in this thesis; namely, anxiety, 
hallucinations and apathy (Grupe & Nitschke, 2013; Powers et al., 2017a; 
Raffard et al., 2013b). 
 
1.4 Neurocognitive basis of prediction  
The neural basis of prediction can be examined in two ways and will be discussed 
in the following paragraphs. First and foremost, prediction can be conceptualized 
by distinguishing ‘sources’ , ‘targets’ and communication between them (Bubić  
et al., 2010) (see Figure 2A). Next, prediction can be considered as a Bayesian 
inference, accomplished by a hierarchical and interactive organization of brain 
networks (K. Friston, 2010). These two perspectives can be integrated: within a 
bi-directional brain hierarchy, any source can be a target modulated by higher-
level sources, and any target can be a source modulating lower-level targets (see 
Figure 2B).  
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1.4.1 The ‘source and target’ predictive brain 
Prediction can be implemented by a neurocognitive system consisting of three 
key elements (Figure 1 & 2A): (1) Sources, certain brain regions that generate 
expectations and send bias signals; (2) targets, brain regions which are modulated 
by sources; (3) communication between sources and targets. These three 
elements interact during various cognitive and emotional predictive processes. 
Primarily, sensomotor cortices including visual, auditory and motor regions 
generally serve as targets in predictive processing (Brunia, 1999; González et al., 
2004). Several high-order brain regions may serve as the sources including: (1) 
The orbitofrontal cortex (OFC) formulates expectations about incoming sensory 
objects (Summerfield & Koechlin, 2008). (2) The supplementary motor area and 
the anterior cingulate cortex (ACC) initiate the preparation for perception 
(Gómez González et al., 2004). (3) The dorsolateral prefrontal cortex (dlPFC) 
and the inferior parietal lobule (IPL) sustain the activation of the target sensory 
or motor cortices (Brunia, 1999; Gómez González et al., 2004).  (4) The 
ventromedial prefrontal cortex (vmPFC), the posterior cingulate cortex 
(PCC)/precuneus, the medial temporal regions (i.e. hippocampus) recall stored 
memory elements to think the future (Schacter et al., 2007, 2012). Moreover, 
subcortical and para-limbic regions might be engaged in reward and negative 
emotional anticipation: (1) The basal ganglia (e.g. the ventral striatum) are 
important for reward prediction (Gu et al., 2019). (2) The amygdala, the insula 
and the anterior cingulate cortex are implicated in anticipating negative 
emotional stimuli (Grupe & Nitschke, 2013). Finally, the communication 
between targets and sources can be accomplished through changes in the brain’s 
oscillatory activity. They include increases in phase synchronization of neuronal 
populations in the source regions and increased effective synaptic gain of 
neurons in the target regions (Liang et al., 2002; Summerfield & Koechlin, 
2008).  

 
Figure 1. The predictive brain.  Notes: dlPFC, dorsolateral prefrontal cortex; 
IPL, inferior posterior parietal lobe; AI, anterior insula; dmPFC, dorsomedial 
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prefrontal cortex; vmPFC, ventromedial prefrontal cortex; ACC, anterior 
cingulate cortex; PCC, posterior cingulate cortex. 
 
1.4.2 The hierarchical predictive brain 
Prediction is not restricted to two levels of source and target but occurs across 
multiple levels of hierarchies (Friston, 2010) (see Figure 2B). Top-down 
prediction biases (i.e. through cortical feedback connections) are communicated 
with bottom-up error signals (i.e. through cortical feedforward connections) to 
update priors and accomplish inference in the ‘hierarchical brain’. In particular, 
Carhart-Harris and Friston (Carhart-Harris & Friston, 2010) proposed that the 
brain is hierarchical, with the DMN at the top and the SN and the FPN at 
intermediate levels, above sensory cortices. During prediction, each system is 
trying to modulate its subordinates by optimizing predictions to reduce 
prediction-errors. Recurrent information transmission and reciprocity of 
excitation/inhibition between these systems result in self-organized stable 
(balanced) activation patterns to enable efficient prediction, perception and error-
based learning. Disrupted balance between brain networks may contribute to the 
development of psychiatric disorders such as schizophrenia (Menon, 2011b; 
Palaniyappan, 2012).   

 
Figure 2. Brain models of prediction. Notes: dlPFC, dorsolateral prefrontal 
cortex; IPL, inferior posterior parietal lobe; vmPFC, ventromedial prefrontal 
cortex; PCC, posterior cingulate cortex. Colors mark regions involved in 
different processes: cognition (blue), emotion (red), reward (yellow). 
	
1.5 Shared brain network mechanisms across different psychiatric disorders 
Current neuroimaging findings point toward common neural alterations across 
different psychiatric disorders. Building on brain activation and connectivity 
evidence, Menon summarized and compared the dysfunction of the SN, the FPN 
and the DMN across different mental disorders including schizophrenia, anxiety, 
and autism (Menon, 2011b). The results suggested that disrupted interactions 
among these three networks are linked to the inappropriate assignment of 
saliency to external stimuli or internal mental events: (1) hyper-salience to 
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emotional events in anxiety; (2) hypo-salience to social cues in autism, and (3) 
hyper-saliency to internal speech in hallucinations in schizophrenia. In line with 
Menon’s transdiagnostic brain network model, a review study focusing on 
human connectome proposed that disruption in the large-scale brain’s network 
properties (i.e. the altered balance between network segmentation and integration) 
plays a common role in a wide range of psychiatric disorders (van den Heuvel & 
Sporns, 2019). These ‘common brain network’ models have indeed been 
supported by a trans-diagnostic neuroimaging meta-analysis study, which 
summarized functional connectivity evidence from over 100 experimental fMRI 
studies of 8 different psychiatric disorders, including schizophrenia and anxiety 
disorders (Sha et al., 2019). This meta-analysis found that the SN, the DMN, and 
FPN exhibit similar alterations in functional connectivity architecture (e.g. 
increased connectivity in the SN, reduced connectivity between the SN and the 
FPN as well as the DMN) across different psychiatric disorders. However, it 
remains unclear whether there are common cognitive processes linked to shared 
neurological architectures across different symptoms and disorders and whether 
predictive processing could play this role. 
 
1.6 Prediction and its relation to psychopathology 
Prediction has been advocated to be pivotal for human behavior, as it may be 
part and parcel of many cognitive (e.g. sensory processing, attention and motor) 
(Bubić et al., 2010) and emotional processes (e.g. anticipation of threats and 
reward) (Grupe & Nitschke, 2013; Gu et al., 2019). Prediction may serve as a 
significant candidate for a common cognitive computation, and may be altered 
across different symptoms and disorders. I will briefly address its possible 
involvement in anxiety, hallucination and apathy. 
 
1.6.1 Anxiety and prediction   
Anxiety is defined as an emotional state that includes feelings of apprehension, 
tension, nervousness and worry, accompanied by physiological arousal 
(Spielberger, 2010). One of the fundamental properties of anxiety is its 
association with the anticipation of uncertain threats. Anxiety can be considered 
as the ensemble of multiple sustained, diffused and anticipatory cognitive and 
emotional responses to potential negative outcomes, including disrupted 
estimates of (i.e. probability and cost) and heightened feelings (Grupe & 
Nitschke, 2013). The anticipation model of anxiety (Grupe & Nitschke, 2013) 
proposed that multiple brain systems involved in anticipation of uncertain threats: 
(1) The dorsomedial prefrontal cortex and the orbitofrontal cortex estimate value 
of threats. (2) The insula and the amygdala invoke anticipatory emotional 
responses. (3) The dACC integrates information from these regions to trigger 
response. However, no experimental study has directly investigated the putative 
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association between neural processing during anticipation of uncertain threats 
and trait anxiety levels. In Chapter 2, this issue was examined by using brain 
activation and Psychophysiological Interaction (PPI) analysis.  
 
1.6.2 Hallucinations and prediction 
Hallucinations are sensory experiences which occur without external simulation 
of the relevant sensory organ but have a sufficient sense of reality for a veridical 
perception in absence of subjective feelings of voluntary control (David, 2004). 
Stronger prediction of auditory stimuli has been widely found to contribute to 
the production of auditory verbal hallucinations. Two decades ago, Grossberg 
proposed that top-down expectations may sensitize target sensory cortex to 
facilitate processes of expectation-matched sensory information (Grossberg, 
2000a). He hypothesized that excessive priming of expectations without 
volitional control would facilitate emergence of hallucinations. Another 
approach that emphasizes the role of top-down effects was advanced by Behrendt 
& Young (2004), who suggested that hallucinations are ‘underconstrained’ 
perceptions, resulting from a lack of constraining influence from bottom-up 
processing (information coming through the senses) and hence, top-down 
influences override the impact of sensory input. In compliance with this, a series 
of experimental studies from our group revealed that subjects with high 
hallucination proneness were more likely to produce stronger semantic 
expectations as compared to subjects with low hallucination proneness. This 
stronger expectation was related to a higher proportion of false-positive inference 
of auditory verbal perception (Aleman et al., 2003; Aleman & Vercammen, 2013; 
Daalman et al., 2012). Bayesian theories of perceptional inference propose that 
priors and sensory inputs are compared, and a mismatch (i.e. prediction errors) 
between them contributes to belief updating. Following this line of reasoning, 
hallucinations could occur when prior beliefs are overweighed relative to 
incoming sensory information (Corlett et al., 2019; Fletcher & Frith, 2009a). In 
spite of multiple behavioral and modeling studies working on the influence of 
top-down prediction on bottom-up perception, the neural basis of this interaction 
in relation to hallucinations remains unknown. Altered processing in dACC has 
been suggested to contribute to altered self-monitoring in hallucinations (Allen 
et al., 2007). Cognitive control and reinforcement learning studies have found 
that dACC is involved in attentional control, error-based learning and belief 
updating (Botvinick et al., 2004). Therefore, in Chapter 3, a semantic expectation 
task and fMRI were used to examine brain activation and connectivity of dACC 
during this interaction in order to determine whether this would be related to 
susceptibility to hallucinations.  
 
1.6.3 Hallucinations and dynamics of brain networks during resting-state  
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Currently, there are over 60 studies reporting alterations in functional and 
anatomical connectivity in schizophrenia patients with Auditory Verbal 
Hallucinations (AVH) (Ćurčić-Blake et al., 2017a). These involve a diversity of 
findings, including connectivity between areas involved in auditory perception, 
language, emotion, memory and top-down control (Jardri et al., 2011; Rotarska-
Jagiela et al., 2010; Zhang et al., 2018; Zmigrod et al., 2016). Dynamic changes 
in interactions within and between brain networks in schizophrenia patients have 
been examined (Damaraju et al., 2014; Du et al., 2016; Su et al., 2016). However, 
it still remains unclear what dynamic changes may be specific for  AVH. This is 
of special interest as it may help explain why AVH have a fluctuating nature. 
Additionally, dynamic changes of activity and network connectivity during 
resting-state may have a functionally significant effect on cognitive processing 
and behavior, such as prediction in hallucinations (He, 2018). Building on this 
hypothesis, Chapter 4 examined whether the resting-state dynamics of key brain 
networks differed between patients with and without hallucinations.  
 
1.6.4 Apathy and prediction 
Apathy is a behavioral syndrome characterized by a quantitative reduction of 
goal-directed behaviors (Levy & Dubois, 2006), which serves as one of the most 
central features of negative symptoms, with detrimental functional outcome 
(Aleman, 2014). It has been found that altered ability to imagine affective future 
events, a complex adaptive process that relies heavily on adequate executive 
control (Spreng et al., 2010a), memory functioning (Schacter et al., 2007), and 
reward anticipation (Husain & Roiser, 2018; Raffard et al., 2013b), was 
associated with high levels of apathy in schizophrenia (Raffard et al., 2013b). At 
the neural level, the fronto-parietal network (FPN), the default-mode network 
(DMN) and the reward network (RN) have been reported to be altered in 
schizophrenia patients during working memory tasks, resting-state and monetary 
incentive delay tasks. These alterations in the three brain networks may 
contribute to diminished cognitive functions such as executive control and 
abstract thinking (de Leeuw et al., 2015; Esslinger et al., 2012; Grimm et al., 
2014; Mucci et al., 2015) and reduced reward anticipation (Bluhm et al., 2007; 
Broyd et al., 2009; Camchong et al., 2011; Kim et al., 2003; Repovs & Barch, 
2012). However, it remains unclear whether neural processing of these networks 
including the FPN, the DMN and the RN during imagining affective future 
events may contribute to apathy in schizophrenia patients. In Chapter 5, this issue 
was examined by using an affective forecasting task and a novel phase 
synchronization analysis of brain networks in schizophrenia patients with apathy.  
 
1.7 Neuroimaging technologies and methodologies	
The Research Domain Criteria (RDoC) framework has suggested that 
neuroimaging approaches can aid understanding neural mechanisms of disrupted 
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cognitive processes in psychiatric disorders (Insel et al., 2010). Functional 
neuroimaging measures including brain activation, functional connectivity and 
dynamics of brain networks during cognitive tasks hold great promise to examine 
neurobiological dysfunctions and provide insight into neurocognitive 
mechanisms of psychiatric disorders. Taking advantage of these techniques, this 
thesis examined neurocognitive mechanisms of dysfunction of prediction in 
different symptoms (i.e. anxiety, hallucination and apathy) by combining 
cognitive tasks and multiple functional imaging approaches.  
 
1.7.1 Magnetic resonance imaging  
Magnetic resonance imaging (MRI) is a safe, noninvasive imaging technology 
wherein a radiofrequency (RF) pulse perturbs the orientation of hydrogen 
protons in a magnetic field. Based on the fact that different brain tissues have 
different properties in absorbing and releasing energy after perturbation of RF 
pulse, three-dimensional images of the brain are constructed (Huettel et al., 2009). 
A blood oxygenation level-dependent (BOLD) functional MRI is reversed to 
calculate brain activation signals by exploiting the fact that hemoglobin has 
different magnetic properties in its oxygenated (i.e. diamagnetic) and 
deoxygenated (i.e. paramagnetic) forms (Poldrack et al., 2011). The resulting 
activation signals are used to determine the fluctuation of  activation, functional 
connectivity and the dynamic of brain networks when participants are engaged 
in different cognitive activities, such as perceiving visual stimuli, memorizing 
and making movements and during resting-state (Poldrack et al., 2011). These 
neuroimaging approaches have been found to be extremely helpful when 
examining neurocognitive mechanisms underlying symptoms in psychiatric 
disorders including anxiety, hallucination and apathy (Allen et al., 2008; Grupe 
& Nitschke, 2013; Kos et al., 2016a).  
 
1.7.2 Brain activation analyses  
Brain activation analyses have widely been used in cognitive neuroscience to 
examine altered cognitive processing, which may underlie symptoms of 
neuropsychiatric disorders. For instance, (1) It has been found that increased 
amygdala activation was associated with attention bias toward threats in anxiety 
disorders (Bishop, 2007). (2) False positive perception in auditory verbal 
hallucinations has also been found to be attributed to hyperactivation in superior 
temporal gyrus (Jardri et al., 2011). (3) Altered activation in the striatum was 
associated with reduced reward processing in apathy (Kos et al., 2016a). 
Together, the combination of brain activation analyses and cognitive tasks serves 
as a promising means to explore neurocognitive mechanisms underpinning 
neuropsychiatric disorders. In Chapter 2 and 3, brain activation analyses were 
used to investigate dysfunction of local brain engagement during prediction in 
relation to anxiety and hallucination respectively.  
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1.7.3 Functional connectivity analyses 
Connectivity approaches, including resting-state and task-state functional 
connectivity, explore interactions or covariance between brain regions (Biswal 
et al., 1995). Resting-state functional connectivity (rsFC) examines intrinsic 
correlation (e.g. Pearson correlation) between brain activation signals while 
participants are in a resting state, without any cognitive manipulation (Raichle, 
2015). Task-state connectivity may be quantified by Psychophysiological 
Interaction (PPI), which identifies brain regions whose activity depends on an 
interaction between psychological context (i.e. cognitive tasks) and 
physiological state (i.e. the time course of brain activity) of the seed region 
(McLaren et al., 2012). It has been found that disruptions of functional networks 
both during resting-state and task-state can be characteristic of neuropsychiatry 
disorders, such as anxiety disorders and schizophrenia (Menon, 2011b). 
Therefore, PPI was used to examine how functional connectivity of key brain 
regions was disrupted during anticipation of uncertain threats in anxiety (Chapter 
2) and during interaction between semantic expectation and auditory perception 
in hallucinations (Chapter 3).  
 
1.7.4 Dynamic functional connectivity analyses 
While the human brain consists of a relatively fixed structure, it exhibits highly 
dynamic functional activity and connectivity (Hutchison et al., 2013b). It is this 
dynamic nature of the brain that provides the backbone for a variety of complex 
and flexible cognitive processes (Shine et al., 2016), which have been found to 
be altered or abnormal in mental disorders (Damaraju et al., 2014; Kaiser et al., 
2016). While static functional connectivity identifies correlations between 
average time courses between brain regions for the entirety of the scanning 
period, dynamic connectivity analysis takes temporal fluctuations into account. 
This is usually done by calculating the variability of functional connectivity over 
time using methods such as sliding window and k-means (Allen et al., 2014) or 
phase synchronization (Glerean et al., 2012). Dynamic functional connectivity 
has two core advantages over static connectivity in investigating the neural 
mechanisms that underpin symptoms of neurological disorders : 1) it provides 
more information about various aspects of brain connectivity (Rashid et al., 
2016); and 2) it investigates high-order statistics of brain dynamics (dwelling and 
switching probability in sliding window approach (Allen et al., 2014), 
instantaneous synchronization in single-TR (Gonzalez-Castillo et al., 2015)). 
These measurements are useful in examining the fluctuation of cognitive 
processes that may underlie symptoms that are also dynamic in nature (i.e. 
hallucinations and apathy) (Kindler et al., 2011; Lefebvre et al., 2016; Nayani & 
David, 1996). Therefore, these dynamic connectivity approaches were used to 
examine dynamic interaction among brain networks during resting-state in 
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schizophrenia patients with hallucinations (Chapter 3) and during imagining 
affective future events (Chapter 4) in schizophrenia patients with high apathy 
levels respectively.  
 
1.8 Thesis outline 
This thesis aims to investigate the putative neural mechanisms of altered 
prediction processes across different symptoms - including anxiety, 
hallucinations and apathy - by using resting-state and task-state fMRI. In Chapter 
2, we examine how neural processing during the prediction of negative emotional 
stimuli is related to anxiety. In Chapter 3, we investigate how semantic prediction 
interacts with the bottom-up perception of auditory stimuli and the extent to 
which the alteration of interaction between semantic prediction and perception 
is associated with susceptibility to hallucinations. In Chapter 4, we explore 
dynamic interactions between brain networks during resting-state which might 
be involved in top-down prediction and bottom-up perception in hallucinations. 
In Chapter 5, we focus on the putatively altered dynamic interactions between 
brain networks, during the prediction of positive and neutral events (i.e., 
affective forecasting) in patients with schizophrenia with high levels of apathy. 
In Chapter 6, a summary and conclusion for the thesis are provided. I propose a 
common predictive brain model across neuropsychiatric disorders, with a general 
discussion of the findings and suggestions for future research.  
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