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6.1 General discussion 
In recent years, clinical neuroscience studies have increasingly been conducted 
within the Research Domain Criteria (RDoC) framework, which seek to uncover 
neurophysiological mechanisms underlying psychiatric disorders by linking 
multiple levels of specified genes, brain circuits and cognitive processing (Casey 
et al., 2013). In a similar vein, emerging transdiagnostic neuroimaging research 
has begun to identify shared brain alterations across different psychiatric 
disorders (Menon, 2011a; Sha et al., 2019). However, there are still two 
unresolved critical issues that limit the translational applicability of these 
findings. The first concerns generalizability, and the second involves specificity:  

1. Whether common cognitive processes exist, which can be linked to 
transdiagnostic brain alterations found across different conditions.  

2. Whether specific cognitive processes and their responding neural 
correlations can be identified that characterize different symptoms.  
 

As one building block for the above mentioned integration, this thesis explores 
the common and specific neurocognitive mechanisms underlying different 
symptoms (i.e. anxiety, hallucinations and apathy) both on the cognitive and 
neural levels. At the cognitive level, the focus is on prediction, given that this 
cognitive process is associated with all of these symptoms in previous studies 
(Corlett et al., 2019; Grupe & Nitschke, 2013; Raffard et al., 2013b). Multiple 
neuroimaging approaches were used, including analyses of brain activation, 
connectivity (i.e. psychophysiological interaction) and dynamic functional 
connectivity (i.e. sliding window, K-means and phase synchronization), to 
discover disruptions of common and specific brain systems across anxiety, 
hallucinations and apathy.  

 

The putative commonality and specificity of neural bases involved in prediction 
across different symptoms were investigated by linking and comparing the 
findings from four parallel studies. In Chapter 2, altered brain activation and 
connectivity during the prediction of uncertain threats in individuals with high 
trait anxiety levels were examined. In Chapter 3, disrupted interaction between 
semantic prediction and auditory perception in individuals with high auditory 
verbal hallucinations proneness was investigated, with a focus on activation and 
connectivity of the dorsal anterior cingulate cortex (dACC). As dynamic network 
analyses have provided novel temporal information of brain network 
organization associated with flexible cognitive computations (Hutchison et al., 
2013b; Shine et al., 2016), Chapter 4 focused on the dynamics of key brain 
networks during resting-state in patients with auditory verbal hallucinations, 
which may contribute to disrupted semantic prediction. In Chapter 5, the 
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prediction of affective personal events in patients with high apathy levels was 
examined by using novel phase synchronization analysis, in order to unveil 
dynamic coherence between large-scale brain networks involved in this process. 
While comparing and integrating the findings from these four studies, the focus 
was on core large-scale brain networks, including the frontal-parietal network 
(FPN), the default mode network (DMN) and the salience network (SN), as well 
as the interaction between these networks with other brain systems which may 
be more specific for unique cognitive processes associated with each symptom.  

 

6.2 Prediction and neural correlates in distinct symptoms 
In this section, the findings of Chapters 2-5 will be discussed by focusing on 
brain systems associated with the prediction process in anxiety, verbal auditory 
hallucinations and apathy.  

 

6.2.1 Prediction and anxiety 
The hypothesis of the common role of prediction across different symptoms is 
firstly inspired by the uncertainty and anticipation model of anxiety (UAMA) 
model, which hypothesizes that abnormal anticipation (i.e. prediction) prior to 
potential threats, including cognitive and affective processes, serves as the 
fundamental mechanism of anxious pathology (Grupe & Nitschke, 2013). The 
excessive anticipatory processes include increased attention to, intense 
emotional responses to, and inflated estimation of uncertain threats. These 
processes engage multiple brain regions including the temporal gyrus, emotional 
circuit (e.g. the amygdala, thalamus, insula), and medial prefrontal cortex 
(mPFC).  

 

Chapter 2 assessed the key hypothesis of the UAMA by investigating activation 
and functional connectivity during emotional anticipation tasks in relation to trait 
anxiety levels. It was found that individuals scoring higher on trait anxiety 
demonstrated altered activation and connectivity among multiple brain systems, 
which could be implicated in abnormal perception, estimation, and emotional 
reactions to potential threats. First, the activation results indicated that high 
anxiety levels were associated with increased activation in the thalamus possibly 
related to rapid emotional reaction, the dorso-medial prefrontal cortex (dmPFC) 
putatively related to estimation of potential threats and decreased activation in 
the precuneus putatively related to information integration of different brain 
regions. Second, high trait anxiety levels were linked with: (1) decreased 
dmPFC-vmPFC connectivity, which may underlie the impaired estimation of the 
cost and probability of uncertain threats; (2) increased amygdala-thalamus 
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connectivity, which may be implicated in integration of emotional information. 
These neurocognitive components may interact with each other, which together 
contribute to altered anticipation in anxiety, including: (1) increased attention 
and emotional reactions, which may facilitate the processing of aversive stimuli 
(i.e. threats), lead to an inflated estimation of uncertainty of threats; and (2) an 
experience-related estimation bias, which may result in excessive anticipatory 
attentional and emotional responses in anxious individuals. These altered neural 
interactions might originate from the amygdala-thalamus circuit and dmPFC-
vmPFC circuit (Bishop, 2007; Amit Etkin et al., 2011). The altered associative 
learning of cue-threat association contributes to an over-estimation of potential 
threats, which in turn alters amygdala-centered circuits and dmPFC-vmPFC 
connectivity and further alters emotional reactions and the computation of 
uncertain threats. From this perspective, an anxious individual builds up these 
neural pathways of anxiety similarly to how a concert pianist strengthens neural 
pathways of musicianship through hours of daily practice.  

 

In line with the hypothesis of the UAMA model, the distributed alteration of 
activation and connectivity among the amygdala, thalamus, dmPFC, vmPFC and 
precuneus was indeed discovered in Chapter 2. However, no alteration in the 
dACC, a hub in the anticipating brain networks, was found. The dmPFC, which 
has similar functions to dACC, such as emotional evaluation and reappraisal, 
may serve as the altered hotspot in the anticipation of uncertain threats. This 
statement is supported by the findings of decreased activation and connectivity 
of dmPFC in the current study. In future research, it would be advantageous to 
apply this paradigm in a longitudinal study to examine whether the dysfunction 
of amygdala-thalamus and dmPFC-vmPFC circuits can serve as a bio-signature 
to predict the development of anxiety disorders. It would also be of interest to 
use graph-theory analyses to examine how properties of large-scale brain 
networks are associated with anxiety levels during the anticipation of threats. For 
instance, do vmPFC, dmPFC and the amygdala show alteration in hub properties 
in the anticipating brain of individuals with high anxiety levels? 

 

6.2.2 Predictive processing and auditory verbal hallucinations  
Besides its role in addressing uncertain threats in anxiety, predictive processing 
may also play a critical role in hallucinations. Previous neurocognitive studies of 
auditory verbal hallucinations (AVH) have proposed that increased modulation 
of top-down prediction on bottom-up perception may underlie hallucinations 
(Behrendt, 1998; Corlett et al., 2019; Grossberg, 2000b). These studies 
consistently revealed that individuals who were more susceptible to 
hallucinations were more likely to experience false-positive perceptual events, 
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which was associated with strong expectations (Aleman et al., 2003; Aleman & 
Vercammen, 2013; Daalman et al., 2012).  Despite multiple behavioral studies 
investigating the role of prediction, the neural basis of this process in 
hallucinations remains unknown. While previous models consider the 
importance of the dACC circuit in error-based learning and self-monitoring in 
hallucinations (P. Allen et al., 2008; Jardri et al., 2011), it remains unclear how 
the dACC circuit contributes to interaction between semantic prediction and 
auditory perception in AVH.  

 

In Chapter 3, this question was examined by combining brain activation, PPI and 
a semantic prediction task. It was observed that individuals with high 
hallucination proneness demonstrated alterations in the modulation of semantic 
prediction on bottom-up perception on multiple levels of behavior, activation and 
connectivity. First, high hallucination proneness was related to lower accuracy 
in unpredictable perception. Second, individuals with high hallucination 
proneness showed decreased activation in the dACC, which is related to top-
down prediction (i.e. priors) and error-based learning. Third, these individuals 
also demonstrated increased connectivity between the dACC and the precuneus, 
which may be related to failure of the dACC in suppressing activation of the 
precuneus. This in turn, may lead to spontaneous self-processing by the 
precuneus while overshadowing the dACC-related prediction error-based 
learning.  

 

The findings are consistent with the key roles of the salience network and the 
default mode network in subserving prediction in the predictive coding model 
(Carhart-Harris & Friston, 2010). Carhart-Harris and Friston (Carhart-Harris & 
Friston, 2010) proposed a hierarchy in the brain, with the DMN at the top and 
the salience network at intermediate levels, above sensory cortices. During 
prediction, each system is trying to modulate its subordinates by optimizing 
priors to reduce prediction-errors. Patients with schizophrenia, especially with 
hallucinations, have shown alterations in the interplay between these brain 
networks (Menon, 2011a; Palaniyappan, 2012). Our study provided new 
evidence for the brain network model of disrupted predictive coding in 
psychosis, by showing altered engagement and connectivity of the dACC. The 
next step in future research could be to model prediction and learning by using 
formal reinforcement learning algorithms. Moreover, it is important to apply this 
paradigm to schizophrenia patients to compare similarities and differences 
between high-risk individuals and patients.  
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6.2.3 Dynamics of brain networks during resting-state and verbal auditory 
hallucination 
The dynamic nature of the brain during rest provides the backbone for a variety 
of flexible cognitive processes including prediction (Hutchison et al., 2013b; 
Shine et al., 2016), which may be affected by mental disorders including 
schizophrenia and depression (Damaraju et al., 2014; Kaiser et al., 2016). A 
particular characteristic of AVH is that they show dynamic fluctuations in their 
occurrence (McCarthy-Jones et al., 2014; Nayani & David, 1996). However, the 
extent to which dynamic (i.e. time-varied) interactions within and between these 
key networks contribute to AVH remains unknown.  

 

The dynamic characterization of interactions among key brain networks related 
to AVH in schizophrenia patients was investigated during resting state in Chapter 
4. It was expected that dynamic features of key brain networks such as DMN 
would be altered during rest, and that it may impose constraints on alteration of 
brain networks during prediction. The results of the dynamic connectivity 
analysis showed that AVH patients spent less time in a ‘network-antagonistic’ 
brain state. During this state, the DMN was anti-correlated to the language 
network and AVH patients had a lower probability to switch into this state. 
Importantly, AVH patients had decreased connectivity within the language 
network during the ‘network-antagonistic’ brain state. Reduced dwelling time on 
antagonism between the DMN and the language network may be related to 
dysfunction of either network, or both being less distinctive in terms of 
specialized function (Ćurčić-Blake et al., 2017b; Northoff & Qin, 2011).This is 
consistent with the ‘resting state hypothesis’ of AVH (Northoff & Qin, 2011). 
Northoff and colleagues proposed that less suppression of the DMN may 
sensitize activity in the auditory cortex and language regions, which may further 
lead to confusion between spontaneous activity and stimulus-induced activity. In 
addition, consistent with our above hypothesis, dysfunction of the DMN was 
observed both in the resting-state (Chapter 4) and the prediction task-state 
(Chapter 3), which could indicate that the alteration of the DMN may serve as a 
key feature in AVH. In future studies, it would be useful to examine how brain 
networks (e.g. the DMN) reconfigure during task state in the hallucination 
patients. This would enable building a direct association between function of 
resting-state dynamics and cognitive processes such as prediction, which are 
both involved in the development of hallucinations. 

 

6.2.4 Apathy and prediction  
Apathy is a core negative symptom of schizophrenia and associated with a 
reduced goal-directed behavior (Levy & Dubois, 2006). One could hypothesize 



Chapter 6 

General discussion 144 

that apathy may involve reductions in the ability for affective forecasting 
(D’Argembeau & Mathy, 2011a; Raffard et al., 2013b; Schacter et al., 2012), 
which serves as another type of prediction. Affective forecasting refers to the 
ability to foresee how one will feel at certain events in the near future, e.g. a 
party. The prediction can benefit goal attainment by increasing expectations of 
success and facilitating formation of concrete plans (D’Argembeau & Mathy, 
2011a). Chapter 5 examined the altered dynamic coupling of key brain networks 
in schizophrenia patients with high apathy levels,  by applying the novel phase 
synchronization (PS) approach to the fMRI data from an affective forecasting 
task.  

 

It was found that patients with high apathy levels reported less vivid imagery 
(i.e. prediction) of personal positive and neutral events in the future. In parallel, 
the synchronization of the reward network including striatum and putamen in the 
baseline was decreased in patients with high apathy levels, but the 
synchronization of the DMN-FPN including dlPFC, IPL, vmPFC and PCC 
increased during imagining positive and neutral events. Future 
thinking/prediction subserved as the core component of affective forecasting. 
Previous neuroimaging studies have reported engagement of the DMN, which is 
important for retrieving memory elements and re-combining them (Schacter et 
al., 2007, 2012). Moreover, the DMN showed positive coupling with the FPN 
during an autobiographical planning task (Spreng et al., 2012). In accordance 
with these findings, our results suggested that altered synchronization of the 
DMN-FPN may underlie disrupted future simulation (i.e. prediction) (Schacter 
et al., 2007) associated with apathy. Additionally, decreased synchronization of 
the RN during the spontaneous state of future thinking (i.e. the baseline) may be 
associated with reduced anticipatory reward. These findings are in line with a 
previous analysis, in which Servaas and colleagues used PS in resting-state fMRI 
data, and found an altered synchronization in the DMN and the salience reward 
network in patients with high apathy levels (Servaas et al., 2019). The disrupted 
prediction of affective events may specifically contribute to reduced motivation 
and planning for initiating actions given a low anticipated reward, resulting in 
apathy. Previous studies found that PS between brain regions is consistent with 
functional connectivity in a short window (8 seconds) (Glerean et al., 2012). 
(Glerean et al., 2012). In future research, simultaneous recording EEG and fMRI, 
and direct comparison of PS between EEG and fMRI, will greatly benefit the 
understanding of profound mechanisms underlying PS of fMRI, and would 
deepen the interpretation of the current findings. 
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6.3 Integrating the findings of the four studies 
In this section, the above results will be compiled and a transdiagnostic brain 
model will be proposed and discussed in relationship to other theoretical notions 
in the following three sections. First, the abovementioned findings are integrated 
and a unifying large-scale network model of disrupted prediction across different 
symptoms is proposed. Next, the models are compared with previous 
transdiagnostic brain models by highlighting two novel extensions. Finally, the 
model is contrasted with the flexible hub theory of cognitive control to propose 
disrupted common prediction/learning as essential for cognitive control. Such 
disruption may help explain well-documented deficits in general cognitive 
functions and their corresponding alterations in brain networks.  

 
Figure 1. A unifying large-scale network model and psychopathology. Notes: 
SN, salience network; FPN, fronto-parietal network; DMN, default-mode 
network; STG: superior temporal gyrus; AVH, auditory verbal hallucinations.  

 

6.3.1 A unifying large-scale network model and psychopathology 
In Figure 1, a large-scale brain network model of disrupted prediction is 
proposed, along with the responding neural correlations found in the four studies 
of this thesis. This suggests that: (1) shared alteration in core large-scale brain 
networks including the SN, the DMN and the FPN may underlie common 
disrupted prediction across anxiety, hallucination and apathy; and (2) specific 
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brain systems are relatively associated with unique cognitive components (i.e. 
threat processing in anxiety, auditory perception in AVH, motivational drive in 
apathy) which characterize distinct symptoms.  

 

6.3.1.1 Common brain networks may underpin shared prediction across different 
symptoms 

Disrupted activation and connectivity among the SN, DMN and FPN during 
prediction were commonly shown in anxiety, hallucination and apathy. First, the 
dmPFC (the SN) showed decreased connectivity with the vmPFC (the DMN) 
during the anticipation of uncertain threats in individuals with high trait anxiety. 
Second, the dACC (the SN) showed increased connectivity (i.e. switching from 
negative to positive) with the precuneus (the DMN) during interaction between 
semantic prediction and bottom-up perception in individuals with high 
hallucination proneness. Third, patients with hallucinations spent less time in a 
brain state of anti-correlation between the DMN and the language network 
during resting-state. Fourth, there was disrupted synchronization between the 
FPN and the DMN during the prediction of affective events in schizophrenia 
patients with high apathy levels. Taken together, I suggest that disrupted 
prediction subserved by core brain networks including the SN, DMN and FPN 
serve as a common neurocognitive mechanism underlying different symptoms 
including anxiety, hallucination and apathy. 

 

6.3.1.2 Specific brain systems underlie unique cognitive components for each 
symptom 

Besides the shared alteration in the core brain networks, the specific dysfunction 
of brain regions is related uniquely to cognitive processes that may be 
specifically involved in different symptoms. In particular, multiple previous 
studies have shown that altered attention to negative/threatening stimuli is 
associated with dysfunction of the amygdala and thalamus, which are apparent 
in individuals with high anxiety levels (Bishop, 2007). In Chapter 2, both 
increased activation of the thalamus and heightened connectivity between the 
amygdala and the thalamus during the anticipation of uncertain threats were 
found, which may underlie anticipatory emotional processes in anxiety. 
Furthermore, hyper-activation in the auditory and language regions has been 
found to be tightly linked to increased perception of auditory events in auditory-
verbal hallucinations (P. Allen et al., 2008). In Chapter 4, it was found that 
hallucination patients showed decreased connectivity in the language network in 
a brain state, which is characterized by anti-correlation between the DMN and 
the language. Finally, the link between disrupted activation in the striatum and 
reward processing has been widely shown as a key characteristic in apathy (Levy 
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& Dubois, 2006). In Chapter 5, a similar reduced synchronization of the reward 
network, including the striatum and the putamen, was found. Together, these 
specific neurocognitive components impose constraints on what is being 
predicted. The common and specific brain systems interact and collaborate to 
accomplish prediction in different domains. Ultimately, disruption within and 
between these two core systems may lead to distinct symptoms including 
anxiety, hallucination and apathy.  

 

6.3.1.3 The DMN is on the top of these large-scale brain networks during 
prediction 

The brain networks are hierarchically organized (X.-J. Wang, 2020). In the 
context of prediction, Carhart-Harris and Friston suggested that the DMN is 
hierarchically at the top, the SN and the FPN in the middle, and other 
sensorimotor systems at the bottom. Each system attempts to modulate its 
subordinates by optimizing predictions to reduce prediction-errors. In line with 
this model, the results across four fMRI studies have shown that the DMN was 
consistently engaged and showed disrupted connectivity with distributed brain 
networks during prediction and resting states. It can therefore be hypothesized 
that the DMN maybe exert influence over predicting brain networks.  

 

Given that the DMN plays an essential role in memory retrieval, it may couple 
with the FPN (related to task-set maintaining) to recombine elements of memory 
to accomplish future simulations (i.e. prediction), interacting with the SN 
(related to salience processing) to update priors based on prediction errors. 
Together, disrupted interaction between the DMN and other networks, which 
have essential roles in predictive processing, would contribute to different 
symptoms. Notably, the hierarchy of brain networks is highly task- and context-
dependent, while different models propose different hierarchies (Carhart-Harris 
& Friston, 2010; Cole et al., 2013; Menon, 2011a). For instance, in the Menon’s 
triple network model (Menon, 2011a), the SN is at the apex of network hierarchy 
to dynamically switch the FPN and the DMN by evaluating the internal and 
external salience. In the flexible hub model (Cole et al., 2013), the FPN is 
dynamic to reconfigure connectivity with other networks to switch task-sets. 
Moreover, recurrent connection in the high-level large-scale regions and 
common input from subcortical regions further complicates this issue. Therefore, 
it would be prescriptive to use the high time resolution approaches (i.e. 
MEG/iEEG) to clarify this question (see more details in the section of the future 
directions below).  
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6.3.2 Comparison between our model and other transdiagnostic brain 
models 
Our unifying brain model extends beyond previous brain models in two ways: 
(1) that general predictive processing shows abnormality across distinct 
symptoms by extending findings of shared alteration in salience processing in 
Menon’s model; and (2) that specific brain systems underlying the low-level 
cognitive components may characterize specific symptoms (see above). Menon 
proposed dysfunction of the SN, the CEN and the DMN across autism, anxiety 
disorders and schizophrenia. This triple network model suggests that altered 
salience processing is a common cognitive computation, and specific cognitive 
components manifest in different disorders. In particular, salience attribution 
concerns different stimuli: (1) the increased salience to threats in anxiety; (2) 
decreased salience to social cues in autism; and (3) increased salience to verbal 
auditory stimuli in AVH. However, the triple network model did not explicitly 
illustrate the neural basis of what are unique salience processes characterizing 
distinct disorders.  

 

Sha and He  (Sha et al., 2019) performed a meta-analysis and found common 
dysfunction of similar brain networks across many psychiatric disorders, 
including schizophrenia, depression and anxiety. They suggested that these 
shared brain networks may be associated with generalized cognitive deficits 
across these disorders. However, they did not interpret nor provide direct 
evidence to the key issue of how common cognitive deficits are linked to 
mechanisms of development into distinct disorders. Beyond these two models, 
the findings of this thesis suggest that disrupted prediction may serve as a key 
common cognitive mechanism across different symptoms. More specifically, our 
findings suggest that content-specific cognitive components, involved in what is 
being predicted, determine the specific nature of different symptoms.  

 

6.3.3 Common roles of prediction and cognitive control in neuropsychiatric 
disorders  
A neurocognitive architecture, consisting of common overarching processes on 
the one hand and specific compositional elements on the other, fits well with the 
concept of cognitive control (over subordinate processes) as accomplished by the 
brain. We suggest an essential role for predictive processing, as a mechanism 
contributing to the general deficit in cognitive function, which is found in many 
different disorders. This view is complementary to previous proposals, such as 
Cole et al's flexible hub theory of cognitive control (Cole et al., 2013). This 
model suggested that core cognitive control is accomplished by the high-level 
brain networks (e.g. the FPN). The specific and compositional cognitive 
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elements supported by other networks (e.g. sensorimotor) are dynamically 
integrated with the core brain networks according to task demands. Revisiting 
Menon’s triple network model, salience-based attention is essentially one type 
of cognitive control. Anxiety, autism and schizophrenia can be regarded as 
disorders of disrupted common cognitive control, and the distinct disorders are 
specified by unique cognitive components, i.e. what is being controlled (Menon, 
2011a).  

 

Notably, in our model, we proposed that predictive processing could conceivably 
be a type of cognitive control. Several lines of evidence support this statement. 
To begin with, associative learning studies have found that prediction error is 
important for allocating attention, and violation of prediction captures greater 
attention (Aston-Jones & Cohen, 2005). Alternatively stated, unexpected stimuli 
become more ‘salient’ to facilitate learning (i.e. update prediction) (Fletcher & 
Frith, 2009b; Holroyd & Coles, 2002). Next, previous models have suggested 
that altered cognitive control and attention greatly contribute to the development 
of anxiety, hallucination and apathy: (1) Bishop proposed that anxiety is 
associated with attention bias to threats (Bishop, 2007); (2) Frith  suggested that 
the relocation of attention to internal speech is significant in hallucinations 
(Fletcher & Frith, 2009b); and (3) Levy & Dubois (2006) suggested that ganglia-
frontal circuits are involved in altered cognitive control in apathy (Levy & 
Dubois, 2006).  Most importantly, the findings in this thesis provide evidence to 
suggest that prediction/error-based learning is disrupted across symptoms. 
Together, our model provides neurocognitive explanations on how alteration of 
common and specific brain networks, which are associated with prediction and 
cognitive control, can lead to distinct symptoms in different neuropsychiatric 
disorders.  
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Figure 2 The models of disrupted brain networks across psychiatric 
disorders and models of cognitive control. (A) Menon’s triple network model 
of psychopathology. It is adapted from (Menon, 2011a). (B) Disrupted functional 
architecture of brain networks across psychiatric disorders. It is adapted from 
(Sha et al., n.d.). (C) Flexible hub theory of cognitive control. It is adapted from 
(Cole et al., 2013). Notes: SN, salience network; CEN, central executive 
network; DMN, default-mode network; AI, anterior insula; ACC, anterior 
cingulate cortex; dlPFC, dorsolateral prefrontal cortex; PPC, posterior parietal 
cortex; vmPFC, ventromedial prefrontal cortex; PCC, posterior cingulate cortex; 
SMN, sensory-motor network.  

 
6.4 Future directions 
In this section, several directions are suggested and highlighted, in which the 
hypotheses in the proposed models can be more formally examined. Future 
research could further examine and extend the model at four levels: (1) latent 
cognitive processes; (2) macro-scale brain networks; (3) micro-scale neuronal 
computations; and (4) neuromodulator mechanisms. To begin with, 
standardizing experimental paradigms and data analysis is required in future 
transdiagnostic research in order to facilitate direct comparisons between 
different symptoms. On the cognitive level, formal computational modeling (i.e. 
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reinforcement learning and hierarchical Bayesian model) can be used to extract 
latent and detailed cognitive variables during prediction and learning. On the 
large-scale brain network level, novel neuroimaging technology (e.g. iEEG) can 
be employed to examine the hierarchy of brain networks during 
prediction/learning in high temporal resolution. On the micro-scale neuronal 
level, detailed neuronal models such as excitatory and inhibitory synaptic 
membrane currents (EI) balance can be used to examine whether it is linked to 
cognitive computation during prediction/learning. On the brain-wide level, we 
could examine whether neuromodulator mechanisms (i.e. dopamine and NE) 
underline the above-mentioned cognitive computation, macro and micro neural 
processing. Finally, considering the challenge and complexity of linking these 
multiple interacting levels from cognition, circuits and neurons, advanced data 
analysis approaches such as machine learning can be used to integrate findings 
from all these levels into a unified framework.  

 

6.4.1 Standardizing paradigms and data analysis pipelines across different 
symptoms 
Standardized approaches are critical for providing a direct comparison of 
dysfunction of cognitive processes and brain networks. In the current thesis, 
classical cognitive paradigms in each field of anxiety, hallucination and apathy 
have been employed, with the focus being on prediction. While this strategy has 
the advantage of being able to be directly compared with previous studies in each 
sub-field, it may impede a quantitative and formal comparison between results 
from different studies. This could be remedied by standardizing paradigms, 
computational modeling and neuroimaging data analyses in future studies. First, 
standard and well-controlled prediction paradigms should be designed, which 
own common features, including predicting, computing errors and updating 
priors. However, the paradigms should also be qualified for characterizing 
specific cognitive components related to particular symptoms, for instance, 
threats in anxiety, positive personal events in apathy, auditory perception in 
AVH. Next, unified computational models (e.g. reinforcement learning or 
hierarchical Bayesian models) can be used to decompose behavioral responses 
into latent parameters related to prediction and error-based learning, and directly 
extract and compare these parameters across different symptoms. Furthermore, 
standardized fMRI scanning sequences and data analysis pipelines should be 
used to characterize the commonality and specificity in brain activation, 
connectivity and brain networks during prediction and error-based learning 
across different symptoms. 

 

6.4.2 Formal modeling to examine the common cognitive computations (i.e. 
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prediction) across symptoms 
More formal modeling is required to construct and examine the explicit 
hypotheses of common cognitive computational mechanisms (e.g. prediction) 
underlying different symptoms in psychiatric disorders. Computational models, 
including reinforcement learning and predictive coding, are becoming powerful 
tools for guiding computational analyses of disrupted cognitive functions 
associated with psychiatric disorders (Montague et al., 2012). They have been 
proven useful in instantiating prior knowledge of underlying mechanisms, 
proposing and examining explicit hypotheses about these mechanisms in studies 
of anxiety and schizophrenia. In particular, behavioral studies of anxiety in 
animals and humans found that anticipation of uncertain threats is important for 
the development of anxiety. Emerging studies used the reinforcement learning 
model to revisit this question and found that anxiety may involve dysfunctional 
prediction and error-based learning of association between cues and outcomes 
(i.e. threats) (Bishop & Gagne, 2018). Moreover, stronger semantic predictions 
for auditory perception have been reported in the context of false positive 
inference in AVH (Aleman et al., 2003; Aleman & Vercammen, 2013; Daalman 
et al., 2012). Powers and colleagues used a predictive coding algorithm (i.e. 
hierarchical Bayesian model) to assess this hypothesis in hallucinations and 
found stronger predictions (i.e. priors) in people with hallucinations (Powers et 
al., 2017b). The next step in future research would be to use formal 
computational models (e.g. reinforcement learning and predictive coding) to 
examine common roles of prediction across different symptoms.  

 

6.4.3 Using MEG/iEEG to detect the hierarchy of brain networks in high 
temporal resolution 
In future studies, intracranial electroencephalography (iEEG) or 
Magnetoencephalography (MEG) during prediction tasks may be promising 
approaches to unveil mechanisms of information flow between these brain 
networks and whether the DMN is situated at the top of the hierarchy. How the 
hierarchy of large-scale brain networks is organized, is a complex question in 
current active research (X.-J. Wang, 2020). There are multiple recurrent neuronal 
connections between brain regions. Moreover, all regions in these networks 
receive subcortical input (i.e. from thalamus, basal ganglia and locus coeruleus 
(LC)) and are modulated by the brain-wide neuromodulators such as dopamine 
and norepinephrine (NE). MEG/iEEG has been used to examine causal 
information flow and the hierarchy of temporal interaction between brain 
networks during cognitive control, emotion processing and resting state by 
overcoming the limitations of low time resolution of fMRI. Additionally, the 
interactions between brain networks are highly dynamic and context dependent. 
For instance, the FPN was most flexible during task-set switching (Cole et al., 
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2013), the DMN was more active during tasks involving memory-based future 
stimulation (Schacter et al., 2007), while the SN was more involved in salience 
(reward)-based attention relocation (Menon & Uddin, 2010). Predication and 
error-based learning may engage all these components underlined by these core 
brain networks. One approach to examine the specific roles of each network in 
prediction is to use computational modeling to characterize specific model 
parameters related to each function. For instance, parameters of priors may be 
more related with the DMN, while parameters of error processing and error-
based learning are likely to be linked to the SN function. Parameters of task goals 
might be built by the FPN. Combining advantages of MEG/EEG and 
computational modeling has the potential to unveil the hierarchical organization 
of brain networks during predictive processing by decomposing prediction into 
detailed cognitive components.   

 

6.4.4 Linking the large-scale brain network model to neuronal 
computational models 
Neuronal computational mechanisms are directly relevant to the functions of 
neurotransmitters and can greatly inform drug-based treatments of psychiatric 
disorders. However, the current state of the fMRI field is still far from 
understanding neuronal computational mechanisms underlying different 
symptoms in psychiatric disorders. In particular, it remains unsolved how 
neurons compute and accomplish cognition, and which alterations in these 
neuronal computations are associated with behavior, cognition and symptoms 
(Murray & Wang, 2018). Currently, studies are being undertaken which focus on 
neuronal network models and recorded fMRI while patients are performing 
cognitive tasks in order to examine neuronal computation mechanisms 
associated with symptoms. For instance, excitatory and inhibitory synaptic 
membrane current (EI) balances were found to be disrupted on a neuronal 
population level in schizophrenia, autism and depression (Anticevic & Lisman, 
2017; Foss-Feig et al., 2017; Lener et al., 2017), which is associated with 
dysfunction of large-scale brain networks (e.g. default mode network) 
underlying cognitive, positive and negative symptoms. Building on the proposed 
models of common neurocognitive mechanisms (e.g. dysfunction of prediction) 
across symptoms in this thesis, the next question should be whether a common 
neuronal computation mechanism in large-scale brain networks governs the 
common disrupted prediction in different symptoms. The EI balance and N-
methyl-D-aspartate (NMDA) receptor might work as important candidates. It 
would be of interest to combine drug treatment with a computational modelling 
(neural network) approach in neuropsychiatric studies to directly examine the 
roles of the NMDA receptor and EI balance in modulating large-scale brain 
networks, leading to disrupted prediction and finally symptoms.  
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6.4.5 Neuromodulatory mechanisms of prediction  
Future research should also examine how neuromodulators contribute to the 
dysfunction of neuronal and cognitive computation (i.e. prediction) in 
psychiatric disorders. Neuromodulators, such as dopamine and norepinephrine, 
are the common basis of the brain. While they are widely distributed through the 
brain, they play specific roles in high-order functions, including cognitive 
control, working memory and decision making, as well as reward and negative 
emotion processing. Dopamine from the midbrain reaching different subcortical 
(including the striatum) and cortical regions, is strongly engaged in reward-based 
reinforcement learning and cognitive control (Buckholtz et al., 2010). 
Dysfunctions of dopamine have been proposed to be involved in anxiety, 
hallucination and apathy. NE, which is transmitted from the LC and is distributed 
throughout the brain, is important for gain-control in attention and cognitive 
control (Aston-Jones & Cohen, 2005). Disruption of LC-NE has been found in 
anxiety, hallucinations and apathy (de Mäki-Marttunen et al., 2019; Goddard et 
al., 2010). Building on these findings, it is reasonable to ascertain that 
dysfunction of dopamine/NE contributes to altered prediction, error computation 
and priors updating (Aston-Jones & Cohen, 2005; Buckholtz et al., 2010). 
Indeed, separate findings have been shown in anxiety, hallucination and apathy, 
however, few studies have examined the role of dopamine/NE across these 
symptoms to see commonality and specificity of neural computation. More 
importantly, another one key question remains unexamined: how do these 
neuromodulators interact and contribute to cognitive computation (i.e. 
prediction) associated with psychiatric symptoms? 

 

6.4.6 Multivariate machine learning model is a promising method to build 
the associations between the brain, cognition and symptoms 
From a mathematical perspective, the procedure by which the neurocognitive 
mechanisms underlying disorders is explored, essentially, is to build mapping 
functions between the brain, cognition, symptoms and disorders. Machine 
learning serves as an excellent tool to conduct this mission because it takes many 
variables into account simultaneously to predict/classify disorders and detects 
which behavioral and neural variables (features) contribute most to the prediction 
or classification (Chen et al., 2020). By focusing on cognitive processes 
associated with specific symptoms to reduce the mapping path and searching 
space, machine learning approaches can be used to efficiently explore the 
multiple dimensional and non-linear mapping functions between the brain, 
cognition and symptoms. The mapping functions can further be used to build and 
validate the detailed hypotheses, which are examined by the above-mentioned 
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formal computational models, standard behavioral tasks and neuroimaging data 
analysis pipeline. Together, all these endeavors will make it easier to detect the 
real mapping functions between the brain and symptoms in psychiatric disorders.  

 

6.5 Clinical implications 
A common neurocognitive model across symptoms in different disorders would 
greatly inform the current treatment of psychiatric symptoms by providing 
quantitative and formal mechanism-level understanding. Previous clinical 
practice uses the DSM and the ICD to diagnose mental illness into distinct 
categories based on syndromes but does not target specific symptoms or 
cognitive functions. It is a clinical concern that these categories rarely reliably 
predict treatment success and do not match findings in clinical neuroscience. To 
address these concerns, the RDoC was proposed, which suggests that cognitive 
and neuroimaging approaches should be used to detect common neural circuits 
underlying cognitive processes in psychiatric disorders. This thesis, which 
investigates common and specific neurocognitive structures, aims to contribute 
to understanding the mechanisms of how common and unique dysfunctions of 
prediction are related to developing distinct symptoms. There are two advantages 
of this model which can benefit clinical diagnosis and treatment. First, by 
focusing on key cognitive functions and their corresponding neural bases across 
specific symptoms, the mapping functions between the brain and disorders can 
be reduced. This makes it possible to target common and specific mechanisms 
and improve the feasibility of diagnoses and treatments. Secondly, and more 
importantly, this framework has great potential to be extended into (1) more basic 
mechanism levels (i.e. EI balance and neuromodulators), and (2) more 
comprehensive clinical levels (i.e. predicting symptoms by using machine 
learning), and (3) more formal computational levels (i.e. reinforcement learning 
and hierarchical Bayesian). Finally, this roadmap dovetails with the bigger 
picture of data-driven and model-based computational psychiatry (Huys et al., 
2016), which has the potential to provide solid evidence and leverage to benefit 
clinical diagnoses and treatments. Furthermore, in Chapters 3 and 4 respectively, 
hallucinations in both healthy populations and patients were examined. 
Comparing the findings across the psychiatric spectrum from high-risk to clinical 
would provide important insights into how high-risk individuals develop into 
clinical patients. For instance, a common disruption of the DMN was identified 
in this thesis which was involved in both populations, which may indicate that 
the DMN provides an important target: the high-risk period serves as a key 
window to focus on. For instance, it would be promising to use cognitive 
treatment, mediation/mindfulness, or transcranial magnetic stimulation and 
neurofeedback to normalize the DMN functions of high-risk individuals and 
prevent them from developing disorders.  
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6.6 Conclusions 
This thesis examined putatively shared neurocognitive mechanisms underlying 
different symptoms including anxiety, hallucination and apathy. To this end, 
task-state and resting-state fMRI studies were conducted across these symptoms, 
with a focus on predictive processing. During anticipation of uncertain threats, 
high anxiety individuals showed distributed alteration in brain activation 
including the dmPFC and the precuneus, and disrupted connectivity of the 
dmPFC-vmPFC and the amygdala-thalamus. During the interaction between 
semantic prediction and bottom-up perception, people with high hallucination 
proneness showed poorer performance during perception, which was associated 
with decreased activation in the dACC and increased connectivity between the 
dACC and the precuneus. During resting-state, patients with hallucinations 
dwelled less in the brain state of anti-correlation between the DMN and the 
language network, which may contribute to stronger priors and deficient error-
based learning during prediction. During the anticipation of affective events, 
patients with high levels of apathy showed decreased coupling of the reward 
network during the  spontaneous state of future thinking and increased coupling 
between the FPN and DMN during active affective forecasting, which was in 
parallel with deficits in performing vivid forecasting. In summary, by conducting 
trans-symptom fMRI studies focusing on predictive processing and brain 
systems, a hypothesis of a common neurocognitive mechanism across anxiety, 
hallucination and apathy was proposed: the predicting brain model (See Figure 
1). Core brain networks, including the SN, FPN and DMN and peripheral regions 
involved in specific cognitive elements, underlie the common prediction of 
uncertain threats in anxiety, auditory stimuli in hallucinations and motivational 
drive in apathy. This model is consistent with meta-analytic findings from 
resting-state studies and the triple network model focusing on disrupted saliency 
across psychiatric disorders. Ultimately, enhanced understanding of brain 
network organization during predictive processing underlying symptoms in 
psychiatric disorders may aid the development of more effective diagnostic and 
treatment strategies 
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