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The aim of this thesis was to gain further insight into brain functions that represent 

the occurrence of verbal auditory hallucinations (VAH). In this chapter, the main 

findings are summarized and methodological issues related to the study of VAH using 

functional MRI are addressed. Then, after a general discussion on VAH studies, some 

recommendations are made for future research.

1.	 MaiN	fiNdiNgS

Chapter 2 describes the presentation of VAH in a single patient, highlighting the diag-

nostic and co-morbidity issues involved. Functional MRI (fMRI) revealed activation of 

the primary auditory cortex, speech areas (Broca, Broca’s homologue and Wernicke), 

basal ganglia, anterior cingulate gyrus and dorsolateral prefrontal cortex; these results 

are in line with earlier studies (for a meta-analysis see Jardri et al. 1). In this particu-

lar patient, VAH were in full remission after treatment with repetitive transcranial 

magnetic stimulation directed at Wernicke’s area, together with remission of a range 

of metamorphopsia and depressive symptoms. Although current knowledge on the 

pathophysiology of VAH on a neural level is still at an early stage, the studies presented 

here show the potential of fMRI to guide novel treatment. These studies also indicate 

that the brain is an integrated network within which local influence can spread across 

different brain functions.

The study in Chapter 3 investigated whether neurophysiological differences exist 

between internal VAH and external VAH. This is highly relevant, because the clini-

cal tradition generally considers internal VAH to be less pathological and atypical for 

psychotic disorders. According to this tradition, internal VAH are often referred to 

as ‘pseudohallucinations’ 2. Our hypothesis is that the difference between internally 

perceived versus externally perceived VAH is limited to additional activation in the 

auditory ‘where’ pathway, i.e. a network of brain regions dedicated to locating sounds 

in our environment 3. Results from fMRI show increased activation of the right-sided 

medial frontal gyrus and the left-sided planum temporale in persons experiencing 

external VAH. This indicates that the ‘where’ pathway could indeed play a substantial 

role in the projection of hallucinated voices into external space. Correspondingly, 

internal VAH are neurophysiologically distinguished from external VAH by their lack 

of activity within the ‘where’ pathway. Considering that a small amount of auxiliary 

activation can explain the difference between internal and external VAH, we suggest 

that caution is required when applying the term ‘pseudohallucinations’. This recom-

mendation is in line with clinical studies reporting that there is no evidence for a 

differential impact or effect in patients experiencing either internal or external VAH 4.
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Chapter 4 steps back from the phenomenological level of studying VAH. The 

increasing amount of research on schizophrenia and psychotic symptoms has identi-

fied a range of factors suggested to be causal to the psychotic state. Although these 

explorative studies are highly valuable (providing data on, amongst others, genetics, 

neurodevelopmental trauma, altered brain connectivity, and/or social factors) they 

should be viewed within a larger context. In our work, an integrative model is proposed 

for psychosis based on network theory. This model states that the human brain is a 

‘scale-free’ structure in which the multilevel and (complex structural/functional) orga-

nization contributes to the formation of hallucinations. Within the scale-free biological 

network, functional brain dysconnectivity is viewed as an intermediary scale level, 

under reciprocal influence from microlevel and macrolevel states. This ‘integrated 

network model of psychotic symptoms’ (INMOPS) is described, together with various 

possibilities for its application in clinical practice.

Based on our INMOPS theory (Chapter 4), an exploratory study was conducted in 

Chapter 5 to investigate the occurrence of VAH from the perspective of the multilevel 

and complex (functional) organization of the human brain. The aim was to develop a 

mechanistic account of the way in which the interaction of multiple functional net-

works leads to VAH in schizophrenia spectrum disorder. Our used ‘model-free’ method 

was compared to the draining of a pond to lay bare its entire ecosystem, instead of 

fishing with a matched spinner for one fish. An Independent Component Analysis 

(ICA) of fMRI data was performed for a large group of persons experiencing frequent 

VAH, decomposing the overall general function of the brain of these patients into a set 

of constituent functional subnetworks. The interaction between these functional net-

works was further studied using network analysis to estimate the flow of activity in the 

brain circuits that subserve VAH. Firstly, it was found that our rigorous procedure for 

denoising the data in combination with ICA, decomposed the data into a fine-grained 

system of 98 functional networks in which 7 higher-level modules could be identified 

mathematically. These modules constituted plausible functional networks which, in 

an unsupervised layout produced by a force-directed orientation algorithm, neatly 

positioned themselves according to global brain anatomy. These so-called large-scale 

networks of the brain, i.e. default mode network (DMN), central executive network 

(CEN), and salience network (SN), decomposed into several subunits, each with their 

own interaction profiles and degrees of correspondence with hallucinatory activity as 

reported by the patients. These findings show that the commonly reported large-scale 

networks should not only be studied in their entirety, but also that their constituent 

parts serve important subfunctions that contribute differentially to the global psychotic 

phenotype. These results also fit our INMOPS theory, by showing that multiple levels 

of (functional) organization indeed contribute to the formation of hallucinations. In-

terestingly, several subparts of the global cerebellar network contributed differentially 
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to the experience of VAH, indicating a more complex pathogenesis of VAH than previ-

ously thought. The functional networks showing the most direct involvement with 

VAH experience were the bilateral anterior cingulate cortex, the right anterior insula, 

the cerebellum, and the homologue of Broca’s area. Based on the causal structure 

of their mutual connections, we hypothesize that the right-sided insula and Broca’s 

homologue are responsible for the production of preconscious linguistic constructs 

(‘error’) to which superfluous importance is assigned by the salience network, produc-

ing a conscious experience that matches this disproportionately high level of salience.

2.	 METhOdOlOgiCal	CONSidEraTiONS

In each of the individual studies, the specific methodological strengths and limitations 

are addressed. Here, we discuss the process of studying hallucinations using fMRI in 

general, as well as aspects found to be methodologically challenging during the per-

formance of these studies. Starting from its development in the early 1990s, fMRI has 

provided the main body of neuroscience data. The first decades of fMRI revealed the 

unique potential of fMRI to unravel the processes involved in the workings of the brain 

and mental disorders. Gradually, improvements in scanning technology, image acquisi-

tion and statistical methods enhanced the level of detail and signal-to-noise ratio, and 

further increased the capabilities of fMRI. Thus, fMRI contributes to revealing the 

neuronal mechanisms of cognitive processes by means of a coarse mapping of the dif-

ferent functional modules and their interactions, which allows to formulate additional 

hypotheses. VAH studies based on fMRI can support one another as well as reveal 

inconsistencies and discrepancies 5. Although this may be inevitable for a relatively 

young field of research, it also implies that proper analysis is required of the methods 

used.

The following methodological items are discussed: 1) fMRI as a measure for brain 

activity, 2) noise in fMRI data, 3) the appropriate scale level of study, 4) top-down and 

bottom-up study design, 5) ‘state‘ and ‘trait’ studies, 6) inference of brain function, and 

7) group-wise analysis of VAH.

1. BOLD fMRI provides an indirect measure of neuronal activity dependent on blood 

flow in microvasculature. Although methodological studies have confirmed the 

strong correlation between neural activity and fMRI responses, they also show that 

the signal is dependent on the type of neuronal activation and that the BOLD fMRI 

signal can be lagged with different time frames in different parts of the cortex 6-8. 

This warrants the use of other neurofunctional techniques, such as EEG, MEG 

and electrode recordings, to test for fMRI-derived hypotheses. It is also important 

to acknowledge that the spatial unit of volume used in fMRI, the voxel, represents 
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neuronal mass action. Most fMRI experiments have a voxel size of no less than 1 

mm3 and, together, about 1,200,000 voxels make up the complete volume of the 

brain. The most accurate count of neurons in the human brain reports 8.6x10^10 

neurons 9. Thus, each voxel represents an estimated 72,000 neurons and relative 

activation or deactivation of the voxel represents a summary account. If there is a 

need to acquire a higher resolution to match the studied scale level of information 

processing, some technological advancement (e.g. magnetic field strength) can be 

beneficial, but will increase the computational efforts and noise.

2. The signal in the fMRI data derived from neuronal activation is accompanied by a 

considerable body of noise. In all fMRI studies, an attempt is made to statistically 

control for this interference, or to filter out noise. This type of noise originates 

from bodily functions such as cardiac/respiratory actions, head movements, and 

scanning artefacts. Random noise will reduce statistical power. However, when 

signal displacements are correlated with a stimulus such as balloon presses (i.e. 

contracting a muscle in the neck area and subsequent head displacement due to 

squeezing of the hand) they can result in both false-positive and false-negative re-

sults. Because no standardized approach to clean up fMRI time series is available 10 

this has a negative impact on the interchangeability and comparability of results 

from similar studies. Chapter 5 describes the use of supervised learning algorithms 

to extract noise. By performing a preliminary ICA, noise components can be identi-

fied and subtracted from the data per individual. In our study, ICA performed on 

the cleaned-up fMRI time series led to a vast increase in the number of identified 

functional components of the brain, emphasizing that increasing the signal-to-noise 

ratio provides a more detailed view of brain function.

3. When studying a phenomenon such as VAH, it is important to be aware of the 

scale level of the instruments used. The hierarchical modular structure of the brain 

has been well established 11-13. Large-scale functional networks spread across the 

brain and consist of increasingly smaller functional units localized in brain regions, 

neural columns and collections of neurons. At highest capacity, fMRI can capture 

the dynamics at the level of millimeters and several seconds, e.g. relatively slow 

processes in collections of neural columns or brain areas. fMRI attempts to find the 

correct functional decomposition on this scale level, and then model its organiza-

tion. The organization of the biological network at smaller or larger scale levels 

requires additional equipment e.g. microscopes, electrode recordings, EEG, and 

interviews and/or behavioral observations. Additionally, it is emphasized that the 

functions of the brain cannot be attributed to specific brain regions irrespective of 

their interaction with other brain regions and functional networks, as functional 

networks can only perform within a ‘unified mind’. Chapter 4 reviews how an inte-

grated model of the brain across scale levels can be built-up using the mathematical 
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framework for network science, and shows that this also allows to integrate the 

social factors that also play a role in the occurrence of VAH.

4. Similar to the top-down and bottom-up processes in the brain, the investigation 

of research data is done using top-down and bottom-up approaches 14. In a top-

down study design on hallucinations, researchers decide on the neuropsychological 

dysfunctions that they will look for before they start the analysis, thereby giving 

robust statistic power. However, this carries the risk of simply validating or discard-

ing the hypothesis, while potentially missing valuable information present in the 

data and failing to gain a more comprehensive overview of hallucinations. In a 

bottom-up study design the aim is to apply a minimum of a priori assumptions and 

structurally explore the data. While being inclusive, this design carries the risk 

of being overtly inductive in associating the measured biology with hallucinations 

and has less discriminative power. In practice, each study will have a top-down or 

bottom-up starting point, but will generally apply both approaches to some extent. 

For our study in Chapter 5, a mainly bottom-up approach was applied. It is pos-

sible that a better balance between the diverging and converging forces might have 

improved the accuracy of the results. In studies by Maniolu et al. and Leroy et al. a 

more or less similar study approach has been used, however they clearly differ in 

an earlier selection of the components-of-interest active in the brain (the functional 

networks) 15, 16. Thus, by reducing the state space of possible outcomes, these stud-

ies have the potential to provide more accurate findings.

5. During VAH, the performance of the brain is examined globally by either ’state’ 

or ‘trait’ studies. State studies investigate the processes of the brain directly be-

fore and during the state of experiencing hallucinations. Trait studies investigate 

subject-related properties or ‘traits’ of being vulnerable to or having the necessary 

preconditions for experiencing VAH. Conversely, trait differences could signify 

cognitive adaptations to the frequent state of experiencing VAH. This thesis deals 

with the state of hallucinating, i.e. the experience of having VAH and its symp-

toms (Chapter 1 and 2), and the ‘acute’ or state-level pathophysiological processes 

directly before and after the occurrence of VAH (Chapter 5). It is important that 

modeling the pathophysiology of VAH deals with both the more static and more 

dynamic influences and (ultimately) each with their own possible approaches for 

intervening in the occurrence of VAH. The trait deficit of hallucinating can often 

be investigated by contrasting the activation patterns of psychotic individuals with 

frequent VAH, with those of psychotic persons reporting little or no VAH. This can 

be done during the resting state, or while presenting control persons with auditory 

stimuli that somehow match the psychotic experiences of patients. Additional traits 

that predispose to VAH can be examined by contrasting hallucinating persons and 

non-(frequent) hallucinating individuals while performing hypothesis-based cogni-
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tive tasks, such as speech monitoring. For example, Kuhn and Gallinat 17 performed 

a meta-analysis on state and trait fMRI studies and concluded that, in state studies, 

the inferior frontal gyrus, postcentral regions and parietal operculum were the most 

strongly associated with VAH. In contrast, trait studies of VAH revealed more as-

sociations with increased activation of middle temporal gyrus, anterior cingulate 

cortex, premotor cortex and superior temporal gyrus.

6. Drawing inferences about brain functions from BOLD fMRI time series requires 

considerable caution, similar to when studying the experience of VAH. Activation 

or deactivation of a brain region could relate to a neural function mediating the 

symptom, or a process modulating the apprehension of a percept, or perhaps a sec-

ondary emotional or behavioral response. Narrowly designing a control condition 

for persons to experience VAH can minimize the risk of subjective inference, but 

requires making specific assumptions about the nature of VAH (see point 4). In 

Chapter 5 we attempted to partially overcome this issue by assessing functional 

networks active in the whole brain and studying their dynamic interactions. A 

comprehensive view on the neurofunctional circuits that make up VAH, including 

the direction of influence, can help elucidate the function of their subparts 4. Fur-

thermore, if primarily interested in designing an optimal intervention to circum-

vent the occurrence of VAH, the use of a control group to describe the pathological 

process that distinguish illness from a healthy state is less relevant. Acquiring a 

mechanistic account of VAH (as proposed in Chapter 5) is sufficient to guide where 

to effectively intervene in the circuits underlying VAH.

7. Lastly, it should be taken into account that not all VAH are the same in all individu-

als under study. Phenotypically, they may differ in characteristics such as loudness, 

attributions, and emotional valence. However, more importantly, it remains debat-

able as to what extent the range of VAH experienced by studied persons has a 

shared pathophysiology. In fact a final common pathway 18, a commonly shared and 

crucial pathophysiological factor in the occurrence of VAH, might not be present. 

Although studies on group level can generate some hypotheses, when designing 

an individual therapy the psychiatrist aims to direct its approach to the personal 

pathophysiological factors that seem both feasible and effective to reduce VAH.

3.	 diSCuSSiON

What can we learn from this thesis? The use of fMRI allows a step-by-step description 

of the interacting brain functions that constitute the experience of VAH, with the lo-

calization of such functions being a precondition for localized intervention. Chapter 2 

shows how local brain interventions using repetitive transcranial magnetic stimulation 
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(rTMS) can be applied to treat VAH. Local intervention techniques, such as rTMS, 

provide a direct form of guided intervention in the live brain and are, therefore, potent 

treatment options. However, a clearer understanding of the underlying principles 

of brain organization is necessary to more effectively modulate the hallucinating 

brain 19, 20. Targeting the largest activation blob using fMRI-guided rTMS will probably 

not be sufficient because, since the introduction of fMRI-guided rTMS 21, no major 

studies have supported the efficacy of such an approach.

Then, Chapter 3 shows that the phenomenology of VAH is reflected by specific 

patterns of neural activity at the scale of neural systems. Although the experience of 

VAH is in itself a specific category, VAH have a wide range of phenomenological char-

acteristics that have different counterparts in the brain (Chapter 3). This is important 

since only a ‘mild altering’ of the experience of VAH, rather than a total shutdown of 

such phenomena, could be a welcoming approach for patients who are treatment re-

sistant to VAH. Reducing the intrusiveness of the VAH experience by altering specific 

characteristics (e.g. location, origin or emotional context) could improve the levels of 

distress and the daily functioning of patients that experience VAH 22-24. Activation of 

the planum temporale, that we found in patients experiencing external VAH, indicates 

a secondary role of this anatomical structure in the mediation of VAH in schizophrenia 

spectrum disorders. As planum temporale activation is not present in the internal VAH 

group, it is not a prerequisite for a VAH experience and probably reflects the process 

of externalizing VAH. A similar phenomenological variability might be reflected by 

the differing degrees of activation of the primary auditory cortex during VAH, as also 

reported by others 1, 25, 26. The peripheral role of the auditory cortices is also reflected in 

the study in Chapter 5, where the auditory cortices were observed to be less central to 

the functional networks related to the actual hallucination experience. Therefore, the 

underconstrained activity of the auditory cortex, as the source of VAH, is less likely as 

a model for the pathogenesis of hallucinations.

The question remains as to what model can accurately explain the occurrence of VAH 

at the scale level of communicating brain regions. A range of models has been proposed 

for the development of VAH, each with (some) overlap and associated discrepancies 

(see Chapters 1 and 4). Studies on functional connectivity related to VAH also differ 

with respect to several aspects of their findings. This may be due to the phenotypical 

heterogeneity of even such a narrowly defined symptom as VAH. In general, however, 

functional connectivity studies have consistently shown aberrant connectivity between 

the superior temporal gyrus/temporoparietal junction (Wernicke), inferior frontal gy-

rus (Broca), anterior cingulate, insula, cerebellum and parahippocampus 27-33, whether 

it be reduced or increased connectivity and/or in the left-sided dominant language 

regions as their homologues. Therefore, distorted interaction within and between the 

language networks and cognitive control networks can be considered a general neuro-
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functional proxy of hearing voices. Additionally, studies converge on the presence of 

aberrant connectivity between memory and language networks, particularly directly 

preceding the occurrence of VAH 4, 31, 34, 35

Generally, hypothesis-based fMRI studies run the risk of missing important informa-

tion in the data, i.e. they might be too constrained with regard to the involvement of 

other functional networks and/or the methodology might be so restricted that only 

the dominant models are examined. As described by Kuhn 36, this could confine the 

research field until there is a dead end, or until so many anomalies are discovered 

that a paradigm shift is necessary. Our studies, borrowing from neighboring fields of 

research and using data-driven techniques, have provided an alternative or comple-

mentary perspective. Chapter 4 shows how the concepts from network science can be 

used to integrate the different fields of research that examine psychotic symptoms, e.g. 

the attractor networks on the microscale in biomathematics, the communicating brain 

areas of neuroimaging on the mesoscale, or the social and cultural aspects in social sci-

ence on the macroscale. In our INMOPS theory (Chapter 4), the instability of attractor 

networks on the microscale result in fleeting representations and brisk associations, 

which work through to a higher level of organization. The phenomenological vari-

ability of VAH could also be integrated into a network model, with certain pathological 

factors connecting to specific phenomenological aspects of VAH. The main message is 

that integration of the pathophysiological factors allows to build a mechanistic model 

that psychiatry can work with. Chapter 5 presents an attempt to maximally uphold 

data-driven research, while borrowing tools from network science to assist in analyz-

ing the complex flow of information through the brain. In this way, we obtained a 

more comprehensive view, compared with previous approaches, of neural events at a 

systems level that contributes to the experience of VAH in humans. Thus, we were also 

able to explore a range of hypotheses that were generated in the past decades related to 

the experience of VAH in human patients.

Neuroimaging analyses such as ours estimate the directions of links between 

functional entities, allowing for the delineation of functional circuits responsible for 

hallucinations and other symptoms. Derived from Northoff and Qin, our INMOPS  

states that large-scale networks (such as DMN and CEN) show an increased suscep-

tibility to noise intrusion, with noise ‘spilling over’ from the DMN to the CEN to be 

mistakenly taken for external percepts 37. However, this hypothesis did not hold in our 

data-driven study in Chapter 5. Both anterior and posterior DMNs were situated at a 

greater distance from that hallucinatory experience in the network. Similarly, Jardri 

et al. 38 found that the occurrence of VAH was concomitant with withdrawal of the 

DMN, although the temporal and spatial instability of the DMN generally did correlate 

with the severity of VAH. Memory-related brain regions were also found at a distance 

from the hallucination-circuit, suggesting that memory-networks are unlikely as being 
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involved in the direct experience of VAH. With this data, however, it is still possible 

that the DMN or language-networks provides the content that is wrongly attributed 

further downstream, as hypothesized by several authors 34, 35, 38.

Manoliu et al. 15 studied the intrinsic connectivity (as well as interactions) between 

subparts of the CEN, DMN and SN and correlated these with schizophrenia symp-

toms. Specifically for hallucinations, the intrinsic connectivity of right anterior insula 

inversely correlated with hallucination severity, as measured with the Positive and 

Negative Syndrome  Scale (PANSS). Increased functional connectivity between the 

anterior DMN and right CEN was positively correlated with hallucination severity. 

Additionally, they also found that time-lagged functional connectivity (1-3 seconds) 

from SN to the DMN and CEN was reduced in patients with schizophrenia. These 

findings are suggestive of an important role for the salience network and its constitu-

ents. In Chapter 5 we found that a circuit consisting of supramarginal gyrus, Broca’s 

homologue, the right anterior insula, bilateral anterior cingulate and the premotor 

cortex, was the most central in the occurrence of VAH. The latter three regions are 

considered to be constituents of the salience network and, in our study, inference of 

directionality indicated that the right anterior insula gives input to the premotor cortex 

and anterior cingulate. The critical positioning of Broca’s homologue and the right 

anterior insula, and their functional coupling into one functional network, led to our 

hypothesis that, in our patient group, VAH appear to be largely mediated by the sa-

lience network making false predictions about the risk and (hence) origin of linguistic 

percepts derived from Broca’s homologue, followed by subsequent processing errors by 

other cognitive areas. The right anterior insula and Broca’s homologue, together with 

the anterior cingulated gyrus, should be considered potential foci for interventions 

to improve local intervention techniques, such as transcranial magnetic stimulation. 

Although our localization of the primary sources of hallucinations is only a few inches 

away from that of previous hypotheses (e.g. the auditory cortex), such a small distance 

may produce widely differing results, and represents a major break with the traditional 

thinking and methods. Nevertheless, additional studies are required to further test this 

hypothesis.

3.1	 future	directions

For the study of brain function in VAH, one fundamental principle need to be consis-

tently acknowledged, i.e. that the brain is a layered network functioning within the 

context of a larger biological network. It is in the interaction of all the structural ele-

ments (from neurotransmitters to neurons and brain regions) that both the functions 

and dysfunctions emerge and the ‘mind’ exists. The mind is in constant interaction 

with the environment and develops under the influence of environmental stimuli, 

driven by the need to maneuver through the environment and survive. Similarly, men-



140 Chapter 6

tal symptoms (such as hallucinations) are constructed by organic and environmental 

aspects. This type of ‘systems thinking’ is essential to advance understanding of the 

complex causal pathways of psychiatric illness and symptoms, and to guide future inter-

vention 39. Features of these multilevel networks can be related to genetics, molecular 

neuroscience, brain circuits, character traits, social networks and/or cultural influence, 

as well as their interactions. Only a well-operationalized phenotype which includes 

different levels of symptomatology (symptom - symptom clusters - syndromes) will 

enable an accurate fit with the different scale levels of the bio-psycho-social network. 

However, adoption of network science will not eliminate all the ‘rivalry’ between the 

levels; a fundamental difference will remain between a neurofunctional explanation 

versus a psychological explanation. A psychological explanation will ‘tell the story’ 

of why a particular person has a specific debilitating hallucination in that particular 

context. However, in the future, neurofunctional studies will provide a mechanistic 

or computational account of how some of the patient’s genes and life events over time 

have increased the chance to experience a particular hallucinatory state. Although 

technically possible, this patient-tailored mechanistic account of VAH is not yet real-

ized and further advancements are required in this field.

An important challenge is to develop a search procedure that will consistently 

converge on the correct directional information in fMRI studies for all links in the 

network 40. Nevertheless, some general provisions can be proposed to provide suit-

able fMRI acquisition and preprocessing of fMRI data to allow a mechanistic model 

of VAH. Simulation studies by Smith et al. 41 and Ramsey et al. 40 have shown that 

accuracy in the estimation of directed links in fMRI data is dependent on factors such 

as the number of time points and nodes, temporal filters used, the presence of noise 

components, and the regions of interest (ROIs) selected. The use of functionally ‘bad’ 

ROIs (spatial map not matching the functional unit) was found to be detrimental to 

almost all methods used to estimate effective connectivity 41, and advocates the use of 

ICA-based network nodes (as in our studies) rather than atlas-based ROIs. The mixing 

of noise components in a network is a hazard to causal analysis, as these noise sources 

will provide a common cause for voxel activity (e.g. heartbeat) and create associations 

between voxels that are not due to direct causal links between the voxels. This called 

for the use of sophisticated methods to ‘clean up’ the fMRI time series. One effective 

method is to use automated classification algorithms (as shown in Chapter 5), although 

many possibilities to reduce interference from noise can be considered 10. Our studies 

also indicate the need to study functional networks acquired with fMRI in higher spatial 

and temporal detail. A symptom such as VAH and its phenomenology will be reflected 

in aberrant interactions between subparts of the traditional large-scale networks, such 

as the DMN, CEN, SN and language networks. A simplification of these complex net-

works to such large structures carries the risk of inconsistencies in the results and of 
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drawing overgeneralized conclusions. The spatial scale of fMRI is steadily improving, 

and high-field MRI of 7+ Tesla has the potential to estimate the interactions between 

the separate cortical layers of a brain region 42, adding another level to the hierar-

chical network. After fMRI data acquisition, and preprocessing and decomposition 

of the functional networks, a model has to be selected to acquire functional circuits. 

Model selection first requires ‘pruning’ of the links, and current methods often apply 

an arbitrary cut-off to be chosen at some point in the analysis. This arbitrary cut-off 

can jeopardize an optimal balance between sparsity in the network and maintaining 

information, and can even lead to confirmation bias. Thus, additional work is needed 

to non-arbitrarily estimate the optimal graphical model for subsequent use in estimat-

ing the direction of links, e.g. the Bayesian information criterion 43. Lastly, the question 

remains how to deal with unknown (latent) confounders in estimating the dominant 

direction of influence between two nodes and how best to search for dependencies that 

are non-linear. For instance, non-linear dynamics at a lower scale level (e.g. between 

cortical layers in a neural column) might strongly influence the state of a functional 

network as currently measured using fMRI.

Ultimately, in a robustly estimated directed network, the ‘driver nodes’ responsible 

for a hallucinatory state in an individual patient can be identified by calculating the 

control centrality of nodes 44. Networks inherently learn and strive towards a lim-

ited set of dynamic states, and switch between these states under the influence of 

endogenous and exogenous stimuli 45. Driver nodes have maximum ability to control a 

directed weighted network towards a desired state. Using local intervention techniques 

or fMRI-based neurofeedback, identified driver nodes can be used to design an efficient 

strategy to guide the functional networks to a healthier state. As such, the ‘in silico’ 

simulation of the patient’s brain network is used to minimize the intervention while 

maximizing the effect. With the multiple challenges that remain, it is clear that the use 

of mechanistic network models to describe behavior is still in its infancy. Nevertheless, 

this field has the potential to make the translational advancements in the neurosci-

entific study of VAH that can help ameliorate the symptoms of the many individuals 

suffering from hallucinations and other psychotic phenomena.
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