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Abstract

Hallucinations may arise from an imbalance between sensory and higher cognitive brain regions, 

reflected by alterations in functional connectivity. It is unknown whether hallucinations across the 

psychosis continuum exhibit similar alterations in functional connectivity, suggesting a common 

neural mechanism, or whether different mechanisms link to hallucinations across phenotypes. We 

acquired resting-state functional MRI scans of 483 participants, including 40 non-clinical individuals 

with hallucinations, 99 schizophrenia patients with hallucinations, 74 bipolar-I disorder patients 

with hallucinations, 42 bipolar-I disorder patients without hallucinations, and 228 healthy controls. 

The weighted connectivity matrices were compared using network-based statistics. Non-clinical 

individuals with hallucinations and schizophrenia patients with hallucinations exhibited increased 

connectivity, mainly among fronto-temporal and fronto-insula/cingulate areas compared to 

controls (P < 0.001 adjusted). Differential effects were observed for bipolar-I disorder patients with 

hallucinations versus controls, mainly characterized by decreased connectivity between fronto-

temporal and fronto-striatal areas (P = 0.012 adjusted). No connectivity alterations were found 

between bipolar-I disorder patients without hallucinations and controls. Our results support the 

notion that hallucinations in non-clinical individuals and schizophrenia patients are related to 

altered interactions between sensory and higher-order cognitive brain regions. However, a different 

dysconnectivity pattern was observed for bipolar-I disorder patients with hallucinations, which 

implies a different neural mechanism across the psychosis continuum.
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Introduction

Hallucinations are a hallmark feature of schizophrenia, but occur in a range of psychiatric, 

neurological and general medical conditions (Sommer & Kahn, 2014), and even in a minority of 

healthy individuals (Sommer et al., 2012). Hallucinations, and other psychotic phenomena, can be 

understood to exist along a continuum, ranging from subclinical symptoms in healthy individuals on 

one end, to individuals with a severe psychotic illness on the other (Van Os et al., 2000). Patients with 

bipolar disorder who experience psychotic symptoms may hold a position in between both ends 

of the spectrum. However, it remains to be determined if hallucinations in non-clinical individuals, 

patients with schizophrenia, and patients with bipolar disorder share a common neural mechanism 

(and differ mainly in severity) or if hallucinations stem from different neural mechanisms across 

these three groups.

Functional magnetic resonance imaging (fMRI) has proven to be a powerful tool to investigate 

neural mechanisms associated with hallucinations. Studies have shown elevated levels of activity 

in sensory cortices during hallucinations in schizophrenia (Jardri et al., 2011; Kompus et al., 2011), 

suggesting inadequate higher-order control over activity in these areas. Cognitive control is 

mediated by cognitive regions, including areas of the default-mode, central executive, and task-

positive network (Baker et al., 2014; Hugdahl et al., 2015; Alderson-Day et al., 2016; Lefebvre et al., 

2016). Alterations in these networks have therefore been linked to hallucinations (Hugdahl et al., 

2015). Furthermore, the insula and (para)hippocampal areas have been related to hallucinations 

(Diederen et al., 2010; Liemburg et al., 2012; Lefebvre et al., 2016; Chang et al., 2017) suggesting 

the involvement of salience and memory processes. Taken together, hallucinations may arise from 

abnormal connectivity patterns among several areas in the functional connectome (Stephan et al., 

2009; Schmidt et al., 2015; Woodward & Cascio, 2015).

The question arises if these findings in schizophrenia can be extended to hallucinations in other 

phenotypic groups. Hallucinations in healthy individuals and patients with bipolar disorder show 

partly overlapping phenomenological features with hallucinations in schizophrenia (Daalman et al., 

2011; Toh et al., 2016; Waters & Fernyhough, 2017), although differences in frequency, duration, and 

emotional content are consistently described (Daalman et al., 2011; Powers et al., 2017). In addition, 

neuropsychological studies indicate that cognitive control processes, including inhibition and 

executive functioning, are less altered in bipolar-I patients than in schizophrenia patients and may 

be used for compensatory strategies (Ethridge et al., 2014; Badcock et al., 2015; Thakkar et al., 2015).

This study sets out to compare functional connectome alterations between individuals with 

hallucinations across the psychosis continuum. To this end, we included patients with a schizophrenia 

spectrum disorder, bipolar-I disorder with and without a lifetime history of hallucinations, and 

healthy controls with and without hallucinations. Using a network-based approach, we examined 
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whole-brain functional interactions between brain regions, allowing us to study whether similar 

neural mechanisms are present across diagnostic groups.

Based on the notion that hallucinations are related to dysconnectivity, we hypothesize that the 

functional connectome of all individuals with hallucinations will show widespread alterations, 

particularly in sensory areas including the auditory and visual cortex, limbic areas related to salience 

processing, and frontal areas related to cognitive control.

Materials and methods

Participants

This cross-sectional study included 116 patients with bipolar-I disorder, including 74 with a lifetime 

history of hallucinations (BD-H) and 42 without a lifetime history of psychotic experiences (BD), 

99 patients with a schizophrenia spectrum disorder, all of whom endorsed lifetime hallucinations 

(SCZ-H), 40 non-clinical individuals with hallucinations (NC-H), and 228 healthy controls without 

any history of hallucinations (HC). Participants were recruited as part of five different studies 

that were all conducted at the University Medical Center Utrecht. See Supplementary Methods 

for more information on recruitment and characterization. The studies were approved by the 

Institutional Review Board of the University Medical Center Utrecht. All participants provided 

written informed consent. All methods and study procedures were conducted in accordance 

with the relevant guidelines and regulations. Presence of current or lifetime hallucinations and 

assessment of hallucination modality was established using the Comprehensive Assessment of 

Symptoms And History (CASH; Andreasen et al., 1992). Hallucination severity was determined with 

the Positive and Negative Syndrome Scale (PANSS; Kay et al., 1987) in patients with schizophrenia, 

and with the Psychotic Symptoms Rating Scales (PSYRATS; Haddock et al., 1999) in non-clinical 

individuals. Hallucination severity was not assessed in patients with bipolar-I disorder, as none of 

these participants experienced current hallucinations (see Table1).

Data acquisition and preprocessing

See Supplementary Methods for a detailed description of acquisition parameters, preprocessing 

steps and motion correction.

Functional network construction

Average timeseries for each participant were extracted from N = 90 functional regions (nodes) of 

the automated anatomical labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002) and N = 260 nodes 

of the Power atlas (Power et al., 2011) covering cortical and subcortical brain regions, but not the 

cerebellum. Wavelet decompositions to each of the regional time series were applied, extracting 

wavelet coefficients in scale 4 (0.05-0.10 Hz) (Percival & Walden, 2000; Grinsted et al., 2004). Wavelet 

filtering was done by the maximal overlap discrete wavelet transform (MODWT) method using the 
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WMSTA toolbox in Matlab (http://www.atmos.washington.edu/~wmtsa/). Functional connectivity 

was estimated between wavelet coefficients of any pair of regions i and j (edges) using wavelet 

coherence, done by the mscohere function in Matlab. See the Supplementary Material for more 

details on wavelet coherence.

Global connectome disturbances

We analysed alterations in global network organization related to hallucinations. A detailed 

description of the graph measures can be found in the Supplemental Methods.

Network Based Statistics

A Network-Based Statistic (NBS) analysis (Zalesky et al., 2010; Zalesky et al., 2012) was used to 

obtain information about the localization of connectivity alterations in the overall connectome. 

Interconnected components of altered connections were identified within the overall connectome 

using two-sided F-tests to explore increased and decreased levels of functional connectivity (instead 

of multiple one-sided t-tests). A Family Wise Error (FWE) adjusted P-value was calculated for each 

component using permutation testing (10,000 permutations) to determine the likelihood that a 

component of this size could arise by chance (Zalesky et al., 2010). We compared all four participant 

groups (NC-H, SCZ-H, BD-H, BD) to controls (HC) in order to investigate if similar alterations are 

present in the hallucination groups, and if different alterations would be observed for the bipolar-I 

patients without hallucinations. We conducted these analyses for both the structural AAL-90 and 

functional Power-260 atlas, as there is some controversy regarding the use of a structural atlas in 

functional connectivity analyses.

Following Fornito and colleagues (2011), we organized all nodes of the AAL atlas into their 

corresponding lobes, and calculated the proportion of altered connections between each pair of 

lobes to pinpoint the lobes with the most alterations. In order to obtain more specific regional 

information on the most important nodes in the network, we ranked the nodes in the NBS networks 

on node degree per group, similar to Zalesky and colleagues (2010). In addition, a conjunction 

analysis was conducted to test for overlap of connections in each NBS network.

K-means clustering

To directly test for differences in dysconnectivity between the hallucination groups, we compared 

the three hallucination groups (NC-H, SCZ-H, and BD-H) in one NBS contrast. To help interpret 

the findings of this analysis, the connections in the resulting component were fed into a k-means 

clustering analysis (implemented in Matlab) (Chyzhyk & Graña, 2014). This allowed us to cluster 

connections that behaved either similarly or different in terms of decreased or increased connectivity 

across the three hallucination groups (i.e., NC-H, SCZ-H, BD-H) (see Supplemental Material).
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Symptom correlations

To test for associations with hallucination severity, PANSS item P3-Hallucinations was assessed for 

correlations with global network metrics using a non-parametric Spearman correlation within the 

schizophrenia group. Similarly, PSYRATS items frequency and severity of auditory hallucinations 

were explored for associations with network metrics in the non-clinical group. To correct for multiple 

testing, correlations are reported at P < 0.05 false discovery rate (FDR).

Hallucination modality

A significant difference was found in the reported hallucination modality across the three 

hallucination groups (χ2(4) = 366.0, P < 0.001 for auditory; χ2(4) = 265.3, P < 0.001 for visual, see 

Table 1). To explore effects of hallucination modality, we replicated the NBS analyses in a subgroup 

of participants only experiencing auditory hallucinations. We compared a subgroup of bipolar-I 

disorder patients who all only experienced auditory hallucinations (n = 39), to healthy controls 

(n = 228), as well as schizophrenia patients with only auditory hallucinations (n = 28) versus healthy 

controls (n = 228). Repeating our analyses in the non-clinical group with only auditory hallucinations 

was not feasible, as n = 7 participants experienced only auditory hallucinations.

Furthermore, we applied a random forest classification algorithm (part of the BrainWave software 

https://home.kpn.nl/stam7883/brainwave.html) to identify a set of connections in each NBS network 

that could differentiate between the experience of having either auditory or visual hallucinations 

within each group (i.e., NC-H, SCZ-H and BD-H). Each decision tree in the random forest is built using 

a bootstrap sample (thus with replacement), from the original data. Both bootstrap aggregating (i.e., 

bagging) and random feature selection avoid overfitting and reduce variance in the model, which 

results in uncorrelated trees (Breiman, 1999). Hence, the random forest classifier has the advantage 

that cross-validation is done internally, meaning that no separate test set of participants is needed 

to estimate the generalized error of the training set (Breiman, 1999).

The random forest parameters, mTry (i.e., the number of input variables chosen randomly at each 

split calculated by the square root of number of features) and nTree (i.e., the number of trees to grow 

for each forest) were set to 9 and 500, respectively.

In every classification, each feature is given a variable importance (VIMP) score between 0 and 1. 

Weighted accuracy, sensitivity and specificity were used to assess the random forest for its capability 

to distinguish between visual and auditory hallucinations. We computed weighted accuracies to 

correct for unequal group sizes (Chen et al., 2004), see Supplementary Methods for more details on 

the random forest classifier.

Features fed into the classifier were selected based on their occurrence in the NBS network per group. 

The edges as presented in Supplementary Tables 13-15 were included for each of the groups. The 
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number in front of each edge pair corresponds to the number of each edge pair in Supplementary 

Figure 7. Two random forest parameters that need to be entered into the model were set at mTry = 9; 

and nTree = 500. mTry is the square root number of features, and the nTree is the number of trees 

to grow for each forest.

Note that in schizophrenia patients and non-clinical individuals, the condition ‘visual hallucinations’ 

means that participants experienced both auditory and visual hallucinations (the largest proportion 

of participants all endorsed auditory hallucinations, see Table 1). The condition ‘auditory 

hallucinations’ means that schizophrenia patients and non-clinical individuals experienced only 

auditory hallucinations. A clearer distinction between only auditory and only visual could be made 

in bipolar-I disorder patients. Please see Supplementary Methods for more information on cross 

validation of the random forest classifier.

Confounding effects

Due to differences in demographic variables and motion parameters, several validation analyses 

were conducted and reported in the Supplementary Methods and Results. A quality check of 

distance dependent effects of motion on edge strength per participant group can be found in 

Supplementary Figure 1.

Results

Participant characteristics

A total of 483 participants were included in the analyses; see Table 1 for demographic and clinical 

characteristics, and Supplementary Table 1-2 for more information on exclusion of subjects (e.g., 

due to effects of motion). Schizophrenia patients were primarily characterized by lifetime auditory 

(80.8%) and visual (53.5%) hallucinations. Non-clinical individuals with hallucinations all experienced 

lifetime auditory hallucinations (100%) and the large majority (82.5%) also experienced visual 

hallucinations. Conversely, bipolar-I disorder patients mostly experienced visual hallucinations 

(68.9%), whereas about half (52.7%) experienced auditory hallucinations.

In line with previous studies, there was a higher proportion of males in the schizophrenia group, 

and a higher proportion of females in the non-clinical group (χ2(4) = 21.5, P < 0.001). A significant 

difference for age was found (F(4) = 21.7, P < 0.001), with the schizophrenia group being younger 

and bipolar-I disorder group being older than other three groups (post-hoc tests in Supplementary 

Tables 3-4). As age and sex were not collinear, these variables were added as covariates in all analyses 

(see Supplementary Results). The groups also differed in motion parameters (F(4) = 20.3, P < 0.001), 

with patients with bipolar-I disorder and schizophrenia showing more movement than healthy 

controls and non-clinical individuals. Additional analyses revealed a minimal influence of motion 

on connectivity measures (see Supplementary Figure1).
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Global connectome disturbances

There were no significant differences in metrics of global network topology between the groups, 

see the Supplemental Results for more information.

Network Based Statistics

When separately comparing each hallucination group to controls, schizophrenia patients and 

non-clinical individuals with hallucinations exhibited a similar pattern of increased and decreased 

connectivity between a wide range of brain areas (P < 0.001 FWE corrected, for both; see Figure 

1a-b), whereas bipolar-I disorder patients with hallucinations revealed a markedly different pattern 

of mostly decreased connectivity (P = 0.012 FWE corrected; see Figure 1c). Bipolar-I disorder patients 

without hallucinations did not exhibit significant alterations in connectivity relative to controls (P 

> 0.05, FWE corrected; see Figure 1d). For a complete list of connections in each NBS network, see 

Supplementary Tables 6-8 for the AAL atlas and Supplementary Tables 10-12 for the Power atlas. 

These results were broadly replicated in matched subgroups for the AAL atlas, when age and sex 

were not included as covariates, see Supplementary Figure 2.

Using the AAL atlas, the majority of connections comprising the NBS components in schizophrenia 

patients and non-clinical individuals were found between fronto-insula/cingulate regions, followed 

by fronto-temporal, temporo-temporal, fronto-occipital, and fronto-parietal alterations (see Figure 

2a-b). The NBS subnetwork in schizophrenia patients included more altered connections among 

fronto-insula/cingulate and temporal-central regions whereas altered fronto-occipital connections 

were more prevalent in non-clinical individuals. Similar alterations were found when using the Power 

atlas, including increased connectivity between the auditory, sensorimotor and cingulo-opercular 

control network (see Figure 1 and Supplementary Figure 3a-b for a circle plot of the results for the 

Power atlas). Decreased connectivity was found mainly between the visual, default mode, central 

executive and ventral attention networks in both groups.

For bipolar-I disorder patients with hallucinations, the most pronounced alterations were found 

among fronto-temporal, fronto-central connections and between the bilateral frontal lobes when 

using the AAL atlas (see Figure 2). These results were replicated using the Power atlas, reporting 

increased connectivity between the visual, default mode, subcortical and dorsal attention networks 

(see Figure 1c and Supplementary Figure 3c). Decreased connectivity was found between the 

auditory, sensorimotor, cingulo-opercular, salience and central-executive network.

In schizophrenia patients, the node with the highest number of altered connections in the NBS 

component was the left middle cingulate gyrus (see Table 2), whereas this was the right superior 

medial frontal gyrus for non-clinical individuals, and left amygdala for bipolar-I disorder patients 

with hallucinations.

5



116

Chapter 5

FIGURE 1. Functional connectome alterations in the non-clinical and clinical groups compared to healthy 
controls. The Network Based Statistics results of the AAL atlas are depicted in de upper grey panel and the results of the Power 

atlas in the lower grey panel: a) non-clinical individuals with hallucinations (n = 40) vs healthy controls (n = 228); b) schizophrenia 

patients with hallucinations (n = 99) vs healthy controls (n = 228); c) bipolar-I disorder patients with lifetime history of hallucinations 

(n = 74) vs healthy controls (n = 228). d) bipolar-I disorder patients without a lifetime history of psychosis (n = 42) did not differ 

from controls (n = 228). The edges are color-coded based on either an increase (red) or decrease (blue) in connectivity compared 
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to controls. The circle plot depicts all 90 nodes of the AAL atlas clustered according to their cerebral lobe. Group differences were 

tested at 10,000 permutations P < 0.05 FWE corrected. Age and sex were included as covariates. The corresponding test-statistics, 

a list of altered connections (Supplementary Table 6-8 for AAL atlas, Supplementary Table 10-12 for Power atlas), and abbreviations 

for the AAL brain regions depicted in the circle plot (Supplementary Table 16) can be found in the Supplementary. Abbreviations: 

BD bipolar-I disorder without lifetime history of hallucinations; BD-H bipolar-I disorder with lifetime history of hallucinations; CC 

cingulate cortex; NC-H non-clinical individuals with hallucinations; SCZ-H schizophrenia spectrum disorder with hallucinations.
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The conjunction analysis revealed considerable variation across the exact connections comprising 

the respective NBS networks, see Supplemental Figure 4 and Supplemental Table 5 for a list of 

overlapping connections.

K-means clustering

A direct NBS comparison of the three hallucination groups yielded a subnetwork of connections 

that differed between non-clinical individuals, schizophrenia patients, and bipolar-I patients with 

hallucinations (P < 0.001; see Figure 3a and Supplementary Table 9 for a list of connections). To help 

interpret the resulting subnetwork, a k-means clustering analysis was performed, which yielded six 

separate sets of connections across the hallucinating groups that behaved either similar or differently 

across groups (Figure 3b-e). As presented in Figure 3, a similar pattern of connectivity alterations 

was observed for schizophrenia patients and non-clinical individuals, including dysconnectivity 

among fronto-temporal, temporo-temporal, fronto-central and occipital areas (Figure 3b-e). Bipolar-I 

disorder patients with hallucinations revealed an inversed pattern of dysconnectivity relative 

to schizophrenia and non-clinical individuals in terms of showing decreased versus increased 

connectivity and vice versa. See Supplementary Table 9 for a list of connections per cluster.

Symptom correlates

None of the clinical variables was associated with either the weighted global efficiency, weighted 

clustering coefficient, MST leaf fraction, MST diameter or edges within the NBS network in the 

schizophrenia patients with hallucinations, or non-clinical individuals (all P > 0.05, FDR corrected).

Hallucination modality

When replicating the NBS analysis in a subgroup of bipolar-I participants with only auditory 

hallucinations, we found similar alterations compared to the total sample of bipolar-I disorder 

patients with hallucinations, except that increased activity in the occipital cortex was not found in 

bipolar-I disorder patients with only auditory hallucinations (see Supplementary Figure 6). When 

comparing schizophrenia patients with only auditory hallucinations (n = 28) versus healthy controls 

(n = 228), results were not significant at P > 0.05 FWE corrected.

Using the random forest machine learning algorithm, differentiating between auditory and visual 

hallucinations in non-clinical individuals was possible with a weighted accuracy of 77.5%, sensitivity 

of 0.0% and specificity of 93.9%, respectively. The connection between the left superior temporal 

gyrus and right rolandic operculum (no.19) was the most important discriminating feature. In both 

schizophrenia patients and bipolar-I disorder patients, the weighted accuracy was at or below 

chance-level, meaning than differentiation was not possible (schizophrenia: weighed accuracy of 

50.0%, sensitivity of 26.0% and specificity of 64.1%; bipolar-I disorder: weighted accuracy of 28.6%, 

sensitivity of 67.3% and specificity of 7.0%). See Supplementary Figure 7 for an overview of the 

results per group.
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FIGURE 2. Proportion of altered connections between each pair of lobes for the three hallucination 
groups relative to controls. The number of altered links between each pair of lobes was divided by the total number 
of altered pair-wise links based on the results of the AAL atlas. (a) non-clinical individuals with hallucinations (n = 40) 
vs healthy controls (n = 228); (b) schizophrenia patients with hallucinations (n = 99) vs healthy controls (n = 228); (c) 
bipolar-I disorder patients with lifetime history of hallucinations (n = 74) vs healthy controls (n = 228). Note that the 
hippocampus and amygdala are assigned to the temporal lobe. The putamen, pallidum and caudate are included in 
the central lobe. Abbreviations: BD bipolar-I disorder without lifetime history of hallucinations; BD-H bipolar-I disorder 
with lifetime history of hallucinations; CC cingulate cortex; NC-H non-clinical individuals with hallucinations; SCZ-H 
schizophrenia spectrum disorder with hallucinations.
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TABLE 2. Node degree of NBS network per group.

NC-H (n = 40) SCZ-H (n = 99) BD-H (n = 74)

Node Degree Node Degree Node Degree

Frontal_Sup_Medial_R 12 Cingulum_Mid_R 17 Frontal_Mid_Orb_L 19

Precentral_L 12 Hippocampus_R 10 Amygdala_L. 13

Rolandic_Oper_R 11 Frontal_Sup_Orb_L 9 Caudate_R 12

SupraMarginal_R 11 Rolandic_Oper_R 9 Frontal_Mid_L 12

Temporal_Sup_R 10 Rolandic_Oper_L 8 Frontal_Inf_Orb_L 10

Frontal_Sup_R 8 SupraMarginal_R 6 Pallidum_L 9

Cingulum_Ant_R 7 Frontal_Inf_Oper_R 5 Putamen_L 9

Lingual_R. 7 Heschl_R 5 Frontal_Inf_Oper_R 6

Calcarine_L 6 Lingual_L 5 Precentral_R 6

Cuneus_L 6 Occipital_Mid_L. 5 Rolandic_Oper_R 6

Frontal_Mid_R 5 ParaHippocampal_R 5 Rolandic_Oper_L. 5

Frontal_Sup_Medial_L 5 Temporal_Sup_L. 5 Cingulum_Ant_L 4

Temporal_Mid_R. 5 Amygdala_R 4 Cingulum_Ant_R 4

Cuneus_R. 4 Cingulum_Ant_R 4 Frontal_Inf_Oper_L 4

Frontal_Sup_L 4 Frontal_Inf_Tri_L 4 Frontal_Mid_R 4

Insula_R 4 Cuneus_R. 3 Temporal_Pole_Sup_L. 4

Parietal_Inf_L 4 Heschl_L. 3 Frontal_Inf_Tri_L 3

Precentral_R 4 Insula_L 3 Frontal_Med_Orb_R. 3

Temporal_Sup_L 4 Insula_R 3 Frontal_Sup_Medial_L 3

Angular_R 3 Occipital_Sup_L 3 Heschl_R. 3

Calcarine_R 3 Parietal_Inf_L. 3 Occipital_Inf_R. 3

Frontal_Inf_Oper_R 3 Supp_Motor_Area_R 3 Parietal_Inf_R 3

Insula_L 3 Temporal_Inf_L. 3 Caudate_L. 2

Occipital_Mid_L. 3 Caudate_R. 2 Cingulum_Post_L 2

SupraMarginal_L 3 Cingulum_Ant_L 2 Frontal_Med_Orb_L 2

Temporal_Inf_L. 3 Frontal_Inf_Orb_R 2 Frontal_Mid_Orb_R 2

Temporal_Inf_R. 3 Frontal_Sup_L 2 Frontal_Sup_L 2

Cingulum_Ant_L. 2 Pallidum_R. 2 Frontal_Sup_Medial_R 2

Frontal_Inf_Tri_R 2 Postcentral_L. 2 Frontal_Sup_Orb_R 2

Hippocampus_L. 2 Precuneus_R. 2 Frontal_Sup_R 2

Occipital_Inf_L. 2 Putamen_L. 2 Fusiform_R 2

Postcentral_L. 2 Putamen_R. 2 Hippocampus_R 2

Precuneus_R. 2 Rectus_L 2 Insula_L. 2

Putamen_R. 2 Supp_Motor_Area_L 2 Occipital_Mid_R. 2
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TABLE 2. (Continued)

NC-H (n = 40) SCZ-H (n = 99) BD-H (n = 74)

Node Degree Node Degree Node Degree

Temporal_Mid_L. 2 SupraMarginal_L 2 Olfactory_R 2

Amygdala_R 1 Temporal_Inf_R. 2 Pallidum_R. 2

Frontal_Inf_Orb_L. 1 Temporal_Mid_L. 2 Postcentral_L 2

Frontal_Inf_Orb_R. 1 Thalamus_R. 2 Postcentral_R. 2

Frontal_Inf_Tri_L. 1 Cingulum_Post_L. 1 Precentral_L 2

Frontal_Mid_L. 1 Cuneus_L. 1 Temporal_Inf_L. 2

Fusiform_R. 1 Frontal_Inf_Oper_L 1 Temporal_Pole_Mid_L. 2

Heschl_R 1 Frontal_Inf_Orb_L 1 Angular_R 1

Hippocampus_R 1 Frontal_Med_Orb_L 1 Calcarine_R 1

Occipital_Sup_L. 1 Frontal_Med_Orb_R 1 Cingulum_Mid_R. 1

Postcentral_R. 1 Frontal_Mid_L 1 Frontal_Inf_Orb_R 1

Precuneus_L 1 Frontal_Mid_Orb_R 1 Frontal_Inf_Tri_R 1

Temporal_Pole_Mid_R. 1 Frontal_Mid_R 1 Frontal_Sup_Orb_L 1

Temporal_Pole_Sup_R. 1 Frontal_Sup_Medial_L 1 Insula_R 1

Frontal_Sup_Orb_R 1 Occipital_Sup_R 1

Frontal_Sup_R 1 SupraMarginal_R. 1

Fusiform_L. 1 Temporal_Mid_R. 1

Hippocampus_L 1 Temporal_Sup_L. 1

Parietal_Inf_R 1

Precentral_L 1

Precuneus_L. 1

Temporal_Mid_R. 1

Temporal_Pole_Sup_R 1

Abbreviations: NC-H non-clinical individuals with hallucinations; BD-H bipolar-I disorder with lifetime history of hallucinations; 

SCZ-H schizophrenia spectrum disorder with hallucinations.
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FIGURE 3. Sets of connections clustered according to their behavior in clinical and non-clinical individuals 
with hallucinations. a) The result of the overall group comparison between patients with schizophrenia (n = 99), 
patients with bipolar-I disorder with (n = 74) and non-clinical individuals with hallucinations (n = 40) using the AAL 
atlas. b-e) the edges in the component that differed between the groups were clustered by a k-means clustering 
algorithm to elucidate differences across the groups with hallucinations. Error bars represent the standard deviation 
of connectivity strength within that particular cluster. The group differences were tested using an F-test at T = 8.0; 
P < 0.05 at 10,000 permutations. The test-statistics and AAL labels corresponding to the altered connections per cluster 
can be found in Supplementary Table 9. Age and sex were included as covariates. Abbreviations: NC-H non-clinical 
individuals with hallucinations; BD-H bipolar-I disorder with lifetime history of hallucinations; SCZ-H schizophrenia 
spectrum disorder with hallucinations.

Discussion

This study compared functional connectivity alterations related to hallucinations in a large sample 

of patients with schizophrenia, bipolar-I disorder, non-clinical individuals, and healthy controls. A 

range of connections was found to be altered in schizophrenia patients and non-clinical individuals 

with hallucinations. These alterations involved mainly increased connectivity between the insula, 

cingulate cortex, auditory, and language-related areas in non-clinical individuals and schizophrenia 

patients, compared to controls. The non-clinical individuals and schizophrenia patients exhibited 

remarkably similar disruptions of functional connectivity. In contrast, differential effects were 

observed for bipolar-I disorder patients with hallucinations versus controls, involving mainly 

decreased connectivity between fronto-temporal and fronto-striatal areas. Bipolar-I disorder 

patients without hallucinations did not show any connectivity alterations compared to controls. A 

direct group-wise comparison confirmed connectivity alterations that were similar in patients with 

schizophrenia and non-clinical individuals, but inversed (decreased versus increased connectivity) in 

bipolar-I disorder patients. Thus, contrary to our initial hypothesis, we did not find a similar pattern 

of functional connectivity alterations across the psychosis continuum. This implies that individuals 

with hallucinations on the psychosis continuum may not necessarily share a neural mechanism, 

despite overlapping phenomenological features.

Our results are in line with previous findings on schizophrenia and hallucinations, showing alterations 

in functional connectivity in areas related to sensory processing and cognitive control (Diederen et 

al., 2010; Hoffman et al., 2011; Jardri et al., 2011; Kompus et al., 2011; Wolf et al., 2011; van Lutterveld 

et al., 2014; Chang et al., 2017). Previous studies also reported increased connectivity among frontal, 

anterior cingulate, and insular cortex and language-related areas in relation to hallucinatory 

experiences (Liemburg et al., 2012; Chang et al., 2017).

Previous findings suggest similar functional connectivity alterations in healthy individuals with 

hallucinations as observed in schizophrenia with hallucinations (van Lutterveld et al., 2014; Diederen 

et al., 2013; Sheffield et al., 2016). Findings of altered structural connectivity in healthy individuals with 
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hallucinations are also broadly consistent with alterations found in schizophrenia with hallucinations 

(Drakesmith et al., 2015; van Dellen et al., 2016). Our results confirm previous findings of similar brain 

alterations in healthy individuals with hallucinations and schizophrenia patients.

Previous studies have showed both similar (Baker et al., 2014; Meda et al., 2012) and dissimilar (Collin 

et al., 2016) connectome alterations in schizophrenia and psychotic bipolar disorder. Our findings 

could not confirm that bipolar-I patients with hallucinations showed similar connectivity alterations 

as schizophrenia patients and non-clinical individuals with hallucinations. However, decreased 

connectivity between frontal and temporal areas, as observed in our sample of bipolar patients 

with hallucinations, was previously reported in pediatric bipolar disorder patients and related to 

top-down control (Dickstein et al., 2010). Decreased connectivity between fronto-striatal areas and 

fronto-temporal areas has also been related to mood dysregulation in bipolar disorder (Strakowski 

et al., 2005; Chen et al., 2011).

Our findings should be interpreted in light of methodological considerations. Differences in 

hallucinatory modality across groups may be associated with the differential findings between 

schizophrenia patients and non-clinical individuals versus bipolar-I disorder patients with 

hallucinations. In the latter group, a larger proportion of patients experienced lifetime visual 

hallucinations (68.9%), with a smaller proportion (52.7%) reporting auditory hallucinations. Previous 

studies found modality-specific alterations in schizophrenia (Jardri et al., 2013; Ford et al., 2015). 

Indeed, we observed increased connectivity of the visual cortex in patients with bipolar-I disorder 

patients - but not after repeating the analysis in bipolar-I disorder patients with only auditory 

hallucinations - suggesting that the involvement of the visual cortex may be linked to the experience 

of visual hallucinations. To further explore this notion, we applied a random forest machine learning 

algorithm. Classification accuracies around chance level were found, meaning we did not find a set 

of connections able to discriminate between effects of auditory versus visual hallucinations. As the 

sensitivity was around 0% in non-clinical individuals, these results must be interpreted with caution. 

Because of using our dataset retrospectively, the dataset was not highly suitable to investigate 

effects of hallucination modality, as the majority of participants endorsed both auditory and visual 

hallucinations. Future studies could more thoroughly investigate this issue by recruiting patients 

who experience hallucinations in only one modality.

Furthermore, recent advances have indicated that structural atlases might not be best suited to 

investigate functional connectivity, we therefore replicated our results using the functional Power 

atlas. As the best method regarding the use of brain atlases is currently inconclusive, we included 

results of both atlases as this may benefit discussion in the field.

By taking advantage of a large cross-diagnostic sample, our findings add important new information 

on neural mechanism of hallucinations across the psychosis continuum. However, we were unable 
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to include a group of schizophrenia patients without lifetime hallucinations, as most schizophrenia 

patients experience hallucinations in their lifetime. Furthermore, we included participants based on 

the criterion of having experienced lifetime hallucinations, regardless of current hallucination state. 

Thus, all participants share a general disposition to hallucinate, but there were differences between 

groups in current hallucination state. However, using resting state fMRI to study hallucinations 

is generally thought to be more sensitive to trait-associated connectivity alterations which are 

relatively stable over time (Bohlken et al., 2017; Meyer-Lindenberg, 2009). This assertion is in line 

with our finding that current symptom severity was not significantly correlated with connectivity 

measures. Moreover, the average frequency of hallucinations in the non-clinical individuals was once 

per week (much less frequent than in the schizophrenia patients), but these individuals nonetheless 

exhibited a similar connectivity pattern as the schizophrenia patients. Together, this suggests that 

our resting state measurements reflect trait- rather than state-characteristics. Moreover, comparison 

of active hallucination state between schizophrenia and bipolar disorder may be biased by other 

confounding effects including mood state, as hallucinations in bipolar disorder occur mainly in 

manic or depressive episodes (Toh et al., 2016).

Another limitations concerns the fact that the bipolar-I disorder patients in the current study were 

all in euthymic phase at time of scanning. Also, the group of bipolar-I disorder patients without 

hallucinations was smaller in size (n = 42) than the group of bipolar-I disorder patients with 

hallucinations (n = 74). Taken together, this could have contributed to the null-finding in bipolar-I 

patients without hallucinations, as larger sample sizes might be needed to pick up more subtle 

aberrations in this group.

Group-differences in medication use may also have influenced our results. Lithium is suggested 

to normalize brain function (Singh & Chang, 2012; Hafeman et al., 2012; Abramovic et al., 2016), 

which may explain why bipolar-I disorder patients without lifetime hallucinations did not reveal 

connectivity differences compared to controls. However, lithium users were evenly balanced 

across both groups of bipolar-I disorder patients with and without hallucinations, and are thus 

unlikely to fully explain our results. Also, it is unlikely that our findings can be attributed to the 

use of antipsychotic medication, as the non-clinical individuals were free of medication use and 

nevertheless demonstrated similar alterations as the medicated patients with schizophrenia. 

Confounding factors such as drug-induced hallucinations in the non-clinical group are also unlikely, 

as none of the non-clinical participants had a positive urine test for illicit drugs (Sommer et al., 2010).

Potentially confounding effects of age, sex, and motion were tested in several ways, and were 

found to have minimal influence. Note that our analyses were conducted after stringent exclusion 

of participants with high motion. Afterward, the relative mean displacement ranged from 0.08-0.10 

mm across groups, indicating high-quality data.

5



126

Chapter 5

Conclusions

The findings of this study suggest that schizophrenia patients and non-clinical individuals with 

hallucinations exhibit similar alterations in functional connectivity. In contrast, a markedly different 

pattern of connectivity alterations was observed in bipolar-I patients with a lifetime history of 

hallucinations, encompassing different regions and involving mainly reductions in connectivity 

as opposed to increases. These findings suggest a similar neural mechanism for hallucinations in 

schizophrenia patients and non-clinical individuals, but a different neural mechanism in bipolar-I 

disorder. If our findings of a different neural mechanism for hallucinations in bipolar disorder can 

be replicated independently, this would warrant further investigation into whether hallucinations 

in bipolar-I disorder should be treated differently in clinical practice. Further elucidating the role of 

large-scale networks in the experience of hallucinations may enable tailored pharmaco-therapeutic 

interventions designed to restore the balance between these networks.

Acknowledgements

We would like to thank Prof. Dr. R.S. Kahn and Prof. Dr. R.A. Ophoff for their substantial contributions 

in obtaining funding and to the collection of the data. We would like to thank all participants for their 

participation, and all researchers for their efforts in making the BiG, TOPFIT, Spectrum, Simvastatin, 

and UH studies possible.

Competing interests

The authors declare no competing interests.

Data availability

The datasets generated during and/or analysed during the current study are not publicly available 

as this study was part of multiple larger studies of which not all data has yet been analysed and 

published. Data pertaining to this manuscript are available from the corresponding author on 

reasonable request.

Funding

This work was supported by several grants. The BiG study was supported by the National Institute 

of Mental Health (R01 MH090553). The TOPFIT study was supported by the Dutch Diabetes Research 

Foundation (2007.00.040), Lilly Pharmaceuticals (Ho01-TOPFIT), Janssen Pharmaceuticals, and the 

Dutch Psychomotor Therapy Foundation. The Simvastatin study was supported by ZONMW TOP 

(40-00812-98-12154 and Stanley Foundation (12T-008). The Understanding Hallucinations study 

was supported by ZONMW TOP (40-00812-98-13009). The spectrum study was supported by NWO/

ZonMW grant (Dutch Scientific Research Organization) Clinical Fellowship (40-00703-97-270) and 

NWO/ZonMW Innovation Impulse (VIDI) (017.106.301). The contribution of co-author KH was funded 

by an ERC Advanced Grant (693124) and a RCN grant (223273).



127

Functional connectome alterations in hallucinating individuals 

References

Abramovic L, Boks MP, Vreeker A, Bouter DC, Kruiper C, Verkooijen S, et al. The association of 
antipsychotic medication and lithium with brain measures in patients with bipolar disorder. 
Eur Neuropsychopharmacol. 2016; 26(11): 1741-1751.

Alderson-Day B, Diederen K, Fernyhough C, Ford JM, Horga G, Margulies DS, et al. Auditory 
Hallucinations and the Brain’s Resting-State Networks: Findings and Methodological 
Observations. Schizophr Bull. 2016; 42(5): 1110-23.

Andreasen NC, Flaum M, Arndt S. The Comprehensive Assessment of Symptoms and History (CASH). 
An instrument for assessing diagnosis and psychopathology. Archives of General Psychiatry. 
1992; 49: 615–623.

Badcock JC, Mahfouda S, Maybery MT. Hallucinations and inhibitory functioning in healthy young 
adults with high and low levels of hypomanic personality traits. Cogn Neuropsychiatry. 2015; 
20(3): 254-69.

Baker JT, Holmes AJ, Masters GA, Yeo BT, Krienen F, Buckner RL, et al. Disruption of cortical association 
networks in schizophrenia and psychotic bipolar disorder. JAMA Psychiatry. 2014; 71(2): 109-18.

Bohlken MM, Hugdahl K, Sommer IE. Auditory verbal hallucinations: neuroimaging and treatment. 
Psychol Med. 2017; 47(2): 199-208.

Breiman, L., University of California Random forest. Mach Learn. 1999; 45: 1–35.

Chang X, Collin G, Xi Y, Cui L, Scholtens LH, Sommer IE, et al. Resting-state functional connectivity 
in medication-naïve schizophrenia patients with and without auditory verbal hallucinations: A 
preliminary report. Schizophr Res. 2017; S0920-9964(17)30037-3.

Chen C, Liaw A, Breiman L. “Using random forest to learn imbalanced data,” Dept. Statistics, Univ. 
California, Berkeley, CA, Tech. Rep. 666, 2004.

Chen CH, Suckling J, Lennox BR, Ooi C, Bullmore ET. A quantitative meta-analysis of fMRI studies in 
bipolar disorder. Bipolar Disord. 2011; 13(1): 1-15.

Chyzhyk D, Graña M. Findings in resting-state fMRI by differences from K-means clustering. Stud 
Health Technol Inform. 2014; 207: 300-10.

Collin G, van den Heuvel MP, Abramovic L, Vreeker A, de Reus MA, van Haren NE, et al. Brain network 
analysis reveals affected connectome structure in bipolar I disorder. Hum Brain Mapp. 2016; 
37(1): 122-34.

Daalman K, Van Zandvoort M, Bootsman F, Boks M, Kahn R, Sommer I. Auditory verbal hallucinations 
and cognitive functioning in healthy individuals. Schizophr Res. 2011; 132(2-3): 203-7.

Dickstein DP, Gorrostieta C, Ombao H, Goldberg LD, Brazel AC, Gable CJ, et al. Fronto- temporal 
spontaneous resting state functional connectivity in pediatric bipolar disorder. Biol Psychiatry. 
2010; 68(9): 839-46.

Diederen KM, Neggers SF, Daalman K, Blom JD, Goekoop R, Kahn RS, et al. Deactivation of the 
parahippocampal gyrus preceding auditory hallucinations in schizophrenia. Am J Psychiatry. 
2010; 167(4): 427-35.

Diederen KM, Neggers SF, de Weijer AD, van Lutterveld R, Daalman K, Eickhoff SB, et al. Aberrant 
resting-state connectivity in non-psychotic individuals with auditory hallucinations. Psychol 
Med. 2013; 43(8): 1685-96.

5



128

Chapter 5

Drakesmith M, Caeyenberghs K, Dutt A, Zammit S, Evans CJ, Reichenberg A, et al. Schizophrenia-
like topological changes in the structural connectome of individuals with subclinical psychotic 
experiences. Hum Brain Mapp. 2015; 36(7): 2629-43.

Ethridge LE, Soilleux M, Nakonezny PA, Reilly JL, Hill SK, Keefe RS, et al. Behavioral response inhibition 
in psychotic disorders: diagnostic specificity, familiarity and relation to generalized cognitive 
deficit. Schizophr Res. 2014; 159(2-3): 491-8.

Ford JM, Palzes VA, Roach BJ, Potkin SG, van Erp TG, Turner JA, et al. Visual hallucinations are 
associated with hyperconnectivity between the amygdala and visual cortex in people with a 
diagnosis of schizophrenia. Schizophr Bull. 2015; 41(1): 223-32.

Fornito A, Yoon J, Zalesky A, Bullmore ET, Carter CS. General and specific functional connectivity 
disturbances in first-episode schizophrenia during cognitive control performance. Biol 
Psychiatry. 2011; 70: 64–72.

Grinsted A, Moore JC, Jevrejeva S. Application of the cross wavelet transform and wavelet coherence 
to geophysical time series. Nonlin Processes Geophys. 2004; 11: 561-566.

Haddock G, McCarron J, Tarrier, N, Faragher EB. Scales to measure dimensions of hallucinations and 
delusions: the psychotic symptom rating scales (PSYRATS). Psychol Med. 1999; 29: 879–889.

Hafeman DM, Chang KD, Garrett AS, Sanders EM, Phillips ML. Effects of medication on neuroimaging 
findings in bipolar disorder: an updated review. Bipolar Disord. 2012; 14: 375–410 

Hoffman RE, Fernandez T, Pittman B, Hampson M. Elevated functional connectivity along a 
cortocostriatal loop and the mechanism of auditory/verbal hallucinations in patients with 
schizophrenia. Biol. Psychiatry. 2011; 69 (5): 407–414.

Hugdahl K, Raichle ME, Mitra A, Specht K. On the existence of a generalized non-specific task-
dependent network. Frontiers in Human Neuroscience. 2015; 9: 430. 

Jardri R, Pouchet A, Pins D, Thomas P. Cortical activations during auditory verbal hallucinations in 
schizophrenia: A coordinate-based meta-analysis. Am J of Psychiatry. 2011; 168: 73-81. 

Jardri R, Thomas P, Delmaire C, Delion P, Pins D. The neurodynamic organization of modality-
dependent hallucinations. Cereb Cortex, 2013; 23: 1108-1117.

Kay SR, Fiszbein A, Opler LA. The positive and negative syndrome scale (PANSS) for schizophrenia. 
Schizophr Bull. 1987; 13: 261–76.

Kompus K, Westerhausen R, Hugdahl K. The “paradoxical” engagement of the primary auditory cortex 
in patients with auditory verbal hallucinations: A meta-analysis of functional neuroimaging 
studies. Neuropsychologia. 2011; 49: 3361-3369. 

Lefebvre S, Demeulemeester M, Leroy A, Delmaire C, Lopes R, Pins D, et al. Network dynamics during 
the different stages of hallucinations in schizophrenia. Hum Brain Mapp. 2016; 37(7): 2571-86.

Liemburg EJ, Vercammen A, Ter Horst GJ, Curcic-Blake B, Knegtering H, Aleman A. Abnormal 
connectivity between attentional, language and auditory networks in schizophrenia. Schizophr 
Res. 2012 ; 135(1-3): 15-22.

Meda SA, Gill A, Stevens MC, Lorenzoni RP, Glahn DC, Calhoun VD, et al. Differences in resting-state 
functional magnetic resonance imaging functional network connectivity between schizophrenia 
and psychotic bipolar probands and their unaffected first-degree relatives. Biol Psychiatry. 2012; 
71(10): 881-9.



129

Functional connectome alterations in hallucinating individuals 

Meyer-Lindenberg A. Neural connectivity as an intermediate phenotype: brain networks under 
genetic control. Hum. Brain Mapp. 2009; 30 (7), 1938–1946.

Percival DB, Walden AT. Wavelet Methods for Time Series Analysis. Cambridge University Press; 2000.

Power JD, Cohen AL, Nelson SM, Wig GS, Barnes KA, Church JA, et al. Functional network organization 
of the human brain. Neuron. 2011; 72(4): 665-78.

Powers AR 3rd, Kelley MS, Corlett PR. Varieties of Voice-Hearing: Psychics and the Psychosis 
Continuum. Schizophr Bull. 2017; 43(1):84-98.

Schmidt A, Diwadkar VA, Smieskova R, Harrisberger F, Lang UE, McGuire P, et al. Approaching a 
network connectivity-driven classification of the psychosis continuum: a selective review and 
suggestions for future research. Front Hum Neurosci. 2015; 8: 1047.

Sheffield JM, Kandala S, Burgess GC, Harms MP, Barch DM. Cingulo-opercular network efficiency 
mediates the association between psychotic-like experiences and cognitive ability in the general 
population. Biol Psychiatry Cogn Neurosci Neuroimaging. 2016; 1(6): 498-506.

Singh MK, Chang KD. The neural effects of psychotropic medications in children and adolescents. 
Child Adolesc. Psychiatr. Clin. N Am. 2012; 21: 753–771.

Sommer IE, Kahn RS. Psychosis susceptibility syndrome: an alternative name for. schizophrenia. 

Lancet Psychiatry. 2014;1(2):111.

Sommer IE, Koops S & Blom JD. Comparison of auditory hallucinations across different. disorders 
and syndromes. Neuropsychiatry. 2012; 2: 1-12.

Sommer IE, Daalman K, Rietkerk T, Diederen KM, Bakker S, Wijkstra J, et al. Healthy individuals with 
auditory verbal hallucinations; who are they? Psychiatric assessments of a selected sample of 
103 subjects. Schizophr Bull. 2010; 36: 633–41.

Stephan KE, Friston KJ, Frith CD. Dysconnection in schizophrenia: From abnormal synaptic plasticity 
to failures of self-monitoring. Schizophr Bull. 2009; 35: 509–527.

Strakowski SM, Adler CM, Holland SK, Mills NP, DelBello MP, Eliassen JC. Abnormal fMRI brain 
activation in euthymic bipolar disorder patients during a counting Stroop interference task. 
Am J Psychiatry; 2005; 162; 1697-1705.

Thakkar KN, Schall JD, Logan GD, Park S. Cognitive control of gaze in bipolar disorder and 
schizophrenia. Psychiatry Res. 2015; 225(3): 254-62.

Toh WL, Castle DJ, Thomas N, Badcock JC, Rossell SL. Auditory verbal hallucinations (AVHs) and 
related psychotic phenomena in mood disorders: analysis of the 2010 Survey of High Impact 
Psychosis (SHIP) data. Psychiatry Res. 2016; 243: 238-45.

Tzourio-Mazoyer B, Landeau D, Papathanassiou F, Crivello O, Etard N, Delcroix B, et al. Automated 
anatomical labeling of activations in SPM using a macroscopic anatomical parcellation of the 
MNI MRI single-subject brain. Neuroimage. 2002; 15: 273–289.

van Dellen E, Bohlken MM, Draaisma L, Tewarie PK, van Lutterveld R, Mandl R, et al. Structural Brain 
Network Disturbances in the Psychosis Spectrum. Schizophr Bull. 2016; 42(3): 782-9.

van Lutterveld R, Diederen KM, Otte WM, Sommer IE. Network analysis of auditory hallucinations in 
nonpsychotic individuals. Hum Brain Mapp. 2014; 35(4): 1436-45.

van Os J, Hanssen M, Bijl RV, Ravelli A. Strauss (1969) revisited: a psychosis continuum in the general 
population? Schizophr Res. 2000; 45(1-2): 11-20.

5



130

Chapter 5

van Wijk BC, Stam CJ, Daffertshofer A. Comparing brain networks of different size and connectivity 
density using graph theory. PLoS One. 2010; 5(10): e13701.

Waters F, Fernyhough C. Hallucinations: A Systematic Review of Points of Similarity and Difference 
Across Diagnostic Classes. Schizophr Bull. 2017; 43(1): 32-43.

Wolf ND, Sambataro F, Vasic N, Frasch K, Schmid M, Schonfeldt-Lecuona C, et al. Dysconnectivity 
of multiple resting-state networks in patients with schizophrenia who have persistent auditory 
verbal hallucinations. J Psychiatry Neurosci. 2011; 36: 366–374.

Woodward ND, Cascio CJ. Resting-State Functional Connectivity in Psychiatric Disorders. JAMA 
Psychiatry. 2015; 72(8): 743-4.

Zalesky A, Fornito A, Bullmore ET. Network-based statistic: identifying differences in brain networks. 
Neuroimage. 2010; 53(4): 1197-207.

Zalesky A, Cocchi L, Fornito A, Murray MM, Bullmore E. Connectivity differences in brain networks. 
Neuroimage. 2012; 60: 1055–1062.



131

Functional connectome alterations in hallucinating individuals 

Supplementary Information

Maya J.L. Schutte, Marc M. Bohlken, Guusje Collin, et al. Functional connectome differences in 

individuals with hallucinations across the psychosis continuum.

SUPPLEMENTARY METHODS

SUPPLEMENTARY RESULTS

SUPPLEMENTARY DISCUSSION

SUPPLEMENTARY TABLE 1. Reasons of exclusion for scans listed per study

SUPPLEMENTARY TABLE 2. Reasons of exclusion for scans listed per clinical status

SUPPLEMENTARY TABLE 3. Post-hoc tests of significant differences in age across the groups

SUPPLEMENTARY TABLE 4. Post-hoc tests of significant differences in sex across the groups

SUPPLEMENTARY TABLE 5. Overlapping edges between NC-H, SCZ-H and BD-H

SUPPLEMENTARY FIGURE 1. Distance dependent effects of motion on edge strength

SUPPLEMENTARY FIGURE 2. Functional connectome alterations in matched subgroups

SUPPLEMENTARY FIGURE 3. Results of network based statistics using the Power-260 atlas

SUPPLEMENTARY FIGURE 4. Conjunction analysis on the NBS networks of NC-H, SCZ-H and BD-H

SUPPLEMENTARY FIGURE 5. Clusters defined by elbow method for k-means clustering

SUPPLEMENTARY FIGURE 6. Functional connectome disturbances in BD-H and BD-AH

SUPPLEMENTARY FIGURE 7. Random forest classification based on the connections of the NBS 

network

SUPPLEMENTARY TABLE 6. Results of the network based statistics for non-clinical individuals with 

hallucinations versus healthy controls using the AAL atlas

5



132

Chapter 5

SUPPLEMENTARY TABLE 7. Results of the network based statistics for schizophrenia patients with 

hallucinations versus healthy controls using the AAL atlas

SUPPLEMENTARY TABLE 8. Results of the network based statistics for bipolar-I disorder patients 

with hallucinations versus healthy controls using the AAL atlas

SUPPLEMENTARY TABLE 9. Results of the network based statistics across all three hallucination 

groups using the AAL atlas

SUPPLEMENTARY TABLE 10. Results of the network based statistics for non-clinical individuals 

with hallucinations versus healthy controls using the Power atlas

SUPPLEMENTARY TABLE 11. Results of the network based statistics for schizophrenia patients with 

hallucinations versus healthy controls using the Power atlas

SUPPLEMENTARY TABLE 12. Results of the network based statistics for bipolar-I disorder patients 

with hallucinations versus healthy controls using the Power atlas

SUPPLEMENTARY TABLE 13. List of features for random forest classifier in non-clinical individuals 

with hallucinations

SUPPLEMENTARY TABLE 14. List of features for random forest classifier in schizophrenia patients 

with hallucinations

SUPPLEMENTARY TABLE 15. List of features for random forest classifier in bipolar-I disorder patients 

with hallucinations

SUPPLEMENTARY TABLE 16. List of abbreviations for brain areas AAL-atlas



133

Functional connectome alterations in hallucinating individuals 

Supplementary Methods

Participants

All subjects participated in one of the following studies: Bipolar Genetics study (procedures are 

described by Vreeker and colleagues (2016)), The Outcome of Psychosis and Fitness Therapy study 

(Scheewe et al., 2013), Simvastatin for recent onset psychosis study (Begemann et al., 2015; baseline 

data), Spectrum study (Sommer et al., 2010) and the Understanding Hallucinations study (inclusion 

ungoing). This is the first study to combine the resting state functional magnetic resonance imaging 

(MRI) data across diagnostic categories to investigate a shared neural correlate of hallucinations.

A diagnosis of bipolar-I disorder and a schizophrenia spectrum disorder was defined according to the 

Diagnostic and Statistical Manual for Mental Disorders (DSM-IV-TR; APA, 2013). Absence or presence 

of psychopathology was assessed using the Structured Clinical Interview for DSM-IV (SCID-I; First 

et al., 2002), the Mini-International Neuropsychiatric Interview (MINI; Lecrubier et al., 1997), or the 

Comprehensive Assessment of Symptoms and History Interview (CASH; Andreasen et al., 1992). 

The non-clinical individuals did not fulfil criteria of a DSM-IV diagnosis, but did score higher on the 

Schizotypal Personality Questionnaire (SPQ; Raine et al., 1991) compared to healthy controls (van 

Lutterveld et al., 2014). A history of hallucinations and/or delusions was assessed using section B of 

the SCID-I or CASH interview. All participants were at least 18 years of age. Handedness, sex, and 

current use of antipsychotic medication and/or lithium were recorded. All participants provided 

written informed consent. The studies were approved by the Institutional Review Board of the 

University Medical Center Utrecht and conducted in accordance with the Declaration of Helsinki.

The Bipolar Genetics study (BiG; Vreeker et al., 2016) investigates genetic and phenotypic 

characteristics of patients with bipolar disorder type I (BD-I) first degree relatives and controls, and 

is part of a collaboration between the University of California Los Angeles (UCLA), University Medical 

Center Utrecht (UMCU) GGZ Altrecht, and GGZ InGeest, University Medical Center Groningen, Delta 

Center for Mental Health Care, Dimence, Psychiatric Institute The Hague (PsyQ) and Reinier van Arkel 

Group. For the current study, we included 185 patients with a bipolar-I disorder, and 135 healthy 

controls recruited via the BiG study.

The Outcome of Psychosis and Fitness Therapy study (TOPFIT; Scheewe et al., 2013) is a multicenter 

study investigating physical health and the effects of physical therapy in patients with schizophrenia 

spectrum disorder and healthy controls. Patients were recruited at several Dutch mental health care 

institutes, including the University Medical Center Utrecht, GGZ Altrecht, GGZ Duin- en Bollenstreek, 

and GGZ Friesland. For the current study, we included 36 patients with a schizophrenia spectrum 

disorder, and 42 healthy controls recruited for the TOPFIT study.
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The Simvastatin for recent onset psychosis study (Begemann et al., 2015) is an ongoing double-blind 

placebo controlled medication trial that investigates add-on treatment of simvastatin in patients with 

a recent onset psychosis. Patients were recruited from several Dutch mental healthcare institutes, 

including the University Medical Center Utrecht, University Medical Center Groningen, GGZ Altrecht, 

GGZ InGeest, Academic Medical Center Amsterdam, GGZ Arkin. The inclusion criteria were a) 

between 18-50 years; b) a diagnosis of psychosis not otherwise specified (NOS), schizophrenia, 

schizophreniform disorder, schizotypical personality disorder; c) the first psychotic episode was 

not longer than 3 years ago. For the current study, we included 11 patients with a schizophrenia 

spectrum disorder recruited via the Simvastatin study.

The Spectrum study (Sommer et al., 2010) investigated the effect of hallucinations in schizophrenia 

patients and participants with non-clinical hallucinations. Participants were recruited via a website 

www.verkenuwgeest.nl (“explore your mind”). Inclusion criteria for non-clinical voice hearers were: 

a) voices were distinct from thoughts and had a “hearing” quality; b) voices were experienced at 

least once a month; c) absence of psychiatric disorders other than anxiety or depressive disorder in 

full remission as assessed in a psychiatric examination using the CASH, and the SCID-II interviews; d) 

absence of alcohol or drug abuse for at least 3 months prior to the assessment; e) absence of chronic 

somatic disorder. In the current study, we included 51 healthy controls, 40 non-clinical individuals 

with hallucinations, and 37 patients with a schizophrenia spectrum disorder.

The Understanding Hallucinations (UH) study is an ongoing multicenter cross-sectional study that 

investigates phenomenology and underlying brain mechanisms of hallucinations across a wide 

range of disorders (clinicaltrials.gov identifier NCT02460965). Participants were recruited via several 

institutes in the Netherlands, including the University Medical Center Utrecht, Parnassia Psychiatric 

Institute, VU medical center Amsterdam, Diakonessenhuis Utrecht, and University Medical Center 

Groningen. Inclusion criteria were; 1) age ≥ 18 years; and 2) experienced hallucinations in the past 

month; or never experiences hallucinations in life. For the current study, we included 15 patients with 

a schizophrenia spectrum disorder who were recruited for the Understanding Hallucinations study.

Data acquisition

All participants were acquired on the same 3 tesla Achieva Philips clinical MRI scanner equipped with 

an 8-channel SENSE head coil at the University Medical Center Utrecht (Philips, Best, The Netherlands). 

Anatomical 3D high-resolution T1-weighted images were obtained for anatomical reference with the 

following parameter settings: echo time [TE] = 4.6 ms, repetition time [TR] = 10 ms, flip angle = 90º, 

Field of View (FOV) = 240 mm/100%, voxel size 0.75 × 0.75 × 0.80 mm, reconstruction matrix = 200 

x 320 x 320. For 49 participants included in the Spectrum study (Sommer et al., 2010), T1-weighted 

images with a lower resolution were available: 160 contiguous sagittal slices (TE = 4.6 ms, TR = 10 

ms, flip angle = 8°, FOV = 224 mm, 1 × 1 × 1 mm voxels). Task-free resting state functional data were 

acquired using a 3D PRESTO sequence that allowed for fast functional brain coverage every 609 ms 
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(Neggers et al., 2008). All participants were instructed to keep their eyes closed. Parameters settings 

were: (40 (coronal) slices, TE = 32.4 ms, TR = 21.75 ms, flip angle = 10°, FOV = 224 x 256 x 160, 4 x 4 

x 4 mm voxels). Using this sequence, between 600-1000 images were obtained depending on the 

study for which the data was acquired, after which all resting state scans were resized to the first 

600 images (~6 minutes). All scans were checked for radiological abnormalities.

Data preprocessing

Preprocessing was done using the FMRIB Software Library (FSL) version 5.0.4 (Smith et al., 2004) 

with FEAT’s default settings, including skull stripping (BET), motion correction with MCFLIRT, spatial 

smoothing (5mm kernel at full width at half maximum) and high-pass filtering (100-second cut-

off). The mean global signal was not included, as this could potentially bias group differences or 

increase the risk of removing a valuable signal (Saad et al., 2012; Gotts et al., 2013; Yang et al., 2014). 

In-scanner motion can influence functional connectivity measures and is known to disproportionally 

affect the functional connectome of patients versus controls (Power et al., 2012; van Dijk et al., 

2012). Several steps were taken to prevent a systematic motion-related bias in this study following 

recent developments in the literature. If the relative root mean square displacement over all frames 

exceeded 0.2mm; or if 20 individual frames exceeded the threshold of 0.25mm, these subjects were 

excluded from further analysis (Satterthwaite et al., 2012). ICA-AROMA was subsequently applied 

for denoising (Pruim et al., 2015a; Pruim et al., 2015b). More information on exclusion of scans due 

to missing clinical data, poor imaging, data quality, processing errors, motion artefacts, or brain 

abnormalities reported by the radiologist can be found in the Supplementary material.

Functional network reconstruction

The average time series for each participant were extracted from N=90 functional regions (nodes) 

of the automated anatomical labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002) and N=260 nodes 

of the Power atlas (Power et al., 2011) covering the whole brain, including cortical and subcortical 

regions. We applied wavelet decomposition on the raw time series to extract a signal in the 

frequency domain of 0.05 - 0.1 Hz (Scale 4), as resting state studies commonly apply bandpass 

filtering over the frequency domain between 0.01 - 0.1 Hz (Percival & Walden, 2000; Grinsted et al., 

2004; Zhang et al., 2016). Wavelet-based methods have several advantages in terms of denoising 

(Fadili & Bullmore, 2004), robustness to outliers (Archard et al., 2006), autocorrelations and has the 

advantage of bypassing the role of positive and negative edge weights compared the traditional 

band-pass filtering and Pearson correlation coefficients (Gu et al., 2015). Because a coherence value 

is always between 0 and 1, this facilitates possible problems of how to deal with negative edge 

weights. The coherence was calculated as the mean squared coherence between time series over 

the chosen wavelet scale in Matlab, using the mscohere function.
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Global connectome disturbances

We analyzed disturbances in global network organization related to hallucinations. Two key 

properties were investigated to characterize network topology. The first property is the weighted 

global efficiency, which provides information on overall communication efficiency throughout the 

network (Onnela et al., 2005) and is hence a measure of network integration. It was calculated as 

the average inverse shortest path length between all node pairs (Onnela et al., 2005). The second 

property is the weighted clustering coefficient, which reflects the degree to which nodes in the 

network tend to cluster together, and is a metric of network segregation. It was calculated as the 

weighted level of functional connectivity that exists between each nodes’ neighbours, proportional 

to the maximum degree of connectivity (Onnela et al., 2005). The graph metrics were computed 

using the Brain Connectivity Toolbox (Onnela et al., 2005). Thresholding connectivity matrices can 

bias graph metrics due to differences in edge density and functional connectivity strength between 

patient and control groups (van Wijk et al., 2010; van den Heuvel et al., 2017). We therefore used 

unthresholded connectivity matrices and tested if the connectivity strength differed across groups.

Minimum Spanning Tree (MST) analysis provides information on a network’s topology and is 

therefore insensitive to connection strength (Stam et al., 2014; Tewari et al., 2015). The Minimum 

Spanning Tree (MST) is a subnetwork of the original weighted connectivity matrix, connecting all 

nodes in the network without forming loops, and therefore represents the strongest connections in 

the network (e.g. a maximum spanning tree) (Stam et al., 2014). For each subject, the MST network 

was constructed by consecutively adding connections with the highest-ranking weight. When 

adding a new connection resulted in the formation of a loop, this connection was omitted and the 

next connection in order of weight was added to the network. This procedure was repeated until 

all nodes were connected, resulting in a unique MST for each subject with a fixed number of (N) 90 

nodes and (M = N-1) 89 links. Hence, no bias was induced due to differences in connection density or 

strength between subjects. The MST therefore represents the strongest connections in the network 

(e.g. a maximum spanning tree), and network topology was compared using the MST leaf fraction 

and MST diameter (Stam et al., 2014).

A combination of two MST measures, namely the diameter and the leaf fraction can be used to 

determine if the network’s topology is more line-like (i.e., less integrated) or more star-like (i.e., more 

integrated) network (Stam et al., 2014). The MST diameter is calculated as the longest distance (in 

number of edges) between any two nodes of the MST. The MST leaf fraction, reflecting the number 

of nodes that only link to one other node (i.e., degree 1). A longer diameter and lower leaf number 

will reflect a more line-like network, whereas a more integrated star-like network will have a shorter 

diameter and larger leaf number (Stam et al., 2014).
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K-means clustering

We computed an averaged connectivity matrix per participant group and subtracted the average 

matrix of healthy controls to obtain three difference matrices. These differences matrices were 

converted into three vectors, thereby only extracting those connections that were part of the NBS 

component. The three vectors were entered into a k-means clustering algorithm.

The k-means clustering method is an unsupervised machine learning algorithm that groups data into 

a pre-specified number of k clusters. We determined the optimal number of according to Madhulatha 

and colleagues (2012), by running the k-means clustering algorithm for k range of values (e.g. 1-10 

clusters) and subsequently calculating the sum of squared errors (SSE) at each k. The most favorable 

balance between a low SSE and low k determines the optimum number of clusters (Madhulatha, 

2012). In this study, the elbow method validated an optimum number of six clusters (Supplementary 

Figure 4).

Effects of age, sex, motion and modality

Due to the relatively large differences in age and sex between the groups, we tested for possible 

collinearity. To identify collinearity among variables the variance inflation factor (VIF) was calculated 

in SPSS 22.0 using linear regression. As a rule of thumb, a VIF > 3 warrants extra checking, and a 

VIF > 5 means that collinearity is highly likely. To further explore possible effects of age and sex 

as covariates, we replicated the Network Based Statistics analyses in smaller matched subgroups 

(without including age and sex as covariates). These smaller subgroups were matched using exact 

case-control matching in SPSS 20.0.

The residual relationship between subject movement and connectivity was evaluated according 

to two benchmarks; 1) assess residual relationship between motion and connectivity by estimating 

the residual QC-FC (quality control / functional connectivity) correlation; 2) estimating distance-

dependent effects of motion on connectivity. The QC-FC relationship was computed by correlating 

the network edge weight of the 90-nodes with the mean relative displacement motion as calculated 

by MCFLIRT function in FSL (Jenkinson et al., 2002). To account for the participant’s age and sex, a 

partial correlation was calculated. This was subsequently used to calculate the number of edges that 

significantly correlated with subject motion after using the false discovery rate (FDR) (Ciric et al., 

2017). Secondly, distance dependent effects were estimated by correlating the Euclidean distance 

between the center of each node with the QC-FC correlation. Additional data on the residual relation 

between motion and functional connectivity is provided in Supplementary Figure 1.

Random forest classification algorithm

The random forest classifier has the advantage that cross-validation is done internally, meaning that 

no separate test set of participants is needed to estimate the generalized error of the training set 

(Breiman, 1999). The cross-validation is done internally by out-of-bag (OOB) error estimate. In each 
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bootstrap training sample, one-third of the features are left out and not used in assembling the 

decision tree. As the random forest is built, each tree is tested on features not used in building that 

tree, termed OOB examples. Each feature that is left out is put down the tree to obtain a classification. 

At the end of the run, the model predicts the class that received most of the votes every time feature 

x was OOB, as well as the proportion of time the class is not equal to the original class of feature x. 

This is averaged over all features resulting in the OOB error estimate (Breiman, 1999).

Each feature per classification receives a variable importance (VIMP) score between 0 and 1. This 

score is computed by the mean decrease in the Gini impurity criterion. This Gini impurity specifies 

how often a specific feature was selected for a split, and how large its overall discriminative value 

was for the classification. By adding up the Gini impurity decreases for each feature across all trees 

in the random forest, the feature importance (i.e. variable) is obtained.

The classification metrics sensitivity, specificity, and accuracy were determined as follows:

Sensitivity
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------------
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Specificity

TN
------------
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Accuracy
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For a more complete description of the classification algorithm, see Dauwan and colleagues (2016). 

The weighted accuracy was calculated according to Chen and colleagues (2004) to correct for 

unequal sample sizes within each classification.
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Supplementary Results

Subjects

Of all scans collected in the five studies, a subset of 749 participants was selected based on presence 

of a resting state and anatomical scan. Of these, n = 196 participants were excluded due to missing 

clinical data, poor imaging, data quality, processing errors, effects of motion, or brain abnormalities 

reported by the radiologist. See Supplementary Table 1 for a detailed overview of excluded scans per 

study, and Supplementary Table 2 for an overview of excluded scans per clinical status (e.g. NC-H, 

SCZ, BD, CTRL). Next, we selected only those participants who experienced lifetime hallucinations, 

and bipolar patients without any lifetime history of psychotic experiences. We therefore excluded 

another 69 patients with bipolar-I disorder, and 6 patients with schizophrenia. Exclusion of these 

scans resulted in a final eligible pool of n = 483 subjects. On average, sex and age differed across 

the participant groups. Tukey post-hoc tests were conducted to provide more information on the 

exact differences (see Supplementary Table 3 for post-hoc tests on age, and Supplementary Table 

4 for post-hoc tests on sex). Because age and sex differed across the groups, these variables were 

entered as covariates in the subsequent analyses.

Effects of age and sex

No significant relationship was present between age and sex was t = -0.055, P = 0.145. The collinearity 

diagnostics between age and sex was VIF = 1.000; tolerance = 1.000, indicating a low possibility of 

collinearity (VIF < 3). Age and sex were thus entered as covariates in the analysis. To further explore 

the effects of age and sex, we also replicated the NBS analyses in smaller matched subgroups, 

see Supplementary Fig 2. A similar pattern of connectivity disturbances was demonstrated for 

the non-clinical individuals and patients with schizophrenia. The analysis for patients with bipolar 

disorder-I was not significant, although a trend was observed (P = 0.097). This is probably due to a 

power problem as this analysis was done in a smaller matched subgroup. We therefore repeated this 

analysis at a more lenient significance level (P < 0.10) which yielded a similar pattern of connectivity 

disturbances as in the original analyses. The bipolar patients without hallucinations did not show 

any significant differences with healthy controls, neither at a more lenient significance threshold 

(P > 0.10).

Effects of motion

The residual relationship between motion and connectivity strength was estimated, revealing that 

none of the edges was significantly related to motion after FDR correction (P < 0.001, for all tests). 

The median QC-FC for healthy controls was 0.07; for patients with schizophrenia 0.06; for patients 

with bipolar disorder 0.05; and for non-clinical individuals 0.11. These numbers are in correspondence 

with previous findings on ICA-AROMA by Ciric and colleagues (2017). Distance dependent effects of 

motion are represented by the correlation displayed in each of the graphs in Supplementary Figure 
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1. The distance dependent effects. The results demonstrate that the distance dependent effect on 

motion was minimal for all groups.

Global connectome disturbances

The groups did not differ in functional connectivity strength (F (4) = 1.0; P = 0.434), meaning its 

effects on graph theoretical measures can be considered minimal (van den Heuvel et al., 2017). 

None of the hallucination groups differed in terms of global network organization relative to healthy 

controls, neither in graph theoretical or MST measures (P > 0.05, FDR corrected).

Network Based Statistics

The NBS contrasts schizophrenia patients vs healthy controls, and non-clinical individuals vs healthy 

controls were both tested using a F-test at T = 13.0; P < 0.05 at 10,000 permutations. The contrast 

bipolar-I disorder patients with hallucinations vs healthy controls was tested at T = 8.5; p < 0.05 at 

10,000 permutations. Differences between bipolar-I disorder patients vs healthy controls was tested 

at a range of T-thresholds, but did not result in any significant differences at either of the thresholds.

According to Zalesky and colleagues (2012), the choice of the T-statistic is somewhat arbitrary, 

but does not affect the specificity of the results. We therefore choose T-statistics that provided a 

roughly equal number of connections across the contrasts to facilitate visual comparison of results. 

All significant connections in the NBS network are displayed in Supplementary Table 6 for patients 

with bipolar disorder, Supplementary Table 7 for patients with schizophrenia, and Supplementary 

Table 8 for non-clinical individuals with hallucinations. The results of the overall group comparison 

of all hallucinating individuals compared to healthy controls are displayed in Supplementary Table 9.

Conjunction analysis

To test for precise overlap of connections in each of the NBS networks, a conjunction analysis was 

applied. The connections in the NBS networks of the non-clinical individuals and schizophrenia 

patients were found to overlap with eight connections, while the non-clinical individuals and 

schizophrenia patients showed overlap with bipolar-I patients with hallucinations in only one 

connection (see Supplemental Figure 4 and Supplemental Table 5).

Supplementary Discussion

Implication for future research

Connectivity disturbances in areas such as the cingulate gyrus, insula, hippocampal complex, 

precuneus and language areas suggests involvement of several large-scale networks, including the 

auditory, attention and task-control networks in the experience of hallucinations. This typical pattern 

could suggest that sensory areas may not be adequately mediated by higher-order cognitive regions 

(Hugdahl, 2009). These findings can be interpreted in light of the bottom-up/top-down explanatory 
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model which proposes that hallucinations may arise from an imbalance between sensory input 

(bottom-up) and top-down inhibitory control on sensory areas (Friston, 2005; Fletcher & Frith, 2009; 

Powers et al., 2015; Callaghan et al., 2017). Disruption of bottom-up processing networks could lead 

to disturbed interpretation of incoming sensory input, causing patients to hallucinate.

For example, the circular inference theory explains the experience of hallucinations in terms of 

an imbalance between bottom-up and top-down information (Jardri & Denève, 2013). Reduced 

inhibitory control is hypothesized to lead to top-down and bottom-up information being 

reverberated (i.e. prior beliefs are misinterpreted as sensory observations) (Waters et al., 2003). This 

may fit with the observed increased connectivity between the frontal and temporal area in both 

schizophrenia patients and non-clinical individuals in this study, as multiple overcounting of the 

same redundant sensory and prior information means that both areas will be more active at the 

same time (e.g. resulting in a higher correlation of BOLD signals) than to be expected in controls.

In support of the reduced inhibitory control theory, previous studies demonstrated that patients 

with schizophrenia have difficulties to suppress irrelevant information as established by various 

cognitive tasks measuring inhibitory control (Waters et al., 2003; Soriano et al., 2009; Hugdahl et 

al., 2013; Badcock et al., 2015). Similar deficits in inhibitory control were reported in non-clinical 

individuals with hallucinations (Paulik et al., 2007; Daalman et al., 2011). Reduced inhibitory control 

was previously reported for bipolar patients in a manic episode (Badcock et al., 2012), but to a lesser 

extent in euthymic state (McGrath et al., 1997). The bipolar-I disorder patients in the current study 

were all in euthymic phase at time of scanning. Euthymic bipolar patients have been found to 

perform intermediate to schizophrenia patients and controls on executive functioning tasks (Larson 

et al., 2005). In all, these findings might point to mild inhibitory problems related to hallucinations, 

albeit to a lesser extent in bipolar-I disorder patients than schizophrenia patients and non-clinical 

individuals with hallucinations.

The present findings are correlational, and can therefore not confirm our hypothesis that connectivity 

between frontal, parietal and cingulate areas relates to inhibitory dysfunction. Future studies could 

investigate whether these disturbed connections point to inhibitory and excitatory dysfunction 

by studying global glutamate (Glu) receptor hypofunction (or the N-methyl-d-aspartate receptor 

(NMDA-R)) and gamma-aminobutyric acid (GABA) transmission related to dysconnectivity profiles 

(Friston, 2005; Jardri et al., 2013; Corlett et al., 2009). This could for example be done by combining 

fMRI with 1H-MR spectroscopy (MRS) to measure levels of Glu and GABA functioning in particular 

areas of the cortex (Hugdahl et al., 2015).
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SUPPLEMENTARY TABLE 1. Reasons of exclusion for scans listed per studya. aThe total number of selected 

scans per study should be taken into account when interpreting these numbers, which are Spectrum n = 133, BIG 

n = 320, TOPFIT n = 78, Simvastatin n = 11, UH n = 16. Abbreviations: BIG Bipolar Genetics study; TOPFIT The Outcome 

of Psychosis and Fitness Therapy study; UH Understanding Hallucinations.

Studies

Reason for exclusion Spectrum BIG TOPFIT Simvastatin UH

No data on lifetime hallucinations 14 4 3 2 1

Radiological exclusions 2 8 0 0 0

Preprocessing errors 9 67 13 1 1

Motion outliers 27 34 7 2 1

Total 52 113 23 5 3

SUPPLEMENTARY TABLE 2. Reasons of exclusion for scans listed per clinical statusa

Clinical status

Reason for exclusion SCZ BD-I NC-H HC

No data on lifetime hallucinations 11 0 1 5

Radiological exclusions 1 5 1 2

Preprocessing errors 13 38 1 36

Motion outliers 29 29 5 8

Total 54 72 8 51

 Age, Mean (SD), y 35.2 (11.4) 50.26 (12.7) 45.7 (9.9) 41.0 (17.3)

aNumber of cases with missing clinical status n=11. Number of cases with missing data on age: SCZ-H n = 4; NC-H n = 1;. 

Abbreviations: SCZ-H schizophrenia with hallucinations; BD-I bipolar-I disorder with and without hallucinations; NC-H non-

clinical individuals with hallucinations; HC healthy controls.
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SUPPLEMENTARY TABLE 3. Post-hoc tests of significant differences in age across the groupsa

Participants Mean difference P value

HC NC-H -2.4 .827

SCZ-H 8.4 .000*

BD-H -5.6 .014*

BD -11.6 .000

NC-H HC 2.4 .827

SCZ-H 10.8 .000*

BD-H -3.2 .733

BD -9.2 .015*

SCZ-H HC -8.4 .000*

NC-H -10.8 .000*

BD-H -14.0 .000*

BD -20.0 .000*

BD-H HC 5.6 .014*

NC-H 3.2 .733

SCZ-H 14.0 .000*

BD -6.0 .129

BD HC 11.6 .000*

NC-H 9.2 .015*

SCZ-H 20.0 .000*

BD-H 6.0 .129

aDifferences are deemed significant at p < 0.05 (*indicated with asterisk). Post-hoc tests done using Tukey HSD test. 

Abbreviations: NC-H individuals with non-clinical hallucinations; BD-H bipolar disorder with lifetime history of hallucinations; 

BD bipolar disorder without lifetime history of hallucinations; SCZ-H schizophrenia spectrum disorder with hallucinations.
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SUPPLEMENTARY TABLE 4. Post-hoc tests of significant differences in sex across the groupsa

Participants Chi-square P value

HC NC-H 10.7 .001*

SCZ-H 6.0 .014*

BD-H 0.2 .646

BD .04 .840

NC-H HC 10.7 .001*

SCZ-H 21.0 <.001*

BD-H 8.7 .010*

BD 7.5 .006*

SCZ-H HC 6.0 .014*

NC-H 21.0 <.001*

BD-H 5.5 .019*

BD 2.1 .144

BD-H HC 0.2 .646

NC-H 8.7 .010*

SCZ-H 5.5 .019*

BD 0.2 .622

BD HC 0.0 .840

NC-H 7.5 .006*

SCZ-H 2.1 .144

BD-H 0.2 .622

aDifferences are deemed significant at p < 0.05 (*indicated with asterisk). Post-hoc tests done using Chi-square tests. 

Abbreviations: NC-H individuals with non-clinical hallucinations; BD-H bipolar disorder with lifetime history of hallucinations; 

BD bipolar disorder without lifetime history of hallucinations; SCZ-H schizophrenia spectrum disorder with hallucinations.

SUPPLEMENTARY TABLE 5. Overlapping edges between NC-H, SCZ-H, and BD-H

Diagnoses Region Region

NC-H and BD-H Cuneus L Lingual R

NC-H and SCZ-H Frontal Inf Oper R Supramarginal R

Insula R Supramarginal R

Rolandic Oper R Supramarginal R

Insula L Temporal Sup L

Rolandic Oper R Temporal Sup L

Rolandic Oper R Temporal Mid L

Rolandic Oper R Temporal Mid R

SCZ-H and BD-H Rolandic Oper R Temporal Inf R

Note: abbreviations: SCZ-H schizophrenia with hallucinations; BD-H bipolar-I disorder with hallucinations; NC-H non-clinical 

individuals with hallucinations.
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SUPPLEMENTARY FIGURE 1. Distance dependent effects of motion on edge strengtha. aEuclidean distance 

each pair of nodes was calculated and compared to the QC-FC (quality control / functional connectivity) correlation. The 

QC-FC relationship was computed by correlating the network edge weight of the 90-nodes of the AAL atlas with the mean 

relative RMS (root mean square) motion. The distance dependent effect of motion were minimal in all participant groups. 

Abbreviations: HC healthy controls; NC non-clinical individuals; BD bipolar disorder; SCZ schizophrenia spectrum disorder.
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SUPPLEMENTARY FIGURE 2. Functional connectome alterations in matched subgroups. Results of the 

Network Based Statistics between: a) non-clinical individuals with hallucinations (n = 28) vs healthy controls (n = 28); b) 

schizophrenia patients with hallucinations (n = 45) vs healthy controls (n =45); c) bipolar-I disorder patients with lifetime history 

of hallucinations (n = 58) vs healthy controls (n= 58). d) bipolar-I disorder patients without a lifetime history of psychosis (n = 32 

did not differ from controls (n = 32). The grey dots represent stereotactic centroids of brain regions defined by the AAL atlas.  
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The edges are color-coded based on either an increase (red) or decrease (blue) in connectivity compared to controls. Group 

differences were tested at a significance level of P < 0.05 FWE corrected; the BD-H is tested at a more lenient threshold of P < 

0.10. Abbreviations: NC-H individuals with non-clinical hallucinations; BD-H bipolar disorder with lifetime history of hallucinations; 

SCZ-H schizophrenia spectrum disorder with hallucinations.
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SUPPLEMENTARY FIGURE 3. Results of the network based statistics analyses using the Power-260 atlas.
Results of the Network Based Statistics analysis between: a) non-clinical individuals with hallucinations (n = 35) vs 
healthy controls (n = 222); b) schizophrenia patients with hallucinations (n = 95) vs healthy controls (n = 222); c) bipolar-I 
disorder patients with lifetime history of hallucinations (n = 73) vs healthy controls (n= 222). d) bipolar-I disorder 
patients without a lifetime history of psychosis (n = 40) did not differ from controls (n = 222). The dark blue dots 
represent stereotactic centroids of brain regions defined by the Power atlas. The edges are color-coded based on 
either an increase (red) or decrease (blue) in connectivity compared to controls. Group differences were tested at a 
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significance level of P < 0.05 FWE corrected. The corresponding test-statistics, a table with altered connections can 
be found in the Supplementary Tables 10-12. Abbreviations: AUD auditory network; BD bipolar-I disorder without 
lifetime history of hallucinations or delusions; BD-H bipolar-I disorder with lifetime history of hallucinations; CEN central-
executive network; CER cerebellum; CON cingulo-opercular network; DAN dorsal attention network; DMN default 
mode network; MEM memory; NC-H individuals with non-clinical hallucinations; SAL salience; SCZ-H schizophrenia 
spectrum disorder with hallucinations; SSH somatosensory hand; SSM somatosensory mouth; SUB subcortical; VAN 
ventral attention network; VIS visual.
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SUPPLEMENTARY FIGURE 4. Conjunction analysis on the NBS networks of NC-H, SCZ-H and BD-H. a) 
eight overlapping edges were found between NC-H and SCZ-H. b) One overlapping edge was found between BD-H 
and SCZ-H, c) one edge for NC-H and BD-H. Results are depicted in matrices of the 90 regions of the AAL atlas. 
Abbreviations: NC-H individuals with non-clinical hallucinations; BD-H bipolar disorder with hallucinations; SCZ-H 
schizophrenia spectrum disorder with hallucinations.

SUPPLEMENTARY FIGURE 5. Clusters defined by elbow method for k-means clustering. Six sets of clusters 

were validated by the elbow method and entered into the k-means clustering algorithm. After a NBS analysis across the three 

hallucinating groups (NC-H, SCZ-H, BD-H), those edges that were found to significantly differ in functional connectivity across 

the three groups, were entered into the k-means clustering algorithm. A list of these edges can be found in Supplementary 

Table 9. Abbreviations: NC-H individuals with non-clinical hallucinations; BD-H bipolar disorder with lifetime history of 

hallucinations; SCZ-H schizophrenia spectrum disorder with hallucinations.
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SUPPLEMENTARY FIGURE 7. Random forest classification based on the connections of the NBS network.
Variable importance scores in the three main classifications. Features concern all connections that are part of the 
NBS network of each group comparison, see Supplementary Tables 13 – 15 for the included features. The features 
are ordered according to the lobes of the brain in which the connections originate. VIMP scores showing the relative 
importance of features for discrimination between visual versus no visual, or visual versus auditory hallucinations. 
The red bars indicate the variable importance score (VIMP), which ranges on a scale from 0–1. The numbers in front 
of the red bars indicate the feature number corresponding to each edge pair presented in Supplementary Tables 
13 - 15. The most discriminating feature in the NC-H group is indicated with an asterisk (*). Sample sizes are NC-H 
with only auditory hallucinations n = 7 versus NC-H with auditory and visual hallucinations n = 33; SCZ-H with only 
auditory hallucinations n = 31 versus SCZ-H with auditory and visual hallucinations n = 53; BD-H with only auditory 
hallucinations n = 14 versus BD-H with only visual hallucinations n = 25. Number of cases with missing data: 15 visual 
hallucinations in SCZ-H; 2 auditory hallucinations in BD-H. Abbreviations: AH auditory hallucinations; BD-H bipolar-I 
disorder with lifetime history of hallucinations; CC cingulate cortex; NC-H individuals with non-clinical hallucinations; 
SCZ-H schizophrenia spectrum disorder with hallucinations; VH visual hallucinations.
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SUPPLEMENTARY TABLE 6. Results of the network based statistics for non-clinical individuals with hallucinations 

versus healthy controls using the AAL atlasa .

Non-clinical individuals with hallucinations versus healthy controls

Region Region Statsb Region Region Statsb

Rolandic_Oper_R Hippocampus_L. 29.48 Cingulum_Ant_R Occipital_Mid_L. 15.39

Rolandic_Oper_R Temporal_Mid_R. 26.35 Precentral_R Parietal_Inf_L. 15.38

Rolandic_Oper_R SupraMarginal_R. 26.09 Cingulum_Ant_R Occipital_Inf_L. 15.31

Rolandic_Oper_R Temporal_Mid_L. 24.91 Rolandic_Oper_R Postcentral_R. 15.26

Frontal_Sup_Medial_R Cingulum_Ant_R. 24.42 Temporal_Sup_R Temporal_Mid_R. 15.25

Frontal_Sup_R Frontal_Sup_Medial_R. 23.02 Precentral_L Putamen_R. 15.19

Precentral_L Insula_L. 22.82 Frontal_Sup_Medial_L Cingulum_Ant_L. 15.14

Precentral_R SupraMarginal_R. 22.31 Frontal_Sup_R Calcarine_R. 14.95

Precentral_L Frontal_Sup_L. 21.94 Precentral_L Frontal_Mid_L. 14.73

Precentral_L Frontal_Inf_Orb_R. 21.22 Amygdala_R Temporal_Inf_R. 14.72

Rolandic_Oper_R Temporal_Sup_L. 21.17 Temporal_Sup_R Temporal_Inf_L. 14.69

Insula_R Temporal_Sup_L. 20.84 Precentral_L Temporal_Sup_R. 14.64

Insula_R SupraMarginal_R. 20.37 Frontal_Sup_Medial_R Cuneus_R. 14.62

Frontal_Sup_Medial_R Occipital_Inf_L. 20.21 Precentral_L Frontal_Inf_Oper_R. 14.60

Calcarine_R Cuneus_L. 20.16 Frontal_Sup_Medial_L Calcarine_L. 14.53

Frontal_Sup_R Frontal_Sup_Medial_L. 20.14 Frontal_Mid_R Lingual_R. 14.53

Frontal_Sup_R SupraMarginal_R. 19.71 Cuneus_L Lingual_R. 14.49

Frontal_Sup_Medial_R Calcarine_R. 19.51 Cingulum_Ant_R Cuneus_L. 14.47

Frontal_Inf_Oper_R Hippocampus_L. 19.29 Precentral_L Frontal_Inf_Tri_R. 14.44

Rolandic_Oper_R SupraMarginal_L. 19.13 Frontal_Sup_Medial_R Occipital_Sup_L. 14.38

Precentral_L Frontal_Inf_Orb_L. 18.46 Calcarine_L Postcentral_L. 14.34

Cuneus_L Cuneus_R. 18.45 Insula_L SupraMarginal_L. 14.28

Frontal_Sup_L Temporal_Sup_R. 18.40 Frontal_Inf_Tri_R SupraMarginal_R. 14.17

Frontal_Sup_Medial_R Lingual_R. 18.24 Heschl_R Temporal_Mid_R. 14.10

Precentral_R Angular_R. 18.17 Cingulum_Ant_R Lingual_R. 14.06

Frontal_Sup_Medial_R Occipital_Mid_L. 18.10 Frontal_Sup_Medial_R Parietal_Inf_L. 14.05

Frontal_Sup_Medial_R Calcarine_L. 18.08 Angular_R Temporal_Inf_L. 14.03

Frontal_Mid_R SupraMarginal_R. 18.02 Frontal_Sup_R Cuneus_R. 13.98

Frontal_Inf_Oper_R SupraMarginal_R. 17.71 SupraMarginal_R Temporal_Inf_L. 13.93

Frontal_Sup_Medial_R Precuneus_R. 17.52 Calcarine_L Lingual_R. 13.84

Frontal_Sup_Medial_R Cuneus_L. 17.49 Frontal_Sup_Medial_L Lingual_R. 13.71

Frontal_Sup_R Cingulum_Ant_R. 17.42 Temporal_Sup_R Temporal_Inf_R. 13.61

Precentral_R Temporal_Mid_R. 17.24 Precentral_L Insula_R. 13.60

Frontal_Sup_Medial_L Cuneus_L. 16.90 Temporal_Sup_L Temporal_Pole_Sup_R. 13.57
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SUPPLEMENTARY TABLE 6. (Continued)

Non-clinical individuals with hallucinations versus healthy controls

Region Region Statsb Region Region Statsb

SupraMarginal_L Temporal_Sup_R. 16.61 Frontal_Sup_L Calcarine_L. 13.46

Rolandic_Oper_R Postcentral_L. 16.57 Parietal_Inf_L Angular_R. 13.42

Rolandic_Oper_R Temporal_Sup_R. 16.42 Frontal_Sup_R Cingulum_Ant_L. 13.35

SupraMarginal_R Temporal_Sup_R. 16.42 Insula_L Temporal_Sup_L. 13.30

SupraMarginal_R Putamen_R. 16.06 Rolandic_Oper_R Fusiform_R. 13.25

Insula_R Temporal_Mid_R. 15.88 Frontal_Mid_R Cuneus_R. 13.21

Precentral_L Frontal_Inf_Tri_L. 15.87 Parietal_Inf_L Temporal_Sup_R. 13.13

Hippocampus_R SupraMarginal_R. 15.87 Precentral_L Frontal_Mid_R. 13.12

Precuneus_L Precuneus_R. 15.74 Frontal_Mid_R Cingulum_Ant_R. 13.11

Rolandic_Oper_R Temporal_Inf_R. 15.63 Frontal_Sup_L Temporal_Pole_Mid_R. 13.03

Temporal_Sup_R Temporal_Mid_L. 15.54 Calcarine_L Occipital_Mid_L. 13.00

Frontal_Sup_R Lingual_R. 15.51

aNBS F-test at T = 13.0; P < 0.05 with 10,000 permutations, adjusted for multiple comparisons. bStats indicates the T-statistic 

of significant edges.

SUPPLEMENTARY TABLE 7. Results of the network based statistics for schizophrenia patients with hallucinations 

versus healthy controls using the AAL atlasa .

Schizophrenia patients with hallucinations versus healthy controls

Region Region Statsb Region Region Statsb

Hippocampus_R Pallidum_R. 25.06 Frontal_Inf_Oper_R Hippocampus_R. 14.98

Rolandic_Oper_R Temporal_Mid_R. 24.22 Frontal_Sup_Orb_R Cingulum_Mid_R. 14.95

ParaHippocampal_R Amygdala_R. 23.42 Rolandic_Oper_L Rolandic_Oper_R. 14.84

Rolandic_Oper_R SupraMarginal_R. 23.26 Frontal_Sup_Orb_L Occipital_Mid_L. 14.69

Rolandic_Oper_L Insula_L. 21.78 Frontal_Inf_Oper_R Cingulum_Post_L. 14.58

Rolandic_Oper_R Temporal_Inf_R. 20.97 Insula_L Temporal_Sup_L. 14.37

Lingual_L Occipital_Mid_L. 20.96 Supp_Motor_Area_R Temporal_Sup_L. 14.20

Frontal_Inf_Oper_R Cingulum_Mid_R. 20.71 Rectus_L Cuneus_R. 14.10

Frontal_Mid_L Cingulum_Mid_R. 20.06 Rolandic_Oper_L Putamen_R. 14.09

Cingulum_Mid_R Hippocampus_R. 19.93 Rolandic_Oper_R Temporal_Mid_L. 14.08

Cingulum_Ant_L ParaHippocampal_R. 19.86 Insula_R Precuneus_R. 14.04

Insula_L Heschl_L. 19.38 Frontal_Inf_Tri_L Rolandic_Oper_L. 14.01

Rolandic_Oper_R Cingulum_Mid_R. 19.32 Frontal_Inf_Tri_L SupraMarginal_R. 13.99

Hippocampus_R Putamen_R. 19.28 Frontal_Mid_R Cingulum_Mid_R. 13.97
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SUPPLEMENTARY TABLE 7. (Continued)

Schizophrenia patients with hallucinations versus healthy controls

Region Region Statsb Region Region Statsb

Frontal_Inf_Oper_L Cingulum_Mid_R. 19.14 Frontal_Sup_Orb_L Precuneus_R. 13.96

Supp_Motor_Area_R Postcentral_L. 18.57 Frontal_Med_Orb_R Parietal_Inf_L. 13.95

SupraMarginal_L Heschl_R. 18.32 Frontal_Sup_Medial_L Occipital_Mid_L. 13.94

Rolandic_Oper_L Insula_R. 18.21 Heschl_R Temporal_Inf_R. 13.94

Rolandic_Oper_L Cingulum_Mid_R. 17.75 Cingulum_Ant_R Cingulum_Mid_R. 13.93

Frontal_Inf_Tri_L Cingulum_Mid_R. 17.40 Supp_Motor_Area_R Hippocampus_R. 13.87

Cingulum_Mid_R SupraMarginal_L. 17.05 Frontal_Sup_Orb_L Lingual_L. 13.82

Frontal_Mid_Orb_R Cingulum_Mid_R. 17.03 Lingual_L Occipital_Sup_L. 13.81

Cingulum_Ant_R Thalamus_R. 16.88 Heschl_R Temporal_Inf_L. 13.80

Supp_Motor_Area_L Temporal_Sup_L. 16.82 ParaHippocampal_R Pallidum_R. 13.78

Frontal_Sup_L Frontal_Sup_Orb_L. 16.79 Frontal_Sup_L Cuneus_R. 13.73

Frontal_Inf_Tri_L Thalamus_R. 16.79 Lingual_L Parietal_Inf_L. 13.55

Frontal_Sup_Orb_L Precuneus_L. 16.71 Occipital_Sup_L Fusiform_L. 13.53

Frontal_Sup_Orb_L Cingulum_Mid_R. 16.69 Amygdala_R Heschl_L. 13.48

Cingulum_Ant_R ParaHippocampal_R. 16.40 Temporal_Pole_Sup_R Temporal_Inf_L. 13.44

Supp_Motor_Area_L Postcentral_L. 16.28 Frontal_Med_Orb_L Parietal_Inf_L. 13.40

Frontal_Inf_Orb_R Rolandic_Oper_L. 16.19 Frontal_Inf_Orb_R Cingulum_Mid_R. 13.39

Hippocampus_L Putamen_L. 16.11 Frontal_Inf_Oper_R ParaHippocampal_R. 13.33

Hippocampus_R Amygdala_R. 16.10 Cingulum_Mid_R Caudate_R. 13.32

Cingulum_Ant_R Hippocampus_R. 15.79 SupraMarginal_R Heschl_R. 13.32

Rolandic_Oper_R Heschl_L. 15.69 Rectus_L Occipital_Mid_L. 13.28

Parietal_Inf_R Heschl_R. 15.67 Insula_R SupraMarginal_R. 13.21

Cingulum_Ant_L Hippocampus_R. 15.51 Hippocampus_R Caudate_R. 13.21

Frontal_Sup_R Occipital_Mid_L. 15.44 Amygdala_R Temporal_Sup_L. 13.21

Frontal_Sup_Orb_L Cuneus_L. 15.41 Rolandic_Oper_R Temporal_Inf_L. 13.17

Frontal_Inf_Orb_L Rolandic_Oper_L. 15.38 Frontal_Sup_Orb_L Cuneus_R. 13.12

Frontal_Sup_Orb_L Occipital_Sup_L. 15.34 Frontal_Inf_Oper_R SupraMarginal_R. 13.12

Rolandic_Oper_R Temporal_Sup_L. 15.30 Cingulum_Mid_R SupraMarginal_R. 13.12

Precentral_L Cingulum_Mid_R. 15.27 Lingual_L Temporal_Mid_L. 13.01

Hippocampus_R Putamen_L. 15.06

aNBS F-test at T = 13.0; P < 0.05 with 10,000 permutations, adjusted for multiple comparisons. bStats indicates the T-statistic 

of significant edges.

5



160

Chapter 5

SUPPLEMENTARY TABLE 8. Results of the network based statistics for bipolar-I disorder patients with hallucinations 

versus healthy controls using the AAL atlasa.

Bipolar-I disorder patients with hallucinations versus healthy controls

Region Region Statsb Region Region Statsb

Frontal_Sup_L Frontal_Mid_Orb_L. 25.31 Frontal_Mid_L Caudate_L. 10.11

Precentral_R Heschl_R. 24.24 Frontal_Mid_L Frontal_Inf_Orb_L. 10.06

Frontal_Mid_Orb_L Frontal_Inf_Orb_L. 22.95 Frontal_Mid_Orb_R Pallidum_L. 10.02

Precentral_R Postcentral_L. 21.81 Frontal_Sup_Orb_R Occipital_Inf_R. 10.00

Frontal_Mid_Orb_L Frontal_Sup_Medial_L. 19.02 Hippocampus_R Occipital_Inf_R. 10.00

Frontal_Mid_Orb_L Pallidum_L. 16.99 Putamen_L Temporal_Pole_Mid_L. 10.00

Frontal_Mid_L Frontal_Mid_Orb_L. 16.25 Frontal_Inf_Orb_L Amygdala_L. 9.93

Frontal_Mid_R Frontal_Mid_Orb_L. 16.24 Frontal_Mid_L Putamen_L. 9.93

Frontal_Mid_Orb_L Temporal_Pole_Sup_L. 16.13 Frontal_Mid_Orb_L Cingulum_Ant_R. 9.90

Frontal_Mid_Orb_L Cingulum_Ant_L. 15.41 Rolandic_Oper_R Putamen_L. 9.88

Frontal_Mid_Orb_L Frontal_Med_Orb_L. 15.35 Frontal_Mid_L Rolandic_Oper_L. 9.86

Precentral_R Rolandic_Oper_L. 15.10 Caudate_R Putamen_L. 9.69

Frontal_Inf_Oper_L Putamen_L. 15.07 Rolandic_Oper_R Hippocampus_R. 9.67

Precentral_L Precentral_R. 14.52 Frontal_Mid_R Frontal_Inf_Orb_L. 9.66

Frontal_Mid_Orb_L Frontal_Inf_Tri_L. 14.22 Precentral_R Postcentral_R. 9.57

Frontal_Sup_Medial_L Caudate_R. 13.31 Rolandic_Oper_R Temporal_Pole_Sup_L. 9.57

Cingulum_Ant_L Caudate_R. 12.80 Rolandic_Oper_R Temporal_Inf_L. 9.56

Frontal_Inf_Oper_R Putamen_L. 12.50 Frontal_Mid_L Pallidum_R. 9.53

Occipital_Sup_R Occipital_Mid_R. 12.49 Cingulum_Post_L Occipital_Mid_R. 9.43

Frontal_Inf_Oper_R Amygdala_L. 12.39 Frontal_Mid_R Rolandic_Oper_L. 9.37

Cingulum_Ant_R Amygdala_L. 12.36 Frontal_Mid_L Cingulum_Ant_L. 9.36

Frontal_Inf_Oper_L Pallidum_L. 12.36 Frontal_Inf_Orb_L Cingulum_Ant_L. 9.34

Frontal_Mid_R Amygdala_L. 12.30 Frontal_Inf_Oper_R Rolandic_Oper_L. 9.28

Rolandic_Oper_R Amygdala_L. 12.26 Caudate_R Temporal_Mid_R. 9.25

Frontal_Sup_Orb_L Amygdala_L. 12.25 Frontal_Mid_L Frontal_Med_Orb_R. 9.24

Frontal_Inf_Tri_L Putamen_L. 12.04 Frontal_Inf_Orb_L Frontal_Sup_Medial_R. 9.20

Frontal_Mid_L Caudate_R. 11.98 Frontal_Mid_Orb_R Amygdala_L. 9.20

Rolandic_Oper_R Pallidum_L. 11.69 Frontal_Mid_Orb_L Cingulum_Mid_R. 9.14

Pallidum_L Temporal_Pole_Mid_L. 11.68 Olfactory_R Putamen_L. 9.13

Frontal_Inf_Oper_L Rolandic_Oper_L. 11.46 Frontal_Med_Orb_L Frontal_Med_Orb_R. 9.08

Frontal_Mid_Orb_L Caudate_L. 11.44 Frontal_Inf_Tri_R Amygdala_L. 8.98

Frontal_Inf_Tri_L Heschl_R. 11.44 Calcarine_R Fusiform_R. 8.98

Precentral_R Temporal_Sup_L. 11.30 Fusiform_R Caudate_R. 8.94
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SUPPLEMENTARY TABLE 8. (Continued)

Bipolar-I disorder patients with hallucinations versus healthy controls

Region Region Statsb Region Region Statsb

Angular_R Caudate_R. 11.28 Frontal_Mid_Orb_L Putamen_L. 8.94

Parietal_Inf_R Pallidum_R. 11.27 Frontal_Mid_Orb_L Frontal_Med_Orb_R. 8.93

Parietal_Inf_R Caudate_R. 11.09 Frontal_Mid_L Pallidum_L. 8.91

Frontal_Mid_L Temporal_Pole_Sup_L. 10.83 Cingulum_Ant_R Caudate_R. 8.81

Frontal_Mid_Orb_L Caudate_R. 10.79 Pallidum_L Temporal_Pole_Sup_L. 8.81

Frontal_Mid_Orb_L Insula_L. 10.78 Frontal_Mid_L Amygdala_L. 8.79

Frontal_Inf_Orb_L Frontal_Sup_Medial_L. 10.76 Frontal_Sup_Medial_R Parietal_Inf_R. 8.74

Olfactory_R Pallidum_L. 10.66 Frontal_Mid_Orb_L Frontal_Inf_Oper_R. 8.70

Frontal_Sup_R Amygdala_L. 10.58 Frontal_Sup_Orb_R Amygdala_L. 8.62

Frontal_Inf_Oper_L Heschl_R. 10.57 Frontal_Sup_R Frontal_Mid_Orb_L. 8.58

Precentral_L SupraMarginal_R. 10.53 Frontal_Sup_L Frontal_Inf_Orb_L. 8.58

Frontal_Inf_Orb_L Cingulum_Ant_R. 10.43 Cingulum_Post_L Occipital_Inf_R. 8.58

Frontal_Inf_Orb_R Amygdala_L. 10.31 Frontal_Inf_Oper_R Pallidum_L. 8.58

Insula_R Amygdala_L. 10.21 Postcentral_L Postcentral_R. 8.51

Frontal_Inf_Oper_R Insula_L. 10.18 Caudate_R Temporal_Inf_L. 8.51

Frontal_Inf_Orb_L Caudate_R. 10.13

aNBS F-test at T = 8.5; P < 0.05 with 10,000 permutations, adjusted for multiple comparisons. bStats indicates the T-statistic 

of significant edges.

SUPPLEMENTARY TABLE 9. Results of the network based statistics across all three hallucination groups using the 

AAL atlas.

Comparison across all three hallucination groups

Region Region Cluster Region Region Cluster

Precentral_R Precentral_L 1 Temporal_Pole_Sup_R SupraMarginal_L 4

Postcentral_L Precentral_R 1 Thalamus_R Pallidum_L 4

Postcentral_R Precentral_R 1 Temporal_Mid_R Temporal_Pole_Sup_R 4

Rolandic_Oper_L Frontal_Inf_Oper_L 1 Frontal_Sup_L Precentral_L 5

Hippocampus_R Rolandic_Oper_R 1 Frontal_Inf_Oper_R Precentral_L 5

Heschl_R Rolandic_Oper_R 1 Frontal_Inf_Tri_L Precentral_L 5

Lingual_R Calcarine_L 2 Frontal_Inf_Orb_L Precentral_L 5

Occipital_Mid_L Calcarine_L 2 Frontal_Inf_Orb_R Precentral_L 5

Cuneus_L Calcarine_R 2 SupraMarginal_R Frontal_Sup_R 5

Fusiform_R Calcarine_R 2 SupraMarginal_R Frontal_Mid_R 5

Lingual_R Cuneus_L 2 SupraMarginal_R Frontal_Inf_Oper_R 5

5
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SUPPLEMENTARY TABLE 9. (Continued)

Comparison across all three hallucination groups

Region Region Cluster Region Region Cluster

Occipital_Inf_R Cuneus_L 2 Temporal_Mid_R Frontal_Inf_Oper_R 5

Precuneus_R Cuneus_L 2 Hippocampus_L Rolandic_Oper_R 5

Fusiform_R Cuneus_R 2 Fusiform_R Rolandic_Oper_R 5

Occipital_Mid_L Lingual_L 2 Postcentral_L Rolandic_Oper_R 5

Occipital_Mid_L Occipital_Sup_L 2 Postcentral_R Rolandic_Oper_R 5

Precuneus_L Occipital_Inf_R 2 SupraMarginal_L Rolandic_Oper_R 5

Cingulum_Mid_R Frontal_Mid_Orb_L 3 SupraMarginal_R Rolandic_Oper_R 5

Putamen_L Frontal_Inf_Oper_L 3 Temporal_Sup_L Rolandic_Oper_R 5

Pallidum_L Frontal_Inf_Oper_L 3 Temporal_Sup_R Rolandic_Oper_R 5

Heschl_R Frontal_Inf_Oper_L 3 Temporal_Mid_L Rolandic_Oper_R 5

Putamen_L Frontal_Inf_Oper_R 3 Temporal_Mid_R Rolandic_Oper_R 5

Pallidum_L Frontal_Inf_Oper_R 3 Temporal_Inf_R Rolandic_Oper_R 5

Putamen_R Putamen_L 3 SupraMarginal_L Insula_L 5

Pallidum_L Putamen_R 3 SupraMarginal_L Insula_R 5

Rolandic_Oper_L Frontal_Sup_L 4 SupraMarginal_R Insula_R 5

Heschl_R Frontal_Sup_L 4 Temporal_Sup_L Insula_R 5

Temporal_Inf_L Frontal_Sup_L 4 Temporal_Sup_R Insula_R 5

Rolandic_Oper_L Frontal_Sup_R 4 Temporal_Mid_R Insula_R 5

Thalamus_R Frontal_Sup_R 4 SupraMarginal_R Hippocampus_R 5

Heschl_R Frontal_Mid_L 4 Temporal_Mid_L Heschl_R 5

Temporal_Sup_L Frontal_Mid_L 4 Temporal_Pole_Sup_R Temporal_Sup_L 5

Rolandic_Oper_L Frontal_Mid_R 4 SupraMarginal_R Precentral_L 6

Rolandic_Oper_L Frontal_Mid_Orb_L 4 Thalamus_R Frontal_Sup_Orb_L 6

Hippocampus_L Frontal_Inf_Oper_R 4 Rolandic_Oper_L Frontal_Mid_L 6

SupraMarginal_L Frontal_Inf_Oper_R 4 Cingulum_Mid_R Frontal_Mid_L 6

Heschl_R Frontal_Inf_Oper_R 4 SupraMarginal_L Frontal_Mid_L 6

Temporal_Sup_L Frontal_Inf_Oper_R 4 SupraMarginal_R Frontal_Mid_L 6

Heschl_R Frontal_Inf_Tri_L 4 Temporal_Inf_R Frontal_Mid_R 6

Temporal_Sup_L Frontal_Inf_Tri_L 4 Temporal_Sup_L Frontal_Inf_Oper_L 6

Rolandic_Oper_L Frontal_Inf_Tri_R 4 Rolandic_Oper_L Frontal_Inf_Oper_R 6

Cingulum_Mid_R Frontal_Inf_Orb_L 4 Cingulum_Mid_R Frontal_Inf_Oper_R 6

Hippocampus_L Frontal_Inf_Orb_L 4 Hippocampus_R Frontal_Inf_Oper_R 6

Thalamus_R Frontal_Inf_Orb_L 4 Thalamus_R Frontal_Inf_Oper_R 6

Temporal_Sup_L Frontal_Inf_Orb_L 4 Rolandic_Oper_L Frontal_Inf_Tri_L 6
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SUPPLEMENTARY TABLE 9. (Continued)

Comparison across all three hallucination groups

Region Region Cluster Region Region Cluster

Hippocampus_L Frontal_Inf_Orb_R 4 Rolandic_Oper_L Frontal_Inf_Orb_L 6

Thalamus_R Frontal_Inf_Orb_R 4 Rolandic_Oper_L Frontal_Inf_Orb_R 6

Heschl_R Frontal_Inf_Orb_R 4 Rolandic_Oper_R Rolandic_Oper_L 6

Temporal_Sup_L Frontal_Inf_Orb_R 4 Insula_R Rolandic_Oper_L 6

Occipital_Mid_R Rolandic_Oper_R 4 Cingulum_Mid_R Rolandic_Oper_R 6

Caudate_L Rolandic_Oper_R 4 Parietal_Inf_R Rolandic_Oper_R 6

Parietal_Inf_R Insula_L 4 Temporal_Inf_L Rolandic_Oper_R 6

Hippocampus_L Insula_R 4 Hippocampus_R Insula_R 6

Postcentral_R Insula_R 4 Thalamus_R Insula_R 6

Putamen_L Hippocampus_L 4 Heschl_R Insula_R 6

Temporal_Pole_Sup_R Hippocampus_L 4 Heschl_R SupraMarginal_R 6

Heschl_R Occipital_Mid_R 4 Thalamus_R Putamen_R 6

SUPPLEMENTARY TABLE 10. Results of the network based statistics for non-clinical individuals with hallucinations 

versus healthy controls using the Power atlasa.

Non-clinical individuals with hallucinations versus healthy controls

RSN RSN Statsb RSN RSN Stats RSN RSN Stats

aud dmn 33.95 vis vis 15.57 vis cen 13.85

dmn dmn 27.84 dmn vis 15.53 dmn dmn 13.84

dmn dmn 26.79 ssm van 15.50 vis vis 13.84

ssh dmn 26.54 dmn dan 15.48 vis vis 13.84

ssm dmn 25.98 vis vis 15.45 vis sal 13.84

unc ssm 25.22 aud vis 15.43 vis vis 13.83

aud dmn 25.13 vis vis 15.39 aud dmn 13.82

vis vis 24.51 vis vis 15.34 dmn sal 13.82

vis cen 24.32 aud unc 15.28 dmn vis 13.81

aud dmn 21.16 dmn dmn 15.26 dmn vis 13.77

aud dmn 21.11 dmn vis 15.26 dmn cen 13.76

ssm con 21.07 vis vis 15.25 dmn vis 13.74

vis vis 20.87 ssm aud 15.22 sal van 13.73

dmn vis 20.65 dmn sal 15.17 dmn vis 13.72

ssh dmn 20.41 vis dan 15.17 ssh vis 13.71

ssh dmn 20.05 aud cen 15.13 vis sal 13.70
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SUPPLEMENTARY TABLE 10. (Continued)

Non-clinical individuals with hallucinations versus healthy controls

RSN RSN Statsb RSN RSN Stats RSN RSN Stats

dmn dmn 19.88 vis sal 15.13 dmn vis 13.69

dmn vis 19.85 ssh dmn 15.02 vis sal 13.69

con dmn 19.84 dmn cen 15.01 dmn vis 13.67

vis cen 19.78 aud dmn 15.00 ssh vis 13.66

dmn vis 19.75 dmn vis 15.00 dmn dmn 13.65

vis sal 19.62 ssh aud 14.94 ssm dmn 13.64

ssh van 19.59 vis cen 14.94 dmn vis 13.64

vis vis 19.37 vis unc 14.93 dmn dan 13.64

dmn dmn 19.36 vis vis 14.90 dmn vis 13.63

vis sal 19.23 vis cen 14.90 dmn vis 13.62

ssh dmn 19.07 dmn cen 14.85 cen sal 13.60

aud vis 19.03 dmn vis 14.83 dmn dmn 13.57

ssm aud 18.99 dmn vis 14.81 dmn sal 13.57

vis vis 18.94 dmn vis 14.80 dmn unc 13.53

vis vis 18.77 dmn vis 14.79 vis cen 13.53

dmn vis 18.69 vis vis 14.77 vis sal 13.52

dmn vis 18.55 dmn vis 14.76 sal dan 13.52

unc aud 18.54 ssm aud 14.75 vis sal 13.50

vis vis 18.41 ssh unc 14.73 vis sal 13.50

vis vis 18.21 dmn vis 14.72 vis cen 13.47

vis cen 18.13 vis cen 14.72 vis dan 13.46

ssm dmn 18.03 cen sal 14.71 dmn vis 13.45

ssm aud 18.01 ssm van 14.71 aud unc 13.41

cen sal 17.84 vis sal 14.70 dmn vis 13.39

vis sal 17.83 dmn vis 14.66 vis sal 13.39

vis cen 17.82 sal dan 14.64 dmn vis 13.37

vis sal 17.72 ssh dmn 14.62 vis dan 13.36

ssh aud 17.49 ssh vis 14.62 dmn vis 13.35

dmn vis 17.46 ssh dmn 14.58 dmn dan 13.35

cen sal 17.44 dmn sub 14.57 dmn vis 13.32

dmn vis 17.26 vis cen 14.56 dmn vis 13.32

dmn vis 17.21 aud dan 14.54 sub sub 13.32

unc ssm 17.20 ssm dmn 14.52 vis sal 13.29

ssh dmn 17.12 dmn vis 14.50 vis sal 13.27
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SUPPLEMENTARY TABLE 10. (Continued)

Non-clinical individuals with hallucinations versus healthy controls

RSN RSN Statsb RSN RSN Stats RSN RSN Stats

dmn vis 17.04 vis sal 14.47 dmn vis 13.25

dmn cen 17.00 dmn vis 14.44 dmn sal 13.25

aud dmn 16.75 vis vis 14.41 dmn dan 13.24

aud aud 16.73 dmn vis 14.39 ssh cen 13.22

vis vis 16.66 sal sal 14.37 cen sal 13.22

ssh dmn 16.55 dmn dmn 14.36 dmn dmn 13.21

dmn vis 16.51 dmn vis 14.32 dmn cen 13.21

vis vis 16.51 con unc 14.30 dmn vis 13.20

ssh ssm 16.49 vis cen 14.30 vis vis 13.20

ssh aud 16.45 dmn dmn 14.25 con dmn 13.19

dmn dmn 16.44 vis cen 14.25 ssm dmn 13.18

aud vis 16.41 dmn vis 14.21 vis sal 13.16

dmn vis 16.34 vis sal 14.18 dmn vis 13.14

dmn sub 16.33 vis cen 14.17 ssh dmn 13.13

dmn mem 16.22 dmn dmn 14.09 dmn cen 13.11

vis sal 16.20 vis van 14.09 ssh dmn 13.09

ssh dmn 16.17 dmn vis 14.08 dmn vis 13.08

ssh sal 16.16 vis cen 14.01 vis sal 13.08

ssm dmn 16.12 dmn vis 14.00 dmn dan 13.08

dmn vis 16.09 vis dan 14.00 dmn vis 13.07

vis cen 15.96 ssh vis 13.99 vis sal 13.07

ssm dmn 15.94 vis vis 13.98 vis sal 13.06

dmn dmn 15.89 vis cen 13.98 dmn vis 13.05

vis dan 15.82 vis vis 13.97 cen sal 13.05

vis sal 15.81 cen sal 13.96 ssh ssm 13.04

dmn unc 15.80 ssm dmn 13.95 vis vis 13.04

dmn dmn 15.74 dmn vis 13.91 aud dmn 13.03

vis sal 15.71 dmn sal 13.89 ssm dmn 13.02

dmn sal 15.70 aud dmn 13.88

aNBS F-test at T = 13.0; P < 0.05 with 10,000 permutations, adjusted for multiple comparisons. bStats indicates the T-statistic 

of significant edges. Abbreviations; AUD auditory network; CEN central-executive network; CER cerebellum; CON cingulo-

opercular network; DAN dorsal attention network; DMN default mode network; MEM memory; RSN Resting State Network; SAL 

salience; SSH somatosensory hand; SSM somatosensory mouth; SUB subcortical; VAN ventral attention network; VIS visual.
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SUPPLEMENTARY TABLE 11. Results of the network based statistics for schizophrenia patients with hallucinations 

versus healthy controls using the Power atlasa .

Schizophrenia patients with hallucinations versus healthy controls

RSN RSN Statsb RSN RSN Stats RSN RSN Stats

vis vis 34.78 vis vis 16.01 ssh dmn 14.24

dmn cen 29.83 mem unc 16.01 dmn vis 14.24

dmn cen 26.80 vis sal 16.01 vis cen 14.24

con aud 25.70 sal sal 16.00 vis cen 14.23

sal unc 24.79 vis cen 15.92 ssm aud 14.22

vis cen 24.25 sal dan 15.90 vis vis 14.21

dmn dmn 23.91 dmn vis 15.87 vis sal 14.21

unc cen 23.84 dmn vis 15.87 vis sal 14.20

vis vis 23.77 dmn cen 15.87 dmn sal 14.20

cen cen 23.74 cen sal 15.86 ssh cen 14.16

aud sub 23.65 ssh cen 15.85 dmn vis 14.14

aud dmn 23.44 cen sal 15.85 vis sal 14.13

vis sal 23.06 vis dan 15.84 dmn vis 14.11

cen dan 22.76 cen dan 15.80 dmn dmn 14.10

dmn cen 22.72 vis cen 15.77 vis van 14.09

ssh cen 22.11 cen dan 15.75 sal dan 14.09

dmn cen 21.87 ssh con 15.74 dmn dmn 14.06

ssh sal 21.83 vis sal 15.74 vis cen 14.05

dmn sal 21.80 vis vis 15.72 cen cen 14.05

vis cen 21.73 dmn vis 15.72 dmn van 14.05

vis sal 21.33 con sal 15.72 vis dan 14.04

cen dan 21.21 cen cen 15.70 dmn cen 13.99

dmn vis 21.20 ssh cen 15.70 vis sal 13.99

dmn sal 21.19 vis vis 15.69 ssh vis 13.97

dmn vis 20.95 vis vis 15.68 vis cen 13.97

ssh cen 20.75 vis cen 15.66 vis sal 13.97

vis vis 20.73 unc dan 15.66 vis vis 13.96

vis cen 20.55 sal dan 15.66 ssh sal 13.95

vis sal 20.53 dmn vis 15.64 dmn vis 13.94

vis sal 20.52 vis cen 15.64 dmn vis 13.94

vis cen 20.49 dmn vis 15.61 vis unc 13.94

dmn vis 20.39 sal sal 15.60 dmn vis 13.93

vis sal 20.35 ssh dmn 15.58 vis sal 13.93
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SUPPLEMENTARY TABLE 11. (Continued)

Schizophrenia patients with hallucinations versus healthy controls

RSN RSN Statsb RSN RSN Stats RSN RSN Stats

vis cen 20.11 vis vis 15.57 mem sal 13.93

dmn sal 20.02 dmn sal 15.55 dmn vis 13.92

dmn sal 20.01 vis unc 15.53 dmn sal 13.91

vis vis 19.94 dmn dan 15.51 cen cen 13.90

dmn vis 19.93 dmn cen 15.49 dmn cen 13.89

vis unc 19.92 cen sal 15.49 dmn mem 13.88

dmn sal 19.82 con dmn 15.47 vis vis 13.87

vis sal 19.61 dmn vis 15.47 vis cen 13.86

con aud 19.55 dmn sal 15.46 vis vis 13.85

cen sal 19.54 ssh cen 15.44 aud dmn 13.84

dmn sal 19.52 vis cen 15.43 dmn mem 13.83

dmn dan 19.50 vis sal 15.43 dmn dan 13.83

dmn vis 19.49 dmn dmn 15.41 dmn vis 13.82

vis cen 19.43 dmn sal 15.38 vis unc 13.82

dmn dan 19.42 aud sal 15.38 sal dan 13.82

sal sal 19.26 cen sal 15.38 vis cen 13.81

vis vis 19.25 con cen 15.34 con sal 13.81

dmn sal 19.21 dmn vis 15.30 dmn dmn 13.80

vis sal 19.15 dmn dmn 15.28 dmn cen 13.80

aud cen 19.14 vis vis 15.28 mem vis 13.79

vis vis 19.03 vis van 15.28 sal dan 13.79

sal dan 18.96 dmn vis 15.26 vis vis 13.78

aud sal 18.93 unc aud 15.24 sal dan 13.77

vis vis 18.92 dmn vis 15.24 aud sal 13.75

vis vis 18.91 dmn vis 15.22 dmn vis 13.74

cen dan 18.91 sal dan 15.21 aud sal 13.74

dmn cen 18.79 ssh cen 15.18 dmn sal 13.74

vis sal 18.77 ssh sal 15.17 ssh dmn 13.73

dmn sal 18.67 vis sal 15.16 vis vis 13.71

mem cen 18.62 vis vis 15.14 ssh dmn 13.70

vis vis 18.58 vis van 15.13 mem van 13.70

dmn vis 18.55 sal van 15.13 dmn vis 13.69

vis vis 18.51 vis cen 15.12 vis sal 13.68

dmn dmn 18.44 vis sal 15.12 dmn sal 13.68

5
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SUPPLEMENTARY TABLE 11. (Continued)

Schizophrenia patients with hallucinations versus healthy controls

RSN RSN Statsb RSN RSN Stats RSN RSN Stats

vis vis 18.44 vis cen 15.11 vis sal 13.68

vis vis 18.40 sal sub 15.11 unc vis 13.65

dmn vis 18.37 dmn vis 15.10 cen sal 13.65

vis cen 18.34 dmn vis 15.10 vis cen 13.62

dmn vis 18.28 vis vis 15.10 vis cen 13.61

dmn mem 18.23 vis cen 15.07 dmn dan 13.61

vis cen 18.18 vis sal 15.06 cen sal 13.60

dmn cen 18.10 dmn mem 15.04 dmn cen 13.58

cen sal 18.08 dmn vis 15.04 vis sal 13.58

dmn vis 18.02 ssh dmn 15.03 cen unc 13.58

vis cen 18.01 vis vis 15.03 dmn sal 13.57

cen sal 17.92 vis vis 15.01 vis sal 13.57

cen sal 17.90 mem cen 15.01 ssh vis 13.54

dmn vis 17.88 dmn cen 14.99 dmn cen 13.54

vis cen 17.88 vis sal 14.99 vis cen 13.53

dmn sal 17.86 dmn sal 14.99 dmn sal 13.51

dmn dmn 17.83 mem sal 14.99 vis sal 13.51

vis vis 17.81 vis sal 14.99 dmn vis 13.50

vis sal 17.77 dmn cen 14.97 sub van 13.49

vis cen 17.74 unc vis 14.96 dmn cen 13.47

vis unc 17.61 vis vis 14.95 unc dan 13.47

vis cen 17.58 vis vis 14.94 con con 13.45

dmn vis 17.54 vis cen 14.94 mem sal 13.45

dmn van 17.52 vis sal 14.93 mem van 13.44

unc dmn 17.51 sal dan 14.93 dmn van 13.43

vis vis 17.51 vis vis 14.91 vis vis 13.41

dmn mem 17.48 dmn dan 14.90 vis cen 13.41

dmn vis 17.42 ssh sal 14.83 cen sal 13.41

dmn cen 17.42 vis vis 14.81 dmn dan 13.41

vis dan 17.42 dmn cen 14.81 ssh dan 13.40

vis dan 17.35 dmn dan 14.81 vis dan 13.40

con dmn 17.30 mem vis 14.77 vis sal 13.37

unc dan 17.30 vis sal 14.76 ssh sal 13.36

con con 17.29 vis cen 14.74 vis vis 13.35
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SUPPLEMENTARY TABLE 11. (Continued)

Schizophrenia patients with hallucinations versus healthy controls

RSN RSN Statsb RSN RSN Stats RSN RSN Stats

ssh dmn 17.28 vis vis 14.73 cen sal 13.35

vis vis 17.19 vis van 14.73 dmn sal 13.32

dmn cen 17.16 vis unc 14.72 vis sal 13.32

ssh cen 17.14 vis vis 14.71 dmn vis 13.31

dmn cen 17.13 dmn vis 14.70 unc ssh 13.30

vis dan 17.13 vis sal 14.70 ssh unc 13.27

dmn vis 17.10 dmn vis 14.69 dmn vis 13.26

vis sal 17.05 dmn mem 14.68 ssh sal 13.26

ssh dmn 16.99 dmn vis 14.68 dmn cen 13.25

sal sub 16.99 cen dan 14.65 con aud 13.24

vis dan 16.99 vis unc 14.64 mem cen 13.24

ssh dmn 16.98 vis dan 14.62 vis dan 13.23

cen dan 16.97 vis dan 14.61 dmn vis 13.22

dmn dmn 16.96 vis sal 14.60 con aud 13.21

vis cen 16.92 unc vis 14.59 ssh dmn 13.21

vis dan 16.92 dmn vis 14.59 vis vis 13.21

vis vis 16.91 vis cen 14.58 dmn dan 13.21

vis sal 16.90 ssh dmn 14.57 ssh sal 13.20

ssh vis 16.88 ssm sal 14.57 vis cen 13.19

dmn dmn 16.87 dmn vis 14.56 vis sal 13.18

vis vis 16.82 mem vis 14.56 mem cen 13.17

dmn cen 16.77 dmn dan 14.56 dmn vis 13.16

vis cen 16.77 vis vis 14.55 dmn cen 13.16

mem vis 16.72 unc dmn 14.54 ssh sal 13.16

cen sal 16.72 dmn vis 14.52 dmn vis 13.15

dmn sal 16.72 vis cen 14.50 ssh vis 13.14

dmn dmn 16.65 dmn cen 14.49 vis cen 13.14

vis vis 16.62 vis sal 14.46 dmn dan 13.14

con dmn 16.60 dmn dmn 14.45 mem vis 13.12

sal van 16.58 dmn sal 14.45 vis cen 13.12

mem unc 16.54 dmn sal 14.44 dmn sal 13.12

mem sal 16.50 dmn vis 14.43 vis dan 13.11

vis dan 16.50 dmn vis 14.43 dmn dan 13.10

vis vis 16.49 dmn van 14.43 dmn vis 13.09

5
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SUPPLEMENTARY TABLE 11. (Continued)

Schizophrenia patients with hallucinations versus healthy controls

RSN RSN Statsb RSN RSN Stats RSN RSN Stats

cen cen 16.46 dmn vis 14.42 aud vis 13.09

dmn sal 16.44 sal van 14.42 dmn dan 13.09

dmn sal 16.43 sal dan 14.40 dmn vis 13.08

dmn cen 16.41 vis cen 14.39 ssh sal 13.08

vis cen 16.40 vis cen 14.39 dmn cen 13.07

cen sal 16.33 vis dan 14.37 mem cen 13.07

vis cen 16.29 ssm con 14.35 mem cen 13.07

cen cen 16.25 dmn mem 14.35 dmn sal 13.07

dmn dan 16.25 dmn vis 14.35 ssm dmn 13.06

vis sal 16.23 van dan 14.34 dmn dmn 13.06

sal dan 16.20 cen dan 14.34 con sal 13.06

vis vis 16.17 dmn vis 14.33 dmn vis 13.04

vis sal 16.17 dmn cen 14.32 vis sal 13.04

dmn dan 16.15 vis sal 14.31 con dan 13.04

dmn vis 16.11 dan dan 14.31 vis dan 13.04

vis vis 16.09 dmn dmn 14.28 aud vis 13.03

con van 16.08 vis vis 14.27 dmn cen 13.03

dmn sal 16.07 con aud 14.25 dmn vis 13.01

ssm dmn 16.05 dmn vis 14.25 sal sal 13.01

dmn vis 16.03 vis van 14.25

aNBS F-test at T = 13.0; P < 0.05 with 10,000 permutations, adjusted for multiple comparisons. bStats indicates the T-statistic 

of significant edges. Abbreviations; AUD auditory network; CEN central-executive network; CER cerebellum; CON cingulo-

opercular network; DAN dorsal attention network; DMN default mode network; MEM memory; RSN Resting State Network; SAL 

salience; SSH somatosensory hand; SSM somatosensory mouth; SUB subcortical; VAN ventral attention network; VIS visual.
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SUPPLEMENTARY TABLE 12. Results of the network based statistics for bipolar-I disorder patients with hallucinations 

versus healthy controls using the Power atlasa.

Bipolar-I disorder patients with hallucinations versus healthy controls

RSN RSN Statsb RSN RSN Stats RSN RSN Stats

vis unc 24.89 vis unc 12.25 dmn dan 10.39

vis unc 23.13 vis unc 12.23 mem unc 10.36

vis unc 22.90 vis vis 12.19 ssh dmn 10.34

vis unc 22.18 unc cen 12.19 con aud 10.32

vis unc 21.96 mem vis 12.07 unc dmn 10.31

vis unc 21.92 vis unc 12.04 unc dan 10.31

vis unc 21.80 mem dan 12.04 con sub 10.28

vis unc 21.01 mem unc 11.99 vis unc 10.27

ssm ssm 20.21 vis vis 11.83 con sal 10.24

vis unc 19.42 sub sub 11.82 dmn unc 10.20

vis unc 19.38 dmn sal 11.73 dmn vis 10.18

vis unc 19.29 aud dmn 11.71 vis vis 10.18

dmn unc 19.15 dmn dan 11.68 dmn dmn 10.16

vis vis 19.03 cen sub 11.64 unc van 10.14

vis unc 18.85 ssh aud 11.63 dmn unc 10.13

dmn vis 18.49 con dmn 11.62 sal sal 10.12

vis unc 17.91 unc dan 11.62 vis unc 10.09

dmn vis 17.80 unc vis 11.61 con sub 10.04

vis unc 17.52 unc vis 11.56 vis vis 10.00

dmn vis 17.29 dmn vis 11.55 mem cen 9.96

vis vis 17.14 ssh unc 11.52 vis vis 9.94

vis unc 16.93 mem vis 11.51 dmn vis 9.93

vis unc 16.33 dmn vis 11.49 ssm aud 9.89

ssm aud 16.28 dmn vis 11.48 vis vis 9.87

vis vis 16.25 ssm aud 11.44 aud cen 9.86

mem dan 16.22 dmn cen 11.41 dmn unc 9.82

dmn vis 16.15 dmn cen 11.38 aud dmn 9.81

ssm aud 16.00 vis unc 11.37 ssm aud 9.80

con unc 15.95 dmn vis 11.36 cen sal 9.77

vis vis 15.94 dmn vis 11.36 aud vis 9.76

mem dan 15.90 vis unc 11.32 dmn vis 9.76

dmn vis 15.84 dmn dmn 11.31 dmn vis 9.75

dmn vis 15.79 dmn unc 11.30 mem vis 9.75

5
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SUPPLEMENTARY TABLE 12. (Continued)

Bipolar-I disorder patients with hallucinations versus healthy controls

RSN RSN Statsb RSN RSN Stats RSN RSN Stats

dmn unc 15.76 aud cen 11.28 ssh mem 9.70

vis unc 15.75 dmn unc 11.27 mem mem 9.68

vis unc 15.60 dmn dmn 11.26 dmn vis 9.67

vis unc 15.56 aud dan 11.25 vis unc 9.66

mem vis 15.53 mem vis 11.24 mem vis 9.64

vis unc 15.48 dmn vis 11.22 vis vis 9.63

dmn vis 15.39 dmn unc 11.20 aud cen 9.63

mem vis 15.35 unc unc 11.20 dmn unc 9.63

vis unc 15.29 ssm aud 11.19 sal sal 9.62

dmn unc 15.03 vis vis 11.19 vis vis 9.61

dmn unc 14.89 dmn unc 11.19 vis vis 9.59

mem vis 14.83 vis unc 11.18 mem mem 9.57

dmn vis 14.72 dmn dmn 11.16 dmn dmn 9.56

ssh aud 14.63 mem vis 11.14 unc vis 9.56

dmn vis 14.61 mem vis 11.13 ssh unc 9.56

vis unc 14.60 vis unc 11.13 vis vis 9.49

mem unc 14.34 vis cen 11.13 ssh unc 9.49

ssm aud 14.25 vis vis 11.11 vis vis 9.47

ssh unc 14.17 ssh ssm 11.10 dmn vis 9.44

sal sal 13.86 aud cen 11.04 unc dan 9.43

vis vis 13.81 dmn dmn 11.03 mem cen 9.42

dmn unc 13.74 vis unc 11.03 vis vis 9.40

dmn dmn 13.70 mem dan 10.99 dmn dan 9.40

con cen 13.68 vis vis 10.97 aud dmn 9.39

vis vis 13.66 vis unc 10.97 unc vis 9.33

vis vis 13.66 ssh aud 10.96 ssh dmn 9.32

vis vis 13.65 vis unc 10.95 dmn unc 9.32

mem vis 13.38 unc vis 10.93 mem unc 9.32

dmn unc 13.37 unc dan 10.92 dmn dmn 9.31

cen sal 13.25 mem vis 10.89 unc cen 9.31

dmn vis 13.24 dmn vis 10.88 aud dmn 9.30

unc unc 13.24 dmn mem 10.87 vis vis 9.29

dmn vis 13.06 ssm aud 10.85 aud cen 9.29

vis vis 12.99 vis vis 10.85 dmn dmn 9.25
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SUPPLEMENTARY TABLE 12. (Continued)

Bipolar-I disorder patients with hallucinations versus healthy controls

RSN RSN Statsb RSN RSN Stats RSN RSN Stats

dmn cen 12.94 vis unc 10.84 vis vis 9.22

mem cen 12.93 mem vis 10.83 dmn cen 9.22

mem dan 12.92 dmn dmn 10.82 vis van 9.21

mem sal 12.87 vis dan 10.80 unc vis 9.20

dmn mem 12.80 vis vis 10.79 dmn vis 9.19

cen sal 12.79 aud unc 10.79 dmn dmn 9.17

dmn dmn 12.75 ssm ssm 10.78 unc van 9.16

vis unc 12.70 dmn vis 10.75 vis unc 9.14

vis cen 12.68 vis vis 10.74 ssh unc 9.14

vis vis 12.64 vis vis 10.73 con dmn 9.12

vis cen 12.58 dmn vis 10.66 vis dan 9.12

sal sal 12.58 ssh cen 10.58 vis vis 9.10

sal sal 12.56 vis vis 10.55 vis vis 9.08

dmn vis 12.48 vis vis 10.55 unc mem 9.08

dmn mem 12.46 unc unc 10.49 mem unc 9.06

dmn vis 12.44 dmn unc 10.47 dmn sal 9.04

dmn cen 12.44 con sal 10.47 dmn mem 9.03

dmn vis 12.43 con vis 10.44 ssh ssm 9.01

vis unc 12.30 vis vis 10.43 dmn vis 9.01

aud dmn 12.29 dmn vis 10.42 dmn vis 9.01

ssm aud 12.25

aNBS F-test at T = 12.0; P < 0.05 with 10,000 permutations, adjusted for multiple comparisons. bStats indicates the T-statistic 

of significant edges. Abbreviations; AUD auditory network; CEN central-executive network; CER cerebellum; CON cingulo-

opercular network; DAN dorsal attention network; DMN default mode network; MEM memory; RSN Resting State Network; SAL 

salience; SSH somatosensory hand; SSM somatosensory mouth; SUB subcortical; VAN ventral attention network; VIS visual.
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SUPPLEMENTARY TABLE 13. List of features for random forest classifier in non-clinical individuals with hallucinationsa.

Non-clinical individuals with hallucinations versus healthy controls

No. Region Region No. Region Region

1 Fusiform_R Rolandic_Oper_R 47 Cuneus_R Frontal_Sup_R

2 Hippocampus_L Frontal_Inf_Oper_R 48 Cuneus_R Frontal_Mid_R

3 Hippocampus_L Rolandic_Oper_R 49 Cuneus_R Frontal_Sup_Medial_R

4 Temporal_Inf_L SupraMarginal_R 50 Cuneus_R Cuneus_L

5 Temporal_Inf_L Angular_R 51 Lingual_R Frontal_Sup_R

6 Temporal_Inf_L Temporal_Sup_R 52 Lingual_R Frontal_Mid_R

7 Temporal_Inf_R Rolandic_Oper_R 53 Lingual_R Frontal_Sup_Medial_L

8 Temporal_Inf_R Amygdala_R 54 Lingual_R Frontal_Sup_Medial_R

9 Temporal_Inf_R Temporal_Sup_R 55 Lingual_R 6_Cingulum_Ant_R

10 Temporal_Mid_L Rolandic_Oper_R 56 Lingual_R Calcarine_L

11 Temporal_Mid_L Temporal_Sup_R 57 Lingual_R Cuneus_L

12 Temporal_Mid_R Precentral_R 58 Occipital_Inf_L Frontal_Sup_Medial_R

13 Temporal_Mid_R Rolandic_Oper_R 59 Occipital_Inf_L 6_Cingulum_Ant_R

14 Temporal_Mid_R 6_Insula_R 60 Occipital_Mid_L Frontal_Sup_Medial_R

15 Temporal_Mid_R Heschl_R 61 Occipital_Mid_L 6_Cingulum_Ant_R

16 Temporal_Mid_R Temporal_Sup_R 62 Occipital_Mid_L Calcarine_L

17 Temporal_Pole_Mid_R Frontal_Sup_L 63 Occipital_Sup_L Frontal_Sup_Medial_R

18 Temporal_Pole_Sup_R Temporal_Sup_L 64 Putamen_R Precentral_L

19 Temporal_Sup_L Rolandic_Oper_R 65 Putamen_R SupraMarginal_R

20 Temporal_Sup_L 6_Insula_L 66 Angular_R Precentral_R

21 Temporal_Sup_L 6_Insula_R 67 Angular_R Parietal_Inf_L

22 Temporal_Sup_R Precentral_L 68 Parietal_Inf_L Precentral_R

23 Temporal_Sup_R Frontal_Sup_L 69 Parietal_Inf_L Frontal_Sup_Medial_R

24 Temporal_Sup_R Rolandic_Oper_R 70 Postcentral_L Rolandic_Oper_R

25 Temporal_Sup_R Parietal_Inf_L 71 Postcentral_L Calcarine_L

26 Temporal_Sup_R SupraMarginal_L 72 Postcentral_R Rolandic_Oper_R

27 Temporal_Sup_R SupraMarginal_R 73 Precuneus_R Frontal_Sup_Medial_R

28 Frontal_Inf_Oper_R Precentral_L 74 Precuneus_R Precuneus_L

29 Frontal_Inf_Orb_L Precentral_L 75 SupraMarginal_L Rolandic_Oper_R

30 Frontal_Inf_Orb_R Precentral_L 76 SupraMarginal_L 6_Insula_L

31 Frontal_Inf_Tri_L Precentral_L 77 SupraMarginal_R Precentral_R

32 Frontal_Inf_Tri_R Precentral_L 78 SupraMarginal_R Frontal_Sup_R

33 Frontal_Mid_L Precentral_L 79 SupraMarginal_R Frontal_Mid_R

34 Frontal_Mid_R Precentral_L 80 SupraMarginal_R Frontal_Inf_Oper_R
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SUPPLEMENTARY TABLE 13. (Continued)

Non-clinical individuals with hallucinations versus healthy controls

No. Region Region No. Region Region

35 Frontal_Sup_L Precentral_L 81 SupraMarginal_R Frontal_Inf_Tri_R

36 Frontal_Sup_Medial_L Frontal_Sup_R 82 SupraMarginal_R Rolandic_Oper_R

37 Frontal_Sup_Medial_R Frontal_Sup_R 83 SupraMarginal_R 6_Insula_R

38 Calcarine_L Frontal_Sup_L 84 SupraMarginal_R Hippocampus_R

39 Calcarine_L Frontal_Sup_Medial_L 85 6_Cingulum_Ant_L Frontal_Sup_R

40 Calcarine_L Frontal_Sup_Medial_R 86 6_Cingulum_Ant_L Frontal_Sup_Medial_L

41 Calcarine_R Frontal_Sup_R 87 6_Cingulum_Ant_R Frontal_Sup_R

42 Calcarine_R Frontal_Sup_Medial_R 88 6_Cingulum_Ant_R Frontal_Mid_R

43 Cuneus_L Frontal_Sup_Medial_L 89 6_Cingulum_Ant_R Frontal_Sup_Medial_R

44 Cuneus_L Frontal_Sup_Medial_R 90 6_Insula_L Precentral_L

45 Cuneus_L 6_Cingulum_Ant_R 91 6_Insula_R Precentral_L

46 Cuneus_L Calcarine_R

aFeatures are disturbed connections that are part of the NBS network when comparing non-clinical individuals with 

hallucinations to healthy controls.

SUPPLEMENTARY TABLE 14. List of features for random forest classifier in schizophrenia patients with hallucinationsa.

Schizophrenia patients with hallucinations versus healthy controls

No. Region Region No. Region Region

1 Amygdala_R Hippocampus_R 45 Occipital_Mid_L Lingual_L

2 Amygdala_R ParaHippocampal_R 46 Occipital_Sup_L Frontal_Sup_Orb_L

3 Fusiform_L Occipital_Sup_L 47 Occipital_Sup_L Lingual_L

4 Heschl_L Rolandic_Oper_R 48 Caudate_R Cingulum_Mid_R

5 Heschl_L Insula_L 49 Caudate_R Hippocampus_R

6 Heschl_L Amygdala_R 50 Pallidum_R Hippocampus_R

7 Heschl_R Parietal_Inf_R 51 Pallidum_R ParaHippocampal_R

8 Heschl_R SupraMarginal_L 52 Putamen_L Hippocampus_L

9 Heschl_R SupraMarginal_R 53 Putamen_L Hippocampus_R

10 Hippocampus_R Frontal_Inf_Oper_R 54 Putamen_R Rolandic_Oper_L

11 Hippocampus_R Supp_Motor_Area_R 55 Putamen_R Hippocampus_R

12 Hippocampus_R Cingulum_Ant_L 56 Thalamus_R Frontal_Inf_Tri_L

13 Hippocampus_R Cingulum_Ant_R 57 Thalamus_R Cingulum_Ant_R

14 Hippocampus_R Cingulum_Mid_R 58 Parietal_Inf_L Frontal_Med_Orb_L

15 ParaHippocampal_R Frontal_Inf_Oper_R 59 Parietal_Inf_L Frontal_Med_Orb_R

5
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SUPPLEMENTARY TABLE 14. (Continued)

Schizophrenia patients with hallucinations versus healthy controls

No. Region Region No. Region Region

16 ParaHippocampal_R Cingulum_Ant_L 60 Parietal_Inf_L Lingual_L

17 ParaHippocampal_R Cingulum_Ant_R 61 Postcentral_L Supp_Motor_Area_L

18 Temporal_Inf_L Rolandic_Oper_R 62 Postcentral_L Supp_Motor_Area_R

19 Temporal_Inf_L Heschl_R 63 Precuneus_L Frontal_Sup_Orb_L

20 Temporal_Inf_L Temporal_Pole_Sup_R 64 Precuneus_R Frontal_Sup_Orb_L

21 Temporal_Inf_R Rolandic_Oper_R 65 Precuneus_R Insula_R

22 Temporal_Inf_R Heschl_R 66 SupraMarginal_L Cingulum_Mid_R

23 Temporal_Mid_L Rolandic_Oper_R 67 SupraMarginal_R Frontal_Inf_Oper_R

24 Temporal_Mid_L Lingual_L 68 SupraMarginal_R Frontal_Inf_Tri_L

25 Temporal_Mid_R Rolandic_Oper_R 69 SupraMarginal_R Rolandic_Oper_R

26 Temporal_Sup_L Rolandic_Oper_R 70 SupraMarginal_R Insula_R

27 Temporal_Sup_L Supp_Motor_Area_L 71 SupraMarginal_R Cingulum_Mid_R

28 Temporal_Sup_L Supp_Motor_Area_R 72 Cingulum_Mid_R Precentral_L

29 Temporal_Sup_L Insula_L 73 Cingulum_Mid_R Frontal_Sup_Orb_L

30 Temporal_Sup_L Amygdala_R 74 Cingulum_Mid_R Frontal_Sup_Orb_R

31 Frontal_Sup_Orb_L Frontal_Sup_L 75 Cingulum_Mid_R Frontal_Mid_L

32 Rolandic_Oper_L Frontal_Inf_Tri_L 76 Cingulum_Mid_R Frontal_Mid_R

33 Rolandic_Oper_L Frontal_Inf_Orb_L 77 Cingulum_Mid_R Frontal_Mid_Orb_R

34 Rolandic_Oper_L Frontal_Inf_Orb_R 78 Cingulum_Mid_R Frontal_Inf_Oper_L

35 Rolandic_Oper_R Rolandic_Oper_L 79 Cingulum_Mid_R Frontal_Inf_Oper_R

36 Cuneus_L Frontal_Sup_Orb_L 80 Cingulum_Mid_R Frontal_Inf_Tri_L

37 Cuneus_R Frontal_Sup_L 81 Cingulum_Mid_R Frontal_Inf_Orb_R

38 Cuneus_R Frontal_Sup_Orb_L 82 Cingulum_Mid_R Rolandic_Oper_L

39 Cuneus_R Rectus_L 83 Cingulum_Mid_R Rolandic_Oper_R

40 Lingual_L Frontal_Sup_Orb_L 84 Cingulum_Mid_R Cingulum_Ant_R

41 Occipital_Mid_L Frontal_Sup_R 85 Cingulum_Post_L Frontal_Inf_Oper_R

42 Occipital_Mid_L Frontal_Sup_Orb_L 86 Insula_L Rolandic_Oper_L

43 Occipital_Mid_L Frontal_Sup_Medial_L 87 Insula_R Rolandic_Oper_L

44 Occipital_Mid_L Rectus_L

aFeatures are disturbed connections that are part of the NBS network when comparing schizophrenia patients with 

hallucinations to healthy controls.
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SUPPLEMENTARY TABLE 15. List of features for random forest classifier in bipolar-I disorder patients with 

hallucinationsa.

Bipolar-I disorder patients with hallucinations versus healthy controls

No. Region Region No. Region Region

1 Amygdala_L Frontal_Sup_R 50 Rolandic_Oper_L Frontal_Inf_Oper_L

2 Amygdala_L Frontal_Sup_Orb_L 51 Rolandic_Oper_L Frontal_Inf_Oper_R

3 Amygdala_L Frontal_Sup_Orb_R 52 Occipital_Inf_R Frontal_Sup_Orb_R

4 Amygdala_L Frontal_Mid_L 53 Occipital_Inf_R Cingulum_Post_L

5 Amygdala_L Frontal_Mid_R 54 Occipital_Inf_R Hippocampus_R

6 Amygdala_L Frontal_Mid_Orb_R 55 Occipital_Mid_R Cingulum_Post_L

7 Amygdala_L Frontal_Inf_Oper_R 56 Occipital_Mid_R Occipital_Sup_R

8 Amygdala_L Frontal_Inf_Tri_R 57 Caudate_L Frontal_Mid_L

9 Amygdala_L Frontal_Inf_Orb_L 58 Caudate_L Frontal_Mid_Orb_L

10 Amygdala_L Frontal_Inf_Orb_R 59 Caudate_R Frontal_Mid_L

11 Amygdala_L Rolandic_Oper_R 60 Caudate_R Frontal_Mid_Orb_L

12 Amygdala_L Insula_R 61 Caudate_R Frontal_Inf_Orb_L

13 Amygdala_L Cingulum_Ant_R 62 Caudate_R Frontal_Sup_Medial_L

14 Fusiform_R Calcarine_R 63 Caudate_R Cingulum_Ant_L

15 Heschl_R Precentral_R 64 Caudate_R Cingulum_Ant_R

16 Heschl_R Frontal_Inf_Oper_L 65 Caudate_R Fusiform_R

17 Heschl_R Frontal_Inf_Tri_L 66 Caudate_R Parietal_Inf_R

18 Hippocampus_R Rolandic_Oper_R 67 Caudate_R Angular_R

19 Temporal_Inf_L Rolandic_Oper_R 68 Pallidum_L Frontal_Mid_L

20 Temporal_Inf_L Caudate_R 69 Pallidum_L Frontal_Mid_Orb_L

21 Temporal_Mid_R Caudate_R 70 Pallidum_L Frontal_Mid_Orb_R

22 Temporal_Pole_Mid_L Putamen_L 71 Pallidum_L Frontal_Inf_Oper_L

23 Temporal_Pole_Mid_L Pallidum_L 72 Pallidum_L Frontal_Inf_Oper_R

24 Temporal_Pole_Sup_L Frontal_Mid_L 73 Pallidum_L Rolandic_Oper_R

25 Temporal_Pole_Sup_L Frontal_Mid_Orb_L 74 Pallidum_L Olfactory_R

26 Temporal_Pole_Sup_L Rolandic_Oper_R 75 Pallidum_R Frontal_Mid_L

27 Temporal_Pole_Sup_L Pallidum_L 76 Pallidum_R Parietal_Inf_R

28 Temporal_Sup_L Precentral_R 77 Putamen_L Frontal_Mid_L

29 Frontal_Inf_Oper_R Frontal_Mid_Orb_L 78 Putamen_L Frontal_Mid_Orb_L

30 Frontal_Inf_Orb_L Frontal_Sup_L 79 Putamen_L Frontal_Inf_Oper_L

31 Frontal_Inf_Orb_L Frontal_Mid_L 80 Putamen_L Frontal_Inf_Oper_R

32 Frontal_Inf_Orb_L Frontal_Mid_R 81 Putamen_L Frontal_Inf_Tri_L

33 Frontal_Inf_Orb_L Frontal_Mid_Orb_L 82 Putamen_L Rolandic_Oper_R

5
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SUPPLEMENTARY TABLE 15. (Continued)

Bipolar-I disorder patients with hallucinations versus healthy controls

No. Region Region No. Region Region

34 Frontal_Inf_Tri_L Frontal_Mid_Orb_L 83 Putamen_L Olfactory_R

35 Frontal_Med_Orb_L Frontal_Mid_Orb_L 84 Putamen_L Caudate_R

36 Frontal_Med_Orb_R Frontal_Mid_L 85 Parietal_Inf_R Frontal_Sup_Medial_R

37 Frontal_Med_Orb_R Frontal_Mid_Orb_L 86 Postcentral_L Precentral_R

38 Frontal_Med_Orb_R Frontal_Med_Orb_L 87 Postcentral_R Precentral_R

39 Frontal_Mid_Orb_L Frontal_Sup_L 88 Postcentral_R Postcentral_L

40 Frontal_Mid_Orb_L Frontal_Sup_R 89 SupraMarginal_R Precentral_L

41 Frontal_Mid_Orb_L Frontal_Mid_L 90 Cingulum_Ant_L Frontal_Mid_L

42 Frontal_Mid_Orb_L Frontal_Mid_R 91 Cingulum_Ant_L Frontal_Mid_Orb_L

43 Frontal_Sup_Medial_L Frontal_Mid_Orb_L 92 Cingulum_Ant_L Frontal_Inf_Orb_L

44 Frontal_Sup_Medial_L Frontal_Inf_Orb_L 93 Cingulum_Ant_R Frontal_Mid_Orb_L

45 Frontal_Sup_Medial_R Frontal_Inf_Orb_L 94 Cingulum_Ant_R Frontal_Inf_Orb_L

46 Precentral_R Precentral_L 95 Cingulum_Mid_R Frontal_Mid_Orb_L

47 Rolandic_Oper_L Precentral_R 96 Insula_L Frontal_Mid_Orb_L

48 Rolandic_Oper_L Frontal_Mid_L 97 Insula_L Frontal_Inf_Oper_R

49 Rolandic_Oper_L Frontal_Mid_R

aFeatures are disturbed connections that are part of the NBS network when comparing bipolar-I patients with hallucinations 

to healthy controls.

SUPPLEMENTARY TABLE 16. List of abbreviations for brain areas AAL-atlasa.

No. Abbreviation Region No. Abbreviation Region

1 PreCG.L Precentral_L 46 CUN.R Cuneus_R

2 PreCG.R Precentral_R 47 LING.L Lingual_L

3 SFGdor.L Frontal_Sup_L 48 LING.R Lingual_R

4 SFGdor.R Frontal_Sup_R 49 SOG.L Occipital_Sup_L

5 ORBsup.L Frontal_Sup_Orb_L 50 SOG.R Occipital_Sup_R

6 ORBsup.R Frontal_Sup_Orb_R 51 MOG.L Occipital_Mid_L

7 MFG.L Frontal_Mid_L 52 MOG.R Occipital_Mid_R

8 MFG.R Frontal_Mid_R 53 IOG.L Occipital_Inf_L

9 ORBmid.L Frontal_Mid_Orb_L 54 IOG.R Occipital_Inf_R

10 ORBmid.R Frontal_Mid_Orb_R 55 FFG.L Fusiform_L

11 IFGoperc.L Frontal_Inf_Oper_L 56 FFG.R Fusiform_R

12 IFGoperc.R Frontal_Inf_Oper_R 57 PoCG.L Postcentral_L

13 IFGtriang.L Frontal_Inf_Tri_L 58 PoCG.R Postcentral_R
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SUPPLEMENTARY TABLE 16. (Continued)

No. Abbreviation Region No. Abbreviation Region

14 IFGtriang.R Frontal_Inf_Tri_R 59 SPG.L Parietal_Sup_L

15 ORBinf.L Frontal_Inf_Orb_L 60 SPG.R Parietal_Sup_R

16 ORBinf.R Frontal_Inf_Orb_R 61 IPL.L Parietal_Inf_L

17 ROL.L Rolandic_Oper_L 62 IPL.R Parietal_Inf_R

18 ROL.R Rolandic_Oper_R 63 SMG.L SupraMarginal_L

19 SMA.L Supp_Motor_Area_L 64 SMG.R SupraMarginal_R

20 SMA.R Supp_Motor_Area_R 65 ANG.L Angular_L

21 OLF.L Olfactory_L 66 ANG.R Angular_R

22 OLF.R Olfactory_R 67 PCUN.L Precuneus_L

23 SFGmed.L Frontal_Sup_Medial_L 68 PCUN.R Precuneus_R

24 SFGmed.R Frontal_Sup_Medial_R 69 PCL.L Paracentral_Lobule_L

25 ORBsupmed.L Frontal_Med_Orb_L 70 PCL.R Paracentral_Lobule_R

26 ORBsupmed.R Frontal_Med_Orb_R 71 CAU.L Caudate_L

27 REC.L Rectus_L 72 CAU.R Caudate_R

28 REC.R Rectus_R 73 PUT.L Putamen_L

29 INS.L Insula_L 74 PUT.R Putamen_R

30 INS.R Insula_R 75 PAL.L Pallidum_L

31 ACG.L Cingulum_Ant_L 76 PAL.R Pallidum_R

32 ACG.R Cingulum_Ant_R 77 THA.L Thalamus_L

33 DCG.L Cingulum_Mid_L 78 THA.R Thalamus_R

34 DCG.R Cingulum_Mid_R 79 HES.L Heschl_L

35 PCG.L Cingulum_Post_L 80 HES.R Heschl_R

36 PCG.R Cingulum_Post_R 81 STG.L Temporal_Sup_L

37 HIP.L Hippocampus_L 82 STG.R Temporal_Sup_R

38 HIP.R Hippocampus_R 83 TPOsup.L Temporal_Pole_Sup_L

39 PHG.L ParaHippocampal_L 84 TPOsup.R Temporal_Pole_Sup_R

40 PHG.R ParaHippocampal_R 85 MTG.L Temporal_Mid_L

41 AMYG.L Amygdala_L 86 MTG.R Temporal_Mid_R

42 AMYG.R Amygdala_R 87 TPOmid.L Temporal_Pole_Mid_L

43 CAL.L Calcarine_L 88 TPOmid.R Temporal_Pole_Mid_R

44 CAL.R Calcarine_R 89 ITG.L Temporal_Inf_L

45 CUN.L Cuneus_L 90 ITG.R Temporal_Inf_R

a Tzourio-Mazoyer and colleagues (2002).
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