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Abstract

Objectives

Functional connectome alterations, including modular network organization, have been related to 

the experience of hallucinations. It remains to be determined whether individuals with hallucinations 

across the psychosis continuum exhibit similar alterations in modular brain network organization.

Methods

This study assessed functional connectivity matrices of 465 individuals with and without 

hallucinations, including patients with schizophrenia and bipolar disorder, non-clinical individuals 

with hallucinations, and healthy controls. Modular brain network organization was examined 

at different scales of network resolution, including (1) global modularity measured as Qmax and 

Normalised Mutual Information (NMI) scores, and (2) within- and between-module connectivity.

Results

Global modular organization was not significantly altered across groups. However, alterations in 

within- and between-module connectivity were observed for higher-order cognitive (e.g., central-

executive salience, memory, default mode), and sensory modules in patients with schizophrenia 

and non-clinical individuals with hallucinations relative to controls. Dissimilar patterns of altered 

within- and between-module connectivity were found bipolar disorder patients with hallucinations 

relative to controls, including the visual, default mode and memory network, while connectivity 

patterns between visual, salience and cognitive control modules were unaltered. Bipolar disorder 

patients without hallucinations did not show significant alterations relative to controls.

Discussion

This study provides evidence for alterations in the modular organization of the functional 

connectome in individuals prone to hallucinations, with schizophrenia patients and non-clinical 

individuals showing similar alterations in sensory and higher-order cognitive modules. Other 

higher-order cognitive modules were found to relate to hallucinations in bipolar disorder patients, 

suggesting differential neural mechanisms may underlie hallucinations across the psychosis 

continuum.
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Introduction

Hallucinations are experienced in a range of clinical disorders, with prevalence rates of 60-80% 

in patients with schizophrenia and 50-60% in bipolar disorder (Taylor & Abrams, 1975; Andreasen 

& Flaum, 1991; Hammersley et al., 2003; Baethge et al., 2005) which can severely impact quality 

of life (Shergill et al., 1998). A minority (5-15%) of individuals without a need for care also report 

hallucinations (Tien, 1991; Sommer et al., 2010; Kråkvik et al., 2015). Consequently, hallucinations have 

been suggested to exist along a psychosis continuum, ranging from non-pathological experiences 

in the general population to severe psychotic disorders (van Os et al., 2000). Patients with bipolar 

disorder might hold a position in between both ends of this spectrum. Thus far, most studies have 

investigated hallucinations within specific diagnoses. A comparison across the psychosis continuum 

may enhance our understanding on transdiagnostic neural mechanisms related to hallucinations, 

which can contribute to better treatment options, and could enhance development of computational 

models of hallucinations (Corlett et al., 2009; Jardri & Denève, 2013; Corlett et al., 2019).

Network connectomics can be a valuable tool to investigate complex neural phenomena such as 

hallucinations (Fornito et al., 2012; Hugdahl & Sommer, 2018). This study investigated hallucinations 

across the psychosis continuum using a network approach, with a particular focus on the modular 

organization. As rest, large-scale functional networks form identifiable modules (Power et al., 2011), 

communities of brain regions that are strongly interconnected and share relatively low connectivity 

with regions outside of their module (Newman & Girvan, 2004; Gu et al., 2015). An altered modular 

organization is suggested to underlie psychotic symptoms, such as hallucinations (Hoffman & 

Dobscha, 1989; Hoffman & Mcglashan, 1993; David, 1994; Hoffman & McGlashan, 1997).

Firstly, alterations of the global modular network organization with regard to hallucinations were 

investigated. Previous studies have investigated the global modular organization in the context 

of psychotic disorders in general, showing alterations in schizophrenia, individuals at high-risk for 

psychosis, and bipolar disorder (Bordier et al., 2018; Ma et al., 2020; Collin et al., 2020).

Secondly, alterations in within- and between-module connectivity were investigated. Prior functional 

MRI (fMRI) studies have reported hyperactivation in the sensory cortex during the experience of 

hallucinations in schizophrenia and non-clinical individuals (Jardri et al., 2011; Kompus et al., 2011; 

Diederen et al., 2012). This observation generated theories that hallucinations may result from 

neuronal activity in sensory cortices that is not adequately controlled by higher-order cognitive 

modules (Aleman et al., 2003; Hugdahl, 2009; Hugdahl et al., 2015; Alderson-Day et al., 2016; Ćurčić-

Blake et al., 2017). Previous functional connectivity studies have indeed shown that hallucinations 

in schizophrenia may be related to abnormal connectivity and organization of large-scale brain 

modules, including the central-executive, default-mode, salience, memory and sensory modules 

(Wolf, 2011; Alderson-Day et al., 2015; Alonso-Solís et al., 2015; Alderson-Day et al., 2016; Lefebvre et al., 
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2016; Ćurčić-Blake et al., 2017; Hare et al., 2018; Mallikarjun et al., 2018; Okuneye et al., 2020; Schutte et 

al., 2021). Dynamic fMRI studies corroborate these findings by showing altered interactions between 

the default-mode and central-executive networks in hallucinating patients with schizophrenia (Jardri 

et al., 2013; Zhao et al., 2018; Geng et al., 2020; Weber et al., 2020). To summarize, these studies have 

shown that hallucinations in schizophrenia stem from altered top-down and bottom-up processing 

(Hugdahl, 2009), reflected by altered interactions within- and between sensory and higher-order 

cognitive networks.

As of yet, it remains to be determined if similar connectivity alterations in modular organization are 

found in hallucinating individuals with other psychiatric diagnoses and in non-clinical individuals, 

which would suggest a shared neural mechanism across the psychosis continuum. To this end, 

resting-state fMRI scans of 465 individuals were obtained, including patients with schizophrenia, 

bipolar-I disorder, non-clinical individuals with a lifetime history of hallucinations, as well as healthy 

controls without hallucinations. We hypothesized that individuals with hallucinations would show 

transdiagnostic alterations in the modular network organization as compared to healthy controls, 

including 1) global modular organization and; 2) within- and between-module connectivity. 

Specifically between sensory and higher-order cognitive modules, including the auditory, visual, 

default-mode and central-executive networks, regardless of diagnosis.

Methods and materials

Subjects

The study sample consisted of 465 subjects, including 73 patients with bipolar-I disorder with a 

lifetime history of hallucinations (BD-H), 40 patients with bipolar-I disorder without a lifetime history 

of hallucinations (BD), 95 patients with a schizophrenia spectrum disorder and lifetime hallucinations 

(SCZ-H), 35 non-clinical individuals with hallucinations (NC-H), and 222 healthy controls without 

hallucinations (HC). All subjects were at least 18 years of age and provided written informed consent. 

Participants were recruited as part of five different studies, all carried out at the Department of 

Psychiatry of the University Medical Center Utrecht. See Supporting Information for details on 

recruitment and study procedures.

The presence of lifetime hallucinations was assessed by trained researchers using the Comprehensive 

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

Interview for DSM-IV (SCID; First & Gibbon, 2004), both comparable semi-structured interviews 

assessing symptomatology and hallucination modality. Hallucination severity was determined with 

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

the Psychotic Symptoms Rating Scales (PSYRATS; Haddock et al., 1999) in non-clinical individuals.
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Data acquisition and pre-processing

See the Supplemental Methods for more information on data acquisition, pre-processing and motion 

correction strategies.

Functional network construction

We used N = 264 regions of Power atlas (Power et al., 2011). The procedures of the functional network 

construction are described in the Supplemental Methods.

Global modular organization

Using a modularity maximization method (Newman, 2006), we identified brain network modules 

with a Louvain-like greedy algorithm (Blondel et al., 2008) implemented in MATLAB (Jutla et al., 

2011). Details are described in the Supplementary Methods.

First, modularity value Qw was calculated to assess how well the network can be subdivided into 

modules. Qw of the weighted network, with N nodes for a given module partition, is defined as the 

proportion of edges G that fall within modules, subtracted by the proportion that would be expected 

due to random chance (Newman & Girvan, 2004). The Qw value ranges from 0 to 1, with a value close 

to 1 indicating a strongly modular network. As a rule of thumb, networks with a maximum value of 

Qmax ≥ 0.3 are considered to be modular networks (Newman & Girvan, 2004).

Second, to examine whether the composition of nodes into modules differed across groups, we 

calculated Normalized Mutual Information (NMI; Danon et al., 2005) scores. Significant differences 

in NMI scores between the participant groups (i.e., NC-H, SCZ-H, BD-H, BD) and healthy controls 

would suggest group-differences in the composition of modules.

MATLAB tools developed by Danielle Bassett’s group (available at http://www.danisbassett.com/

resources.html) were used to compute a consensus modularity partitioning and calculate NMI scores.

Within- and between-module connectivity

We used a priori determined modules of the Power atlas (Power et al., 2011) to examine alterations 

in within- and between modules in relation to hallucinations. See Figure 1 for an overview of the 

fourteen modules. In this study, we left out the ‘uncertain’ module, and hence calculated all measures 

across the remaining thirteen modules, including: 1) within-module connectivity for each module; 

and 2) between-module connectivity between each pair of modules. Within-module connectivity 

was calculated as the mean connectivity strength of all connections between nodes within a module 

and is a measure of the functional cohesion of a module. Between-connectivity was calculated as 

the mean connectivity strength of all nodes in one module to all nodes of another module and thus 

reflects inter-modular integration.
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To examine differences in within- and between module connectivity in relation to hallucinations, we 

1) compared each of the four participant groups (NC-H, SCZ-H, BD-H, BD) with the healthy controls; 

2) directly compared the various hallucinating groups with each other (NC-H, SCZ-H, BD-H); and 3) as 

an exploratory analysis, we compared participants with and without (lifetime) hallucinations within 

diagnostic groups (BD-H versus BD; SCZ-H versus SCZ). As all schizophrenia patients experienced 

lifetime hallucinations, we were not able to divide this group into a strict “current versus lifetime” 

hallucinations group. Instead, we divided the schizophrenia group based on PANSS item P3 (Kay et 

al., 1987), such that current hallucinations are defined as P3-score > 3, and not-currently hallucinating 

patients as those with a P3-score < 3 (“lifetime”). The latter results are reported in the Supplementary 

Results and Supplementary Figure 6.

FIGURE 1. A priori based modules of the Power atlas used for within and between connectivity. We 
examined functional modules of the Power et al. (2011) atlas using N = 264 nodes. The color of each node indicates 
into which module this node was partitioned as previously defined by Power et al. (2011). We calculated the pairwise 
coherence between any pair of nodes to obtain a connectivity matrix for each participant.

Symptom correlates

Symptom correlates between functional connectivity, PANSS and PSYRATS-items are reported in 

the Supplementary Information.

Statistical analysis

Permutation testing was used to examine significant differences in Qmax, NMI scores, and within- 

and between module connectivity. This statistical method is well-suited for analyzing unbalanced 
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designs, including differences in sample sizes between groups, without losing power (Nichols 

& Holmes, 2002). All permutation testing was done using 10,000 permutations at P < 0.05, False 

Discovery Rate (FDR) corrected. Age and sex were regressed out of the data before permutation 

testing, see Supplementary Information for more details.

NMI scores were calculated between all possible pairs of participants within the same group (e.g., 

SCZ-H) to calculate a true mean within-group NMI. Group labels were then randomly permuted 

10,000 times, after which the permuted mean within-group NMI was calculated in the combined 

groups (e.g., SCZ-H and CTRL). P-values were computed as the number of iterations where the 

permuted mean within-group NMI was higher than the empirical within-group NMI, divided by 

the total number of permutations.

To assess within- and between-module connectivity, group labels were randomly permuted 10,000 

times and mean within- and between-module connectivity values were calculated in each iteration, 

resulting in an empirical (null-)distribution of group-differences that can arise under the null-

hypothesis. P-values were calculated as the proportion of iterations in which the permuted mean 

within- and between-module connectivity was greater than the empirical mean within-module 

connectivity. To correct for multiple testing, results are reported at P < 0.05 false discovery rate (FDR). 

To assess whether a more stringent correction would change the nature of our findings, we report 

results corrected for Family Wise Error (FWE) in Supplementary Figure 2.

Results

Participants

A total of 465 participants were included in this study, see Table 1 for an overview of demographic 

and clinical characteristics. A total of 84.2% of the SCZ-H group; 52.1% in BD-H and 22.5% in BD used 

antipsychotics medication. In the BD-H group, 56.2% used lithium, compared to 65% in the BD group.

The hallucinating groups also differed in hallucinatory modality (P < 0.001 for both auditory and visual 

modalities), as SCZ-H patients and NC-H reported a higher percentage of auditory hallucinations 

(80% and 100% against 53% for bipolar patients), whereas the NC-H group reported the highest 

percentage of visual hallucinations (80%), against 69.9% and 52.6% for BD-H and SCZ-H group.

Global modular organization

The networks of all participants exhibited a modular community structure reflected by Qmax values 

≥ 0.3, see Supplementary Figure 2. Modularity was not significantly different across any of the 

participant groups compared to HC: SCZ-H patients (P = 0.570); NC-H (P = 0.918), BD-H (P = 0.876), 

and BD (P = 0.816), see Figure 2a for the maximum Qmax score per group.
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As compared to HC, NMI scores did not show significant differences in SCZ-H patients (P = 0.962), 

NC-H (P=0.985), BD-H (P = 0.079) and BD (P = 0.272), see Figure 2b. This finding was not influenced 

by differences in age, sex and duration of illness across the groups, see Supplementary Information 

for more details.

TABLE 1. Participant characteristics on demographic and clinical variables (n = 465)a.

SCZ-H
(n = 95)

BD-H
(n = 73)

BD
(n = 40)

NC-H
(n = 35)

HC
(n = 222) P value

Age, mean (SD), years 32.5 (10.9) 46.5 (11.4) 51.6 (11.8) 42.1 (15.0) 40.8 (14.5) < .001*

Sex, m/f 64/31 36/37 21/19 9/26 119/103 .001*

Handedness, R/L 81/8 65/8 33/7 26/9 185/36 .128

Duration of illness, years 9.3 (9.7) 15.9 (12.9) 1 NA NA <.001*

Motion, mm

Relative mean displacementb 0.1 (0.04) 0.1 (0.03) 0.1 (0.04) 0.1 (0.03) 0.1 (0.03) < .001*

Diagnosis, No. (%)

Schizophrenia 57 (60.0)

Schizoaffective disorder 15 (15.8)

Schizophreniform disorder 1 (1.1)

Schizotypal personality 1 (1.1)

Psychosis NOS 20 (21.1)

Bipolar-I disorder 73 (100) 40 (100)

Medication, No. (%)  NA NA

Antipsychotics 80 (84.2) 38 (52.1) 9 (22.5)

Lithium 5 (5.3) 41 (56.2) 26 (65.0)

Anti-depressants 21 (22.1) 16 (21.9) 10 (25.0)

Hallucinations lifetime, No. (%) 95 (100) 73 (100) 0 (0.0) 35 (100) 0 (0.0)

Auditory 76 (80.0) 39 (53.4) 0 (0.0) 35 (100) 0 (0.0) < .001*

Visual 50 (52.6) 51 (69.9) 0 (0.0) 28 (80.0) 0 (0.0) < .001*

Hallucinations current, No. (%) 0 (0.0) 0 (0.0)

Delusions lifetime, No. (%)

aDifferences between continuous variables were tested with a one-way ANOVA, and differences in dichotomous variables 

with Chi-square tests. b The relative root mean square (RMS) displacement was calculated by FSL MCFLIRT. Significance was 

set at P < 0.05. Significant differences are indicated by an asterisk (*). Current hallucinations includes experiences in the last 

month. The current hallucinations in the SCZ-H were based on the P3>2 PANSS, and in NC-H with the frequency item of the 

PSYRATS. Number of cases with missing data: Duration of illness n=16 SCZ-H; n=55 BD-H; n=39 BD; Diagnosis n=1 SCZ-H; 

Antipsychotics n=10 HC; n=5 SCZ-H; n=3 BD-H; n=1 BD. Lithium n=10 HC; n=6 SCZ-H. Antidepressants; n=10 HC; n=16 SCZ-H; 

Lifetime hallucinations n=4 HC; Auditory n=4 HC; n=11 SCZ-H; n=2 BD-H. Visual n=5 HC; n=15 SCZ-H. Olfactory n=5 HC; n=17 

SCZ-H. Tactile n=5 HC; n=14 SCZ-H. Current hallucinations: SCZ-H=23. Lifetime delusions; n=5 HC; n=3 NC-H; n=21 SCZ-H; 

childhood trauma; n=74 HC; n=10 NC-H; n=78 SCZ-H; n=2 BD-H; BD = 2.

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

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



189

Modularity alterations in hallucinating individuals

FIGURE 2. Global modular organization scores per participant group. Violin plots depict the distribution of a) 
Qmax and b) NMI scores per participant group. The white boxes within the violin plots indicate the mean and standard 
deviations. All plots were generated before controlling for age and gender. None of the groups differed significantly 
at P < 0.05 (after regressing out age and sex, corrected for multiple comparison). Abbreviations: BD bipolar disorder 
without hallucinations; BD-H bipolar disorder with hallucinations; NC-H non-clinical individuals with hallucinations; 
NMI normalised mutual information; SCZ-H schizophrenia spectrum disorder with hallucinations.

Within- and between-module connectivity

We found significantly altered within- and between-module connectivity in participants with 

hallucinations compared to HC. SCZ-H and NC-H groups showed increased within-module 

connectivity of the somatosensory and auditory modules. Increased between-module connectivity 

was found between the auditory module and several higher-order cognitive (i.e., central-executive, 

salience, memory, cingulo-opercular), default-mode, somatosensory and subcortical modules, 

suggesting decreased segregation between these modules. Furthermore, decreased between-

module connectivity was found between the visual module and higher-order cognitive (i.e., central-

executive, salience), default-mode and subcortical modules in NC-H and SCZ-H, suggesting increased 

segregation between these modules. See Figure 3a for an overview of the significant alterations in 

NC-H and SCZ-H. The corresponding FDR-corrected P-values of these alterations can be found in 

Supplementary Figure 2a.

In BD-H patients compared to HC, we observed increased between-module connectivity of the 

visual, memory, cerebellar and default-mode modules and increased within-module connectivity of 

both the memory and visual network, suggesting decreased segregation between these modules. 

Decreased connectivity between the auditory and somatosensory module was observed in BD-H 

compared to HC, suggesting increased segregation. We did not observe any alterations in within- or 
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between-module connectivity in the BD relative to HC. See Table 2 and Figure 3a for the alterations 

in both groups of BD patients, and Supplementary Figure 5a for the corresponding P-values.

When comparing the hallucination groups with each other, NC-H and SCZ-H participants did not 

significantly differ in within- and between-module connectivity, see Figure 3b. Both NC-H and SCZ-H 

showed similar alterations to BD-H participants. SCZ-H participants showed increased connectivity 

between sensory (i.e., auditory) and higher-order cognitive modules (i.e., cingulo-opercular, dorsal 

attention, salience), suggesting decreased segregation between auditory and higher-order cognitive 

modules compared to BD-H. Specifically, cingulo-opercular and ventral attention modules showed 

significantly altered connectivity to other modules. NC-H showed similar alterations when compared 

to BD-H participants. In these individuals, the somatosensory and dorsal attention modules showed 

most altered connections to other modules, see Figure 3b.

FIGURE 3. Within- and between-module connectivity disturbances. This figure summarizes the alterations 
in within-and between-modules connectivity of the 13 modules of the Power atlas. In panel A, the clinical and non-
clinical groups are contrasted with healthy controls. From left to right; 1) non-clinical individuals with hallucinations 
(n = 35) vs healthy controls (n = 222); 2) schizophrenia patients with hallucinations (n = 95) vs healthy controls (n = 222); 
3) bipolar-I disorder patients with hallucinations (n = 73) vs healthy controls (n = 222). 4) bipolar-I disorder patients 
without hallucinations (n = 40) did not differ from controls (n = 222). In panel B, the groups with hallucinations are 
contrasted with each other, from left to right; 5) schizophrenia patients with hallucinations (n = 95) vs non-clinical 
individuals with hallucinations (n = 35); 6) schizophrenia patients with hallucinations (n = 95) vs bipolar-I disorder 
patients with hallucinations (n = 73); 7) non-clinical individuals with hallucinations (n = 35) vs bipolar-I disorder patients 
with hallucinations (n = 73). The connections in the circle plot are color-coded based on either an increase (red) or 
decrease (blue) in modular connectivity when comparing the first group (e.g. NC-H) to the latter group (e.g. HC). 
Group differences were tested at a significance level of P < 0.05 FDR corrected. Age and sex were regressed out of 
the data before permutation testing. Connections within modules are indicated by lines that connect one side of the 
rim segment to the other. Abbreviations: AUD auditory; BD bipolar-I disorder without lifetime history of hallucinations; 
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; HC healthy controls; MEM 
memory; NC-H non-clinical individuals with 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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TABLE 2. Degree of each module per hallucinating group as compared to healthy controlsa.

NC-H
(n = 35)

SCZ-H
(n = 95)

BD-H
(n = 73)

Module Degree Degree Degree

SSM 4 2 0

AUD 13 7 2

SUB 5 8 0

DMN 9 6 1

SAL 6 7 1

CON 2 2 2

VAN 4 3 4

SSH 5 1 0

VIS 6 6 2

CEN 7 3 2

MEM 3 5 0

DAN 2 1 0

CER 2 3 1

aDegree refers to the number of connections that were found to be altered for this particular module compared to 

healthy controls. For example, a degree of 5 means that this module had 5 within- or between- connections that were 

significantly altered compared to healthy controls. Abbreviations: AUD auditory; 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 non-clinical individuals with hallucinations; SAL salience; SCZ-H 

schizophrenia spectrum disorder with hallucinations; SSH somatosensory hand; SSM somatosensory mouth; SUB subcortical; 

VAN ventral attention network; VIS visual.

Discussion

The aim of this study was to investigate whether individuals with hallucinations across the psychosis 

continuum show similar alterations in global modular network organization, and within- and 

between module connectivity. We did not find differences in global modular network organization 

across any of the hallucination groups compared to controls, meaning that the level of modularity 

was similar across groups and the nodes of the brain network were similarly partitioned into modules. 

We found that sensory modules (i.e., auditory and visual networks) showed altered connectivity with 

higher-order cognitive modules (i.e., central-executive, cingulo-opercular, salience, memory) in all 

hallucinating individuals across conditions, suggesting altered top-down and bottom-up processing. 

These higher-order cognitive modules were altered in non-clinical individuals and schizophrenia 

patients but not in bipolar-I disorder patients. In all hallucination groups, the default-mode module 

showed altered connectivity with other modules, including sensory and higher-order cognitive 

modules. In bipolar-I disorder patients, connectivity alterations were found between the memory, 
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default-mode and visual module. As such, whereas hallucinations in all disorders appeared to be 

related to connectivity alterations within and between sensory and higher-order cognitive modules, 

different higher-order cognitive modules were involved in bipolar-I disorder as compared to 

schizophrenia and non-clinical individuals. Taken together, our results suggest that hallucinations 

do not share the same neural mechanism across the psychosis continuum.

Contrary to previous studies on global modular organization (Bordier et al., 2018; Collin et al., 2020; 

Ma et al., 2020), we did not find differences in the global modular organization across groups. Both 

more (Hoffman & Dobscha, 1989; Hoffman & Mcglashan, 1993; Hoffman & McGlashan, 1997) and less 

(David, 1994) modular brain networks have been suggested to underlie psychotic symptoms. A more 

modular brain could lead to a fragmented brain network that gives rise to autonomous modules 

that act as ‘parasitic foci’, which reverberate the same output into the brain’s information flow, 

thus leading to hallucinations (Hoffman & Dobscha, 1989; Hoffman & Mcglashan, 1993; Hoffman & 

McGlashan, 1997). In contrast, a less modular brain could result in an overflow of information transfer 

between modules, e.g., the auditory and language system, thereby contributing to symptoms such 

as hallucinations (David, 1994). Our data do not support either of these hypotheses.

Our findings on within- and between-module connectivity corroborate and extend findings from 

prior resting state studies on hallucinations. Consistent with previous studies in schizophrenia, we 

report significant alterations in the central-executive, salience, memory and default-mode network 

related to the experience of hallucinations (Wolf, 2011; Ford et al., 2014; Alonso-Solís et al., 2015; 

Lefebvre et al., 2016; Li et al., 2017; Hare et al., 2018; Mallikarjun et al., 2018; Okuneye et al., 2020; 

Schutte et al., 2021;). In line with previous dynamic fMRI studies (Jardri et al., 2013; Zhao et al., 2018; 

Geng et al., 2020; Weber et al., 2020), we report altered connectivity of the central-executive and 

default-mode modules in both non-clinical and schizophrenia group. An altered balance between 

these modules could enhance the focus on internal processes, e.g., auditory processing, thereby 

leading to hallucinations (Weber et al., 2020). Evidence for the involvement of the salience module 

in hallucinations is inconsistent, with some studies reporting decreased connectivity between the 

salience and the default-mode network (Orliac et al., 2013), whereas others do not find altered 

connectivity (Woodward et al., 2011). Increased recruitment of the somatosensory network may 

contribute to a more general misattribution of inner signals to external sources, possibly leading to 

hallucinations (Karrer et al., 2019).

In line with Diederen et al. (2012), we do not report differences in functional connectivity alterations 

between non-clinical individuals and schizophrenia patients, thereby not confirming the existence of 

a psychosis continuum in terms of functional brain changes. This is in contrast to previous structural 

MRI findings on non-clinical individuals with hallucinations, in which these individuals have been 

reported to show an intermediate phenotype (van Lutterveld et al., 2014; van Dellen et al., 2016). 

Further research is warranted to investigate this difference in functional and structural findings.
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The finding of altered connectivity in multiple higher-order cognitive networks provides additional 

evidence for the role of top-down processing in the experience of hallucinations in schizophrenia 

and non-clinical individuals (Hugdahl & Sommer, 2018). According to the bottom-up/top-down 

theory, hallucinations can arise from an imbalance between bottom-up (sensory) and top-down 

(higher-order cognitive control) information processing. Our findings are in line with such an 

imbalance. Altered cognitive control over sensory modules could lead to reverberation of sensory 

information, meaning that prior beliefs are misinterpreted as sensory observations (Jardri & Denève, 

2013). In support of this theory, previous studies have shown difficulties in inhibitory control as 

measured by cognitive tasks in schizophrenia (Waters et al., 2003; Soriano et al., 2009; Hugdahl et 

al., 2013; Badcock et al., 2015) and non-clinical individuals (Paulik et al., 2007; Daalman et al., 2011). 

Reduced inhibitory control is also reported in bipolar disorder during manic phases (Badcock & 

Hugdahl, 2012), but to a lesser extent in euthymic phases (Larson et al., 2005).

A different neural mechanism was found for bipolar-I disorder patients with hallucinations, including 

involvement of memory and visual modules. This could be explained by the high percentage of 

patients in this group who experienced visual hallucinations. Memory regions have also been 

implicated in auditory hallucinations in schizophrenia (Diederen et al., 2010; Allen et al., 2012; 

Lefebvre et al., 2016). Unintentional activation of memories may be conveyed to the visual cortex 

leading to hallucinations in bipolar-I disorder patients (Steel et al., 2004; Waters et al., 2006). In line 

with our current findings, Palaniyappan et al. (2019) report involvement of salience and executive 

control networks in schizophrenia, but not in psychotic bipolar disorder. Both unique and similar 

neural correlates were reported for schizophrenia and psychotic bipolar disorder in general, 

regardless of hallucinations (Meda et al., 2012; Baker et al., 2014; Lui et al., 2014). Ma et al. (2020) 

found similar patterns of connectivity between schizophrenia, bipolar and major depressive disorder, 

showing the value of connectomics research across diagnoses.

Contrary to earlier findings, we do not report any significant differences between non-hallucinating 

bipolar patients and healthy controls (Perry et al., 2019). Both hallucinating and non-hallucinating 

bipolar patients were scanned in euthymic phase, which could have influenced connectivity (Collin 

et al., 2016). Together with the fact that the sample size of the non-hallucinating bipolar patients 

(n = 40) was much smaller than the hallucinating bipolar patients (n = 73), this could have contributed 

to the null-finding in the non-hallucinating bipolar patients.

Some methodological considerations should be taken into account. Limitations inherent to clinical 

studies comparing multiple diagnoses concern differences in medication use, clinical symptoms, 

duration of illness, motion effects and demographic variables. In our study, lithium users were evenly 

balanced across bipolar disorder patients with and without hallucinations, making it unlikely that 

lithium use confounded our results. It is unlikely that antipsychotic medication influenced our results, 
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as both (unmedicated) non-clinical individuals and (medicated) schizophrenia patients showed 

highly similar connectivity alterations.

As we combined scans of several studies retrospectively, this led to differences in hallucinatory state. 

None of the bipolar disorder patients experienced hallucinations at the time of scanning. Some 

non-clinical individuals and schizophrenia patients did experience hallucinations in the week prior 

to scanning, which could bias results in these groups toward state-differences. Nonetheless, we did 

not find a correlation between connectivity and clinical hallucination scores, suggesting that our 

results more likely reflect trait-related alterations (Meyer-Lindenberg, 2009; Bohlken et al., 2017).

Another limitation concerns differences between groups in hallucinatory modality. Bipolar-I disorder 

patients and non-clinical individuals reported a higher percentage of lifetime visual hallucinations, 

whereas schizophrenia patients reported a higher percentage of lifetime auditory hallucinations. 

Previous studies show that altered resting state connectivity in the auditory, language, cognitive 

control, memory and salience regions are linked to auditory hallucinations (Alderson-Day et al., 2016; 

Ćurčić-Blake et al., 2017). However, similar networks have been implicated in visual hallucinations, 

suggesting a domain-general mechanism for hallucinations in addition to modality-specific 

alterations in sensory regions or networks (Amad et al., 2013; Ford et al., 2014; Rolland et al., 2014; 

Alderson-Day et al., 2016; Hare et al., 2017). Future research should focus on the heterogeneity in 

modality and phenomenology (Fernyhough, 2019), as both can vary widely across diagnoses (Pienkos 

et al., 2019; Rossell et al., 2019). Non-clinical individuals often report less negative content compared 

to schizophrenia patients (de Boer et al., 2021), which could be reflected in connectivity alterations. 

In bipolar disorder, hallucinations may have different phenomenological characteristics and neural 

mechanisms when occurring during a manic or depressive episode as hallucinations are typically 

mood congruent (Winokur et al., 1985). Future studies can assess differences in phenomenology of 

hallucinations across disorders using the Questionnaire for Psychotic Experiences (QPE). Variations 

in phenomenology could affect functional connectivity alterations in (disorder-specific) networks, 

such as the cingulo-opercular or somatosensory network (Sestieri et al., 2014; Fernyhough, 2019; 

Rossell et al., 2019).

Motion during scanning can affect clinical studies as patients and healthy controls show different 

degrees of movement (Power et al., 2012; van Dijk et al., 2012). We successfully regressed out 

the effects of motion following recently developed procedures (Ciric et al., 2017), as subsequent 

analyses indicated that residual effects were minimal. In addition, the Power atlas (Power et al., 2011) 

used in the current study undersamples the cerebellum and subcortical areas, and thus limits our 

ability to draw conclusions on the involvement of these areas in the occurrence of hallucinations. 

Connectivity metrics used were based on mean connectivity, hence no directionality can be inferred. 

The identification of brain regions as being “top-down” is thus based on findings of prior research 

(Aleman et al., 2003; Hugdahl, 2009).
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In conclusion, schizophrenia patients and non-clinical individuals with hallucinations demonstrate 

a largely overlapping dysconnectivity pattern, characterized by increased connectivity between 

higher-order cognitive and sensory processing modules. Bipolar-I disorder patients show a markedly 

different pattern, with increased connectivity between default-mode, memory and visual modules, 

suggesting that a different mechanism may underlie hallucinations in bipolar disorder. More insight 

into the underlying transdiagnostic neural mechanisms could eventually guide treatment options.
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Supplementary Methods

Participants

The data used in this study is pooled from five different studies, all conducted from the Department 

of Psychiatry, University Medical Center Utrecht. We have used this pooled dataset before in Schutte 

et al. (2021) and van Dellen et al. (2020). A detailed description of the five different studies is provided 

in Schutte et al. (2021). To summarize, all subjects participated in one of the following studies: 1) 

Dutch Bipolar Cohort study (procedures are described by Vreeker et al., 2016), 2) The Outcome of 

Psychosis and Fitness Therapy study (Scheewe et al., 2013), 3) Simvastatin for recent onset psychosis 

study (Begemann et al., 2015; baseline data), 4) Spectrum study (Sommer et al., 2010) and 5) the 

Understanding Hallucinations study (inclusion ongoing). Each study recruited their participants in 

various ways, at various sites throughout the Netherlands. However, all participants were scanned 

on the same 3.0 Tesla Achieva Philips clinical MRI scanner equipped with an 8-channel SENSE head 

coil at the clinical facility of the University Medical Center Utrecht (Philips, Best, The Netherlands).

The Diagnostic and Statistical Manual for Mental Disorders (DSM-IV-TR; APA, 2013) was used to 

establish a diagnosis of bipolar-I disorder or a schizophrenia spectrum disorder. 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, 1992) were used to assess the absence or presence of psychopathology. 

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, duration of illness and 

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

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

and conducted in accordance with the Declaration of Helsinki.

The non-clinical individuals were not in need for care and did not meet the criteria of a DSM-IV 

diagnosis. The non-clinical individuals did score higher on, for example, magical thinking, as 

measured by the Schizotypal Personality Questionnaire (SPQ; Raine, 1991) as compared to healthy 

controls (van Lutterveld et al., 2014).

Data acquisition

All scans were acquired on the same 3.0 Tesla Achieva Philips clinical MRI scanner equipped with an 

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

Resting state functional magnetic imaging (rs-fMRI) images using blood oxygenation level dependent 

(BOLD) contrast were acquired using a 3D PRESTO sequence with a short volume acquisition time 

of 609 ms, 40 slices, echo time [TE] = 33 ms, repetition time [TR] = 23 ms, flip angle = 27º, Field of 

View [FOV] = 224 x 256 x 160 mm, voxel size 4 mm isotropic, reconstruction matrix 64 x 64 x 40 

(Neggers et al., 2008). Depending on the study, between 600 - 1000 images were obtained per 
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resting state scan. For the purpose of our current study, all resting state scans were resized to the 

first 600 images (6 minutes). Anatomical T1-weighted images (high-resolution T1) were obtained with 

the following settings: TE = 4.6 ms, TR = 10 ms, flip angle = 90º, FOV = 240mm, voxel size 0.75 × 0.75 

× 0.80 mm, reconstruction matrix = 200 x 320 x 320. For some subjects included via the Spectrum 

study (n = 45), T1-weighted images had the following acquisition parameters: 160 contiguous sagittal 

slices (TE = 4.6 ms, TR = 10 ms, flip angle = 8°, FOV = 224 mm, 1 × 1 × 1 mm voxels).

Data preprocessing

Each participant’s rs-fMRI scan was pre-processed using FEAT’s default settings in FMRIB Software 

Library (FSL) version 5.0.4 (Smith et al., 2004) including; 1) skull stripping (BET), 2) motion correction 

with MCFLIRT, 3) spatial smoothing (5 mm 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 valuable signal (Gotts et al., 2013; Saad et al., 

2012; Yang et al., 2014). To account for motion-related effects, scans were excluded from the analysis 

when the relative root mean square (RMS) displacement over all frames exceeded 0.2 mm; or if 20 

individual frames exceeded the threshold of 0.25mm as calculated by MCFLIRT (Satterthwaite et al., 

2012). ICA-AROMA was subsequently applied for denoising (Pruim et al., 2015a; Pruim et al., 2015b).

A significant difference in relative root mean square (RMS) displacement of the functional scans was 

found across groups (P < 0.001). We therefore did an additional quality check after motion correction 

procedures to assure that functional connectivity was not significantly related to residual motion 

following procedures of Power et al (2012) and Ciric and colleagues (2017). This quality check was 

conducted as following;

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 264-nodes of the Power atlas (Power et al., 2011) with the mean 

relative root mean square (RMS) 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.

Functional network construction

We used N = 264 regions of Power atlas that were previously found to organize into modules that 

reflect known neural systems (Power et al., 2011). Following the procedures of Power and colleagues 

6
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(Power et al., 2011), masks were generated of spheres with a 10-mm diameter centered at the MNI 

coordinates of the regions in the Power atlas. Average time courses were extracted from each of the 

N=264 nodes of the Power atlas for each subject. Next, functional connectivity Aij was estimated 

between each pair of brain regions i and j using wavelet coherence in the frequency interval between 

0.05-0.10 Hz. Resulting individual connectivity matrices were normalized by the mean of each 

individual matrix to optimize sensitivity to the modular structure (Gu et al., 2015).

Wavelet decomposition was calculated using the maximal overlap discrete wavelet transform 

(MODWT) method, extracting coefficients in wavelet scale 4 (0.05-0.10 Hz) with the WMSTA toolbox 

(http://www.atmos.washington.edu/~wmtsa/) (Percival & Walden, 2000; Grinsted et al., 2004). The 

wavelet coherence is a measure between 0 and 1 and is reported as the mean squared coherence 

estimated with the mscohere function in MATLAB.

Global modular organization

Using a modularity maximization method (Newman, 2006), we identified brain network modules 

with a Louvain-like greedy algorithm (Blondel et al., 2008) implemented in MATLAB (Jutla et al., 2011). 

As the algorithm searches for high modularity partitions in a heuristic fashion, the resulting network 

partitions differ slightly from run to run. Therefore, the Louvain algorithm was run 100 times for each 

participant after which one consensus partition across runs was identified based on a comparison 

to a null-model (Bassett et al., 2013). We choose a parameter setting of γ = 1.25 which resulted in an 

average of 14 modules in the healthy control group, comparable to the partitioning of Power and 

colleagues (2011). Other values of γ were explored to ascertain that the nature of our findings was 

similar across levels of network resolution, see Supplementary Figure 3.

Effects of age, sex and duration of illness

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.

In this dataset, significant differences were found between groups in age (P < 0.001) and sex 

(P = 0.001), see Table 1 for demographic characteristics and Supplemental Methods, and 

Supplemental Table 1-2 for more details on post-hoc testing. Hence, age and sex were regressed 

out of the data before permutation testing.

Due to significant differences across groups in duration of illness, we tested for possible confounding 

effects by correlating the duration of illness variable with the global modularity score Normalised 

Mutual Information (NMI).
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Current versus lifetime hallucinations within each diagnosis

As an exploratory analyses, we compared participants with and without (lifetime) hallucinations 

within a diagnostic group (BD-H versus BD; SCZ-H versus SCZ). The SCID (First & Gibbon, 2004) 

was used to assess current versus lifetime hallucinations in the bipolar-I disorder group. As all 

schizophrenia patients experienced lifetime hallucinations, we were not able to divide this group 

into a strict current versus lifetime hallucinations group. Instead, we divided the schizophrenia 

group based on the PANSS (Kay et al., 1987) item P3, such that current hallucinations are defined 

as P3 score >3, and not-currently hallucinating patients as those with a P3-score < 3 (“lifetime”). To 

preserve power, we investigated hallucinations regardless of hallucinatory modality.

Symptom correlates

All correlations with clinical scores were assessed using a non-parametric Spearman correlation. In 

the schizophrenia group, correlations between PANSS item P3 and within- and between-module 

connectivity was assessed. The link between the PSYRATS items Frequency and Severity of auditory 

hallucinations and within and between-module connectivity was explored for the non-clinical group. 

To correct for multiple testing, possible links are reported at P < 0.05 false discovery rate (FDR).

Supplementary Results

Quality check 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 0.05; for patients with schizophrenia 0.06; for patients 

with bipolar disorder 0.07; and for non-clinical individuals 0.10. 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 

1. The results demonstrate that the distance dependent effect on motion was minimal for all groups.

Effects of age, sex, duration of illness

On average, sex and age differed across the participant groups (P = .001 for sex, P < .001 for age see 

Table 1 in the main manuscript). Tukey post-hoc tests were conducted to provide more information 

on the exact differences (see Supplementary Table 2 for post-hoc tests on age, and Supplementary 

Table 3 for post-hoc tests on sex).

To check for collinearity, we found no significant relationship was present between age and sex was 

t(465) = -0.062, P = .103. The collinearity diagnostics between diagnosis, age and sex was VIF = 1.005; 

tolerance = 0.995 for both age and sex, indicating a low possibility of collinearity (VIF < 3). Age and 

sex were thus regressed out of the data before permutation testing.
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The correlation between duration of illness and NMI scores was not significant r = 0.054, P = 0.527.

Current versus lifetime hallucinations within each diagnosis

For the schizophrenia group, we observed altered within-module connectivity of the auditory and 

ventral-executive module, as well as between-module connectivity between the somatosensory 

modules and various cortical and subcortical modules between patients with and without current 

hallucinations (P < 0.05 uncorrected for all; see Supplementary Figure 3a). For bipolar-I disorder, 

no within-module connectivity alterations were observed between patients with versus without 

lifetime hallucinations, although between-module connectivity of the somatosensory mouth and 

central-executive module was reduced in the patients with current hallucinations versus lifetime 

hallucinations (P = .039, uncorrected, see Supplementary Figure 3b).

Symptom correlates

The correlation between clinical scores and within- and between-module connectivity measures 

was not significant in the schizophrenia group, neither for non-clinical individuals (P > 0.05 for all, 

FDR corrected).

Supplementary Discussion

Although we were able to include bipolar disorder patients with and without hallucinations, our 

sample did not include schizophrenia patients without lifetime hallucinations. Hallucinations are 

very common in schizophrenia, and when assessed using an in-depth interview, a lifetime history of 

hallucinations is almost ubiquitous in schizophrenia patients. As a result, we were unable to compare 

schizophrenia patients with versus without hallucinations.
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SUPPLEMENTARY TABLE 1. Post-hoc tests of significant differences in age across the groupsa.

Participants Mean difference P value

HC NC-H -1.3 .984

SCZ-H 8.3 <.001

BD-H -5.7 .013

BD -10.8 <.001

NC-H HC 1.3 .984

SCZ-H 9.6 .003

BD-H -4.4 .479

BD -9.5 .017

SCZ-H HC -8.3 <.001

NC-H -9.6 .003

BD-H -14.0 <.001

BD -19.0 <.001

BD-H HC 5.7 .013

NC-H 4.4 .479

SCZ-H 14.0 <.001

BD -5.1 .291

BD HC 10.8 <.001

NC-H 9.5 .017

SCZ-H 19.0 <.001

BD-H 5.1 .291

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 2. Post-hoc tests of significant differences in sex across the groupsa.

Participants Chi-square P value

HC NC-H 9.4 .002

SCZ-H 5.2 .023

BD-H 0.4 .524

BD 0.02 .898

NC-H HC 9.4 .002

SCZ-H 18.0 <.001

BD-H 5.4 .020

BD 5.6 .018

SCZ-H HC 5.2 .023

NC-H 18.0 <.001

BD-H 5.6 .018

BD 2.7 .102

BD-H HC 0.4 .524

NC-H 5.4 .020

SCZ-H 5.6 .018

BD 0.1 .746

BD HC 0.02 .898

NC-H 5.6 .018

SCZ-H 2.7 .102

BD-H 0.1 .746

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.
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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 264-nodes with the mean relative RMS motion. 

The distance dependent effects of motion were minimal in all participant groups. Abbreviations: HC healthy controls; NC-H 

non-clinical individuals; BD bipolar disorder; SCZ schizophrenia spectrum disorder.

SUPPLEMENTARY FIGURE 2. Modularity value Qw for all participantsa. aA histogram of the modularity values 

of all participants. The modularity values are all ≥ 0.3, indicating the brain can be considered modular in all participants.
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SUPPLEMENTARY FIGURE 3. NMI-scores across different values of γa. aThere were no differences found in 

NMI-scores between any of the groups across different values of γ (P > 0.05 for all). Significant differences were tested using 

an ANCOVA with age and sex as covariates. NMI scores are calculated between the Power portioning (Power et al., 2011) and 

the individual participant partitioning. Abbreviations: HC healthy controls; NC-H non-clinical individuals; NMI normalized 

mutual information; BD bipolar disorder without hallucinations; BD-H bipolar disorder with hallucinations; SCZ schizophrenia 

spectrum disorder.
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SUPPLEMENTARY FIGURE 4. FDR and FWE corrected P-values of within- and between-module 
connectivitya. aThe p-values per within- and between-module are displayed. The columns represent the FDR and FWE 

corrected values. The rows depict the three hallucinating groups. The P-values of < .001 are displayed as 0 in the matrix for 

visualization purposes. Abbreviations: AUD auditory; BD bipolar disorder; CEN central-executive network; CER cerebellum; CON 

cingulo-opercular network; DAN dorsal attention network; DMN default mode network; FDR false discovery rate; FWE family 

wise error rate; HC healthy controls; MEM memory; NC non-clinical individuals; SAL salience; SCZ schizophrenia spectrum 

disorder; SSH somatosensory hand; SSM somatosensory mouth; SUB subcortical; VAN ventral attention network; VIS visual.
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