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Summary 

An analysis of an internationally shared functional magnetic resonance imaging (fMRI) data involving 

healthy participants and schizophrenia patients extracted brain networks involved in listening to radio 

speech and capture hallucination experiences. A multidimensional analysis technique demonstrated that 

for radio-speech sound files, a brain network matching known auditory perception networks emerged, 

and importantly, displayed speech-duration-dependent hemodynamic responses (HDRs), confirming 

fMRI detection of these speech events. In the hallucination-capture data, although a sensorimotor 

(response) network emerged, it did not show hallucination-duration-dependent HDRs. We conclude that 

although fMRI retrieved the brain network involved in generating the motor responses indicating the 

start and end of an experienced hallucination, the hallucination event itself was not detected. Previous 

reports on brain networks detected by fMRI during hallucination capture is reviewed in this context. 
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1. Introduction 

Auditory verbal hallucinations (AVHs) are speech perceptions that occur in the absence of an 

external stimulus and are primary symptoms of psychosis, such that 60-80% of people with 

schizophrenia spectrum disorder report experiencing them [1, 2]. The propensity to hallucinate (e.g., 

experiencing hallucinations in the past week) has been linked with neural hyperactivity in voice-

selective regions of the STG [3-7], and these voice-selective cortical regions have been reported to 

activate in symptom capture studies on hallucinations [8, 9]. Repeated transcranial magnetic stimulation 

(rTMS) of voice-selective cortical regions was also reported to reduce the intensity of hallucinations [10-

12]. Therefore, much of the AVH literature to date has taken a region-of-interest based approach 

focusing on voice-selective regions of the STG. 

AVHs are unlikely to arise exclusively from hyperactivity in the STG. For example, the 

breakaway speech/unbidden thoughts account of hallucinations [13-15] puts forward that AVH may occur 

when self-monitoring breaks down, possibly due to reduced activation in the dorsal anterior cingulate 

cortex (dACC)/supplementary motor areas (SMA) during the hallucinatory experience [16]. 

Metacognitive or belief-based influences are also likely play a role [17-19]; therefore, a network-based 

approach is important for investigating the biological underpinnings of hallucinations.  

In functional magnetic resonance imaging (fMRI) symptom capture studies of hallucinations, 

activity in the STG is typically reported, as are a number of other language based regions, including 

Broca’s area, anterior insula, precentral gyrus, frontal operculum, inferior parietal lobule, hippocampus, 

parahippocampal regions and in motor areas such as the inferior frontal gyrus, cerebellum, insula, and 

postcentral gyrus [20-22]. In most symptom capture studies, the experimental procedure to monitor 

hallucinations in the scanner consists of participants pressing a button or squeezing a ball, to indicate 

the onset and offset of hallucinations [20-22], with exceptions being relatively rare [e.g., 23, 24, 25]. Since 

fMRI measures the blood-oxygen-level-dependent (BOLD) signal increases in response to cognitive 
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events, the timing of hallucinations onset/offset is confounded with response, leading to complications 

interpreting the confounding influence of the sensorimotor (response) network with a potential network 

underlying hallucination. 

In addition to this confound with response processes, another source of potential error in 

symptom capture studies includes the duration of the hallucinations, which range from one- or two-

word utterances to much longer commentary [26]. This, combined with differences between individuals 

with respect to the accuracy with which they report the duration of their hallucinations, can add noise to 

the data. An additional source of error affecting fMRI is the dependence on beta weights derived from 

regressing the BOLD signal onto a synthetic model of the hemodynamic response (HDR) shape [27]. 

Even if this synthetic HDR shape is adjusted for reported duration of hallucination events, restricting 

interpreted results exclusively to BOLD signal changes that conform to a model of the HDR will 

conflate multiple cognitive operations, such as the response indicating hallucination onset/offset with 

other cognitive processes taking place during hallucinations [28]. This is because the HDR resulting from 

both the hallucination experience and the response process could partially match the synthetic HDR 

shape model, making temporal specificity of the involved cognitive processes challenging to retrieve.  

In the current study, we used constrained principal component analysis for fMRI [fMRI-CPCA; 29, 30], 

which provided dimensional representation of brain networks, whereby retrieved networks can be 

anatomically compared to previously derived networks which have known functions, such as response 

and auditory perception [31, 32]. fMRI-CPCA also provides condition- and subject-specific data-driven 

HDR shapes for each brain network, allowing direct observation of the duration of detected cognitive 

events for each network separately, without requiring the assumptions/models of the HDR shape that 

are typically used, as described above. To provide evidence that hallucination-driven HDR have been 

recorded by fMRI, the following validity requirements needed to be met: (1) spatial validity, (2) 

temporal validity, and (3) experimental validity [33]. Spatial validity requires observation of known 

network configurations [31, 32, 34-36]. For example, the sensorimotor (response) network is expected to 
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involve brain regions such as the bilateral supplementary motor area (SMA), dorsal anterior cingulate 

cortex (dACC), and insula, as well as left somatomotor areas and right cerebellum for a one-handed 

response [30, Figure 7 and Table 6, 31], but the auditory perception network is expected to be dominated by the 

superior temporal gyrus [31, 37, Component 7, Figure S3]. For temporal validity, a biologically plausible HDR 

shape must be associated with an anatomically valid network to ensure that BOLD signal is likely being 

detected. For experimental validity, the nature of the HDR shape should change as important 

experimental conditions and/or measured cognitive operations change; in the case of the current study, 

the HDR should change with the duration of the radio speech event or experienced hallucination.  

Symptom capture data was analyzed by merging separate datasets from two sites (Melbourne 

and Utrecht), and radio speech events were collected at the Melbourne site only. Our approach was to 

test spatial, temporal and experimental validity in the external (radio) sound timing from the Melbourne 

data (i.e., short/medium/long durations for experimental validity), and for the hallucinatory experiences 

in a data set merged from the two sites (i.e., short/long durations for experimental validity). 

Temporally, we expect to see a pattern of increased HDR from baseline to peak, with the HDR duration 

at peak level determined by duration of radio speech/hallucination, before returning back to baseline. 

By utilizing data from two sites we are able to increase sample sizes so that it was possible to collect 

together a greater range in both frequency and duration of hallucinations, facilitating identification of 

these networks. 

2. Methods 

2.1 Participants 

2.1.1 Melbourne 

Seventeen schizophrenia patients and thirty-one healthy control participants were included in 

the analysis of the radio speech stimuli, and twelve of those schizophrenia patients also contributed data 

to the symptom capture study completed in Melbourne. Table 1 provides the demographic information 

of the participants and the scores on the Positive and Negative Syndrome Scale (PANSS) for the 
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schizophrenia patients. The mean age for schizophrenia patients from the external radio voice analysis 

was 40.06 (SD = 11.87), and for healthy controls it was 31.65 (SD = 11.57). Years of education 

completed for schizophrenia patients was 14.69 (SD = 2.47), for healthy controls it was 15.90 (SD = 

2.15). The mean total PANSS score for schizophrenia patients was 68.53 (SD = 18.44). 

2.1.2 Utrecht  

Fifteen schizophrenia patients were included in the analysis of the hallucinations from the 

symptom capture study completed in Utrecht. Table 1 provides the demographic information of the 

participants and their scores on the Positive and Negative Syndrome Scale (PANSS). The mean age for 

the schizophrenia patients was 37.09 (SD = 11.48). The mean total PANSS score for the schizophrenia 

patients was 57.53 (SD = 15.53). 

2.2 Tasks 

2.2.1 Melbourne 

The radio speech task completed by participants from the Melbourne site involved indicating the 

start and end of (i) radio speech clips, and (ii) experienced hallucinations, using a dominant hand 

button-press response. All participants participated in a single fMRI acquisition run, and each run 

consisted of five radio speech blocks and five hallucinations/random pressing blocks (for 

patients/controls, respectively), eyes closed. These blocks were alternated, one after the other, for the 

entire run. The random pressing blocks were not analyzed here. A series of on/off tones indicated the 

change of a block, so that participants with their eyes closed would know when to open them to read the 

change of instructions, and then were encouraged to close their eyes. During the radio speech block, 

both schizophrenia patients and control participants pressed one button to indicate the start, and a 

different button to indicate the end, of an audio clip of radio speech of varying durations. The radio 

clips were a mixture of male and female voices either independently, or combinations of talking to each 

other. The tone and content used was neutral, so as to not induce an emotional reaction in participants. 
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During the hallucinations blocks, the schizophrenia patients pressed a button to indicate the start, and 

another button to indicate end of AVHs.  

2.2.2 Utrecht 

The task completed by participants from the Utrecht site was to indicate the perception of 

hallucinations using a balloon squeeze response by their dominant hand. Each subject participated in up 

to 3 fMRI acquisition runs. During the fMRI acquisition runs, patients indicated the onset of an AVH 

by a balloon-squeeze, followed by a balloon-release to indicate its offset.  

2.3 Image Acquisition 

Table S1 provides details on the fMRI parameters from both sites.  

2.3.1 Melbourne 

A Siemens Tim Trio 3 Tesla MRI scanner with an echo planar imaging (EPI) sequence was 

used, with a repetition time (TR) of 1.150s. The following were the parameter settings: transverse 

slices, TE = 30ms, flip angle 84°, field of view (FOV) 224 × 224 mm, voxel size 4.5 x 4.5 x 4.5mm 

with gap = 0.5mm. 

2.3.2 Utrecht 

A Philips Achieva 3 Tesla MRI scanner with a 3D-PRESTO pulse sequence was used, with a 

repetition time (TR) of 0.609s. The following were the parameter settings: 40 (coronal) slices, TR/TE 

21.75/32.4 ms, flip angle 10°, field of view (FOV) 224 × 256 × 160, matrix 64 × 64 × 40, voxel size 4 

mm isotropic. 

2.3.3 Preprocessing 

Functional scans from both sites (Melbourne and Utrecht) were reoriented to set the origin at the 

anterior commissure, and the scan series was realigned, coregistered to the accompanying T1 

anatomical scan, and normalized using the method implemented in Statistical Parametric Mapping 12 

(SPM12; http:/www.fil.ion.ucl.ac.uk/spm). Slice-timing correction was applied to the functional scans 

from the Melbourne dataset because the images were collected using an EPI-sequence, which is not 
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necessary for images collected with PRESTO. All images were normalized by first warping high-

resolution structural images to a template of Montreal Neurological Institute (MNI) coordinate space, 

then applying these transformation parameters to the realigned functional images. Voxels were 

normalized to 3 × 3 × 3mm. The normalized functional images were smoothed with a Gaussian kernel 

(8mm FWHM). All X Y Z coordinates listed in this manuscript are MNI coordinates. 

 From the Melbourne data, if scans from a particular subject revealed translation and/or rotation 

corrections for head movement exceeding 4mm or 4º, then those participants were excluded from any 

further analyses. However, from the Utrecht data, since the translation in the y-direction exceeded 

4mm, for all participants, in every run, in a similar pattern over the duration of the eight hundred scans, 

no participants were excluded by this criterion. fMRI-CPCA extracts for analysis only variance 

predictable from event timing (with hallucinations being the events); therefore, the gradual movement 

patterns over the entire run is not predictable from event timing, and would be ignored, therefore not 

affecting the results. 

2.4 Timing 

The sections below outline the details of the various fMRI-CPCA and repeated measures 

ANOVA analyses conducted with different samples of participants from both sites. Table 2 provides a 

summary of the number of participants analyzed, tasks, experiment design, mean frequency of 

hallucinations in participants with schizophrenia per run, mean duration of hallucinations in participants 

with schizophrenia, and the durations assigned short/medium/long for the analysis of participants from 

each site. Duration intervals were computed such that there would be an approximately equal number of 

timing events for each condition. Since the HDR shape is sluggish, taking place over a period of 5-10 

seconds, and cannot convolve multiple rapid hallucination events (as indicated by button press or 

squeeze response), multiple hallucinations of were combined into a single hallucination if the interval 

between the motor response indicating the terminating a hallucination event, and that indicating the 

start of another hallucination event, was 3 seconds or less. Table 3 depicts the average frequency of 
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external radio and hallucination responses analyzed per run from both sites, along with the average 

number of times multiple hallucination responses were combined to be analyzed as a single 

hallucination, averaged over all subjects. 

2.4.1 Melbourne patient/control radio speech (Short/Medium/Long) 

The purpose of the Melbourne patient and control radio speech analysis was to provide an 

example of spatial, temporal and experimental validity, such that if radio speech perception were 

driving the BOLD signal, then the HDR plot for the brain networks involved in response to auditory 

stimuli would show staggered HDR peaks for short/medium/long durations, with similar trends as they 

rise from baseline, but with the three curves peaking at staggered time points (as determined by 

duration of the radio speech), before returning to baseline. 

For the Melbourne patient and control radio speech analysis, timing vectors for the onset of 

radio speech clips were divided into Short (1.53 - <3.33), Medium (3.33 - <4.77), and Long (4.77 - 

9.20), based on radio speech durations (breakdown of frequency of events per duration can be seen in 

Table 3). BOLD response for full-brain scans 1-20 following radio speech clip onset were estimated 

using a FIR basis function (i.e., 23 seconds of post-stimulus time with TR = 1,150ms), to allow 

sufficient time for peak and relaxation of the HDR. Subsequently, within-subjects factors of radio 

speech duration (Short/Medium/Long) and time (20 post-stimulus time bins) were examined in the 

resulting predictor weights (which form the HDR), resulting in a 3 (Duration) × 20 (Time) × 2 (Group) 

ANOVA for each component. Significant effects of Duration × Time, and any effects/interactions 

involving group differences were further examined. Post hoc analyses of effects involving Duration 

were carried out using polynomial contrasts (linear vs. quadratic trends), and interactions involving 

Time were broken down using repeated contrasts, which contrast adjacent time bins and adjacent 

durations as 2 × 2 interactions. 

2.4.2 Melbourne and Utrecht patient hallucinations merged (Short/Long) 
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For the Melbourne and Utrecht patient hallucination analysis, participants from the Melbourne 

and Utrecht datasets were merged (analysis of each site separately is presented in the Supplementary 

Material Figures S5-S10). For the Melbourne dataset, timing vectors for the onset of hallucination 

events in patients were divided into Short (1.02s to <5s) and Long (5s to 19s), with the breakdown of 

frequency of events per duration presented in Table 3 applied to the 12 patients from the Melbourne 

dataset with a minimum of 4 hallucination events. Similarly, for the Utrecht dataset, timing vectors for 

the onset of hallucination events in patients were divided into Short (1.02s to <7.7s) and Long (7.7s to 

20.53s), with the breakdown of frequency of events per duration presented in Table 3, applied to the 15 

patients with a minimum of 4 hallucination events. The conditions for each dataset were set so that 

there would be nearly equal number of hallucinations in both short and long categories.  

Because the fMRI-CPCA software is currently restricted to an equivalent number of time bins 

for each group in a merged analysis, we set the number of time bins to scans 1-37 following 

hallucination onset, as indicated by button press/squeeze response, using a FIR basis function to 

monitor BOLD response. This resulted in 22.6 seconds of post-stimulus time with TR = 610ms for the 

Utrecht data, and 42.6 seconds of post-stimulus time with TR = 1,150ms for Melbourne participants. 

After the regression and PCA steps, inspection of the scree plot of singular values indicated 3 

components should be retained. Then, within subject factors of hallucination duration (short vs. long) 

and time (37 post-stimulus time bins) were examined with the resulting predictor weights, resulting in a 

2 (Duration) × 37 (Time) ANOVA for each component. Interactions involving Time were broken down 

using repeated contrasts, which contrast adjacent time bins and adjacent durations (only two levels in 

this case) as 2 × 2 interactions. 

2.5 Data Analysis 

Data Analysis was carried out using fMRI-CPCA [29, 30], as described in detail in the 

Supplementary Material (also see Figure S1). Table 4 provides assessments of spatial, temporal and 

experimental validity, as a function of all retrieved networks. 
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3. Results 

3.1 Melbourne Radio Speech (Short/Medium/Long) 

Three components were extracted for the Melbourne radio speech experiment, as determined by 

examining the scree plot [38, 39]. Component 1 did not retrieve a biologically plausible HDR shape, so is 

reported only in the supplementary material (Figure S2A/B).  

3.1.1 Component 2: Auditory Perception Network 

The anatomical regions associated with Component 2 are outlined in Figure 1A and the 

anatomical description of component two is presented in Table S2. The anatomical pattern matched 

well to that in the auditory perception network [Fisher’s z = 1.04; 31, AUD, 37, Component 7, Figure S3], with bilateral 

peaks in right superior temporal gyrus (xyz: 60, -16, -2), and left planum temporale (xyz: -57 -19, 1). 

Figure 1B displays the estimated HDR shape for Component 2. Component 2 displayed a 

biologically plausible HDR, and a highly significant main effects Time, F(19, 874) = 84.31, p < 0.001, 

ηp
2 = .65, clearly meeting the requirement of temporal validity. There was also a highly significant main 

effect of Duration, F(2, 92) = 12.45, p < 0.001, ηp
2 = .21, and an equally strong Duration × Time 

interaction, F(38, 1748) = 13.02, p < 0.001, ηp
2 = .22, which was dominated by differences between 

Short and Medium duration for the increase from time bins 7 to 8, F(1, 46) = 14.08 p < 0.001, ηp
2 = .12, 

differences between Medium and Long for the increase from time bins 4 to 5, F(1, 46) = 15.10, p < 

0.001, ηp
2 = .12, the decreases from time bins 8 and 9, and 9 to 10, F(1, 46) = 15.05 p < 0.001, ηp

2 = 

.12, F(1, 46) = 23.40, p < 0.001, ηp
2 = .12, respectively. These effects were caused by staggered peaks 

and increasing durations of activation for the Short, Medium and Long radio speech conditions, 

respectively, clearly meeting the requirement of experimental validity. This provides strong support for 

a functional brain network reliably responding to radio speech, displaying strong spatial, temporal and 

experimental validity [33] (see Table 4). No main effects or interactions involving Group were 

significant (all ps > .35; see Figure 1C). 

3.1.2 Component 3: Focus on Visual Features 
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The anatomical regions associated with Component 3 are outlined in Figure 2A, and the 

anatomical description is presented in Table S3. The negative loadings provide a weak match to the 

Focus on Visual Features (FVF) network (Fisher’s z = .64), providing weak evidence for spatial 

validity. Component 3 is characterized by bilateral deactivation in occipital areas such as the occipital 

pole (xyz: -27, -91, 16; 15, -88, 28). The FVF network is known to deactivate when the visual details of 

the task are not relevant to response [31, FVF, 37, Figure S2, 40, Figure 5.60]. 

Figure 2B displays the estimated HDR shape for Component 3. Component 3 had a significant 

effect of Time, F(19, 874) = 14.70, p < 0.001, ηp
2 = .24, and although the HDR was biologically 

plausible, it did not provide a clear peak. The main effect of Duration was not significant (p = .64), but 

there was a significant Duration × Time interaction with a small effect, F(38, 1748) = 2.31, p < 0.001, 

ηp
2 = .05. This interaction was dominated by (1) a steeper increase/decrease for Short relative to 

Medium for the increase from time bins 4 to 5/5 to 6, respectively, F(1, 46) = 6.12, p < 0.05, ηp
2 = .12; 

F(1, 46) = 4.45, p < 0.05, ηp
2 = .09, respectively, due to an earlier peak for Short relative to Medium 

(time point 5 vs. 6, respectively), and (2) a steeper increase between Medium and Long from time bins 

4 to 5, F(1, 46) = 4.99, p < 0.05, ηp
2 = .10, due to a peak at time point 6 for medium versus 8 for long. 

Therefore, these effects were caused by staggered peaks/increasing extensions of activation for the 

Short, Medium and Long conditions, respectively, meeting experimental validity, but with a small 

effect size. This provides weaker evidence for a functional brain network reliably deactivating visual 

perception regions in response to auditorily presented stimuli. No main effects or interactions involving 

Group were significant (all ps > .05; see Figure 2C). 

3.2 Melbourne and Utrecht hallucinations merged (Short/Long)  

For the merged analysis of the Melbourne and Utrecht data, whereby voice hearers indicated the 

start and end of hallucinations by button press or ball squeeze/release, respectively, 3 components were 

extracted from the task-related variance in BOLD signal, as determined by examining the scree plot [38, 

39]. Component 1 did not show temporal or spatial validity for the Melbourne or Utrecht data, as the 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 8, 2021. ; https://doi.org/10.1101/2021.11.06.467564doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.06.467564
http://creativecommons.org/licenses/by-nc-nd/4.0/


Hallucinations in Schizophrenia         13 

HDR shape was not plausible for either site, and the brain images did not show recognizable anatomical 

patterns, so Component 1 is not reported here (see supplementary Figure S3). Component 3 did not 

reveal a biologically plausible HDR shape for the Utrecht data (p = .05), but did for the Melbourne data, 

so it is reported here for the Melbourne data only, with the Utrecht data Component 3 reported in the 

supplementary material (Figure S4). Component 2 matched templates for the sensorimotor (response) 

network [30, Figure 7 and Table 6, 31], and exhibited plausible HDR shapes for both sites, meeting criteria for 

both spatial and temporal validity for both sites, so is reported below.  

3.2.1 Component 2: Sensorimotor (Response) Network 

The anatomical regions associated with Component 2 are outlined in Figure 3A, and the 

anatomical description of Component 2 is presented in Table S4. Activation on this network involved 

bilateral pre- and post-central gyri (BAs 3, 4, 6), juxtapositional lobule cortex, and insular cortex (BA 

47), which are all typical for the motor response network regions based on comparison with previous 

exemplar images [30, Figure 7 and Table 6, 31]. 

Figure 3B displays the estimated HDR shape for Component 2 from the Melbourne 

hallucinations data, for which a significant effect of Time was found, F(36, 396) = 2.20, p < 0.001, ηp
2 

= .17. However, there was no significant effect involving duration (p > 0.25) suggest that this HDR 

shape shows temporal validity, but not experimental validity. 

For the Utrecht hallucinations data (HDR shown in Figure 3C), a significant effect was found 

for Time F(36, 504) = 8.41, p < 0.001, ηp
2 = .38, showing reliability of HDR shape over participants. 

However, the absence of effects involving Duration (ps > 0.10) suggests a failure of experimental 

validity (see Table 4). Therefore, the pattern of activation in the response network of Utrecht 

participants also does not align with duration of reported hallucinations. 

3.2.2 Component 3: Focus on Visual Features 

The anatomical regions associated with Component 3 are outlined in Figure 4A, and the 

anatomical description of Component 3 is presented in Table S5. The negative loadings matched the 
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Focus on Visual Features (FVF) network, characterized by bilateral deactivation in occipital areas such 

as the occipital pole (xyz: 30, -91, -8; -27, -94, 1), which is known to deactivate when the visual details 

of the task are not relevant to response [31, FVF, 37, Figure S2, 40, Figure 5.60].  

Figure 4B displays the estimated HDR shape for Component 3 for the Melbourne sample. For 

the Melbourne data, there was a biologically plausible HDR shape, and a significant effect of Time 

F(36, 396) = 4.10, p < 0.05, ηp
2 = .27, in the absence of significant effects involving Duration (all ps > 

.1). There was not a biologically plausible HDR shape for the Utrecht data (p = .05; see Figure S4).  

4. Discussion 

In the current study, fMRI data were collected during AVH capture based on on-line self-reports 

at two sites (Melbourne and Utrecht), and merged, using fMRI-CPCA, a multidimensional analysis 

technique that can extract brain networks optimized to be predictable from the precise timing of the 

reported hallucinatory experiences. This study aimed to determine whether the functional brain 

networks that are detectable based on the timing of the reported experience of AVHs are underlying the 

hallucinatory experience itself, the experimental method of indicating the onset of the perceived 

hallucinatory experience (e.g., a motor response), or other cognitive events. The analyses were set up 

with clear criteria for spatial validity, temporal validity, and experimental validity, such that BOLD 

signal associated with hallucinations could be proven. From the Melbourne dataset, strong duration-

dependent signal for radio speech perception was observed, which exclusively matched the template for 

the auditory perception network. Subsequently, in the merged analysis of the Melbourne and Utrecht 

data sets, a duration-dependent signal was not observed for hallucinations experiences; however, the 

retrieved network matched the sensorimotor (response) network. From this study, it appears that fMRI 

retrieved the brain network for generating responses indicating the start and end of an experienced 

hallucination, but failed to detect one associated with the hallucination itself.  

The Table 4 Experimental Validity (Duration × Time interaction) column shows that only radio 

speech elicited BOLD signal which was duration dependent, but varying durations of hallucination 
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events were not detected by fMRI. The hallucinations blocks did reliably elicit a HDR shape though, 

and when this involved activation (not deactivation), this always conformed closely to the known 

response network (Merged: Melbourne Hallucinations C2, and Merged: Utrecht Hallucinations C2). A 

clear response network did not emerge for Melbourne radio speech alone, but response network regions 

such as left dominated precentral and postcentral gyri (xyz: -36, -19, 64; -45, -28, 49; respectively) [30, 

Figure 7 and Table 6, 31] were included on the Auditory Perception component.  

These results are difficult to reconcile with the many previous neuroimaging studies and meta-

analyses have identified brain regions showing activation during AVHs as auditory perception related [9, 

20-22, 41]. In Table S6 we group together the brain regions found to be involved during AVHs from three 

meta-analyses [20-22], in comparison to brain regions concluded to be implicated as part of the response 

network from the current study, and another study analyzed using fMRI-CPCA with an empirically 

derived response network [30]. From Table S6, it can be seen that many brain regions implicated for 

AVHs overlap with the response network observed in component 2 from the Melbourne and Utrecht 

patient hallucinations (S/L) analysis. For example, the left insula (x y z peak near: -42 4 -2) has been 

shown to be implicated in AVH by the meta-analyses [20-22], however in the current analysis and 

Sanford el al. (2020), this region is considered to be a part of the response network. Similarly, 

activation near peaks in the right and left post central gyrus is seen in some of the meta-analyses and the 

response network identified form this analysis. In regards to the STG, all three meta-analyses have 

shown peaks of activation in this region [20-22]. Although peak activation was not observed in this region 

in the response network from Sanford et al. (2020), peak activation was observed in adjacent brain 

areas to the STG, in the left central opercular cortex (x y z peak: -54 -19 16) and the right inferior 

frontal gyrus (x y z peak: 57 14 -2) from component 2 of the Melbourne and Utrecht patient 

hallucinations (S/L) analysis. However, local activation near to the STG on its own is not evidence for 

an underlying voice perception network in the absence for a duration-dependent signal in the HDR for 

hallucinations (absence of experimental validity, see Table 4 rightmost column). 
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The auditory perception network (Component 2, Melbourne patient/control radio speech S/M/L) 

is observed in many tasks as a basic sensory process activating when perceiving auditory stimuli [30]. 

Therefore, activity in this network was expected as a result of the radio speech clips played for this 

analysis. The auditory perception network observed in component 2 of the Melbourne patient control 

radio (S/M/L) analysis achieved spatial, temporal, and experimental validity. Component 3 (Focus on 

Visual Features) from the Melbourne patient/control external radio (S/M/L) analysis also achieved 

spatial and temporal validity, although Component 2 (Auditory Perception) appeared better formed 

spatially and temporally.  

This study was subject to some key limitations. First, the average duration of hallucinations 

experienced by participants varied greatly, with some participants reporting many hallucinations less 

than 3s long, and others having relatively long hallucinations. The method for self-reporting 

hallucinations may vary between individuals, with some reporting more frequently (e.g., between 

individual words), while others report rarely (e.g., after longer sentences), therefore making it very 

difficult to average over trials within participants. This inconsistency between participants may further 

make it more difficult to recognize functional brain networks involved in hallucinations with fMRI-

CPCA, as the BOLD signal would be varying for each type of button press. In addition, the decisions 

regarding when to respond for the onset and offset of voices can be potentially demanding from an 

attention aspect.  

5. Conclusion 

In this fMRI study, the auditory perception network revealed a speech-duration-dependent HDR 

signal when radio clips were heard, but under no conditions were duration-dependent HDRs elicited 

during online-reported hallucinations. In contrast, the response network was found to underlie the 

button press or squeeze response when analyzing the hallucinations from merging the Utrecht and 

Melbourne datasets together. Therefore, no brain networks were demonstrated to be sensitive to the 

experience of hallucinations themselves, because duration-dependent fMRI signal was not observed in 
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any of the components. Since responses are perfectly confounded with hallucination start and end, there 

is no evidence that online reporting fMRI-paradigms can detect brain networks involved in 

hallucinations over and above response processes. This does not imply that neurostimulation methods 

targeting the STG are invalid [42-45], or that hallucinations do not involve the STG, but simply suggests 

that either fMRI cannot detect hallucinations, or different designs may be required to indicate the onset 

and offset of hallucinations. 
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Figures 

Figure 1: Auditory Perception network, from the Melbourne patient radio speech 

(Short/Medium/Long) analysis 

A (top): dominant 20% of component loadings for Component 2, proposed Auditory Perception 

network, from the Melbourne patient radio speech (Short/Medium/Long) analysis. MNI Z-axis 

coordinates are displayed. Images are displayed in neurological convention (left is left). Red/yellow = 

positive loadings, positive threshold = 0.11, max = 0.41. B (middle): mean finite impulse response 

(FIR)-based predictor weights plotted as a function of post-stimulus time (TR = 1150ms) and condition 

(averaged over participants, error bars are standard errors). C (bottom): mean finite impulse response 

(FIR)-based predictor weights plotted as a function of post-stimulus time (TR = 1150ms) and condition 

(averaged over participants, error bars are standard errors) shown with group differences.  
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Figure 2: Focus on Visual Features/Auditory Perception network, from the Melbourne radio 

speech (Short/Medium/Long) analysis 

 

A (top): dominant 20% negative component loadings for Component 3, from the Melbourne radio 

speech (Short/Medium/Long) analysis, Focus on Visual Features/Auditory Perception. MNI Z-axis 

coordinates are displayed. Images are displayed in neurological convention (left is left). Blue/green = 

negative loadings, threshold = -0.12, min = -0.19. B (middle): mean finite impulse response (FIR)-

based predictor weights plotted as a function of post-stimulus time (TR = 1150ms) and condition 

(averaged over participants, error bars are standard errors). C (bottom): mean finite impulse response 

(FIR)-based predictor weights plotted as a function of post-stimulus time (TR = 1150ms) and condition 

(averaged over participants, error bars are standard errors) shown with group differences.  
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Figure 3: One-handed response (RESP) network, from the Melbourne and Utrecht patient 

hallucinations (Short/Long) merged analysis 

 

A (top): dominant 20% of component loadings for Component 2, proposed one-handed response 

(RESP) network, from the Melbourne and Utrecht patient hallucinations (Short/Long) merged analysis. 

MNI Z-axis coordinates are displayed. Images are displayed in neurological convention (left is left). 

Red/yellow = positive loadings, positive threshold = 0.10, max = 0.30. B (middle): mean finite impulse 

response (FIR)-based predictor weights plotted as a function of post-stimulus time (TR = 610ms) and 

condition (averaged over participants, error bars are standard errors) for Melbourne data. C (bottom): 

mean finite impulse response (FIR)-based predictor weights plotted as a function of post-stimulus time 

(TR = 1150ms) and condition (averaged over participants, error bars are standard errors) for Utrecht 

data.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

A 

B 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 8, 2021. ; https://doi.org/10.1101/2021.11.06.467564doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.06.467564
http://creativecommons.org/licenses/by-nc-nd/4.0/


Hallucinations in Schizophrenia         30 

 

 

 

 

 

 

 

 

 

  

-0.1

0.0

0.1

0.2

0.3

0 2 4 6 8 10 12 14 16 18 20 22 24

Es
ti

m
at

ed
 H

D
R

Time (seconds)

Utrecht Hallucinations Short
Utrecht Hallucinations Long

C 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 8, 2021. ; https://doi.org/10.1101/2021.11.06.467564doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.06.467564
http://creativecommons.org/licenses/by-nc-nd/4.0/


Hallucinations in Schizophrenia         31 

Figure 4: Focus on Visual Features (FVF) network, from the Melbourne (Utrecht n.s. so 

presented in S9) patient hallucinations (Short/Long) merged analysis 

 

A (top): dominant 20% of component loadings for Component 3, proposed Focus on Visual Features 

(FVF) network, from the Melbourne (Utrecht n.s. so presented in S9) patient hallucinations 

(Short/Long) merged analysis. MNI Z-axis coordinates are displayed. Images are displayed in 

neurological convention (left is left). Blue/Green = negative loadings, negative threshold = -0.10, min = 

-0.18. B (bottom): mean finite impulse response (FIR)-based predictor weights plotted as a function of 

post-stimulus time (TR = 610ms) and condition (averaged over participants, error bars are standard 

errors) for Melbourne data.  
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Tables 

Table 1 

Demographic information of participants and the total PANSS score for the schizophrenia patients 

from the Melbourne site and psychotic patients from the Utrecht site.  

 Melbourne Utrecht 

 Schizophrenia 
Patients (radio; n 

= 17) 

Healthy Controls 
(radio; n =31) 

Schizophrenia 
Patients (voices; n 

= 12) 

Schizophrenia 
Patients (n = 15) 

N Mean 
(SD) 

N Mean 
(SD) 

N Mean 
(SD) 

N Mean 
(SD) 

Age 17 
40.06 

(11.87)** 
31 

31.65 
(11.57)** 

12 
42.58 

(10.77) 
14* 

37.09 
(11.48) 

Sex (male/female) 7/10 - 13/18 - 5/7 - 6/9  

Handedness 
(right/non-right) 

12/3* - 25/2* - 10/1* - 8/4* - 

Years of education 16* 
14.69 
(2.47) 

31 
15.90 
(2.15) 

12 
14.75 
(2.77) 

* - 

Total PANSS 17 
68.53 

(18.44) 
- - 12 

60.50 
(11.21) 

10* 
57.53 

(15.53) 

Positive PANSS 17 
18.76 
(5.40) 

- - 12 
16.33 
(3.47) 

10* 
14.50 
(4.03) 

PANSS P3 - 
Hallucinations 

17 
4.24 

(1.55) 
- - 12 

3.83 
(1.46) 

10* 
4.80 
(.63) 

Negative PANSS 17 
15.59 
(6.02) 

- - 12 
13.58 
(4.33) 

10* 
14.0 

(4.67) 

General 
Psychopathology 

17 
34.18 
(9.85) 

- - 12 
30.58 
(8.14) 

10* 
28.80 
(7.87) 

Note. *=Information was not available for some participants; **=Melbourne control vs Melbourne 

schizophrenia patients (n=17), p< .05; ***=Melbourne control vs Melbourne schizophrenia patients 

(n=12), p< .01. 
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Table 2 

Details of hallucination capture studies acquired from sites in Melbourne and Utrecht 

 
Number of 

participants 

analyzed 

Tasks Design Mean 

frequency of 

hallucinations 

(SD) analyzed 

in participants 

per run 

Mean 

duration of 

hallucinations 

(SD) analyzed 

in participants 

(seconds) 

Short/Medium/Long 

(seconds)* 

Melbourne Radio: 
17 

schizophrenia/ 

31 controls 

 
Hallucinations: 

12 

schizophrenia 

Press 

on/press off 

for radio 

speech  

and 

hallucinations   

Hallucination 

capture/ 

Blocks to listen 

to radio speech 

of varying 

durations  

27.83 

(15.16)**

  

5.39 (3.48)** Radio (S/M/L) 
Short (1.53 - <3.33) 
Medium (3.33 - <4.77)  
Long (4.77 - 9.20)  
 

Hallucinations (S/L 

for merged analysis) 
Short (1.02 - <5.00)  
Long (5.00 - 19.00)  

Utrecht Hallucination: 

15 psychosis 

patients 

Squeeze 

on/release off 

for 

hallucination  

n/a 12.39 (8.90)** 7.07 (4.67)***

  
Hallucinations (S/L 

for merged analysis) 
  
Short (1.02 - <7.7)  
Long (7.7 - 20.53)  

Note. *Intervals were computed such that there would be an approximately equal number of timing 

events for each condition. ‡ Multiple hallucination events (indicated by button press or squeeze 

response) were combined into a single hallucination if the interval between the button press indicating 

the terminating a hallucination event, and that indicating the start of another hallucination event, was 3 

seconds or less.  

**=Melbourne patients (n=12) vs Utrecht patients (n=15), p< .001;  
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Table 3 

Details of external voice clips and combined hallucinations analyzed in short, medium, and long 

(S/M/L) intervals. 

  

  

Melbourne 

radio 

(S/M/L) 

 

Melbourne hallucinations 

(S/M/L; Supplementary 

Material) 

  

Melbourne  hallucinations 

(S/L) 

 

Utrecht  hallucinations 

(S/L) 

  

Mean 

frequency 

of radio 

clips per 

run (SD) 

  Mean 

frequency of 

hallucinations 

analyzed per 

run (SD) 

Mean 

frequency of 

hallucinations 

combined per 

run (SD) 

  Mean 

frequency of 

hallucinations 

analyzed per 

run (SD) 

Mean 

frequency of 

hallucinations 

combined per 

run (SD) 

  Mean 

frequency of 

hallucinations 

analyzed per 

run (SD)  

Mean 

frequency of 

hallucinations 

combined per 

run (SD) 

2 

combined 
3 or more 

combined 
2 

combined 
3 or more 

combined 2 combined 3 or more 

combined 

Short 
10.94 

(0.42) 

9.17  

(6.01) 

0.50 

(1.12) 
0.00 

16.67  

(10.35) 

0.50 

(1.12) 
0.00 

7.57  

(8.26) 

0.64 

(1.29) 

0.14 

(0.58) 

Medium 
12.02 

(0.80) 

9.42  

(11.23) 

0.08 

(0.28) 
0.00 - - - - - - 

Long 
11.76 

(0.89) 

9.25  

(6.99) 

0.92 

(0.95) 

1.00 

(2.12) 

11.17  

(8.20) 

1.00 

(1.00) 

1.00 

(2.12) 

4.71  

(2.67) 

0.57 

(0.98) 

0.57 

(1.08) 
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Table 4 

Assessments of Spatial, Temporal and Experimental Validity, as a function of retrieved networks. 

Fisher-transformed Z scores (in brackets) are reported for spatial validity. Effect sizes (in brackets) are 

reported for Temporal Validity (detection of biologically plausible HDR shape) are derived from the 

Time main effect, and those for Experimental Validity (detection of short-medium-long [S/M/L] or 

short-long [S/L] duration differences in HDR shapes for radio speech or hallucinations event) are 

derived from the Duration main effect, or Duration × Time interaction, whichever was largest. 

Note. ✓indicates clear pass with a large effect (ηp
2 > .15; Z > .70), and † indicates a marginal pass with 

a small effect (ηp
2< .15; Z < .70).  indicates conditions not met. n/a indicates that the cell is irrelevant 

due to not meeting criteria at the level of temporal validity, suggesting that the component captured 

noise/movement but not BOLD signal, so is presented only in the supplementary material.  ‡ indicates 

same anatomical network in merged analysis. 

 

 

Data Experiment Network Spatial 

Validity 

(Fisher’s z  

score match 

to task-based 

network 

template) 

Temporal 

Validity (Time 

effect size: ηp
2) 

Experimental 

Validity 

(Duration × 

Time 

interaction 

effect size: 

ηp
2) 

Melbourne Radio Speech 

(S/M/L) 

C2: Auditory 

Perception 

✓(1.04) ✓(.65) ✓(.22) 

 C3: Focus on Visual 

Features 

†(.64) ✓(.24) †(.05) 

 C1 n/a  n/a 

Merged: 

Melbourne 

Hallucinations 

(S/L) 

C1 n/a  n/a 

C2: Response ✓(.88‡) ✓(.17)  

C3: Focus on Visual 

Features 

†(.48) ✓(.27)  

Merged:   

Utrecht 

Hallucinations 

(S/L) 

C2: Response ✓(.88‡) ✓(.38)  

C1, 3 n/a  n/a 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 8, 2021. ; https://doi.org/10.1101/2021.11.06.467564doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.06.467564
http://creativecommons.org/licenses/by-nc-nd/4.0/


Hallucinations in Schizophrenia         36 

Supplementary Material Titles 

Methods 

Data Analysis 

fMRI-CPCA and Repeated measures ANOVA  

Classification of Brain Networks 

Timing 

Melbourne patient hallucinations (Short/Medium/Long) 

Utrecht patient hallucinations (Short/Long) 

Results 

Melbourne only hallucinations (Short/Medium/Long) 

Utrecht only hallucinations (Short/Long) 

Component 1: Response Network 

Recommendations 

References 

Supplementary Table S1 

fMRI parameters 

 

Supplementary Table S2 

Cluster volumes for the most extreme 10% of Component 2 loadings (Auditory Perception Network) 

from the Melbourne patient control external (S/M/L) analysis, with anatomical labels, Brodmann’s 

areas, and MNI coordinates for the peak of each sub-cluster. Clusters smaller than 270 mm3 were 

omitted. 

 

Supplementary Table S3 

Cluster volumes for the most extreme 10% of Component 3 (Focus on Visual Features/Auditory 

Perception) loadings from the Melbourne patient control radio (S/M/L) analysis, with anatomical 

labels, Brodmann’s areas, and MNI coordinates for the peak of each sub-cluster. Clusters smaller than 

270 mm3 were omitted. 
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Supplementary Table S4 

Cluster volumes for the most extreme 10% of Component 2 loadings (RESP) from the Melbourne and 

Utrecht patient hallucinations (S/L) analysis, with anatomical labels, Brodmann’s areas, and MNI 

coordinates for the peak of each sub-cluster. Clusters smaller than 270 mm3 were omitted. 

Supplementary Table S5 

Cluster volumes for the most extreme 10% of Component 3 loadings (Focus on Visual Features) from 

the Melbourne and Utrecht patient hallucinations (S/L) analysis, with anatomical labels, Brodmann’s 

areas, and MNI coordinates for the peak of each sub-cluster. Clusters smaller than 270 mm3 were 

omitted. 

Supplementary Table S6 

Brain regions involved during motor responses and AVHs in meta analyses, with the coordinates of 

peak activation (in MNI atlas space) (Jardi et al., 2011; Kompus et al., 2011; Sanford et al., 2020; 

Zmigrod et al., 2016). 

Supplementary Figure S1: Graphical Overview of fMRI-CPCA mathematical equations. 

 

Supplementary Figure S2: Melbourne patient/control radio speech (Short/Medium/Long): Component 

1. A (top): dominant 20% of component loadings for Component 1, from the Melbourne patient radio 

speech (Short/Medium/Long) analysis. MNI Z-axis coordinates are displayed. Images are displayed in 

neurological convention (left is left). Red/yellow = positive loadings, positive threshold = 0.13, max = 

0.21. B (middle): mean finite impulse response (FIR)-based predictor weights plotted as a function of 

post-stimulus time bin (TR = 1150ms) and condition (averaged over participants, error bars are 

standard errors). 

 

Supplementary Figure S3: Melbourne/Utrecht merged hallucinations (S/L) Component 1. B: 

Melbourne. C: Utrecht. A (top): dominant 20% of component loadings for Component 1, from the 

Melbourne and Utrecht patient hallucinations (Short/Long) analysis. MNI Z-axis coordinates are 

displayed. Images are displayed in neurological convention (left is left). Blue/green = negative 

loadings, negative threshold = -0.12, min = -0.18. B (middle): mean finite impulse response (FIR)-

based predictor weights plotted as a function of post-stimulus time (TR = 610ms) and condition 

(averaged over participants, error bars are standard errors) for Melbourne data. C (bottom): mean 

finite impulse response (FIR)-based predictor weights plotted as a function of post-stimulus time (TR = 

1150ms) and condition (averaged over participants, error bars are standard errors) for Utrecht data. 

 

Supplementary Figure S4. Melbourne/Utrecht merged hallucinations (S/L) Component 3 (Focus on 

Visual Features): Utrecht. Mean finite impulse response (FIR)-based predictor weights plotted as a 

function of post-stimulus time (TR = 1150ms) and condition (averaged over participants, error bars are 

standard errors) for Utrecht data. 

 

Supplementary Figure S5: Melbourne only hallucinations Component 1. A (top): dominant 20% of 

component loadings for Component 1, from the Melbourne patient hallucinations (S/M/L) analysis. 

MNI Z-axis coordinates are displayed. Images are displayed in neurological convention (left is left). 

Red/yellow = positive loadings, positive threshold = 0.13, max = 0.21. B (bottom): mean finite impulse 

response (FIR)-based predictor weights plotted as a function of post-stimulus time bin (TR = 1150ms) 

and condition (averaged over participants, error bars are standard errors). 
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Supplementary Figure S6: Melbourne alone hallucinations Component 2. A (top): dominant 20% of 

component loadings for Component 2, proposed FVF network, from the Melbourne alone 

hallucinations (S/M/L) analysis. MNI Z-axis coordinates are displayed. Images are displayed in 

neurological convention (left is left). Blue/green = negative loadings, negative threshold = -0.13, min = 

-0.21. B (bottom): mean finite impulse response (FIR)-based predictor weights plotted as a function of 

post-stimulus time (TR = 1150ms) and condition (averaged over participants, error bars are standard 

errors). 

 

Supplementary Figure S7: Melbourne alone hallucinations Component 3. A (top): dominant 20% of 

component loadings for Component 3, from the Melbourne patient internal (S/M/L) analysis. MNI Z-

axis coordinates are displayed. Images are displayed in neurological convention (left is left). 

Red/yellow = positive loadings, positive threshold = 0.10, max = 0.25. B (bottom): mean finite impulse 

response (FIR)-based predictor weights plotted as a function of post-stimulus time bin (TR = 1150ms) 

and condition (averaged over participants, error bars are standard errors). 

 

Supplementary Figure S8: Melbourne alone hallucinations Component 4. A (top): dominant 20% of 

component loadings for Component 4, from the Melbourne patient internal (S/M/L) analysis. MNI Z-

axis coordinates are displayed. Images are displayed in neurological convention (left is left). 

Blue/green = negative loadings, negative threshold = -0.10, min = -0.24. B (bottom): mean finite 

impulse response (FIR)-based predictor weights plotted as a function of post-stimulus time bin (TR = 

1150ms) and condition (averaged over participants, error bars are standard errors). 

 

Supplementary Figure S9: Utrecht alone hallucinations (S/L) Component 1. A (top): dominant 20% of 

component loadings for Component 1, proposed two-handed response (2RESP) network, from the 

Utrecht patient internal (S/L) analysis. MNI Z-axis coordinates are displayed. Images are displayed in 

neurological convention (left is left). Red/yellow = positive loadings, positive threshold = 0.10, max = 

0.32. B (bottom): mean finite impulse response (FIR)-based predictor weights plotted as a function of 

post-stimulus time (TR = 610ms) and condition (averaged over participants, error bars are standard 

errors). 

 

Supplementary Figure S10: Utrecht alone hallucinations (S/L) Component 2. A (top): dominant 20% 

of component loadings for Component 2, from the Utrecht alone patient hallucinations (Short/Long) 

analysis. MNI Z-axis coordinates are displayed. Images are displayed in neurological convention (left 

is left). Red/yellow = positive loadings, positive threshold = 0.09, max 0.17. B (bottom): mean finite 

impulse response (FIR)-based predictor weights plotted as a function of post-stimulus time (TR = 

610ms) and condition (averaged over participants, error bars are standard errors). 
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