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Hallucinations constitute an intriguing model of how 
percepts are generated and how perception can fail. Here, 
we investigate the hypothesis that an altered perceptual 
weighting of the spectro-temporal modulations that char-
acterize speech contributes to the emergence of auditory 
verbal hallucinations. Healthy human  adults (N  =  168) 
varying in their predisposition to hallucinations had to 
choose the “more speech-like” of two presented ambig-
uous sound textures and give a confidence judgment. Using 
psychophysical reverse correlation, we quantified the con-
tribution of different acoustic features to a listener’s per-
ceptual decisions. Higher hallucination proneness covaried 
with perceptual down-weighting of speech-typical, 
low-frequency acoustic energy and prioritizing of  high 
frequencies. Remarkably, higher confidence judgments in 
single trials depended not only on acoustic evidence but 
also on an individual’s hallucination proneness and schiz-
otypy score. In line with an account of altered perceptual 
priors and differential weighting of sensory evidence, these 
results show that hallucination-prone individuals exhibit 
qualitative and quantitative changes in their perception of 
the modulations typical for speech.

Key words:   speech perception/psychoacoustics/reve
rse correlation/spectro-temporal modulations/auditory 
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Author Summary

Hallucinations—ie, percepts in the absence of an ex-
ternal stimulus—are prevalent in psychotic disorders 
such as schizophrenia, but also occur in the general pop-
ulation. To date it is unknown whether the emergence 
of hallucinations is rooted in an altered perception of 
sounds. Fusing the psychophysical technique of reverse 
correlation with concepts from computational psychiatry, 

this research reveals alterations of sensory processing in 
hallucination-prone adults. We show that the higher non-
clinical adults’ predisposition to hallucinations, the more 
they prioritize the sound features atypical for speech, 
such as higher frequencies. At the same time, they ex-
press higher confidence in their perceptual judgments. 
The present approach may contribute to improving early 
diagnosis and prevention strategies in individuals at risk 
for psychosis.

Introduction

A major challenge of sensory neuroscience remains to 
understand how adaptive top-down weighting of sen-
sory evidence due to, eg, ongoing task demands influence 
percepts. As hallucinations occur in the absence of an ex-
ternal stimulus, they constitute an intriguing model for the 
generation of percepts. Hallucinatory experiences, mostly 
visual or auditory, are prevalent in psychotic disorders 
such as schizophrenia, but also have an estimated prev-
alence of 6–13% in the general population (“nonclinical 
voice hearers”),1,2 consistent with the hypothesis that 
psychosis exists on a continuum with normal experi-
ence.3 Auditory (but not visual) perceptual abnormalities 
predict conversion to psychosis in individuals at risk of 
psychosis.4

Psychosis is thought to result in part from aberrant in-
tegration of prior knowledge with incoming sensory in-
formation. Accumulating evidence suggests strong prior 
expectations to play a critical role in the emergence of 
hallucinations.5 This evidence may first appear at odds 
with predominant accounts of weaker priors in halluci-
nation proneness and psychosis. However, hierarchical 
predictive processing frameworks can account for evi-
dence of both weaker and stronger priors, but at different 
levels of a hierarchy of information processing.5,6
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At some levels of  the information processing hier-
archy, individuals prone to psychosis appear to rely 
less on prior knowledge than on sensory information. 
One prominent example is the resistance to the hollow 
mask illusion in people with schizophrenia spectrum 
disorders.7

Several observations, however, imply an increased 
bias towards top-down information in hallucination 
proneness. For example, prior knowledge of  an image 
confers an advantage in recognizing that image when it 
is degraded; individuals at risk of  psychosis are more 
susceptible to this perceptual advantage.8 Notably, 
hallucination-prone participants perform better in 
recognition of  both the image gist and the details by 
relying on prior knowledge.9 Further, a recent visual-
auditory conditioning study10 used a visual cue to pre-
dict a faint auditory stimulus. While all participants 
experienced conditioned auditory hallucinations when 
presented with solely the visual cue, hallucination-
prone individuals were more susceptible to such con-
ditioned hallucinations.10 For speech, a similar effect 
has been reported: Voice-hearers listening to degraded 
(sine-wave) speech showed stronger expectations to hear 
speech than controls. Control participants recognized 
the presence of  speech only later in the experiment.11 At 
higher processing levels, stronger semantic expectations 
have been reported as well in hallucination proneness. 
In a speech-in-noise recognition task where predicta-
bility of  the final word in a sentence was manipulated, 
hallucination-prone individuals showed a stronger ten-
dency towards hearing a predictable word that fits the 
context.12,13 These results are commensurate with a bias 
towards top-down processing at various levels of  the 
processing hierarchy, which may contribute to halluci-
natory experiences.14

Regarding the neurobiology of auditory verbal 
hallucinations (AVH), functional MRI studies report ac-
tivation of auditory cortex,15 including primary auditory 
cortex,16 when patients experience AVH (for review see 
ref.17). To date, it is unclear in how far the general response 
properties of auditory cortex are altered in voice hearers. 
A recent strain of research provides converging evidence 
that the healthy human auditory cortex analyzes sounds 
along so-called spectro-temporal modulations: The audi-
tory pathway is thought to not only implement forms of 
“tonotopic” frequency analysis,18 but to rather represent 
sound as frequency-specific spectral and temporal mod-
ulation filters19,20 (for neurobiological evidence see eg, 
refs.21,22). Hallucinations in schizophrenia have been linked 
to deficits in object formation.23 Auditory object forma-
tion, in turn, is known to rely heavily on the extraction of 
the spectro-temporal modulations in the auditory scene.24

In the present study, we, therefore, examine whether 
differences in the perception of these spectro-temporal 
modulations abundant in speech25 can be linked to a pro-
pensity towards auditory hallucinations. We examine 

individuals presenting with varying, nonclinical degrees 
of predisposition to hallucinations.

First, we establish individual listeners’ “speechiness 
kernels,” ie, an individual template of those acoustic 
features that elicit a speech percept. To this end, we 
present two ambiguous sound textures in noise26 to 
human listeners and ask them to chose the “more speech-
like” one. This allows us to retrieve their internal repre-
sentation that drives the categorization into speech, using 
the psychophysical technique of reverse correlation.27,28 
Second, we relate these speechiness kernels to the de-
gree of individual schizotypal traits (subscale “unusual 
perceptual experiences” 29,30), and to hallucination prone-
ness,31,32 probing a psychosis continuum. Compared 
to studies with psychotic patients, the study of non-
clinical participants has the advantage to circumvent 
confounding factors such as medication and presence of 
other symptoms (eg, negative symptoms33).

The results pose an intriguing link between current 
models in computational psychiatry and recent advances 
in modeling the perceptual and neural response in audi-
tory neuroscience.

Materials and Methods

Participants

Lab Experiment.  The final sample of the lab experiment 
comprised N = 37 participants of which 11 were female; 
age ranged from 18 to 30 (mean 21.97) years. Exclusion 
criteria were self-reported hearing loss; neurological or 
psychiatric disorders; or the regular consumption of 
drugs, particularly amphetamines, cannabis, or similar 
psychoactive substances. Originally, N  =  42 volunteers 
had been recruited, but data from 5 of these had to be 
excluded due to software problems during testing.

Online Study.  The final sample of the online study 
comprised N = 131 participants, of which 94 participants 
were female; age ranged from 19 to 61 (mean 27.2) years. 
A total of N = 353 volunteers had been recruited through 
dissemination of the study link in social media, university 
e-mail lists, and psychology student councils of different 
German Universities. N = 131 complete datasets were 
obtained. Self-exclusion was based on the same criteria 
as in the lab experiment.

All participants gave informed consent. Psychology 
students at the University of Lübeck were offered to ob-
tain course credit. All procedures were approved by the 
local ethics committee of the University of Lübeck.

Experimental Procedures

In the lab, participants first performed the psy-
choacoustic experiment, and then completed 2 
questionnaires, namely the Schizotypal Personality 

D
ow

nloaded from
 https://academ

ic.oup.com
/schizbullopen/article/1/1/sgaa059/5941762 by U

niversitaet Luebeck user on 29 June 2026



Page 3 of 15

Aberrant Perception in Hallucination Proneness

Questionnaire (SPQ) and the Launay-Slade 
Hallucination Scale (LSHS). The rationale was to per-
form the relatively long psychoacoustic experiment first 
in order to not unnecessarily tire participants with the 
questionnaires. Psychoacoustic testing was performed 
on a PC. Stimuli were delivered through Sennheiser 
HD 280 Pro headphones. Presentation level was kept 
constant at a comfortable and clearly audible level. In 
total, the duration of  the lab experiment was approxi-
mately 60–75 minutes.

In the online experiment, the order of  questionnaires 
and psychoacoustics was reversed, ie, participants 
first filled out the 2 questionnaires and afterwards 
performed the psychoacoustic experiment. The drop-
out rate is expected to be higher in online than in 
lab experiments. Thus, the rationale for reversing the 
order was that participants dropping out after the 
questionnaires would at least provide SPQ and LSHS 
data. Also, the duration of  the psychoacoustic on-
line experiment was reduced to 20% of  duration of 
the lab experiment (speechiness kernels were shown to 
be highly similar with 100 and 540 trials, see supple-
mentary figure S1), leaving the psychoacoustic testing 
shorter and less tiring. The order of  the 2 questionnaires 
was randomized across participants.

For the psychoacoustic task, participants were 
instructed to use headphones. Prior to the psychoa-
coustic task, participants could adjust the presentation 
intensity to a comfortable level using an exemplar sound 
texture and were instructed to keep the presentation level 
constant during the experiment. The total duration of the 
experiment amounted to approximately 20–25 minutes. 
Participants were debriefed after the experiment.

Questionnaires

Schizotypy was assessed using the German adaptation of 
the schizotypal personality questionnaire (SPQ29,30). The 
SPQ comprises 9 subscales based on DSM-III-R criteria 
for diagnosis of schizotypal personality disorder, namely: 
ideas of reference; excessive social anxiety; odd beliefs 
or magical thinking; unusual perceptual experiences; 
odd or eccentric behavior; no close friends; odd speech; 
constricted affect; and suspiciousness. In the current 
study, we were particularly interested in the subscale “un-
usual perceptual experiences” (SPQ-UP) to measure pre-
disposition to hallucinations. In total, the SPQ includes 
74 items of which the responses (true/false) are summed 
up to derive a total score, amounting to a maximal total 
score of 74. The SPQ-UP subscale has a maximum total 
score of 9.

Predisposition to hallucinations was assessed using 
the German version of the Launay-Slade Hallucination 
Scale (LSHS31,32). The questionnaire comprises 12 items 

that are assessed on a 5-point Likert scale (0–4). The 
LSHS score is derived as the sum of all items and can 
thus maximally amount to 48.

Psychoacoustic Testing

Stimuli.  Stimuli were resynthesized natural sounds 
(“sound textures” 26) presented in white noise at an SNR 
of 3 dB (figure 1). Textures were synthesized from the 
spectro-temporal modulation content of a large set of 
real-life sounds (n  =  192), including speech, voice, an-
imal vocalizations as well as nature and tool (instru-
ment) sounds we had used in a previous study21 (figure 1b 
and 1c). Texture synthesis parameters were as follows: 
frequency range 0.02–10  kHz, number of frequency 
bands  =  30, sampling rate  =  20  kHz, temporal modu-
lation range 0.5–200 Hz, sampling rate = 400 Hz; max-
imum number of iterations = 60. Textures had a length 
of 1 s and a sampling rate of 20 kHz. Out of the total 
of 192 textures, we selected the 108  “most speech-like” 
textures for the final experiment: “speech-like” textures 
were defined as those textures whose spectral centroid 
diverted less than 3 standard deviations from the mean 
spectral centroid of those textures that had originally 
been synthesized from speech stimuli.

Task.  Two sounds were randomly paired on each trial 
and presented with an inter-stimulus-interval of 500 ms. In 
a 2-alternative-forced-choice (2-AFC) task, participants 
were asked to decide “which exemplar sounded more like 
speech” (figure  1a). Participants rated their confidence 
from 1 to 3 (unconfident to confident).

The lab experiment was performed in Matlab 
2018b. The order of exemplars was randomized across 
participants. In total, each texture exemplar was presented 
5 times. The first 10 trials were training trials. Twenty rel-
atively unambiguous catch trials were distributed evenly 
across the experiment. In both catch and training trials, 
a speech texture (ie, a texture of which the spectral cen-
troid diverted < 0.6 from the mean spectral centroid of 
speech textures) was paired with a texture from the other 
categories. In total, the lab experiment comprised 560 
trials, including 20 catch trials. Catch and training trials 
were excluded from the subsequent reverse correlation 
analyses, such that speechiness kernels were estimated 
based on 540 trials.

The online experiment was identical to the lab exper-
iment with the following exceptions: the online experi-
ment was performed in Labvanced (Scicovery GmbH). 
The order of exemplars was fixed across participants 
due to programming constraints in Labvanced. To keep 
the experiment short (approximately 10 min), each tex-
ture exemplar was presented only once. The first 4 trials 
were training trials. Five relatively unambiguous catch 
trials were distributed evenly across the experiment. In 
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total, the online experiment comprised 117 trials out of 
which of 5 were catch trials. Catch and training trials 
were excluded from the subsequent reverse correlation 
analyses, such that speechiness kernels were estimated 
based on 108 trials. Note that kernels estimated based 
on 100 trials are highly similar to the ones based on 540 
trials, but for details on kernel stability see supplementary 
figure S1.

Analyses

Sound Decomposition.  We analyzed how participants’ 
judgments varied as a function of the spectro-temporal 
modulation content of the stimuli. The modulation con-
tent of the stimuli was obtained by filtering the sounds with 
a model of auditory processing20 using the “NSL Tools” 
package (available at http://nsl.isr.umd.edu/downloads.
html) and customized Matlab code (The MathWorks Inc., 
Matlab 2014b/2018a). First, spectrograms for all sounds 
were obtained using a bank of 128 overlapping bandpass 
filters with equal width (Q10dB = 3), spaced along a loga-
rithmic frequency axis over a range of f = 116–2872 Hz 
(hair cell stage). A midbrain stage modeled the enhance-
ment of frequency selectivity as a first-order derivative 
with respect to the frequency axis, followed by a half-
wave rectification and a short-term temporal integration 
(time constant τ = 8 ms).

Then, the auditory spectrogram was analyzed by 
the cortical stage, where the modulation content of the 

auditory spectrogram was computed through a bank of 
2-dimensional filters selective for a combination of spec-
tral and temporal modulations. The filter bank performs 
a complex wavelet decomposition of the auditory spec-
trogram. The magnitude of such decomposition yields 
a phase-invariant measure of modulation content. The 
modulation selective filters have joint selectivity for spec-
tral and temporal modulations, and are directional, ie, 
they respond either to upward or downward frequency 
sweeps.

Modulation Filters.  Filters were tuned to spectral modu-
lation frequencies of Ω = (0.5, 0.76, 1.15, 1.74, 2.64, 4) cyc/
oct, temporal modulation frequencies of ω = (1, 2, 4, 8, 
16, 32) Hz, and center frequencies of f = (116, 183, 290, 
459, 726, 1148, 1816, 2872)  Hz. The filter bank output 
was computed at each frequency along the tonotopic axis 
and then averaged over time. The time-averaged output 
of the filter bank was averaged across the upward and 
downward filter directions. This resulted in a representa-
tion with 6 spectral modulation frequencies, 6 temporal 
modulation frequencies, and 8 tonotopic frequencies, 
amounting to a total of n = 288 acoustic features. The 
rationale for this choice of values was to use a decom-
position roughly covering the temporal and spectral 
modulations present in speech (for spectro-temporal 
modulation content of all sound categories, see figure 1b, 
for modulation content of speech, see figure 1c).

Fig. 1.  Stimuli and task. (a) In a 2-alternative-forced-choice (2-AFC) task with confidence judgment, participants were presented with 
2 sound textures (here shown as spectrograms) and were asked to simultaneously express their decision and confidence about which 
exemplar sounded more like speech. (b) Modulation spectra for sound textures, marginalized for each acoustic dimension (rate, scale, 
frequency) and split by categories of the original sounds from which the textures were synthesized (see legend). (c) Average modulation 
spectrum for the speech textures.
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Psychophysical Reverse Correlation.  To obtain an in-
ternal template of  speech, we used the reverse correla-
tion technique.34,35 Sounds were sorted into speech and 
nonspeech stimuli based on the participants’ responses. 
Note that due to the 2-AFC task, the 2 choices are sym-
metric, ie, on each trial one stimulus was attributed to 
the speech and hence the other one to the nonspeech 
category. Therefore, to obtain individual speechiness 
kernels we subtracted the 2 templates for speech and 
nonspeech:

K ( f ) = E [s( f )|speech]− E [s( f )|nonspeech]� (1)

where E[s(f)|speech] indicates the trial average of the 
stimulus at feature f conditional on choice “speech,” s(f) 
is the stimulus at feature f, and K(f) is the magnitude of 
the psychophysical kernel at feature f.

Kernel Stability.  To obtain an estimate of how many 
trials are necessary to obtain a stable estimate of indi-
vidual speechiness kernels, we assessed kernel stability in 
the lab-experiment data. To this end, we iteratively calcu-
lated the Pearson’s correlation between the kernel based 
on a subset of n trials and the final kernel based on all 540 
trials36 for all participants.

Principal Component Analysis (PCA).  To reduce dimen-
sionality of  the speechiness kernel (comprising n = 288 
acoustic features), we computed the matrix singular 
value decomposition jointly on the set of  all lab and on-
line speechiness kernels (all scaled between 0 and 1) in 
Matlab 2018a and jamovi 1.0.7.0. This yielded k = 288 
components. We decided on the number of  components 
to retain based on a scree plot37 and parallel anal-
ysis.38 We retained only those components where the 
eigenvalues associated with the raw data exceed the 
eigenvalues of  surrogate data, leaving us with the first 6 
components (see scree plot figure 4a). In a robust mul-
tiple regression, the individual component scores were 
regressed against the average of  individual z-scored 
LSHS and SPQ-UP scores (a compound hallucination 
proneness score). The 2 scales (LSHS and SPQ-UP 
subscale) were chosen as they measure psychotic-like 
experiences, specifically predisposition to unusual per-
ceptual experiences (eg, hallucinations).

Sound Discriminability Analysis.  To estimate the dis-
criminability of 2 textures presented on a trial, we first 
calculated trial-wise sound pair distance as the Euclidian 
distance between each of the 288 features. To investigate 
whether individual speechiness kernels influenced the 
discriminability of sound pairs presented on each trial, 
sounds in the modulation space were projected through 
(multiplied with) individual speechiness kernels. Then, 
for each sound separately, the features were normalized 

between their minimum and maximum (effectively scaling 
them between 0 and 1). Sound pair distance was compared 
before and after projection through speechiness kernels.

Generalized Linear Mixed-Effects Models.  To evaluate 
the relation of trial-wise confidence judgments with 
sound-pair discriminability (see above) and hallucination 
proneness, we used a Cumulative Link Mixed Models, 
ie, a hierarchical generalized linear model with a cumu-
lative link function (ie, an ordinal regression model). 
Ordinal linear mixed-effects regression was fitted using 
the Bayesian estimation package brms in RStudio 1.3.959 
(cumulative-probit link function). We regressed trial-
by-trial confidence judgments (on a Likert scale from 1 
[“not confident”] to 3 [“confident”]) against the z-scored 
predictors trial-wise sound pair distance, LSHS score, 
global SPQ score, as well as experiment type (online, lab) 
as covariate of no interest with subject-specific random 
intercepts.

Results

In a short online (N  =  131) and an extended lab ver-
sion (N  =  37) of a 2-AFC experiment with confidence 
judgment, participants had to choose the “more speech-
like” of 2 presented ambiguous sound textures (figure 1). 
Using reverse correlation, we obtained perceptive fields 
termed “speechiness kernels” that quantify the contribu-
tion of different acoustic features to a listener’s percep-
tual decisions. Hallucination proneness was assessed with 
the Launay-Slade hallucination scale. Additionally, we 
evaluated schizotypy using the Schizotypal Personality 
Questionnaire with a particular interest in the subscale 
“unusual perceptual experiences” as second measure of 
predisposition to unusual perception.

Schizotypal Traits and Hallucination Predisposition

In the lab experiment, LSHS scores ranged from 1 to 32 
(median  =  10; max possible score 48)  and global SPQ 
scores ranged from 3 to 37 (median = 16, max possible 
score 74). In the online experiment, LSHS scores ranged 
from 1 to 33 (median = 9) and global SPQ scores ranged 
from 0 to 41 (median = 15; see figure 2a).

Across both experiments (N = 168), LSHS scores were 
uncorrelated with age (r  =  –.098, P  =  .206) or gender 
(r  =  –.077, P  =  .321). The same held for global SPQ 
scores (age r = .099, P = .201; gender r = .140, P = .070). 
More importantly, LSHS scores, global SPQ scores and 
the subscale SPQ-UP were all substantially correlated 
amongst each other (figure 2b). The intercorrelations of 
18–42% shared variance emphasize the convergent va-
lidity of the questionnaires used to measure individual 
predisposition to unusual perceptual experiences here.

To examine potentially differential effects of 
hallucinations and delusions, we looked at the SPQ 
subscale “Magical Thinking” (SPQ-MT; supplementary 
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figure S1a). SPQ-MT scores were significantly 
correlated with LSHS scores (supplementary figure 
S1b), underlining the common aspects between both 
scales measuring predisposition to delusions and 
hallucinations, respectively.

Speechiness Kernels

First, we analyzed how participants’ judgments of 
speechiness varied as a function of the spectro-temporal 
modulations contained in the sound textures. To ob-
tain such speechiness kernels, we used reverse corre-
lation by contrasting the averaged spectro-temporal 
modulations of the stimuli judged as more vs less speech-
like. Speechiness kernels averaged across participants 
were highly correlated between the lab and online studies 
(figure 3a).

The marginal profiles expectedly peaked for fre-
quency at 200 Hz and for temporal modulation at ~4 Hz, 
indicating high speechiness judgments when acoustic 
power was high at low frequencies and slow temporal 
modulations (figure 3b). As an outlook, those peaks were 
driven by the trials on which the participants were con-
fident (figure 5a). We permuted participants’ responses 
(n = 10 000 permutations) to obtain the empirical null 
distribution of  the speechiness kernels (figure 3b, green 
line) and z-scored empirical kernels relative to the null 
distribution. Z-scores proved significant (ie, |z| > 1.96) 

for temporal rates of  4–8 Hz in the lab experiment, and 
for low and high frequencies in both the lab and on-
line experiment (figure  3c). These findings are in line 
with numerous studies showing the importance of  those 
features to speech perception,25,39–41 confirming the fea-
sibility of  the current method to obtain meaningful per-
ceptive fields for speech.

Kernel Stability.  In the lab experiment, average 
speechiness kernels based on the first 100 trials were 
highly similar to the total kernel (ie, comprising all 540 
trials, mean [SE] Pearson’s r = 0.926 [0.026], see supple-
mentary figure S2). We took this finding as evidence that 
the lower number of 108 trials used in the online experi-
ment suffices to obtain a stable estimate of the speechiness 
kernel.

Relation between Acoustic Feature Weighting and 
Hallucinatory Predispositions

Next, we asked whether the individual extent of  hallu-
cination proneness is related to particular features of 
the speechiness kernel. First, we conducted a principal 
component analysis (PCA) to reduce the dimension-
ality of  the speechiness kernels from 288 components 
(one for each feature of  the speechiness kernel) to the 
first 6 components (see Methods). This procedure was 
justified by the drop in eigenvalues after the sixth com-
ponent (see scree plot figure  4a). There was one clear 

Fig. 2.  Schizotypy and hallucination scale results. (a) Histograms for LSHS and SPQ scores separately for the lab (orange) and online 
(blue) experiment. Note that the maximum possible score is 42 for LSHS, 74 for SPQ, and 9 for the subscale SPQ-UP. (b) Scatter plots 
showing the correlations between LSHS, SPQ total score and SPQ-UP. Spearman’s correlation coefficients are shown separately for lab 
(orange) and online experiment (blue). All scales are significantly correlated (p < 0.001), R2 ranges from .18 to .42. LSHS: Launay-Slade 
Hallucination Scale; SPQ: Schizotypal Personality Questionnaire; SPQ-UP: subscale Unusual Perceptual Experiences.
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dominant component (component 1)  and 2 minor 
components (component 2 and 3; whose eigenvalue 
still clearly exceeded the eigenvalues of  surrogate data, 
figure 4a). The PCA approach also held the advantage 
of yielding, by design, independent regressors to be sub-
sequently used in a linear model. The first component 
was characterized by overall uniformly distributed high 
energy except in some high-frequency bins (figure 4b blue 
line, figure  4d, left). The third component resembled a 
typical speechiness kernel (see figure 4c for the average 
kernel), exhibiting higher energy at the lower frequencies 
(figure 4b and 4d).

To capture the common aspects of both questionnaires, 
we averaged individual z-scored LSHS and SPQ-UP 
scores into a compound hallucination proneness score. 
We used individual scores of the first 6 components to 
predict these compound  hallucination proneness scores 

in a multiple regression analysis (table 1). To account for 
outliers (cf. figure 4e) we performed a robust multilinear 
regression.42 The hallucination proneness score was sig-
nificantly related to the scores of the third component 
(table 1, figure 4e), surviving false discovery rate (FDR) 
correction for multiple comparisons.

LSHS and SPQ-UP scores separately also predicted 
how a listener would perceptually weight scores of the 
third principal component (PC3), which was dominated 
by low-frequency acoustic energy (figure  4b and 4d). 
PC3 scores covaried negatively with an individual’s ten-
dency towards aberrant perception, ie, both the LSHS 
(Pearson’s r = -0.192, P = .013, Spearman’s ρ = −0.066, 
P  =  .393, Mutual Information MI  =  0.010, P  =  .063, 
Bayes factor BF10 = 2.126) and SPQ-UP score (r = −.195, 
P =  .011, ρ = −0.144, P =  .062, MI = 0.028, P =  .006, 
BF10 = 2.306; figure 4e; see also table 1).

Fig. 3.  Speechiness kernels. (a) Averaged speechiness kernels for lab and online study are highly correlated (Pearson’s r). (b,c) Marginal 
profiles of speechiness kernels (mean ± standard error) for lab (orange) and online (blue) study separately before (b) and after (c) 
z-scoring relative to the empirical null distribution (obtained with N = 10 000 permutations). Absolute z-scores exceeding 1.96 are 
considered significant (indicated by the dashed line). Due to the markedly lower number of trials in the online (n = 108) compared to the 
lab study (n = 540), the unstandardized power of the speechiness kernels is higher in the online study (b). However, after z-scoring the 
speechiness kernels, the lab exceeds the online kernel, reflecting higher precision in the lab measurements (c).
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These results provide evidence for an association of 
higher hallucination proneness with reduced reliance on 
the speech-typical low frequencies for classifying stimuli 
into speech (figure  4b, 4d, and 4f). This effect is illus-
trated in the markedly different speechiness kernels of 
the individuals with the lowest and highest 10% LSHS 
scores: Hallucination-prone participants tend to priori-
tize high frequencies and downweight low frequencies rel-
ative to the average kernel when categorizing stimuli into 
speech (figure 4f, violet).

The subscale SPQ-MT also covaried with PC3 scores 
(supplementary figure S1c), indicating that propensity to 
delusions was similarly associated with atypical internal 
templates for acoustic features in speech.

Sound Discriminability

Human fMRI studies suggest that spectro-temporal pop-
ulation tuning of auditory cortex maximizes the acoustic 
distance between speech sounds, facilitating our ability 
to discriminate speech.22 Under the assumption that the 
speechiness kernels reflect perceptive fields of speech, 
we sought to investigate (1) how individual speechiness 
kernels affect discriminability of presented stimuli and 
(2) whether this differs in hallucination proneness.

We expected that the speech-like modulation content 
in a sound texture should be a prominent driver of the 
listeners’ speechiness judgments. Therefore, we looked at 
discriminability of sound pairs presented on each trial (ie, 
the sensory evidence). To test how individual speechiness 
kernels shape this discriminability, we weighted the 
sounds by individual kernels.

First, we projected sounds through the individuals 
speechiness kernels in the modulation representation. 
We calculated the Euclidian distance between original 
sound pairs and projected sound pairs presented on each 
trial (see Materials and Methods). A  comparison be-
tween original and projected sound pair distance showed 
increased discriminability of sound pairs after projection 
through individual kernels (supplementary figure S3a).

Second, to quantify benefits from individual speechiness 
kernels, we fitted individual linear slopes to projected 
sound-pair distance as a function of original sound-pair 
distance. Individual slopes (“speechiness kernel ben-
efit”) were significantly higher than one (t(167) = 32.61, 
P < .001), indicating the “warping” of an acoustic into 
a perceptual distance representation and validating the 
present speechiness kernel approach. Notably, however, 
individual speechiness kernel benefits were unrelated to 
LSHS scores (r = −.045, P = .559, supplementary figure 
S3b) with evidence for the absence of an effect as indi-
cated by the Bayes Factor (BF01 = 8.749). These results 
suggest that internal templates for speech amplify the dis-
criminability of sound textures, irrespective of an indi-
vidual listener’s hallucination proneness.

Confidence Judgments

To investigate whether confidence affects the speechiness 
kernels, we calculated 3 different kernels, one for each 
confidence level separately (figure  5a). Although the 
shape of the kernels was similar for all confidence 
levels, higher confidence amplified the magnitude of 
the kernel (see also figure 5b). The proportion of “con-
fident” responses was positively correlated with  both 
the LSHS scores and global SPQ scores, indicating that 
participants with higher hallucination proneness and 
schizotypy reported more often that they were confident 
about their speechiness judgments (figure 5d). This result 
is consistent with previous evidence for hallucination-
prone individuals expressing more confidence in their 
decisions10,43 (for review see ref.44).

A more mechanistic explanation of this correlation 
would afford that this relation of confidence judgments 
to hallucination proneness also holds at the trial-by-trial 
level, where we can account for stimulus discriminability, 
experiment type, and subject-specific intercepts.

Using ordinal linear mixed-effects regression, we 
regressed trial-by-trial confidence judgments (on a 
Likert scale from 1 [“not confident”] to 3 [“confident”]) 
against the following predictors: trial-wise projected 
sound pair distance (pairwise Euclidian distance of the 
sounds in the modulation representation filtered by indi-
vidual speechiness kernels); the hallucination proneness 
variables LSHS score; experiment (a binary indicator 
variable coding online vs lab); the interaction sound-pair 
distance x experiment; and a subject-specific random 

Table 1.  Robust Multiple Linear Regression Predicting a 
Compound Hallucination Proneness Score (Average of z-Scored 
LSHS and SPQ-UP Scores) Based on the First 6 Principal 
Component (PC) Scores of the Individual Speechiness Kernels 
and a Regressor of no Interest Coding Experiment Type Based on 
Data From N = 168 Individuals

Hallucination Proneness Score

Predictors ß SE t-Value P

PC No.1 −0.0263 0.0607 −0.4333 .6654
PC No.2 −0.0479 0.0985 −0.4866 .6272
PC No.3 −0.3523 0.1282 −2.7489 .0067
PC No.4 −0.4136 0.2118 −1.9528 .0526
PC No.5 −0.2274 0.2196 −1.0359 .3018
PC No.6 0.3398 0.2716 1.2512 .2127
Experiment  
(lab | online)

−0.1207 0.0825 −1.4638 .1452

Note: Shown are ß-estimates, standard error of coefficient 
estimates (SE), t-values and P-values for the robust regression. 
Note that for the least-squares solution of the same equation 
R2 = 0.095. Significant predictors (P < .05) are highlighted in 
bold.
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intercept. In a second model, we used the same predictors 
but replaced the LSHS scores with the global SPQ score. 
Note that we used projected rather than original sound 
pair distance to see how confidence emerges from the 
participants’ perceptions of the stimuli (cf. discrimina-
bility analysis above). The null model excluded halluci-
nation proneness variables thus comprising the following 
predictors: projected sound pair distance; experiment (lab 
vs online); the interaction projected sound-pair distance x 
experiment; and a subject-specific random intercept.

Greater projected sound-pair distance, but also higher 
LSHS and global SPQ scores were significantly associ-
ated with higher confidence judgments (table 2; figure 5c 
and 5e). The interaction of sound pair distance with ex-
periment type was a significant predictor of confidence 
judgment when considering a 95% credible interval, 
indicating that the confidence judgment depended more 
on sensory evidence in the lab than in the online study. 
Observing these data was about 13 times more likely 
under a model including the LSHS score than under a 
null model with the same parameters except LSHS, as 
evidenced by an average Bayes Factor BFLSHS–null of  13.07, 
95% CI (12.00; 14.13). Echoing the convergent validity 
of LSHS and SPQ, global SPQ score also proved a sig-
nificant predictor of confidence judgment: a very com-
parable magnitude was observed for the Bayes Factor of 
a model including the global SPQ score relative to a null 
model with the same predictors except SPQ (BFSPQ–null of  
12.68, 95% CI [11.93; 13.43]).

Discussion

In how far does hallucination proneness in nonclinical 
participants manifest in the aberrant perceptual judg-
ment of acoustic features, namely spectro-temporal 
modulations? We studied this question  using a simple 

“speechiness” judgment with confidence ratings based on 
synthesized sound textures, both in a short online and an 
extended lab experiment and gathered a total of N = 168 
data sets.

First, we found higher scores on both the SPQ subscale 
“unusual perceptual experiences” and the LSHS to 
covary with the degree to which listeners classified 
textures as “speech” that were lacking the speech-typical 
low-frequency dominance.

Second, those individuals scoring higher on either 
of these scales were more confident in their percep-
tual decisions. Trial-wise confidence judgments were 
expectedly driven by acoustic stimulus distances (ie, the 
sensory evidence available), but also—to an equal magni-
tude—by LSHS scores thought to capture hallucination 
proneness (ie, a perceptual prior or predisposition, see 
figure 6).

The present results are remarkably in line with an 
account of altered perceptual priors and a differen-
tial weighting of sensory evidence in hallucination-
prone individuals, with accordingly changed perceptual 
decisions when classifying speech-like sounds.

Speech Perception in Hallucination Proneness

The PCA analyses allowed us to examine to which degree 
different acoustic features were used for perceptual deci-
sion-making in varying levels of hallucination proneness. 
We found the presence of high-frequency components 
and—maybe more importantly—the absence of the 
speech-typical low frequencies to contribute to the clas-
sification into speech in hallucination-prone individuals. 
These effects were not specific to hallucination prone-
ness but also observed in predisposition to delusions, 
emphasizing perceptual changes that seem to be shared 
in predisposition to both psychosis-like symptoms.

Table 2.  Generalized Linear Models (Ordinal Regression) Predicting Confidence Judgments on a Likert Scale From 1 (“Not Confident”) 
to 3 (“Confident”)

Confidence Judgment

Predictors Log-Odds CI (95%) Predictors Log-Odds CI (95%)

Intercept 1 0.00 −0.16–0.16 Intercept 1 0.00 −0.18–0.16
Intercept 2 0.88 0.71–1.04 Intercept 2 0.87 0.70–1.04
LSHS 0.15 0.07–0.23 Global SPQ 0.13 0.06–0.20
Projected sound distance 0.11 0.10–0.13 Projected sound distance 0.11 0.10–0.13
Experiment (lab | online) −0.10 −0.28–0.09 Experiment (lab | online) −0.11 −0.31–0.09
Projected sound distance ×  
Experiment

−0.10 −0.13 to −0.08 Projected sound distance ×  
Experiment

−0.10 −0.13 to −0.08

Random Effects     
σ 2 0.03    
τ 00 0.59    
ICC 0.04    

Note: Shown are estimates of effects of interest as Log Odds with a 95% Bayesian highest posterior density interval (labeled “95% CI,” 
credible interval). The models entailed data from a total of 34 128 single trials from N = 168 participants. The 2 models only differ in the 
predictor LSHS or global SPQ score, respectively. The null model includes the same predictors except LSHS or global SPQ scores. Note 
that predictors are considered significant when the 95% credible interval does not include zero (marked in bold).
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Fig. 4.  Principal component analysis (PCA) on the speechiness kernels. (a) Scree plot of the PCA performed jointly on all data (online 
and lab experiment). For subsequent analyses, only the first 6 components were retained because for all further components the 
eigenvalue (blue) was smaller than eigenvalues based on randomly generated data (yellow). There was one clear dominant component 
(component 1) and 2 minor components (component 2 and 3). (b) Marginal profiles of the loadings on the first 6 components. Note the 
low-frequency energy peak in component 3 (red). (c) Speechiness kernel averaged over all participants and experiments (see also figure 3). 
(d) Loadings for the first 3 components in the modulation space. (e) Hallucination proneness scores (the average of z-scored LSHS and 
SPQ-UP scores) were regressed against the scores of first 6 components. The residuals of this compound hallucination proneness score 
and the third component from this multiple regression (table 1) are shown in the scatter plot (left). Scores of the third component as a 
function of LSHS (middle) and SPQ-UP (right) are shown in scatter plots. LSHS and SPQ-UP scores are correlated to scores of the 
third component only. For display purposes only, the integer SPQ-UP scores were jittered slightly by adding a uniformly distributed 
random quantity between –0.15 and +0.15. (f) To illustrate the LSHS effects, the differences in the marginal profiles of the speechiness 
kernel relative to the average kernel are shown for the participants within the lowest (n = 26, green) and highest decile (n = 18, violet) 
of LSHS scores. Note that the most hallucination-prone participants (violet) tend to overweight high frequencies while downweighting 
low frequencies (left plot). Error bands show standard error of the mean (SE). PC: Principal Component; LSHS: Launay-Slade 
Hallucination Scale; SPQ-UP: Schizotypal Personality Questionnaire subscale Unusual Perceptual Experiences.

D
ow

nloaded from
 https://academ

ic.oup.com
/schizbullopen/article/1/1/sgaa059/5941762 by U

niversitaet Luebeck user on 29 June 2026



Page 11 of 15

Aberrant Perception in Hallucination Proneness

Hallucination proneness has been associated with 
more false alarms in auditory signal detection tasks. 
An increased false alarm rate was observed in a tone 
detection task with a conditioning visual stimulus 
in voice-hearers with and without psychosis.10 In a 
speech-in-noise detection study, participants were to 
indicate “whether they had heard a voice”: Nonclinical 
hallucination-prone adults had more false alarms and 
expressed a liberal response bias.45 Yet, this study could 
not disentangle whether distinct acoustic features 
contribute to the observed bias towards a speech  
percept.

Why do the speechiness kernels in hallucination-prone 
individuals exhibit a high-frequency dominance while 
being flat in the other two dimensions (ie, the temporal 
and spectral modulations)? Our findings of atypical 
speech perception parallel the recent observations of 
differences in speech production in schizophrenia: aber-
rant acoustic patterns of vocal expressions (eg, in pitch 
variability) have been reported alongside schizophrenia.46 
The underlying cause common to aberrant speech per-
ception and production may lie in a deficient auditory 
object formation as postulated for schizophrenia,23 con-
sistent with the notion that object formation relies on 

Fig. 5.  Confidence judgments in speechiness kernels and their relation to hallucination proneness. (a) Marginal profiles of speechiness 
kernels (mean ± SE) for 3 different confidence levels separately; speechiness kernels were derived jointly from all data (online and lab 
experiment). (b) Speechiness kernels for the 2 extreme confidence levels (confident, not confident). (c) Estimates from a generalized 
linear mixed model (GLMM) predicting confidence levels based on sound pair distance; the model also has the predictors LSHS, SPQ 
and experiment type; same color legend same as in (a). (d) Proportion of “confident” judgments correlated (Pearson’s r) with LSHS 
and global SPQ scores. (e) Estimates from a GLMM predicting confidence levels based on LSHS, model also has the predictors sound 
distance, SPQ and experiment type; same color legend same as in (a). LSHS: Launay-Slade Hallucination Scale, SPQ: Schizotypal 
Personality Questionnaire.
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the intact extraction of spectro-temporal cues.24 If  au-
ditory object formation is impaired, leading to typical 
speech frequencies being down-weighted, behaviorally a 
disadvantage would be expected for hallucination-prone 
individuals in challenging listening situations, eg, when 
listening to competing speakers (at the “cocktail party” 47).

Notably, the sound discriminability analysis showed no 
effects of hallucination proneness. This result indicates 
that incoming sensory evidence (operationalized as sound 
pair distance) was similarly amplified by speechiness 
kernels in hallucination-prone and control participants.

Confidence Judgments in Hallucination Proneness

In a predictive processing framework, the current results 
pose new evidence for changes to prior expectations in hal-
lucination proneness14,48: The data support an account of 
an increased precision or decreased variance in individual 
perceptual priors.6,49 The statistical model of single-trial 
confidence judgments (“which [sound] is the more speech-
like one?”) here provides important evidence.

First, as expected, the sensory evidence available on a 
given trial (ie, width of an internal likelihood representa-
tion) exerts an impact on confidence. The expressed confi-
dence is here thought of as the width or inverse precision 
of the posterior, reflecting the “noise” or uncertainty in 
perceptual judgment49 (but see50 for a different conceptual-
ization). Accordingly, individual trait-like predispositions 
to perceive hallucinations can be considered stronger (ie, 
less noisy and variable) perceptual priors, and they should 
hence contribute to a stronger confidence (ie, smaller 
width of the posterior) in one’s own perceptual judgments, 
given that the incoming sensory evidence (ie, likelihood) is 
equal. While this has been a guiding conjecture in the field 
of computational psychiatry (eg, ref.7), it is borne out by 
the present evidence that hallucination proneness predicts 
confidence judgments. Figure 6 provides a schematic illus-
tration of the evidence provided within a Bayesian model 
of perception. In sum, overly precise or strong perceptual 
priors that have previously been claimed for psychosis and 
hallucinations5 may contribute to an aberrant percept of 
“speechiness.”

The present results add novel evidence to a strain 
of findings supporting that prior beliefs mediate 
hallucinations.5 In a visual degraded image recognition 
task, individuals at risk of psychosis favored top-down 
prior knowledge of an image over available sensory ev-
idence.8 Similarly, in the visual-auditory conditioning 
study by Powers et al,10 voice-hearers experienced condi-
tioned auditory hallucinations more often than control 
participants when seeing only the visual conditioning 
stimulus. Modelled in a Hierarchical Gaussian Filter,51 
this expressed as a higher weighting of prior beliefs over 
sensory evidence in voice-hearers.10 Note the different 
types of conceptualizations of priors, though: In the cur-
rent study, explicit self-reports on the hallucination scales 
were thought of as a stable trait related to the width of 
the prior (figure  6). In contrast, Powers et  al. derived 
the priors as model parameters as implicit estimate on a 
shorter task time scale.

An important open question remains at which neuronal 
levels these aberrant percepts emerge.14 In contrast to tin-
nitus, where usually simple tones or noises are perceived, 
AVH relates to the perception of complex sounds, ie, 
voices, in the absence of an external source. Similar to 
AVH,5 tinnitus has been proposed to be rooted in overly 
precise sensory evidence.52 In tinnitus, layer-specific 
effects in A1 have been postulated to lead to sharpening 
of a weak prior.52

In the genesis of AVH, computational changes in 
higher-level association cortex are likely.17 For example, 
nonclinical voice hearers show enhanced fMRI responses 
in an executive attention network, including cingulo-
opercular and frontal cortex when listening to degraded 
(“sine-wave”) speech.11 Cingulo-opercular regions along-
side with angular gyrus have been implicated in the se-
mantic predictability gain53–55 when rich semantic context 

Fig. 6.  The current results in a framework of Bayesian 
models of perception. Perceptual inference in terms of the 
prior, likelihood (sensory evidence), and posterior (percept) 
is represented by Gaussian distributions over a perceptual 
dimension of “speechiness”; their widths represent precision. 
Both hallucination proneness and schizotypy (LSHS and SPQ) 
are thought to be proportional to the inverse width of the prior, 
while confidence being proportional to the inverse width of the 
posterior. Sensory evidence was operationalized as Euclidian 
sound distance. (a) In high hallucination-prone participants, the 
prior precision for a percept of “speechiness” is thought to be 
higher (“stronger prior”), contributing to the observed stronger 
confidence judgments (ie, posterior precision) as compared to (b) 
low hallucination-prone individuals.
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informs an accurate prediction of upcoming speech 
under challenging listening conditions. In hallucination 
proneness, behavioral observations of increased semantic 
expectations12 suggest a bias towards such top-down 
information flow.

Top-down modulations from frontal to auditory cortex 
are known to be crucial for predicting the envelope during 
speech perception, where frontal signals causally influ-
ence the phase of brain oscillations in auditory cortex.56 
Dysfunctional neural oscillations—which are thought to 
orchestrate neural responses throughout the brain—have 
been identified as candidate mechanism for a widespread 
network impairment in schizophrenia.57

However, it is also possible that in hallucination-prone 
individuals already the general response properties of 
auditory cortex are altered in terms of resting-state ac-
tivity (for review see ref.14), ongoing neural dynamics,58 
spectral signatures,59 or encoding of spectro-temporal 
modulations.60 The current study opens a specific and 
promising avenue using validated auditory perceptual-
filtering models19,20,25: Spectro-temporal modulations 
currently form a core tenet of auditory neuroscience, 
tractable for non-human animal research (eg, ref.61) as 
well as human functional neuroimaging (eg, refs.22,60,62).

In the present study, we tested populations where the 
overall level of hallucination proneness was neverthe-
less very modest (figure 2). The speechiness kernel could 
easily be assessed in nonclinical and clinical frequent 
voice-hearers who may exhibit qualitatively similar but 
more extreme biases. Thus, this simple psychophysical 
paradigm presents a potential clinical instrument to im-
prove prediction of conversion to psychosis in high-risk 
populations.4

Conclusions

In sum, the current results endorse a continuum hypoth-
esis of psychosis3 showing that individuals with different 
degrees of schizotypy—who sometimes experience audi-
tory hallucinations but are not diagnosed with any psy-
chotic disorder—do have distinct signatures of speech 
perception.23 Our results are remarkably in line with a 
Bayesian model of perception where stronger priors en-
gender a bias towards hallucinations and foster percep-
tual confidence in light of ambiguous sensory input.
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