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Background: Auditory verbal hallucinations (AVH) are a cardinal symptom of psychosis but are also present in
6–13% of the general population. Alterations in sensory feedback processing are a likely cause of AVH, indicative
of changes in the forward model. However, it is unknown whether such alterations are related to anomalies in
forming an efference copy during action preparation, selective for voices, and similar along the psychosis con
tinuum. By directly comparing psychotic and nonclinical voice hearers (NCVH), the current study specifies
whether and how AVH proneness modulates both the efference copy (Readiness Potential) and sensory feedback
processing for voices and tones (N1, P2) with event-related brain potentials (ERPs).
Methods: Controls with low AVH proneness (n ¼ 15), NCVH (n ¼ 16) and first-episode psychotic patients with
AVH (n ¼ 16) engaged in a button-press task with two types of stimuli: self-initiated and externally generated
self-voices or tones during EEG recordings.
Results: Groups differed in sensory feedback processing of expected and actual feedback: NCVH displayed an
atypically enhanced N1 to self-initiated voices, while N1 suppression was reduced in psychotic patients. P2
suppression for voices and tones was strongest in NCVH, but absent for voices in patients. Motor activity pre
ceding the button press was reduced in NCVH and patients, specifically for sensory feedback to self-voice in
NCVH.
Conclusions: These findings suggest that selective changes in sensory feedback to voice are core to AVH. These
changes already show in preparatory motor activity, potentially reflecting changes in forming an efference copy.
The results provide partial support for continuum models of psychosis.

1. Introduction
Self-initiated actions lead to sensory attenuation: sounds elicited by
one’s own actions are processed differently from externally generated
sounds (Blakemore et al., 1998; Chen et al., 2011; Knolle et al., 2012;
Wang et al., 2014). Sensory attenuation can be explained by the forward
model framework (Friston, 2005; Schr€
oger et al., 2015), which operates
on the basis of an efference copy of the motor command (von Holst,
1954). For example, when speaking an efference copy of the voice is sent
from sensorimotor brain regions to the auditory system via the cere
bellum (Ito, 2008; Wolpert et al., 1998). Preparatory motor activity
predicts sensory attenuation of action outcome (Ford et al., 2014a,

2014b; Reznik et al., 2018; Vercillo et al., 2018). Consequently, suc
cessful prediction of sensory feedback to self-initiated action allows
distinguishing self from other actions (Friston, 2012; Heinks-Maldonado
et al., 2007; Synofzik et al., 2010) (Supplementary Figure 1).
Changes of mechanisms related to the forward model have been
linked to unusual perceptual experiences such as auditory verbal hal
lucinations (AVH) (Feinberg, 1978; Feinberg and Guazzelli, 1999;
Heinks-Maldonado et al., 2007; Horga et al., 2014; Pinheiro et al.,
2018). AVH are a cardinal symptom of schizophrenia and experienced
by up to 70% of persons with this diagnosis (Waters and Fernyhough,
2017). However, they are also present in other psychiatric (e.g., bipolar
disorder) and neurological conditions (e.g., temporal lobe epilepsy)
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(Waters and Fernyhough, 2017), as well as in 6–13% of the general
population (Beavan et al., 2011) without a psychiatric or neurological
diagnosis (hereafter referred to as ‘voice hearers’). Phenomenological
(Moritz and Larøi, 2008; Waters and Fernyhough, 2017), mechanistic
and structural changes (Baumeister et al., 2017; Brunelin et al., 2006) in
psychotic and nonclinical AVH have been discussed. Such observations
support the psychosis continuum hypothesis, i.e., features of psychosis
occur on a continuum in the general population (Johns and Van Os,
2001; Van Os et al., 2009; Verdoux and Van Os, 2002).
Psychotic patients perceive a significant change in sensory feedback
to their own voice (Heinks-Maldonado et al., 2007). In sound, voice, and
speech production this is reflected in an attenuated N1 suppression of
the event-related potential (ERP) for self-initiated tones and voices (Ford
et al., 2001b; Ford and Mathalon, 2005) that is related to AVH severity
(Ford et al., 2008; Heinks-Maldonado et al., 2007) and dependent on
stimulus type (Pinheiro et al., 2018). Nonclinical voice hearers (NCVH)
tend to show enhanced rather than suppressed sensory feedback to the
self-generated voice but not to simple tones (Pinheiro et al., 2018).
These changes in sensory feedback to self-generated vocalizations likely
reflect a core feature of the psychosis continuum (Pinheiro et al., 2018)
or at least a risk marker for psychosis (Linscott and van Os, 2013; Perez
et al., 2012). Altered N1 suppression possibly reflects neurofunctional
changes in the auditory cortex, the main neural generator of the N1
€€
€nen and Michie, 1979; Zouridakis et al.,
(Godey et al., 2001; Na
ata
€t€
1998), but also in frontal (Boutros et al., 2011; N€
aa
anen and Picton,
1987) and cerebellar regions (Knolle et al., 2013a, 2012). P2 suppres
sion in response to self-generated tones was observed in button-press
tasks in healthy participants and suggested to reflect the conscious
detection of a self-initiated sound (Knolle et al., 2013a, 2012). However,
P2 suppression effects have not been systematically examined in psy
chotic patients and NCVH.
Next to changes in sensory feedback, alterations of preparatory
motor activity associated with an upcoming action may reflect a change
in the formation of an efference copy (Ford et al., 2014a, 2014b). The
Readiness Potential (RP) is a slow-building negative ERP deflection,
starting around 1–2 s prior to a voluntary action (Deecke et al., 1984; Di
Russo et al., 2017; Shibasaki and Hallett, 2006). It comprises an early
phase, starting roughly 1–2 s before movement onset and associated
with the preparation and initiation of the forthcoming action, and a late
phase beginning around 500 ms before an action (Deecke et al., 1984; Di
Russo et al., 2017; Reznik et al., 2018; Shibasaki and Hallett, 2006;
Vercillo et al., 2018). The RP has been associated with increased neural
activity spreading from pre-motor regions such as the Supplementary
Motor Area [SMA] (early phase) to the primary motor cortex [M1] (late
phase) (Ball et al., 1999; Erdler et al., 2000; Praamstra et al., 1996;
Weilke et al., 2001; Wildgruber et al., 1997). These brain regions are
structurally connected to the cerebellum (Haggard et al., 1995), which,
in turn, plays a key role in the forward model (Doya, 1999; Ito, 2006;
Kawato and Gomi, 1992). Brain activity preceding an action is partic
ularly relevant for investigating the forward model as it was found to
contribute to sensory suppression resulting from voluntary actions (Ford
et al., 2014a, 2014b; Haggard and Whitford, 2004; Reznik et al., 2018;
Vercillo et al., 2018). Consistent with the notion of an altered formation
of the efference copy, the RP is reduced in schizophrenia patients (Ford
et al., 2014a, 2014b; Luck et al., 2009; Mathalon et al., 2002; Singh
et al., 1992). This alteration is related to impaired response selection and
preparation but not response execution (Kappenman et al., 2016).
Persons with high AVH proneness offer a unique perspective for
investigating the role of altered sensory voice feedback in AVH, avoiding
typical confounds associated with medication and hospitalization in
psychotic patients (Kelleher and Cannon, 2011). Direct comparisons of
psychotic and nonclinical persons with high AVH proneness are lacking,
although such comparisons could help specifying to which extent
mechanisms underlying AVH in clinical and nonclinical voice hearers
overlap (Knolle et al., 2013a, 2012). To this end, we probed sensory
feedback processing in AVH, directly comparing psychotic and

nonclinical individuals varying in AVH proneness. A carefully controlled
and previously validated button-press task (Knolle et al., 2013a, 2013b;
2012; Pinheiro et al., 2018) was used. Auditory potentials served as
indices for functionally distinct processes of the forward model: the
comparison between expected and actual sensory feedback (N1) and the
conscious detection of a self-initiated sound (P2). Brain activity pre
ceding the action (RP) was analyzed to specify the link between motor
preparation and sensory feedback as formulated in the forward model
framework.
We hypothesized that similar neural mechanisms are responsible for
altered sensory feedback in psychotic patients and NCVH (Pinheiro
et al., 2018) (see Supplementary Figure 1 and Supplementary Table 1).
We also hypothesized that changes affecting the comparison of expected
and actual sensory feedback (N1) in both psychotic and NCVH would be
pronounced for voice compared to tone stimuli (Pinheiro et al., 2018),
consistent with the phenomenology of altered perception in these par
ticipants (Waters and Fernyhough, 2017). Group differences were also
expected for the P2, specifically reduced P2 suppression indicating
altered conscious detection of self-initiated sounds (Knolle et al., 2013a,
2012).
We further expected groups to differ in motor preparation (RP)
(Kornhuber and Deecke, 1965), associated with the formation of an
efference copy (Ford et al., 2014a, 2014b), i.e., with sensory prediction
per se (Pinheiro et al., 2018). Alongside with alterations of
stimulus-evoked activity in voice hearers, we expected to observe a less
negative RP preceding sound onset, interpretable as an altered efference
copy. Finally, we reasoned that reduced coupling strength between
premotor brain activity and sensory suppression in response to
self-generated voices would be characteristic for voice hearers (Ford
et al., 2014a, 2014b).
2. Methods
2.1. Participants
Forty-seven right-handed (Oldfield, 1971) volunteers participated in
the study (Table 1): 15 participants with low AVH proneness; 16 NCVH;
16 first-episode psychotic patients with AVH. Exclusion criteria included
sensory-motor handicaps; neurological illnesses that may significantly
impair neurocognitive function; DSM-IV diagnosis of alcohol or drug
abuse/dependency in the year preceding the study.
Nonclinical participants were recruited in a university setting by email/internet advertisements and word-of-mouth (Pinheiro et al.,
2018). They were selected on the basis of their responses to the Launay

Table 1
Demographics and clinical scores.
CTR

NCVH

PAT

Group comparisons
(F, p)

16
6/10
21.67
(3.87)
35.81
(13.75)
7.50 (2.37)

16
9/7
24.40
(5.07)
–

–
–
1.22 (.307)

PANSS-Negative

–

–

CPZ equivalent
(mg)

–

–

9.75
(4.84)
23.46
(5.52)
16.92
(6.71)
24.40
(5.07)

109.55 (<.001)

PANSS-Positive

15
5/10
24.45
(6.07)
9.64
(7.39)
0.43
(0.94)
–

N
Gender (M/F)
Age (years)
LSHS-Total
LSHS-Auditory

–

40.40 (<.001)

–
–
–

Note. CTR ¼ Control Participants with Low AVH Proneness; NCVH ¼ Nonclinical
Voice Hearers; PAT ¼ Psychotic Patients with AVH; LSHS ¼ Launay-Slade
Hallucination Scale; PANSS ¼ Positive and Negative Syndrome Scale; CPZ ¼
Chlorpromazine. Standard deviation is shown in parentheses.
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Slade Hallucination Scale (LSHS) that assesses predisposition towards
experiencing hallucinations in healthy participants (Castiajo and Pin
heiro, 2017; Larøi and Van Der Linden, 2005; Levitan et al., 1996).
Participants were assigned to the groups of low (<2) or high (�5) AVH
proneness considering their scores on the LSHS items tapping into AVH
(sum of items 4, 8, and 9). Nonclinical participants completed a thor
ough clinical assessment that established that for those who reported
AVH (NCVH), voices were distinct from thoughts, were unrelated to
drug or alcohol abuse, and that participants did not have a psychiatric
diagnosis in relation to voice-hearing.
Patients within 2 years of illness onset and with current AVH were
recruited at the Hospital Center of Lisbon North (Lisbon). Diagnosis was
established by experienced psychiatrists and confirmed by the Struc
tured Clinical Interview for DSM-IV (SCID) (First et al., 2002). Symptom
severity in psychotic patients was assessed with the Positive and Nega
tive Syndrome Scale (PANSS) (Kay et al., 1987).
The study was approved by the institutional review board of the
University of Minho, Faculty of Psychology – University of Lisbon, and
University Hospital of Lisbon North. Before taking part in the study, all
participants were informed about the procedures and provided written
informed consent. They received a 20 € voucher for their participation in
the study or course credit (students).

Fig. 1. Schematic illustration of the experimental conditions. Note. The MOC is
a control condition for motor activity: a difference waveform was computed by
subtracting the MOC from the AMC (corrected AMC [cAMC]). The critical
comparison conditions are the cAMC and AOC.

2.2. Stimuli
A 680 Hz tone (50 ms duration; 70 dB sound pressure level [SPL])
and a pre-recorded self-voice speech sound (vowel/a/) were presented
in Experiments 1 and 2, respectively.

order counterbalanced across participants. Stimulus presentation was
controlled by Presentation 16.3 (Neurobehavioral Systems, Inc.). Stim
uli were delivered via Sennheiser CX 300-II headphones.

2.3. Procedure

2.3.3. EEG data acquisition and analysis
EEG data were recorded continuously at a digitization rate of 512 Hz
using a 64-channel BioSemi Active Two system and stored on hard disk
for later analysis.
Using Brain Vision Analyzer 2 (version 2.1.1.327), EEG data were
filtered with a 0.1–30 Hz bandpass filter (1601 Hamming windowed
filter) and referenced offline to the average of the left and right mastoids.
EEG was baseline corrected using a 100 to 0 ms pre-stimulus interval.
Tapping intervals shorter than 1.8 s or longer than 3.0 s were treated as
errors and excluded from further EEG analyses. Segments were screened
for eye movements, muscle artifacts, electrode drifting, and amplifier
blocking. The vertical electrooculogram (EOG) was derived by sub
tracting the activity measured at an electrode positioned below the left
eye from an electrode positioned above it. The horizontal EOG was
derived by subtracting the activity measured in electrodes placed at the
outer canthi of the eyes. EEG epochs with amplitudes exceeding �100
μV were rejected. After artifact rejection, at least 75% of the segments
per condition per participant entered the analyses. Conditions did not
differ in the number of non-rejected epochs (p > .05). Motor activity was
subtracted from the AMC (AMC – MOC ¼ corrected AMC [cAMC]) to
allow the comparison of sensory activity elicited in the two critical
conditions: AMC and AOC. This subtraction approach followed previous
studies (Baess et al., 2011; Elijah et al., 2016; Ford et al., 2014a, 2014b;
Oestreich et al., 2016; SanMiguel et al., 2013).
The waveforms revealed two distinct ERP peaks (see Fig. 2): a
negative peak at approximately 100 ms (N1) and a positive peak at
approximately 200 ms (P2). Mean amplitudes were computed in timewindows of 80–120 ms (N1) and 160–200 ms (P2). Following our own
(Pinheiro et al., 2018) and other prior studies (Knolle et al., 2013b,
2013a, 2012) to ensure comparability of findings, ERP data were
extracted from four regions of interest (ROI) comprising: left anterior
(F7, F3, FT7, FC3, T7, C3), right anterior (F8, F4, FT8, FC4, T8, C4), left
posterior (TP7, CP3, P7, P3, PO7, PO3), and right posterior (TP8, CP4,
P8, P4, PO8, PO4) electrode positions.
Voltage of the RP was measured at Cz (see Fig. 3) and locked to the

2.3.1. Voice recording
Before the EEG experiments, a voice recording session took place:
participants were instructed to repeatedly vocalize the syllable “ah”.
Recordings were made with an Edirol R-09 recorder and CS-15 cardioidtype stereo microphone. After the recording, the best voice sample of the
vowel /a/ from each participant (i.e., constant prosody; maximum
duration of 300 ms) was selected. The voice sample was edited to
eliminate background noise (using Audacity software), and a Praat
script was applied to normalize intensity at 70 dB. The stimulus for each
participant was saved as .WAV file.
2.3.2. EEG task
In the EEG experiments, participants sat comfortably at a distance of
100 cm from a desktop computer monitor in a sound-attenuated and
electrically shielded room.
A button-press paradigm was chosen over a speaking/listening
paradigm as a more controlled way to study sensory feedback (Knolle
et al., 2013b, 2013a, 2012). The paradigm comprised three conditions:
auditory-motor (AMC), auditory-only (AOC), and motor-only (MOC),
consisting of 100 trials each. A trial structure is presented in Fig. 1. In the
AMC, a button-press instantaneously elicited a tone (Experiment 1) or
the prerecorded voice of the participant (Experiment 2). Participants
pressed a button approximately every 2.4 s. In the AOC, participants
were instructed to passively listen and attend to the tones (Experiment
1) or to their pre-recorded self-voice (Experiment 2). The acoustic
stimulation from the AMC was recorded on-line and used as the auditory
sequence that was passively presented to participants in the AOC. This
ensured participants received the same set of stimuli in both conditions.
The experimental blocks were preceded by two training blocks, with 200
trials. In the training blocks, participants were trained to tap every 2.4 s.
The second training block included visual feedback to indicate whether
a trial was too slow (tapping interval > 3 s) or too fast (tapping interval
< 1.8 s). No feedback was provided during the experimental blocks.
Data from two experiments (Experiment 1: tones; Experiment 2: selfvoice) were recorded during a single EEG session, with the presentation
3
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Fig. 2. Panel A. Grand average waveforms at C4 illustrating the N1 and P2 responses to self-initiated and externally-initiated tones as a function of group.
Topographic maps show voltage distribution in the 80–120 ms (N1) and 160–200 ms (P2) latency windows in controls (A1), NCVH (A2), and psychotic patients (A3).
Panel B. Grand average waveforms at C4 illustrating the N1 and P2 responses to self-initiated and externally-initiated voices as a function of group. Topographic
maps show voltage distribution in the 80–120 ms (N1) and 160–200 ms (P2) latency windows in controls (B1), NCVH (B2), and psychotic patients (B3). Note. Grey
bars indicate latency windows used for the analysis of the N1 and P2 components. CTR ¼ Control Participants with Low AVH Proneness; NCVH ¼ Nonclinical Voice
Hearers; PAT ¼ Psychotic Patients with AVH; cAMC ¼ motor-corrected AMC condition; AOC ¼ auditory-only condition.
4
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time of the button-press as the RP’s maximal amplitude is recorded over
the midline vertex electrode (Deecke and Kornhuber, 1978; Vercillo
et al., 2018). The early RP phase was extracted from 1000 to 500 ms
before action onset, whereas the late RP phase was extracted from 500
ms until action onset, following prior studies using similar tasks (Ver
cillo et al., 2018).

response to tones (p > .05), NCVH showed a more negative N1 in
response to self-initiated voices compared to externally-generated voices
(β ¼ 1.672, SE ¼ 0.331, t(323) ¼ 5.057, p < .001; 95% CI: [1.024,
2.319]), as well as to self-initiated voices compared to self-initiated
tones (β ¼ 0.836, SE ¼ 0.335, t(323) ¼ 2.497, p ¼ .013; 95% CI:
[-1.493, 0.180]). The enhanced N1 response to self-initiated voices (vs.
self-initiated tones) in NCVH was significantly different from controls (β
¼ 0.836, SE ¼ 0.335, t(323) ¼ 2.497, p ¼ .013; 95% CI: [0.180, 1.493])
and patients (β ¼ 1.247, SE ¼ 0.329, t(323) ¼ 3.784, p < .001; 95% CI:
[0.601, 1.892]). The difference between self-initiated and externally
generated voices was not significant in patients (β ¼ 0.174, SE ¼ 0.331, t
(323) ¼ 0.525, p > .05; 95% CI: [-0.474, 0.821]).
P2: A significant effect of condition (F(1, 693) ¼ 14.744, p < .001)
indicated that the P2 was generally more suppressed (i.e., less positive)
in response to self-initiated sounds compared to externally generated
sounds (β ¼ 0.826, SE ¼ 0.274, t(693) ¼ 3.012, p ¼ .003, 95% CI:
[-0.468, 0.159]; see Fig. 2). Group interacted with stimulus type and
condition (F(6, 693) ¼ 2.338, p ¼ .030) indicating that the P2 sup
pression response (i.e., AMC – AOC difference) was larger in NCVH than
in patients (β ¼ 1.126, SE ¼ 0.388, t(693) ¼ 2.905, p ¼ .004, 95% CI:
[-1.886, 0.366]) but not in controls (p > .05). Nonetheless, the P2 was
generally reduced for voices (both self-initiated and externally gener
ated) but not for tones, in NCVH compared to controls (β ¼ 1.473, SE
¼ 0.612, t(54) ¼ 2.409, p ¼ .019, 95% CI: [-2.672, 0.274]) (see
Fig. 2).

2.3.4. Statistical data analyses
Linear mixed effects models were built to fit the ERP amplitudes per
participant and condition in each time-window of interest, using the
lmer4 (Bates et al., 2015) and lmerTest (Kuznetsova et al., 2017)
packages in the R environment (R3.4.3. GUI 1.70).1 In contrast to the
more traditional repeated-measures ANOVA analysis, mixed-effects
modeling allows controlling for the variance associated with random
factors such as random effects for participants in ERP amplitude (Baayen
et al., 2008). Considering that mixed-effects modeling can lead to more
efficient estimates and more powerful tests compared to the traditional
ANOVA (Bagiella et al., 2000; Boisgontier and Cheval, 2016; Jaeger,
2008), its use has been increasingly recommended in psychophysiology
for the analysis of repeated-measures experiments (e.g., Bagiella et al.,
2000).
The models tested the fixed effects of group (controls, NCVH, pa
tients), stimulus type (tone, self-voice), condition (cAMC vs. AOC), and
ROI (in the case of auditory potentials). Random effects terms included
the subject-specific random intercepts and random slopes. The Sat
terthwaite approximation was applied to the REML-fitted models (Luke,
2017). The anova function from lmerTest was used to provide p-values
for each factor, calculated from the F statistic.

3.3. Readiness Potential
A slope analysis (see Figs. 3 and 4) revealed that the RP rose much
more slowly in patients than in controls and had a lower amplitude. The
early RP deflected less negatively in patients than in controls (β ¼ 1.432,
SE ¼ 0.494, t(101) ¼ 2.899, p ¼ .005, 95% CI: [0.464, 2.401]). The late
RP was less negative in both patients (β ¼ 3.332, SE ¼ 0.749, t(93) ¼
4.446, p < .001, 95% CI: [1.863, 4.800]) and NCVH (β ¼ 1.936, SE ¼
0.742, t(91) ¼ 2.610, p ¼ .011, 95% CI: [0.482, 3.390]) compared to
controls. In controls, the early RP was significantly different from zero
before actions preceding tones (p ¼ .016) and voices (p ¼ .013), but not
before actions with no sensory feedback (p ¼ .150). However, the late RP
was significantly different from zero for all conditions (AMC tone – p <
.001, AMC voice – p < .001, MOC – p ¼ .009). In NCVH, the late RP was
significantly different from zero for all conditions (AMC tone – p ¼ .034,
AMC voice – p ¼ .046, MOC – p ¼ .036), but not the early RP (AMC tone –
p ¼ .167, AMC voice – p ¼ .882, MOC – p ¼ .141). In patients, both early
(AMC tone – p ¼ .302, AMC voice – p ¼ .360, MOC – p ¼ .934) and late
RP (AMC tone – p ¼ .710, AMC voice – p ¼ .475, MOC – p ¼ .630) did not
differ significantly from zero for any of the conditions tested.
As previous studies showed that the RP is larger when actions are
followed by sensory feedback (Vercillo et al., 2018), we computed the
difference between the RP in the MOC and AMC conditions: more pos
itive values indicate a more negative voltage for the AMC compared to
the MOC condition. The difference was then included as dependent
variable in the statistical model. This additional analysis revealed
qualitative differences between controls, NCVH, and patients. Both the
early and late RP phases differed significantly by group: the early RP was
more negative in the MOC compared to AMC in NCVH (β ¼ 1.003, SE
¼ 0.470, t(47) ¼ 2.134, p ¼ .038, 95% CI: [-1.924, 0.082]), and
tended to be more negative in the MOC compared to AMC in patients (β
¼ 0.898, SE ¼ 0.470, t(47) ¼ 1.911, p ¼ .062, 95% CI: [-1.819,
0.023]). The late RP phase was more negative in the MOC compared to
AMC in patients (β ¼ 1.393, SE ¼ 0.560, t(47) ¼ 2.489, p ¼ .016, 95%
CI: 2.490, 0.296]). Of note, only the early phase of the RP was
modulated by stimulus type: relative to controls, NCVH showed a less
negative RP (MOC > AMC) when preparing for a voice elicitation than
when preparing for a tone elicitation (β ¼ 0.651, SE ¼ 0.287, t(47) ¼
2.270, p ¼ .028, 95% CI: [-1.214, 0.089]).

3. Results
3.1. Behavioral results
Participants performed correct taps (i.e., tapping interval no longer
than 3 s and no shorter than 1.8 s – Knolle et al., 2012) in at least 68% of
trials. Means and standard deviations of tapping intervals are presented
in Table 2. No significant group differences were observed in the
response patterns for the AMC and MOC conditions, both in terms of
correctness or duration of tapping intervals (p > .05).
3.2. Auditory potentials
N1: The N1 was significantly modulated by condition (F(1, 693) ¼
14.744, p < .001), stimulus type (F(1, 693) ¼ 8.806, p ¼ .003), and
group (F(2, 44) ¼ 6.030, p ¼ .005; see Fig. 2). Furthermore, group
interacted with stimulus type and condition (F(2, 693) ¼ 4.716, p ¼
.009).
We confirmed that the N1 was suppressed (i.e., less negative) in
response to self-initiated compared to externally generated sounds (β ¼
0.660, SE ¼ 0.248, t(693) ¼ 2.665, p ¼ .008; 95% CI: [-1.146,
0.175]). Further, N1 amplitude was more negative for the self-voice
than for self-initiated tones (β ¼ 1.182, SE ¼ 0.240, t(693) ¼
4.927, p < .001; 95% CI: [-1.653, 0.712]). The N1 was generally less
negative in patients compared to controls (β ¼ 1.489, SE ¼ 0.552, t
(60) ¼ 2.697, p ¼ .009; 95% CI: [-2.571, 0.407]), and tended to be
less negative in patients compared to NCVH (β ¼ 1.001, SE ¼ 0.543, t
(60) ¼ 1.843, p ¼ .070; 95% CI: [-2.066, 0.064]).
While there were no condition-dependent group differences in
1
The literature is still developing in terms of how to compute power esti
mates for multilevel models because several factors may impact upon this
estimation, namely the number of levels, the type of design, the scale of the
variables, among others. Several studies have concluded that even when small
samples sizes are used little to no bias is achieved in the estimates of fixed
effects (e.g., Clarke and Wheaton, 2007; Maas and Hox, 2005).
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Fig. 3. The early and late components of the Readiness Potential (RP) as a function of group. Grey boxes indicate latency windows used for the analysis of the early
( 1000 to 500 ms) and late ( 500 to 0 ms) RP components, time-locked to button press onset. Topographic maps show voltage distribution in the 1000 to 500
ms (Early RP) and 100 to 0 ms (Late RP) latency windows in controls, NCVH, and psychotic patients. Note. CTR ¼ Control Participants with Low AVH Proneness;
NCVH ¼ Nonclinical Voice Hearers; PAT ¼ Psychotic Patients with AVH; MOC ¼ motor-only condition; AMC V ¼ auditory-motor condition for the self-voice; AMC T
¼ auditory-motor condition for tones; E ¼ Early RP; L ¼ Late RP.

consequences of voluntary actions (Reznik et al., 2018).

Table 2
Duration of tapping intervals in the auditory-motor and motor-only conditions.
CTR
NCVH
PAT

AMC Tone

AMC Voice

MOC

2460.90 (241.01)
2472.93 (177.05)
2331.97 (225.05)

2440.83 (244.38)
2471.90 (204.57)
2290.55 (228.03)

2505.17 (276.14)
2538.68 (195.56)
2463.44 (286.12)

4.1. The impact of hallucination proneness on self-initiated sound
processing
Typical N1 suppression to tones and voices was replicated in control
participants with low AVH proneness. In particular, self-voices elicited a
larger N1 response than tones, which might be accounted for by dif
ferences in stimulus duration (50 ms for tones; 300 ms for voices): N1
amplitude was found to increase linearly with stimulus duration (Ostroff
et al., 2003; Rosburg et al., 2008).
We also replicated the finding that higher AVH proneness in NCVH
was associated with N1 enhancement to self-voice feedback (Pinheiro
et al., 2018). In previous studies, both altered sensory prediction (Baess
et al., 2008; Behroozmand et al., 2007; Behroozmand and Larson, 2011)
and increased attention (Baess et al., 2008; Behroozmand et al., 2007;
Behroozmand and Larson, 2011) led to N1 enhancement rather than
suppression and the contribution of attention to altered self-voice
monitoring in AVH was shown (Ilankovic et al., 2011). Other EEG
studies also reported altered neurophysiological responses in NCVH that
are consistent with increased attention (i.e., larger P300 amplitudes in
an oddball task – van Lutterveld et al., 2010), whereas the reverse
finding (i.e., decreased attention) was observed in psychotic patients
(Jeon and Polich, 2003). The current findings potentially indicate less
accurate or reliable predictions of self-voice feedback in NCVH that
could lead to increased attention to self-voice feedback (Pinheiro et al.,
2018). Consistent with previous studies (Ford et al., 2001a), the N1
response to self-vs. externally generated voices did not differ in psy
chotic patients, indicating changes in sensory feedback processing when
comparing expected against actual sensation (Ford et al., 2001a), which
may reflect altered cerebellar function (Knolle et al., 2013a, 2012). The

Note. CTR ¼ Control Participants; NCVH ¼ Nonclinical Voice Hearers; PAT ¼
Psychotic Patients; AMC ¼ Auditory-Motor Condition; MOC ¼ Motor-Only
Condition. Response times are presented in ms. Standard deviations are shown
in parentheses.

3.4. Relationship between motor and auditory potentials
The N1 suppression effect was predicted by the RP: in all groups, the
more negative the late RP for actions with sensory feedback (AMC >
AOC), the larger the N1 suppression effect (β ¼ 0.848, SE ¼ 0.391, t(89)
¼ 2.170, p ¼ .033, 95% CI: [0.071, 1.631]. This relationship was
stronger when the button presses elicited voices than tones in the early
RP (β ¼ 1.722, SE ¼ 0.643, t(56) ¼ 2.679, p ¼ .010, 95% CI: [0.449,
3.026]).
4. Discussion
By directly comparing psychotic and non-psychotic voice hearers,
the current study specified whether AVH proneness similarly affects
sensory feedback processing of tones and voices. The results confirm
that AVH proneness alters the sensory suppression for the self-voice but
not for simple tones. Altered sensory suppression was found in the N1
and P2 components. We also report group differences for preparatory
motor activity (RP) that presumably encodes the predicted sensory
6
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Fig. 4. Slope of the RP (μV) in psychotic and nonclinical voice hearers and control participants. Note. CTR ¼ Control Participants with Low AVH Proneness; NCVH ¼
Nonclinical Voice Hearers; PAT ¼ Psychotic Patients with AVH; RP ¼ Readiness Potential. Bars in the x axis represent each participant’s data.

alteration of N1 suppression in nonclinical and clinical AVH occurred for
voices but not for tones. A less precise prediction may imply altered
self-monitoring of the voice as an external sound source (Allen et al.,
2004).
In the current study, the globally reduced N1 response in psychotic
patients is consistent with evidence for N1 amplitude reduction in both
active and passive tasks in schizophrenia, already observed in firstepisode psychotic patients (Ethridge et al., 2015; Force et al., 2008;
Rosburg et al., 2008; Salisbury et al., 2010; van Tricht et al., 2011) and
in unaffected first-degree relatives of schizophrenia patients (Foxe et al.,
2011). The N1 modulation in first-episode psychotic patients and clin
ical high-risk participants was therefore considered as an endopheno
typic marker for psychosis (Foxe et al., 2011). Of note, the global N1
response of NCVH was intermediate to controls and psychotic patients.
In prior studies, the N1 suppression effect in antipsychotic-free clinical
high-risk participants has been reported to be intermediate between
schizophrenia patients and controls (Perez et al., 2012). NCVH were
found to be at a higher risk for developing clinical disorders (Johns et al.,
2014). Specifically, both persistence and frequency of psychotic-like
experiences such as AVH increase the probability of a psychosis onset
(Johns et al., 2014). The current findings warrant longitudinal assess
ments of this cohort to determine the validity of the N1 as a marker of
AVH proneness.
Group differences in the P2, assumed to reflect the conscious
detection of a self-initiated sound (Knolle et al., 2013b, 2012), were also
observed. P2 suppression for tones and voices was enhanced in NCVH,
whereas P2 in patients was similar for self-initiated and externally
generated voices. However, the P2 was overall more suppressed in
response to voices than tones in NCVH compared to controls. The P2, not
the N1, was found to more directly relate to the subjective experience of

agency (Timm et al., 2016), i.e., the sense of control over voluntary
actions and their sensory consequences. Sensory attenuation to
self-generated action consequences is considered an implicit measure of
agency (Synofzik et al., 2008). Consequently, any alterations in the P2
could relate to changes in a sense of agency over one’s own actions and
their sensory effects. Despite an enhanced N1 response, NCVH could still
have a preserved feeling of agency compared to psychotic patients, who
showed no P2 suppression for voices. Consistent with this hypothesis,
phenomenological reports of AVH indicate that, when compared to
psychotic patients, NCVH report higher perceived control over the onset
and offset of voices and AVH have no relationship with anomalies in the
sense of self and identity (Johns et al., 2014). The current findings
support the notion that the N1 and the P2 reflect two dissociable pro
cesses (Crowley and Colrain, 2004), i.e. suppression (N1) and tagging
(P2) functions in the forward model (Ford et al., 2014a, 2014b; Knolle
et al., 2012, 2013a).
4.2. The impact of hallucination proneness on motor preparation to
sensory feedback
Preparing for an action is thought to result in the pre-activation of
the action’s sensory effects (Reznik et al., 2018; Roussel et al., 2013). In
previous studies, a larger (i.e., more negative) RP was associated with
greater N1 suppression for tones and voices (Ford et al., 2014a, 2014b;
Reznik et al., 2018; Vercillo et al., 2018). The current study confirms RP
group differences preceding actions with or without sensory conse
quences. A smaller RP was observed in patients compared to healthy
controls (both early and late phases) and NCVH (late phase only), irre
spective of condition. The condition-independent RP reduction is
consistent with prior studies reporting changes in motor preparation in
7
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psychosis, suggestive of frontal lobe and cerebellar dysfunction (Kap
penman et al., 2016; Luck et al., 2009; Singh et al., 1992). Of note, in the
current study the RP was not significantly different from zero in both
early and late phases, indicative of motor abnormalities that are already
observed in the early stage of psychosis. An intermediate RP pattern was
observed in NCVH, similarly to the N1. Notwithstanding, the RP change
in NCVH was stimulus-dependent: the early RP phase was smaller in
preparation of actions eliciting voices compared to tones. Previous
studies found that, compared to the late RP, the early RP seems to reflect
the encoding of expected sensory consequences of self-generated actions
(Reznik et al., 2018) and is more affected by positive symptoms, such as
AVH (Karaman et al., 1997). Changes of the early RP could potentially
result from structural changes in the SMA, which engages in the prep
aration for movements (Ball et al., 1999; Erdler et al., 2000; Praamstra
et al., 1996; Weilke et al., 2001; Wildgruber et al., 1997). These findings
align with alterations of the efference copy that affect the sensory con
sequences of an action. The preparation of an action is predictive of its
sensory consequences. Thus, an enhanced RP response should be asso
ciated with a strong N1 suppression effect. Accordingly, a smaller RP in
voice hearers was associated with a change in N1 suppression. Specif
ically, changes in the motor preparation for voice feedback in NCVH
could explain selective changes in the processing of self-generated vo
calizations. AVH may arise from an inaccurate efference copy, which
does not effectively prepare the auditory cortex for the sensory feedback
to the self-voice. It is possible that along the psychosis continuum,
altered sensory feedback that is predicted as a function of one’s own
action, occurs first for auditory stimuli with increased social relevance
(e.g., voices) and at clinical stages of the continuum generalizes to other
types of sounds (e.g., simple tones).

4.4. Limitations
A major limitation of the current study is the relatively small group
sample size. We note, though, that recruitment of nonpsychotic voice
hearers represents a challenging process due to concerns about stigma
(Alderson-Day et al., 2017). Even though the number of NCVH recruited
in the current study is similar to previous studies (for example, n ¼ 12 in
Alderson-Day et al., 2017; n ¼ 15 in Powers et al., 2017), the current
findings should be interpreted with caution.
Another limitation concerns the use of button-press tasks to study
action-related sensory attenuation in self-voice perception. Specifically,
the self-voice is perceived differently in speech production (where sound
is perceived through air and bone conduction) and in pre-recordings of
one’s own voice elicited by a button press (where sound is perceived
through air conduction only) (Maurer and Landis, 1990). Notwith
standing, previous studies successfully showed that prerecorded
self-voice stimuli are recognized as “self” with an accuracy rate above
89% (Hughes and Nicholson, 2010; Nakamura et al., 2001; Pinheiro
et al., 2019; Pinheiro et al., 2016; Rosa et al., 2008). When debriefed, all
participants of the current study indicated they recognized the
pre-recorded voice as their own voice. However, it is not entirely clear
whether preparation for sensory feedback is similar in button-press and
speaking tasks, which should be directly compared in future studies.
4.5. Conclusions
By directly comparing psychotic and NCVH, the current study
investigated AVH proneness and how it modulates the processing of
auditory stimuli (tones vs. voices) that are anticipated as a consequence
of an action. The results indicate that altered neural responses to voice
feedback may be core to AVH. Alterations of sensory feedback pro
cessing in both psychotic and NCVH are related to changes in prepara
tory motor activity prior to voluntary actions and their sensory
consequences. These findings support quasi-dimensional models of
hallucinations that suggest a continuum of psychotic symptoms in the
general population.

4.3. Implications
A complex combination of continuity and discontinuity in AVH in
nonclinical and clinical voice hearers has been noted (Luhrmann et al.,
2019; Waters and Fernyhough, 2019). The current findings are in line
with an extended psychosis phenotype (Kaymaz and van Os, 2010) and
specifically with quasi-dimensional models of hallucinations (Bau
meister et al., 2017), proposing that NCVH are at a middle-point be
tween psychotic patients and nonclinical individuals with low AVH
proneness (Baumeister et al., 2017). That is, changes in sensory feedback
seem to be distributed on a psychosis continuum rather than being
specific to psychotic disorders (Randeniya et al., 2018; Van Os et al.,
2009). However, the suppression pattern presents qualitative differ
ences between psychotic and nonclinical voice hearers, showing only
partial overlap with clinical disorder. Specifically, severe sensory sup
pression deficits were characteristic of psychotic patients, possibly as a
result of disease progression.
A stronger impact of AVH on the processing of self-generated voices
supports a model in which part of the neurobiological mechanism un
derlying AVH is shared between clinical and NCVH (Diederen et al.,
2012). It is possible that individual differences in how mechanistic
components of the forward model are changed (such as the RP, N1 and
P2) could give rise to distinct phenomenological experiences of voice
hearing, associated with differences in their clinical outcome (Johns
et al., 2014). For example, emotional salience (e.g., negative valence)
could affect the neural response to unexpected changes in self-voice
feedback (signaling sensory prediction error) differently in psychotic
and nonclinical voice hearers. This could explain phenomenological
differences in the content of AVH, which are often described as threat
ening and derogatory in psychotic voice hearers, but less so in
nonclinical AVH (e.g., Larøi et al., 2012; McCarthy-Jones et al., 2014b;
Nayani and David, 1996). This hypothesis is speculative and needs to be
tested in future studies.
These current findings highlight the relevance of the sensorimotor
network in the experience of AVH, and its broader role in psychopa
thology in line with the Research Domain Criteria (RDoC) framework.
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