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It has been claimed that individuals with schizophrenia have difficulty in self-recognition
and, consequently, are unable to identify the sources of their sensory perceptions
or thoughts, resulting in delusions, hallucinations, and unusual experiences of body
ownership. The deficits also contribute to the enhanced rubber hand illusion (RHI;
a body perception illusion, induced by synchronous visual and tactile stimulation).
Evidence based on RHI paradigms is emerging that auditory information can make an
impact on the sense of body ownership, which relies on the process of multisensory
inputs and integration. Hence, we assumed that auditory verbal hallucinations (AVHs),
as an abnormal auditory perception, could be linked with body ownership, and the
RHI paradigm could be conducted in patients with AVHs to explore the underlying
mechanisms. In this study, we investigated the performance of patients with/without
AVHs in the RHI. We administered the RHI paradigm to 80 patients with schizophrenia
(47 with AVHs and 33 without AVHs) and 36 healthy controls. We conducted the
experiment under two conditions (synchronous and asynchronous) and evaluated the
RHI effects by both objective and subjective measures. Both patient groups experienced
the RHI more quickly and strongly than HCs. The RHI effects of patients with AVHs
were significantly smaller than those of patients without AVHs. Another important finding
was that patients with AVHs did not show a reduction in RHI under asynchronous
conditions. These results emphasize the disturbances of the sense of body ownership in
schizophrenia patients with/without AVHs and the associations with AVHs. Furthermore,
it is suggested that patients with AVHs may have multisensory processing dysfunctions
and internal timing deficits.
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INTRODUCTION

Schizophrenia is a severe mental disorder characterized
by thought and perception disturbances. Individuals with
schizophrenia usually have difficulties in distinguishing between
reality and fantasy, which may cause unusual experiences of
reality. Auditory verbal hallucinations (AVHs) are one of the
most common presenting symptoms of schizophrenia, and are
usually defined as the sensory perceptions of hearing voices
that do not exist, occurs in approximately 74% of patients with
schizophrenia (Dierks et al., 1999; Choong et al., 2007). Since
the mechanisms underlying AVHs are unknown, researchers
have proposed multiple theoretical models, such as unstable
memories, source monitoring, top-down attention, and hybrid
models of hallucinations (Ćurčić-Blake et al., 2017b).

From the view of cognition, most perception disturbances
revolve around self-recognition failures, which means that
patients tend to mistakenly attribute self-generated behaviors to
an external source (Waters et al., 2010; Graham et al., 2014; Klaver
and Dijkerman, 2016). Auditory verbal hallucinations are due
to attribution errors, where internal mental events are mistaken
as sensations originated from the surrounding environment
(McGuire et al., 1995). Some researchers propose that AVHs
result from an attentional bias toward internally generated
information. This theory is supported by neuroimaging findings
that suggest patients with AVHs also show deficits in processing
exogenously presented sounds (David et al., 1996; Woodruff
et al., 1997; Hugdahl et al., 2009; Kompus et al., 2011). Patients
with AVHs can show an impaired performance on auditory
attention tasks, such as the dichotic listening (DL) paradigm
(Hugdahl et al., 2007). A meta-analysis found that activation in
the left primary auditory cortex and the right rostral prefrontal
cortex increased in the absence of external auditory stimuli
but decreased in the presence of external auditory stimuli
(Kompus et al., 2011).

In fact, numerous brain regions associated with audition are
also involved in processing other sensory information and the
integration of different types of sensory information (Caetano
and Jousmäki, 2006; Butler et al., 2012; Knöpfel et al., 2019;
Kassuba et al., 2020). Meanwhile, there are interactions between
audition and other senses in some ways, such as touch and
vision. For instance, long-term exposure to auditory noises can
increase sensitivity to tactile frequency (Kassuba et al., 2020).
By providing visual stimuli consistent with auditory stimuli, the
representation of that sound can be strengthened in the auditory
cortex (Atilgan et al., 2018). Moreover, multisensory integration
effects can also act on some more advanced functions, such as
emotional response and perception (Collignon et al., 2008; Pan
et al., 2019), speech and language processing (Righi et al., 2018),
and self-perception (Noel et al., 2018). According to the research
based on the rubber hand illusion (RHI) paradigm, the sense of
body ownership also relies on the reception and integration of
self and externally generated multisensory information (Grechuta
et al., 2021). Previous studies have shown that auditory cues
can help to enhance the illusion, which suggests that auditory
information plays a role in the framework of body ownership
(Radziun and Ehrsson, 2018). In addition, a recent study has

revealed that the sense of body ownership can be impacted
by distal auditory signals that are independent of the action
(Grechuta et al., 2021). We can speculate that, since AVHs involve
abnormal auditory perceptions, they may have an impact on the
processing of all types of sensory information, including the sense
of body ownership. Although prior studies have established that
deficits in multisensory integration are closely correlated with
schizophrenia, the studies on the direct relationship between
AVHs and integration processing are lacking, and most of them
focus on audiovisual integration (Surguladze et al., 2001; Kim
et al., 2003; Szycik et al., 2009).

The RHI paradigm is a classic and effective experimental
method to induce body ownership illusions via the visual and
tactile stimulations (Graham et al., 2014). The sense of body
ownership relies on multisensory integration. The RHI paradigm
induces a distorted sense of body ownership in an attempt
to mediate conflicting visual and proprioceptive signals by
integrating multisensory input to form a coherent representation
of the body and the world (Tang et al., 2015; Klaver and
Dijkerman, 2016). Simply put, the participants are more likely
to report that the rubber hand is their own hand by hiding
the real hand and, brushing the two hands synchronously
while watching the fake hand, while these feelings can decrease
under asynchronous conditions (Tsakiris and Haggard, 2005).
In addition, the illusion can be reduced under circumstances
where the rubber hand does not match the subject’s visual body
image, such as using a wooden block or changing the position
of the subject’s hand (Tsakiris and Haggard, 2005; Costantini and
Haggard, 2007).

Due to their disturbed sense of self, patients with
schizophrenia can experience abnormal body perception,
including impairments in body ownership. Therefore, they are
more susceptible to enhanced RHI (Thakkar et al., 2011; Zopf
et al., 2021). The use of the RHI in patients with schizophrenia
was first described by Peled et al. (2000), who found that
patients have more profound experiences of the illusion than
healthy controls (HCs), and subsequent studies have reported
similar results (Peled et al., 2003; Thakkar et al., 2011; Germine
et al., 2013). Furthermore, healthy individuals with psychosis-
proneness also have more intensive experiences than those
without schizotypal personality traits (Germine et al., 2013).
A significant correlation between the severity of body-related
perceptual symptoms and the intensity of RHI has been found
in patients with schizophrenia (Germine et al., 2013; Zopf
et al., 2021). In addition, researchers have observed that the
sensitivity to detect temporal differences decreases in patients
with schizophrenia by comparing the intensity of the illusion
between synchronous and asynchronous conditions, which is
related to their increased susceptibility to RHI (Zopf et al., 2021).

In view of the prevalence and specificity of AVH in psychosis,
studying AVH is likely to provide a valuable perspective that
is distinct from that generated by the study of schizophrenia
alone. The RHI paradigm is an accessible way to observe
an impaired sense of body ownership in individuals with
schizophrenia. Unlike previous studies, it is a process of visual-
tactile integration, so we can explore the performance of the
patients in this special process and its relationship with specific
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symptoms. Hence, in this study, we used the RHI paradigm
to the schizophrenia patients with AVHs and compared their
performance with HCs and the patients without AVHs. We
aimed to observe the sense of body ownership and visual–tactile
integration in schizophrenia patients with AVHs through an easy
and intuitive method. We hypothesized that the illusion intensity
of patients with AVHs might be greater than that of patients
without AVHs and HCs due to the deficits in their sense of self.

MATERIALS AND METHODS

Participants
A total of 80 patients who met the DSM IV-TR criteria for
schizophrenia were recruited from among outpatients attending
the Second Xiangya Hospital of Central South University, China,
from 2018 to 2019. A total of 36 healthy volunteers with no
personal or family history of mental illness were recruited
using poster advertisements and screened by matching their age,
gender, and education years to the patients. All participants were
native Chinese speakers and were interviewed by psychiatrists
to evaluate their ability to understand and follow simple
instructions. The inclusion criteria required that participants
were right-handed, aged between 16 and 45, and were able to
understand and cooperate with the research procedures. The
exclusion criteria for all participants were (1) substance abuse, (2)
a history of head trauma resulting in loss of consciousness, or (3)
major medical or neurological illness. According to the presence
of AVHs, patients were divided into two subgroups. Patients
with AVHs were defined as patients who experienced AVHs at
least once a day in the past year, while patients without AVHs
were those who had never experienced AVHs since the onset of
the disease. The subgroup of patients with AVHs contained 47
patients, while the subgroup of patients without AVHs contained
33 patients. Patients in each group were matched for age, gender,
education years, medication, and duration of illness. This study
was approved by the Second Xiangya Hospital Ethics Committee
(No. S006, 2018), and all participants fully understood the
research procedures and provided written informed consent.

The Rubber Hand Illusion Setup
Each participant sat down at the table opposite the experimenter.
They placed their right hand in an open-side box to hide it from
view. A life-sized rubber hand, wearing a blue latex glove, was
placed to the left of the real right hand. The distance between
the two hands was 15 cm. To maintain a consistent appearance,
participants were required to wear a blue latex glove on their
right hand. In addition, their right arm was covered by a long
black cloak, which could prevent the participant from observing
the location of their real hand. Two rotating brushes, driven by
an electric motor (Xinda XD60D94-12Y-505, China), struck the
right index finger of both the real and rubber hands at a constant
rhythm of approximately 1 Hz. The experiment included two
conditions, namely, synchronous and asynchronous. In the
synchronous condition, the two brushes moved simultaneously
without interval time. In the asynchronous condition, there was
a 500-min delay in the brush that struck the real hand, which

meant that tactile stimulation would be given to the participants
after the visual stimulation of seeing the brush strike the rubber
hand. Before the start of the experiment, the rubber hand was
hidden from view.

Experimental Design
According to the condition of visuo-tactile stimulation,
the experiment was divided into two blocks, and all
participants experienced both blocks. The stimulation order was
determined by coin flipping and was completely random and
counterbalanced. Each block consisted of a 2-min induction
period followed by a 3-min period during which the participants
located their right index finger. Two measures were applied to
evaluate the intensity of the illusion, namely, proprioceptive drift
and subjective experience.

Proprioceptive Drift
At the beginning of the task, all participants were asked to make
a judgment about the baseline position of their right index finger.
Then, the participant was allowed to see the rubber hand and the
electric motor started. After a 2-min induction period (Tang et al.,
2015; Prikken et al., 2019; Zopf et al., 2021), the participant made
a further judgment about their index finger every 1 min. Five
judgments would be made in total, and each task lasted for 6 min.
All judgments were documented using the readings observed in a
ruler placed on top of the box. Drift was defined as the change in
the perceived location from the baseline measurement, calculated
by subtracting the estimates before the illusion from the estimates
after the illusion. The average of the four measurements was used
in the analysis.

Subjective Experience
After completing each task, participants were asked to complete a
questionnaire in Chinese consisting of nine statements describing
the perceptual experiences and sensations, such as “It seemed
as if I were feeling the touch of the paintbrush in the location
where I saw the rubber hand” and “I felt as if the rubber hand
were my hand” (Botvinick and Cohen, 1998). Answers were
scored on a scale ranging from 1 (completely disagree) to 5
(completely agree).

Clinical Evaluation
Clinical evaluation was performed independently by two
experienced senior psychiatrists. The severity of illness was
assessed by the 30-item Positive and Negative Syndrome
Scale (PANSS) (Kay et al., 1987). For the subgroup of
patients with AVHs, the 7-term Auditory Hallucinations Rating
Scale (AHRS) was conducted to assess the severity of AVH
(Hoffman et al., 2003).

Statistical Analysis
All statistical analyses were performed using SPSS (version 25,
IBM Inc., New York, United States). All statistical tests were two-
tailed, and the effects were considered significant if p < 0.05.
Shapiro–Wilk’s tests were used as normality tests. As the data did
not fall into a normal distribution, we used non-parametric tests:
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TABLE 1 | Demographic and clinical characteristics of patients with auditory verbal hallucinations (AVHs), patients with no AVHs and healthy controls.

AVHs patients
(n = 47)

Non-AVHs patients
(n = 33)

HCs
(n = 36)

Statistic test (df) p value

Demographic

Gender(M/F) 25/22 15/18 19/17 χ2(2) = 0.541 0.763

Age (years) 25.9 ± 5.3 (17–38) 27.0 ± 6.3 (18–42) 26.9 ± 5.7 (19–36) F (2,113) = 0.511 0.601

Education(years) 12.6 ± 2.4 (9–17) 13.7 ± 2.7 (9–19) 13.8 ± 2.6 (6–17) F (2,113) = 2.933 0.057

Clinical

Duration of illness (months) 7.9 ± 5.0 6.0 ± 3.8 – t(78) = 2.196 0.060

Medication (CPZE mg/day) 639.6 ± 273.3 566.7 ± 411.7 – t(78) = 0.878 0.344

PANSS Total 58.6 ± 13.6 49.7 ± 15.7 – t(78) = 2.692 0.009*

PANSS Positive 16.2 ± 4.1 10.4 ± 3.9 – t(78) = 6.576 <0.001*

PANSS Negative 14.9 ± 5.5 13.1 ± 6.1 – t(78) = 1.130 0.167

PANSS General 27.4 ± 6.6 26.2 ± 7.6 – t(78) = 0.820 0.443

P3 item 4.8 ± 0.8 – – – –

AHRS Score 25.9 ± 3.8 – – – –

Values are provided as mean ± SD unless otherwise stated. PANSS, Positive and Negative Syndrome Scale; AHRS, Auditory Hallucinations Rating Scale; CPZE,
chlorpromazine equivalent dose. *p < 0.05.

the Kruskal–Wallis H test was used in the intergroup comparison;
Wilcoxon signed-rank test was used in analyses within the same
group; and Spearman’s rank correlation coefficient test was used
in exploring the relationship between the severity of symptoms
and the intensity of the illusion.

RESULTS

Participants
The demographic and clinical characteristics of the participants
are summarized in Table 1. The study population consisted of 47
patients with AVHs, 33 patients without AVHs, and 36 HCs. No
significant differences were found in gender, age, and education
among the three groups. Compared to patients without AVHs,
patients with AVHs had higher PANSS total and positive scores.

FIGURE 1 | Line graph to show the change in the proprioceptive drift of
patients and healthy controls (HCs) over time. Judgments were taken at 1 min
intervals.

However, no group differences were found for the negative or
general scores between the two patient groups.

Medication and the Illusion
Several studies show that the RHI might relate to dopaminergic
pathways (Albrecht et al., 2011; Ding et al., 2017; Waldmann
et al., 2020), so the medication was entered into the correlation
analysis with the illusion. We explored their relationship using
Spearman’s rank correlation coefficient. Significance level was
defined at α = 0.0125 after Bonferroni correction. There was
no significant correlation between medication and synchronous
proprioceptive drift [ρ(80) = −0.167, p = 0.138], asynchronous
proprioceptive drift [ρ(80) = −0.087, p = 0.441], synchronous
subjective score [ρ(80) = 0.121, p = 0.286], or asynchronous
subjective score [ρ(80) = 0.240, p = 0.032].

Preliminary Analysis: Baseline Accuracy
of Hand Position Estimation
To test whether there were differences in localization at baseline
status between the patient groups and the HCs, we first calculated
the difference between the baseline readings of the experimenter
and that of the participants. Then we conducted a Kruskal–Wallis
H test, which showed that there were no significant differences
among the three groups in either the synchronous condition
[H(2) = 5.314, p = 0.070] or the asynchronous condition
[H(2) = 3.441, p = 0.179]. Therefore, we believed that the patients
had no difficulty in hand localization prior to the onset of the
illusion-inducing stimulation.

Proprioceptive Drift
The perceived hand location varied over time (Figure 1). As
shown in the figure, in both patient groups, the maximum
proprioceptive drift appeared in the second measurement, while
in HCs, it appeared in the last measurement.

The Kruskal–Wallis H test showed that whether in the
synchronous condition [H(2) = 23.834, p < 0.001] or the
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FIGURE 2 | Mean proprioceptive drift of patients with auditory verbal
hallucinations (AVHs) (H), patients without AVHs (NH), and HCs under two
stimulation conditions: synchronous (Sync) and asynchronous (Async). Error
bars reflect 95% confidence intervals.

asynchronous condition [H(2) = 24.198, p < 0.001], there was
a significant difference in proprioceptive drift among all groups
(Figure 2). Pairwise multiple comparisons were performed using
Dunn’s pairwise tests with Bonferroni correction, which showed
that, under the synchronous conditions, patients without AVHs
had the largest mean drift, followed by patients with AVHs
and HCs in succession, and the difference in patients without
AVHs between patients with AVHs (p < 0.001) and HCs
(p < 0.001) was significant; however, the difference between
patients with AVHs and HCs was not significant (p = 0.844).
Similar results were found in asynchronous conditions, and
the pairwise comparisons between the patients without AVHs
and the other two groups were significantly different (pH-
NH = 0.015, pHC-NH < 0.001, pHC-H = 0.040). The Wilcoxon
signed-ranks test showed that the total drift was greater after
synchronous rather than asynchronous stimulation in patients
without AVHs (Z = 1.984, p = 0.047) and HCs (Z = 2.451,
p = 0.014), but no significant differences between the two
conditions were observed among patients with AVHs (Z = 0.321,
p = 0.748) (Figure 2).

We also performed a generalized linear mixed model (GLMM)
to estimate the proprioceptive drift of the patients, and the PANSS
score (p = 0.515), medication (p = 0.743), stimulation condition
(p < 0.001), and group (p < 0.001) were involved in the analysis.
The results confirmed that there were no associations between
PANSS score or medication and proprioceptive drift.

Subjective Experience
The illusion scores were compared between the three groups
using the Kruskal–Wallis H test followed by the post hoc

Dunn’s test with Bonferroni correction. The results showed
that the illusion score was significantly different among the
three groups in the two conditions [synchronous condition:
H(2) = 19.159, p< 0.001; asynchronous condition: H(2) = 19.446,
p < 0.001] (Figure 3). Under the synchronous conditions,
consistent with the proprioceptive drift, the score of patients
without AVHs was significantly higher than that of patients with
AVHs (p = 0.009) and HCs (p < 0.001), while there was no
significant difference between the other two groups (p = 0.303).
Under the asynchronous conditions, each patient group had a
higher score than HCs (pHC-NH = 0.002, pHC-H < 0.001), but
no significant differences were found between the two patient
groups (pH-NH = 1.000) (Figure 3). The synchronous illusion
scores were also higher than the asynchronous illusion scores in
HCs (Z = 4.054, p< 0.001) and patients without AVHs (Z = 4.276,
p < 0.001), while no significant difference between the illusion
scores under the two conditions was found among patients with
AVHs (Z = 0.138, p = 0.890). Similarly, the results of GLMM
showed that medication (p = 0.091) and PANSS score (p = 0.523)
were irrelevant to the illusion score.

Relationship Between the Illusion and
the Severity of Symptoms
We explored the relationship between the illusion intensity and
the severity of symptoms using Spearman’s rank correlation
coefficient. Both proprioceptive drift and subjective experience
under all conditions were entered in the correlation analysis.
There was no significant correlation between the measures of
the illusion for the two conditions and PANSS total scores or
each subscale score in the two patient groups. In addition, for
the subgroup of patients with AVHs, the total AHRS score and
each item score were included in further analysis. However, no
significant correlation was found either.

DISCUSSION

The aim of this study was to assess the deficits in sense of
body ownership and multisensory integration in schizophrenia
patients with/without AVHs. We used the RHI paradigm in
HCs and patients with/without AVHs and compared their
performances. The main findings were as follows: (1) compared
to HCs, the illusion of schizophrenia patients with or without
AVHs both showed up more quickly and was stronger. (2)
Patients with AVHs experienced a weaker illusion than patients
without AVHs. (3) Unlike HCs and patients without AVHs,
patients with AVHs did not show a reduction in the RHI illusion
under asynchronous conditions.

In agreement with previous studies, this study showed that
the proprioceptive drift peak appeared earlier and was higher in
both patient groups than in HCs. The strong and quick illusion
of individuals with schizophrenia revealed that there was an
impairment of body ownership, which is a component of self-
awareness (Thakkar et al., 2011). In fact, the sense of body
ownership involves two processes: the bottom-up integration
of multisensory inputs and the top-down prediction (Grechuta
et al., 2019). Although disturbances of body ownership in
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FIGURE 3 | Mean overall subjective experience score of patients with AVHs
(H), patients without AVHs (NH), and healthy controls (HC) under two
stimulation conditions: synchronous (Sync) and asynchronous (Async). Error
bars reflect 95% confidence intervals.

individuals with schizophrenia are often linked with their deficits
in multisensory integration, the role of top-down processes
cannot be ignored. Ferri et al. designed a new induction
procedure for the RHI in which the anticipation replaces the
actual synchronized visuo-tactile stimulation and applied it to
patients with schizophrenia (Ferri et al., 2013, 2014). The results
showed that the patients with schizophrenia had a weaker illusion
than the HCs in this paradigm and revealed that patients might
have a predictive mechanism different from healthy individuals
(Ferri et al., 2014). There have been RHI studies using an
unpredictable delay in the asynchronous condition, and their
results confirmed the presence of top-down differences between
population groups (Botan et al., 2018, 2021). However, there
have not been RHI studies on schizophrenia using unpredictable
delays. Hence, further RHI studies on schizophrenia can take
advantage of unpredictable delays in the asynchronous condition
to better understand the predictive mechanisms of patients
with schizophrenia.

It is well accepted that a combination of subjective and
objective measures is conducive to the better evaluation
of the RHI (Klaver and Dijkerman, 2016). In our study,
the two measurements’ results were consistent. Nevertheless,
contradictory results have been reported in previous studies,
which show dissociation between subjective ratings and drift
(Shimada et al., 2009; Rohde et al., 2011; Romano et al.,
2015). Additionally, studies on the associations between RHI
and hypnotizability have suggested that the RHI processes
contain implicit imaginative suggestion effects, which may have
an impact on the reliability of so-called objective measures
such as proprioceptive drift and skin conductance response
(Lush et al., 2020, 2021). Lower self-awareness is related to
higher hypnotizability (Cardeña and Terhune, 2019). Notably,
higher hypnotizability enhances RHI effects and becomes
a potential confounding factor (Lush et al., 2020, 2021).

However, lower hypnotizability and enhanced RHI effects can
both be observed in patients with schizophrenia (Frischholz
et al., 1992). Hence, further discussions on hypnotizability and
schizophrenia are needed, and relevant confounders should be
identified and removed.

However, contrary to our expectation, patients with AVHs
showed weaker illusion intensity than patients without AVHs,
except that the two groups of patients had similar subjective
experience scores under asynchronous conditions. We suggest
that there can be several possible reasons to explain the result.
The occurrence of RHI is a result of multisensory inputs and
integration, so the reduction of the illusion may not mean a better
sense of body ownership for patients with AVHs, but a reduction
of the response to external stimulations and of multisensory
integration. In fact, the development of AVHs is caused not only
by the increased activation of endogenously evoked processing
but also by the decreased activation of exogenously evoked
processing (Kompus et al., 2011). Previous imaging studies have
found that the same areas in the auditory cortex will be activated
when an external auditory stimulus is not present; instead, when
receiving the stimulus, the area will be deactivated (Binder et al.,
1996; Hugdahl et al., 1999). There is an inhibitory dysfunction
in the anterior cingulate cortex (ACC) of individuals with
hallucinations, which leads to a deficient top-down inhibition of
automatic activations. Therefore, the self-generated information
can compete with the exogenous stimulations for attentional
resources, resulting in a reduced response to the exogenous
stimulations (Hunter et al., 2006; Hubl et al., 2007). We assume
that competition may occur in the response to multisensory
stimuli but is not limited to external auditory stimuli.

The RHI is a response to tactile and visual stimuli; in other
words, the reduced illusion may represent a reduced response to
external stimuli. In addition, the RHI is based on multisensory
integration, while impaired multisensory processing but not
unisensory processing by individuals with schizophrenia has been
detected in some paradigms (de Gelder et al., 2005; Ross et al.,
2007; Germine et al., 2013; Stevenson et al., 2017). Among all
of the symptoms of schizophrenia, hallucinations are the most
closely associated with multisensory integration, and previous
studies have shown that the more types of hallucinations the
patients experienced, the more severe their impairments were
(Williams et al., 2010; Postmes et al., 2014).

A relationship between the audiovisual speech-perception
network and hallucinations has been recognized, and this
network is involved in the audiovisual integration. In addition,
some regions in the impaired auditory association cortex, such
as the superior temporal gyrus (STG) and the prefrontal cortex,
of patients with AVHs may also play a role in tactile perception
(Foxe et al., 2002; Schürmann et al., 2006; Bolognini et al., 2010;
Spitzer and Blankenburg, 2012; Vergara et al., 2016; Ćurčić-Blake
et al., 2017a; Hjelmervik et al., 2020). Existing studies have shown
that external auditory signals can enhance the sensitivity to detect
tactile frequency (Crommett et al., 2017). We deduced that the
tactile frequency sensitivity in patients with AVHs might be
reduced, which further caused an increased sensory asynchrony
between tactile and visual stimuli and reduced the illusions.
In short, there may be some remarkable overlaps between the
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regions involved in hallucinations and multisensory integration
(Surguladze et al., 2001; Kim et al., 2003; Szycik et al., 2009).

Accordingly, a deficit in visual-tactile integration may also
exist in patients with AVHs, contributing to the reduced
illusions of patients with AVHs. Another likely explanation
is that hallucinations and delusions are two of the most
common symptoms of schizophrenia, and delusions may be
more prevalent in the group of patients without AVHs. The
RHI can be seen as a false belief that the fake hand is one’s
own hand, similar to a delusion in a way, and previous studies
have confirmed that the RHI effects are positively correlated with
delusions in patients with schizophrenia (Germine et al., 2013;
Crespi and Dinsdale, 2019; Prikken et al., 2019). It has been
found that the experiences of delusions are associated with the
structural changes within the insula, and dysfunctions in the
region are critical to the increased RHI effects (Cascella et al.,
2011; Crespi and Dinsdale, 2019).

An unexpected finding was that there was no difference in the
illusion effects of patients with AVHs between the synchronous
and asynchronous conditions. In the previous RHI studies on
patients with schizophrenia, this phenomenon tended to be
associated with their timing deficits (Zopf et al., 2021). It is
commonly known that individuals with schizophrenia have a
reduced sensitivity to asynchrony, and they usually need longer
temporal intervals between stimulations to detect the asynchrony
(Foucher et al., 2007; Arzy et al., 2011; Stevenson et al., 2017). This
reduced sensitivity has been linked to body-related perceptual
symptoms and passivity symptoms (Graham et al., 2014; Zopf
et al., 2021). The result of a study using the RHI paradigm was
in line with the findings, and it also indicated that the reduced
sensitivity was irrelevant to the increased RHI susceptibility (Zopf
et al., 2021). In this study, we set the delay time to 500 min,
which was not long enough to avoid the normal reduction in
RHI typically seen under asynchronous conditions (Graham
et al., 2014). We found it in patients without AVHs but not in
patients with AVHs, indirectly suggesting that the impairments
in temporal processing in patients with AVHs were more severe
than in patients without AVHs. Even so, the illusion effect did
not become stronger along with it, which confirms the finding
mentioned above (Zopf et al., 2021).

These findings are supported by relevant neuroimaging
studies, showing that the functional and anatomical changes
in the posterior temporal cortex not only participate in
the formation of hallucinations (Barta et al., 1990; Levitan
et al., 1999; Kim et al., 2003; Cachia et al., 2008), but are
also involved in multisensory integration processes, including
temporal processing (Miller and D’Esposito, 2005; Stevenson
et al., 2011). Some researchers have proposed that there might
not be specific brain networks for temporal perception, and
instead they widely exist in each neural network (Stevenson et al.,
2017). However, most neuroimaging studies on the relationship
between multisensory integration, temporal processing in it and
hallucinations are focused on audiovisual coupling, and the
precise mechanisms and the regions involved with visual-tactile
integration in patients suffering from hallucinations are still
unknown. Hence, further studies should take more types of
sensory integration into account.

CONCLUSION

In conclusion, there was a disturbance in the sense of body
ownership in individuals with schizophrenia whether they
experienced AVHs or not. In addition, those patients with
AVHs seemed to show a reduced multisensory processing and
integration. Meanwhile, deficits in temporal perception, which
indicate impaired multisensory integration, were observed. The
reason might be that there are some overlaps between the brain
regions involved in multisensory integration and hallucinations.
Notably, our findings of temporal perception deficits were
in accordance with the lack of facilitation of RHI for the
synchronous condition, so measures of time perception should
be considered in future studies. The current findings were
based on behavioral measures only, whereas past neurobiological
studies about the integration process were mostly limited
to audiovisual stimulation. Therefore, some neuroimaging
tools, such as magnetic resonance or electroencephalogram,
can be used in future studies to more deeply explore the
underlying mechanisms.
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Ćurčić-Blake, B., Ford, J. M., Hubl, D., Orlov, N. D., Sommer, I. E., Waters, F.,
et al. (2017b). Interaction of language, auditory and memory brain networks
in auditory verbal hallucinations. Prog. Neurobiol. 148, 1–20. doi: 10.1016/j.
pneurobio.2016.11.002

David, A. S., Woodruff, P. W., Howard, R., Mellers, J. D., Brammer, M., Bullmore,
E., et al. (1996). Auditory hallucinations inhibit exogenous activation of
auditory association cortex. Neuroreport 7, 932–936. doi: 10.1097/00001756-
199603220-00021

de Gelder, B., Vroomen, J., de Jong, S. J., Masthoff, E. D., Trompenaars, F. J., and
Hodiamont, P. (2005). Multisensory integration of emotional faces and voices
in schizophrenics. Schizophr. Res. 72, 195–203. doi: 10.1016/j.schres.2004.
02.013

Dierks, T., Linden, D. E., Jandl, M., Formisano, E., Goebel, R., Lanfermann, H., et al.
(1999). Activation of Heschl’s gyrus during auditory hallucinations. Neuron 22,
615–621. doi: 10.1016/s0896-6273(00)80715-1

Ding, C., Palmer, C. J., Hohwy, J., Youssef, G. J., Paton, B., Tsuchiya, N.,
et al. (2017). Parkinson’s disease alters multisensory perception: insights
from the Rubber Hand Illusion. Neuropsychologia 97, 38–45. doi: 10.1016/j.
neuropsychologia.2017.01.031

Ferri, F., Chiarelli, A. M., Merla, A., Gallese, V., and Costantini, M. (2013). The
body beyond the body: expectation of a sensory event is enough to induce
ownership over a fake hand. Proc. Biol. Sci. 280:20131140. doi: 10.1098/rspb.
2013.1140

Ferri, F., Costantini, M., Salone, A., Di Iorio, G., Martinotti, G., Chiarelli, A.,
et al. (2014). Upcoming tactile events and body ownership in schizophrenia.
Schizophr. Res. 152, 51–57. doi: 10.1016/j.schres.2013.06.026

Foucher, J. R., Lacambre, M., Pham, B. T., Giersch, A., and Elliott, M. A. (2007).
Low time resolution in schizophrenia Lengthened windows of simultaneity for
visual, auditory and bimodal stimuli. Schizophr. Res. 97, 118–127. doi: 10.1016/
j.schres.2007.08.013

Foxe, J. J., Wylie, G. R., Martinez, A., Schroeder, C. E., Javitt, D. C., Guilfoyle,
D., et al. (2002). Auditory-somatosensory multisensory processing in auditory
association cortex: an fMRI study. J. Neurophysiol. 88, 540–543. doi: 10.1152/jn.
2002.88.1.540

Frischholz, E. J., Lipman, L. S., Braun, B. G., and Sachs, R. G. (1992).
Psychopathology, hypnotizability, and dissociation. Am. J. Psychiatry 149,
1521–1525. doi: 10.1176/ajp.149.11.1521

Germine, L., Benson, T. L., Cohen, F., and Hooker, C. I. (2013). Psychosis-
proneness and the rubber hand illusion of body ownership. Psychiatry Res. 207,
45–52. doi: 10.1016/j.psychres.2012.11.022

Graham, K. T., Martin-Iverson, M. T., Holmes, N. P., Jablensky, A., and Waters,
F. (2014). Deficits in agency in schizophrenia, and additional deficits in
body image, body schema, and internal timing, in passivity symptoms. Front.
Psychiatry 5:126. doi: 10.3389/fpsyt.2014.00126

Grechuta, K., De La Torre Costa, J., Ballester, B. R., and Verschure, P. (2021).
Challenging the boundaries of the physical self: distal cues impact body
ownership. Front. Hum. Neurosci. 15:704414. doi: 10.3389/fnhum.2021.704414

Grechuta, K., Ulysse, L., Rubio Ballester, B., and Verschure, P. (2019). Self
beyond the body: action-driven and task-relevant purely distal cues modulate
performance and body ownership. Front. Hum. Neurosci. 13:91. doi: 10.3389/
fnhum.2019.00091

Hjelmervik, H., Craven, A. R., Sinceviciute, I., Johnsen, E., Kompus, K., Bless, J. J.,
et al. (2020). Intra-Regional Glu-GABA vs Inter-Regional Glu-Glu Imbalance:
a 1H-MRS Study of the Neurochemistry of Auditory Verbal Hallucinations
in Schizophrenia. Schizophr. Bull. 46, 633–642. doi: 10.1093/schbul/sb
z099

Hoffman, R. E., Hawkins, K. A., Gueorguieva, R., Boutros, N. N., Rachid,
F., Carroll, K., et al. (2003). Transcranial magnetic stimulation of left
temporoparietal cortex and medication-resistant auditory hallucinations. Arch.
Gen. Psychiatry 60, 49–56. doi: 10.1001/archpsyc.60.1.49

Hubl, D., Koenig, T., Strik, W. K., Garcia, L. M., and Dierks, T. (2007). Competition
for neuronal resources: how hallucinations make themselves heard. Br. J.
Psychiatry 190, 57–62. doi: 10.1192/bjp.bp.106.022954

Hugdahl, K., Brønnick, K., Kyllingsbaek, S., Law, I., Gade, A., and Paulson, O. B.
(1999). Brain activation during dichotic presentations of consonant-vowel and
musical instrument stimuli: a 15O-PET study. Neuropsychologia 37, 431–440.
doi: 10.1016/s0028-3932(98)00101-8

Frontiers in Neuroscience | www.frontiersin.org 8 April 2022 | Volume 16 | Article 831714

https://doi.org/10.1007/s00213-011-2255-y
https://doi.org/10.1371/journal.pone.0016154
https://doi.org/10.1016/j.neuron.2017.12.034
https://doi.org/10.1176/ajp.147.11.1457
https://doi.org/10.1093/brain/119.4.1239
https://doi.org/10.1162/jocn.2009.21267
https://doi.org/10.1162/jocn.2009.21267
https://doi.org/10.1016/j.concog.2018.02.010
https://doi.org/10.1177/17470218211024822
https://doi.org/10.1177/17470218211024822
https://doi.org/10.1038/35784
https://doi.org/10.1523/jneurosci.1796-12.2012
https://doi.org/10.1016/j.neuroimage.2007.08.049
https://doi.org/10.1016/j.neuroimage.2007.08.049
https://doi.org/10.1016/j.neuroimage.2005.07.023
https://doi.org/10.1016/j.neuroimage.2005.07.023
https://doi.org/10.1080/00207144.2019.1553759
https://doi.org/10.1016/j.schres.2011.08.004
https://doi.org/10.1007/s11920-007-0020-z
https://doi.org/10.1016/j.brainres.2008.04.023
https://doi.org/10.1016/j.concog.2007.01.001
https://doi.org/10.1016/j.concog.2007.01.001
https://doi.org/10.1093/emph/eoz021
https://doi.org/10.1093/emph/eoz021
https://doi.org/10.1152/jn.00783.2016
https://doi.org/10.1152/jn.00783.2016
https://doi.org/10.1016/j.pnpbp.2017.05.020
https://doi.org/10.1016/j.pnpbp.2017.05.020
https://doi.org/10.1016/j.pneurobio.2016.11.002
https://doi.org/10.1016/j.pneurobio.2016.11.002
https://doi.org/10.1097/00001756-199603220-00021
https://doi.org/10.1097/00001756-199603220-00021
https://doi.org/10.1016/j.schres.2004.02.013
https://doi.org/10.1016/j.schres.2004.02.013
https://doi.org/10.1016/s0896-6273(00)80715-1
https://doi.org/10.1016/j.neuropsychologia.2017.01.031
https://doi.org/10.1016/j.neuropsychologia.2017.01.031
https://doi.org/10.1098/rspb.2013.1140
https://doi.org/10.1098/rspb.2013.1140
https://doi.org/10.1016/j.schres.2013.06.026
https://doi.org/10.1016/j.schres.2007.08.013
https://doi.org/10.1016/j.schres.2007.08.013
https://doi.org/10.1152/jn.2002.88.1.540
https://doi.org/10.1152/jn.2002.88.1.540
https://doi.org/10.1176/ajp.149.11.1521
https://doi.org/10.1016/j.psychres.2012.11.022
https://doi.org/10.3389/fpsyt.2014.00126
https://doi.org/10.3389/fnhum.2021.704414
https://doi.org/10.3389/fnhum.2019.00091
https://doi.org/10.3389/fnhum.2019.00091
https://doi.org/10.1093/schbul/sbz099
https://doi.org/10.1093/schbul/sbz099
https://doi.org/10.1001/archpsyc.60.1.49
https://doi.org/10.1192/bjp.bp.106.022954
https://doi.org/10.1016/s0028-3932(98)00101-8
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-831714 April 8, 2022 Time: 15:28 # 9

He et al. Auditory Verbal Hallucinations and RHI

Hugdahl, K., Løberg, E. M., and Nygård, M. (2009). Left temporal lobe
structural and functional abnormality underlying auditory hallucinations in
schizophrenia. Front. Neurosci. 3, 34–45. doi: 10.3389/neuro.01.001.2009

Hugdahl, K., Løberg, E. M., Specht, K., Steen, V. M., van Wageningen, H., and
Jørgensen, H. A. (2007). Auditory hallucinations in schizophrenia: the role of
cognitive, brain structural and genetic disturbances in the left temporal lobe.
Front. Hum. Neurosci. 1:6. doi: 10.3389/neuro.09.006.2007

Hunter, M. D., Eickhoff, S. B., Miller, T. W., Farrow, T. F., Wilkinson, I. D., and
Woodruff, P. W. (2006). Neural activity in speech-sensitive auditory cortex
during silence. Proc. Natl. Acad. Sci. U.S. A. 103, 189–194. doi: 10.1073/pnas.
0506268103

Kassuba, T., Pinsk, M. A., and Kastner, S. (2020). Distinct auditory and visual tool
regions with multisensory response properties in human parietal cortex. Prog.
Neurobiol. 195:101889. doi: 10.1016/j.pneurobio.2020.101889

Kay, S. R., Fiszbein, A., and Opler, L. A. (1987). The positive and negative syndrome
scale (PANSS) for schizophrenia. Schizophr. Bull. 13, 261–276. doi: 10.1093/
schbul/13.2.261

Kim, J. J., Crespo-Facorro, B., Andreasen, N. C., O’Leary, D. S., Magnotta, V.,
and Nopoulos, P. (2003). Morphology of the lateral superior temporal gyrus
in neuroleptic nai;ve patients with schizophrenia: relationship to symptoms.
Schizophr. Res. 60, 173–181. doi: 10.1016/s0920-9964(02)00299-2

Klaver, M., and Dijkerman, H. C. (2016). Bodily experience in schizophrenia:
factors underlying a disturbed sense of body ownership. Front. Hum. Neurosci.
10:305. doi: 10.3389/fnhum.2016.00305

Knöpfel, T., Sweeney, Y., Radulescu, C. I., Zabouri, N., Doostdar, N., Clopath, C.,
et al. (2019). Audio-visual experience strengthens multisensory assemblies in
adult mouse visual cortex. Nat. Commun. 10:5684. doi: 10.1038/s41467-019-
13607-2

Kompus, K., Westerhausen, R., and Hugdahl, K. (2011). The “paradoxical”
engagement of the primary auditory cortex in patients with auditory
verbal hallucinations: a meta-analysis of functional neuroimaging studies.
Neuropsychologia 49, 3361–3369. doi: 10.1016/j.neuropsychologia.2011.08.010

Levitan, C., Ward, P. B., and Catts, S. V. (1999). Superior temporal gyral volumes
and laterality correlates of auditory hallucinations in schizophrenia. Biol.
Psychiatry 46, 955–962. doi: 10.1016/s0006-3223(98)00373-4

Lush, P., Botan, V., Scott, R. B., Seth, A. K., Ward, J., and Dienes, Z. (2020).
Trait phenomenological control predicts experience of mirror synaesthesia and
the rubber hand illusion. Nat. Commun. 11:4853. doi: 10.1038/s41467-020-18
591-6

Lush, P., Seth, A. K., and Dienes, Z. (2021). Hypothesis awareness confounds
asynchronous control conditions in indirect measures of the rubber hand
illusion. R. Soc. Open Sci. 8:210911. doi: 10.1098/rsos.210911

McGuire, P. K., Silbersweig, D. A., Wright, I., Murray, R. M., David, A. S.,
Frackowiak, R. S., et al. (1995). Abnormal monitoring of inner speech: a
physiological basis for auditory hallucinations. Lancet 346, 596–600. doi: 10.
1016/s0140-6736(95)91435-8

Miller, L. M., and D’Esposito, M. (2005). Perceptual fusion and stimulus
coincidence in the cross-modal integration of speech. J. Neurosci. 25, 5884–
5893. doi: 10.1523/jneurosci.0896-05.2005

Noel, J. P., Park, H. D., Pasqualini, I., Lissek, H., Wallace, M., Blanke, O., et al.
(2018). Audio-visual sensory deprivation degrades visuo-tactile peri-personal
space. Conscious. Cogn. 61, 61–75. doi: 10.1016/j.concog.2018.04.001

Pan, F., Zhang, L., Ou, Y., and Zhang, X. (2019). The audio-visual integration
effect on music emotion: behavioral and physiological evidence. PLoS One
14:e0217040. doi: 10.1371/journal.pone.0217040

Peled, A., Pressman, A., Geva, A. B., and Modai, I. (2003). Somatosensory evoked
potentials during a rubber-hand illusion in schizophrenia. Schizophr. Res. 64,
157–163. doi: 10.1016/s0920-9964(03)00057-4

Peled, A., Ritsner, M., Hirschmann, S., Geva, A. B., and Modai, I. (2000). Touch feel
illusion in schizophrenic patients. Biol. Psychiatry 48, 1105–1108. doi: 10.1016/
s0006-3223(00)00947-1

Postmes, L., Sno, H. N., Goedhart, S., van der Stel, J., Heering, H. D., and de
Haan, L. (2014). Schizophrenia as a self-disorder due to perceptual incoherence.
Schizophr. Res. 152, 41–50. doi: 10.1016/j.schres.2013.07.027

Prikken, M., van der Weiden, A., Baalbergen, H., Hillegers, M. H., Kahn, R. S.,
Aarts, H., et al. (2019). Multisensory integration underlying body-ownership
experiences in schizophrenia and offspring of patients: a study using the rubber

hand illusion paradigm. J. Psychiatry Neurosci. 44, 177–184. doi: 10.1503/jpn.
180049

Radziun, D., and Ehrsson, H. H. (2018). Auditory cues influence the rubber-hand
illusion. J. Exp. Psychol. Hum. Percept. Perform. 44, 1012–1021. doi: 10.1037/
xhp0000508

Righi, G., Tenenbaum, E. J., McCormick, C., Blossom, M., Amso, D., and
Sheinkopf, S. J. (2018). Sensitivity to audio-visual synchrony and its relation to
language abilities in children with and without ASD. Autism Res. 11, 645–653.
doi: 10.1002/aur.1918

Rohde, M., Di Luca, M., and Ernst, M. O. (2011). The Rubber Hand Illusion:
feeling of ownership and proprioceptive drift do not go hand in hand. PLoS
one 6:e21659. doi: 10.1371/journal.pone.0021659

Romano, D., Caffa, E., Hernandez-Arieta, A., Brugger, P., and Maravita, A. (2015).
The robot hand illusion: inducing proprioceptive drift through visuo-motor
congruency. Neuropsychologia 70, 414–420. doi: 10.1016/j.neuropsychologia.
2014.10.033

Ross, L. A., Saint-Amour, D., Leavitt, V. M., Molholm, S., Javitt, D. C., and Foxe, J. J.
(2007). Impaired multisensory processing in schizophrenia: deficits in the visual
enhancement of speech comprehension under noisy environmental conditions.
Schizophr. Res. 97, 173–183. doi: 10.1016/j.schres.2007.08.008

Schürmann, M., Caetano, G., Hlushchuk, Y., Jousmäki, V., and Hari, R. (2006).
Touch activates human auditory cortex. Neuroimage 30, 1325–1331. doi: 10.
1016/j.neuroimage.2005.11.020

Shimada, S., Fukuda, K., and Hiraki, K. (2009). Rubber hand illusion under delayed
visual feedback. PLoS One 4:e6185. doi: 10.1371/journal.pone.0006185

Spitzer, B., and Blankenburg, F. (2012). Supramodal parametric working memory
processing in humans. J. Neurosci. 32, 3287–3295. doi: 10.1523/JNEUROSCI.
5280-11.2012

Stevenson, R. A., Park, S., Cochran, C., McIntosh, L. G., Noel, J. P., Barense, M. D.,
et al. (2017). The associations between multisensory temporal processing and
symptoms of schizophrenia. Schizophr. Res. 179, 97–103. doi: 10.1016/j.schres.
2016.09.035

Stevenson, R. A., VanDerKlok, R. M., Pisoni, D. B., and James, T. W.
(2011). Discrete neural substrates underlie complementary audiovisual speech
integration processes. Neuroimage 55, 1339–1345. doi: 10.1016/j.neuroimage.
2010.12.063

Surguladze, S. A., Calvert, G. A., Brammer, M. J., Campbell, R., Bullmore, E. T.,
Giampietro, V., et al. (2001). Audio-visual speech perception in schizophrenia:
an fMRI study. Psychiatry Res. 106, 1–14. doi: 10.1016/s0925-4927(00)0
0081-0

Szycik, G. R., Münte, T. F., Dillo, W., Mohammadi, B., Samii, A., Emrich, H. M.,
et al. (2009). Audiovisual integration of speech is disturbed in schizophrenia: an
fMRI study. Schizophr. Res. 110, 111–118. doi: 10.1016/j.schres.2009.03.003

Tang, J., Morgan, H. L., Liao, Y., Corlett, P. R., Wang, D., Li, H., et al. (2015).
Chronic administration of ketamine mimics the perturbed sense of body
ownership associated with schizophrenia. Psychopharmacology 232, 1515–1526.
doi: 10.1007/s00213-014-3782-0

Thakkar, K. N., Nichols, H. S., McIntosh, L. G., and Park, S. (2011). Disturbances
in body ownership in schizophrenia: evidence from the rubber hand illusion
and case study of a spontaneous out-of-body experience. PLoS One 6:e27089.
doi: 10.1371/journal.pone.0027089

Tsakiris, M., and Haggard, P. (2005). The rubber hand illusion revisited:
visuotactile integration and self-attribution. J. Exp. Psychol. Hum. Percept.
Perform. 31, 80–91. doi: 10.1037/0096-1523.31.1.80

Vergara, J., Rivera, N., Rossi-Pool, R., and Romo, R. A. (2016). Neural parametric
code for storing information of more than one sensory modality in working
memory. Neuron 89, 54–62. doi: 10.1016/j.neuron.2015.11.026

Waldmann, A., Volkmann, J., and Zeller, D. (2020). Parkinson’s disease may
reduce sensitivity to visual-tactile asynchrony irrespective of dopaminergic
treatment: evidence from the rubber hand illusion. Parkinsonism Relat. Disord.
78, 100–104. doi: 10.1016/j.parkreldis.2020.07.016

Waters, F., Woodward, T., Allen, P., Aleman, A., and Sommer, I. (2010). Self-
recognition deficits in schizophrenia patients with auditory hallucinations:
a meta-analysis of the literature. Schizophr. Bull. 38, 741–750. doi: 10.1093/
schbul/sbq144

Williams, L. E., Light, G. A., Braff, D. L., and Ramachandran, V. S. (2010). Reduced
multisensory integration in patients with schizophrenia on a target detection

Frontiers in Neuroscience | www.frontiersin.org 9 April 2022 | Volume 16 | Article 831714

https://doi.org/10.3389/neuro.01.001.2009
https://doi.org/10.3389/neuro.09.006.2007
https://doi.org/10.1073/pnas.0506268103
https://doi.org/10.1073/pnas.0506268103
https://doi.org/10.1016/j.pneurobio.2020.101889
https://doi.org/10.1093/schbul/13.2.261
https://doi.org/10.1093/schbul/13.2.261
https://doi.org/10.1016/s0920-9964(02)00299-2
https://doi.org/10.3389/fnhum.2016.00305
https://doi.org/10.1038/s41467-019-13607-2
https://doi.org/10.1038/s41467-019-13607-2
https://doi.org/10.1016/j.neuropsychologia.2011.08.010
https://doi.org/10.1016/s0006-3223(98)00373-4
https://doi.org/10.1038/s41467-020-18591-6
https://doi.org/10.1038/s41467-020-18591-6
https://doi.org/10.1098/rsos.210911
https://doi.org/10.1016/s0140-6736(95)91435-8
https://doi.org/10.1016/s0140-6736(95)91435-8
https://doi.org/10.1523/jneurosci.0896-05.2005
https://doi.org/10.1016/j.concog.2018.04.001
https://doi.org/10.1371/journal.pone.0217040
https://doi.org/10.1016/s0920-9964(03)00057-4
https://doi.org/10.1016/s0006-3223(00)00947-1
https://doi.org/10.1016/s0006-3223(00)00947-1
https://doi.org/10.1016/j.schres.2013.07.027
https://doi.org/10.1503/jpn.180049
https://doi.org/10.1503/jpn.180049
https://doi.org/10.1037/xhp0000508
https://doi.org/10.1037/xhp0000508
https://doi.org/10.1002/aur.1918
https://doi.org/10.1371/journal.pone.0021659
https://doi.org/10.1016/j.neuropsychologia.2014.10.033
https://doi.org/10.1016/j.neuropsychologia.2014.10.033
https://doi.org/10.1016/j.schres.2007.08.008
https://doi.org/10.1016/j.neuroimage.2005.11.020
https://doi.org/10.1016/j.neuroimage.2005.11.020
https://doi.org/10.1371/journal.pone.0006185
https://doi.org/10.1523/JNEUROSCI.5280-11.2012
https://doi.org/10.1523/JNEUROSCI.5280-11.2012
https://doi.org/10.1016/j.schres.2016.09.035
https://doi.org/10.1016/j.schres.2016.09.035
https://doi.org/10.1016/j.neuroimage.2010.12.063
https://doi.org/10.1016/j.neuroimage.2010.12.063
https://doi.org/10.1016/s0925-4927(00)00081-0
https://doi.org/10.1016/s0925-4927(00)00081-0
https://doi.org/10.1016/j.schres.2009.03.003
https://doi.org/10.1007/s00213-014-3782-0
https://doi.org/10.1371/journal.pone.0027089
https://doi.org/10.1037/0096-1523.31.1.80
https://doi.org/10.1016/j.neuron.2015.11.026
https://doi.org/10.1016/j.parkreldis.2020.07.016
https://doi.org/10.1093/schbul/sbq144
https://doi.org/10.1093/schbul/sbq144
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-831714 April 8, 2022 Time: 15:28 # 10

He et al. Auditory Verbal Hallucinations and RHI

task. Neuropsychologia 48, 3128–3136. doi: 10.1016/j.neuropsychologia.2010.
06.028

Woodruff, P. W., Wright, I. C., Bullmore, E. T., Brammer, M., Howard, R. J.,
Williams, S. C., et al. (1997). Auditory hallucinations and the temporal cortical
response to speech in schizophrenia: a functional magnetic resonance imaging
study. Am. J. Psychiatry 154, 1676–1682. doi: 10.1176/ajp.154.12.1676

Zopf, R., Boulton, K., Langdon, R., and Rich, A. N. (2021). Perception of
visual-tactile asynchrony, bodily perceptual aberrations, and bodily illusions in
schizophrenia. Schizophr. Res. 228, 534–540. doi: 10.1016/j.schres.2020.11.038

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 He, Ren, Li, Dong, Dai, Li, Miao, Li, Tan, Gu, Chen and Tang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 10 April 2022 | Volume 16 | Article 831714

https://doi.org/10.1016/j.neuropsychologia.2010.06.028
https://doi.org/10.1016/j.neuropsychologia.2010.06.028
https://doi.org/10.1176/ajp.154.12.1676
https://doi.org/10.1016/j.schres.2020.11.038
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Deficits in Sense of Body Ownership, Sensory Processing, and Temporal Perception in Schizophrenia Patients With/Without Auditory Verbal Hallucinations
	Introduction
	Materials and Methods
	Participants
	The Rubber Hand Illusion Setup
	Experimental Design
	Proprioceptive Drift
	Subjective Experience
	Clinical Evaluation
	Statistical Analysis

	Results
	Participants
	Medication and the Illusion
	Preliminary Analysis: Baseline Accuracy of Hand Position Estimation
	Proprioceptive Drift
	Subjective Experience
	Relationship Between the Illusion and the Severity of Symptoms

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


