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A B S T R A C T   

Disturbances in self-monitoring are core symptoms of schizophrenia. Some research suggests an over-reliance on 
exteroceptive cues and a reduced weighting of self-generated interoceptive signals to guide perception. The 
vestibular sense provides important self-generated information about the body in space. Alterations of vestibular 
function are reported in schizophrenia, but it is unknown whether internally generated vestibular information is 
discounted in favour of exteroceptive input. In this study, we test for evidence of an over-reliance on extero-
ceptive visual cues and a reduced weighting of vestibular signals in guiding perception. In a group of individuals 
with schizophrenia and healthy controls, we used a well-studied visual illusion – the Tilt Illusion – to probe the 
respective weight given to visual and vestibular cues in judging line orientation. The Tilt Illusion reveals that 
perceived orientation of a vertical grating is biased by the orientation in its surround. This illusion increases 
when the head is tilted, due to the reduced reliability of vestibular information that would otherwise provide an 
internally generated reference for vertical. We predicted that an over-reliance on exteroceptive cues in schizo-
phrenia would lead to a reduced susceptibility to the effects of head position on Tilt Illusion strength. We find no 
difference between patients and controls. Both groups show comparable Tilt Illusion magnitudes that increase 
when the head is tilted. Thus, our findings suggest that chronic patients with schizophrenia adequately combine 
self-generated vestibular cues and exteroceptive visual input to judge line verticality. A stronger reliance on 
exteroceptive information over internally generated signals in guiding perception is not evident in our data. 
Deficits in self-monitoring might therefore be modality specific or state dependant.   

Schizophrenia is a severe mental illness characterised by a plethora 
of symptoms. One set of symptoms attracting much attention is the 
disturbance of self and the processing of internal bodily cues. For 
instance, it is well-documented that patients experience numerous 
perceptual distortions of self-generated stimuli (Bleuler, 1950; Frith 
et al., 2000; Haggard, 2017; Kraepelin, 1913; Schneider, 1959). This 
includes the commonly reported feeling that one's own actions and 
thoughts are caused by another agent (Brunelin et al., 2007; Farrer and 
Franck, 2007; Fourneret et al., 2001; Fourneret et al., 2002; Knoblich 
et al., 2004; Nordgaard et al., 2019, 2020; Synofzik et al., 2010; Whit-
ford, 2019). Unusual bodily sensations (e.g., feelings of movement, pain, 
numbness, or of being electrified) (Rajender et al., 2009; Röhricht and 
Priebe, 2002; Stanghellini et al., 2014) are also commonly reported in 
schizophrenia and are among the earliest subjectively experienced 
symptoms (Schultze-Lutter, 2009). Research also shows that patients 

have difficulties monitoring their own heartrate (Ardizzi et al., 2016; 
Koreki et al., 2021; Torregrossa et al., 2022), temperature (Chong and 
Castle, 2004; Mahintamani et al., 2015), pain (De la Fuente-Sandoval 
et al., 2010; Zhou et al., 2020), and satiety levels (Waltz et al., 2015), 
suggesting that a general deficit in interoception may be associated with 
the illness (Bonaz et al., 2021; Postmes et al., 2014; Yao and Thakkar, 
2022). 

Deficits in self-monitoring may suggest patients rely more on 
exteroceptive signals (visual, auditory, tactile, taste, smell) and give less 
weight to self-generated interoceptive cues (Asai et al., 2011; Fourneret 
et al., 2001; Fourneret et al., 2002; Germine et al., 2013). In support of 
this, experiments using the rubber hand illusion show an enhanced 
illusion in schizophrenia (Peled et al., 2003; Peled et al., 2000; Thakkar 
et al., 2011) (but see (Prikken et al., 2019)). In the rubber hand illusion, 
the stroking of a rubber hand synchronously with a participant's real 
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hand, while visually observing the rubber hand, leads to the experience 
that the rubber hand is part of participant's own body (Botvinick and 
Cohen, 1998). This demonstrates a tendency for humans to rely more on 
vision rather than proprioception to generate a percept of body 
ownership (Ernst and Banks, 2002). Because the size of the illusion is 
seen to be larger in schizophrenia, patients may show an even greater 
reliance more on exteroceptive input compared to controls. 

Vestibular signals are self-generated cues that aid spatial perception 
(Blanke et al., 2015; Kaliuzhna et al., 2015; Lopez, 2013; Serino et al., 
2013). Located in the inner ear, the otolith organs and semicircular 
canals encode linear and angular accelerations respectively to help 
provide an accurate perception of one's own body in space. Deficits in 
multisensory integration involving the vestibular sense lead to alter-
ations of self-consciousness, such as out-of-body experiences (Blanke 
et al., 2015; Kaliuzhna et al., 2015), which are reported in schizophrenia 
(Gerretsen et al., 2017; Thakkar et al., 2011). It is also reported that 
patients with schizophrenia experience abnormal postural sway (Kent 
et al., 2012; Marvel et al., 2004), smooth pursuit and vestibular-ocular 
cancellation deficits (Levy et al., 2010; O'Driscoll and Callahan, 2008; 
Warren and Ross, 1998), altered electrovestibulographic responses 
(Haghgooie et al., 2009), and cerebellar abnormalities (Andreasen and 
Pierson, 2008; Picard et al., 2008). While these deficits suggest 
dysfunction in visuo-vestibular integration, it is unclear whether they 
reflect a reduced weighting of self-generated vestibular information in 
favour of exteroceptive visual input. 

Over the past decade, the use of visual illusions in schizophrenia 
research has allowed researchers to probe basic brain mechanisms with 
superior experimental precision (Carter et al., 2017; Caruana and Sey-
mour, 2021; Caruana et al., 2019; Grzeczkowski et al., 2018; Kaliuzhna 
et al., 2019; Kaliuzhna et al., 2020; King et al., 2017; Notredame et al., 
2014; Palmer et al., 2018a, 2018b; Silverstein, 2016; Tibber et al., 2013; 
Yang et al., 2013). The Tilt Illusion (Gibson and Radner, 1937) offers 
particular promise, not only because the underlying neural mechanisms 
are largely understood (Blakemore et al., 1970; Blakemore et al., 1973; 
Clifford et al., 2000; Schwartz et al., 2007; Schwartz et al., 2009; Series 
et al., 2003; Seymour et al., 2018; Solomon and Morgan, 2006), but 
because its simplicity offers potential diagnostic utility. The Tilt Illusion 
occurs when the perceived orientation of a vertical grating is biased by 
the orientation of a surrounding grating (Fig. 1). Previous studies in 

healthy participants show that when participants tilt their head to the 
side, the Tilt Illusion increases (Prinzmetal and Beck, 2001; Wenderoth 
and Burke, 2006). When the head is upright it is aligned with gravity (i. 
e., vertical) and can thus provide additional vestibular information for 
judging the grating's orientation. When the head is tilted away from the 
gravitational axis, this vestibular information becomes unreliable and 
more weight is placed on the exteroceptive visual input, allowing the 
surround visual context to have a greater effect (DiLorenzo and Rock, 
1982; Wenderoth and Burke, 2006; Witkin and Asch, 1948). 

Because the magnitude of Tilt Illusion is susceptible to changes in 
self-generated vestibular input, the illusion offers a novel tool to test 
whether this input is outweighed in favour of exteroceptive cues in 
schizophrenia. An over-reliance on exteroception in schizophrenia 
would predict a reduced susceptibility to the effects of head position on 
illusion strength. 

1. Participants 

Nineteen patients with schizophrenia (6 female) and 19 healthy age- 
and gender-matched controls (3 female) took part in the experiment. 
There was no difference between groups in terms of mean age (patients 
53.8 SD = 6.8; controls 49.5, SD = 9.06, p = 0.1). For both groups the 
exclusion criteria were history of neurological illness or trauma, current 
or previous substance abuse, and less than 8 years of formal education. 
The clinical interview was conducted by an experienced psychologist. 
We used the diagnostic interview for psychosis (DIP; Jablensky et al., 
1999) to confirm a DSM-IV diagnosis of schizophrenia for the patients. 
Controls were screened for the presence of affective and psychotic dis-
orders, and substance abuse, using the screening modules from the 
Structured Clinical Interview for DSM-IV Axis 1 Disorders (SCID: First, 
1997). Symptoms were assessed using the Scale for the Assessment of 
Positive and Negative Symptoms (SAPS-SANS) (Andreasen, 1984, 
1989). All patients took second generation antipsychotics and the gen-
eral levels of symptomatology were mild. Mean illness duration was 
30.6 years, SD = 11.4; SAPS global 4.6, SD = 2.3; SANS global 10.1, SD 
= 4.7. All participants had normal or corrected-to-normal visual acuity. 
Participants gave written informed consent and the study was approved 
by Macquarie University's Ethics Committee. 

2. Apparatus 

Participants were seated 57 cm away from a computer display. 
Participants positioned their head on a headrest that was either set in an 
upright position or titled to achieve a 30◦ head tilt. The experiment was 
run in the dark. 

Stimuli were presented on a 15-inch gamma-corrected CRT monitor 
(refresh rate of 60 Hz, 1024 × 768 pixel resolution, background lumi-
nance: 50 cd/m) and viewed through a black cylindrical tube. Stimuli 
were generated in Matlab (Mathworks, MA) and Psychtoolbox (Kleiner 
et al., 2007). Responses were collected via a standard keyboard. 

3. Design and procedure 

We measured the Tilt Illusion using the standard stimulus configu-
ration (Fig. 1). Stimuli consisted of two concentric sinusoidal gratings 
presented simultaneously with spatial frequency 1 cycle/deg, mean 
luminance 50 cd/m2 and 100% Michelson contrast. The central grating 
extended to an eccentricity of 1.5 degree of visual angle and the sur-
rounding contextual grating extended from 1 to 3 deg eccentricity. 

During the experiment, we presented the central grating with a 
surrounding context of − 15◦. We also included a ‘no surround’ baseline 
condition, where only the central grating was presented. These condi-
tions were presented as randomly interleaved staircases split across 2 
blocks. Order of block type was balanced across participants within each 
group (i.e., every second participant completed the first block with their 
head tilted and the second block with their head in the upright position. 

Fig. 1. Tilt Illusion (Gibson and Radner, 1937). The orientation of a central 
vertical grating is perceived to be tilted away from the orientation of the sur-
rounding visual context. 
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The remaining participants did the opposite). Each condition had 5 
separate staircases of 20 trials (Fig. 2). 

Stimuli were presented for 100 ms. Participants were required to 
indicate, by pressing the left or right arrow key, whether the central 
grating was tilted clockwise or counter clockwise from vertical. 
Depending on the response, the orientation of the central grating was 
adjusted (1 degree in the opposite direction) on the subsequent trial of 
that staircase. The trials were not time restricted. Each trial commenced 
800 ms after the participant gave their response. Each staircase had a 
starting central orientation assigned randomly from 5 deg. or 10 deg. 

4. Analysis 

An estimate of each participant's point of subjective vertical (PSV), 
was calculated based on an average of the last two reversals for each 
condition across the 20 trials of each staircase. The magnitude of the 
illusion in each block (i.e., head upright or head tilted) was calculated by 
subtracting PSV measured in the ‘no surround’ baseline condition from 
the PSV measured under the ‘with surround’ condition. A repeated 
measure ANOVA assessed statistically significant differences in mean 
illusion magnitude against the factors head position and group. 

All analyses were performed using JASP (JASP Team, 2022, Version 
0.9) software. We first used a classical frequentist approach to analyse 
our results. We then applied Bayesian statistics to determine whether 
our null effects were genuine evidence for the null hypothesis relative to 
the alternative hypotheses. Bayes Factors (BF10) were calculated using a 
default Cauchy prior width of 0.707 and were interpreted using estab-
lished guidelines (Jeffreys, 1961; Lee and Wagenmakers, 2013). 

5. Results 

A repeated measures ANOVA with factors head position and group 
assessed statistical significance (Fig. 3). Corroborating previous work, 
we found a main effect of head position (F(36,1) = 9.45, p = 0.004, η2 =

0.058; BF10 = 10.3), with participants demonstrating an increase in Tilt 

Illusion magnitude when the head was tilted. Contrary to our main 
hypothesis, we found no effect of group (p = 0.65; η2 = 0.004; BF10 =

0.38) and no group * head position interaction (p = 0.62; η2 = 0.002; 
BF10 = 0.34). Thus, patients and controls experienced the illusion to the 
same extent and the increase in illusion strength elicited by head tilt was 
comparable across groups. 

6. Discussion 

In the present work, we tested the Tilt Illusion in schizophrenia and 
specifically the effects of head tilt – a manipulation known to increase 
the size of this visual illusion in healthy participants (Prinzmetal and 
Beck, 2001; Wenderoth and Burke, 2006). Based on the idea that pa-
tients with schizophrenia rely less on self-generated cues and favour 
exteroceptive signals to guide perception, we hypothesised that Tilt 
Illusion strength would depend less on head position in schizophrenia. 
We replicated previous findings of an increased Tilt Illusion when the 

Fig. 2. The Tilt Illusion measured in two blocks: head upright and head tilted.  

*
*

Fig. 3. The Tilt Illusion in patients with schizophrenia and healthy controls 
under two conditions; head upright (reliable vestibular cue for vertical) and 
head tilted (unreliable vestibular cue for vertical). Error bars represent stan-
dard deviation. 
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head is tilted (Wenderoth and Burke, 2006). We did not find any dif-
ferences between patients and controls in the head upright or the head 
tilted condition. These data suggest that patients show a normal ability 
to combine exteroceptive visual cues with interoceptive vestibular in-
formation to judge grating orientation. 

The results of our study do not indicate an over-reliance on extero-
ceptive information or a reduced weighting of vestibular signals in 
schizophrenia. We tested for evidence of this by directly manipulating 
the reliability of the vestibular signals in guiding perception and found 
no difference between patients and control participants. We had 
hypothesised that if patients showed a bias to favour exteroceptive vi-
sual information when making verticality judgements, they would be 
less sensitive to changes in the internal reference cues for vertical 
generated as a result of tilting the head. While our results provide no 
evidence for this, some previous studies have reported larger tilt illu-
sions in schizophrenia using standard upright head conditions. These 
findings could be interpreted to suggest that patients rely less on the 
additional helpful vestibular information to offset the illusory effects of 
the visual context (Thakkar et al., 2021; Yang et al., 2013). However, 
previous studies examining the Tilt Illusion in schizophrenia have not 
directly manipulated the strength of vestibular input, so the results are 
unclear. Moreover most studies report no group differences between 
patients and controls (Grzeczkowski et al., 2018; Tibber et al., 2013; 
Yang et al., 2013) and those that do report larger tilt illusions in patients 
suggest a dependence on illness severity or medication status (Yang 
et al., 2013). In the current study, our sample exhibited only mild 
symptoms. While illness severity may explain our failure to detect an 
abnormality in our patient group, our results suggest that if assigning 
relative weight to interoceptive and exteroceptive information is indeed 
perturbed in schizophrenia, it is restricted to more acute illness states. 

Our hypothesis that Tilt Illusion magnitude in schizophrenia would 
be less affected by head position was also based on previous reports of 
visuo-vestibular integration deficits in schizophrenia (Andreasen and 
Pierson, 2008; Haghgooie et al., 2009; Levy et al., 2010; O'Driscoll and 
Callahan, 2008; Pawlak-Osinska et al., 2000; Picard et al., 2008). We 
expected patients to ignore vestibular cues in the upright and head-tilt 
positions and therefore show less modulation of Tilt Illusion magni-
tude in response to changes in head position. We did not directly mea-
sure vestibular function in our participants, but our results may suggest 
intact processing. However, it is also possible that an altered vestibular 
sense only has a limited impact on judgements of verticality. For 
instance, patients with Menière's disease who experience vestibular 
symptoms, show identical performance to controls in making visual 
vertical judgements (Lopez et al., 2008). Similarly, patients with uni-
lateral and bilateral vestibular loss show no difference in performance 
compared to controls on the rod-and-frame test – a similar task to the Tilt 
Illusion (Grabherr et al., 2011). Vestibular complaints such as dizziness 
and vertigo are also not common in chronic schizophrenia (although 
macro-/micropsia hallucinations could have a vestibular component 
(Lopez, 2013)) which may suggest that vestibular dysfunction, even if 
present, has no significant impact on visual perception, and that other 
modalities may compensate for the dysfunction. Indeed, during our task, 
participants were seated – a position that yields additional propriocep-
tive information for the perception of vertical. It is important to note, 
however, that if such a compensation exists, this would be evidence 
against a general deficit of interoception (Bonaz et al., 2021; Postmes 
et al., 2014; Yao and Thakkar, 2022). To sum up, our results show that a 
reduction in the processing of body-related cues is not a general feature 
in schizophrenia, as no such reduction was present in our cohort. 

Finally, although we acknowledge a small sample size may have 
reduced our power to detect a group difference in this study, our data 
suggests that the magnitude of patients' Tilt Illusions is in accordance 
with other published studies (Grzeczkowski et al., 2018; King et al., 
2017; Tibber et al., 2013; Yang et al., 2013). Moreover, Bayesian sta-
tistics adds support for our conclusions by providing strong evidence of 
there being a true effect of head tilt in both groups. An interesting 

direction for future research is combining multiple interoceptive para-
digms in the same patient cohorts to establish which bodily cues are 
affected. Importantly, processing of bodily-related cues might be mostly 
affected in schizophrenia during the prodrome or in acute stages, where 
basic symptoms (such as illusory body size and form changes, as well as 
motion, pain and heat sensations) are most evident (Priebe and 
Röhricht, 2001; Rajender et al., 2009; Schultze-Lutter, 2009; Stan-
ghellini et al., 2014). Future studies with a bigger sample of more acute 
patients will prove valuable. 
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