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The phenomenological approach to schizophrenia emphasizes the role of bodily experiences in the 
onset and manifestation of positive, negative and disorganized psychotic symptoms. According to 
the dimensional approach to psychosis, there exists a continuum ranging from individuals with low 
levels of schizotypy to diagnosed schizophrenia patients, with schizotypy encompassing positive-
like, negative-like, and disorganized-like symptoms of schizophrenia. Empirical evidence suggests 
that along this continuum, both exteroceptive (external sensory) and interoceptive (internal bodily) 
dimensions might be distorted. Understanding the contribution of these bodily dimensions in the 
manifestation of psychotic symptoms, even in schizotypy, might help target early interventions for 
individuals at risk of developing psychotic disorders. This study investigated the potential contribution 
of exteroceptive and interoceptive bodily dimensions to schizotypal personality traits, such as 
cognitive-perceptual traits (positive-like symptoms), interpersonal traits (negative-like symptoms), 
and disorganization traits (disorganized-like symptoms). Partial Least Squares Regression was 
used to integrate several bodily dimensions to understand their impact on schizotypy, revealing 
specific and non-specific contributions of exteroceptive and interoceptive dimensions to different 
traits. In particular, exteroceptive bodily dimensions generally predicted all schizotypal traits, with 
specific associations to positive-like symptoms, while interoceptive dimensions mostly predicted 
interpersonal-like and disorganized-like symptoms. These results suggest a difference in how 
exteroceptive and interoceptive bodily dimensions contribute to the three schizotypal traits. This 
highlights specific aspects of interoceptive and exteroceptive body representations that could serve 
as targets for early intervention. Particularly, interoception emerges as a potential prodromal marker, 
suggesting that early intervention in this area could be crucial.

Schizophrenia research has been conducted using two main approaches: cognitive and phenomenological. 
The former has traditionally focused on analysing mental processes and cognitive distortions central to the 
disorder, such as deficits in attention, memory, and executive functions. The latter emphasizes the role of bodily 
experience and the mind–body relationship in the onset and manifestation of psychotic symptoms. Following the 
phenomenological approach, it has been proposed that the core aspect of selfhood, referred to as the “minimal 
self ”, involves automatic, pre-reflective, and implicit bodily functioning. This concept also includes connecting 
with others at an intracorporeal level1–3 and experiencing blurred self-other boundaries4. According to the 
continuum hypothesis of schizophrenia, these aspects of the “minimal self ” are altered in early schizophrenia 
and schizotypal conditions5–8. Several studies investigating different dimensions of body representations have 
empirically supported this proposal5–8.

For instance, disruptions in the representation of the peripersonal space have been observed in individuals 
with schizophrenia and high levels of schizotypy9. Similarly, both patients with schizophrenia10 and individuals 
with high levels of schizotypy11 exhibit impairments in the body structural representation11, body image12,13, spatial 
tactile acuity14,15, and sensorimotor functions16,17. Body representations are predominantly multisensory, and 
recent research underscores a crucial connection between deficits in multisensory integration and self-disorders 
in schizophrenia18. For example, De Gelder et al.19 identified impaired audiovisual integration in schizophrenia 
patients, while Williams et al.20 found altered integration of tactile and proprioceptive signals in those with 
schizotypy. Further investigations have delved into the temporal aspects of multisensory processing, which 
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is thought to be the scaffolding for perception and cognition21. These studies have revealed altered temporal 
sensitivity in schizophrenia patients and those with high scores on the Schizotypal Personality Questionnaire 
(SPQ)8,11,22,23.

Recently, it has been proposed that a crucial aspect of the human minimal self is interoception and that the 
developmental trajectory of interoception interacts with exteroceptive minimal-self components. For example, 
changes in the ability to perceive and identify interoceptive signals coincide with improvements in sensorimotor 
and multisensory body representations24,25. Interoception plays a crucial role in the experience of a unified 
bodily self26,27. Notably, impaired interoceptive representations have been found to contribute to the disrupted 
sense of bodily self often observed in individuals along the schizophrenia spectrum28–30. Garfinkel et al.31 
identified three distinct aspects of interoception: interoceptive accuracy referring to the accuracy in detecting 
internal bodily sensations, interoceptive sensibility referring to the subjective evaluation of experiencing internal 
bodily sensations32, and interoceptive awareness referring to the metacognitive awareness of one’s interoceptive 
ability. The first two aspects have been shown to be reduced in chronic schizophrenia patients29,30,33; as well as in 
youth with psychotic-like experiences34.

Therefore, abnormalities in both exteroceptive and interoceptive body representations play a crucial role in 
shaping bodily phenomenological experiences across the schizophrenia-schizotypy continuum. Building on this 
reasoning, we hypothesize that these abnormalities may differentially predict the symptom-like traits observed 
in schizotypy. In support of the continuum hypothesis of schizophrenia, schizotypy is considered a subclinical 
expression of schizophrenia symptoms within the general population. Schizotypal traits typically encompass 
three dimensions35,36: cognitive-perceptual traits (positive symptom-like experiences), such as unusual 
perceptual experiences and odd beliefs, which are analogous to the positive symptoms of schizophrenia (e.g., 
hallucinations and delusions); interpersonal traits (negative symptom-like experiences), such as social withdrawal 
and emotional flatness, which correspond to the negative symptoms of schizophrenia (e.g., social dysfunction, 
diminished motivation, and emotional expression); and disorganized traits (cognitive disorganization-like 
experiences), such as odd speech and behaviour, which align with the disorganized symptoms of schizophrenia 
(e.g., disruptions in thought processes and basic cognitive impairments)37.

The present study tested the hypothesis that different schizotypal personality traits are influenced by different 
exteroceptive and interoceptive bodily dimensions. To this aim, we administered a behavioral battery designed 
to assess both exteroceptive and interoceptive body representations, as well as multisensory integration. The 
specific dimensions and tasks in this battery were selected based on literature concerning body representations 
and multisensory integration in schizotypy and schizophrenia38. Rather than covering every aspect of body 
awareness, the battery emphasizes those most relevant to the schizophrenia spectrum. The exteroceptive 
measures focused on body image, body schema (defined as the unconscious mental representation of the body’s 
position, movement, and spatial relations), and abilities related to multisensory integration. The battery’s design 
aligns with the idea that bodily experience arises from continuous interaction between internal and external 
sensory inputs39, as supported by theoretical frameworks such as embodied cognition40 and the body schema 
model41.

These theories agree on the idea that exteroception, interoception, and multisensory integration work together 
to create a unified experience of “being in the body.” Accordingly, bodily experience is inherently multifaceted, 
involving the coordination of sensory, motor, and cognitive systems. This integrated experience enables efficient 
interaction with the environment, shaping perception, cognition, and behavior. Additionally, different body 
representations interact with one another and often engage multisensory processes. For instance, spatial tactile 
acuity and body structural representation provide detailed sensory feedback that refines our understanding 
of body boundaries and shape, influencing both body image and sensorimotor functions39. At the same time, 
multisensory integration synthesizes information across modalities (e.g., vision, touch, proprioception), 
facilitating motor actions, particularly within peripersonal space—the immediate area surrounding the body. 
Temporal tactile acuity and multisensory temporal resolution are crucial for coordinating actions that require 
rapid, precise sensory-motor interactions. Finally, interoception—the perception of internal bodily states such 
as heartbeat, hunger, or pain—enriches bodily experience by linking external sensory perceptions to internal 
sensations, influencing both body image and sensorimotor functions.

To understand this complex interplay, we used Partial Least Squares Regression (PLSR), a supervised learning 
methodology. PLSR provides a robust approach for examining relationships between multiple predictors and 
outcomes, making it particularly well-suited for our multidimensional analysis. With this novel approach, we 
aim to identify both interoceptive and exteroceptive body dimensions that are associated with and differentially 
predict schizotypal traits, while accounting for interactions between these dimensions. By doing so, this study 
provides new insights into their specific contributions to schizotypy, advancing our understanding of their role 
in the risk of psychosis along the schizophrenia continuum.

Methods and materials
Participants
Sixty right-handed, healthy volunteers (36 females, mean age ± SD: 25.71 ± 5.47 years) participated in the study 
after providing written informed consent. Participants were recruited through an online questionnaire. No 
participant had a history of neurologic, general medical or psychiatric conditions based on self-reports. No 
participants reported a family history of psychosis. The experimental protocol was approved by the Institutional 
Ethics Committee at the University G. d’Annunzio, Chieti-Pescara. All methods were performed in accordance 
with the ethical committee guidelines and regulations. All participants were assessed for their schizotypal 
personality traits using the Schizotypal Personality Questionnaire42.
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Schizotypal personality questionnaire (SPQ)
The Schizotypal Personality Questionnaire42 is a validated questionnaire based on the diagnostic criteria 
of the DSM-III-R for schizotypal personality disorder. It consists of 74 items that measure the three-factor 
construct of schizotypy: cognitive-perceptual deficit, interpersonal deficit, and disorganization7,42. Responses 
are dichotomous (yes/no), with one point assigned for each agreement with an item. The total SPQ scores 
ranged from 0 to 53 (mean ± SD: 22.58 ± 13.37); the cognitive-perceptual scores ranged from 0 to 26 (mean ± SD: 
9.56 ± 7.46); the interpersonal scores ranged from 0 to 29 (mean ± SD: 11.3 ± 6.82); the disorganization scores 
ranged from 0 to 16 (mean ± SD: 4.83 ± 4.08).

Procedure
Each participant completed the entire battery, which comprised tasks and questionnaires evaluating either 
exteroceptive or interoceptive bodily dimensions (Table 1).

Exteroceptive bodily dimensions
Body image  Body Image refers to our subjective experience of the physical structure of our body in terms of 
its size, shape, and physical composition43. This dimension was evaluated through both a task, the Photographic 
Figure Rating Scale (PFRS) task, and a questionnaire, the Body Uneasiness Test (BUT).

The PFRS, adapted from the study by Naor-Ziv et al.44, was used to assess participants’ body image perception 
and body shape dissatisfaction. From this task, we quantified the following variables: the mean Body Mass Index 
(BMI) reflecting each participant’s actual physique (A), ideal body image (I), and perception of how others 
perceive their body (O). Furthermore, we calculated the discrepancies between these means and the participants’ 
actual BMI (R), denoted as ΔAR (A-R), ΔIR (I-R), and ΔOR (O-R). These differences provided insights into 
the participants’ levels of misperception regarding their current physique, dissatisfaction with their ideal body 
image, and inaccurate beliefs about how others view their bodies. See Supplementary Material for a detailed 
description of the task.

The Body Uneasiness Test is a questionnaire designed to assess individuals’ attitudes towards their own 
body image. Developed by Cuzzolaro et al.45, the BUT46–48 consists of 34 items and a list of 37 body parts, 
characteristics, or functions. Participants rate each item on a scale ranging from “Never” (0) to “Always” (5), 
with higher scores indicating a greater level of impairment or uneasiness. The BUT calculates measures of overall 
severity and distress related to body uneasiness. These include the Global Severity Index (GSI), defined as BUT 
A score, and Positive Symptom Total (PST) defined as BUT B.

Spatial tactile acuity  Spatial Tactile Acuity refers to the ability to precisely perceive the location and quality 
of touch49. This dimension was evaluated through the two-point discrimination (2PD) task, which assesses the 
ability of participants to identify two closely spaced points on a small area of the skin and measures the accuracy 
of their discrimination skills50. We compared two body parts chest and thigh used as targets with the neck used 
as reference51. From this task, we quantified the following variables: the correct response for the two target body 
parts, chest (C-che) and thigh (C-thi); the overestimation for both chest (O-che) and thigh (O-thi) calculated by 
the errors and overestimation of the body parts compared to the reference and similarly, the underestimation for 
chest (U-che) and thigh (U-thi) calculated by errors and underestimation of the body parts. See Supplementary 
Material for a detailed description of the task.

Dimensions Assessment Variables

Exteroceptive

 Body Image PFRS—photographic figure rating scale task
BUT A B—body uneasiness test (A & B)

BMI (R), A(ctual), I(deal), O(ther), ΔAR, ΔIR, ΔOR
Pt. tot. A, Pt. tot. B

 Spatial tactile acuity TPD—Two-point discrimination task C-che, O-che, U-che, U-thi, O-thi, C-thi

 Body structural representation FL—Finger localization task HIT

 Multisensory integration (MI) MSI—Multisensory integration task AUC-av, AUC-at, AUC-vt

 Multisensory temporal resolution SJ—Simultaneity judgments task PSE-sj, JND-sj

 Peripersonal space PPS—PeriPersonal space task PSE-pps

 Temporal tactile acuity TOJ-u—Temporal-order judgment task (uncrossed) JND-toju,

 Sensorimotor functions TOJ-c—Temporal-order judgment task (crossed)
LJ—laterality judgement task

JND-tojc, SC-toj
MRE-lh, MRE-rh

Interoceptive

 Interoceptive accuracy HBDT—heart beat detection task
HBCT—heart beat counting task

Acc(uracy)-d
Acc-c

 Interoceptive sensibility
HBDT—heart beat detection task
HBCT—heart beat counting task
BPQ—body perception questionnaire
MAIA—multidimensional assessment of interoceptive awareness

Con(fidence)-d
Con-c
Subscales: BOA-SUP-BOA/SUB
Subscales: 1 M–8 M

 Interoceptive awareness HBDT—heart beat detection task
HBCT—heart beat counting task

Aw(areness)-d
Aw-c

Table 1.  Tasks and questionnaires evaluating either exteroceptive or interoceptive bodily dimensions.
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Body structural representation  Body structural representation (BSR) refers to knowledge about the topolog-
ical organization of bodies, outlining how different body parts interrelate within a spatial configuration, focus-
ing on the spatial positioning of each body part related to others43. This dimension was evaluated through the 
Finger Localization Task52, which requires participants to identify and differentiate stimulated fingers in three 
different conditions. We focused on the third condition in which participants had to identify which two fingers 
were simultaneously touched. We calculated the accuracy and included the score of correct responses (HIT) as 
a variable. See Supplementary Material for a detailed description of the task.

Multisensory integration  Multisensory integration refers to the process by which inputs from two or more 
sensory modalities are combined by the nervous system to form a stable and coherent percept of the world53. 
This dimension was evaluated through the Multisensory Integration (MSI) task aiming at investigating the in-
tegration of visual, auditory, and tactile stimuli in participants’ perception. The task focused on evaluating their 
response speed in relation to the presentation of these stimuli54,55. For each multisensory pair—audio-visual 
(av), audio-tactile (at) and visuo-tactile (vt)—the analysis involved calculating the area-under-the-curve (AUC) 
subtended by the distribution of reaction times to multisensory stimuli as compared to the distribution of re-
action times to unimodal stimuli. Hence, AUC-av, AUC-at and AUC-vt represent a proxy of the magnitude of 
multisensory integration for audio-visual, audio-tactile and visuo-tactile stimuli, respectively56. See Supplemen-
tary Material for a detailed description of the task.

Multisensory temporal resolution  Multisensory temporal resolution refers to the principle that optimal mul-
tisensory integration occurs when stimuli from different senses are presented closely in time, diminishing as 
the temporal gap increases. This principle highlights the critical role of temporal proximity in influencing the 
nervous system’s integration of diverse sensory information57.

This dimension was evaluated through the Simultaneity Judgment (SJ) task, which aims to measure temporal 
sensitivity in the integration of multisensory stimuli. Specifically, we focused on auditory and tactile stimuli 
(A-T). Two parameters are usually derived from this task: the point of subjective equality (PSE), providing an 
estimate of the interval between stimuli at which there is the highest probability of the perception of simultaneity 
and the ‘just noticeable difference’ (JND-sj), reflecting the subject’s sensitivity to changes in temporal intervals 
between the stimuli. The JND value denotes the minimal temporal interval at which the change between the 
perceived temporal relation stimuli can be observed58. See Supplementary Material for a detailed description of 
the task.

Peripersonal space  Peripersonal Space refers to the space surrounding the body where the integration of stim-
uli on the body and from the external environment is facilitated59.

This dimension was evaluated through the Peripersonal Space (PPS) task9,60,61, which allows evaluating the 
individual’s boundaries of the peripersonal space by assessing the optimal temporal interval for the integration 
of tactile and auditory stimuli62,63. To this aim, a psychometric function is fitted to the RT data. The PSE of the 
psychometric function is taken as a proxy of the peripersonal space boundary. See Supplementary Material for 
a detailed description of the task.

Temporal tactile acuity  Temporal tactile acuity refers to the ability to perceive and discriminate temporal as-
pects of tactile stimuli. It involves the capacity to detect and distinguish temporal characteristics of sensations 
related to touch64. This dimension was evaluated through the Temporal Order Judgment. In a typical Tempo-
ral-Order Judgment (TOJ) task, participants are tasked with determining the order of two tactile stimuli present-
ed sequentially to their left and right hands. When the hands are in an “uncrossed” position (toju), participants 
can rely on tactile and proprioceptive cues related to their body posture, utilizing a body-centred reference 
frame65. From this task, we quantified the JND (JND-toju), as a measure of precision, and the proportion of 
correct responses66. The JND-toju represents the smallest interval at which the participants can reliably decide 
which sensory input of the two presented was first67. See Supplementary Material for a detailed description of 
the task.

Sensorimotor functions  Touch remapping To perceive the location of touch in space, the brain combines in-
formation about touched skin location with information about the location of that body part in space. When 
the two hands are crossed, this integration is impaired, affecting the ability to judge the order of touches on both 
hands66. This crossed-hand posture creates a conflict between how tactile senses represent external space. Con-
sequently, the same cues must be remapped using an external reference frame. This remapping process becomes 
necessary to accurately judge the temporal order of the tactile stimuli in the crossed-hand condition (tojc)17.

From this task, we measured the following variables: the JND (JND-tojc), which represents the smallest 
interval at which participants can reliably determine which of the two presented sensory inputs came first67 and 
the Sum of Confusions (SC-toj), that indicates the sum of differences in the response functions between crossed 
and uncrossed conditions17. SC-toj is a global indicator of differences, which provides an overarching measure 
of the divergence between the two conditions and assess increases in judgment reversals resulting from the arm-
crossing manipulation68. See Supplementary Material for a detailed description of the task.

Laterality judgment task The laterality judgement task (LJT) is designed to assess participants’ ability 
to mentally rotate the presented hand images and accurately judge the lateral orientation of presented hand 
images69. We calculated slopes, which reflect the efficiency of the neural mechanism underlying the mental 
rotation process: a smaller slope indicates higher neural efficiency in mental rotation70. We quantified slopes for 
both hands, indicated as Mental Rotation Efficiency for the left hand (MRE-lh) and the right hand (MRE-rh), 
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illustrating the efficiency of the respective mental rotation processes71. See Supplementary Material for a detailed 
description of the task.

Interoceptive bodily dimensions
Interoceptive accuracy  Interoceptive accuracy refers to the accuracy in detecting internal bodily sensations31. 
Two tasks determined cardiac interoceptive accuracy: the Heartbeat Detection task, also known as the Tapping 
or Tracking task72,73, and the Heartbeat Counting task74. In the Heartbeat Detection task (d) participants were 
instructed to focus their attention on their bodily sensations and to press a button on a device each time they 
felt a heartbeat. To calculate the accuracy during the Heartbeat Detection task (Acc-d), the recorded R-peaks 
and the corresponding tapping times were compared75–77. The Heartbeat Counting task (c) measures cardiac 
interoceptive accuracy by evaluating participants’ performance in silently counting their felt heartbeats during 
specific time intervals31. Following each time interval, participants were required to verbally report the count or 
estimated number of heartbeats they perceived. Next, the accuracy score (Acc-c) was calculated by comparing 
the recorded heartbeats and the counted heartbeats78. See Supplementary Material for a detailed description of 
the task.

Interoceptive sensibility  Interoceptive sensibility is the subjective account of experiencing internal bodily sen-
sations32. This dimension can be assessed using subjective measures that index both the individual’s confidence 
in their interoceptive ability and their interoceptive feelings31. We evaluated this dimension through the score 
of confidence in interoceptive accuracy during the performance of the Heartbeat Detection task (Con-d) and 
the Heartbeat Counting task (Con-c). This confidence rating was assessed using a scale ranging from 1 to 9, 
with 1 indicating low confidence (total guess/no heartbeat awareness) and 9 indicating high confidence (com-
plete perception of heartbeat). We also used two self-report questionnaires: the Body Perception Questionnaire 
(BPQ)79,80 and the Multidimensional Assessment of Interoceptive Awareness (MAIA)81. The BPQ generally eval-
uates body awareness and autonomic symptoms. From the BPQ we obtained a score for each subscale: the body 
awareness (BOA) that consists of items related to the upper parts of the body, the supradiaphragmatic (SUP) 
that is involved in regulating the functions of organs situated above the diaphragm and additionally, the subdi-
aphragmatic/body awareness factor (BOA/SUB), includes items related to subdiaphragmatic issues. The MAIA 
generally evaluates multiple dimensions of interoception. From the MAIA we obtained a score for each subscale: 
Noticing (1 M), Not-Distracting (2 M) Not-Worrying (3 M) Attention Regulation (4 M) Emotional Awareness 
(5 M) Self-Regulation (6 M) Body Listening (7 M) Trusting (8 M). See Supplementary Material for a detailed 
description of the task and questionnaires.

Interoceptive awareness  Interoceptive awareness is the metacognitive awareness of interoceptive accuracy and 
refers to the correspondence between objective interoceptive accuracy and subjective confidence report31,82. 
We quantified the participant’s awareness by comparing the accuracy and the sensibility in both the Heartbeat 
Detection task (Aw-d) and the Heartbeat Counting task (Aw-c).

Statistical analysis: machine learning approach
When attempting to predict an output based on input that may be correlated with each other, the high collinearity 
among features, combined with the high number of features compared to the number of samples (such as subjects 
or tests in our case), can potentially disrupt the results, leading to unstable predictions that are sensitive to noise 
and susceptible to overfitting and poor generalization. Various linear and nonlinear regression and classification 
algorithms have been created to avoid the issue of overfitting. These methods can employ different approaches, 
including penalizing the fitting parameter through techniques like regularization or reducing the dimensionality 
of the feature space to mitigate overfitting. In this study, a linear regression analysis was conducted using a 
technique that involves reducing the dimensionality of the feature space, namely the partial least square regression 
(PLSR). PLSR has been widely demonstrated to be successful in mitigating overfitting, especially when dealing 
with collinearity. PLSR is based on the fundamental assumption that the observed data is produced by a system 
or process influenced by a limited number of latent variables that are not directly observed or measured. PLSR 
enables the creation of regression equations by condensing the predictors into a more concise set of uncorrelated 
components, which are linear combinations of the initial predictors. This approach conducts regression on these 
components, identifying those that capture the most pertinent information within the independent variables. 
This aids in predicting the dependent variable while simultaneously reducing the complexity of the regression 
problem by employing a smaller number of components than the original count of independent variables. PLSR 
can be viewed as a supervised learning method, a sort of supervised Principal Component Analysis. In contrast 
to PCA, which reduces the dimensionality of the feature space by analysing the eigen solutions of the covariance 
matrix in an unsupervised manner, PLSR is a supervised learning algorithm. PLSR achieves this by determining 
feature space components that maximize the covariance between the independent and dependent variables, 
making it another form of supervised learning algorithm. The PLSR algorithm necessitates an a priori selection 
of one parameter, known as a hyperparameter, i.e., the number of uncorrelated components (K) to be used for 
regression. Generally, to conduct hyperparameter optimization, a training set, a validation set, and a test set are 
required. The training set is used to train the algorithm (e.g., estimate PLSR weights), the validation set is used 
to optimize the hyperparameter (e.g., estimate the optimal K), and the test set is used to assess the generalization 
performance of the learning process. This separation of data implies a reduced sample size as part of a trade-off 
choice among the sets.

Furthermore, another approach that minimizes the loss of samples in the different sets while evaluating 
the algorithm’s generalization capabilities is cross-validation (CV). In CV, the data is divided into folds, and 
the model is trained on all data except one-fold in an iterative manner. The out-of-sample performance (i.e., 
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generalization) is assessed based on the remaining fold and averaged across iterations. If the number of folds 
equals the number of samples, which is often referred to as “leave-one-out” cross-validation, it provides a 
rigorous assessment of the model’s generalization performance. If the hyperparameters of the model need to 
be optimized, the optimization process cannot be reliably determined based on a simple CV without sacrificing 
a generalizable estimate of model performance. CV can be adapted to simultaneously select the best set of 
hyperparameters and provide a generalizable error estimation through a procedure called nested CV. Starting 
with k folds, nested cross-validation (nCV) is performed with an outer loop of k folds and an inner loop of k − 1 
folds. The outer loop estimates the generalization performance of the model (i.e., test), while the inner loop 
evaluates the optimal hyperparameters (i.e., validation).

In each iteration, a fold is selected as the outer set (for assessing generalization), and the remaining k − 1 sets 
are combined to form the corresponding outer training set. Then, each outer training set is further subdivided 
into j sets, and one set is iteratively chosen as the inner test set (for evaluating the optimal hyperparameters), 
with the j − 1 other sets forming the corresponding inner training set.

If the number of folds equals the number of samples for both loops, the procedure is referred to as leave-one-
out nCV. In this study, a leave-one-out nCV was implemented to assess the PLSR generalization performance and 
the optimal number of components using the following variables as the dependent variables: SPQ-Cognitive-
Perceptual (SPQ-CP), SPQ-Interpersonal (SPQ-I), SPQ-Disorganization (SPQ-D) and SPQ-Total (SPQ-TOT). 
For each of them, PLSR was used to test three models, each of which used exteroceptive, interoceptive, and 
intero-exteroceptive variables (BMI (R), A (actual), I (ideal), O (other), ΔAR, ΔIR, ΔOR, Pt. tot. A, Pt. tot. B, 
C-che, O-che, U-che, U-thi, O-thi, C-thi, HIT, AUC-av, AUC-at, AUC-vt, PSE-sj, JND-sj, PSE-pps, JND-toju, 
JND-tojc, SC-toj MRE-lh, MRE-rh, Acc-d, Acc-c, Con-d, Con-c, BOA, SUP, BOA/SUB, 1–8 M, Aw-d, Aw-c) as 
independent variables, described in Table 1, resulting in a total of 12 models. Each model was trained and tested 
separately.

The rationale for running the SPQ-TOT model in addition to the models examining the subscales of the SPQ 
is to identify common predictors shared across the subscales. While the subscale models provide more granular 
insights into the specific predictors for different aspects of schizotypy (e.g., cognitive/perceptual, interpersonal), 
the SPQ-TOT model allows us to examine broader, shared patterns that might not emerge when focusing on 
individual subscales. The lack of significant predictors in the SPQ-TOT model may reflect this more general 
nature of the measure, where the predictors that are significant in specific subscales do not consistently predict 
the total score.

The regression performances of the models were evaluated through correlation analyses between the 
predicted values and the actual values (which likely stand for some specific variable or outcome). The correlation 
coefficient, denoted as “r,” is reported for each tested model. The degrees of freedom (DF) and the significance of 
the null hypothesis (p) are also reported in the analysis. These values help assess the strength and significance of 
the correlations between the predicted and actual values.

Furthermore, the statistical significance of the weights was assessed using a randomization procedure, which 
involved constructing a confidence interval for the null hypothesis of each weight being zero (iterating the same 
algorithm 10^6 times on random shuffled outcomes).

Results
Contribution of exteroceptive bodily dimension to schizotypal traits
To explore whether and to what extent different schizotypal personality traits are influenced to varying degrees 
by the exteroceptive dimensions of body representations, we ran three models, one for each of the three-factor 
construct of schizotypy: Cognitive-Perceptual (SPQ-CP), Interpersonal (SPQ-I) and Disorganization (SPQ-D). 
Furthermore, to explore the role of exteroceptive dimensions influencing the whole schizotypal construct, we 
also tested the total SPQ score.

The model testing the predictive impact of exteroceptive bodily dimensions on cognitive-perceptual traits 
of schizotypy (SPQ-CP) was significant after cross-validation. A significant positive correlation between the 
actual SPQ-CP and the predicted SPQ-CP was obtained (r = 0.594, p < 0.001). Dimensions that significantly 
contributed were: body image (BUT-A, BUT-B, ΔAR), spatial tactile acuity (C-che, C-thi, U-che, O-che, U-thi), 
body structural representation (HIT), multisensory temporal resolution (JND-sj) and sensorimotor functions 
(MRE-lh, JND-tojc, SC-toj) (see Fig. 1a).

The model testing the predictive impact of exteroceptive bodily dimensions on interpersonal traits of 
schizotypy (SPQ-I) was significant after cross-validation. A significant positive correlation between the actual 
SPQ-I and the predicted SPQ-I was obtained (r = 0.559, p < 0.001). Dimensions that significantly contributed 
were body image (BUT-A), spatial tactile acuity (C-che, C-thi, O-che), body structural representation (HIT), 
multisensory integration (AUC-at) peripersonal space (PSE-sj) and sensorimotor functions (MRE-lh) (see 
Fig. 1b).

The model testing the predictive impact of exteroceptive bodily dimensions on disorganization traits of 
schizotypy (SPQ-D) was significant after cross-validation. A significant positive correlation between the actual 
SPQ-D and the predicted SPQ-D was obtained (r = 0.501, p < 0.001). Dimensions that significantly contributed 
were body image (BUT-A), spatial tactile acuity (C-che, O-che, U-thi), body structural representation (HIT), 
and sensorimotor functions (MRE-lh) (see Fig. 1c).

The model testing the predictive impact of exteroceptive bodily dimensions on total schizotypy (SPQ-TOT) 
was significant after cross-validation. A significant positive correlation between the actual SPQ-TOT and the 
predicted SPQ-TOT was obtained (r = 0.699, p < 0.001). Dimensions that significantly contributed were body 
image (BUT-A), spatial tactile acuity (C-che, O-che), body structural representation (HIT), and sensorimotor 
functions (MRE-rh, MRE-lh) (see Fig. 1d).
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Contribution of interoceptive bodily dimension to schizotypal traits
To explore whether and to what extent different schizotypal personality traits are influenced to varying degrees 
by the interoceptive dimensions of body representations, we ran three models one for each of the three-factor 
construct of schizotypy: Cognitive-Perceptual (SPQ-CP), Interpersonal (SPQ-I) and Disorganization (SPQ-D). 
Furthermore, to explore the role of interoceptive dimensions influencing the whole schizotypal construct, we 
also tested the total SPQ score.

The model testing the predictive impact of interoceptive bodily dimensions on cognitive-perceptual traits of 
schizotypy (SPQ-CP) was non-significant after cross-validation.

The model testing the predictive impact of interoceptive bodily dimensions on interpersonal traits of 
schizotypy (SPQ-I) was significant after cross-validation. A significant positive correlation between the actual 
SPQ-I and the predicted SPQ-I was obtained (r = 0.388, p < 0.001). Dimensions that significantly contributed 
were: interoceptive accuracy (Acc-c) and interoceptive sensibility (3 M, 4 M, 5 M, 8 M, BPQ-SUP, Con-d, Con-c) 
(see Fig. 2a).

The model testing the predictive impact of interoceptive bodily dimensions on disorganization traits of 
schizotypy (SPQ-D) was significant after cross-validation. A significant positive correlation between the actual 
SPQ-D and the predicted SPQ-D was obtained (r = 0.488, p < 0.001). The dimension that significantly contributed 
was interoceptive sensibility (8 M, BPQ-SUP) (see Fig. 2b).

The model testing the predictive impact of interoceptive bodily dimensions on total schizotypy (SPQ-TOT) 
was non-significant after cross-validation.

Contribution of both exteroceptive and interoceptive bodily dimensions to schizotypal traits
To explore whether and to what extent different schizotypal personality traits are influenced to varying degrees 
by both the exteroceptive and interoceptive dimensions of body representations, we ran three models one for 
each of the three-factor construct of schizotypy: Cognitive-Perceptual (SPQ-CP), Interpersonal (SPQ-I) and 

Fig. 1.  Contribution of exteroceptive bodily dimensions to schizotypal traits. PLSR out-of-sample prediction 
of SPQ traits shows significant correlations between true and predicted values (R and p values reported). (a) 
SPQ-CP: Regression weights for exteroceptive variables (BUT A, BUT-B, MRE-lh, JND-sj, JND-tojc, SC-toj, 
ΔAR, HIT, C-che, C-thi, U-che, O-che, U-thi). (b) SPQ-I: Weights for variables (BUT A, MRE-lh, PSE-pps, 
HIT, C-che, C-thi, O-che, AUC-at). (c) SPQ-D: Weights for variables (BUT A, MRE-lh, HIT, C-che, O-che, 
U-thi). (d) SPQ TOT: Weights for variables (BUT A, MRE-rh, MRE-lh, HIT, C-che, O-che). Only weights 
exceeding the 95% confidence interval of the null hypothesis are reported. See Table 1 for full names of 
predictor variables.
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Disorganization (SPQ-D). Furthermore, to explore the role of both exteroceptive and interoceptive dimensions 
influencing the whole schizotypal construct, we also tested the total SPQ score.

The model testing the predictive impact of both the exteroceptive and interoceptive bodily dimensions on 
cognitive-perceptual traits of schizotypy (SPQ-CP) was non-significant after cross-validation.

The model testing the predictive impact of both the exteroceptive and interoceptive bodily dimensions 
on interpersonal traits of schizotypy (SPQ-I) was significant after cross-validation. A significant positive 
correlation between the actual SPQ-I and the predicted SPQ-I was obtained (r = 0.481, p < 0.001). Dimensions 
that significantly contributed were: body image (BUT-A, BUT-B), spatial tactile acuity (C-che), body structural 
representation (HIT), peripersonal space (PSE-sj), interoceptive accuracy (Acc-c) and interoceptive sensibility 
(5 M, 8 M, BPQ-SUP, Con-d, Con-c) (see Fig. 3a).

The model testing the predictive impact of both the exteroceptive and interoceptive bodily dimensions 
on disorganization traits of schizotypy (SPQ-D) was significant after cross-validation. A significant positive 
correlation between the actual SPQ-D and the predicted SPQ-D was obtained (r = 0.525, p < 0.001). Dimensions 
that significantly contributed were body image (BUT-A) and interoceptive sensibility (BPQ-SUP) (see Fig. 3b).

The model testing the predictive impact of both the exteroceptive and interoceptive bodily dimensions on 
total schizotypy (SPQ-TOT) was non-significant after cross-validation.

Fig. 3.  Contribution of both exteroceptive and interoceptive bodily dimensions to schizotypal traits. PLSR 
out-of-sample prediction of SPQ traits shows significant correlations between true and predicted values (R 
and p values reported). (a) SPQ-I: Regression weights for exteroceptive and interoceptive variables (BUT A, 
BUT-B, 5 M, 8 M, BPQ-SUP, Con-d, Acc-d, Con-c, PSE-pps, HIT, C-che). (b) SPQ-D: Weights for variables 
(BUT A, BPQ-SUP). Only weights exceeding the 95% confidence interval of the null hypothesis are reported. 
See Table 1 for full names of predictor variables.

 

Fig. 2.  Contribution of interoceptive bodily dimensions to schizotypal traits. PLSR out-of-sample prediction 
of SPQ traits shows significant correlations between true and predicted values (R and p values reported). (a) 
SPQ-I: Regression weights for interoceptive variables (3 M, 4 M, 5 M, 8 M, BPQ-SUP, Con-d, Acc-c, Con-c). 
(b) SPQ-D: Regression weights for interoceptive variables (8 M, BPQ-SUP). Only weights exceeding the 95% 
confidence interval of the null hypothesis are reported. See Table 1 for full names of predictor variables.
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Discussion
In this study, we investigated the potential contribution of exteroceptive and interoceptive bodily dimensions 
to schizotypal personality traits, such as the cognitive-perceptual trait representing positive-like symptoms of 
schizophrenia, the interpersonal trait representing the negative-like symptoms, and the disorganization trait 
representing disorganized-like symptoms. For each schizotypal personality trait, we determined the contribution 
of exteroceptive and interoceptive bodily dimensions separately and in combination. To this aim, we employed 
Partial Least Squares Regression (PLSR). This method allowed us to integrate several bodily dimensions to 
understand their impact on schizotypy, revealing specific and non-specific contributions of exteroceptive and 
interoceptive dimensions to different traits, as shown in Table 2.

These results make a novel and significant contribution to the literature. By employing a predictive, multimodal 
approach that simultaneously tests multiple bodily dimensions, rather than analysing them individually, we were 
able to account for compensatory or synergistic interactions between bodily dimensions. For the first time, 
this methodology allowed us to predict the specific contribution of bodily experiences to schizotypy, revealing 
distinct patterns of influence for each trait that had not been previously explored. Furthermore, we were able 
to assess the specific roles of exteroceptive and interoceptive dimensions in schizotypal traits, enhancing our 
understanding of their respective contributions to the risk of developing psychosis along the schizophrenia 
continuum.

Contributions of bodily dimensions to cognitive-perceptual traits
Our findings suggest that altered temporal sensitivity to multisensory stimuli is a specific contribution to cognitive-
perceptual traits8. This result is supported by previous literature indicating impairments in the temporal aspects 
of multisensory integration among individuals with schizophrenia across various sensory domains. Previous 
studies show that patients with schizophrenia exhibit deficits in integrating audiovisual stimuli, highlighting the 
importance of multisensory integration in perceptual and cognitive processes83. Furthermore, research indicates 
that these deficits are not limited to the integration of external inputs, such as auditory and visual information 
from the environment, but also extend to the processing of somatosensory stimuli and their synchronization 
with external stimuli, that is, audio tactile stimuli8. Additional reports show reduced temporal sensitivity of 
sensory processing and increased tolerance to asynchronies in both high schizotypy23 and schizophrenia84, 
reflecting abnormal temporal dynamics of neural activity. These findings suggest that abnormalities related to 
the temporal aspects of multisensory integration, including lengthened simultaneity ranges for auditory stimuli 
in schizophrenia85, may contribute to positive symptoms such as auditory or visual hallucinations.

Contributions of bodily dimensions to interpersonal traits
Our results show that peripersonal space is a specific predictor of interpersonal traits, representing the negative-
like symptoms. These results are consistent with prior studies that provided evidence linking the extension of 
peripersonal space to negative symptoms but not to positive symptoms in patients with schizophrenia and in 
individuals with high schizotypy86,87. In these studies9,86, peripersonal space was measured using a multisensory 
task61 in which the peripersonal space mapping is allowed through the integration of visual or auditory and 
somatosensory information88. Consistent with this, another specific predictor of interpersonal traits is 
multisensory integration.

In agreement with the association between PPS extension and interoceptive accuracy shown in healthy 
individuals89, we found that interoceptive dimensions that significantly predicted interpersonal traits were 
interoceptive accuracy and interoceptive sensibility. Few recent literatures focused on interoception in individuals 
with schizotypal personality traits29 and schizophrenia30,33 and the relationship between interoception and 
schizophrenia remains complex and not fully elucidated. While studies focusing on patients with schizophrenia 
consistently report lower interoceptive accuracy29,30,33,90 and alterations in interoceptive sensibility29,33 the 
nature of these differences and their relationship with clinical symptoms are still under debate. For instance, 
some studies mentioned before, suggested a potential association between interoceptive accuracy and symptom 
severity, with better interoceptive accuracy linked to more severe positive symptoms30, while another, found 
associations with both positive and negative symptoms33, and a third reported no significant relationship 

Cognitive-perceptual Interpersonal Disorganization Total SPQ

Exteroception

Body image
Spatial tactile acuity
Body structural representation
Multisensory temporal resolution
Sensorimotor functions

Body image
Spatial tactile acuity
Body structural representation
Multisensory integration
Peripersonal space
Sensorimotor functions

Body image
Spatial tactile acuity
Body structural representation
Sensorimotor functions

Body image
Spatial tactile acuity
Body structural representation
Sensorimotor functions

Interoception Interoceptive accuracy
Interoceptive sensibility Interoceptive sensibility

Exteroception and interoception

Body image
Spatial tactile acuity
Body structural representation
Peripersonal space
Interoceptive accuracy
Interoceptive sensibility

Body image
Interoceptive sensibility

Table 2.  Specific and non-specific contributions of exteroceptive and interoceptive dimensions to different 
schizotypal traits.
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between symptoms and interoceptive measures29. Furthermore, a study that investigated the association between 
interoception and schizotypy found no significant associations29. However, for the first time, our results suggest a 
specific link between interoceptive dimensions and interpersonal traits or negative-like symptoms in schizotypy. 
These differences in results may regard various methodological and contextual factors, for example, the use 
of different SPQ questionnaire versions29. Additionally, the initial signs of schizophrenia typically manifest 
as negative symptoms91, gradually intensifying until the onset of the first episode, followed by the emergence 
of positive symptoms92. Considering the link between interoception and the affective domains93,94, and that 
negative symptoms mark the onset of the illness, it is conceivable that alterations in interoception may already 
be present within the subclinical population. However, this does not mean that interoceptive disruptions will 
not eventually affect cognitive symptoms as well. According to the somatic marker hypothesis95,96 bodily signals, 
including interoceptive feedback, are crucial for both decision-making97 and emotional regulation98. Disruptions 
in interoceptive processing may therefore contribute not only to the social and emotional difficulties observed 
in both schizotypy99,100 and schizophrenia97,101, but also to the impairments in emotion-based decision-making 
commonly seen in patients with schizophrenia102.

Contributions of bodily dimensions to disorganization traits
Our results show no specific contribution for disorganization traits. According to the multidimensional model of 
schizophrenia, disorganization is considered a basic psychopathological dimension, together with positive and 
negative symptoms. While the DSM-V primarily captures disorganization in terms of language and behavior, 
disorganization is also linked to early onset of schizophrenia, a family history of psychosis, and low levels of 
insight and treatment compliance103. Moreover, recent studies demonstrate that in first-episode schizophrenia 
patients, disorganization is associated both with positive and negative symptoms104. However, disorganization 
has been less extensively studied with respect to the positive and negative dimensions, especially in the prodromal 
phases of schizophrenia, and thus warrants further investigation and the development of more specific tools to 
assess this dimension in schizotypy. The absence of specific exteroceptive and interoceptive contributions to 
disorganization traits in our study may reflect a limitation of the tests used, which may not fully address aspects 
of body representation linked to disorganization symptoms. Alternatively, disorganized symptoms may be more 
strongly related to other risk indices for schizophrenia, such as cognitive deficits, which can be assessed using 
cognitive batteries105.

Previous studies have shown that cognitive deficits in areas like working memory, attention, and executive 
functioning are strongly associated with disorganized symptoms106,107 and can predict long-term functional 
outcomes106. Our findings add to this by suggesting that exteroceptive alterations are specifically linked to 
cognitive-perceptual (positive-like) traits, while interoceptive alterations are associated with interpersonal 
(negative-like) traits in schizotypy.

This pattern indicates that bodily experiences may play a primary role in the positive and negative symptom 
domains, while disorganization is more closely related to cognitive functions. Consistent with this, network 
analyses have found that cognitive scores are distinct from positive and negative symptoms, although they 
are associated with disorganization108,109. This distinction supports the idea that, while bodily dimensions 
may contribute mainly to positive and negative traits, disorganized symptoms are likely to reflect underlying 
cognitive deficits, which could explain the lack of specific contributions to disorganization traits in our study.

Non-specific contributions to schizotypal traits
Our results show that, among the interoceptive and exteroceptive bodily dimensions we tested, non-specific 
contributions to schizotypal traits, that is bodily dimensions that predicted all traits of schizotypy, came only 
from some exteroceptive dimensions, such as body image, spatial tactile acuity, body structural representation, 
and sensorimotor functions. The contributions of these exteroceptive dimensions suggest that these dimensions 
are common across schizotypal traits. Consistent with our results on spatial tactile acuity, previous studies have 
detected an association between two-point discrimination thresholds and schizotypal features15. Moreover, 
other studies have found that anomalies in body image110 and abnormal sensorimotor representations16 are 
common features of schizophrenia spectrum disorders and are observable also in schizotypy, significantly before 
the onset of the first schizophrenia symptoms occur111. Our findings are also in line with the observation from 
several studies indicating impairments in body structural representation12 both in patients with schizophrenia10 
and individuals with high levels of schizotypy11. The identified exteroceptive dimensions seem to characterize 
the schizotypal construct, suggesting their basic role across all schizotypal personality traits. These same 
dimensions are also significant predictors of the total SPQ score, further confirming their essential contribution 
to the overall schizotypy.

Regarding interoceptive dimensions, interoceptive sensibility was found to contribute to both interpersonal 
and disorganized traits, further supporting the somatic marker hypothesis by highlighting the potential role of 
interoceptive deficits in impairments of emotional regulation and emotion-based decision-making40,41, which 
are commonly observed in patients with schizophrenia. Overall, our results support the phenomenological 
psychopathology and embodied neuroscience perspectives, which suggest that a core feature of the schizophrenia 
spectrum is abnormalities in fundamental selfhood, or ‘ipseity’112,113. This pre-reflective sense of self is likely 
grounded in the body, which subtly influences cognition without explicit conceptualization114. The body 
thus provides a tacit, background sense of first-person presence, grounding the relationship between self and 
environment115–117.

Limitations and future directions
Our study provides valuable insights into the relationship between interoception and schizotypy, though some 
limitations should be noted. To thoroughly assess interoception, we employed two distinct cardiac tasks: the 
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heartbeat detection task and the heartbeat counting task. Although the heartbeat counting task has raised 
concerns regarding its validity as a measure of interoceptive accuracy (e.g.118,119), it remains one of the most 
widely used tools in interoception research, particularly in studies on schizophrenia and schizotypy (e.g.29,30,33,90). 
To enhance the robustness of our assessment, we also included the heartbeat detection task as a complementary 
measure, providing a more comprehensive evaluation of cardiac interoception. Nonetheless, interoception 
research is still in its infancy, and our reliance on these tasks reflects this developmental phase in the field.

Additionally, while our study primarily focused on cardiac interoception, we recognize that interoception 
encompasses a broad array of physiological signals, including those related to the gastrointestinal, respiratory, 
and proprioceptive systems120. These other domains may play an important role in understanding the full scope 
of interoceptive processing in schizophrenia.

Looking forward, there is significant potential for improving our understanding of interoception in both 
schizotypy and schizophrenia. Future research should refine cardiac interoceptive tasks and consider expanding 
beyond cardiac signals to include other interoceptive domains, such as respiratory signals. A more comprehensive 
approach to interoception could lead to a more nuanced understanding of interoceptive processing, with 
important implications for both clinical and non-clinical populations.

Overall, our study brings to light two key observations. Firstly, while exteroceptive dimensions contribute to 
all aspects of schizotypy, interoceptive dimensions only show a contribution to interpersonal and disorganized 
traits, commonly occurring during the prodromal phase of schizophrenia and preceding the onset of positive 
symptoms120. This association may stem from the putative role of interoception in fostering the stability of the 
bodily minimal self, contrasting with the ever-changing nature of exteroceptive information27. Consequently, 
early interoceptive deficits may let exteroceptive information, including those related to the body, undermine 
the minimal self. Secondly, our work highlights the importance of exploring the role of bodily dimensions to 
identifying both specific and non-specific therapeutic intervention targets. Particularly, interoception emerges 
as a potential prodromal marker, suggesting that early intervention aimed at enhancing interoceptive processing 
could be crucial for developing tailored treatments. By identifying specific deficits in interoception and 
exteroception, our work not only enhances our understanding of the bodily dimensions underlying schizotypal 
traits, but also has significant clinical implications. It opens the door to symptom-specific therapeutic approaches, 
such as tool-based121 or multisensory-based122 training to improve peripersonal space, as well as virtual reality 
technologies123 designed to enhance bodily self-awareness. Additionally, specialized interoceptive training 
programs—such as heartbeat perception training124,125—could help improve interoceptive accuracy. However, 
further research is needed to evaluate the effectiveness of these interventions in individuals with high schizotypy 
and in patients with schizophrenia.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.

Received: 11 August 2024; Accepted: 10 February 2025

References
	 1.	 Ferri, F. et al. Bodily self and schizophrenia: The loss of implicit self-body knowledge. Conscious Cogn. 21(3), 1365–1374. ​h​t​t​p​s​:​/​

/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​c​o​n​c​o​g​.​2​0​1​2​.​0​5​.​0​0​1​​​​ (2012).
	 2.	 Parnas, J. Self and schizophrenia: A phenomenological perspective. In The Self in Neuroscience and Psychiatry (eds Kircher, T. & 

David, A.) (Cambridge University Press, 2003).
	 3.	 Sass, L. A. Schizophrenia, consciousness and self. Schizophr. Bull. 29(3), 427–444 (2003).
	 4.	 Nelson, B., Thompson, A. & Yung, A. R. Basic self-disturbance predicts psychosis onset in the ultra high risk for psychosis 

“prodromal” population. Schizophr. Bull. 38(6), 1277–1287. https://doi.org/10.1093/schbul/sbs007 (2012).
	 5.	 Debbané, M. & Mohr, C. Integration and development in schizotypy research: An introduction to the special supplement. 

Schizophr. Bull. 41, S363–S365. https://doi.org/10.1093/schbul/sbv003 (2015).
	 6.	 Lenzenweger, M. F. Schizotypy an Organizing Framework for Schizophrenia Research (2006).
	 7.	 Raine, A. Schizotypal personality: Neurodevelopmental and psychosocial trajectories. Annu. Rev. Clin. Psychol. 2, 291–326. ​h​t​t​p​s​

:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​1​4​6​/​​a​n​n​u​r​​e​v​.​c​l​i​​n​p​s​y​.​2​​.​0​2​2​3​0​​5​.​0​9​5​3​1​8 (2006).
	 8.	 Di Cosmo, G. et al. Body-environment integration: Temporal processing of tactile and auditory inputs along the schizophrenia 

continuum. J. Psychiatr. Res. 134, 208–214. https://doi.org/10.1016/j.jpsychires.2020.12.034 (2021).
	 9.	 Di Cosmo, G. et al. Peripersonal space boundary in schizotypy and schizophrenia. Schizophr. Res. 197, 589–590. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​

1​0​.​1​0​1​6​/​j​.​s​c​h​r​e​s​.​2​0​1​7​.​1​2​.​0​0​3​​​​ (2018).
	 10.	 Costantini, M. et al. Body representations and basic symptoms in schizophrenia. Schizophr. Res. 222, 267–273. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​

.​1​0​1​6​/​j​.​s​c​h​r​e​s​.​2​0​2​0​.​0​5​.​0​3​8​​​​ (2020).
	 11.	 Fotia, F. et al. Body structural representation in schizotypy. Schizophr. Res. 239, 1–10. https://doi.org/10.1016/j.schres.2021.11.002 

(2022).
	 12.	 Graham-Schmidt, K. T., Martin-Iverson, M. T., Holmes, N. P. & Waters, F. Body representations in schizophrenia: An alteration 

of body structural description is common to people with schizophrenia while alterations of body image worsen with passivity 
symptoms. Cogn. Neuropsychiatry 21(4), 354–368. https://doi.org/10.1080/13546805.2016.1231111 (2016).

	 13.	 Lenzenweger, M. F. Psychometric high-risk paradigm, perceptual aberrations, and schizotypy: An update. Schizophr. Bull. 20(1), 
121–135. https://doi.org/10.1093/SCHBUL/20.1.121 (1994).

	 14.	 Michael, J. & Park, S. Anomalous bodily experiences and perceived social isolation in schizophrenia: An extension of the social 
deafferentation hypothesis. Schizophr. Res. 176(2–3), 392–397. https://doi.org/10.1016/j.schres.2016.06.013 (2016).

	 15.	 Lenzenweger, M. F. Two-point discrimination thresholds and schizotypy: Illuminating a somatosensory dysfunction. Schizophr. 
Res. 42(2), 111–124. https://doi.org/10.1016/S0920-9964(99)00120-6 (2000).

	 16.	 Ardizzi, M. et al. The motor roots of minimal self disorders in schizophrenia. Schizophr. Res. 218, 302–303. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​
1​6​/​j​.​s​c​h​r​e​s​.​2​0​2​0​.​0​3​.​0​0​7​​​​ (2020).

Scientific Reports |         (2025) 15:7909 11| https://doi.org/10.1038/s41598-025-89951-9

www.nature.com/scientificreports/

https://doi.org/10.1016/j.concog.2012.05.001
https://doi.org/10.1016/j.concog.2012.05.001
https://doi.org/10.1093/schbul/sbs007
https://doi.org/10.1093/schbul/sbv003
https://doi.org/10.1146/annurev.clinpsy.2.022305.095318
https://doi.org/10.1146/annurev.clinpsy.2.022305.095318
https://doi.org/10.1016/j.jpsychires.2020.12.034
https://doi.org/10.1016/j.schres.2017.12.003
https://doi.org/10.1016/j.schres.2017.12.003
https://doi.org/10.1016/j.schres.2020.05.038
https://doi.org/10.1016/j.schres.2020.05.038
https://doi.org/10.1016/j.schres.2021.11.002
https://doi.org/10.1080/13546805.2016.1231111
https://doi.org/10.1093/SCHBUL/20.1.121
https://doi.org/10.1016/j.schres.2016.06.013
https://doi.org/10.1016/S0920-9964(99)00120-6
https://doi.org/10.1016/j.schres.2020.03.007
https://doi.org/10.1016/j.schres.2020.03.007
http://www.nature.com/scientificreports


	 17.	 Ferri, F., Ambrosini, E. & Costantini, M. Spatiotemporal processing of somatosensory stimuli in schizotypy. Sci. Rep. 6, 38735. 
https://doi.org/10.1038/srep38735 (2016).

	 18.	 Postmes, L. et al. Schizophrenia as a Self-disorder Due to Perceptual Incoherence. https://doi.org/10.1016/j.schres.2013.07.027 
(2013).

	 19.	 De Gelder, B. Audio-Visual Integration in Schizophrenia. www.elsevier.com/locate/schres.
	 20.	 Williams, L. E., Light, G. A., Braff, D. L. & Ramachandran, V. S. Reduced multisensory integration in patients with schizophrenia 

on a target detection task. Neuropsychologia 48(10), 3128–3136. ​h​t​t​p​s​:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​0​1​6​/​​j​.​n​e​u​​r​o​p​s​y​c​​h​o​l​o​g​i​​a​.​2​0​1​0​​.​0​6​.​0​2​8 (2010).
	 21.	 Wallace, M. T. & Stevenson, R. A. The construct of the multisensory temporal binding window and its dysregulation in 

developmental disabilities. Neuropsychologia 64, 105–123. ​h​t​t​p​s​:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​0​1​6​/​​J​.​N​E​U​​R​O​P​S​Y​C​​H​O​L​O​G​I​​A​.​2​0​1​4​​.​0​8​.​0​0​5 
(2014).

	 22.	 Ferri, F., Venskus, A., Fotia, F., Cooke, J. & Romei, V. Higher proneness to multisensory illusions is driven by reduced temporal 
sensitivity in people with high schizotypal traits. Conscious Cogn. 65, 263–270. https://doi.org/10.1016/j.concog.2018.09.006 
(2018).

	 23.	 Ferri, F. et al. A neural “tuning curve” for multisensory experience and cognitive-perceptual schizotypy. Schizophr. Bull. 43(4), 
801–813. https://doi.org/10.1093/schbul/sbw174 (2017).

	 24.	 Musculus, L., Tünte, M. R., Raab, M. & Kayhan, E. An embodied cognition perspective on the role of interoception in the 
development of the minimal self. Front. Psychol. 12, 1. https://doi.org/10.3389/FPSYG.2021.716950/FULL (2021).

	 25.	 Tsakiris, M., Tajadura-Jiménez, A. & Costantini, M. Just a heartbeat away from one’s body: Interoceptive sensitivity predicts 
malleability of body-representations. Proc. Biol. Sci. 278(1717), 2470–2476. https://doi.org/10.1098/RSPB.2010.2547 (2011).

	 26.	 Serino, A. et al. Bodily ownership and self-location: Components of bodily self-consciousness. Conscious Cogn. 22(4), 1239–1252. 
https://doi.org/10.1016/J.CONCOG.2013.08.013 (2013).

	 27.	 Tsakiris, M. The multisensory basis of the self: From body to identity to others [Formula: see text]. Q. J. Exp. Psychol. (Hove) 70(4), 
597–609. https://doi.org/10.1080/17470218.2016.1181768 (2017).

	 28.	 Rabellino, D. et al. Open access edited by multidimensional schizotypy and embodied emotions. Front. Psychol. 14, 1141799. 
https://doi.org/10.3389/fpsyg.2023.1141799 (2023).

	 29.	 Torregrossa, L. J., Amedy, A., Roig, J., Prada, A. & Park, S. Interoceptive functioning in schizophrenia and schizotypy. Schizophr. 
Res. 239, 151–159. https://doi.org/10.1016/J.SCHRES.2021.11.046 (2022).

	 30.	 Ardizzi, M. et al. Interoception and positive symptoms in schizophrenia. Front. Hum. Neurosci. 10, 379. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​8​9​/​
f​n​h​u​m​.​2​0​1​6​.​0​0​3​7​9​​​​ (2016).

	 31.	 Garfinkel, S. N., Seth, A. K., Barrett, A. B., Suzuki, K. & Critchley, H. D. Knowing your own heart: Distinguishing interoceptive 
accuracy from interoceptive awareness. Biol. Psychol. 104, 65–74. https://doi.org/10.1016/J.BIOPSYCHO.2014.11.004 (2015).

	 32.	 Critchley, H. D. & Garfinkel, S. N. Interoception and emotion. Curr. Opin. Psychol. 17, 7–14. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​J​.​C​O​P​S​Y​C​.​
2​0​1​7​.​0​4​.​0​2​0​​​​ (2017).

	 33.	 Koreki, A., Funayama, M., Terasawa, Y., Onaya, M. & Mimura, M. Aberrant interoceptive accuracy in patients with schizophrenia 
performing a heartbeat counting task. Schizophr. Bull Open 2(1), 67. https://doi.org/10.1093/schizbullopen/sgaa067 (2021).

	 34.	 Barbato, M., Arora, T., Al Hemeiri, S. & AlJassmi, M. A. Looking within: Interoceptive sensibility in young adults with psychotic-
like experiences. Early Interv. Psychiatry 15(6), 1705–1712. https://doi.org/10.1111/eip.13117 (2021).

	 35.	 Davidson, C. A., Hoffman, L. & Spaulding, W. D. Schizotypal personality questionnaire–brief revised (updated): An update of 
norms, factor structure, and item content in a large non-clinical young adult sample. Psychiatry Res. 238, 345–355. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​1​0​1​6​/​J​.​P​S​Y​C​H​R​E​S​.​2​0​1​6​.​0​1​.​0​5​3​​​​ (2016).

	 36.	 Raine, A. & Raine, A. The SPQ: A Scale for the Assessment of Schizotypal Personality Based on DSM-III-R Criteria Downloaded 
from, vol. 17. http://schizophreniabulletin.oxfordjournals.org/ (1991).

	 37.	 Keefe, R. S. E. & Harvey, P. D. Cognitive impairment in schizophrenia. Handb. Exp. Pharmacol. 213, 11–37. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​
0​7​/​9​7​8​-​3​-​6​4​2​-​2​5​7​5​8​-​2​_​2​/​C​O​V​E​R​​​​ (2012).

	 38.	 Fuchs, T. & Schlimme, J. E. Embodiment and psychopathology: A phenomenological perspective. Curr. Opin. Psychiatry 22(6), 
570–575. https://doi.org/10.1097/YCO.0B013E3283318E5C (2009).

	 39.	 Teufel, C., Kingdon, A., Ingram, J. N., Wolpert, D. M. & Fletcher, P. C. Deficits in sensory prediction are related to delusional 
ideation in healthy individuals. Neuropsychologia 48(14), 4169–4172. ​h​t​t​p​s​:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​0​1​6​/​​J​.​N​E​U​​R​O​P​S​Y​C​​H​O​L​O​G​I​​A​.​2​0​1​0​​.​1​0​
.​0​2​4 (2010).

	 40.	 Varela, F. J. et al. The Embodied Mind: Cognitive Science and Human Experience 308 (1993).
	 41.	 Gallagher, S. How the Body Shapes the Mind 1–294. https://doi.org/10.1093/0199271941.001.0001 (2005).
	 42.	 Raine, A. & Raine, A. The SPQ: A Scale for the Assessment of Schizotypal Personality Based on DSM-III-R Criteria, vol. 17. ​h​t​t​p​s​:​​/​/​

a​c​a​d​​e​m​i​c​.​o​​u​p​.​c​o​m​​/​s​c​h​i​​z​o​p​h​r​e​​n​i​a​b​u​l​​l​e​t​i​n​/​​a​r​t​i​c​l​e​/​1​7​/​4​/​5​5​5​/​1​8​9​4​8​7​2 (1991).
	 43.	 Longo, M. R. Types of Body Representation 117–134 (2016).
	 44.	 Naor-Ziv, R., King, R. & Glicksohn, J. Rank-order of body shapes reveals internal hierarchy of body image. J. Pers. Oriented Res. 

6(1), 28–38 (2020).
	 45.	 Cuzzolaro, M. et al. BUT: una nuova scala per la valutazione del disagio relativo all‘immagine del corpo. Psichiatr. Inf. Adolesc. 1, 

66–417 (1999).
	 46.	 Cuzzolaro, M. & Fassino, S. A Guide to Assessment, Treatment, and Prevention Body Image, Eating, and Weight (2018).
	 47.	 Marano, G. et al. Validating the body uneasiness test (BUT) in obese patients. Eat. Weight Disord. 12(2), 70–82. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​

0​.​1​0​0​7​/​B​F​0​3​3​2​7​5​8​1​​​​ (2007).
	 48.	 Cuzzolaro, M. et al. The Body Uneasiness Test (BUT): Development and Validation of a New Body Image Assessment Scale, vol. 11 

(2006).
	 49.	 Harvie, D. S., Edmond-Hank, G. & Smith, A. D. Tactile acuity is reduced in people with chronic neck pain. Musculoskelet. Sci. 

Pract. 33, 61–66. https://doi.org/10.1016/j.msksp.2017.11.009 (2018).
	 50.	 Weber, E. H. On the Tactile Senses. https://doi.org/10.4324/9781315782089 (1996).
	 51.	 Spitoni, G. F. et al. The two dimensions of the body representation in women suffering from Anorexia Nervosa. Psychiatry Res. 

230(2), 181–188. https://doi.org/10.1016/j.psychres.2015.08.036 (2015).
	 52.	 Benton, A. L. et al. Contributions to Neuropsychological Assessment: Tests: 9. Finger Localization Complete Test (Oxford University 

Press, 1983).
	 53.	 Yau, J. M., DeAngelis, G. C. & Angelaki, D. E. Dissecting neural circuits for multisensory integration and crossmodal processing. 

Philos. Trans. R. Soc. B Biol. Sci. 370(1677), 203. https://doi.org/10.1098/RSTB.2014.0203 (2015).
	 54.	 Dumas, K., Holtzer, R. & Mahoney, J. R. Visual-Somatosensory Integration in Older Adults: Links to Sensory Functioning.
	 55.	 Mahoney, J. R., Dumas, K. & Holtzer, R. Visual-Somatosensory Integration is Linked to Physical Activity Level in Older Adults.
	 56.	 Mahoney, J. R., Cotton, K. & Verghese, J. Medical Sciences cite as. J. Gerontol. A Biol. Sci. Med. Sci. 74(9), 1429–1435. ​h​t​t​p​s​:​/​/​d​o​i​

.​o​r​g​/​1​0​.​1​0​9​3​/​g​e​r​o​n​a​/​g​l​y​2​4​5​​​​ (2019).
	 57.	 Sarko, D. K. et al. Spatial and temporal features of multisensory processes. In The Neural Bases of Multisensory Processes 191–215. 

https://www.ncbi.nlm.nih.gov/books/NBK92831/ (Accessed 22 March 2024) (2012).
	 58.	 Binder, M. Neural correlates of audiovisual temporal processing–comparison of temporal order and simultaneity judgments. 

Neuroscience 300, 432–447. https://doi.org/10.1016/J.NEUROSCIENCE.2015.05.011 (2015).
	 59.	 Serino, A. Peripersonal space (PPS) as a multisensory interface between the individual and the environment, defining the space of 

the self. Neurosci Biobehav  Rev. 2019 Apr;99:138-159. doi: 10.1016/j.neubiorev.2019.01.016. Epub 2019 Jan 24. PMID: 30685486.  

Scientific Reports |         (2025) 15:7909 12| https://doi.org/10.1038/s41598-025-89951-9

www.nature.com/scientificreports/

https://doi.org/10.1038/srep38735
https://doi.org/10.1016/j.schres.2013.07.027
http://www.elsevier.com/locate/schres
https://doi.org/10.1016/j.neuropsychologia.2010.06.028
https://doi.org/10.1016/J.NEUROPSYCHOLOGIA.2014.08.005
https://doi.org/10.1016/j.concog.2018.09.006
https://doi.org/10.1093/schbul/sbw174
https://doi.org/10.3389/FPSYG.2021.716950/FULL
https://doi.org/10.1098/RSPB.2010.2547
https://doi.org/10.1016/J.CONCOG.2013.08.013
https://doi.org/10.1080/17470218.2016.1181768
https://doi.org/10.3389/fpsyg.2023.1141799
https://doi.org/10.1016/J.SCHRES.2021.11.046
https://doi.org/10.3389/fnhum.2016.00379
https://doi.org/10.3389/fnhum.2016.00379
https://doi.org/10.1016/J.BIOPSYCHO.2014.11.004
https://doi.org/10.1016/J.COPSYC.2017.04.020
https://doi.org/10.1016/J.COPSYC.2017.04.020
https://doi.org/10.1093/schizbullopen/sgaa067
https://doi.org/10.1111/eip.13117
https://doi.org/10.1016/J.PSYCHRES.2016.01.053
https://doi.org/10.1016/J.PSYCHRES.2016.01.053
http://schizophreniabulletin.oxfordjournals.org/
https://doi.org/10.1007/978-3-642-25758-2_2/COVER
https://doi.org/10.1007/978-3-642-25758-2_2/COVER
https://doi.org/10.1097/YCO.0B013E3283318E5C
https://doi.org/10.1016/J.NEUROPSYCHOLOGIA.2010.10.024
https://doi.org/10.1016/J.NEUROPSYCHOLOGIA.2010.10.024
https://doi.org/10.1093/0199271941.001.0001
https://academic.oup.com/schizophreniabulletin/article/17/4/555/1894872
https://academic.oup.com/schizophreniabulletin/article/17/4/555/1894872
https://doi.org/10.1007/BF03327581
https://doi.org/10.1007/BF03327581
https://doi.org/10.1016/j.msksp.2017.11.009
https://doi.org/10.4324/9781315782089
https://doi.org/10.1016/j.psychres.2015.08.036
https://doi.org/10.1098/RSTB.2014.0203
https://doi.org/10.1093/gerona/gly245
https://doi.org/10.1093/gerona/gly245
https://www.ncbi.nlm.nih.gov/books/NBK92831/
https://doi.org/10.1016/J.NEUROSCIENCE.2015.05.011
http://www.nature.com/scientificreports


	 60.	 Di Cosmo, G. et al. Phase-coupling of neural oscillations contributes to individual differences in peripersonal space. 
Neuropsychologia 156, 823. ​h​t​t​p​s​:​​/​/​d​o​i​.​​o​r​g​/​1​0​​.​1​0​1​6​/​​j​.​n​e​u​​r​o​p​s​y​c​​h​o​l​o​g​i​​a​.​2​0​2​1​​.​1​0​7​8​2​3 (2021).

	 61.	 Canzoneri, E., Magosso, E. & Serino, A. Dynamic sounds capture the boundaries of peripersonal space representation in humans. 
PLoS ONE 7(9), e44306. https://doi.org/10.1371/JOURNAL.PONE.0044306 (2012).

	 62.	 Ferri, F. et al. Intertrial variability in the premotor cortex accounts for individual differences in peripersonal space. J. Neurosci. 
35(50), 16328–16339. https://doi.org/10.1523/JNEUROSCI.1696-15.2015 (2015).

	 63.	 Spadone, S. et al. Frontal and parietal background connectivity and their dynamic changes account for individual differences 
in the multisensory representation of peripersonal space. Sci. Rep. 11(1), 20533. https://doi.org/10.1038/s41598-021-00048-5 
(2021).

	 64.	 Laasonen, M., Service, E. & Virsu, V. Temporal order and processing acuity of visual, auditory, and tactile perception in 
developmentally dyslexic young adults. Cogn. Affect. Behav. Neurosci. 1(4), 394–410. https://doi.org/10.3758/CABN.1.4.394 
(2001).

	 65.	 Heed, T., Azañón, E., Jones, A. & Ricciardi, E. Using Time to Investigate Space: A Review of Tactile Temporal Order Judgments as a 
Window onto Spatial Processing in Touch. https://doi.org/10.3389/fpsyg.2014.00076 (2014).

	 66.	 Azañón, E., Mihaljevic, K. & Longo, M. R. A three-dimensional spatial characterization of the crossed-hands deficit. Cognition 
157, 289–295. https://doi.org/10.1016/J.COGNITION.2016.09.007 (2016).

	 67.	 Kostaki, M. et al. Temporal order and synchrony judgments: A primer for students. In Timing and Time Perception: Procedures, 
Measures, and Applications 233–262 (BRILL Press, 2018).

	 68.	 Wada, M. et al. Spatio-temporal Processing of Tactile Stimuli in Autistic Children. https://doi.org/10.1038/srep05985
	 69.	 Mibu, A., Kan, S., Nishigami, T., Fujino, Y. & Shibata, M. Performing the hand laterality judgement task does not necessarily 

require motor imagery. Sci. Rep. 10(1), 9. https://doi.org/10.1038/s41598-020-61937-9 (2020).
	 70.	 Christova, P. S., Lewis, S. M., Tagaris, G. A., Uğurbil, K. & Georgopoulos, A. P. A voxel-by-voxel parametric fMRI study of motor 

mental rotation: Hemispheric specialization and gender differences in neural processing efficiency. Exp. Brain Res. 189(1), 79–90. 
https://doi.org/10.1007/S00221-008-1405-X (2008).

	 71.	 Ferri, F., Frassinetti, F., Costantini, M. & Gallese, V. Motor simulation and the bodily self. PLoS ONE 6(3), e17927. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​
/​1​0​.​1​3​7​1​/​j​o​u​r​n​a​l​.​p​o​n​e​.​0​0​1​7​9​2​7​​​​ (2011).

	 72.	 McFarland, R. A. Heart rate perception and heart rate control. Psychophysiology 12, 402–405. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​1​1​/​j​.​1​4​6​9​-​8​9​8​
6​.​1​9​7​5​.​t​b​0​0​0​1​1​.​x​​​​ (1975).

	 73.	 Brener, J. & Ring, C. Towards a psychophysics of interoceptive processes: The measurement of heartbeat detection. Philos. Trans. 
R. Soc. B Biol. Sci. 371, 1708. https://doi.org/10.1098/rstb.2016.0015 (2016).

	 74.	 Schandry, R. Heart beat perception and emotional experience. Psychophysiology 18(4), 483–488 (1981).
	 75.	 García-Cordero, I. et al. Attention, in and out: Scalp-level and intracranial EEG correlates of interoception and exteroception. 

Front. Neurosci. 11, 411. https://doi.org/10.3389/fnins.2017.00411 (2017).
	 76.	 Yoris, A. et al. The inner world of overactive monitoring: Neural markers of interoception in obsessive-compulsive disorder. 

Psychol. Med. 47(11), 1957–1970. https://doi.org/10.1017/S0033291717000368 (2017).
	 77.	 Fittipaldi, S. et al. A multidimensional and multi-feature framework for cardiac interoception. Neuroimage 212, 116677. ​h​t​t​p​s​:​/​/​

d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​J​.​N​E​U​R​O​I​M​A​G​E​.​2​0​2​0​.​1​1​6​6​7​7​​​​ (2020).
	 78.	 Koch, A., Pollatos, O., Mehling, W. E., Sänger, J. & Dunn, B. Interoceptive Sensitivity, Body Weight and Eating Behavior in Children: 

A Prospective Study. https://doi.org/10.3389/fpsyg.2014.01003 (2014).
	 79.	 Poli, A. et al. Item reduction, psychometric and biometric properties of the Italian version of the body perception questionnaire—

Short form (Bpq-sf): The bpq-22. Int. J. Environ. Res. Public Health 18(7), 835. https://doi.org/10.3390/ijerph18073835 (2021).
	 80.	 Porges, S. Body Perception Questionnaire (University of Maryland, 1993).
	 81.	 Mehling, W. E., Price, C., Daubenmier, J. J., Acree, M. & Bartmess, E. The multidimensional assessment of interoceptive awareness 

(MAIA). PLoS ONE 7(11), 48230. https://doi.org/10.1371/journal.pone.0048230 (2012).
	 82.	 Suzuki, K., Garfinkel, S. N., Critchley, H. D. & Seth, A. K. Multisensory integration across exteroceptive and interoceptive 

domains modulates self-experience in the rubber-hand illusion. Neuropsychologia 51(13), 2909–2917. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​r​​g​/​​1​0​.​1​0​​1​​​6​/​j​.​n​​
e​u​r​o​p​s​​y​c​h​o​l​o​​​g​i​a​.​​​2​0​1​​3​.​0​8​.​0​1​4 (2013).

	 83.	 Tseng, H. H. et al. A systematic review of multisensory cognitive–affective integration in schizophrenia. Neurosci. Biobehav. Rev. 
55, 444–452. https://doi.org/10.1016/j.neubiorev.2015.04.019 (2015).

	 84.	 Nikulin, V. V., Jönsson, E. G. & Brismar, T. Attenuation of Long-Range Temporal Correlations in the Amplitude Dynamics of Alpha 
and Beta Neuronal Oscillations in Patients with Schizophrenia. https://doi.org/10.1016/j.neuroimage.2012.03.008 (2012).

	 85.	 Foucher, J. R. et al. Low Time Resolution in Schizophrenia Lengthened Windows of Simultaneity for Visual, Auditory and Bimodal 
Stimuli. https://doi.org/10.1016/j.schres.2007.08.013 (2007).

	 86.	 Park, S. H. et al. Increased Personal Space of Patients with Schizophrenia in a Virtual Social Environment. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​
j​.​p​s​y​c​h​r​e​s​.​2​0​0​8​.​0​6​.​0​3​9​​​​ (2008).

	 87.	 Holt, D. J. et al. Abnormalities in personal space and parietal-frontal function in schizophrenia. Neuroimage Clin. 9, 233–243. 
https://doi.org/10.1016/j.nicl.2015.07.008 (2015).

	 88.	 Serino, A. Peripersonal space (PPS) as a multisensory interface between the individual and the environment, defining the space 
of the self. Neurosci. Biobehav. Rev. 99, 138–159. https://doi.org/10.1016/J.NEUBIOREV.2019.01.016 (2019).

	 89.	 Ardizzi, M. & Ferri, F. Interoceptive influences on peripersonal space boundary. Cognition 177, 79–86. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​
c​o​g​n​i​t​i​o​n​.​2​0​1​8​.​0​4​.​0​0​1​​​​ (2018).

	 90.	 Critchley, H. D. et al. Cardiac Interoception in Patients Accessing Secondary Mental Health Services: A Transdiagnostic Study. 
https://doi.org/10.1016/j.autneu.2023.103072 (2023).

	 91.	 Jauhar, S., Johnstone, M. & McKenna, P. J. Schizophrenia. The Lancet 399(10323), 473–486. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​S​0​1​4​0​-​6​7​3​6​(​
2​1​)​0​1​7​3​0​-​X​​​​ (2022).

	 92.	 Häfner, H. et al. The ABC schizophrenia study: A preliminary overview of the results. Soc. Psychiatry Psychiatr. Epidemiol. 33(8), 
380–386. https://doi.org/10.1007/S001270050069 (1998).

	 93.	 Feldman, M. J., Bliss-Moreau, E. & Lindquist, K. A. The neurobiology of interoception and affect. Trends Cogn. Sci. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​1​0​1​6​/​J​.​T​I​C​S​.​2​0​2​4​.​0​1​.​0​0​9​​​​ (2024).

	 94.	 Barrett, L. F. The theory of constructed emotion: An active inference account of interoception and categorization. Soc. Cogn. 
Affect. Neurosci. 12(1), 1–23. https://doi.org/10.1093/SCAN/NSW154 (2017).

	 95.	 Damasio, A. & Carvalho, G. B. The nature of feelings: Evolutionary and neurobiological origins. Nat. Rev. Neurosci. 14(2), 143–
152. https://doi.org/10.1038/nrn3403 (2013).

	 96.	 Damasio, A. R. The somatic marker hypothesis and the possible functions of the prefrontal cortex. Philos. Trans. R. Soc. Lond. B 
Biol. Sci. 351(1346), 1413–1420. https://doi.org/10.1098/RSTB.1996.0125 (1996).

	 97.	 Lee, Y. et al. Dissociation of emotional decision-making from cognitive decision-making in chronic schizophrenia. Psychiatry 
Res. 152(2–3), 113–120. https://doi.org/10.1016/J.PSYCHRES.2006.02.001 (2007).

	 98.	 Kim, J. et al. Sad Faces Increase the Heartbeat-Associated Interoceptive Information Flow Within the Salience Network: A MEG 
Study OPEN. https://doi.org/10.1038/s41598-018-36498-7

	 99.	 Torregrossa, L. J., Blain, S. D., Snodgress, M. A. & Park, S. Multidimensional schizotypy and embodied emotions. Front. Psychol. 
14, 1141799. https://doi.org/10.3389/FPSYG.2023.1141799 (2023).

Scientific Reports |         (2025) 15:7909 13| https://doi.org/10.1038/s41598-025-89951-9

www.nature.com/scientificreports/

https://doi.org/10.1016/j.neuropsychologia.2021.107823
https://doi.org/10.1371/JOURNAL.PONE.0044306
https://doi.org/10.1523/JNEUROSCI.1696-15.2015
https://doi.org/10.1038/s41598-021-00048-5
https://doi.org/10.3758/CABN.1.4.394
https://doi.org/10.3389/fpsyg.2014.00076
https://doi.org/10.1016/J.COGNITION.2016.09.007
https://doi.org/10.1038/srep05985
https://doi.org/10.1038/s41598-020-61937-9
https://doi.org/10.1007/S00221-008-1405-X
https://doi.org/10.1371/journal.pone.0017927
https://doi.org/10.1371/journal.pone.0017927
https://doi.org/10.1111/j.1469-8986.1975.tb00011.x
https://doi.org/10.1111/j.1469-8986.1975.tb00011.x
https://doi.org/10.1098/rstb.2016.0015
https://doi.org/10.3389/fnins.2017.00411
https://doi.org/10.1017/S0033291717000368
https://doi.org/10.1016/J.NEUROIMAGE.2020.116677
https://doi.org/10.1016/J.NEUROIMAGE.2020.116677
https://doi.org/10.3389/fpsyg.2014.01003
https://doi.org/10.3390/ijerph18073835
https://doi.org/10.1371/journal.pone.0048230
https://doi.org/10.1016/j.neuropsychologia.2013.08.014
https://doi.org/10.1016/j.neuropsychologia.2013.08.014
https://doi.org/10.1016/j.neubiorev.2015.04.019
https://doi.org/10.1016/j.neuroimage.2012.03.008
https://doi.org/10.1016/j.schres.2007.08.013
https://doi.org/10.1016/j.psychres.2008.06.039
https://doi.org/10.1016/j.psychres.2008.06.039
https://doi.org/10.1016/j.nicl.2015.07.008
https://doi.org/10.1016/J.NEUBIOREV.2019.01.016
https://doi.org/10.1016/j.cognition.2018.04.001
https://doi.org/10.1016/j.cognition.2018.04.001
https://doi.org/10.1016/j.autneu.2023.103072
https://doi.org/10.1016/S0140-6736(21)01730-X
https://doi.org/10.1016/S0140-6736(21)01730-X
https://doi.org/10.1007/S001270050069
https://doi.org/10.1016/J.TICS.2024.01.009
https://doi.org/10.1016/J.TICS.2024.01.009
https://doi.org/10.1093/SCAN/NSW154
https://doi.org/10.1038/nrn3403
https://doi.org/10.1098/RSTB.1996.0125
https://doi.org/10.1016/J.PSYCHRES.2006.02.001
https://doi.org/10.1038/s41598-018-36498-7
https://doi.org/10.3389/FPSYG.2023.1141799
http://www.nature.com/scientificreports


	100.	 Uono, S. et al. Schizotypy is associated with difficulties detecting emotional facial expressions. R. Soc. Open Sci. 8(11), 2021. 
https://doi.org/10.1098/RSOS.211322 (2021).

	101.	 Yao, B. & Thakkar, K. Interoception abnormalities in schizophrenia: A review of preliminary evidence and an integration with 
Bayesian accounts of psychosis. Neurosci. Biobehav. Rev. 132, 757–773. https://doi.org/10.1016/J.NEUBIOREV.2021.11.016 
(2022).

	102.	 Sevy, S. et al. Iowa gambling task in schizophrenia: A review and new data in patients with schizophrenia and co-occurring 
cannabis use disorders. Schizophr. Res. 92(1–3), 74. https://doi.org/10.1016/J.SCHRES.2007.01.005 (2007).

	103.	 Nestsiarovich, A. et al. Disorganization at the stage of schizophrenia clinical outcome: Clinical–biological study. Eur. Psychiatry 
42, 44–48. https://doi.org/10.1016/J.EURPSY.2016.12.011 (2017).

	104.	 Pelizza, L. et al. Disorganization in first episode schizophrenia: Treatment response and psychopathological findings from the 
2-year follow-up of the “Parma Early Psychosis” program. J. Psychiatr. Res. 141, 293–300. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​J​.​J​P​S​Y​C​H​I​R​E​S​
.​2​0​2​1​.​0​7​.​0​1​5​​​​ (2021).

	105.	 Levaux, M. N. et al. Computerized assessment of cognition in schizophrenia: Promises and pitfalls of CANTAB. Eur. Psychiatry 
22(2), 104–115. https://doi.org/10.1016/J.EURPSY.2006.11.004 (2007).

	106.	 Leeson, V. C. et al. Discrimination learning, reversal, and set-shifting in first-episode schizophrenia: Stability over six years and 
specific associations with medication type and disorganization syndrome. Biol. Psychiatry 66(6), 586–593. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​
6​/​J​.​B​I​O​P​S​Y​C​H​.​2​0​0​9​.​0​5​.​0​1​6​​​​ (2009).

	107.	 Barnett, J. H. et al. Assessing cognitive function in clinical trials of schizophrenia. Neurosci. Biobehav. Rev. 34(8), 1161–1177. 
https://doi.org/10.1016/J.NEUBIOREV.2010.01.012 (2010).

	108.	 Chang, W. C. et al. Inter-relationships among psychopathology, premorbid adjustment, cognition and psychosocial functioning 
in first-episode psychosis: A network analysis approach. Psychol. Med. 50(12), 2019–2027. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​7​/​S​0​0​3​3​2​9​1​7​1​9​
0​0​2​1​1​3​​​​ (2020).

	109.	 Moura, B. M. et al. A network of psychopathological, cognitive, and motor symptoms in schizophrenia spectrum disorders. 
Schizophr. Bull. 47(4), 915–926. https://doi.org/10.1093/SCHBUL/SBAB002 (2021).

	110.	 Priebe, S. & Röhricht, F. Specific body image pathology in acute schizophrenia. Psychiatry Res. 101(3), 289–301. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​1​6​/​S​0​1​6​5​-​1​7​8​1​(​0​1​)​0​0​2​1​4​-​1​​​​ (2001).

	111.	 Handest, P. & Parnas, J. Clinical characteristics of first-admitted patients with ICD-10 schizotypal disorder. Br. J. Psychiatry Suppl. 
48, 49. https://doi.org/10.1192/BJP.187.48.S49 (2005).

	112.	 Gallagher, S. Neurocognitive models of schizophrenia: A neurophenomenological critique. Psychopathology 37(1), 8–19. ​h​t​t​p​s​:​/​/​
d​o​i​.​o​r​g​/​1​0​.​1​1​5​9​/​0​0​0​0​7​7​0​1​4​​​​ (2004).

	113.	 Nordgaard, J. & Parnas, J. Self-disorders and the schizophrenia spectrum: A study of 100 first hospital admissions. Schizophr. Bull. 
40(6), 1300–1307. https://doi.org/10.1093/SCHBUL/SBT239 (2014).

	114.	 De Haan, S. & Fuchs, T. The ghost in the machine: disembodiment in schizophrenia–two case studies. Psychopathology 43(5), 
327–333. https://doi.org/10.1159/000319402 (2010).

	115.	 Petitmengin, C., Remillieux, A. & Valenzuela-Moguillansky, C. Discovering the structures of lived experience: Towards a micro-
phenomenological analysis method. Phenomenol. Cogn. Sci. 18(4), 691–730. https://doi.org/10.1007/S11097-018-9597-4 (2019).

	116.	 Uhlhaas, P. J. & Mishara, A. L. Perceptual anomalies in schizophrenia: Integrating phenomenology and cognitive neuroscience. 
Schizophr. Bull. 33(1), 142. https://doi.org/10.1093/SCHBUL/SBL047 (2006).

	117.	 Gallese, V. & Ferri, F. Jaspers, the body, and schizophrenia: The bodily self. Psychopathology 46(5), 330–336. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​1​
5​9​/​0​0​0​3​5​3​2​5​8​​​​ (2013).

	118.	 Desmedt, O. et al. How does heartbeat counting task performance relate to theoretically-relevant mental health outcomes? A 
meta-analysis. Collabra Psychol. 8(1), 1638. https://doi.org/10.1525/COLLABRA.33271/121638 (2022).

	119.	 Zamariola, G., Maurage, P., Luminet, O. & Corneille, O. Interoceptive accuracy scores from the heartbeat counting task are 
problematic: Evidence from simple bivariate correlations. Biol. Psychol. 137, 12–17. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​J​.​B​I​O​P​S​Y​C​H​O​.​2​0​1​8​.​
0​6​.​0​0​6​​​​ (2018).

	120.	 Correll, C. U. & Schooler, N. R. Negative Symptoms in Schizophrenia: A Review and Clinical Guide for Recognition, Assessment, and 
Treatment. https://doi.org/10.2147/NDT.S225643 (2020).

	121.	 Ferroni, F. et al. Tool-use extends peripersonal space boundaries in schizophrenic patients. Schizophr. Bull. 48(5), 1085. ​h​t​t​p​s​:​/​/​d​
o​i​.​o​r​g​/​1​0​.​1​0​9​3​/​S​C​H​B​U​L​/​S​B​A​C​0​6​7​​​​ (2022).

	122.	 Serino, A., Canzoneri, E., Marzolla, M., di Pellegrino, G. & Magosso, E. Extending peripersonal space representation without 
tool-use: Evidence from a combined behavioural–computational approach. Front. Behav. Neurosci. 9, 4. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​8​9​/​
F​N​B​E​H​.​2​0​1​5​.​0​0​0​0​4​​​​ (2015).

	123.	 Novo, A. et al. Virtual reality rehabilitation’s impact on negative symptoms and psychosocial rehabilitation in schizophrenia 
spectrum disorder: A systematic review. Healthcare 9(11), 429. https://doi.org/10.3390/HEALTHCARE9111429 (2021).

	124.	 Schaefer, M., Egloff, B., Gerlach, A. L. & Witthöft, M. Improving heartbeat perception in patients with medically unexplained 
symptoms reduces symptom distress. Biol. Psychol. 101(1), 69–76. https://doi.org/10.1016/J.BIOPSYCHO.2014.05.012 (2014).

	125.	 Schillings, C., Karanassios, G., Schulte, N., Schultchen, D. & Pollatos, O. The effects of a 3-week heartbeat perception training on 
interoceptive abilities. Front. Neurosci. 16, 55. https://doi.org/10.3389/FNINS.2022.838055 (2022).

Acknowledgements
This research paper was supported by Boosting Ingenium for Excellence (BI4E) project, funded by the Europe-
an Union’s European Union’s HORIZON-WIDERA-2021-ACCESS-05-01-European Excellence Initiative under 
the Grant Agreement No. 101071321; the National Recovery and Resilience Plan (NRRP), Mission 4, Compo-
nent 2, Investment 1.1, Call for tender No. 1409 published on 14.9.2022 by the Italian Ministry of University and 
Research (MUR), funded by the European Union—NextGenerationEU—Project Title “Metaphor end epistemic 
injustice in mental illness: the case of schizophrenia”—CUP D53D23020890001. Grant Assignment Decree No. 
1409/2022 adopted on October 31 2023, by the Italian Ministry of University and Research (MUR); the Depart-
ments of Excellence 2023–2027” initiative of the Italian Ministry of University and Research for the Department 
of Neuroscience, Imaging and Clinical Sciences (DNISC) of the University of Chieti-Pescara; the National Re-
covery and Resilience Plan (NRRP), Mission 4, Component 2, Investment 1.1, Call for tender No. 104 published 
on 2.2.2022 by the Italian Ministry of University and Research (MUR), funded by the European Union - Next-
GenerationEU - Project Title "Interception and Active Aging (InterActing)" - CUP D53D23009700006 - Grant 
Assignment Decree No. 1016 adopted on July 7 2023 by the Italian Ministry of University and Research (MUR). 
We would like to thank Anatolia Salone for her insightful suggestions during the manuscript writing process.

Author contributions
MRP: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Writing – original draft; 
MGP: Data curation, Resources, Software, Validation; PC: Formal analysis, Methodology; AK: Writing – review 

Scientific Reports |         (2025) 15:7909 14| https://doi.org/10.1038/s41598-025-89951-9

www.nature.com/scientificreports/

https://doi.org/10.1098/RSOS.211322
https://doi.org/10.1016/J.NEUBIOREV.2021.11.016
https://doi.org/10.1016/J.SCHRES.2007.01.005
https://doi.org/10.1016/J.EURPSY.2016.12.011
https://doi.org/10.1016/J.JPSYCHIRES.2021.07.015
https://doi.org/10.1016/J.JPSYCHIRES.2021.07.015
https://doi.org/10.1016/J.EURPSY.2006.11.004
https://doi.org/10.1016/J.BIOPSYCH.2009.05.016
https://doi.org/10.1016/J.BIOPSYCH.2009.05.016
https://doi.org/10.1016/J.NEUBIOREV.2010.01.012
https://doi.org/10.1017/S0033291719002113
https://doi.org/10.1017/S0033291719002113
https://doi.org/10.1093/SCHBUL/SBAB002
https://doi.org/10.1016/S0165-1781(01)00214-1
https://doi.org/10.1016/S0165-1781(01)00214-1
https://doi.org/10.1192/BJP.187.48.S49
https://doi.org/10.1159/000077014
https://doi.org/10.1159/000077014
https://doi.org/10.1093/SCHBUL/SBT239
https://doi.org/10.1159/000319402
https://doi.org/10.1007/S11097-018-9597-4
https://doi.org/10.1093/SCHBUL/SBL047
https://doi.org/10.1159/000353258
https://doi.org/10.1159/000353258
https://doi.org/10.1525/COLLABRA.33271/121638
https://doi.org/10.1016/J.BIOPSYCHO.2018.06.006
https://doi.org/10.1016/J.BIOPSYCHO.2018.06.006
https://doi.org/10.2147/NDT.S225643
https://doi.org/10.1093/SCHBUL/SBAC067
https://doi.org/10.1093/SCHBUL/SBAC067
https://doi.org/10.3389/FNBEH.2015.00004
https://doi.org/10.3389/FNBEH.2015.00004
https://doi.org/10.3390/HEALTHCARE9111429
https://doi.org/10.1016/J.BIOPSYCHO.2014.05.012
https://doi.org/10.3389/FNINS.2022.838055
http://www.nature.com/scientificreports


and editing; MC: Conceptualization, Funding acquisition, Methodology, Supervision, Writing – review and ed-
iting; FF: Conceptualization, Data curation, Project administration, Supervision, Writing – original draft.  All 
authors have read and agreed to the published version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​8​9​9​5​1​-​9​​​​​.​​

Correspondence and requests for materials should be addressed to M.R.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence 
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2025 

Scientific Reports |         (2025) 15:7909 15| https://doi.org/10.1038/s41598-025-89951-9

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-025-89951-9
https://doi.org/10.1038/s41598-025-89951-9
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Predictive role of exteroceptive and interoceptive bodily dimensions to schizotypal personality traits
	﻿Methods and materials
	﻿Participants
	﻿Schizotypal personality questionnaire (SPQ)


	﻿Procedure
	﻿Exteroceptive bodily dimensions
	﻿Body image
	﻿Spatial tactile acuity
	﻿Body structural representation
	﻿Multisensory integration
	﻿Multisensory temporal resolution
	﻿Peripersonal space
	﻿Temporal tactile acuity
	﻿Sensorimotor functions


	﻿Interoceptive bodily dimensions
	﻿Interoceptive accuracy
	﻿Interoceptive sensibility
	﻿Interoceptive awareness

	﻿Statistical analysis: machine learning approach
	﻿Results
	﻿Contribution of exteroceptive bodily dimension to schizotypal traits
	﻿Contribution of interoceptive bodily dimension to schizotypal traits
	﻿Contribution of both exteroceptive and interoceptive bodily dimensions to schizotypal traits

	﻿Discussion
	﻿Contributions of bodily dimensions to cognitive-perceptual traits
	﻿Contributions of bodily dimensions to interpersonal traits
	﻿Contributions of bodily dimensions to disorganization traits
	﻿Non-specific contributions to schizotypal traits
	﻿Limitations and future directions

	﻿References


