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ARTICLE INFO ABSTRACT

Keywords: Individuals with schizophrenia have difficulty attributing mental states to themselves and to
F?rSt and Se_cond order others - Theory of Mind (ToM). ToM is a complex, multifaceted theoretical construct comprising
First and third person first and second order, first and third person, egocentric and allocentric perspective, and cognitive

Egocentric and allocentric perspective
Cognitive and affective ToM
Mindreading

Social cognition

and affective ToM. Most studies addressing ToM deficit in people with schizophrenia consider it

n "all-or-nothing" ability and use a classical statistical methodology to test a null hypothesis.
With the present study, we investigated ToM in individuals with schizophrenia, considering its
complex nature and degrees of impairment. To do this, we used a machine-learning approach to
detect patterns in heterogeneous and multivariate data. Our findings highlight the complex na-
ture of ToM deficit in individuals with schizophrenia and reveal the relationship between various
different aspects of ToM.

1. Introduction

Human social cognition relies on the ability to attribute mental states to oneself and others - Theory of Mind (ToM), a theoretical
construct introduced by Ref. [1] (for a review, see Refs. [2,3]). Since its conceptualization, ToM has attracted increasing attention from
researchers and clinicians as a useful theoretical basis to explain various pathological conditions (for a review, see Ref. [4]). One of the
most commonly studied clinical disorders is schizophrenia. The first to suggest that a deficit in ToM could explain the cognitive and
behavioral abnormalities observed in individuals with schizophrenia was Frith [5,6]. He suggested that an impairment in ToM could
explain the complex symptomatology of schizophrenia, both its negative (poverty of speech and action, social withdrawal, flattening of
affect, catatonic behavior) and its positive symptoms (disordered thoughts and speech, hallucinations, delusions). Hardy-Baylé et al.
[7] argued that patients, particularly those with disorganized behavior, exhibit ToM deficits; Abu-Akel & Bailey [8] suggested that
individuals with schizophrenia, especially those with delusions, exhibit ToM difficulties by overattributing intentions to others as
"hyperToM activation".

Over the past two decades, a large body of empirical evidence has documented ToM difficulties in individuals with schizophrenia
(for reviews, see Refs. [9-12]; for metanalyses see Refs. [13,14]) and in their non-psychotic first-degree relatives [15,16]. What was
originally proposed as a unified ability - "the ToM" - was later shown to possess a complex nature composed of various different facets
[17].
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Here we discuss several of the most studied ToM facets: first- and second-order ToM [18], first- and third-person ToM [19],
egocentric and allocentric perspective [20], cognitive and affective ToM [21,22]. The distinction between first-order and second-order
ToM [18] was first proposed in relation to mentalizing activity and is the most widely studied facet to date. First-order ToM refers to
the comprehension of a belief about a state of the world, while second-order ToM refers to the comprehension of nested mental states, i.
e., understanding another person’s belief about a third person’s beliefs. Research into child development has shown that second-order
ToM tasks are more difficult to understand than first-order ones [23]. Indeed, individuals with schizophrenia display increasing
difficulty in solving second-order tasks [24,25].

First-person ToM refers to the ability to attribute mental states to oneself, while third-person ToM refers to the ability to infer other
people’s mental states [19]. Most ToM tasks (e.g. Ref. [26]), focus on third-person ToM, while the functioning of the first-person
perspective is less studied. Among the few exceptions are a study by Ref. [27] in which individuals with schizophrenia were found
to perform better on third-person rather than on first-person ToM tasks, and a study by Ref. [17] which reported contrasting findings, i.
e., individuals with schizophrenia performed better on first-than on third-person tasks. The distinction between first- and third-person
ToM is documented by functional magnetic resonance imaging (fMRI) studies which disclosed different patterns of brain activation in
healthy subjects between first- and third-person tasks [28].

Frith & de Vignemont [20] proposed a further distinction between egocentric and allocentric perspectives orthogonal to that
between first- and third-person ToM. In the egocentric perspective, others are represented in relation to the self, whereas in the
allocentric perspective, the mental states of others are represented independent of the self. Recently, Hartmann and colleagues [29]
investigated via behavioral and fMRI studies the emotional self-other distinction in autistic (ASD) people (ASD). ASD is another clinical
condition explained as being caused by a ToM deficit, with symptoms like the negative ones seen in individuals with schizophrenia [30,
31]. Although behavioral studies revealed no differences, brain activation studies suggested that two different regions are recruited in
autistic individuals when they deal with conflicting emotional mental states that they attribute to themselves or to another person
[29].

Moreover, the egocentric and the allocentric perspective are unclear aspects of ToM in schizophrenia. In a previous study, Bosco
et al. [25] found that participants with schizophrenia perform equally from a third-person ToM allocentric (scale B) or an egocentric
(scale C) perspective. Previous studies found a difference in performance between egocentric and allocentric ToM in some clinical
populations, however. Bosco et al. [32] found that participants with alcohol use disorders, but not controls, performed worse on scale B
(assessing third person ToM - allocentric perspective) than on scale C (assessing third person ToM — egocentric perspective). A pro-
nounced group effect in patients with bulimia nervosa (patients with bulimia nervosa vs. controls) was found for scale B but not for
scale C.

Finally, a distinction between cognitive and affective aspects of ToM has also been made [21]. Cognitive aspects refer to the ability
to understand mental states such as intentions and beliefs, whereas affective aspects involve the recognition of emotions. Empirical
studies have consistently shown that people with schizophrenia have difficulty correctly identifying third-person emotional states
[33-37]. Furthermore, patients are also known to have difficulty recognizing and naming their own emotions, i.e., alexithymia [35,
38]. Such difficulties are revealed in the lack of emotion in patients’ autobiographical narratives [39]. Lysaker, Dimaggio, Buck,
Carcione, and Nicolo [40] showed that individuals with schizophrenia are unable to distinguish between emotions in personal nar-
ratives. Lysaker, Gumley, Briine, Vanheule, Buck, and Di Maggio [41] examined the distinction between first- and third-person af-
fective ToM and identified three deficit profiles in their study involving participants with schizophrenia spectrum disorders: deficits in
both first- and third-person affective ToM (awareness of emotion recognition), preserved first-person affective ToM, and a deficit in
third-person affective ToM only, and intact first- and third-person affective ToM. Consistent with previous work [25], the authors
concluded that their findings suggested the existence of relative, semi-independent ToM abilities. Finally, the distinction between
cognitive and affective ToM aspects has been supported by fMRI studies [42].

Due to the complex nature of the theoretical construct of ToM, conventional tasks created to study the development of this ability in
children (for a review, see Ref. [12]) seemed unable to capture all facets of mentalizing ability in adults; therefore, specific tasks were
developed to investigate ToM in adults (for a review, see Ref. [43]). Probably the most common task administered to individuals with
schizophrenia is the Hinting task originally devised by Corcoran et al. [44] and later modified by Marjoram et al. (2005). It consists of
stories describing communicative interaction involving two characters: one offers the other an indirect speech act and the participant is
asked to infer the communicative meaning of the utterance. In all studies in which the task was administered to individuals with
schizophrenia, they were found to perform poorer compared with the matched controls (see, [44-46]).

Another classic task is the Theory of Mind Picture Stories [47]. This test assesses the ability to attribute third-person ToM. It in-
cludes a (non-social) sequencing task, a first- and second-order false belief task, and a tactical deception task. The tool has revealed
ToM impairment in individuals with schizophrenia compared with healthy controls. It has been used in various different cultural
contexts - Italian [48], Hungarian [49], and Portuguese [50], in which it has proved reliable for assessing third-person cognitive ToM
deficits in individuals with schizophrenia.

A more ecological tool is the Conversations and Intimations task [51] which consists of four clips from popular daytime television
shows. Each clip shows characters interacting in different real-life situations. Participants have to make correct inferences to un-
derstand social interactions such as indirect speech acts, gaffes, irony, and lies. Consistent with previous studies, the individuals with
schizophrenia performed considerably worse on the tasks than the control group [46].

To meet the need for increasingly ecological and reliable instruments, Canty and colleagues [52] developed the Virtual Assessment
of Mentalizing Ability (VAMA) tool. VAMA consists of video clips depicting a social drama and uses interactive simulation of real-life
situations to assess first- and second-order ToM, as well as affective and cognitive ToM. The coding system describes the continuum of
this complex ability, starting from impaired ToM to reduced, accurate, and hypermentalizing ability. Preliminary results suggest that
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the VAMA tool is a reliable and valid measure of ToM in healthy adults. In their study, Canty et al. [53] administrated the tool to
individuals with early diagnosis, chronic schizophrenia, and healthy controls and found that those with schizophrenia performed
worse than the healthy controls on all ToM aspects, while the performance on first-order and second order affective ToM and
second-order cognitive ToM of those with early diagnosis fell in between the healthy controls and the individuals with chronic
schizophrenia.

Another ecological test is the Theory of Mind Assessment Scale (Th.o.m.a.s., [25,54]), a semi-structured interview consisting of
open-ended questions that ask respondents to give their opinion about their own mind and the aspect of the functioning of others’
minds. Th.o.m.a.s. examines: first- and third-person Tol,, first- and second-order ToM, egocentric and allocentric perspective, affective
and cognitive ToM. The interviewer is instructed to ask specifically for real-world examples to contextualize the response if the
interviewee does not give it spontaneously. When administered to individuals with schizophrenia, Th.o.m.a.s. has shown impairment
in all components, though people with schizophrenia were found to be less impaired in first-person than in third-person ToM and less
impaired in first-order ToM than in second-order ToM [17].

ToM is neither a unitary ability nor an all-or-nothing ability. In detail, fully functioning ToM requires that a person be aware of
(different types of) mental states to establish relationships between different types of mental states and behavior and to use this
knowledge to make predictions about one’s own behavior and the behavior of others. Not all of these aspects merge necessarily,
however, nor are all impaired. Therefore, an in-depth study of ToM deficit in clinical populations with schizophrenia should consider,
besides the multicomponent nature of ToM, the fact that impairment may be more or less severe. Despite the abundance of studies, the
nature and extent of ToM impairment in schizophrenia remain to be elucidated (for a review see Ref. [55]).

With the present study we used the Th.o.m.a.s. [25,54] to investigate several aspects of ToM: first- and third-person ToM, first- and
second-order, egocentric and allocentric perspective, affective and cognitive ToM in individuals with schizophrenia. Th.o.m.a.s. has
demonstrated good psychometric properties, as evaluated in a sample of healthy individuals [54], with good inter-rater agreement,
good internal consistency and external validity. It has also been successfully used to assess various aspects of ToM functioning in
diverse clinical populations: sex offenders [56], non-suicidal self-injury adolescents [57], people with alcohol use disorder [58], with
borderline personality disorder [59], with congenital heart disease [60], and with bulimia [61].

The present study differs from our previous one [25] in that we analyzed the data in a completely different fashion and with a
different aim. First, our data analysis took into account the degree of impairment of the participants and scored their performance on a
scale from O to 4 (see Statistical Analysis). Second, instead of classical inferential statistics, we used a machine-learning approach with
Bayesian networks. The advantage of machine learning over classical inferential statistic is that it enables the search for patterns in
heterogeneous and multivariate data, independent of any particular data distribution [62]. While conventional statistical methods
often rely on assumptions about data distribution and linear relationships, machine-learning (ML) techniques offer a more flexible
framework for modeling complex dependencies and patterns in data. In detail, Bayesian networks provide a data-driven probabilistic
framework for modeling complex systems. They explicate probabilistic dependencies among variables, allowing for a richer under-
standing of the underlying data structure and enabling modeling of complex interactions and dependencies that traditional methods
may miss. Additionally, Bayesian networks offer distinct advantages in handling uncertainties inherent in many real-world datasets.
For instance, Bayesian networks can quantify and propagate uncertainty throughout a model through probabilistic inference, thus
generating more nuanced reliable predictions. Overall, ML approaches with Bayesian networks can aid in data analysis, enabling
researchers to extract richer insights and make more accurate predictions from complex and varied datasets than with conventional
statistical methods.

2. Methods
2.1. Participants

The present study sample was 44 participants, 22 (10 males) with a diagnosis of schizophrenia (SCZ) and 22 (10 males) matched
healthy controls. Schizophrenia was diagnosed by expert clinicians at the mental healthcare center where the participants were
recruited. Evaluation was made at the time of admission to the center based on standardized structured interviews and confirmed by a
licensed psychiatrist, so as to meet the criteria of the Diagnostic and Statistical Manual of Mental Disorders [63,64].

The participants with schizophrenia (age range, 27-64 years, M = 39.59, SD = 9.51; education level range, 2-18 years, M = 10.41,
SD = 3.35) were all in a chronic phase of clinical symptoms (mean illness duration, 13.73 years, SD = 6.47). Their symptoms were
evaluated by an expert clinician using the Positive and Negative Syndrome Scale (PANSS; [65]), and the PANSS General (M = 45.0; SD
= 12.47), negative (M = 25.86; SD = 6.18) and positive symptoms (M = 7.5; SD = 4.65) indexes. The mean intellectual quotient (IQ)
was 90 + 15, as assessed by the Italian standardized version of the WAIS-R [66]. All participants with SCZ were under antipsychotic
medication therapy: nine typical medicines (haloperidol and methotrimeprazine, levomepromazine), eleven atypical (clozapine,
quetiapine, risperidone and olanzapine), and two both typical and atypical.

The healthy control group matched the SCZ group for age (38.5 + 9.81 years; T test, t. = 374; p = 0.710) and years of education
(10.18 £ 3.06; t = 0.235; p = 0.815). Inclusion criterion for the whole sample was being an Italian native speaker. Exclusion criteria for
the whole sample were: current and/or prior neurological disorder; history of head injury; substance abuse; impaired hearing or vision.
Additional exclusion criteria for the healthy controls were: current and/or prior psychiatric disorder; ongoing psychopharmacological
medication; ongoing psychotherapy. The criteria were stated at the bottom of the informative letter provided the interviewees and
verified in a preliminary screening interview by the experimenter at the beginning of the experimental session. All participants
provided a written informed consent in accordance with the Declaration of Helsinki. The protocol (number 50570.11) was approved by
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the A.S.L. To2 ethics committee.

2.2. Material

The Theory of Mind Assessment Scale (Th.o.m.a.s.; [25]) is a semi-structured clinical interview validated for adolescents and adults
[54]. It comprises 37 open-ended question items that ask the interviewees to state and discuss their thinking about how ToM works in
everyday life, including examples that they may give spontaneously or after prompting from the interviewer. The interview is
structured into groups of question items with responses rated on four scales that focus on the internal or social domains in which ToM
plays a role.

- Scale A (I-Me) - First-order first-person ToM focuses on how the respondent (I) reflects on his or her own mental states (Me).

- Scale B (Other-Self) - Allocentric third-person focuses on how the respondent believes other people (Other) think about their (Self)
mental states, regardless of their own position. This scale is similar to the classic third-person ToM task.

- Scale C (I-Other) - Egocentric third-person ToM focuses on how the respondent (I) thinks about the mental states of others (Other).
While both scales B and C examine third-person ToM, the difference resides in the respondent’s position, thus bridging between
first- and third-person ToM.

- Scale D (Other Me) - Second-order first-person ToM focuses on how the respondent imagines the knowledge that others might have
about their mental states, i.e., how they (Other) reflect on their mental states (Me). The abstract structure of these question items
resembles classical second-order tasks.

The four scales also investigate degrees of the respondents’ perception of three different types of mental states: Awareness, Relation,
Realization. Awareness refers to how a respondent perceives different types of mental states, Relation refers to how a respondent
recognizes the causal relationships between these mental states and between them and an agent’s visible behaviors, while Realization
refers to how a respondent imagines the possibility that they may influence their own mental states and those of others. The most basic
mental states to be included in a complex cognitive architecture [67-69] are: positive and negative emotions, (Affective ToM) and
volitional states such as desires and intentions, and epistemic states such as knowledge and beliefs (Cognitive ToM).

2.3. Procedure

Th.o.m.a.s. is administered individually in a quiet room and generally takes about 45 min to complete. The interviewees granted
permission to have the interviews audio-recorded and transcribed for offline scoring. Each response to an item is assigned a score
between 0 and 4 according to scoring criteria. The items are scored on four scales as described in Section 2.2. The total score for each
scale is the average of the scores assigned to each item on that scale. A detailed description of interview structure, examples of re-
sponses and scoring criteria is available in Refs. [25,54]. Inter-rater reliability, based on scoring by two independent raters, was good
for the present data, both for the total score (Correlation Coefficient range, 0.83 to 0.86, p < 0.001) and for each scale separately
(Correlation Coefficient range, 0.81 to 0.91, p < 0.001), in line with the good psychometric properties described in the validation study
of Th.o.m.a.s [54].

2.4. Data analysis

A Bayesian network [70] was used for data analysis. A Bayesian network consists of a probabilistic model of a structure (composed
of graph nodes and arcs) combined with conditional dependencies of the nodes. The structure is a directed acyclic graph in which the
nodes represent variables and the arcs represent variable dependencies. The set of nodes influencing a variable X is termed the parents
of X. Conditional probabilities quantify the dependencies for each node, given its parents. One of the key advantages of Bayesian
networks over other classification techniques is their ability to represent uncertain knowledge in a clear, graphic format within a
probabilistic framework. This allows for easy interpretation and understanding of the data, making the network a highly effective
classification tool.

Bayesian networks can be used for classification by designating one variable as the class variable and the rest as input variables. To
classify an observation, the network model evaluates the posterior probability of each class by marginalizing the joint probability
distribution. The observation is then assigned to the class with the highest probability. For the present study, Type of participant was
defined as the class (with values “Schizophrenia patient” or “Healthy Control™”), while the input variables were scale A (First-person
ToM), scale B (Third-person ToM, allocentric perspective), scale C (Third-person ToM, egocentric perspective), and scale D (Second-
order ToM). The score for each scale ranges from 0 to 4. For the purpose of the present study, the input variables were discretized into
four intervals: >0 and < 1; >1 and < 2; >2 and < 3; >3 and < 4.

We used a Bayes Net Augmented Bayes Network (BAN) with learning algorithm K2 [71] implemented on a Weka workbench for
machine learning, version 3.8.5 [72]. The K2 algorithm identifies an optimal set of parents that maximize the probability of the class
variable, given the limit on the number of parents per node. Typically, K2 constructs a tree that follows the Naive Bayes structure, with

1 Earlier versions of the instrument had 39 items; two were deleted in the final version because found to be redundant.
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each node having a maximum of k parents, including the class variable. For this study, however, the number of parents for each node
was set to an arbitrarily high value of 100,000 to ensure fair and unbiased learning, with no limitations on the number of parents a
variable could have.

Model performance was estimated via a cross-validation technique that evaluates models by partitioning the original sample into a
training set to create the model and a test set to evaluate it. Due to the small number of cases, we used the Leave-One-Out Cross-
Validation (LOOCV) procedure. LOOCV is a special case of cross-validation where the number of partitions equals the number of cases
in a data set. The learning algorithm is applied once for each case, with all other cases used as a training set and the selected case as a

single-item test set [73].

3. Results

Fig. 1 presents the Bayesian network model generated by Weka from the data. The graphic information is qualitative, such that the
arcs indicate a direct causal influence between the variables that they connect, i.e., a direct arc from X to Y captures the knowledge that
X is a causal factor for Y. The model presents a casual chain: scale A (First-person ToM) — scale B (Third-person ToM, allocentric
perspective) — scale C (Third-person ToM, egocentric perspective) — scale D (Second-order ToM). While the Type of participant in-
fluences all the variables, the variable scale A (First-person ToM) affects the value of scale B (Third-person ToM, allocentric
perspective). The value of scale B (Third-person ToM, allocentric perspective) affects the value of scale C (Third-person ToM,
egocentric perspective) which, in turn, affects the value of scale D (Second-order ToM).

In the model shown in Fig. 1, all the nodes are presented as bar charts, where the numbers next to the bars are the prior marginal
probabilities of each node when no observations are entered. This reflects a current random individual in the overall sample (in-
dividuals with SCZ and healthy controls). These probabilities are calculated using the junction tree algorithm [74].

Bayesian networks can be used for performing Bayesian inference to compute the impact of observing values of a subset of the
model variables on the probability distribution over the remaining variables. For example, observing the type of participant
(“Schizophrenia patient” or “Healthy Control”) allows for computing the scoring probabilities of the Th.o.m.a.s. scales captured by the
model. A node that has been observed is termed an evidence node. After evidence has been entered into the net, all the probabilities
become “a posteriori” probabilities, meaning “after” the given evidence. After receiving evidence, the Bayesian network updates the

Type of Participant

Schizophrenia patient 50.0
Healthy Control 50.0

~

P

23ands4 76.6
22and<3 149
21and<2 8.51

23ands4 54.6 \
22and<3 321 \
21and <2 133 \

23ands4 56.1
22and<3 315
21and <2 124

\\ “

Scale D - Second-Order ToM

23ands4 483
22and<3 333
21and<2 118
20and <1 6.63

Fig. 1. Bayesian network model. The probabilities present prior marginal probabilities when no observations are entered. The figure was plotted

using Netica (www.norsys.com).
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probabilities of other variables by applying Bayes’ theorem and using conditional probability tables (CPTs). These tables precisely
define the conditional probabilities of a node based on the values of its parent nodes in the network. The process then propagates the
probabilities throughout the network to derive the posterior probabilities. A detailed description of all CPTs associated with the nodes
in the Bayesian network model can be found in Appendix A. Fig. 2 shows the model under known evidence of SCZ, i.e., the probability
that the type of participant is a patient with SCZ is now 100 % (gray node in Fig. 2), thus changing the posterior probabilities of the Th.
o.m.a.s. scales. Fig. 3 shows the changes on the posterior probabilities of Th.o.m.a.s. scales after evidence of healthy control, i.e., 100 %
probability that the participant is a healthy control (gray node in Fig. 3).

Fig. 2 shows that the participants with SCZ had a far lower probability of obtaining higher scores (3 and 4) on the Th.o.m.a.s. scales.
The decrease in scores was from 76.6 % to 57.4 % on scale A (First-person ToM), from 54.6 % to 28.3 % on scale B (Allocentric third
person ToM), from 56.1 % to 32.4 % on scale C (Egocentric third-person ToM), and from 48.3 % to 19.8 % on scale D (Second-order
ToM). For the SCZ group, the probability of receiving a low score (1 and 2) was increased relative to the probability of the overall
sample (Fig. 1). Fig. 3 shows that when a participant is a healthy control the probability of obtaining a high score increases consistently
across all Th.o.m.a.s. scales. The probability of receiving a Th.o.m.a.s. score of 3 or 4 increased from 76.6 % to 95.7 % on scale A (First-
person ToM), from 54.6 % to 80.9 % on scale B (Allocentric third-person ToM), from 56.1 % to 79.8 % on scale C (Egocentric third-
person ToM), and from 48.3 % to 76.9 % on scale D (Second-order ToM) concerning prior probabilities when no observations are
entered. Furthermore, the probability of a healthy control scoring less than 3 (on all scales) was decreased relative to the probability of
the overall sample (Fig. 1).

The differences in scoring probabilities on the Th.o.m.a.s. scales are greater when the posterior probabilities observing the SCZ
(Fig. 2) are compared versus the healthy control group (Fig. 3). The probability of a healthy control scoring 3 or 4 was 38.3 % greater
on scale A (first-person ToM), 52.6 % greater on scale B (third-person ToM, allocentric perspective), 47.4 % greater on scale C (third-
person ToM, egocentric perspective), and 57.1 % greater on scale D (second-order ToM) than that of a participant with SCZ. In turn, the
probability that a participant with SCZ could score less than 2 was 12.8 % greater on scale A (first-person ToM), 19.7 % on scale B
(third-person ToM, allocentric perspective), 15.0 % on scale C (third-person ToM, egocentric perspective), and 18.3 % on scale D
(second-order ToM) than that of a healthy control.

The overall accuracy of the Bayesian network model was 86.4 %, showing that the model fit well in both classes, which were well-
balanced (22 individuals with SCZ and 22 healthy controls). The number of correctly (19) and incorrectly (3) classified cases was the

Type of Participant

Schizophrenia patient 100 |—
Healthy Control 0 [
- T

~

23ands4 574 | \
22and<3 277 \
21and<2 149 \

23ands4
22and <3
21and <2

Scale C - Egocentric Third-Person ToM \
23and <4 324 \
22and<3 478 s \
z1and<2 19.9 : \

\\ ‘

23ands4 198
22and<3 52.7
21and <2 18.9
20and <1 8.60

Fig. 2. Bayesian network model under known evidence of a patient with schizophrenia. The figure was plotted using Netica (www.norsys.com).
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Type of Participant
Schizophrenia patient of + & ¢
Healthy Control 100

23ands4 95.7
22and<3 213
21and<2 213

Scale B - Allocentric Third-Person ToM :

23ands4 80.9 | \
22and<3 15.7 |
21and <2 3.46 | \

23ands4
22and<3
21and<2

Al
Scale D - Second-Order ToM
23ands4 76.9 j—
22and<3 13.8
21and<2 465
20and<1 465

Fig. 3. Bayesian network model under known evidence of a Healthy Control. The figure was plotted using Netica (www.norsys.com).

same for both classes (SCZ and healthy controls); therefore, the sensitivity (proportion of SCZ classified correctly), the precision (ratio
of participants correctly classified as SCZ), and the specificity (proportion of healthy controls classified correctly) were 86.4 %.

Our evaluation conducted via cross-validation further substantiates the reliability of our findings. Cross-validation is applied for
evaluating predictive models in which the original sample is partitioned into a training set to create the model and a test set to evaluate
it. Here, we utilized Leave-One-Out (LOO) cross-validation, where the model is trained on all data points except one, which is then used
for testing. The model’s overall performance is computed by aggregating the results from each data point that was left out. LOO cross-
validation is especially valuable when working with small datasets, as it maximizes data utilization for training and testing while
providing an unbiased estimate of the model’s performance. With this technique we were able to assess the generalization capability of

our model effectively, which is crucial in scenarios where data availability is limited.

4. Discussion

Our main findings were to highlight the complex nature of the ToM deficit in individuals with schizophrenia and a not previously
detected link between various ToM facets. We used a Bayesian network to compare the performance of individuals with schizophrenia
and healthy controls on the Th.o.m.a.s scales: first- and third-person ToM, first- and second-order ToM, egocentric and allocentric
perspective. Based on the coding criteria of this validated instrument, we discretized participant scores for the ToM dimensions into
four intervals (between zero and one, greater than one and two, greater than two and three, greater than three and four) and compared
performance between patients and healthy controls. The Bayesian network enabled us to calculate the probability score distribution on
the Th.o.m.a.s. scales and how the score on one scale can influence the score on another scale based on the type of participant, thus
allowing comparison of the performance of the participants with SCZ and of the healthy controls on various facets of the ToM as
assessed on the Th.o.m.a.s. scales.

Our findings indicate a causal chain: the type of participant (participant with schizophrenia or healthy control) influences all
variables, i.e., the different ToM facets assessed on the Th.o.m.a.s. scales. Moreover, performance on scale A (first-order ToM) in-
fluences performance on scale B (third-person ToM allocentric perspective), which, in turn, influences performance on scale C (third-
person ToM egocentric perspective), and ultimately performance on scale D (second-order ToM). This causal chain held true for both
the healthy controls and the participants with schizophrenia. Consistent with previous studies, the participants with schizophrenia
scored worse than the healthy controls for all ToM dimensions (for a review, see Ref. [10]).
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Our results also indicate that belonging to the group of participants with schizophrenia strongly decreased the probability of
achieving higher scores (3 and 4) on the Th.o.m.a.s. scales. Indeed, the decrease in scores was consistent across the scales; the
probability of obtaining low scores (1 and 2) was greater in participants with schizophrenia compared with the probability of the
overall sample. Our results show that belonging to the healthy control group increased the probability of scoring high on all Th.o.m.a.s.
scales, while the global probability of scoring low decreased overall in the total sample.

We identified a hierarchical relationship between the different facets of ToM, as assessed on the Th.o.m.a.s. scales: the first-person
ToM is at the top, influencing the third-person allocentric perspective, which, in turn, influences the egocentric perspective and then
the second-order ToM, which depends on the previous ones. This suggests that first-person ToM is the basic facet of ToM and that
succeeding (or not) at this ability influences the ability to succeed (or not) at all the other aspects. Similarly, third-person ToM appears
to be the second fundamental aspect. This finding is shared by previous studies on development, in which the self-focused perspective
is the first to emerge in human social cognition [75] and the third-person ToM emerges at a later developmental stage [76]. It is
unsurprising, therefore, that the egocentric perspective (where others are represented in relation to the self) of third-person ToM
depends on the preceding ToM aspects, since this dimension depends on both the egocentric perspective which, by definition, relates to
first person and third-person ToM. This facet of ToM requires a kind of mental simulation of what one person (egocentric perspective)
thinks about another’s personal state (third-person ToM). Finally, scale D (second-order ToM, e.g., "What emotions/desires/beliefs do
you think the other person attributes to you?") requires the interviewee to have nested second-order mental states related to what the
individual her/himself (first-person) thinks about the other person’s mental states (third-person allocentric ToM) about him/herself
(egocentric perspective). This dimension depends on the previously mentioned aspects of ToM. Our observation is, again, consistent
with studies on ToM development in childhood, which report the emergence of a similarly complex ability later in life when the other
aspects are already consolidated [18].

The novelty of our study is the detection of such a hierarchical chain. Use of a ML approach with Bayesian networks shed light on
the different facets of ToM and the causal influence these difficulties can have on people with schizophrenia. In contrast, most studies
addressing ToM deficits in people with schizophrenia used a classical statistical methodology to test the null hypothesis.

Several recent mental health studies [77-84] have adopted ML techniques to uncover correlations that conventional statistical
methods may not readily detect. ML models analyze intricate distributions, identify probabilistic relationships based on complex
conditional dependencies between variables, and produce reliable results through cross-validation [85]. ML has become an invaluable
tool in personalized precision psychiatry, as it can translate complex patterns discovered in large datasets into practical clinical in-
formation. Moreover, ML approaches constitute a potential tool for further exploring research domain criteria (RDoC) [86]. Among ML
methods, a Bayesian network has the advantage that it generates an interpretable graphic representation of uncertain knowledge in a
probabilistic framework for investigating the interaction between cognition and ToM in clinical conditions such as schizophrenia.

Our method of analysis was innovative; nonetheless, our results are in line with previous studies showing ToM impairment in
people with schizophrenia (for metanalyses, see Refs. [13,14,16]) and support the idea that ToM is a complex theoretical construct that
can reveal degrees of impairment in individuals with schizophrenia. Our results are shared by the observations of Bosia, Riccaboni, and
Poletti [87] in imaging studies and confirm the multifaceted complexity of the ToM construct. It has also been argued that ToM abilities
selectively decrease with illness severity and that the types of errors are related to presenting symptoms [59,88].

Our findings are consistent with previous studies [46] and suggest that ToM can be subdivided into multiple dimensions: first and
second order inferences on beliefs, intentions, emotion [22]. Consistent with this perspective, Kosmidis et al. [89] used several ToM
tasks to compare performance between individuals with schizophrenia and healthy controls. They noted that not all measures
distinguished between the two groups and that not all ToM aspects were associated in the clinical group. They concluded that not all
aspects of ToM were impaired and that the deficits tended to be isolated and specific to a particular group, suggesting a differentiation
of facets of ToM.

Our results also have implications for the clinical domain. A systematic review [90] found that targeted ToM programs hold
promise as an intervention to help patients better understand others’ mental states. The evidence that ToM is a complex, multifaceted
construct and that it may be differentially impaired in individuals with schizophrenia has implications for rehabilitation.
Social-cognitive interventions specifically targeting ToM should be structured so as to address the severity of the deficit and the nature
of a patient’s mentalistic difficulty (see also [53]). Identifying a specific profile of mindreading dysfunction in individuals with
schizophrenia may help sharpen the clinical focus. A therapist aware of a patient’s need to strengthen the capacity of first-person ToM,
for example, should encourage the patient to reflect on his/her own mental states. In addition, the therapist might support the patient’s
understanding of causal factors involved in transitioning between mental states. In other words, the hierarchy of intervention may
follow the hierarchical chain of ToM abilities. The same applies to the development of new interventions for improving ToM abilities in
schizophrenia, which we believe could benefit greatly from the results of the present study. Specific activities could be developed and
implemented to better understand ToM in the third person by relying on a less impaired ToM understanding in the first person;
analogously, utilizing the ability to understand ToM in an allocentric perspective could achieve faster and better results in egocentric
perspective taking.

Finally, the hierarchical organization of ToM abilities could provide information about the severity of the illness. Difficulties in
first-person ToM may be considered more severe than problems in second-order ToM. We may expect that the more severe schizo-
phrenia symptoms will be associated with greater impairment of ToM abilities. We may also consider the level of ToM impairment as
an independent measure of general dysfunction in these patients. Overall, this preliminary innovative investigation opens the way to a
deeper analysis of the relationship between the level of ToM impairment and other relevant clinical features, such as illness duration
and schizophrenic symptom severity.

While the model is highly accurate, a major limitation of the present study is the small sample size. Testing the model’s validity in a
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larger sample would strengthen the present results and allow for generalization. Future studies involving more participants are needed

to investigate other relevant variables, such as time course and symptoms.
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Appendix A

Conditional Probability Tables (CPTs) associated with the Bayesian Network model nodes. The Type of participant node has no
parents and is characterized by its prior marginal probability distribution. The other nodes are characterized by matrices that encode
the conditional probability distribution given by their parents in the Bayesian model structure. Any probability in the joint probability

distribution can be determined from these explicitly represented prior and conditional probabilities.

Given P(Scale A - I-Me)

Type of participant >3 and < 4 >2and < 3 >1and < 2
Schizophrenia patient 0.574 0.277 0.149
Healthy control 0.957 0.021 0.021
Given P(Scale B - Other-Self)

Type of participant Scale A (I-Me) >3 and < 4 >2and < 3 >1and < 2
Schizophrenia patient >3 and < 4 0.310 0.655 0.034
Schizophrenia patient >2and < 3 0.200 0.333 0.467
Schizophrenia patient >land <2 0.333 0.111 0.556
Healthy control >3 and < 4 0.830 0.149 0.021
Healthy control >2and < 3 0.333 0.333 0.333
Healthy control >land <2 0.333 0.333 0.333
Given P(Scale C - I-Other)

Type of participant Scale B (Other-Self) >3 and < 4 >2and < 3 >1and < 2
Schizophrenia patient >3 and < 4 0.600 0.333 0.067
Schizophrenia patient >2and < 3 0.280 0.680 0.040
Schizophrenia patient >1and < 2 0.077 0.231 0.692
Healthy control >3 and < 4 0.951 0.024 0.024
Healthy control >2and < 3 0.111 0.778 0.111
Healthy control >1and < 2 0.333 0.333 0.333
Given P(Scale D - Other-Me)

Type of participant Scale C (I-Other) >3 and < 4 >2and < 3 >1land < 2 >0and < 1
Schizophrenia patient >3 and < 4 0.278 0.611 0.056 0.056
Schizophrenia patient >2and < 3 0.192 0.654 0.115 0.038
Schizophrenia patient >1and <2 0.083 0.083 0.583 0.250
Healthy control >3 and < 4 0.929 0.024 0.024 0.024
Healthy control >2and < 3 0.100 0.700 0.100 0.100
Healthy control >land < 2 0.250 0.250 0.250 0.250
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