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Abstract

Correctly assessing children’s theory of mind (TOM) is essential to clinical practice. Yet, most tasks heavily rely on language,
which is an obstacle for several populations. Langdon and Coltheart’s (Cognition 71(1):43-71, 1999) Picture Sequencing
Task (PST), developed for research purposes, avoids this limitation through a minimally-verbal procedure. We thus devel-
oped a tablet adaptation of this task for individual application, engaging children’s motivation and allowing response times
collection. To assess this tablet-PST, we first tested a large sample of neurotypical children (6—11 years-old, N =248), whose
results confirmed the task’s structural and content validity, and permitted the construction of three standardized clinical
indices. In a second experiment, we applied those to previously diagnosed autistic children (N=23), who were expected
to show atypical TOM performance. Children’s outcomes were consistent with what was hypothesized and confirmed the
task’s external validity and moderate clinical sensitivity. The tablet-PST thus appears as a suitable tool, providing detailed

profiles to inform clinical decisions.
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Neurodevelopmental disorders [7]

Theory of mind (TOM) refers to the ability to attribute men-
tal states to others in order to explain and predict people’s
behaviors [1]. TOM is thought to be essential for human
social interactions, grounding communication, self-represen-
tation, and moral reasoning [2]. Although TOM emerges in
the first months of development [3], studies have found that
TOM skills keep maturing up to late adolescence (e.g. Bosco
et al. [4]). In the experimental literature, TOM is classically
operationalized and assessed by measuring a person’s abil-
ity to understand false beliefs and to distinguish such beliefs
from one’s own perception of the world [5]. In seminal false
belief task, Wimmer and Perner [6] presented children with
situations in which a character, who had left the scene know-
ing that a chocolate was in one location, did not see that
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it had been moved to another location. When 3-years-old
are asked where the character would seek the chocolate,
they tend to indicate the chocolate’s actual position, rather
than where the character believes the chocolate to be. This
revealed an important milestone, because around the age of
4, children can be expected to understand false beliefs and
the character’s state of mind [7]. This paradigmatic situation
was also used to assess the representation of second order
mental states (Mary believes that John thinks that X), which
are arguably more complicated to process and are mastered
only later in development, i.e., around the age of 7 [§]. TOM
then continues to mature during school-age (e.g., O’Hare
et al. [9]). Beyond the paradigmatic understanding of false
beliefs, the operationalization of TOM in assessment tools
has widened to encompass the comprehension of different
types of mental states, such as hidden intentions or affective
states, and a variety of tasks exist for pre-school-age children
[10]. TOM tasks targeting school-age, however, appear to
display relatively low psychometric properties in neurotypi-
cal children [11].

Critically, TOM abilities are also predictive of interindi-
vidual differences that relate to children’s social and cogni-
tive skills. For example, early TOM skills can predict later
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social preference, friendship quality or academic achieve-
ment [12-14]. TOM impairments also affect quality of life in
several clinical populations, such as schizophrenic patients
[15], individuals with traumatic brain injuries [16], children
with developmental language disorders [17] and children
with autism spectrum disorder (from now on: autism).
Therefore, in clinical practice, it is of obvious importance
to properly assess TOM skills in order to detect a patient’s
difficulties and to guide interventions.

Autism is exemplary of a case that involves TOM difficul-
ties, as these impairments have long been postulated to be
central or primary to this condition [18]. This led to a large
body of research that eventually questioned both the primacy
and the universality of this marker while confirming the
overall association between autism and TOM divergences,
and ultimately rephrased it in terms of differences instead
of a deficit (see Fletcher-Watson and Happé [19], but also
Marocchini [20]). For example, Senju [21] proposed that
autistic individuals' could pass standard false belief tasks
when asked to, but that they would struggle to spontane-
ously use TOM to predict others’ behavior. This reveals that
identifying autistic-neurotypical differences could require
subtle experimental designs (e.g., as opposed to simply
observing mean accuracy on TOM tasks, see [22]). In line
with this, Livingston and Happé [23] argued that autistic
individuals might achieve the same level of performance
as neurotypical participants in some highly-controlled lab-
environments, but that they could rely on atypical processes
that might be unusually effortful for them. This explains
why some researchers employ response times (RT) to better
characterize TOM mechanisms (e.g. Behrmann et al. [24];
Livingston et al. [25]). For example, Kaland et al. [26], who
compared autistic to neurotypical adolescents, showed that
mental state inferences generally take longer to process than
physical state inferences, but that this slowdown was more
pronounced in autism.

It is also important to note that most classic TOM tasks
that are used in clinical practice largely rely on verbal mate-
rial. This is the case for the standard false belief task [6],
which uses verbal stories and verbal questions. However, it
is also the case for other tasks that have been developed to
assess more complex aspects of TOM (i.e., those develop-
ing later than 1st order false beliefs, see [11]). For example,
the Strange Stories test [27], the Faux-pas test [28] or the
Reading the Mind in the Eyes Test [29] are among the most
used, but all either use verbally presented stories or rely on
a verbal response format. This is an important confound,

' Following Botha et al. ([67]), we use identity-first language to
refer to autistic individuals, which is considered less offending and
stigmatizing than person-first language (“person with autism”) by the
autistic community (e.g., [68]). Note, too, that the adjective “autistic”
refers here to the whole autistic spectrum.
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because language and TOM are known to be interrelated
skills across development [30-32]. Such tasks are thus dif-
ficult to use in individuals with language disorders because
failures can be attributed either to poor TOM abilities or to
verbal difficulties. This is particularly relevant for autism,
which is often found associated with comorbid conditions,
especially language disorders [33].

Interestingly, TOM need not be assessed using verbal
tasks. For example, Langdon and Coltheart [34] developed
a picture sequencing task (PST from now on) precisely to
measure TOM without using complex verbal material. In
this task, participants are asked to order four picture-cards
such that they form a coherent story. Each picture contains
no linguistic material, or very basic 1-word or 2-words utter-
ances (e.g. “Chocolate”, “Hi”, “Vroom”, “Go away”). Criti-
cally, these stories can involve characters acting upon false
beliefs and, as such, require TOM. Two other types of stories
are used as controls (see Fig. 1): mechanical stories (involv-
ing physical causalities) and social-scripts (involving eve-
ryday social routines). The task includes four sequences of
each type and each of the sequence is scored between 0 and
6. The PST has been used successfully to isolate TOM skills
in a variety of typical or clinical populations [34, 35-38].
For instance, in Langdon and Coltheart’s [34] study, the
PST revealed that healthy adults with high schizotypal traits
differed from low-schizotypal controls in the TOM condi-
tion only, but not in the control conditions. In neurotypical
children, Rajkumar et al. [37] showed that this task could
produce a TOM index which was independent from gen-
eral intelligence but which correlated with another measure
of social intelligence [37]. To our knowledge, however, no
measurement of the psychometric characteristics of this task
has ever been reported.

It is also worth mentioning that, so far, the PST has only
been used in group designs, for example to compare average
TOM skills in groups of patients versus neurotypical con-
trols. The current work presents a computerized version of
the PST (prepared for tablets) to be used as a clinical tool in
order to assess the TOM skills of an individual child. Com-
pared to paper-and-pencil solutions, assessments performed
on computer tablets come with some advantages. First, they
tend to be preferred by children [39] and favor engagement
and attention. This is especially the case in autistic children
[40], who may benefit from such interaction-free and pre-
dictable environments. Second, tablet-based tests also allow
for perfectly standardized instruction, execution, feedback
and scoring procedures, reducing the risk of experimenter
bias or errors, while allowing for reliable group-testing [41].
Finally, tablets offer an easy and reliable solution to record
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Test — Theory of mind (TOM)

FALSE BELIEF

MECHANICAL

SOCIAL SCRIPT

Fig. 1 PST stories example, involving false beliefs to assess theory of mind (above), or mechanical causalities and social scripts as control

(below)

response times, which would provide relevant complemen-
tary information (besides just accuracy).?

In this study, we evaluated whether the tablet-PST could
be used to assess individual children’s theory of mind skills,
as well as provided normative developmental data for the
task. More specifically, we made four hypotheses regarding
the characteristics of the tablet-PST. First, il should show
good face validity as evidenced by a difference in difficulty
between sequences that involve TOM and those that do not.
Second, it should show a good structural validity, as evi-
denced by confirming a three-dimensions structure (with
respect to its three types of sequences) along with a common
ability to sequence pictures in general. Third, it should be
sensitive to both (i) individual differences between children
and (ii) group difference between neurotypical and autis-
tic children. Specifically, the tablet-PST should discrimi-
nate between these two groups, although not perfectly since
TOM is considered as divergent rather than absent in autism.
Finally, consistent with prior research that used the PST
[37], the tablet-PST should also demonstrate a good external
validity within the group of autistic children by providing

2 TInterestingly, response times measures were included in Langdon
& Coltheart’s ([34]) original study but were later abandoned, after
failing to reveal group difference between high vs. low schizotypal
healthy adults. Given that response times have been shown to reveal
meaningful effects in autism, we decided to include them on the tab-
let-PST.

results that are consistent with a gold-standard TOM task.
We did so by reporting two sets of results, a first experiment
with neurotypical children, then a second experiment with
a sample of autistic children.

Experiment 1

We began by testing a large sample of neurotypical children
with the tablet-PST, and assessed its psychometric proper-
ties in terms of structural and content validity, as well as
its sensitivity to interindividual differences. We focused on
school-age children because they are in an appropriate devel-
opmental period, when TOM skills are maturing and can be
the target of intervention (see [42], or [37] for data using the
PST). School-age is also a critical period for the diagnosis
of neurodevelopmental disorders (e.g., see Van 'T Hof et al.
[43], for autism), yet when only few TOM assessments dis-
play good psychometric properties [11]. Assuming that our
data meet psychometric standards, this would also represent
normative data that could be used to derive standardized
scores for individual applications.

@ Springer
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Fig.2 Task set up for a practice item as it appears on the tablets of
the participants

Methods
Participants

We recruited 248 children in primary schools for this experi-
ment (mean age = 8.3 years old, min=6.0, max=11.0, 51%
female). All participants were native French speakers. Fifty-
two participants were in 1st grade, 58 in 2nd grade, 50 in
3rd grade, 42 in 4th grade and 46 in 5th grade. Parental
information and consent were collected before testing. All
parents declared that their child presented no learning or
neurodevelopmental disorder (i.e., autism, attention defi-
cit, or language-related disorder) and no sensory (visual
or auditory) or motor disorders that would interfere with
their ability to use a tablet. Parents also provided informa-
tion regarding their socio-economic environment, through
(1) the Family Affluence Scale (FAS, [44]), which is a good
indicator of family wealth across countries, and (2) their
education levels, which were coded on a scale from 0 (no
diploma) to 7 (PhD). The FAS and the parental education
level were standardized on a scale ranging from 0 to 100
(representing the range of minimum to maximum possible
values) and averaged to provide a socio-economic status
composite (SES; mean=58.4; SD=16.1). This study was
part of a larger project on pragmatic inference skills across
development, which received ethical approval from the local
IRB (Comité de Protection des Personnes Sud-Est I, ID RCB
2019-A01721-56).

Material

As in the original task, the tablet-PST includes four trials of
each type (mechanical, social scripts, false beliefs) as well
as two training sequences. Each of these will be referred to
as an item. The minimal verbal content of the original pic-
tures (as depicted in Fig. 1) was translated into French. The
task was implemented in an application designed for tablet
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computers. At the beginning of each trial, four pictures were
presented in the lower part of the screen in a pseudo-random
order (see Fig. 2) while four empty slots were located in the
upper part of the screen. Children had to select and move the
four pictures to the appropriate slots so that the sequence was
in order and described a coherent story. They were allowed
to modify the sequence as often as they wanted after moving
the pictures if they changed their mind. When satisfied, they
validated the sequence by pressing OK on the bottom right
side of the screen. In accordance with the original procedure
[34], accuracy on each item ranged from O to 6 based on the
appropriate position of each picture (2 points for the first and
the last picture, 1 point for the 2nd and the 3rd). Accuracy
as well as response time (RT, i.e., time from the beginning
of the trial to validation) was recorded by the device at the
end of each trial. Trials were pseudo-randomized in a unique
trial list. Feedback was automatically provided by the device
for the 2 training sequences (a green screen in case of suc-
cess, a grey screen in case of failure), which children had to
perform successfully to move on to the rest of the task (these
were repeated as many times as necessary).

Procedure

Assessment took place in children’s usual classrooms, i.e.
in a collective setting, with 15 to 25 children completing the
task simultaneously. Each child was provided with a tablet.
Automatic audio instructions were included in the task, ask-
ing children to move the four pictures to the appropriate slots
so that the sequence was in order and described a coher-
ent story, for each sequence. The task began with the two
practice items, during which two experimenters remained
available and could help children to correctly sequence pic-
tures through verbal guidance. Then the task automatically
continued with task items, during which no help was pro-
vided to children. Children performed the task at their own
pace and were asked to remain quiet. During task comple-
tion, two experimenters made sure that children would not
copy one other. The task, which lasted about 10 min, was
performed after other experimental tasks were completed
(these assessed pragmatic skills and are not reported here
and took about 20 min).

Analysis

All analyses were conducted in R [45]. These involved
three steps. First, we assessed the internal consistency and
the factorial structure of the task. Internal consistency was
assessed with Cronbach’s alpha. The impact of each item on
this value was also systematically measured. Factorial struc-
ture was assessed with a confirmatory factor analysis (CFA)
using the lavaan package [46]. Specifically, we compared
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a unifactorial structure to a theoretical three-dimensions
structure.

Second, we used mixed effect models on single trials to
analyze accuracy and response times at the group level. In
these analyses, we were not interested in the differences
among the control items (i.e., between the mechanical and
social scripts), but in using them as controls for false-belief
items. We thus followed the rationale of Langdon and Colt-
heart [34] (see also [37] for children) and contrasted TOM
items to non-TOM items as a binary variable (item-type).?
With respect to accuracy as dependent variable, the model
included item-type, age, gender and SES as fixed effects, as
well as the interactions of item-type with the latter three. The
model with response times as dependent variable included
these factors plus accuracy on each trial and its interaction
with item-type as an additional fixed factor. All models
included random intercepts for participants and items. Age
was included as a continuous predictor (in years with deci-
mals), while considering both a linear and a quadratic term
(to capture potential non-linear effects). The response time
analysis was run on log-transformed values to correct for
skewness. Outliers were removed, first roughly at a group
level by discarding trials with a response time shorter than
5 s or longer than 80 s, and secondly at a participant-specific
level by excluding trials with a response time greater and
lesser than 2.5 SD from each individual’s mean RT. Models
were fit with the Ime4 package [47], sum contrasts were used
for all factors, and continuous predictors were centered on
the mean. Effects were assessed with Satterthwaite’s degrees
of freedom from the ImerTest package [48], and post-hoc
contrasts were computed with the emmeans package [49].

Third, for the sake of preparing the clinical application,
we calculated summary measures for each participant and
used it to fit linear regressions. These regressions were
meant to allow for the comparison of an individual’s actual
performance to their predicted performance. The advantage
of using regressions to calculate discrepancy between a
single participant and a reference group is that, instead of
considering arbitrarily-defined control sub-groups to provide
normative data (for example age-groups or SES-groups), the
whole sample size and its variability is exploited to improve
the statistical power of standardized scores calculation [50].
Rather than specifying a priori the predictors to be included
in those models, we used the factors that were shown to
be significant at group-level analyses (step 2); for example,
we specified age as predictor if and only if it was shown to
be linked to performance. To anticipate, based on group-
level results, (a) we selected age and SES as predictors of

3 To make sure that grouping together the two control conditions did
not hide important effects, we also ran the analyses contrasting TOM,
mechanical and social scripts, and report the results in supplementary
materials.

item-type

non-TOM

accuracy
4

— = = TOM

age

Fig.3 model’s predicted accuracy as a function of age and item-type
(shaded areas represent 95% confidence intervals)

children’s average accuracy on non-TOM items (as a Gen-
eral Sequencing Abilities index, GSA), (b) we used this
GSA and both a linear and quadratic term for age to predict
children average accuracy on TOM items, and (c) we used
the mean response time to non-TOM items and the average
accuracy on TOM items to predict the average response time
to TOM-items.

Results
Task Validation

Across all items, the overall Cronbach alpha was 0.75,
suggesting acceptable internal consistency. Importantly,
removing each item decreased this value (for details, see the
supplementary materials, Table S.1.1). The CFA revealed
that the three-factor structure (TOM, Mechanical items,
Social-scripts) provided a good fit to the data (CFI=0.93,
TLI=0.90, RMSEA =0.047), which was significantly better
than a unidimensional model (X?(3)=17.8, p <.001). The
three factors covaried (standardized estimates varied from
0.63 to 0.90, all ps<0.001, see Figure S1.1 in supplemen-
tary materials for detailed estimates).

Group Analysis

The linear mixed effect model with accuracy as dependent
variable (Table 1) revealed a main effect of item-type, indi-
cating that participants were less accurate on TOM items
than the control (non-TOM) items. However, item-type inter-
acted with age: while accuracy on non-TOM items increased
linearly with age, accuracy on TOM items reached a plateau
at around 9-10 years old (see Fig. 3). There was also a main

@ Springer
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Table 1 Estimated parameters of the model explaining accuracy

Parameter Coefficient Standard error p
(Intercept) 3.14 0.26 <0.001
item-type 0.95 0.39 0.009
gender 0.05 0.11 0.659
age 22.06 3.09 <0.001
age? -5.83 3.09 0.059
SES 0.02 0.00 <0.001
item-type * gender 0.16 0.14 0.237
item-type * age —-4.95 3.71 0.182
item-type * age’ 8.59 3.70 0.020
item-type * SES 0.00 0.00 0.445

Bold lines represent significant terms (p < .05)

age? = quadratic term for age

Table 2 Estimated parameters of the model explaining log-trans-
formed response times

Parameter Coefficient Standard error p
(Intercept) 9.81 0.08 <0.001
item-type 0.07 0.11 0.553
accuracy 0.01 0.00 0.004
SES 0.00 0.00 0.126
age —4.32 0.99 <0.001
age? 2.55 0.98 0.010
gender -0.07 0.04 0.056
item-type * score 0.03 0.01 <0.001
item-type * SES 0.00 0.00 0.175
item-type * age 2.99 0.79 <0.001
item-type * age? 0.59 0.77 0.446
item-type * gender —-0.01 0.03 0.774

Bold lines represent significant terms (p < .05)

age’ = quadratic term for age

effect of SES, indicating that accuracy generally increased
with higher SES. No other main effect or interaction was
significant.

The linear mixed model with response times as a
dependent variable (see Table 2) revealed a significant
interaction between item-type and accuracy (see Figure
S1.2 in supplementary materials). While response times
did not depend on accuracy for control items (3 = -0.01,
SE=0.01), it increased with accuracy on TOM items (3
= 0.03, SE=0.01). There was also an interaction between
item-type and age. Responses become faster overall with
age, reaching a plateau at roughly 9 years of age. TOM
items were associated with longer response times when
compared to non-TOM items and this difference increased
with age.
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To make sure that the social script/mechanical items
grouping did not hide important effects, we exploratorily
reran these two models with 3 item-types instead, which
revealed the very same patterns (see in Supplementary
materials the detailed models outputs in Tables S1.2 and
S1.3, and the predictions in figures S1.3 and S1.4).

Individual Indices

Summary measures were then calculated for each indi-
vidual. Specifically, we calculated a TOM-accuracy score
by averaging accuracy across TOM items, and a General
Sequencing Abilities (GSA) score by averaging accuracy
on control items (following [37]). Both indices showed sat-
isfying distributions, avoiding floor or ceiling effects across
age groups, although the GSA approached ceiling by 5th
grade (see Figure S1.5 in the supplementary materials). Log-
transformed response times were also averaged for these two
item-types (TOM and non-TOM).

Based on the effects observed at the group-level (see
above), three linear models were fitted to allow for the
calculation of individual discrepancy indices (which will
be useful for Experiment 2 below). First, we calculated a
model explaining each child’s GSA based on their age (8 =
0.26, SE=0.04, p<.001) and SES (8 = 0.02, SE=0.004,
p <.001). This provides a control index of the extent to
which a child is able to sequence pictures in general. Sec-
ond, we calculated a model explaining each child’s TOM-
Accuracy based on their GSA (B =0.52, SE=0.07, p<.001)
and their age with a linear (B = 1.94, SE=0.69, p <.001)
and a quadratic term (B -0.0007, SE=0.00028, p=.01).
This allows one to characterize variations of accuracy on
TOM items after regressing out children’s age and ability to
sequence pictures in general. Third, we calculated a model
explaining each child’s TOM-Response times, based on their
accuracy (i.e., accounting for speed-accuracy tradeoff, 5 =
0.057, SE=0.01, p<.001) and their own baseline RT on
control items (B = 0.90, SE=0.05, p <.001). This model
allows one to estimate the effort associated specifically with
TOM items.

Discussion

In this experiment, we tested a tablet implementation of
the PST on 248 neurotypical school-aged children. The
confirmatory factor analysis provided evidence in support
of the structural validity of the tablet-PST, with 3 dimen-
sions differentiating mechanical causalities, social scripts
and false beliefs items. The non-negligible shared variance
between the three factors (also visible in the Cronbach alpha
demonstrating internal consistency) confirms the appropri-
ateness of averaging control items together to be compared
to TOM items, in line with previous uses of the PST [34,
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37]. Even though we did not directly compare the results of
the original paper-and-pencil PST to our tablet-PST in our
sample, our results are in line with previous studies which
used the original task with healthy participants, which typi-
cally observed that TOM items were harder than mechanical
and social-scripts items. This is visible with respect to both
accuracy [35-38] and response times [34]. It is interesting
to note that children in our sample performed relatively
well overall and better than children from a previous study
by Rajkumar et al. [37], who also tested a group of neuro-
typical children (between the ages of 8 and 11). Although
it might be argued that the difference comes from the tablet
implementation of our task, this is not likely because tablet-
devices have provided reliable results compared to paper-
and-pencil tests elsewhere [39]. Another possibility, which
could be investigated in future studies, is that the difference
stems from cultural or educational differences between our
setting (France) and theirs (Southern India). Critically, how-
ever, this difference is orthogonal to the contrast observed
between TOM and control items. That is, our results remain
in line with the TOM literature, which shows that TOM con-
tinues to develop during school age (e.g. O’Hare et al. [9])
and that intelligence in general can account for some, but
not all variance on TOM performance [51]. This explains
why TOM and control items are linked but follow slightly
different developmental patterns.

Langdon and Coltheart [34], followed by Rajkumar et al.
[37], previously used the PST to calculate a TOM compos-
ite by subtracting accuracy in TOM items from accuracy in
control items. We followed this general approach for our
clinical index, except that we determined the coefficient link-
ing control to TOM accuracy on the basis of the group-level
data. Moreover, we added age as a supplementary predictor,
since we observed that both item-types followed a different
developmental pattern. By doing so, our indices are based
on theoretical considerations, but are also data-driven, i.e.,
they are based on the effects which emerged from the refer-
ence data. For example, the control index targeting how easy
it is for a child to sequence pictures in general (GSA) was
based on age and SES, since both factors appeared to play an
important role at a group-level, regardless of item-type. Con-
versely, SES was not included in the TOM-Accuracy index
because no interaction was observed between item-type
and SES. Including GSA as a predictor of TOM accuracy
should thus be enough to account for that variation. Using
the same reasoning, gender was not taken into consideration
to predict a child’s performance. That is, while some stud-
ies suggested a TOM advantage for girls [52], this was not
evident in our data, in line with Charman et al. [53]’s large
study that observed this slight advantage, but only in early
pre-school development.

Overall, this experiment provided outcomes that were
consistent with prior findings in the literature, demonstrating

the face validity of the tablet-PST. This also constituted nor-
mative data against which individual data could be com-
pared. A next important step would be to find support for
the task’s utility by applying the clinical indices to a sample
of children with a condition known to experience difficulties
in theory of mind, such as autism. This is what we turn to in
the next experiment.

Experiment 2

In this second experiment, we turned to a clinical popula-
tion to pursue the validation of the tablet-PST for clinical
use. Autistic children with normal language and intel-
lectual skills appeared as an appropriate clinical condi-
tion for that purpose since, as described in introduction,
they are expected to display TOM divergence compared
to neurotypical children, but not an absence of TOM; the
task should capture this by discriminating these two sub-
groups, although not categorically. Moreover, we expected
this sample to display a correlation between the scores
from the critical condition of the tablet-PST and those
from a paradigmatic false-belief story task. In contrast,
in order to show the specificity of the tablet-PST’s abil-
ity to capture TOM, we also expected a much weaker (or
even lack of) correlation with a parental report of Atten-
tion Deficit / Hyperactivity Disorder (ADHD) symptoms,
which is a distinct psychological construct. This would
demonstrate the external validity of the tablet-PST, both
in a convergent and divergent way.

Methods
Participants

We recruited a sample of 23 autistic children (3 girls),
mainly through the department of neurodevelopmental
disorders at the hospital Le Vinatier (Lyon, France). All
children met the DSM-5 criteria for autism spectrum dis-
order and received their diagnosis from an experienced
child psychiatrist, with no associated intellectual disabil-
ity, language disorder or attention deficit disorder. Chil-
dren’s assessment results regarding their autism diagnosis
(through the SCQ and/or ADOS-2), as well as their evalu-
ation of intelligence were extracted from their medical
records (see Table S2.1 in the supplementary materials),
which confirmed the diagnosis. Regarding intellectual
abilities, recent measures were not always available (data
were not available for three children) and could not be
averaged since they were collected with different instru-
ments and gathered in different composites. However,
a careful look at all individual results revealed that all

@ Springer
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children fall in the range of what is considered normal
to normal-superior intelligence (all IQ scores are in the
70-130 range, with most scores in the 100—130 range).
All participants attended regular schools. Children were
between 6;7 and 10;8 years of age (mean=238.7 years old,
SD =1.36). SES measures were collected as they were in
Experiment 1 and were found to be comparable to those of
the control group (mean=55.2, SD=17.0, #25.8) =1.40,
p=.17). Parental information and consent were collected
before testing. This experiment was part of the same
project as the first experiment, which received ethical
approval from the local IRB (Comité de Protection des
Personnes Sud-Est I, ID RCB 2019-A01721-56).

Materials

Children were tested with the tablet-PST, as in Experiment
1. To assess convergent validity, children were also tested
with another standard 1st and 2nd order false belief task.
This task, taken from the French battery EVALEO 6-15
[54], relies on verbal stories with picture support and verbal
open questions targeting characters’ (false) beliefs. Stories
from this task are directly inspired by classical false belief
stories from Wimmer and Perner [6] or Perner and Wim-
mer [8]. Five stories are presented, providing a total raw
score ranging from O to 7. It showed an acceptable internal
consistency in the large sample of children of the validation
study (alpha=0.77, [54]).

To assess divergent validity, parents also completed the
French version of the ADHD-RS [55], a parental question-
naire which assesses inattention and impulsivity symp-
toms. The ADHD-RS contains 18 child behaviors, whose
frequency has to be evaluated by parents. Its French version
showed a good factorial structure and internal consistency
[55]. Each question is scored from O to 3 and the total score
varies between 0 and 54.

Procedure

Children were tested individually in a quiet office of the
hospital. Efforts were made to let children progress through
the task at their own pace (as in Experiment 1, we did not
over-monitor what they were doing). Since this study was
part of a larger research project, the tablet-PST was pre-
sented together with other cognitive tasks assessing prag-
matic skills. Tasks were presented in an individualized order
with as many pauses between tasks as needed in order to
adapt to each child’s level of attention and engagement, but
the sequence of items within the tablet-PST did not differ
from the one in Experiment 1.
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Analysis

Our analyses involved three steps. First, we assessed con-
vergent and divergent validity of the tablet-PST. Convergent
validity was assessed by calculating the correlation between
the mean score on TOM items and the EVALEO false-belief
raw score. Divergent validity was assessed by calculating the
correlation between the mean score on TOM items and the
ADHR-RS questionnaire. Spearman rank correlations were
used, given the sample size.

Second, we analyzed raw by-trial data at the group level
with mixed effect models, by adding the autistic group to
the control sample of Experiment 1. As the limited sample
size of the autistic group inflated the risk of overfitting
and convergence issues, we used the minimally needed
models to observe the specific group effects that were of
interest. We typically dropped SES which was not impli-
cated in interactions with item-type in Experiment 1, and
which did not differ across groups. For both models, we
specified group, item-type and age (and their interactions)
as fixed effects. We also included random intercepts for
items and participants. We then used backward elimination
and removed the terms that were not significant from this
initial model, in order to reduce model complexity. The
model was fitted on all data points for accuracy. For the
analysis of response times, we analyzed log-transformed
response time data after considering, in line with Langdon
and Coltheart [34], successful responses only (score =6)
in order to reduce complexity in the model. We removed
outliers that deviated by more than 2.5 SD in either direc-
tion from each group’s mean (individually personalized
thresholds were not possible due to the exclusion of sev-
eral items, see Results). Models were fit with the Ime4
package [47], sum contrasts were used for all factors
except group, where the neurotypical group was used as
baseline, and continuous predictors were centered on the
mean. Effects were assessed with Satterthwaite’s degrees
of freedom from the ImerTest package [48], and post-hoc
contrasts were computed with the emmeans package [49].
The effects that did not involve group have already been
described in detail in Experiment 1; for this reason and
for clarity, we only reported the group effects and interac-
tions that were of interest, while the complete results of
the analysis are presented in the supplementary materials.

Third, we computed summary measures for each par-
ticipant, according to the procedure of Experiment 1, and
discrepancy indices based on the normative sample. That
is, we used the linear regressions fitted in Experiment 1
to predict each participant’s performance and compared it
to their actual performance. To qualify this discrepancy,
we followed Crawford & Garthwaithe’s [50] methodol-
ogy, which was shown to be more robust than using the
basic model standard error, using the R script developed
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by Arcara [56]. This discrepancy can be expressed as an
estimated percentile rank that ranges from 0 to 100. For
comparability, the RT index was reversed, so that a lower
estimated percentile rank is always indicative of greater
effort or difficulty. We then compared the two groups’
standardized scores for the three indices with t-tests and
through visual examinations of the data distributions.

Results
Task Validation

As expected, the tablet-PST TOM average score was corre-
lated with the EVALEOQ false belief score (p=0.49, p=.02),
indicating convergent validity. Also, as expected, the tablet-
PST TOM average score was not significantly correlated
with the ADHR-RS total score (p=0.16, p=.50), indicating
divergent validity.

Group-Level Results

The linear mixed model explaining accuracy (for the com-
plete output see table S2.2 in the supplementary materi-
als) revealed no main effect of group (8 =-0.09, SE=0.21,
p=.68) but a group by item-type interaction ( = 0.45,
SE=0.23, p=.046), such that the autistic group performed
better than neurotypical children with respect to control
items (B = -0.15, SE=0.22, p=.50) but worse with respect
to TOM items (8 = 0.32, SE=0.26, p=.21).

In terms of response times, the model was fitted on
1914 data points (after exclusion of 40% of non-perfect
responses”, then of 1.5% of outliers, see complete output
in table S2.3 in the supplementary materials), revealing a
main effect of group (B = 0.24, SE=0.06, p <.001), with
autistic participants being slower overall, as well as a three-
way group* item-type *age (B = 0.15, SE=0.07, p<.05)
interaction. This interaction revealed that the group differ-
ence was not constant over age and item-type (Figure S2.1,
supplementary materials). While TOM items took longer
in general than control items, this difference appeared con-
stant over age in the neurotypical group (8 = 0.01, SE=0.02,
p>.05) but tended to decrease in the autistic group (B =
-0.10, SE=0.05, p=.06). We thus computed group-dif-
ferences on this item-type contrast at minimum, mean and
maximum age, which revealed that the slowdown associated
to the TOM items tended to be larger in the autistic group
than in the neurotypical group at 6 years-old (p =.05) but not
at mean or at maximum ages (ps > 0.05).

4 In line with Experiment 1, perfect responses (score=6) were

not distributed equally across item types: they represented 39%
of responses to TOM items and 70% of the responses to non-TOM
items.
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control group

Individual Indices

For each child, we estimated their GSA, TOM-Accuracy
and TOM-RT percentile ranks, based on the linear regres-
sions fitted in Experiment 1 (note that the results from the
control group in this analysis are retrieved from Experiment
1 so they are not new; they are nevertheless displayed for
comparison with the autistic group). The Welch two-sample
t-tests comparing the groups on those indices failed to reveal
significant differences with respect to GSA (#(26.5) = -1.32,
p=.20), TOM-Accuracy (#(25.7)=1.52, p=.14) and even
TOM-RT which did approach significance (#(27.5)=1.96,
p=.06). However, visual inspection of the distributions sug-
gests interesting effects. On the one hand, it confirms the
absence of group-difference for the GSA (see Fig. 4). On the
other hand, it suggests slightly different distributions for the
TOM-Accuracy and TOM-RT indices. Specifically, while
the control group appears homogeneously distributed (as
expected), a different pattern emerges for the autistic group.
As shown in Fig. 5, joint distribution for autistic individuals
peaks in the bottom left quarter, where accuracy is poorer
and response-times are longer than expected. Although only
one fourth of the control group is distributed in this quar-
ter, half of the autistic sample can be found there X2,
N=271)=5.10, p<.05).

Based on these results (and following Langdon & Colt-
heart’s, [34] rationale) we computed a TOM-Effort compos-
ite, which is an average of the TOM-Accuracy and TOM-RT
indices. This index revealed a significant between-group dif-
ference (#(26.3)=2.23, p <.05), which is also clear from vis-
ual inspection of the distributions (Fig. 6, left). To examine
whether this composite could discriminate between autistic
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Fig. 5 Joint distribution of the TOM-Accuracy and the TOM-RT indices for the control group (left panel) and the autistic group (right panel)
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Fig.6 Distribution across groups (left panel) and ROC curve (right panel) of the TOM-Effort index

and neurotypical children, we then performed a ROC analy-
sis with this variable (Fig. 6, right). This revealed an area
under curve (AUC) of .64 (95% IC = [.52-.76]), which was
significantly different from chance but indicated only a mod-
erate accuracy.

In the appendix, we report on three clinical cases that
were extracted from our sample and which illustrate how
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this task can be used to provide rich clinical information at
an individual level.

Discussion
In Experiment 2, the tablet-PST and the clinical indices

built from Experiment 1 were applied to a group of autistic
children. Before discussing the validity of the tablet-PST in
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the General Discussion, we first briefly discuss the findings
from this experiment at the group level in the context of the
literature on autism and TOM. First, we note that the gen-
der distribution is quite unbalanced in our autistic sample,
which is common in autism [57]. However, Experiment 1
revealed that gender did not affect performance in this task,
especially the TOM/non-TOM distinction. Therefore, such
an imbalance should not obscure the interpretation of the
data. An interesting aspect of our results was an interac-
tion between item-type and group on accuracy, such that
autistic children performed at higher rates than those in the
neurotypical group on control items and at lower rates on
false beliefs items. This dissociation is in line with what
Baron-Cohen et al. [58] originally observed with another
picture sequencing task in autistic children. It is also consist-
ent with Binnie and Williams [59], who showed that when
asked to sequence pictures, autistic children tended to prefer
physical rather than psychological causalities, compared to
neurotypical children. This dissociation led to the develop-
ment of a more general empathizing/systemizing theory of
autism [60] as a framework to explain the well-described
TOM difficulties of autistic individuals. As for response
times, we replicated Kaland et al. [26], who reported slow-
downs on TOM items compared to controls, indicating a
more pronounced effort in autism, yet only among younger
participants in our case. While our sample size calls for
caution regarding the interpretation of such subtle effects
and for replication in future studies, it is arguably the case
that the tablet-PST is not complex or sensitive enough to
reveal such differences among older children. The pattern
we observe also echoes the results from Zalla et al. ([61])
who observed (with a different picture sequencing task) that
autistic children were typically slower in sequencing events
involving characters’ purposive action stakenbycharacters
than physical events, while it was less the case among the
neurotypical participants.

A novel aspect of our study concerns the use of clini-
cal indices to evaluate TOM impairments at the individual
level. Although the combined TOM-Effort index was the
only one to show a significant difference between the autistic
and the control groups, a visual inspection of the distribu-
tion of responses reveals a clear pattern in the autistic group
that distinguishes itself from the pattern among neurotypical
children. That is, TOM items were associated with lower
accuracy and slower response times in the autistic group
than among the neurotypical children. It is interesting that
the combined TOM-Effort index revealed itself to be the
most discriminating, since combining accuracy and response
times has also been identified as a promising methods to
measure TOM in autistic adults [25]. The ROC curve for
that measure revealed that it could differentiate the autis-
tic sample from the control group, although with moderate
accuracy (AUC of 64%). This moderate level of accuracy

was somewhat expected and confirms that TOM in general
should not be considered absent in autism, but rather partial,
delayed or simply atypical, the extent of that difference still
being under debate (see [25], [20]). Such subtle between-
group differences arguably explain why the combined index
reached significance, whereas the accuracy and RT indices
alone did not. Hence, discriminating autistic from non-
autistic individuals should not be confounded as a validity
measure of whether a given task assesses TOM [62].

Finally, Experiment 2 also provided evidence for adequate
external validity by showing that the tablet-PST provided
results that were consistent (in this group of children without
language disorder) with a standard false belief task, in line
with previous results with the PST in neurotypical children
which had shown a correlation with social intelligence [37];
moreover, this association seemed to be specifically explained
by TOM and not, say, by the general functioning of children,
since no correlation appeared with a control measure of
ADHD symptoms, as expected.

General Discussion

This study aimed to assess the suitability of a tablet adap-
tation of Langdon & Coltheart’s [34] PST in order to ulti-
mately assess children’s TOM clinically and individually.
This was achieved by testing a large sample of neurotypi-
cal children (Experiment 1), providing validation data
and allowing for the construction of normalized clinical
indices. As a test case, these indices were then applied to
a sample of autistic children (Experiment 2).

Overall, our results provided evidence for the validity of
the tablet-PST and in several different ways. Structurally,
the CFA showed that the task behaved as it was intended.
With respect to face and content validity, both the obser-
vations on the neurotypical and the autistic groups con-
firmed the validity of the task, since it behaved consist-
ently with what can be expected from the TOM and the
autism literature and, more specifically, with respect to the
literature with paper-and-pencil-based presentations of the
PST. Both experiments also supported the tablet-PST’s
discriminatory power, in the general population (with no
floor or ceiling effects in the measures) and in a clinical
context. We also showed, with respect to our autistic sam-
ple, that the tablet-PST provided consistent results with a
standard false-belief task (external validity).

Unlike standard false-belief tasks, which typically rely
on verbal material, the tablet-PST involves minimally verbal
material and, as such, is more likely to be accessible to chil-
dren with language difficulties. That said, we cannot rule out
the possibility that participants might employ verbal strate-
gies (e.g., inner speech) to complete the task. Therefore,
verbal skills might still play a role in the performance with
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this task (though the role of language might be reduced com-
pared to other TOM tasks). Note, however, that this should
affect both TOM and non-TOM items, and using the contrast
between these conditions should control for that role, at least
partly. Moreover, even when the interference of language
with respect to performance in TOM tasks is ruled out, there
is evidence supporting a relationship between language and
TOM competences (see, e.g., [31]). In other words, the
tablet-PST should probably not be expected to make TOM
independent from language, but its minimally verbal mate-
rial makes it suitable to investigate this complex relation
in future research [63]. In addition to language, this task
also controls for another possible confound observed in most
TOM tasks, which is working memory (e.g. Arslan et al.
[64]); indeed, with the tablet-PST all the necessary visual
information remains displayed while the item is being com-
pleted. In terms of reliability, compared to the original PST,
the inter-judge reliability of this tablet implementation is
expected to be almost perfect, since the entire procedure and
its scoring are automatized.

As far as applicability goes, the tablet format of the task
showed many advantages with respect to data collection.
Neurotypical children frequently reported that carrying out
the task was enjoyable and their teachers described them as
especially focused. This was also the case for autistic chil-
dren, who remained engaged enough to complete the task,
even when parents or clinicians had anticipated difficulties.
These qualitative observations further support the clinical
suitability of the task and confirm its usability in group set-
tings [41].

The literature, as well as our results, shows that chil-
dren should be expected to perform better on the control
items compared to TOM items. However, our indices would
allow clinicians to quantify how much better and to distin-
guish different profiles of participants, who might fail TOM
items for different reasons. For example, children might
fail TOM items because of a general difficulty in picture
sequencing, which would be revealed by a low (control)
GSA index; meanwhile, poor performance on TOM items
could also result from normal sequencing abilities (attested
by a good GSA index) combined with a specific TOM
impairment (revealed by a poor TOM-Accuracy index).
Similarly, by exploiting response times, our indices can
distinguish between a child who performs in what is con-
sidered “typical” fashion for this task from another who
performs correctly (in terms of accuracy) but exceptionally
and effortfully, based on the TOM-RT index. Such reasoning
(comparing control and test items, on the one hand, as well
as accuracy and response times, on the other) is generally
carried out by clinicians and is here directly computed by
algorithms. As a consequence, the results of that reason-
ing present a reduced risk of human-based bias or between-
clinician variability. Obviously, this is not to say that such
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calculations replace clinical reasoning, only that it provides
data that is ultimately finer and more patient-calibrated than
what raw performance scores could provide alone.

In terms of clinical utility, such data should help draw
a more accurate cognitive and behavioral profile to inform
interventions and assess their effects. When used during a
diagnosis procedure however, this task should be used with
much caution since, as we discussed in Experiment 2, the
sensitivity analysis showed that autistic children should not
be expected to systematically fail the tablet-PST nor should
neurotypical children be expected to systematically succeed.
For this reason, no specific clinical threshold was proposed.

We would be remiss if we did not underline three limita-
tions as we consider future research. The first is that, while
we had a large sample in Experiment 1, the sample size of
our clinical group was limited. This is why Experiment 2
calls for replication and extension, including to other clini-
cal groups, such as children with language disorders who
usually show reduced TOM performance compared to neu-
rotypical children, as shown in Nilsson & De Lépez’ [65]
meta-analysis. However, as the authors of that study discuss,
the extent to which the verbal nature of the tasks used con-
tributes to this difference is still an open question. Future
research should investigate this issue and would likely ben-
efit from a task like the tablet-PST. Second, in Experiment 2
we compared the clinical sample to the neurotypical children
who provided the normative data. Further validation would
be provided by comparing this group to another independent
group of neurotypical children. Third, the cross-sectional
methodology we adopted did not allow for test-retest reli-
ability assessment, which could be provided by a multiple
testing or longitudinal paradigm.

In sum, after years of research on theory of mind using
Langdon & Coltheart’s [34] PST, our study investigates how
a tablet-based implementation of this task could be naturally
applied to individual clinical assessments. Our data, both
in a large neurotypical sample and in a group of autistic
children, supports the structural, face and content validity
of the tablet-PST, as well as its external validity, sensitivity
and clinical relevance. The results illustrate how this task
can be helpful to assess the profile of children with atypical
development, while providing normative data as background
for it. This should benefit the assessment of autistic children
but also other conditions that might encounter TOM diffi-
culties, such as those with language disorders or psychiatric
conditions.

Summary

Understanding others’ minds (theory of mind, TOM) is an
essential human trait. Disruptions of this ability are thus
highly disabling and should be assessed correctly in clinical
practice. Yet, most TOM tasks rely on verbal material, which
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could conceivably amount to an obstacle for clinical popula-
tions as well as for clinicians who are interested in assessing
them. One tool that avoids this limitation is Langdon and
Coltheart’s (1999) Picture Sequencing Task (PST), which is
used in group-based research while using a minimally-verbal
material. This work presents a tablet adaptation of this task
with the aim of applying it to assess individuals in a clinical
setting. Two of its advantages is that it is engaging to chil-
dren, and it naturally allows for the collection of response
times, which adds another dimension to analyses. We aimed
to determine the extent to which this tablet-PST was a suit-
able assessment tool, and in two steps. In Experiment 1, we
tested a large sample of neurotypical school-aged children
(N = 248), in order to confirm that its results are compara-
ble to what is found in paper-and-pencil based tasks in the
literature. The results confirmed the task’s structural and
face validity. Based on these confirming group-level results,
we then proposed three standardized clinical indices: i) a
control index of the ability of a child to sequence pictures
in general, ii) an accuracy index measuring how TOM can
account for a child’s accuracy, and iii) a response time index
capturing the effort specifically associated with TOM items.
In Experiment 2, these indices were applied to autistic chil-
dren (N = 23), a clinical group that was expected to show
atypical TOM performance. The data distributions showed
that these children’s outcomes were consistent with what is
found in the autism literature and confirmed the task’s clini-
cal moderate sensitivity as well as its external validity. The
tablet-PST thus appears as a suitable tool for assessing TOM
in children generally, providing detailed cognitive profiles to

inform clinical decisions.

Appendix
Clinical Vignettes

In order to illustrate how the tablet-PST can be used to
provide clinical information, richer than a simple stand-
ardized score on a classical task, we extracted three pro-
totypical profiles from our sample.

Participant 1 is a 6-years; 7-months-old boy. His
autism diagnosis was confirmed by a positive SCQ and
a positive ADOS-2. His level of intelligence functioning
was also assessed and is strictly normal. In the tablet-
PST, he obtained a GSA of 2.8/6, placing him only at the
1 percentile, given his age and SES. This score indicates
that the task itself is not suitable to assess this specific
child’s skills. Indeed, the ability of that child to sequence
pictures is compromised, maybe due to his young age, to

behavioral difficulties and/or to difficulties in sequencing
events and representing time which can be observed in
certain individuals with autism [66]. If theory of mind
must be assessed, it should be done otherwise.

Participant 7 presents a different profile. She is a
7-years; 6-months-old girl, whose autism diagnosis was
confirmed by a positive SCQ and a positive ADI-R.
Her level of intelligence functioning had not been for-
mally tested, but no difficulties were suspected by the
clinicians who follow her, and her language skills were
in the normal to normal-superior range. In the tablet-
PST, she got a 4.9/6 GSA (71 percentile) but scored
1.5/6 on average on TOM items (3" percentile). Con-
trary to participant 1, participant 7 is thus very able to
sequence pictures in general, with a GSA that is even in
the normal-superior range. However, specific difficul-
ties arise as soon as TOM is involved, where she scores
much lower than expected, given her age and her good
sequencing abilities. This is indicative of specific diffi-
culties in theory of mind. No particularity was observed
in her response times: she answered TOM items in 29
seconds on average, contra 23 seconds for the control
items, which places her at percentile 26.

Finally, participant 6 is a 7-years; 6-months-old
boy, whose diagnosis was confirmed by a positive
ADOS-2 and a positive SCQ. His intelligence was
assessed as normal, as well as his language skills. He
performed very well with the tablet-PST control items,
with a GSA of 5.6/6 (85" percentile), and even better
on TOM items with a mean accuracy of 6/6 (94" per-
centile). This child has no problem in sequencing pic-
tures in general and, given his age and his good GSA,
he performs even significantly better than expected with
TOM items. However, he took 44 seconds on average
to answer items involving false beliefs, contra only 18
seconds on control items: this difference, given his
good accuracy, places him only at the 1% percentile.
This indicated that participant 6’s good accuracy on
TOM items is obtained with unusual effort, in terms of
response times, that is specific to items where TOM is
involved. This might reflect atypical processing strat-
egies such as compensatory mechanisms specifically

associated with mentalizing.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10578-023-01648-0.
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