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A B S T R A C T   

Theory of Mind (ToM) or mentalizing is a basic social skill which is characterized by our ability of perspective- 
taking and the understanding of cognitive and emotional states of others. ToM development is essential to 
successfully navigate in various social contexts. The neural basis of mentalizing is well-studied in adults, how
ever, less evidence exists in children. Potential reasons are methodological challenges, including a lack of age- 
appropriate fMRI paradigms. We introduce a novel child-friendly and open-source ToM fMRI task, for which 
accuracy and performance were evaluated behaviorally in 60 children ages three to nine (32♂). Furthermore, 27 
healthy young adults (14♂; mean = 25.41 years) and 33 children ages seven to thirteen (17♂; mean = 9.06 years) 
completed the Cognitive and Affective Theory of Mind Cartoon task (CAToon; www.jacobscenter.uzh.ch/en/re 
search/developmental_neuroscience/downloads/catoon.html) during a fMRI session. Behavioral results indicate 
that children of all ages can solve the CAToon task above chance level, though reliable performance is reached 
around five years. Neurally, activation increases were observed for adults and children in brain regions previ
ously associated with mentalizing, including bilateral temporoparietal junction, temporal gyri, precuneus and 
medial prefrontal/orbitofrontal cortices. We conclude that CAToon is suitable for developmental neuroimaging 
studies within an fMRI environment starting around preschool and up.   

1. Introduction 

Theory of Mind (ToM), or mentalizing, describes our ability to 
represent and understand the mental states (feelings, beliefs, desires and 
intentions) of others and ourselves (Gallagher and Frith, 2003). ToM is 
an essential social skill (Frith and Frith, 2008; Korkmaz, 2011; Saxe, 
2006; Schnell et al., 2011) and a failure to develop adequate ToM skills 
is associated with different neurodevelopmental disorders, including 
autism spectrum disorder, developmental language disorder, attention 
deficit hyperactivity disorder and conduct disorder (Clegg et al., 2005; 
Frith, 2001; Sebastian et al., 2012b; Senju, 2012; Sharp, 2008; Ueker
mann et al., 2010). ToM may be differentiated into an affective (the 
understanding of emotions of others) and cognitive subcomponent (in
ferences a person makes about other people’s beliefs and intentions; 
(Shamay-Tsoory et al., 2010)). Behaviorally, ToM has commonly been 
associated with empathy (O’Connell, 1995; Saxe, 2006; Völlm et al., 
2006; Walter, 2012), and functional neuroimaging evidence indicates a 
partial overlap of brain regions commonly associated with empathy and 
mentalizing (Bzdok et al., 2012; Powell et al., 2017; Völlm et al., 2006). 

The foundations of mentalizing are laid during the first few years of 
life, though they become more refined throughout childhood and 
adolescence. Early conceptualizations of ToM tasks have particularly 
focused on explicit measures (e.g., Sally and Anne Task (Baron-Cohen 
et al., 1985)), which are mastered around the age of 4 (Baron-Cohen 
et al., 1985; Wimmer and Perner, 1983). However, studies employing 
implicit ToM assessments during infancy, as for example through the 
investigation of an infant’s anticipatory looks, have suggested that ToM 
may develop as early as 13–15 months (Onishi and Baillargeon, 2005; 
Southgate et al., 2007; Surian et al., 2007). Consequently, the type of 
task employed to measure ToM, or mentalizing, may have a significant 
influence on the interpretation of the reported skill levels. 

Studies assessing the neural correlates of ToM in adults (Bzdok et al., 
2012; Molenberghs et al., 2016; Van Overwalle and Baetens, 2009) have 
consistently linked mentalizing to brain areas within the frontal (e.g., 
anterior dorsal medial and ventromedial PFC, inferior frontal- and 
precentral gyri and the anterior cingulate cortex), temporal and parietal 
cortices (e.g., bilateral temporoparietal junction, middle temporal gyri, 
posterior superior temporal sulci and the precuneus (Molenberghs et al., 
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2016)). In accordance with the conceptual separation of affective and 
cognitive ToM, distinct networks can be identified (Schlaffke et al., 
2015; Sebastian et al., 2012a; Shamay-Tsoory and Aharon-Peretz, 
2007). While affective and cognitive mentalizing are controlled by a 
shared network comprising bilateral temporal poles, superior temporal 
sulci and the dorsomedial prefrontal cortex, the specific role of orbito
frontal and ventromedial prefrontal cortices in affective mentalizing has 
been highlighted based on research in clinical and healthy populations 
(Hynes et al., 2006; Sebastian et al., 2012a; Shamay-Tsoory and 
Aharon-Peretz, 2007). Affective ToM has also particularly been associ
ated with basal ganglia functioning (Schlaffke et al., 2015; Bodden et al., 
2013). On the other hand, cognitive mentalizing processes are more 
specifically linked to activation in the dorsomedial prefrontal cortex, 
precuneus, cuneus, bilateral temporoparietal junction, and the middle of 
the superior temporal gyri (Molenberghs et al., 2016; Van Overwalle and 
Baetens, 2009; Schlaffke et al., 2015). 

While various reports describe the neural correlates of ToM in adults, 
less is known for younger children, with or without neurodevelopmental 
disorders. Potential reasons may include practical and technical chal
lenges as well as a lack of age-adequate scanner tasks (Raschle et al., 
2012, 2009; Thieba et al., 2018). However, in recent years new studies 
have emerged investigating mentalizing in young populations through 
task-based functional magnetic resonance imaging (fMRI) or functional 
near infrared spectroscopy (Gweon et al., 2012; Hyde et al., 2018; 
Moraczewski et al., 2018; Richardson et al., 2018; Richardson and Saxe, 
2020a). Such studies implement auditory paradigms, false belief tasks or 
incorporate more naturalistic settings such as passive movie viewing 
tasks. Alternatively, task-free functional (e.g., resting state fMRI (Xiao 
et al., 2019)) or structural measures, (e.g., white matter measures 
(Wiesmann et al., 2017)) can be further substantiated through the use of 
additional behavioral ToM measures. 

Here we present three experimental studies conducted to assess the 
development and implementation of the Cognitive and Affective Theory of 
Mind Cartoon task (in short CAToon; available at: www.jacobscenter. 
uzh.ch/en/research/developmental_neuroscience/downloads/catoon. 
html), a novel, open-source, engaging and child-friendly fMRI mental
izing task. Study 1 introduces development and behavioral assessment 
of CAToon in children. Specifically, we aimed to assess the age at which 
children were able to complete CAToon behaviorally. We hypothesized 
that CAToon may be completed starting around preschool/kindergarten 
(around 4 years of age). 

Study 2 aimed to investigate whether CAToon will reliably elicit 
activation in brain regions previously associated with mentalizing in 
adults. Activation increases were expected in brain regions including 
dorsomedial PFC, bilateral temporoparietal junction, middle medial 
PFC, precuneus, right superior temporal sulcus, and ventromedial PFC 
(Molenberghs et al., 2016). Furthermore, affective and cognitive stories 
were hypothesized to elicit distinct (cognitive ToM: dorsomedial PFC, 
precuneus, superior temporal gyrus; affective ToM: OFC, ventromedial 
PFC, bilateral pars opercularis, basal ganglia,) as well as shared neural 
activation patterns (e.g., dorsomedial PFC, bilateral temporoparietal 
junction; (Bodden et al., 2013; Dufour et al., 2013; Hynes et al., 2006; 
Völlm et al., 2006)). 

Study 3 aimed to assess the neural correlates during CAToon per
formance in a first group of typically developing children. We hypoth
esized, that CAToon may elicit similar, though still developing neuronal 
activation patterns in children (Richardson et al., 2018; Richardson and 
Saxe, 2020b). 

2. Materials and methods 

2.1. CAToon task 

Task creation of the Cognitive and Affective Theory of Mind Cartoon 
task (CAToon) included the following steps: (1) standardized literature 
review on ToM fMRI studies (as described in (Fehlbaum et al., 2021), (2) 

evaluation for child-appropriateness according to the following re
quirements: the task should be feasible for young children, including 
non-readers (no text), has to be engaging and fun, and should ideally be 
visually entertaining since this has previously been reported to reduce 
head motion (Huijbers et al., 2017). As a result, we decided on the use of 
cartoon stories, which are commonly used in the literature, successfully 
evoke distinct neuronal activation associated with ToM (e.g., (Schlaffke 
et al., 2015; Sebastian et al., 2012a; Völlm et al., 2006; Walter et al., 
2009)) and which adhere to the aforementioned requirements. In Study 
1 (behavioral) and 3 (fMRI) these requirements were re-evaluated. 

CAToon consists of a total of 30 hand-drawn stories, including two 
experimental conditions targeting affective ToM (AT) and cognitive 
ToM (CT) and a control condition (physical causality (PC); Fig. 1). Each 
condition comprises 10 stories of similar visual complexity. Ten back
grounds were prepared for the task and each background occurs only 
once in each condition. The two experimental conditions were designed 
to differentially motivate affective versus cognitive aspects of ToM 
reasoning. That means participants should have to infer how a character 
would react to a fellow character’s expressed or expected emotions 
during AT trials, whereas during CT trials participants should assume 
how characters would act based on another character’s intentions or 
beliefs. PC trials serve as a control condition, requiring a basic under
standing of cause and effect and basic physical laws. 

All trials start with three consecutively presented images, followed 
by a single image displaying three possible endings. CT trial endings 
consist of one possible, one improbable and one highly improbable/ 
impossible solution. AT trial endings consist of two possible solutions 
(negative expectancy/positive expectancy) and one impossible solution. 
In positive expectancy endings a character’s emotional needs are met 
with care or reassurance, whereas in negative expectancy outcomes the 
character is scolded, ridiculed or ignored. This manipulation allows the 
investigation of differences in positive or negative outcome expectancy. 
PC trial endings consist of one possible and two impossible solutions. As 
physical causality and cognitive ToM conditions have only one correct 
answer the chance of getting a correct answer is 33 % (1/3). For affective 
ToM (AT) we present two correct (negative and positive expectancy) 
answers resulting in a higher chance of 66 % (2/3). Therefore, for the 
overall task the chance level is 44 %. In other words, in the PC and CT 
conditions participants have to get at least 3.3 tasks correctly to reach 
the level of chance (that adds up to 6.6) and in AT condition they have to 
get 6.6 answers correctly to reach level of chance. Across the 30 trials 
that adds up to 13.2, which is 44 % of 30 tasks. 

2.1.1. CAToon task evaluation (Study 1: behavioral) 
CAToon was evaluated behaviorally in a group setting (first and 

second grade school classes) or in an individualized manner (pre
schoolers/kindergarteners). Each participant was asked to look at three 
images presented in a row and then indicate their choice of the most 
likely story ending out of three options by either pointing to it (pre
schoolers/kindergarteners) or by crossing off their choice in a booklet 
(school-aged children/group setting; details in Supplement 1). 

2.1.2. CAToon task evaluation (Studies 2 & 3: fMRI) 
A total of 30 cartoon stories were rear-projected onto a screen behind 

the scanner, viewed by participants via a prism attached to the head coil 
and displayed using Presentation® software (V16.5, Neurobehavioral 
Systems, Inc., Berkeley, CA, www.neurobs.com). Adults completed the 
fMRI task in one single run (trial order in Supplement 2), while children 
completed the task over the course of two runs (15 trials each) as sug
gested for fMRI in developmental population (Raschle et al., 2009). Both 
runs included 5 AT, 5 CT, and 5 PC stories. The run order for children 
completing the fMRI experiment was alternated (starting with either 
run1 or run2). 

The task had a rapid event-related design with fixed inter-trial in
tervals of 3 s. Before the start of each run, a fixation cross was present for 
2 s. Each trial started with the consecutive presentation of three images 
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(3 s each), followed by a decision phase of 7 s for adults. Based on adult 
feedback from Study 2 (i.e., challenged by the relatively short answer 
time), the decision time was extended to 10 s for children to assure age 
appropriateness. Participants had to choose one out of three possible 
endings through use of a button box (task design in Fig. 1). Task duration 
was 8 min 36 s for adults, and 11 min 4 s for children (two runs of 5 min 
32 s). Before solving the CAToon neuroimaging task inside the MRI 
scanner, participants completed three practice trials on a laptop and by 
use of a cardboard model button box. After these practice trials it was 
verbally assured that participants understood the task and key points 
were repeated prior to the start of neuroimaging (further info in Sup
plement 2). 

2.2. Participants and analyses 

2.2.1. Participants Study 1: CAToon task evaluation in children 
(behavioral) 

For Study 1 60 children ages three to nine years (mean age: 5.77 
years; 32 boys; group characteristics in Supplementary Table S1) 
completed the CAToon task behaviorally. All children were recruited 
through daycare, kindergarten or schools. Answer choices, age and 
gender, but no identifiable personal data, was collected. In line with 
approval by the local ethics board (Ethikkomission Nordwest- und 
Zentralschweiz), informed assent to participate was provided by the 
daycare teachers, school principals or parents. Families were informed 
about the participation and had the option to withhold contribution. 

2.2.2. Analyses Study 1 
The mean percentage of correct answers for overall task performance 

was calculated for each participant. A one-way analysis of variance 
(ANOVA) was employed to inspect overall performance difference 
across age groups (by year). The group of nine-year old children was 
excluded from this analysis due to small sample size (n = 2). Prior to 
conducting the ANOVA, assumption of normality (kurtosis and skew
ness) and homogeneity of variance (Levene’s test) was tested. The re
sults from the ANOVA were followed up with Bonferroni-corrected post- 

hoc group comparisons. In addition to the categorical investigation of 
change in performance based on age in years, changes based on age in 
months were assessed (dimensionally) using partial F-tests to select the 
best-fitting regression model. Projected changes in performance based 
on age were calculated using the CurveExpert Professional Software 
(https://www.curveexpert.net/) by displaying the instantaneous rate of 
change (the slope of the tangent line at a given point on the curve). All 
behavioral analyses were performed in SPSS (IBM Corp. Released 2017. 
IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY: IBM Corp.) 
or R version 4.0.3 (R Core Team, 2020; https://www.R-project.org/). 

2.2.3. Participants Studies 2 & 3: CAToon task evaluation in adults and 
children (fMRI) 

28 healthy young adults and 37 typically developing children took 
part in the fMRI experiments assessing the neural correlates of mental
izing using CAToon. Participants included in the fMRI studies had 
normal or corrected-to-normal vision, sufficient German skills, no pre
vious neuropsychological disorder, and average to above average IQ 
based on their level of education (for adults) or an IQ ≥ 70 (for children; 
verbal and non-verbal subtests of the German version of the Wechsler 
Intelligence Scale for Children (WISC-IV; (Daseking et al., 2007)). One 
adult was excluded from the study due to strong visual prescription 
glasses that could not be used or adjusted for within the scanner. Four 
children were excluded due artefacts caused by braces (n = 2), and 
claustrophobia (n = 2). The final sample therefore included 27 adults 
(20–39 years), and 33 children (7–13 years; group characteristics are 
listed in Table 1). 

Adult participants further completed standardized questionnaires 
assessing callous-unemotional traits (callous-unemotional dimension of 
the Youth Psychopathic traits Inventory (YPI; (Andershed et al., 2002)) 
and empathy (Interpersonal Reactivity Index (IRI; (Davis, 1980)). This 
allowed the investigation of the association between behavioral scores 
of callous-unemotional traits or empathy and neural activation during 
mentalizing using post-hoc assessments. All participants and in case of 
the children their legal caretakers provided verbal and written consent 
for taking part in the study. 

Fig. 1. Three CAToon example trials demonstrating one example of every condition included: affective ToM (experimental condition; top row), cognitive ToM 
(experimental condition; middle row), and physical causality (control condition; bottom row). The timeline shows the presentation duration for each image presented 
during fMRI with an answer time window of 7 s and 10 s for adult and child participants, respectively. 
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2.2.4. fMRI data acquisition (Studies 2 & 3) 
For the fMRI task whole-brain T2-weighted echo-planar images were 

collected on a Siemens 3 T Prisma MR scanner using a 20-channel head 
coil (transverse slice orientation, interleaved acquisition) and the 
following specifics: field of view = 220 mm, TR = 2000 ms, TE = 30 ms, 
42 slices, slice thickness = 2 mm, voxel size = 2.0 × 2.0 × 2.0 mm, 333 
volumes. One additionally structural image was acquired for co- 
registration during image preprocessing, using the following specifics: 
voxel size: 1.0 × 1.0 × 1.0 mm; TR = 1900 ms; TE = 3.42 ms; TA = 4.26; 
flip angle = 9 degrees; field of view = 256 × 256 mm, 192 slices with a 
slice thickness of 1.00 mm. For fMRI acquisition, the first twelve seconds 
prior to the start of the first stimulus included simultaneous multislice 
acquisition and dummy scans (discarded), which allowed accounting for 
T1 equilibration effects. The ToM task lasted 8 min and 38 s for adults, 
and 11 min and 4 s (5 min 32 s per run) for children. The structural 
image acquisition lasted 4 min and 26 s. 

2.2.5. Analyses of in-scanner data (Studies 2 & 3) 
In-scanner performance (correct versus incorrect answers) and dif

ferences between conditions were investigated employing one-way 
ANOVAs in adults and children. Bonferroni-corrected post-hoc tests 
were employed to further investigate significant differences between 
trials. 

2.2.6. Whole brain fMRI analyses (Study 2 & 3) 
fMRI data was analyzed using the Statistical Parametric Mapping 

software (SPM12; http://www.fil.ion.ucl.ac.uk/spm/) in MATLAB 
2016a (Mathworks, Natick, MA). Regressors of interest were created 
using a boxcar-function for experimental and control condition and 
contrasts of interest were calculated for affective ToM (AT > PC), 
cognitive ToM (CT > PC) and mentalizing (CT|AT > PT). For adults 

three additional contrasts were calculated. To detect shared activation 
of affective and cognitive ToM we conducted a conjunction analysis, 
testing areas activated in both, AT and CT conditions ((CT > PC) & (AT 
> PC)). Finally, contrasts of distinct activation representing affective 
ToM (AT > CT) and cognitive ToM (CT > AT) were calculated. For all 
contrasts the statistical parametric maps were cluster-level FWE-cor
rected at p < 0.05, with an initial cluster-building threshold of p < 0.001, 
uncorrected. Regressors of interest were implemented for the full trial 
duration of 16s (adults) or 19s (children), including story presentation 
and decision time. To assess whether regressor length significantly 
impacted neural activation, post-hoc analyses were also conducted 
implementing a reduced regressor (i.e., only considering the story phase 
of the trials in adults, excluding the decision phase). 

Standard fMRI preprocessing included realignment and unwarping, 
co-registration to each participant’s structural image and segmentation 
prior to normalization into standard space (ICBM152 template). All 
images were smoothed using an 8-mm full width at half maximum 
isotropic kernel. Using the art imaging toolbox (https://www.nitrc.org/ 
projects/artifact_detect/) seven additional regressors accounting for 
motion and variations in mean signal intensity as well as a high-pass 
filter of 0.01 Hz (128 s) were added to the first-level model of each 
participant. 

3. Results 

3.1. Study 1: CAToon evaluation in children (behavioral) 

3.1.1. Performance across conditions 
Summarizing the ratio of correct answers in all children for each 

condition showed that AT trials were solved correctly in 90.7 %, CT 
trials in 60 % and PC trials in 73.3 % of all trials. Overall task perfor
mance results in a ratio of correct answers ranging from 40 to 97%. All 
children reached an accuracy above chance; Table 2. Considering only 
the incorrect solutions within the cognitive ToM conditions, children 
selected improbable scenarios in 54.9 % and highly improbable/ 
impossible solution in 45.1 % of the cases. One-way analysis of variance 
showed a significant effect of condition for correct answers (F(2,177) =
43.214, p<0.001). Bonferroni post-hoc tests for pairwise comparisons 
indicated that the ratio of correct answers differed significantly between 
all three conditions (p < 0.001). It has to be noted, that a direct com
parison may not be warranted and has to be interpreted with great 
caution, since AT conditions consisted of two possibly correct endings 
unlike CT and PC trials (one possible ending). 

3.1.2. Performance across age 
A one-way ANOVA investigating the effect of age on accuracy rate 

was conducted after Levene’s test indicated equal variances (F(5, 52) =
0.420, p = 0.832) and normal distribution within the age groups 
(Supplementary Table S2; (Field, 2013; Ghasemi and Zahediasl, 
2012)). The analysis of variances showed a significant effect of age on 
performance, F(552) = 39.215, p < 0.001. Bonferroni post-hoc test for 
pairwise comparisons revealed that 3 and 4-year-olds scored 

Table 1 
Group characteristics and behavioral scores of adult and child participants of 
Studies 2 and 3 (fMRI).    

Adults (n = 27;14♂) Children (n = 33;18♂)   

Mean SD Mean SD 

Age  25.41 4.16 9.06 2.11 
ISCED  4.22 0.97 n.a. n.a. 
IQ WISC-IV (verbal) n.a. n.a. 113.18 17.18  

WISC-IV (matrices) n.a. n.a. 110.45 13.83 
IRI Empathic Concern 18.56 4.04 n.a. n.a.  

Fantasy 16.37 5.06 n.a. n.a.  
Personal Distress 10.96 4.03 n.a. n.a.  
Perspective Taking 18.93 3.10 n.a. n.a.  
Total 64.81 8.91 n.a. n.a. 

YPI Callous-Unemotional 9.22 1.76 n.a. n.a.  
Grandiose-Manipulative 8.67 1.95 n.a. n.a.  
Impulsive-Irresponsible 9.99 2.14 n.a. n.a.  
Total 9.29 1.48 n.a. n.a. 

Notes. ISCED = International Standard Classification of Education, IRI =
Interpersonal Reactivity Index (sum scores), YPI = Youth Psychopathic Traits 
Inventory (mean scores), WISC-IV = Wechsler Intelligence Scale for Children, 
Fourth Edition, SD = standard deviation, n.a. = not applicable. 

Table 2 
Ratio of correct answers (in %) in the different conditions across age groups (in years).    

Age (in years)  

Overall 3(n = 11) 4(n = 9) 5(n = 8) 6 (n = 5) 7(n = 11) 8(n = 14) 9(n = 2) 

AT 89.4 76.4 81.1 93.8 88.0 100 98.6 100 
CT 57.3 35.5 36.7 65.0 70.0 72.7 73.6 90 
PC 71.9 57.3 52.2 78.8 76.0 79.1 87.1 100 
Overall 74.6 56.4 56.7 79.1 77.6 83.9 86.4 96.7 

Note: AT = affective ToM, CT = cognitive ToM, PC = Physical causality. 
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significantly less correct compared to all other age groups, with no 
further difference between the two youngest age groups (p = 1.000). 
Also, while variations in performance remained, no significant differ
ences between 5, 6, 7 and 8-year-olds were observed (Supplementary 
Table S3). 

Assessing a dimensional age-performance model revealed a signifi
cant improvement of fit comparing the linear and quadratic models (F(1) 
= 4.918, p = 0.031). The age-performance relationship was best 
described by a quadratic model (Fig. 2), no further improvement was 
observed when using a cubic model. The regression model indicates that 
the instantaneous rate of change (f’(x)) is higher in younger ages and 
becomes lower in older children. This implicates bigger steps of 
improvement taking place in younger children. More specifically, in the 
youngest participants the performance is predicted to improve by 0.97 
% with each passing month (f’(37) = 0.97; equaling one additional 
correctly solved trial every 3 months). In contrast, the rate of change 
drops to an improvement of 0.57 % at 77 months (f’(77) = 0.57), and 
decreases even further with progressing age (f’(117) = 0.17). This 
means, that the oldest participant within our sample is predicted to 
improve by one additional correct answer when aging 17 months, 
reflecting a deceleration of improvement in the older participants. 

3.2. Studies 2 and 3: CAToon task evaluation in adults and children 
(fMRI) 

3.2.1. In-scanner task performance 
Overall, adult participants scored above chance with 87.90 % correct 

answers across the 30 trials (AT: 97.80 %, CT:71.90, PC: 94.10), while 
children scored 81.92 % correct across all trials (AT: 95.15 %, CT: 72.73 
%, and PC: 80.91 %). The range of correctly answered trials was between 
73–100 % for adults. Children scored between 63–93 % corrects overall. 
The analysis of variance showed a significant effect of condition on the 
ratio of correct answers in both, adults (F(2,78) = 45.373, p < 0.001) 
and children (F(2,96)=24.35, p < 0.001). In adults the ratio of correct 
answers within CT was significantly lower as compared to AT and PC 
(both p < 0.001), however there was no significant difference between 
AT and PC trials (p = 0.636) according to the Bonferroni post-hoc test for 
pairwise comparisons. In children, the post-hoc Bonferroni pairwise 

comparison yielded significant differences between AT and CT (p <
0.001), AT and PC (p < 0.001), and also PC and CT (p = 0.041). It has to 
be noted though, that a direct comparison between AT, CT and PC 
conditions may not be warranted and has to be interpreted with great 
caution, since AT conditions consisted of two possibly correct endings 
unlike CT and PC trials (one possible ending). When looking at the 
incorrect solutions within the cognitive ToM trials, adults selected 
improbable scenarios in 87.1 % and highly improbable/impossible so
lutions in 12.9 % of the cases. Children selected improbable scenarios in 
62.7 % and highly improbable/impossible solution in 37.3 % of the 
cases. 

3.2.2. Whole brain fMRI analyses 
Mentalizing ((CT | AT)>PT) yielded a significant increase in acti

vation in adults and children in frontal brain regions, including medial 
prefrontal, and orbitofrontal cortices, and inferior frontal gyrus. Acti
vation increase was further observed in temporal regions, such as 
bilateral temporoparietal junctions, temporal poles and superior tem
poral sulcus. Parietal regions with heightened activity during mental
izing included inferior parietal lobule, precuneus and supramarginal and 
angular gyri. Further areas with an increased activation included limbic 
regions (e.g., cingulate cortex, insula, hippocampus), and basal nuclei 
(e.g., right thalamus). Affective (AT > PC) and cognitive (CT > PC) ToM- 
related activation increases were within expected areas, such as medial 
PFC, temporoparietal junction and precuneus; see Fig. 3, Tables 3 & 4 . 
The repeated analyses of the three main contrasts in the adult group with 
a shortened regressor including only the story-phase yielded similar 
activation pattern when compared to analyses implementing the full 
regressor (data provided through NeuroVault: https://identifiers.org/ne 
urovault.collection:9698). 

In addition to parametric correction methods, we also conducted 
post-hoc non-parametric correction methods in order to test the stability 
of our findings using different approaches. More specifically, 
permutation-based multiple comparison correction using SnPM 
(SnPM13.1.06; http://www.nisox.org/Software/SnPM13/) was 
computed for the main contrasts of interest (AT > PC, CT > PC, (AT|CT) 
> PC), employing a cluster-level inference of p < 0.05 FWE correction 
after an initial cluster-forming threshold of p < 0.0001 (as recommended 

Fig. 2. Scatterplot and quadratic model best representing a performance-age relationship across all children.  
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by (http://www.nisox.org/Software/SnPM13/exnew)). Importantly, 
using non-parametric tests the relevant clusters remained similar (data 
provided through NeuroVault: https://identifiers.org/neurovault.collec 
tion:9699). 

3.2.2.1. Shared and distinct activation for AT and CT. The conjunction of 
affective and cognitive trials revealed areas of shared activation in 
bilateral temporal poles and temporoparietal junctions, right superior 
temporal sulcus, anterior cingulum, precuneus, bilateral inferior frontal 
gyri and dorsomedial prefrontal cortex (Fig. 4, Table 5). An increase in 
activation was observed for affective versus cognitive ToM (AT > CT) 
trials in anterior precuneus, middle and posterior cingulate cortex 

bilaterally, inferior temporal gyrus, ventromedial prefrontal and orbi
tofrontal cortices. Significantly greater activation in cognitive versus 
affective ToM (CT > AT) trials was observed in left middle and superior 
frontal gyri, right insula, left inferior and middle temporal, bilateral 
angular and right supramarginal gyri, hippocampus, and posterior pre
cuneus (Fig. 4, Table 5). 

In order to assess whether the analysis timeframe had any effect on 
the neural activation obtained during cognitive and affective ToM, we 
re-analyzed contrasts of interest (e.g., ‘AT > CT’; ‘CT > AT’) using a 
shorter regressor, which resulted in an overall similar activation pattern. 
However, for the cognitive trials a relative increase in activation in right 
insular and inferior frontal gyrus was no longer observed employing the 

Fig. 3. Statistical parametric maps displaying neural activation during affective ToM, cognitive ToM, and mentalizing in the adult (red) and child (blue) groups 
(cluster-level FWE-corrected p < 0.05, using a cluster-building threshold of p < 0.001, uncorrected) (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.). 

Table 3 
Peak activation reports for affective ToM, cognitive ToM and mentalizing in the adult group.    

T pFWE k MNI 

Brain region Hem.    x y z 

Affective ToM (AT > PC)        
IFG, OFC, temporal pole, inf., mid. and sup. temporal gyri, sup. temporal sulcus, precuneus, fusiform, supramarginal 

and angular gyri, hippocampus, parahippocampal gyrus amygdala, insula 
R/L 16.08 <0.001 25519 48 − 44 18 

ACC, medial mid. and sup. frontal gyri, supplementary motor area R/L 8.39 <0.001 2756 4 56 18 
medial OFC R/L 6.81 0.001 422 4 50 − 18 
mid. frontal gyrus, precentral gyrus L 6.68 0.012 345 − 40 6 60 
IFG (partes opercularis and triangularis) R 4.75 0.006 249 56 30 4  

Cognitive ToM (CT > PC)        
temporal pole, mid., inf.& sup. temporal gyrus, middle frontal gyrus, precuneus, angular gyrus, fusiform gyrus, 

insula, mid & post. cingulate cortex 
R 17.41 <0.001 13605 50 − 48 18 

temporal pole, inf., med. & sup. temporal gyri,sup. temporal sulcus, supramarginal gyrus, parahippocampal gyrus, 
IFG, precuneus, fusiform gyrus, insula, amygdala 

L 12.42 <0.001 11535 − 48 − 52 22 

mid. & sup. frontal gyri, supplementary motor area, anterior & mid. cingulate cortex, precentral gyri L 7.01 <0.001 4155 − 38 2 48 
mid. frontal gyrus, precentral gyrus R 4.51 0.004 315 34 4 46  

Mentalizing: ((CT | AT) > PT)        
temporal pole, inf., mid. and sup. temporal gyri, sup. temporal sulcus, fusiform gyrus, supramarginal & angular gyri, 

OFC, mid. frontal gyrus 
R 18.28 <0.001 9459 50 − 46 18 

temporal pole, inf. & mid. temporal gyri, inf. parietal lobule, middle & posterior cingulate cortex, precuneus, cuneus, 
lingual gyrus, fusiform gyrus, OFC, insula 

R/L 12.8 <0.001 17954 4 − 56 34 

medial sup. frontal gyrus, mid. & sup.frontal gyrus, supplementary motor area, anterior cingulate cortex R/L 8.35 <0.001 4330 6 56 18 
hippocampus, lingual gyrus, parahippocampal gyrus, fusiform gyrus, thalamus R 5.79 0.002 367 20 − 36 − 12 
medial OFC, gyrus rectus R/L 5.49 0.011 261 4 50 − 18 
mid.frontal gyrus, precentral gyrus R 4.96 0.028 212 36 4 46 

Note. Hem = hemisphere, ACC = anterior cingulate cortex, IFG = inferior frontal gyrus, OFC = orbitofrontal cortex, inf. = inferior, mid. = middle, sup. = superior, L/R 
= left/right, T-scores, k = cluster size and xyz co-ordinates of peak voxel according to Montreal Neurological Institute (MNI). 
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Table 4 
Peak activation reports for affective ToM, cognitive ToM and mentalizing in children.    

T pFWE k MNI 

Brain region Hem.    x y z 

Affective ToM (AT > PC)        
temporal pole, paracentral lobule, precuneus, mid. & sup. temporal g., mid. & post. cingulate cortex, hippocampus, 

supramarginal g., angular g., lingual g., thalamus, amygdala, insula 
L/R 11.55 <0.001 12972 2 − 60 24 

temporal pole, inf., mid., & sup. temporal g., fusiform g., angular g., lingual g, supramarginal g., parahippocampal 
g., hippocampus, amygdala, insula 

R 10.61 <0.001 7339 46 − 56 20 

medial OFC, anterior cingulate c., medial sup. frontal gyrus R/L 8.29 <0.001 2467 − 2 50 18 
inf. temporal gyrus, fusiform gyrus, parahippocampal gyrus R 6.93 0.008 340 42 − 44 − 22 
inf., mid. occipital gyrus, lingual gyrus L 6.13 0.078 184 − 20 − 100 − 8 
mid., & sup. frontal gyrus supplementary motor area R 5.62 0.014 296 12 36 60 
precentral gyrus, inf., & mid., frontal gyrus R 5.39 0.017 284 30 12 26  

Cognitive ToM (CT > PC)        
precuneus, mid., & post. cingulate cortex, precuneus, cuneus R/L 11.14 <0.001 4004 4 − 54 40 
mid., & sup. temporal g., angular gyrus, supramarginal gyrus R 9.7 <0.001 2447 50 − 56 24 
mid. & sup. temporal gyri, parietal inf. lobulus, angular gyrus, supramarginal gyrus L 8.65 <0.001 2746 − 42 − 64 28 
temporal pole, inf., mid., & sup. temporal gyrus, inferior OFC, insula, fusiform gyrus L 7.81 <0.001 2107 − 62 − 8 − 20 
temporal pole, inf., mid., & sup. temporal gyrus, inferior OFC, insula, fusiform gyrus R 7.07 <0.001 1380 52 10 − 34 
Inf. temporal gyrus, amygdala, parahippocampal gyrus, hippocampus, fusiform gyrus, lingual gyurs L 7.06 <0.001 892 − 26 − 36 − 14 
supplementary motor area, superior medial frontal gyrus R/L 6.79 0.005 443 16 40 56 
superior medial frontal gyrus, anterior cingulate cortex R/L 6.31 <0.001 936 4 58 18 
medial OFC L/R 6.21 0.012 265 4 56 − 18 
mid., sup. frontal gyrus L 5.31 0.006 330 − 16 36 58  

Mentalizing ((CT | AT) > PC)        
precuneus, paracentral lobule, middle & posterior cingulate cortex, cuneus, lingual g. R/L 11.57 <0.001 5046 6 − 52 42 
temporal pole, inf., mid., & sup. temporal gyri, angular g., parahippocampal g., hippocampus, amygdala, insula, 

fusiform g., supramarginal g. 
R 10.89 <0.001 5731 46 − 56 22 

temporal pole, inf., mid., sup. temporal gyrus, parahippocampal gyrus, hippocampus, amygdala, insula, 
supramarginal g., angular g., lingual g. 

L 8.99 <0.001 6475 − 40 − 68 28 

medial sup., & orbitofrontal gyri, anterior cingulate cortex R/L 7.33 <0.001 2143 8 56 18 
supplementary motor area, superior frontal gyrus R/L 5.86 <0.001 494 16 40 56 
inf. temporal gyrus, fusiform gyrus, parahippocampal gyrus R 5.27 0.006 220 42 − 44 − 24 

Note. Hem = hemisphere, ACC = anterior cingulate cortex, OFC = orbitofrontal cortex, g. = gyrus, inf. = inferior, mid. = middle, sup. = superior, L/R = left/right, T- 
scores, k = cluster size and xyz co-ordinates of peak voxel according to Montreal Neurological Institute (MNI). 

Fig. 4. Statistical parametric maps displaying shared (green: (Affective ToM > Physical Causality) & (Cognitive ToM > Physical Causality),) and distinct (red: 
Affective ToM > Cognitive ToM; blue: Cognitive ToM > Affective ToM) activation in adults. (cluster-level FWE-corrected p < 0.05, using a cluster-building threshold 
of p < 0.001, uncorrected) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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shorter regressor (data provided through NeuroVault: https://identifie 
rs.org/neurovault.collection:9698). 

3.2.3. Post-hoc analyses in adults 

3.2.3.1. Callous-unemotional traits/empathy and neuronal activation dur
ing mentalizing. Two post-hoc partial correlation analyses were con
ducted in the adult group to investigate the association of callous- 
unemotional traits and empathy with activation in right temporopar
ietal junction during mentalizing ((AT | CT)>PC). The analyses were 
controlled for age and gender and Bonferroni correction for multiple 
comparison testing was used to adjust for the number of tests conducted 
(p<(0.05/2)). Mean parameter estimates from the right temporoparietal 
junction as defined according Dufour et al. (2013; retrieved from: http 
://saxelab.mit.edu/use-our-theory-mind-group-maps) and extracted 
through the MarsBar toolbox [Brett et al., 2002; http://marsbar.sourcef 
orge.net/]. The right temporoparietal junction was chosen as an area of 
interest because of its key implication across a wide range of mentalizing 
tasks and studies (Döhnel et al., 2012; Mahy et al., 2014; Powell et al., 
2017; Saxe, 2010). Partial correlation analyses revealed a significant 
negative correlation between CU-traits and neural activation during 
mentalizing in right temporoparietal junction (r(23) = -0.533, p =
0.006, but no significant association between empathy levels and acti
vation in right temporoparietal junction (r(23) = 0.366, p = 0.072). 
Further partial correlation tests revealed no significant relationship 
between callous-unemotional traits and (1) motion during scan (as 
measured by the average head motion during task or the number of 
outliers over 1.5mm), and (2) performance on the task, in order to test 
confounds (Supplementary Table S5). 

4. Discussion 

Here we evaluate feasibility and neural activation patterns evoked by 
CAToon, a newly developed child-friendly and open-source fMRI Theory 
of Mind cartoon task. Evaluation included one behavioral study (Study 

1; behavioral assessment of 60 children; 3–9 years) and two neural 
evaluations (Study 2: fMRI in 27 adults and Study 3: fMRI conducted in 
33 children). Behavioral results support task feasibility as early as three 
years of age. However, reliable performance skills are reached around 5 
years, which we suggest as an ideal age for fMRI task implementation. 
fMRI evidence in children and adults confirmed that CAToon is associ
ated with significant activation increases in brain regions associated 
with mentalizing (e.g., dorsomedial PFC, ventromedial PFC, bilateral 
temporoparietal junction, middle temporal gyrus, posterior superior 
temporal sulcus, precuneus, inferior frontal gyrus, precentral gyrus, 
anterior cingulate cortex and temporal pole). Affective and cognitive 
ToM trials led to brain activation increases of shared (e.g., bilateral 
temporal pole, temporoparietal junction, superior temporal sulcus, 
precuneus and parts of the dorsomedial prefrontal cortex) and distinct 
brain regions (e.g., AT-specific: orbitofrontal cortex, anterior parts of the 
precuneus, posterior cingulate cortex, CT-specific: right insula, para
hippocampal and fusiform gyrus and posterior potions of the pre
cuneus). Moreover, activation increases in the right temporoparietal 
junction were negatively correlated with levels of callous-unemotional 
traits, but not empathy, in adults. 

4.1. Feasibility of the CAToon task for children 

Behavioral data (Study 1) and fMRI data acquisition (Study 3) 
revealed that children of all ages tested were able to complete CAToon 
above chance level. More specifically, Study 1 indicated that while all 
children were able to complete CAToon, children aged five years and up 
performed significantly better than three and four-year-olds. While 
children of five years and older still displayed variations in performance, 
no further significant change in task performance was observed, indi
cating reliable task performance. Behaviorally, children were most ac
curate in the affective ToM condition, followed by physical causality and 
cognitive trials. These findings have to be considered with caution, 
however, since outcome options were not identical for all conditions (e. 
g., two possible correct endings for AT compared to CT and PC 

Table 5 
Peak activation reports for distinct (AT > CT), (CT > AT) and shared activation (conjunction analysis in adults ((AT > PC) & (CT > PC)).    

T pFWE k MNI 

Area Hem.    x y z 

AT > CT        
precuneus, mid. & post. cingulum, cuneus L/R 10.76 <0.001 1734 − 4 − 58 32 
gyrus rectus, medial OFC R/L 8.6 0.001 304 0 42 − 22 
fusiform gyrus, cuneus, inf, mid. & sup. occipital gyrus, lingual gyrus, inf. & mid. temporal gyrus R 8.42 <0.001 3595 48 − 74 4 
inferior temporal gyrus, fusiform gyrus R 6.62 0.015 178 42 − 46 − 20  

CT > AT        
lingual, fusiform & parahippocampal gyri L 7.51 <0.001 496 − 26 − 46 − 12 
sup. & inf. parietal lobule, angular gyrus, middle occipital gyrus L 7.48 <0.001 2106 − 34 − 82 − 32 
precuneus, superior parietal lobule R 6.12 0.001 332 18 − 70 58 
precuneus, lingual gyrus, hippocampus, fusiform & parahippocampal gyri R 6.01 0.004 263 30 − 46 − 6 
mid. & sup. frontal gyrus L 5.93 0.001 369 − 18 18 42 
Insula, inferior frontal gyrus R 5.6 0.093 125 32 20 − 4 
angular gyrus, inf. parietal lobule L 5.07 0.084 129 − 40 − 48 50 
sup. parietal lobule, mid. & sup. occipital gyrus, angular gyrus R 5.07 0.050 150 36 − 80 38 
mid. & sup. frontal gyrus, precentral gyrus R 4.69 0.002 300 24 6 60 
inf. & mid. temporal gyrus L 4.47 0.11 118 − 54 − 56 − 8 
supramarginal & angular gyrus R 4.22 0.002 185 52 − 44 36  

(AT > PC) & (CT > PC)        
temporal pole, inferior frontal gyrus, fusiform gyrus, inferior, middle & superior temporal gyri, sup. temporal sulcus 

supramarginal, angular & lingual gyri, insula, parahippocampal gyrus 
R 15.72 <0.001 7188 48 − 46 18 

temporal pole, parancentral lobule, precuneus, supramarginal gyrus, fusiform gyrus, insula, inferior & middle 
temporal gyrus, mid. & post. cingulum, angular gyrus, lingual gyrus, hippocampus 

R/L 11.31 <0.001 13641 4 − 52 46 

superior medial frontal gyrus, anterior cingulum, middle & superior frontal gyrus R/L 6.31 <0.001 2565 6 56 18 
middle frontal gyrus, precentral gyrus L 5.52 0.0004 357 − 42 2 60 
inferior frontal gyrus R 4.58 0.0003 374 56 30 4 

Note. Hem. = hemisphere, OFC = orbitofrontal cortex, inf. = inferior, mid. = middle, sup. = superior, post. = posterior, L/R = left/right, T-scores, k = cluster size and 
xyz co-ordinates of peak voxel according to Montreal Neurological Institute (MNI). 
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conditions). 
An increasing performance accuracy of children ages five and up as 

reported here is in line with previous evidence of children performing 
reliably on explicit ToM tasks starting around four to six years of age 
(Frith and Frith, 2003; Wellman et al., 2001). Notably, implicit ToM 
tasks reveal false belief understanding in infants already (Southgate 
et al., 2007; Surian et al., 2007). However, demands posited by an 
explicit and/or fMRI task require complementary skills to basic false 
belief understanding (Lillard and Kavanaugh, 2014). Younger children 
have been reported to be more challenged by or fail mentalizing tasks 
that require inhibitory control and working memory (Carlson et al., 
2002; Müller et al., 2012; Rakoczy, 2010; Scott and Baillargeon, 2017). 
The observed performance improvements may result from individual 
improvements in ToM skills and/or maturation of executive functions 
typically observed around this age (Roebers et al., 2011; Röthlisberger 
et al., 2010). Such skill improvements have been linked to the start of 
formal schooling (e.g., (Brod et al., 2017; Roebers et al., 2011)). For 
fMRI purposes we therefore recommend the use of CAToon starting 
around the age of five years and up, which considers increased chal
lenges posed by an MRI environment (Raschle et al., 2012, 2009). 

The use of implicit ToM fMRI tasks by passive movie has shown to be 
possible in children as young as three years of age (Richardson et al., 
2018). Here we additionally evaluated neural activation associated with 
the story-phase of the CAToon trials only (as compared to the imple
mentation of regressors that include the story and explicit answer phase) 
in adults, with comparable outcome. While this may be viewed as a first 
step towards testing CAToon’s suitability as a potential passive viewing 
task, future investigations in younger children are warranted. 

4.2. Neural correlates of mentalizing using CAToon in young adults 

Study 2 revealed robust activation increases in brain areas 
commonly associated with mentalizing for adults, including the dorso
medial and ventromedial PFC, bilateral temporoparietal junction, mid
dle temporal gyrus, posterior superior temporal sulcus, precuneus, 
inferior frontal gyrus, precentral gyrus, anterior cingulate cortex and 
temporal poles (Blakemore, 2012; Bzdok et al., 2012; Molenberghs 
et al., 2016; Van Overwalle and Baetens, 2009). More specifically, the 
role of the temporoparietal junction during mentalizing is supported by 
evidence associating this region to temporary mental state attribution of 
self and others (Mahy et al., 2014; Molenberghs et al., 2016; Van 
Overwalle and Baetens, 2009). Our findings are further in line with 
studies demonstrating an involvement of the bilateral temporal pole in 
context-specific mentalizing (C. D. Frith and Frith, 2006), ventromedial 
prefrontal cortex in social cognition and self-perception (Amodio and 
Frith, 2006) and precentral gyrus in the differentiation of self and other 
(Aichhorn et al., 2006; Ruby and Decety, 2001). Our data supports an 
involvement of regions specific for affective aspects of mentalizing (e.g., 
empathic judgment, emotion processing or empathy), including the 
middle temporal gyrus, ventromedial prefrontal, anterior cingulate and 
orbitofrontal cortex (Lamm and Singer, 2010; Molenberghs et al., 2016; 
Northoff and Bermpohl, 2004; Roy et al., 2012; Völlm et al., 2006). 
Further areas identified, include the insula [recognition and selection of 
salient events; (Menon and Uddin, 2010)], fusiform gyrus [face pro
cessing; (Kanwisher and Yovel, 2006)], right superior temporal sulcus 
[linked to the observation of socially relevant bodily cues; (Allison et al., 
2000; Lee et al., 2012)], precuneus, parahippocampal gyrus and hip
pocampus [episodic memory retrieval; (Cavanna and Trimble, 2006; 
Spreng et al., 2009)]. 

Through use of conjunction analyses we observed shared and distinct 
activation patterns when further investigating affective and cognitive 
ToM trials, which is in line with past evidence (Bodden et al., 2013; 
Hynes et al., 2006; Schlaffke et al., 2015; Sebastian et al., 2012a). Brain 
regions that were implicated during both affective and cognitive ToM 
included bilateral temporal pole, temporoparietal junction, right supe
rior temporal sulcus, anterior cingulum, precuneus, bilateral inferior 

frontal gyri and parts of the dorsomedial prefrontal cortex. 
Activation was greater for affective as compared to cognitive trials 

within the anterior part of the precuneus extending into the posterior 
cingulate cortex, as well as within the cuneus and orbitofrontal cortex. 
This pattern remained when analyzing only the story portion of the 
trials, indicating that passive viewing of the CAToon stories may be 
sufficient to induce affective mentalizing. A distinct activation of the 
orbitofrontal and ventromedial prefrontal cortex in affective ToM is in 
line with literature emphasizing its role for affective processing (Hynes 
et al., 2006; Molenberghs et al., 2016; Schlaffke et al., 2015; Sha
may-Tsoory et al., 2010). Similarly, the posterior cingulate, has been 
linked to empathetic perspective taking (Schlaffke et al., 2015; Völlm 
et al., 2006). In contrasts to previous findings (Schlaffke et al., 2015), we 
have not detected distinct activation in basal ganglia for affective 
compared to cognitive ToM. This may result from different task designs, 
as Schlaffke et al. (2015) measured affective and cognitive ToM through 
the use of the same set of images, but different questions, while CAToon 
included distinct trials for each condition. 

Areas with increased activation during cognitive versus affective 
trials included posterior parts of the precuneus, parahippocampal gyrus, 
hippocampus and right insula. However, removing the explicit decision 
phase from the model, the right insula and inferior frontal gyrus did not 
remain significant. Both regions have been linked to decision making 
processes (Hartwright et al., 2016; Paulus et al., 2005), which may 
explain why a shortened model, excluding the decision phase, no longer 
results in activation increases of these areas. 

4.3. Callous-unemotional traits, empathy and mentalizing 

We observed a negative association between callous-unemotional 
traits and neural activation within the right temporoparietal junction 
in adults. The right temporoparietal junction is most commonly impli
cated when inferring about thoughts, beliefs and emotional states 
(Molenberghs et al., 2016). Within the limited literature investigating 
the relationship between callous-unemotional traits and neural corre
lates of mentalizing, our findings support those establishing a negative 
link (Lockwood et al., 2013; Sebastian et al., 2012b) between 
callous-unemotional traits and mentalizing skills. They may thus be in 
line with evidence suggesting that adults with higher levels of 
callous-unemotional traits are more likely to disregard others’ feelings 
(Scheepers et al., 2011) or more likely to display deficient affective 
perspective taking (Lui et al., 2016). However, past findings are incon
clusive, with some reporting a positive association (Gao et al., 2019) or 
those missing to find a significant connection (O’Nions et al., 2014). 
Notably, levels of callous-unemotional traits displayed within our adult 
group did not correlate with an increase in motion during fMRI task 
performance. 

4.4. Neural correlates of mentalizing using CAToon in children 

After successfully evaluating the neural correlates associated with 
CAToon task performance in adults (Study 2), Study 3 further assessed 
the neural correlates in a group of children (ages 7–13 years), thus 
testing feasibility in an initial fMRI study of children using CAToon. We 
observed activation of the mentalizing network comparable to findings 
in our adult study. Activation clusters in the child group were similar, 
though seemed slightly less pronounced as reported in adults, which is in 
line with studies investigating adult and developmental populations 
during mentalizing (Fehlbaum et al., 2021; Richardson et al., 2018). An 
increase in neural activation was observed in areas including bilateral 
temporoparietal junction, medial prefrontal cortex and precuneus (in 
line with (Gweon et al., 2012; Richardson and Saxe, 2020b)). Our 
findings provide first evidence for the feasibility of employing CAToon 
as an fMRI task in children. An effort in developing and subsequently 
sharing age-appropriate neuroimaging tasks may further replicability 
and reproducibility of findings (Klapwijk et al., 2019). To provide 
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opportunity for others using CAToon or our findings further, the task 
and all T-maps reported in the manuscript are made openly available at 
https://www.jacobscenter.uzh.ch/en/research/developmental_neuro 
science/downloads/catoon.html. 

CAToon adds to previous tasks used in children by measuring af
fective and cognitive aspects of mentalizing. However, it has to be 
highlighted that the two conditions are not as well isolated (e.g., 
Sebastian et al., 2012a had distinct cognitive and affective trials) or 
matched (e.g., Schlaffke et al., 2015 implementing the same images for 
cognitive and affective trials, but different questions asked), since for 
CAToon cognitive and affective ToM both include people and affective 
elements. While naturalistic (e.g., cognitive and affective ToM are social 
processes, rarely isolated from humans or fully free of affect in real life), 
this implementation results in a certain confound rendering it chal
lenging to fully isolate individual aspects. Future studies could further 
test individual stimuli ratings by content, which may then be associated 
with neural activation in each condition to test the influence of different 
stimulus characteristics. CAToon was employed as an explicit task, 
including in-scanner responses. However, first analyses reveal its po
tential as a passive viewing task, which might be more appropriate for 
very young participants. 

4.5. Study limitations 

Several limitations have to be noted. In Study 1 (behavioral evalu
ation in children), CAToon was presented either in a one-on-one setting 
or, for older children, in groups. This procedure ensured appropriate 
understanding and task conduction for younger children, but limits 
comparability across all age groups. It is notable that younger children 
performed still lower than children ages five and up. It is also 
mentionable that there was no strict timing or time limit for the image 
presentation and decision phase within the behavioral study, which is 
not possible when running CAToon within an fMRI setting. 

Additionally, since characters’ emotional expressions were included 
in cognitive ToM scenarios, the affective and cognitive scenarios pre
sented in CAToon are less clearly distinct as compared to previous 
paradigms (e.g., Sebastian et al., 2012a). While the correct solving of the 
CT and AT trials is designed to rely on the inference about the targeted 
mental states (i.e., intentions in cognitive and emotions in affective 
trials), a direct investigation about the cognitive process underlying 
participants’ answers (i.e., understanding what inferences they make 
during certain trials) should be investigated in future studies (e.g., col
lecting subjective responses of participants’ reasoning for the answer 
selection). However, neural activation in adults provides initial evidence 
of the conditions eliciting activation in established areas (e.g., increased 
recruitment of ventromedial prefrontal and orbitofrontal cortex during 
affective trials).” 

A deliberate choice to include two correct answers within the af
fective trials was made in order to be able to investigate positive/ 
negative expectancy in later studies (e.g., of children with and without 
disruptive behaviors or prior maltreatment). This might be considered as 
a caveat as it makes the direct comparison of behavioral performance 
between the different trial types challenging. From a neural perspective, 
it might be hypothesized that the inclusion of two possible correct an
swers may require children to evaluate their response even more, thus 
increasing the need for mentalizing. However, such an effect will have to 
be further evaluated. 

We would also like to note, that while there are variations in 
behavioral task performance across all ages, there are no significant 
improvements after the age of 5 years when measured outside the fMRI 
environment (Study 1), or after the age of 7 years when using CAToon 
inside the fMRI environment (Study 3). In future studies, the use of an 
additional, established behavioral measure is recommended in order to 
establish whether children’s performance and neural activation is 
clearly associated. Also, CAToon task stimuli were not tested in different 
cultures, limiting generalizability and highlighting opportunities for 

future investigation. Due to the small sample size for brain-behavioral 
correlations (e.g., comparison of neural activation with callous- 
unemotional traits/empathy) such findings must be interpreted with 
caution (Cremers et al., 2017). 
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Psychologie. 

Roy, M., Shohamy, D., Wager, T.D., 2012. Ventromedial prefrontal-subcortical systems 
and the generation of affective meaning. Trends Cogn. Sci. (Regul. Ed.) 16 (3), 
147–156. 

Ruby, P., Decety, J., 2001. Effect of subjective perspective taking during simulation of 
action: a PET investigation of agency. Nat. Neurosci. 4 (5), 546. 

Saxe, R., 2006. Uniquely human social cognition. Curr. Opin. Neurobiol. 16 (2), 
235–239. 

Saxe, R., 2010. The right temporo-parietal junction: a specific brain region for thinking 
about thoughts. Handbook of Theory of Mind, pp. 1–35. 

Scheepers, F.E., Buitelaar, J.K., Matthys, W., 2011. Conduct Disorder and the specifier 
callous and unemotional traits in the DSM-5. Eur. Child Adolesc. Psychiatry 20 (2), 
89–93. https://doi.org/10.1007/s00787-010-0149-x. 

Schlaffke, L., Lissek, S., Lenz, M., Juckel, G., Schultz, T., Tegenthoff, M., et al., 2015. 
Shared and nonshared neural networks of cognitive and affective theory-of-mind: A 
neuroimaging study using cartoon picture stories. Hum. Brain Mapp. 36 (1), 29–39. 

Schnell, K., Bluschke, S., Konradt, B., Walter, H., 2011. Functional relations of empathy 
and mentalizing: an fMRI study on the neural basis of cognitive empathy. 
Neuroimage 54 (2), 1743–1754. 

Scott, R.M., Baillargeon, R., 2017. Early false-belief understanding. Trends Cogn. Sci. 
(Regul. Ed.) 21 (4), 237–249. 

Sebastian, C.L., Fontaine, N.M., Bird, G., Blakemore, S.J., Brito, S.A., McCrory, E.J., 
Viding, E., 2012a. Neural processing associated with cognitive and affective Theory 
of Mind in adolescents and adults. Soc. Cogn. Affect. Neurosci. 7 (1), 53–63. https:// 
doi.org/10.1093/scan/nsr023. 

Sebastian, C.L., McCrory, E.J., Cecil, C.A., Lockwood, P.L., De Brito, S.A., Fontaine, N.M., 
Viding, E., 2012b. Neural responses to affective and cognitive theory of mind in 
children with conduct problems and varying levels of callous-unemotional traits. 
Arch. Gen. Psychiatry 69 (8), 814–822. https://doi.org/10.1001/ 
archgenpsychiatry.2011.2070. 

Senju, A., 2012. Spontaneous theory of mind and its absence in autism spectrum 
disorders. Neuroscientist 18 (2), 108–113. 

Shamay-Tsoory, S.G., Aharon-Peretz, J., 2007. Dissociable prefrontal networks for 
cognitive and affective theory of mind: a lesion study. Neuropsychologia 45 (13), 
3054–3067. 

Shamay-Tsoory, S.G., Harari, H., Aharon-Peretz, J., Levkovitz, Y., 2010. The role of the 
orbitofrontal cortex in affective theory of mind deficits in criminal offenders with 
psychopathic tendencies. Cortex 46 (5), 668–677. 

Sharp, C., 2008. Theory of Mind and conduct problems in children: deficits in reading the 
“emotions of the eyes”. Cogn. Emot. 22 (6), 1149–1158. 

Southgate, V., Senju, A., Csibra, G., 2007. Action anticipation through attribution of false 
belief by 2-year-olds. Psychol. Sci. 18 (7), 587–592. 

Spreng, R.N., Mar, R.A., Kim, A.S., 2009. The common neural basis of autobiographical 
memory, prospection, navigation, theory of mind, and the default mode: a 
quantitative meta-analysis. J. Cogn. Neurosci. 21 (3), 489–510. 

Surian, L., Caldi, S., Sperber, D., 2007. Attribution of beliefs by 13-month-old infants. 
Psychol. Sci. 18 (7), 580–586. 

R. Borbás et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0065
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0065
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0065
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0070
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0070
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0075
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0075
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0080
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0085
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0085
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0085
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0085
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0090
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0090
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0090
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0095
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0095
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0095
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0100
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0105
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0110
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0110
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0115
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0120
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0120
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0125
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0125
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0130
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0130
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0130
https://doi.org/10.5812/ijem.3505
https://doi.org/10.5812/ijem.3505
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0140
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0140
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0140
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0145
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0145
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0145
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0150
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0150
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0150
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0155
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0155
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0155
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0160
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0160
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0160
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0165
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0165
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0170
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0170
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0170
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0175
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0175
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0180
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0180
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0185
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0185
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0190
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0190
https://doi.org/10.1016/j.cub.2013.04.018
https://doi.org/10.1016/j.cub.2013.04.018
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0200
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0200
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0200
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0205
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0205
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0210
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0210
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0215
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0215
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0215
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0220
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0220
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0225
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0225
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0225
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0225
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0230
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0230
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0235
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0235
https://doi.org/10.1111/desc.12167
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0245
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0245
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0250
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0250
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0250
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0255
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0255
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0255
http://www.R-project.org/
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0265
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0265
https://doi.org/10.3791/1309
https://doi.org/10.1111/j.1749-6632.2012.06457.x
https://doi.org/10.1111/j.1749-6632.2012.06457.x
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0280
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0280
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0285
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0285
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0285
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0290
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0290
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0295
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0295
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0295
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0295
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0300
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0300
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0300
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0300
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0305
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0305
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0305
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0310
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0310
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0315
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0315
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0320
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0320
https://doi.org/10.1007/s00787-010-0149-x
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0330
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0330
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0330
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0335
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0335
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0335
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0340
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0340
https://doi.org/10.1093/scan/nsr023
https://doi.org/10.1093/scan/nsr023
https://doi.org/10.1001/archgenpsychiatry.2011.2070
https://doi.org/10.1001/archgenpsychiatry.2011.2070
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0355
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0355
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0360
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0360
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0360
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0365
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0365
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0365
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0370
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0370
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0375
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0375
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0380
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0380
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0380
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0385
http://refhub.elsevier.com/S1878-9293(21)00050-5/sbref0385


Developmental Cognitive Neuroscience 49 (2021) 100959

12

Thieba, C., Frayne, A., Walton, M., Mah, A., Benischek, A., Dewey, D., Lebel, C., 2018. 
Factors associated with successful MRI scanning in unsedated young children. Front. 
Pediatr. 6. 

Uekermann, J., Kraemer, M., Abdel-Hamid, M., Schimmelmann, B., G, Hebebrand, J., 
Daum, I., et al., 2010. Social cognition in attention-deficit hyperactivity disorder 
(ADHD. Neurosci. Biobehav. Rev. 34 (5), 734–743. 

Van Overwalle, F., Baetens, K., 2009. Understanding others’ actions and goals by mirror 
and mentalizing systems: a meta-analysis. Neuroimage 48 (3), 564–584. 
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