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into TPJ (-54, -28, -4, k = 455), left temporal pole (-54, 5, -25, k = 203), supplementary
motor cortex (-3, 8, 65, k = 44), right temporal gyrus extending into temporal pole (48,
-7,-37, k = 434) and right posterior cerebellum (24, -73, -37, k = 39).

Moreover, we extracted activation patterns from regions that showed significant
activation in both the life story and economic game conditions and plotted the
respective time courses. Inlets in Figure 6 illustrate that, in both the life story and
economic game vignettes, activity in these regions rises almost immediately after the
onset of the question period and peaks at about 6 seconds. Time courses also show a
larger peak in the belief compared to outcome conditions. These results support the
notion that this network of regions is involved in mentalizing in both the life stories

and economic game domains during the question period.
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Figure 6. Conjunction analysis during question period. A conjunction analysis showed significant
overlap in a wider network of theory of mind regions, including left TPJ, dmPFC and bilateral temporal
pole. Inlets show time courses of significant activations plotted separately for the life story and
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economic game domain. Time courses were extracted from voxels in the regions identified by the
conjunction analysis, which were further thresholded to separate clusters in middle temporal gyrus.

Functional connectivity during mentalizing

In our final analyses, we asked the question to what extent the regions identified by
the conjunction analyses between our economic game and story-based vignettes are
functionally interconnected with other social cognition regions during mentalizing.
To this end, we conducted two types of analyses. First, we conducted ROI-to-ROI
analyses to inspect the belief-based (belief vs outcome) interconnectivity within our
set of ROIs during each of the task phases. Next, we conducted whole-brain
generalized Psychophysiological Interaction (gPPI) analyses that were designed to
assess whether additional target regions showed stronger positive connectivity with
our seed regions during belief relative to outcome conditions. Analyses were
conducted separately for the vignette and question periods, and for each ROI-to-ROI
and gPPI analysis, we used as seeds those regions that were identified by the
conjunction analysis for that specific period (see methods).

During the vignette period, we find that the left TPJ shows significant
interconnectivity with right TP (TFCE = 5.58, FWE-corrected p = 0.044), indicating
relatively restricted interconnectivity within our network of ROIs. This could be due
to a mismatch between the sustained nature of the vignette period and how regions
in fact communicate throughout this period, such that the fluctuation of transient and
repeated communication between regions might not be picked up by the current
regression analysis. In the shorter question period, we see extensive interconnectivity
between all the social cognition regions we included as ROIs (TFCE = 14.91, FWE-
corrected p = 0.009). This indicates that preparing an answer that involves an

understanding of beliefs requires strong cross-talk between social cognition regions.
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Figure 7. Functional connectivity among ROIs during the vignette and question periods. ROI-to-ROI
analyses show heightened connectivity during belief relative to outcome conditions between left TPJ
and right TP during the vignette period (left ROI-ring display, TFCE = 5.58, FWE-corrected p = 0.044)
and extensive interconnectivity among ROIs during the question period (right ROI-ring display, TFCE
=14.91, FWE-corrected p = 0.009).

For our whole-brain gPPI analyses, we observe an interesting pattern that highlights
the role of right TPJ during the vignette period, which is a target region of both the
left TPJ (left to right TPJ: 58, -52, 30, k = 126, cluster-level FWE-corrected p = 0.0253),
and the right TP (right TP to right TPJ: 52, -54, 26, k = 570, cluster-level FWE-corrected
p < 0.0001) during belief relative to outcome vignettes (Figure 8). This result is
interesting, as it underlines the role of the right TPJ, which we do not find in
conjunction analyses reported above, and shows the importance of a wider
interconnected set of regions involved in mentalizing during the vignette period. We
also find reduced connectivity between the TP seed region and a target in
sensorimotor area (-26, -30, 66, k = 177, cluster-level FWE-corrected p = 0.0038).

During the question period, we find enhanced belief-based connectivity between the
left TPJ and its target in right cerebellum (Figure S2; 24, -78, -18, k = 169, cluster-level
FWE-corrected p =0.0059). Finally, the dmPFC shows enhanced belief-based
connectivity with a region in superior parietal lobe that extends to precuneus (Figure
S3; -24, -66, 48, k = 141, cluster-level FWE-corrected p = 0.0150).
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Figure 8. Whole-brain gPPI analysis of belief-based effective connectivity during the vignette
period. gPPI analyses show heightened connectivity during belief relative to outcome conditions
between left TPJ seed and right TPJ target during the vignette period (58, -52, 30, k = 126, cluster-level
FWE-corrected p = 0.0253) as well as between right TP seed and right TPJ target (52, -54, 26, k = 570,
cluster-level FWE-corrected p < 0.0001).

Discussion

An important question in the field of social neuroeconomics is whether the activations
within brain regions that are meta-analytically associated with mentalizing and that
are also consistently involved in decisions in the context of interactive economic
games (e.g., Alos-Ferrer and Farolfi, 2019; Fehr and Camerer, 2007; Engelmann et al,
2019; Rilling and Sanfey, 2011) indeed reflect mentalizing about interaction partners.
While this conjecture is theoretically plausible and is supported by the stark overlap
of activation patterns across a variety of tasks that are associated with belief inferences
(Mar, 2011; Molenberghs et al., 2016; Schurz et al., 2014; Van Overwalle, 2009), it is
important to directly compare and identify overlap between the neural systems
engaged in mentalizing across different contexts, including in life events but also in
economic games, in the same participants using the same task. The goal of the current

study was therefore to move beyond reverse inference and address this gap in the
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literature using a novel version of the false belief task that required our participants

to make belief-based inferences in the context of economic game scenarios.

Our fMRI results indeed identify strong overlap between the networks engaged
during the standard false-belief task and a modified version that requires an
understanding of economic games to correctly infer beliefs of interaction partners in
hypothetical economic games. Specifically, using conjunction analyses we find two
regions that show enhanced activity during belief-based (relative to outcome-based)
inferences during both variants of the task, namely the left TP] and dmPFC. This
finding is in line with a series of previous meta-analyses on the neural underpinnings
of mentalizing, which consistently pinpointed these two nodes as core areas for
mentalizing across different paradigms, including economic games (Mar, 2011;
Molenberghs et al., 2016; Schurz et al., 2014; Van Overwalle, 2009). Moreover, we find
that these regions are involved in reasoning about others’ beliefs during two periods
of our task: the vignette period, during which participants need to read and
understand the beliefs of others, and the question period, which required them to
integrate the information gathered via the vignettes and answer a brief question about
the protagonists’ beliefs. The consistency of the activation overlap across the different
task types and task periods further underlines the importance of these regions for
belief-based inferences. Moreover, these results underline the importance of TPJ and
dmPFC for belief-based inferences in the domain of economic games. Jointly, our
results substantiate the notion that the commonly observed activation of social
cognition regions during interactive economic games, particularly the TPJ and
dmPFC, reflects mentalizing (Rilling and Sanfey, 2011; Engelmann et al., 2019; Fehr
and Camerer, 2007).

The important role of the temporoparietal junction in mentalizing is further
underlined by effective connectivity analyses. During the vignette period, the left TP]
shows enhanced belief-based connectivity with right TPJ, and right TP] is a target of
right temporal pole (Figure 8). This shows that even if the TPJ] does not show bilateral
activation in conjunction analyses, effective connectivity patterns implicate bilateral
TPJ during mentalizing in the vignette period. Moreover, connectivity patterns also
underline the importance of cross-talk within a wider network of social cognition
regions that include bilateral TPJ, bilateral TP and dmPFC, when participants make

belief-based inferences that involve mentalizing during the question period.
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Our results furthermore indicate that there is a more extensive network of regions that
are involved in belief-based inferences across the two task versions. This is clear from
two types of analyses: 1) Conjunction analyses of the overlap of activation patterns
across standard and economic-game false-belief task versions, and 2) effective
connectivity analyses involving the regions identified in these conjunction analyses.
The conjunction analyses identified more extended belief-based activation in right
temporal pole (extending into right middle temporal gyrus) during the vignette
period, and bilateral temporal pole during the question period. Moreover, the TP also
showed heightened belief-based connectivity with target regions associated with
social cognition, including the right TPJ during the vignette period (Figure 8), and left
TPJ and left MTG during the question period. Our results of heightened belief-based
activity and connectivity of the temporal pole agree with its roles in semantic memory,
face recognition, and theory of mind (Gainotti et al., 2003; Gentileschi et al., 2001;
Olson et al., 2007), as all of these are social cognitive skills that support belief-based
inferences (e.g., Patterson et al., 2007). Moreover, this result is consistent with previous
studies on the neural correlates of social cognitive (Frith & Frith, 2006) and social

affective mechanisms (Vollm et al., 2006).

As part of a more extended network of social cognition regions involved in
mentalizing, the cerebellum deserves some additional discussion. Specifically, we find
significant activation in right posterior cerebellum during belief-based inferences in
the question period (Table 4), and furthermore, the right posterior cerebellum is found
as a target of left TP] in connectivity analyses. Our results therefore substantiate the
importance of the cerebellum as a region that supports mentalizing in important ways,
but that falls outside of the typical social cognition areas within cerebral cortex. In fact,
a recent meta-analysis based on 350 fMRI studies provides strong support for the
notion that the cerebellum subserves important social cognitive functions, particularly
when a certain level of abstraction is required (Van Overwalle et al., 2014). These social
cognitive functions include mirroring others’ behavior, mentalizing, and the
representation of abstract concepts in social contexts (e.g., group stereotypes). Our
fMRI results support the hypothesis that the cerebellum is involved in belief-based

inferences about others.
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Moreover, the location of the cerebellum activation found in the current study
corresponds well with what has been reported previously. Van Overwalle et al. (2014)
suggest that right hemisphere lateralization of cerebellum was specifically associated
with mentalizing tasks that require language processing (Stoodley & Schmahmann,
2009), which matches the results reported here. Van Overwalle & Marién (2016)
examined the functional connectivity between cerebellum and cerebrum for
mentalizing across five studies with high level of abstractness (e.g., judgement of
others’ traits, group stereotypes). They found significantly higher functional
connectivity between right posterior cerebellum and bilateral TP] and dmPFC. Our
results partially validate this prior finding, showing significantly higher belief-based
functional connectivity between left TP] and right posterior cerebellum during the
question period. Taken together, our fMRI results are consistent with previous
findings implicating the cerebellum in social cognitive processes, and lend further
support to the notion that the cerebellum is involved in belief-based inferences about
others. It is therefore important for future studies in social neuroscience and social

neuroeconomics to also examine the results in cerebellum carefully.

Limitations

As with every experiment, there are a number of limitations that need to be
considered. The current paper presents a reanalysis of data from a larger experiment
on the effects of anxiety on theory of mind. One of the limitations therefore is that
participants completed the task in the context of threat blocks, in which they could
experience electric shocks at unpredictable time points, and safe blocks, during which
they were free from the threat of electric shocks. This approach is known to induce
affective states of anxiety during threat blocks and relative safety during safe blocks
(e.g., Engelmann et al., 2015, 2019) and these affective states might enhance or depress
the belief-based activation and connectivity of the regions reported in the current
paper. We tackle this limitation by controlling for these effects and including the factor
threat, as well as each electrical shock moment as regressors of no interest in all of our
analyses. Given that these factors should mostly increase noise in our data and work
against our results, in conjunction with our activation and connectivity patterns being
highly consistent with those previously reported in experiments and meta-analyses of
the neural correlates of mentalizing (Mar, 2011; Molenberghs et al., 2016; Schurz et al.,

2014; Van Overwalle, 2009), we are confident in the validity of our results.
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A second limitation concerns our analyses of two separate periods of the task, the
vignette period, during which participants were reading and forming an
understanding of the events outlined in the vignette, and the question period, during
which participants were asked to make inferences about what they just read. Our
experimental design did not include jitter between these two periods, which would
have allowed us to better separate the hemodynamic response across vignette and
question periods. We made this decision for three reasons: 1) To allow better
comparison with previous studies (e.g., Saxe & Kanwisher, 2003; Young et al., 2010a;
Young et al., 2010b), 2) to ease the cognitive burden on our participants that jitter
might have imposed, as suggested by results from our behavioral pilot study and 3)
to keep the experiment relatively short. Moreover, this limitation is qualified by the
BOLD patterns shown in Figures 4 and 6. We find during both task periods that BOLD
responses follow the expected pattern given the cognitive demands of that period.
During the vignette period BOLD responses rise to peak between 10 and 15 seconds,
reflecting the more sustained nature of social cognitive processes required to
understand a sequence of events during this period. During the question period, we
observe that the BOLD response starts from a low activation level (around zero
percent signal change) and rises to peak at around 5 seconds, reflecting the more
transient nature of social cognitive processes during this period that is consistent with
the average response time of 2.61 seconds during this period. Our findings that the
BOLD responses during vignette and question periods follow patterns that are
consistent with the cognitive demands of each period, and that they start from a low
activation level in the question period in regions that show overlap with those
activated during the preceding period (left TP] and dmPFC), therefore mitigate this

concern.

Finally, we need to point out that the control condition in the economic games false-
belief task is different from the control condition in the standard false-belief task.
While in the standard false-belief task, we used a story-based outcome condition, in
the Economic Game-Outcome condition our participants were asked to calculate the
payoff of one of the interaction partners based on the rules of the economic game in
question (TG or UG). While this leads to somewhat different behavioral results in this
condition (Figure 2), we argue that the economic game outcome condition is
nonetheless an ideal control condition for belief-based inferences made in the context

of economic game vignettes. This is the case because participants need to apply the
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same understanding of economic games in both the belief and outcome conditions,
but focus on different aspects of the social interaction, namely the interaction partners’
beliefs compared to their payouts (which are also a result of the social interaction).
Furthermore, including the economic games outcome condition allowed us to ensure
that participants understand the rules of the economic games and were able to

calculate their payouts across different contexts.

Conclusions

Our findings lend support to the notion that activations within the social cognition
network that have consistently been observed during decisions in the context of
interactive economic games reflect mentalizing about interaction partners. We
addressed this question here by developing a novel version of the false-belief task that
is based on interactions in economic games, specifically the trust game and ultimatum
games. Correctly answering questions about the beliefs of the interaction partner in
the economic games false-belief task requires an understanding of the rules of these
games. Comparing activation patterns during the standard story-based false-belief
task with a novel game-theoretic false-belief task in the same participants, we identify
overlap between the neural systems engaged in mentalizing. Specifically, our
conjunction analyses identify two regions that show enhanced activity during belief-
based (relative to outcome-based) inferences during both variants of the task, namely
the left TP] and dmPFC, which is in line with results from previous meta-analyses
(Mar, 2011; Molenberghs et al., 2016; Schurz et al., 2014; Van Overwalle, 2009).
Moreover, we find an extended network of regions that are important for mentalizing
during both task versions, with the temporal pole being prominently represented in
conjunction and connectivity analyses, and the right TP] showing enhanced
connectivity with left TPJ and right TP during the vignette period. Jointly, our results
support the notion that mentalizing during belief formation and inferences are
supported by social cognitive processes in a wider network of social cognition regions
that include bilateral TPJ, TP and dmPFC as central nodes. Importantly, this is the case

in the context of economic games and standard false-belief tasks.
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Tables
fMRI Model Pilot Model Combined Model
Chisq  Pr(>Chisq) Chisq  Pr(>Chisq) Chisq  Pr(>Chisq)
Belief 16.8337 <0.001 161234 0.01334 22,7888 <0.001 o
Domain 0.0312  0.8597 5.4224  0.01988 * i0.2451  0.620529
Belief X Domain {17.853  <0.001 ***11.025 0.31134 * 14.0474 <0.001 e
Exp Type 0.4482  0.503188
Threat 2.392 0.122 6.2523  0.0124 * 104236 0.515137
AIC 1169 1158.6 2333.8
Observation 3530 (37) 3635 (38) 7165 (75)
max VIF 1.11 1.08 1.08

Table 1. ANOVA tables for accuracy for three different models that include the fMRI,
pilot and combined datasets. Models use a restricted random effects structure with
random slopes for the Task Domain factor (except for the pilot model) and random
intercepts and were estimated using the AFEX package. ANOVA results are based on
logistic regressions with correct/incorrect responses as dependent variable.

fMRI Model Pilot Model Combined Model

Chisq  Pr(>Chisq) Chisq Pr(>Chisq) Chisq Pr(>Chisq)
Belief 45211 0.03348 * {25879 0.1077 6.7356 0.0094508 **
Domain 63.9953 <0.001 P 169.3326  <0.001 *F1132.7936  <0.001 f
Belief x Domain 69.5061 <0.001 *** 1544388  <0.001 *F1122.0535  <0.001 i
ExpType 14.0033  0.0001825 ***
Threat 0.5059  0.4769 1.2318 0.2671 1.6949 0.1929561
Observations 3381 (37) 3492 (38) 6873 (75)
AIC 2925.5 4062.7 7052.4
max VIF 1 1 1

Table 2. ANOVA tables for log RT for three different models that include the fMRI,
pilot and combined datasets. All models use a maximal random effects structure with
random slopes and intercepts and were estimated using the AFEX package.
Dependent variable is the logarithm of RT for correct trials only.
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Structure Cluster Size  x y z Peak t

Belief > Outcome (Life story)

Right TPJ 1094 54 -49 23 7.45
Left TPJ / left supramarginal gyrus 678 51 55 29 6.99
dmPFC 427 0 47 32 5.93
Left inferior frontal gyrus 72 30 20 -19 533
Precuneus 145 3 -58 38 5.29
Right inferior frontal gyrus 140 57 26 -10  5.11
Frontal eye fields 73 48 20 44 478
Frontal lobe 79 -57 35 -4 4.49

Belief > Outcome (Economic game)

Left middle temporal gyrus / left 276 -48 -1 -25  6.26
temporal pole

dmPEC / left superior frontal gyrus 246 -9 53 29 584
Right temporal pole 310 51 -10  -37  5.78
Left TPJ / left angular gyrus 106 54 70 32 5.05

Table 3. Whole brain analysis of mentalizing effect during vignette reading period in

the life story and economic game domain (P < 0.05 FWE corrected at cluster-level)
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Structure Cluster Size x y z Peak t

Belief > Outcome (Life story)

Precuneus (extending into) 13923 -3 -67 32 7.44
left TP] (svc) 22 -57 -58 23 4.33
right TPJ (svc) 146 48 67 14 6.1

Left temporal pole 219 -54 4 -34 575

Left DLPFC 524 24 44 35 5.39

Belief > Outcome (Economic games)

Superior temporal gyrus (extending into) 2698 57 28 -1 12.67
left TP] (svc) 164 -3  -61 20 7.41
Right temporal pole 976 45 8 -28  8.77
Medial PFC 831 -9 59 32 8.63
Right precentral gyrus 112 66 -4 29 5.72
Right posterior insula 119 39 -6 17 5.70
Right Sensorimotor cortex 131 45 -25 65 5.70
Right Posterior cerebellum 76 24 73  -37 5.68
Right Inferior frontal regions 83 51 26 2 5.30
Right putamen 120 24 11 -7 491

Table 4. Whole brain analysis of mentalizing effect during question period in each
Task domain (P < 0.05 FWE corrected at cluster-level). Regions listed in italics are
subclusters within larger activation clusters. Subclusters were identified using small

volume correction (svc) within our set of ROIs (see methods).
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Structure Cluster Size  x y z

Conjunction of mentalizing effect during vignette period

Right Superior temporal gyrus 158 48 25 -4
dmPFC 46 -6 47 35
Left TPJ 91 51  -61 26
Right TP] 18 48 -55 23
Left middle temporal gyrus 11 -60  -10 -13
Left temporal pole 10 -54 -7 -31
Precuneus 7 -6 -55 29

Conjunction of mentalizing effect during question period

Left temporal pole 203 -54 5 -25
Right temporal pole 434 48 -7 -37
Left middle temporal gyrus / Left TPJ 455 -54 28 4
Right cerebellum 39 24 73 -37
Right putamen 43 24 17 -7
dmPFC 55 -6 56 26
Left SMA / pre-SMA 44 -3 8 65
Left cerebellum 25 -27 <76 -40
Precuneus 18 -3 -55 29
Left temporal pole 5 -27 8 -31
Left pre-motor area 5 -48 4 50

Table 5. Results from conjunction analyses for vignette and question periods. Regions
activated in both the economic game and life story domain were identified by
conjoining the two statistical maps, which were each thresholded via a cluster-forming
p value of p < 0.001 and an FWE-corrected cluster threshold. Additional regions are
listed in italics that reflect a less conservative conjunction analysis based only on a

cluster-forming threshold of p<0.001.
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Supplementary Information

Figure S1. A conjunction analysis of two Neurosynth meta-analyses for the terms
“game” (N=176) and “mentalizing” (N = 151) reveals overlap across these two tasks
in canonical social cognition regions including bilateral TPJ, precuneus/PCC, and
multiple clusters within dmPFC. Additional regions that show overlap include the
vmPFC, Al and dIPFC. Note that uniformity tests were used for both meta-analyses
to create this conjunction map due to a lack of results for the association test for
“game”. The conjunction was computed by multiplying the two neurosynth meta-
analyses maps using the SPM tool imcalc.
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Figure S2. Question period whole-brain gPPI results showing the belief-based
connectivity increases between the left TP] seed and right posterior cerebellum target
(24, -78, -18, k = 169, cluster-level FWE-corrected p =0.0059).
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Figure S3. Question period whole-brain gPPI results showing the belief-based
connectivity increases between the dmPFC seed and target in Precuneus/superior
parietal lobe (-24, -66, 48, k = 141, cluster-level FWE-corrected p = 0.0150).
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