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% Check for updates When we collaborate with others to tackle novel problems, we anticipate how

they will perform their part of the task to coordinate behavior effectively. We
might estimate how well someone else will perform by extrapolating from
estimates of how well we ourselves would perform. This account predicts that
our metacognitive model should make accurate predictions when projected
onto people as good as, or worse than, us but not on those whose abilities
exceed our own. We demonstrate just such a pattern and that it leads to worse
coordination when working with people more skilled than ourselves. Meta-
cognitive projection is associated with a specific activity pattern in anterior
lateral prefrontal cortex (alPFC,7). Manipulation of alPFC,; activity altered
metacognitive projection and impaired interpersonal social coordination. By
contrast, monitoring of other individuals’ observable performance and out-
comes is associated with a distinct pattern of activity in the posterior temporal

parietal junction (TPJp).

Imagining how we ourselves may behave and how others may behave
next makes cooperation between people possible and is essential for
the social coordination of behaviour”. The psychological and neural
mechanisms associated with how people estimate the skills of others
have been investigated previously*®. However, these studies typically
focused on learning about others’ abilities by observing the actions
they made and their outcomes®. On the basis of these observations,
and by following various heuristics, it is possible to estimate how well
another person might perform in the future’. However, this capacity
for social learning may be complemented by another ability; when we
need to estimate another’s ability, especially for dealing with novel
problems that we have not experienced ourselves, we may try to
imagine solving the problem ourselves and simulate how other people
might cope with it.

Achieving this prospectively, before actually executing the task in
reality, requires metacognition’". We previously found that activity in
the anterior lateral prefrontal cortex (area 47; alPFC,;) predicts the
chances of successfully performing a perceptual task oneself and,
moreover, disrupting alPFC,; activity diminished the accuracy of task
performance predictions prior to task execution without actually
affecting the performance of the task itself'2. Here we examine whether
a similar prospective metacognitive process operates when predicting
the performances of others and, if it exists, how it might operate. In the
present study, we hypothesised the existence of a psychological pro-
cess entailing the projection of introspection of one’s own task per-
formance abilities onto others: we refer to this process as ‘social
metacognition.” Our proposal thus bears similarities to “experience
sharing” or “simulation theory” accounts of social cognition which

TLaboratory for Imagination and Executive Functions, RIKEN Center for Brain Science, Wako, Japan. 2Department of Experimental Psychology, University of
Oxford, Oxford, UK. ®Wellcome Centre for Integrative Neuroimaging, University of Oxford, Oxford, UK. “Max Planck UCL Centre for Computational Psychiatry
and Ageing Research, London, UK. ®Wellcome Centre for Human Neuroimaging, University College London, London, UK. Institute of Philosophy, School of
Advanced Study, University of London, London, UK. “Faculty of Philosophy, University of Oxford, Oxford, UK. 8These authors contributed equally: Caroline
Harbison, Shiho Tanaka. - e-mail: kentaro.miyamoto.wg@riken.jp

Nature Communications | (2025)16:295 1


http://orcid.org/0000-0003-1386-0045
http://orcid.org/0000-0003-1386-0045
http://orcid.org/0000-0003-1386-0045
http://orcid.org/0000-0003-1386-0045
http://orcid.org/0000-0003-1386-0045
http://orcid.org/0000-0003-3763-6865
http://orcid.org/0000-0003-3763-6865
http://orcid.org/0000-0003-3763-6865
http://orcid.org/0000-0003-3763-6865
http://orcid.org/0000-0003-3763-6865
http://orcid.org/0000-0002-9372-3640
http://orcid.org/0000-0002-9372-3640
http://orcid.org/0000-0002-9372-3640
http://orcid.org/0000-0002-9372-3640
http://orcid.org/0000-0002-9372-3640
http://orcid.org/0000-0002-5578-9884
http://orcid.org/0000-0002-5578-9884
http://orcid.org/0000-0002-5578-9884
http://orcid.org/0000-0002-5578-9884
http://orcid.org/0000-0002-5578-9884
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55202-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55202-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55202-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55202-0&domain=pdf
mailto:kentaro.miyamoto.wg@riken.jp
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55202-0

emphasise that our ability to infer another person’s thoughts, and
therefore, to predict their behaviour, is greater when we ourselves
have had similar experiences to the other person in the past or when
we are in some way more similar to the other person™™. One’s esti-
mate of one’s own behaviour provides an important reference point or
anchor for estimating the thoughts or predicting the behaviour of
another person if we perceive them to be similar to ourselves but not
otherwise'.

To test this hypothesis and identify the neural mechanisms that
might enable social metacognition, we asked participants to predict
the chances of success in a difficult perceptual task for one of two
potential social partners and to compare this estimate with the
chances that one might be successful oneself. If social metacogni-
tion depends on the projection of one’s own abilities onto the other
individual, then it should be more accurate when the partner per-
forms the task as well as or worse than oneself; when dealing with
worse or similarly performing others than, own performance pro-
vides an important reference point; we are able to simulate it' by
reference to our own behaviour. Even though there may be some
trials in which the partner performs incorrectly when we perform
correctly, the combination of a simulation of what we would do in
the same situation with an estimate of the difficulty of the trial
provides the basis for simulating what the partner would do’. By
contrast, when a partner is better at a task than oneself, then one’s
own introspective performance estimates may be of limited utility in
estimating the other’s likely performance (Fig. 1a) because we are
unable to simulate much of what a better partner might do by
reference to our own behaviour. For example, we are unable to

simulate a scenario in which we would know which choice would be
correct when the perceptual judgement is difficult, and we ourselves
could not select the correct choice reliably. Analogously, beyond the
social domain, our ability to imagine and simulate actions is
anchored to the actions that we are capable of making”¢, and we
can imagine actions that we are incapable of only slowly and inac-
curately. It is difficult to extrapolate from our own performance to
identify situations in which a highly performing other person might
succeed or fail if those situations are indistinguishable from our
personal vantage point because we would probably fail in both
cases. Thus, we focused on this possible asymmetry in social meta-
cognition between our ability to make prospective estimates
about the abilities of partners who are, in general, better than us or
worse than us.

In contrast to previous studies on social cognition, or studies
investigating a social belief constructed by learning of outcomes
obtained by others®”, in the setting of our experiment, participants
first needed to evaluate the difficulty of a task themselves. To do this,
they relied on their own perception of the task first. It is for this reason
that the presence of a better partner with a higher chance of success in
the difficult task will not necessarily improve the overall performance
of the current social task; participants themselves cannot tell how
difficult the challenge posed by any task trial is for the partner.

First, we used this new approach to record activity from alPFC,;
and other brain regions. We then examined the impact of disrupting
alPFC,7 activity with transcranial magnetic stimulation (TMS) to assess
alPFC,’s causal importance for forming prospective estimates of
other’s abilities.
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Fig. 1| Prospective social metacognition task: asymmetric introspection for
performance prediction between worse and better partners. a Prediction of
perceptual performance by a poorer-skilled person than the self is possible by
adapting and adjusting predictions about performance that might be made for the
same problem when performed by the self (left, Poor Partner). However, this is not
possible to the same degree when the partner is a better-skilled person (right, Good
Partner). b Participants first observed and learned how well two other persons
performed a random-dot motion (RDM) task: one performed the task better (Good
Partner), and the other performed the task worse (Poor Partner) than the partici-
pants themselves. Good and Poor Partner performances were selected from a pool
of behavioural data obtained from 23 other people who had performed the same
task previously?. Good and Poor Partners were picked so as to ensure that steep-
nesses of the slopes of their psychometric functions for the RDM task were,
respectively, greater and lower than for the participant. ¢ Example task sequence.
Participants were asked to make a prospective decision in the social metacognitive

judgement stage: they decided whether they wanted to perform one task them-
selves and to receive a reward based on their own performance (left white RDM), or
wanted to choose the other task, to be performed by a partner, with their reward a
function of the partner’s performance (right coloured RDM) in the following per-
ceptual decision stage. Two partner identities were specified by two colours, green
and pink (different colours were assigned to the Good and Poor Partner with
counterbalancing across participants; participants were not explicitly informed
that one partner performed better and one performed worse than the participants
themselves). Even when they chose the partner task, the participant was also
required to perform the same task themselves, and performance feedback for self-
performance was presented in the final outcome stage of the trial along with per-
formance feedback for the partner. When the self task [or partner task] was chosen
then only the outcome for self [partner] performance contributed to accumulated
total reward even though the partner’s [self] outcome was visible.
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Results

Metacognitive judgements on self and other’s probabilities
Participants (N =27) performed a social metacognitive matching task
employing random dot motion (RDM) stimuli. Participants made left
or right key presses depending on the direction in which most dots
moved (the “coherent” dot direction). Because it was easier to judge
the direction of dot motion when coherence was high, participants
were more likely to make correct judgements when coherence was
high. Therefore, the coherence of the synchronised dot motions
indirectly determined the “probability” of whether a reward would be
received as a function of each participant’s ability. Prior to making this
perceptual decision, during a metacognition stage, participants had
the opportunity to choose which one of two decision problems would
be attempted (Fig. 1c). One option was a problem to be solved by the
participants themselves (self-task). If they chose this task, the reward
outcome depended on their own performance on the problem. The
other option was a problem to be solved by their partner. If they chose
this task, the reward outcome depended on their partner’s perfor-
mance on the problem (partner’s task). Importantly, the problems for
the self and the partner had different coherence levels, and these
changed independently across trials. The reward for correct perfor-
mance when either the participant themselves or the partner per-
formed the task was the allocation of a single point to the participant.
Thus, on each trial, participants were simply incentivized to select the
player, either themselves or the partner, who was most likely to per-
form their task correctly.

During the task participants encountered two different partners
(although only one partner was presented on each trial). One of the
partners, in general, performed the task very well, while the other
performed very poorly relative to the participants themselves. Prior to
this main task, the participants observed and learned about how the
two partners performed the RDM with different coherence levels. To
construct the two partners, we used data from various pairs of human
participants who performed the same task in a previous study™
(Fig. 1b). The partners were selected so that one partner performed
better and the other partner performed worse than the participant. We
chose the better and worse performing partners on the basis of the
slopes of their psychometric functions, after fitting them to perfor-
mance in the RDM task. The potential partner slopes were then com-
pared with the participants’ own psychometric slopes (Fig. 1b,
“Methods”). Participants were not instructed about the skill levels of
these two partners before the test; that is, they did not know before the
start of the test that one was better and one worse than themselves. All
they were told was that one partner identity was indicated by pink dots
and the other partner identity was indicated by green dots and the link
between dot colour and partner identity would remain constant during
the experiment.

Our hypothesis was that participants would be able to predict the
poor partner’s performance for a particular RDM by using their
metacognitive skills; they would make a metacognitive estimate of
their own ability to solve the RDM and this insight into their own likely
performance for the same RDM coherence level might be used to
derive an estimate of the poor partner’s performance. This would be
possible because the participants themselves would be able to make
accurate estimates of the difficulty of all the trials that the poor partner
could perform and also of many of the trials that exceeded the part-
ner’s ability to perform well. In contrast, we predicted that participants
would be less able to predict the good partner’s performance because
they would have only limited metacognitive insight into the good
partner’s performance. The participant’s limited ability to estimate the
difficulty of trials that were both within and beyond the good partner’s
ability would make it difficult for the participant to estimate precisely
which trials the partner would perform well. Thus, we expect that a
comparison of brain activity associated with evaluating the poor
partner’s probability of success and the good partner’s probability of

success should reveal the neural substrate for social prospective
metacognition when this is achieved by projecting one’s own meta-
cognitive insights into one’s own performance levels onto other
people.

For all the combinations resulting from the eight different levels
of coherence for the self and for the partner’s tasks, we calculated the
proportion of trials that a self-task option was chosen by the partici-
pants as opposed to a good or poor partner option (Fig. 2a). Logistic
multiple regression analyses revealed that participants’ preferences
for the self-task option increased in proportion to the motion coher-
ence (which systematically relates to probability of success; see
Methods for conversion of RDM coherence into probability for the
participant, or partner, to make a correct motion direction judgement)
for the self-task (good partner: Bsr=0.98+£0.082 [meanzts.e.m.];
p<0.001 [t test against zero]; poor partner: PBeer=0.99+0.11;
p<0.001) and decreased in proportion to the probability that the
partner would judge their problem correctly (good partner:
Bseir=—0.39+0.080; p<0.001; poor partner: PBeer=—0.66+0.12;
p <0.001; Fig. 2b).

The size of the regression coefficient for the probability of correct
performance on the self-task option (self p(correct)) reflects the
influence the participant’s estimate of their own probability of per-
forming the trial correctly has on their task selection: whether they
choose to tackle a problem or whether they choose for the partner to
tackle a problem. This estimate had a similar impact on decisions taken
by the participants when they were deciding between themselves and
the good partner or between themselves and the poor partner; self
p(correct) had a similar influence on decisions involving either the
good or poor partner (t;s=0.056, p=0.95). In a complementary
fashion, the influence of the probability that the partner would be
correct (partner p(correct)) on whether or not the participant should
choose to perform their task should be negative and, as noted, this was
indeed the case. However, remarkably, the size of the negative
regression coefficient for partner p(correct) was significantly larger for
the poor partner than for the good partner (tys=2.75, p = 0.010). Thus,
differences between good and poor partner trials are not general in
nature and they are not related to a difference in how participants take
their own potential performance into consideration. Instead, differ-
ences in poor and good partner trials are specifically related to how
participants take into consideration poor partner performance versus
good partner performance.

The differential effects of partner identity on the size of the
negative regression coefficient for partner p(correct) was also appar-
ent in a regression analysis performed on behavioural data taken from
Good and Poor Partners together but employing a binary regressor
encoding the partner’s identity (Poor Partner: 1, Good Partner:—1) and
its interaction with self probability and with the partner’s probability
(the interaction between the partner’s identity and partner’s coher-
ence: f=-0.10+0.047; p=0.032). This analysis was, in fact, con-
ducted prior to the aforementioned separate regression analyses (see
“Methods” in detail; Supplementary Fig. 1d). These results suggest that
when participants made social metacognitive judgements and chose
whether to tackle a problem themselves or to let the partner tackle the
problem, they were more informed by the probability of the poor
partner performing correctly than the good partner performing cor-
rectly. This is consistent with the participant having less insight into
which problems can really be solved by the good, as opposed to the
poor partner. A further indication that the good and poor partners
were treated differently was that feedback about the success or failure
of the good partner’s and poor partner’s choices exerted different
types of influence over subsequent social metacognitive judgements
made by the participant. That is, the participants’ decisions were
affected by the previous outcomes of self and poor partner choices,
but not of good partner choices (Supplementary Fig. 1a). Moreover,
participants learned the relationship between outcomes in the most
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Fig. 2 | More appropriate task selection occurs between the self and a poor
partner than between the self and a good partner. a The proportion of trials on
which the self task was chosen by participants (N =27) for each pair of coherences
(one for self and one for partner’s task) for trials with the Good (left) or Poor Partner
(right). Participants’ choices of the self-task in the social metacognitive judgement
stage increased when either the self-task coherence increased, or the partner’s task
coherence decreased. The overlaid black line indicates when self and other per-
formances were equated. b Influence on the choice made in the social metacog-
nitive judgement stage by self and partner’s task coherence (N =26 in regression
analysis). Multiple regression analyses were performed separately for trials in which
the participant was paired with the poor (blue) and good partner (red). The parti-
cipants generally preferred to choose the self-task on trials when they were paired
with a poor rather than good partner (left, bias). Comparable significant positive
effects of self-task coherence on self-task preference were observed in trials in
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which the participant was paired with either a poor or good partner (middle, self-
coherence). However, the negative effect of the partner’s task coherence was sig-
nificantly larger for the poor than the good partner. *p = 0.042, **p = 0.010, paired ¢
test. ¢ Optimality of social metacognition when choosing whether tasks should be
performed by the self or the partner (N =27). The meta-d’ is larger (judgement is
more optimal) when coordinating with the Poor as opposed to the Good Partner.
***P=0.00067, paired t test. d Perceptual decision performance on the self-task
was higher when the self-task had been paired with a Poor Partner’s task that was,
on average, more likely to yield reward (Challenge trials) than when the self-task
was paired with a Poor Partner’s task less likely, on average, to yield reward
(Inevitable trials) (N =27). In contrast, a similar effect was not observed when
metacognitive judgements were made between the self and the good partner’s task.
*P=0.045, paired t-test. The mean and SEM error bars are displayed in panels (a-d).

recent trial and p(correct) for the poor partner but not for the self or
gOOd Darmer (ﬁoutcome x poor partner p(correct) [trial n-1]=_0~16i0~06:
p=0.014) (Supplementary Fig. 1b). In addition to this approach, we
also used an alternative approach for ascertaining the p(correct) esti-
mate held by participants for themselves and for partners, but the
conclusions drawn with these additional approaches remained the
same (Supplementary Fig. 2a, b). More generally, the higher prob-
ability of real outcomes for the chosen task than expected outcomes
for the unchosen task suggests that the participants could pro-
spectively estimate the self and the partners’ performance (Supple-
mentary Fig. 2c).

The accuracy of metacognitive decision-making is typically
described by a type Il signal detection theory-based index (meta-d’)®.
We calculated meta-d’ based on the equilibrium line for the perfor-
mance of the self and partner as shown by the black trace in Fig. 2a (see
Methods for more details of calculation of meta-d’ in a social task). The
meta-d’ for optimal judgements of whether participants themselves or
the poor partners should tackle a problem is significantly higher than

that for judgements of whether the partners themselves or the good
partners should tackle a problem across the different levels of self-
probability (two-way ANOVA [8 self-probability levelsx2 partner
identity]: main effect of partner, F;,¢=14.88, p=0.0007; main effect
of self-probability, F;5,=10.50, p<0.0001; interaction, F;5, =134,
p=0.21. Problems with Poor Partner vs. Good Partner, tys=3.85,
p=0.00067, effect size Cohen’s d=0.61) (Fig. 2c). Importantly, the
asymmetric social metacognition abilities indicated by the meta-d’
levels cannot be explained by differences in choice bias between
conditions with good and poor partners (Supplementary Fig. 2d, e).
Another possible explanation for the asymmetric social metacognition
prediction is the participants’ limited ability to predict the probability
of success for difficult tasks with low RDM coherence as compared to
easy tasks with high RDM coherence. If the participant cannot assess
differences between two difficult trials with low coherences that are
beyond their ability to discriminate, then this inability will similarly
limit how well they can construct a model of how the Good Partner
might do so. We examined whether participants could reliably
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distinguish between two tasks that both had low coherence levels; we
assessed how reliably participants could distinguish between the tasks
and whether they could reliably pick the slightly easier one (Supple-
mentary Fig. 3). We found that participants are worse at judging low
coherence levels and they even worse when these judgements are
made in the context of discrimination between stimuli that are also
close together in coherence level (Binceractiondeft  lefe-right) = 0.78 £ 0.083,
t;,=7.50, p=1.6 x107). These observations suggest that the partici-
pants’ poorer performance in the metacognition task with Good Part-
ners might be attributed to their inability to model and predict the
Good Partner’s performance in trials with low coherence. Additional
analyses are presented in Supplementary Fig. 4c.

Another possible interpretation that might be put forward
might be that participants’ judgements about both the Poor and
Good partners simply reflected their estimates of how well they
themselves would do on the task. However, according to this view,
while metacognitive judgements should be worse for Good Partners
in difficult trials, it also suggests that they should also be worse for
Poor Partners in easy trials (because these trials would sometimes be
performed well by the Poor Partner and sometimes poorly by the
Poor Partner but they would nearly always be performed well by the
participant themselves). However, this was not the case; there was
no subset of trials on which judgements involving good partners
were performed better than judgements involving poor partners
when we divided trials into high-coherence easy trials and low-
coherence difficult trials (Supplementary Fig. 4d and see also Sup-
plementary Fig. 4e). In summary, metacognitive decision accuracy
was higher when participants were making choices to coordinate
their own and a poor partner’s performances than when they were
making choices to coordinate their own and a good partner’s
performances.

If social metacognitive judgements gave participants the oppor-
tunity to select problems for themselves that they correctly and
appropriately realised they were likely to succeed in performing, then
this should be apparent when comparing the rates at which partici-
pants performed self-decisions correctly on two types of trials we refer
to as ‘challenge’ and ‘inevitable’ trials™. In challenge trials, the partner’s
option was, on average, linked to a higher probability of reward than
the self option. Inevitable trials are ones on which the partner’s option
was, on average, linked to a lower probability of reward than the self
option. In metacognitive judgement tasks that lack any social com-
ponent but allow participants to decide which problems to tackle, it
has been shown that self-task performance on challenge trials is indeed
better than on inevitable trials. Better performance on challenge trials
may be a consequence of metacognitive insight into slight changes in
stimulus features that make a particular stimulus easier than might be
expected on average given the coherence level. If the participants can
estimate the likely performance of a partner correctly in a similar
manner, then a similar challenge trial advantage should be seen; par-
ticipants should choose the self-task in challenge trials only when they
are very confident. Accordingly, self-task performance in challenge
trials should be higher than that in inevitable trials. The increase in the
performance of challenge trials compared with inevitable trials was
larger in the task with the poor as opposed to the good partner
(t26=2.09, p=0.045) (Fig. 2d). If the participants decide to take the
self-task on challenge trials simply because they are more motivated,
then performance after choosing the self task is not expected to be
different between challenge and inevitable trials; a higher motivation
level will not necessarily lead to greater ability and a higher perfor-
mance level specifically for a poor partner’s trials but not for a good
partner’s trials. This means that participants are better able to select
challenging trials based on insight into their own and into the poor
partner’s performances than when they make judgements based on
estimates of the good partner’s performance (see also Supplemen-
tary Fig. 1c).

These results show consistently that participants can estimate
how others perform a task when the others perform similarly or more
poorly than themselves, perhaps by introspection into their own per-
formance levels. However, participants are less able to predict how
well better performers will do on any given trial.

Metacognitive evaluation and matching of the evidence for self
and poor partner in the anterior lateral prefrontal cortex

To search for neural activity linked selectively to self-probability esti-
mation relative to both the good and poor partners’ probabilities, we
sought brain activity modulated more significantly by self p(correct)
during social prospective metacognitive judgements (fMRI-GLMI; see
“Methods” for details) (Fig. 3a). Activity correlated with self-probability
when the self-option was chosen was most prominent in a left anterior
lateral prefrontal area ([x,y,z] =[-42, 38, — 8], Z=4.03, cluster size =
147 voxels; p < 0.05, cluster-level corrected [z > 3.1]). The cluster, with
a peak in area 47, overlapped with a cluster that we identified as a site
for prospective metacognitive comparison between self p(correct)
and the probability of receiving a reward associated with an environ-
mental stimulus (‘external probability’) in a previous study (alPFCy:
[x, y, zZ1=[-38, 40, —10])2. The previous study found that alPFC,;
activity rose during a metacognitive judgement in proportion to self
p(correct), but it was more concerned with metacognitive assessment
of one’s own potential performance levels rather than external prob-
abilities - the probability that a stimulus would yield reward if chosen.
Thus, we focused on activity in alPFC,4; and examined whether alPFC,;
activity carried any information about another person’s chances of
performing a trial correctly - partner p(correct). We were particularly
interested in whether alPFC,; carried estimates of partner p(correct) in
the same way that it carried estimates of self p(correct) or if partner
p(correct) estimates had only a minimal impact on alPFC,; activity as
had been the case for external probabilities.

First, we confirmed that activity in alPFC,4; increased with self
p(correct) when the self-option task was chosen. To avoid any circu-
larity in the analysis, mean regression weight relative to social meta-
cognition onset was tested not just in a region of interest [ROI] that
corresponded to the one first defined by Miyamoto and colleagues™
but also with the same time window of 4-11s. We then performed a
further post-hoc analysis to test whether effects were present in the
first half or the second half of the 4-11's time period. We found that
there was a significant effect in the window where two peaks reside at
early [4-7.5s] and late [7.5-11s] periods (Bseir=0.048+0.014,
toe =3.34, p=0.0025, ¢ test against zero). By contrast, alPFC4; did not
correlate significantly with partner p(correct) when both good or poor
partners were considered together (Bpartner=—0.0082+ 0.018,
tre =—0.43, p=0.66) (ROI-GLM1; see “Methods” for details) (Fig. 3b;
see also Supplementary Fig. 5a). However, a significant difference in
the effect (self vs. partner, ty=2.36, p = 0.025) suggests that alPFC,,
was modulated by the difference between self p(correct) on trials
where the self task was ultimately chosen and partner p(correct) on
trials where the partner’s task was ultimately chosen. Further analysis
revealed that the self p(correct) versus partner p(correct) effect was
apparent when judgements were made between the self and a poor
partner (self vs. poor partner, t;,=3.35, p=0.0024) but not with a
good partner (self vs. good partner, ty=0.57, p=0.56) (Supplemen-
tary Fig. 5b). Activity in alPFC,; increasingly reflected the key decision
variable that should determine the metacognitive judgement, self
p(correct) - partner p(correct), when making judgements between the
self and a poor partner but not between the self and a good partner
(self — poor partner vs. self - good partner; early phase [4-7.5s]:
ty6=0.92, p=0.36; late phase [7.5-11 s]: t, =2.52, p = 0.018). Once the
haemodynamic lag is taken into account, this suggests that a signal
associated with evidence for selecting the self-task is accumulated
when it can be compared with evidence for selecting the poor partner’s
task, which can be estimated by extrapolation from self-introspection.
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Fig. 3 | The anterior lateral prefrontal cortex (alPFC,,) is active during pro-
spective social metacognitive comparison between the self and the poor
partner. a Activity in left alPFC,; reflected probability of reward associated with the
self task when it was chosen during the metacognitive judgement stage (N=27;
whole-brain effects family-wise error cluster-corrected; z>3.1 and p < 0.05, two-
sided). b Evolution of regression weights across time indexing impact on the BOLD
signal of self (purple) and partner (grey) when it was chosen on left alPFC,7: ROI ([x,
y, z]1=[-38, 40, - 10] based on previous work") (left). Beta values for self-task
coherence, when it was chosen, and partner’s task coherence, when it was chosen,
were significantly different. *p = 0.025, paired ¢ test. tp = 0.0025, t-test against zero
(right). ¢ Evolution of the regression weights at alPFC,; as a function of the
coherence of the self or partner’s task when each was chosen. Data are illustrated
separately for trials with the Poor (blue) and Good Partner (red) (left). Mean beta
values (in the late BOLD response period) were significantly different between trials
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with the Poor and Good Partner. *p = 0.018, paired ¢ test. tp = 0.0016, ¢ test against
zero (right). The mean and SEM error bars are displayed in panels (b, ¢). d Evolution
of BOLD regression weights at alPFCy4; in response to selection of the self task in
trials with a poor (blue) or good partner (red) (left). Mean beta values, reflecting late
response after social metacognition stage onset, were significantly different
between trials with poor and good partners. *p = 0.037, paired t-test. tp = 0.0023, ¢
test against zero (right). e Individual variation in activity in the vicinity of alPFCy; in
response to ‘self task coherence - partner’s task coherence’ was associated with
individual variation in social metacognition performance (meta-d’) for trials with
the Poor (left) but not the Good Partner (right). The focus of activity in alPFC47/35
(Ix,y, z1=138, 20, -14], Z=3.55; p < 0.05, cluster-level corrected [z > 3.1], one-sided)
was within 20 mm of right alPFC,,*. The effect is illustrated at z>2.3 and p <0.05
for ease of visualisation.

This suggests that alPFC,; plays a role in metacognitively comparing
self p(correct) and partner p(correct) only when the participants can
imagine and estimate the performances of both the self and the
partner (Fig. 3c and Supplementary Fig. 5b).

These results were reproduced when we used two com-
plementary analyses. In the first, we used an alternative approach for
ascertaining the p(correct) estimate held by participants and/or part-
ners (Supplementary Fig. 5c, d). Moreover, the activity in alPFCy;
during the late phase predicted participants’ selection of the self task
option against a poor partner (Bsef vs poor partner=0.058+0.017,
t6=3.28, p=0.0023) but not against a good partner (Bseir vs good
partner = 0.011 £ 0.015, t,6=0.77, p=0.44; difference in the effect
between poor and good partners: tys =2.19, p = 0.037) (ROI-GLM2; see
“Methods” for details) (Fig. 3d and Supplementary Fig. 5b). In the
second complementary approach, we focused on a subset of trials in
which the difference between the participant and each of the partner’s

performance levels were matched; the difference in the alPFC’s signal
between trials with Poor and Good Partners was reproduced even
when we focused on trials in which the coherence level of the self and
partners’ stimuli were both low (coherence: 0, 0.03, 0.06, 0.12) and so
the difference in performance between the participant and the partner
was of a comparable size for both good and poor partners (ty¢ =2.07,
p=0.048) (Supplementary Fig. Se; for the feature of trials we used for
the analysis, see also Supplementary Fig. 2f). This observation suggests
that the difference in alPFC’s activity on good and poor partner trials
cannot be simply explained by a greater similarity between perfor-
mance levels between the self and one of the partners.

Next, we searched across the whole brain for any activity pre-
dicting variation in the sensitivity of social metacognitive judgement
across participants by employing an analysis of covariance (ANCOVA)
(fMRI-GLM2, fMRI-GLM3; see “Methods” for details). We found that
individual variation in activity in response to self p(correct) against
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poor partner p(correct) at the border of the right alPFC,47 and temporal
pole close to area 38” was correlated with individual variation in social
metacognitive accuracy (meta-d'poor) ([X, ¥, z1 =138, 20, —14], Z=3.55;
p<0.05, cluster-level corrected [z>3.1] within 20 mm of the peak at
alPFC,; hereafter we refer to this area as alPFC47.35) (Fig. 3e, top left
panel). In contrast, there was no brain activity in which the individual
variation in response to self p(correct) versus good partner p(correct)
predicted individual variation in meta-d’go0q (Fig. 3€, top right panel).
The significant difference between the predictability of individual
variation in social metacognitive performance (meta-d’poor — meta-
d’s00a) by individual variation in alPFCy7/35 activity for comparisons
with a poor partner (r=0.48, p=0.0099) and a good partner
(r=-0.065, p=0.74) (poor vs. good: AFisher’s z=2.03, p=0.021)
confirmed that alPFC,; is involved in prospective metacognition in
a social setting only when participants are able to use their
own metacognitive insights to predict other’s performance (Fig. 3e
bottom panels).

Estimation of perceptual skills based on social heuristics at the
posterior temporoparietal junction

Our behavioural results demonstrated that participants could predict a
good partner’s performance even though their ability to do so was
generally worse than their ability to predict a poor partner’s perfor-
mance (Fig. 2b, c). We, therefore, hypothesised that there should be
some neural substrate to estimate and evaluate others’ performance,
and thus, we searched for brain areas in which activity was correlated
with partners’ p(correct) during the social metacognition stage of each
trial. To search for neural activity linked selectively to partner p(cor-
rect) estimation, we sought brain activity modulated more significantly
by both partners’ (good and poor partners’) p(correct) during pro-
spective metacognitive judgements (fMRI-GLMI). A cluster of activity
arose in correlation with partner p(correct) in the ventral tempor-
oparietal junction (peak at [x, y, z]1=[48, —-72, 14], Z=3.55, cluster
size =180 voxels; p<0.05, cluster-level corrected [z>3.1]) (Fig. 4a).
The posterior temporoparietal junction (TPJp), which lies in the vici-
nity of the cluster, is known as a locus for social cognition*****, is
often active when thinking about other agents®*. We found that the
right TPJp ([x, y, z1=[52, - 54, 28]) was active in proportion to partner
p(correct) (Z=2.50, p = 0.006). TPJp was more active when the partner
task option was chosen when the participant played with a good
partner, and it was more active when the partner task option was
rejected if the participant played with a poor partner (Supplementary
Fig. 5f). Short interviews after fMRI scanning (see also Fig. 4d left)
confirmed that almost all participants (n=26 out of 27) correctly
understood which partner was the better one. Thus, we hypothesised
that TPJp contributes to the selection of either the self or the partner
task in proportion to the strength of belief in the partner’s perceptual
skill. To test this hypothesis, we split the trials during fMRI into two
groups that we termed ‘intuitive’ partner choice trials (‘chosen good
partner’ and ‘unchosen poor partner’ trials) and counter-intuitive
partner choice trials (‘unchosen good partner’ and ‘chosen poor
partner’ trials). The first group of trials are intuitive in the sense that the
agent that is selected is the agent that is, on average, the better
one while the second group of trials are counter-intuitive in the sense
that the agent that is selected is the agent that is, on average, the
worse one. We then compared the evolution of the effect in TPJp
(Fig. 4b) in the two types of trials. TPJp was active in intuitive trials
(Bintuitive = 0.056 £ 0.021, t6=2.68, p=0.012) but not in counter-
intuitive trials (Beounter-intuitive = — 0.0020 + 0.018, ty6=-0.11, p=0.91),
and the difference between the two trial types was significant
(t6=2.12, p=0.043). At the level of the whole-brain analysis,
the cluster including the ventral temporoparietal junction
survived cluster-correction for the contrast of intuitive partner trials
(peak at [x, y, z1=[48, —70, 14], Z=3.57, cluster size=92 voxels;

p<0.05, cluster-level corrected [z>3.1]) but did not reach cluster-
significance for counter-intuitive trials (Fig. 4a).

TPJp was active in correlation with the partner’s p(correct). We
hypothesised that the participants’ beliefs about the abilities of the
social partners - their p(correct) - are formed and adjusted as parti-
cipants observe the trial-by-trial outcomes of the partners’ perfor-
mances (see also Supplementary Fig. 1a). In fact, the activity of TPJp
during the social metacognition stage was modulated by the outcome
of the partner’s performance one trial before (which was observed by
participants; Supplementary Fig. 5g). The effect was more substantial
for Good Partner than Poor Partner (t,¢=2.48, p=0.019), suggesting
that participants rely more on trial-by-trial learning to predict the
Good partner’s performance than the Poor partner’s performance and
that this is mediated by TPJp. To reveal how these social beliefs are
developed, updated and, utilised for social prospective metacognition,
first, we examined the relationship between individual variations in the
influence of observations of feedback about the self’s/partner’s suc-
cesses or failures on subsequent social metacognitive choices (‘out-
come effect’ evaluated by Bseifn-1, Bpartner(n-1) in Supplementary Fig. 1a)
and individual variations in TPJp activity in response to intuitive part-
ner choice as compared to counter-intuitive partner choice (Binitive —
Beounter-intuitive iN Fig. 4b). We found that the extent of the influence of
the partner’s outcomes on subsequent behaviour (red and blue bars in
Supplementary Fig. 1a) was significantly correlated with the TPJp
activity in intuitive choice trials (r=-0.38, p = 0.046). However, there
was no corresponding relationship between the influence of self-
outcomes (grey bar in Supplementary Fig. 1a) and TPJp activity on
intuitive choice trials (r=0.066, p=0.74) (Fig. 4c). There was a sig-
nificant effect of partner’s outcome (=-0.25+0.11, p=0.039) with
no significant effect of self outcome (8=0.096+0.12, p=0.46) on
TPJp activity when a multiple regression analysis including these two
variables as predictors was performed. These results suggest that
variations in participants’ tendencies to pursue strategies of increasing
[or decreasing] their preferences to pick partners after the partner had
succeeded [or failed] were correlated with individual variation in TPJp
activation levels for intuitive choices. However, by contrast, any part-
ner preference changes that occurred as a function of self-outcomes
were not correlated with the TPJp activity.

We also investigated participants’ subjective understanding of the
relationship between the self p(correct) and the partner p(correct). For
each participant, good and poor partners were selected from a data
pool collected in advance so as to make the distance in performance
between the self and good partner and the distance between the self
and poor partner approximately equal. Thus, if a participant has per-
fect introspection into the relative levels of performance they them-
selves achieve (self p(correct)) and others achieve (partner p(correct)),
the subjective evaluation of the location of the self should be the
midpoint between good and poor partners (Fig. 4d, left panel). Strik-
ingly, TPJp (Binwitive) Was more active for participants with a poor
subjective evaluation (large deviation from the midpoint) (r=0.58,
p=0.00096) (Fig. 4d, right panel). These observations suggest that
TPJp tracks others’ performance levels on the basis of observations of
their choice outcomes. By contrast, however, an understanding of
one’s own ability in relation to those of others may depend on a dif-
ferent process. That participants relied more on recent observations of
the good partner’s task outcomes is consistent with another feature of
the behavioural results: that the participants could not predict the
Good partner’s performance based on the projection of self meta-
cognition. By integrating our results with the existing body of work on
TPJp and social decision-making®®****, we propose that TPJp updates
beliefs about other agents in social contexts on the basis of learning
from observation. In line with this account, we found that individual
variation in intuitive choices, which accord with social beliefs, is rela-
ted to individual variation in TPJp activity; across participants,
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cluster corrected with z>3.1 and p < 0.05, two-sided). b Evolution of regression
weights across time indexing impact of partner’s task coherence when intuitive
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paired t test. tp = 0.012, ¢ test against zero (right). The mean and SEM error bars are
displayed. ¢ TPJp activity in response to the partner’s task coherence on intuitive as
opposed to counter-intuitive choices was modulated by the impact that the part-
ner’s recent outcomes had on the participant's task choices (when the partner’s
outcome effect has a negative beta [x-axis] then this indicates that if the partner had
been successful recently, then the partner was more likely to be chosen subse-
quently (and self task performance was less likely to be chosen) (left). The effect
was specific to the partner’s outcomes and was not seen for the participant’s own
outcomes (right). There was a significant effect of the partner’s outcome
(8=-0.25+0.11, p=0.039, two-sided) with no significant effect of self outcome
(8=0.096 +0.12, p=0.46) on TPJp activity in a multiple regression analysis
including these two variables. *p = 0.046. d Social performance evaluation error:
large deviation from the midpoint corresponding to actual self-skill during the
subjective report of self-performance was correlated with TPJp activity in response
to the partner’s task coherence when intuitive choices were made. **p = 0.00096.

increased TPJp activation levels are correlated with an increased
tendency to pursue strategies of increasing [or decreasing]
preferences to pick partners after the partner has been observed to
succeed [or fail].

Causal evidence of the contribution of the anterior lateral pre-
frontal cortex in interpersonal social coordination

Finally, to evaluate the causal role of alPFC in metacognitive projec-
tion, we disrupted alPFC, activity with continuous theta-burst tran-
scranial magnetic stimulation (cTBS) and examined its causal impact
on social prospective metacognitive performance (Fig. 5a). We com-
pared the effect of cTBS to left alPFC,5 at the same point that we had
investigated with fMRI ([x, y, z] = [- 38, 40, —10]*) (Fig. 3b) with a no-
stimulation control condition and stimulation of a control region
under the vertex within participants (N =21).

Targeted disruption of alPFC,; altered patterns of preference for
self or partner probability options during social metacognitive jud-
gements (Fig. 5b and Supplementary Fig. 6a). We evaluated the accu-
racy of metacognitive judgements and self/partner task selection by
calculating meta-d’ based on the equilibrium line for performance by

the self and partner. The meta-d’ measures for the partner were
affected by alPFC, disruption, and the size of the impact was different
for good partners and poor partners (two-way ANOVA [stimulation,
no-stimulation x good, poor partner]: main effect of stimulation,
F120=4.96, p=0.037; main effect of partner, F;,0=11.28, p=0.0031;
interaction, F;,0=9.03, p=0.0080) (Fig. 5c). Post-hoc simple main
effect tests revealed that alPFC4; disruption reduced the meta-d’
associated with the poor partner (stimulation vs. no-stimulation,
F120=>5.32, p=0.0095) but not the good partner (stimulation vs. no-
stimulation, F;,0=0.038, p=0.54). The difference in the meta-d’
between poor and good partners without stimulation (poor vs. good,
F120=2163, p=154x10", effect size Cohen’s d=0.83) disappeared
with stimulation (poor vs. good, F;,0=148, p=0.23, effect size
Cohen’s d=0.28). It is important to note, however, that although
alPFC4; disruption had these different effects on poor and good
partner trials, there was no difference in the impact that alPFC,; dis-
ruption had on self-related metacognition in the poor partner and
good partner trials (Fig. 5d). In summary, alPFC,; disruption particu-
larly impaired metacognitive assessment of the poor partners’
performances.
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judgements as a function of constant bias (left), self-task probability (middle), and
partner’s task probability (right) on trials with the Poor Partner (blue) and Good
Partner (red) (N =21). alPFC,4; disruption changed the regression coefficient on
Poor, but not Good, Partner trials. The significant difference in the coefficient
between Good and Poor Partners without stimulation disappeared with stimula-
tion. *p =0.011, *p=0.023. tp = 0.049, significant interaction in two-way ANOVA
(stimulation, no-stimulation x Good, Poor Partner). e Causal impact of alPFC4; cTBS
on participants’ assessment of the merits of tackling challenge trials as opposed to
inevitable trials for the moderate coherence condition (see Fig. 2d). In the absence
of alPFC,47 cTBS, on Poor Partner trials, participants performed challenge trials
better than inevitable trials, but this was not the case on Good Partner trials. This
difference, however, was abolished by alPFC,; cTBS. We demonstrated that this was
the case when analysing data from 19 out of 21 participants who chose the self-task
on trials adjacent to the black line in panel (b). tp < 0.05. *p = 0.031 (¢ test against
zero with Bonferroni correction).

No similar change in accuracy was observed when cTBS was
applied to the control vertex site. The difference in meta-d’ between
poor and good partners was consistent irrespective of whether vertex
stimulation was applied (two-way ANOVA [stimulation, no-stimula-
tion x good, poor partner]: main effect of stimulation, F;,0=0.010,
p=0.97; main effect of partner, F;,0=7.64, p=0.011; interaction,
F120=0.00014, p=0.99) (Supplementary Fig. 6b). In contrast to the
causal impact on the accuracy of metacognitive judgements for self/
partner task selection by alPFC,; disruption, actual perceptual per-
formance of the RDM task was not affected by either alPFC,; disrup-
tion or vertex stimulation (two-way ANOVA [stimulation, no-
stimulation x good, poor partner]. alPFC,5: main effect of stimulation,
F120=0.30, p=0.58; main effect of partner, F;,0=0.0052, p=0.94;
interaction, F;,0=0.22, p=0.64. vertex: main effect of stimulation,
F113=0.024, p=0.87; main effect of partner, F;,0=0.54, p=0.46;
interaction, F;,0=0.12, p=0.72) (Supplementary Fig. 6c). This sug-
gests that alPFC,; plays a specific role in prospective evaluations of
social probability rather than perceptual decision per se.

The pattern of changes is different in trials with a poor partner as
opposed to a good partner. Logistic multiple regression analyses (see
also Fig. 2b) revealed that alPFC,4; cTBS did not change the constant
bias to prefer the self-task option with a poor partner compared to a
good partner (two-way ANOVA [stimulation, no-stimulation x good,
poor partner]: main effect of stimulation, F; 0=0.34, p=0.56; main
effect of partner, Fi50=6.0, p=0.023; interaction, F0=0.49,
p=0.49) (Fig. 5d, left). In addition, alPFC4; cTBS did not change the
size of the regression coefficient for the probability of correct per-
formance on the self-task option (self p(correct)) when participants
were coordinating with either the good or poor partner (two-way
ANOVA [stimulation, no-stimulation x good, poor partner]: main effect
of stimulation, F; 50 =0.81, p=0.37; main effect of partner, F; ;o =0.66,
p=0.42; interaction, F;,0=0.35, p=0.56) (Fig. 5d, middle). However,
the sizes of the regression coefficient for the partner were affected by
alPFC,; disruption and the size of the impact was different for good
partners and poor partners (two-way ANOVA [stimulation, no-stimu-
lation x good, poor partner]: main effect of stimulation, F;,0=3,48,
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Fig. 6 | Proposed mechanisms of social metacognition in alPFC4; and TPJp. An
alPFC,4; mechanism operates by projecting onto others the participant’s own
metacognitive introspections about how well they themselves might perform and a

N
>
Better
1 = performance
self
performance Outcome history

< 2

Good Partner lose  win
trial #n-1

Poor Partner

Prediction based on social belief

Social cognition based on heuristics

TPJp mechanism operates by tracking average levels of performance of different
individuals by observation of their actions and outcomes.

p=0.076; main effect of partner, F;,0=1.36, p=0.25; interaction,
F120=4.38, p=0.049) (Fig. 5d, right). Post-hoc simple main effect tests
revealed that the difference in this regression coefficient between poor
and good partners without stimulation (poor vs. good, Fi,0=7.66,
p=0.011) disappeared with stimulation (poor vs. good, F;0=0.03,
p=0.86); alPFC,4; cTBS led to poor partner performances having less
influence on participants’ choices about who should tackle a decision
making problem, but it did not change the influence of good partner
performances. This asymmetric impairment between tasks with poor
and good partners suggests that alPFC,; contributes to comparisons
of probability based on inferences about other decision-makers that
are extrapolated from metacognitive insights into what one’s own
performance would be with a similar coherence level. However, the
asymmetry may also be related to the fact that participants could
reliably distinguish between two tasks that both had high coherence
levels (Supplementary Fig. 3) and this may have been useful in pre-
dicting especially the poor partner’s performance when alPFC,,; was
not disrupted. When cTBS was applied to the vertex as a control site,
no similar asymmetric changes in the regression coefficient were
observed (interaction between stimulation conditions and partner
identity in two-way ANOVA for the regression coefficient of partners,
FI,ZO =159, pP= 022)

Finally, to evaluate the degree that the participants use insight
into their own performance and into the partner’s performances when
selecting trials that are particularly challenging to perform by the
participants themselves, we carried out an analysis of challenge and
inevitable trial performance (see also Fig. 2d) but now with and without
alPFC,7 disruption. We analysed data of 19 out of 21 participants who
chose the self task both immediately above and below the equilibrium
line for the performance of the self and partner consistently across all
four conditions (stimulation, no-stimulation x good, poor partner).
Note that this analysis could not be performed on the data from the
remaining two participants. The benefit furnished by metacognitive
insight on challenge trials, as opposed to intuitive trials, was dimin-
ished by the alPFC,4; and the effect was greater for poor partner than
good partner trials. In the no-stimulation condition, the benefit
(Aperformance [challenge - inevitable trials]) was significantly larger
when coordinating with a poor partner as opposed to a good partner
(paired ¢ test, t;3=2.66, p=0.031, Bonferroni corrected), whereas the
difference disappeared after alPFC,; cTBS (t;s =1.74, p = 0.19) (Fig. 5e).
In conjunction, these results suggest that alPFC,4; plays a causally
essential role in predicting partners’ performances based on projec-
tion of introspection into one’s own likely performance.

In summary, the present study revealed an interaction between
two neural mechanisms for estimating other people’s abilities. An
alPFC,; mechanism operates by projecting onto others the partici-
pant's own metacognitive introspections about how well they

themselves might perform (Fig. 6, left). This complements the better
known and more widely studied TPJp mechanism that operates by
tracking average levels of performances of different individuals and
making choices as a function of these average estimates (Fig. 6, right).

Discussion

When we collaborate with other people to tackle a novel problem, we
need to estimate who will do what best. To work this out, we can
observe how the other person performs and use metacognition to
estimate our own ability to perform. The two processes have been
linked to TPJp****?* and, recently, to alPFC,," respectively. The cur-
rent results, however, suggest that we can also employ metacognition
to introspect into our own abilities and project them onto others to
estimate how they might perform instead. However, while such pro-
jection of self-introspection or ‘social metacognition’ may help us to
estimate how partners with poorer skills than us are likely to behave, it
fails to provide reliable predictions for better-skilled partners for
whom we cannot make a metacognitive model by reference to our own
abilities. Lower metacognitive decision accuracy for Good Partners
may be due to variable and inconsistent prediction of perceptual
performance for difficult trials with low coherences. Being able to
make predictions for such trials would be necessary to predict the
Good Partner’s performance based on a projection from self-
introspection. In this study, we found that alPFC,; is active during
the comparison of one’s own chances of success with a poorer part-
ner’s chances. Activity in alPFCy4; reflects the evidence for taking the
self task and the degree to which this is the case increases over time in a
manner consistent with an evidence accumulation process”; models
of evidence accumulation processes first proposed in the context of
sensorimotor decision-making can be used to explain what might
superficially appear to be quite distinct cognitive processes such as
those deployed during social interaction®. The elevation of the BOLD
signal in the human alPFC,; is analogous to increasing neuronal firing
reported in the macaque parietal cortex during perceptual decisions,
which is accounted for by the evidence accumulation model®. Sub-
jective confidence in the current perceptual decision being taken has
been found to be reflected by neuronal responses in the intraparietal
sulcus” and supplementary eye field®® in macaques: the more the
neurons were active, the more often the animals reported higher
confidence.

However, in the current experiment, a similar pattern does not
seem to emerge when the comparison is made with a better partner.
While alPFC,; mediates a process of social prediction via metacogni-
tive insight into one’s own likely decision-making ability, a separate
social prediction system linked to TPJp, makes a different type of
contribution; it tracks the actions and outcomes of both types of
partners, both better and worse players. The claim that well-
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established TPJp-based mechanisms for social cognition are com-
plemented by alPFC,4,-dependent social metacognitive processes was
also supported by a selective impairment of social metacognition-
based performance with poorer partners when cTBS was applied to
alPFC,;. This is analogous to the way in which disruption of areas in
which neural activity has been linked to evidence accumulation during
perceptual decision-making disrupts perceptual decision-making®.
Notably, however, alPFC,; cTBS only disrupted social and metacog-
nitive evidence accumulation but had no impact on perceptual
decision-making itself. In summary, alPFC4; activity emerges only
when participants are making metacognitive judgements, but it is true
when they make such judgements about themselves and when they
make them about others. alPFC,; activity does not appear when par-
ticipants make equally difficult judgements about the same range of
probabilities but on the basis of assessments of external contingencies
as opposed to metacognitive judgements. In other words, the patterns
of behaviour and neural activity are associated with metacognitive
judgement, but the metacognitive judgements can be directed by the
participants towards themselves or towards others.

The alPFC,; region identified here is the same one that has pre-
viously been linked with the estimation of what Miyamoto and
colleagues'* referred to as ‘internal probabilities’. They argued that in
addition to estimating the chance that a choice will lead to a desired
outcome (external probability), it is equally important to know one’s
chances of making the choice correctly (internal probability). They
gave the example that we might estimate our ability to drive to a new
restaurant without a GPS (internal probability) as well as estimate the
likelihood that the restaurant is open (external probability). Miyamoto
and colleagues reported that alPFC,; accumulated evidence in favour
of taking a choice defined by its internal probability as opposed to one
defined by its external probability. Disruption of neural activity in
alPFC,; by TMS changed the way internal probability is evaluated
during metacognitive judgements made prior to perceptual decisions.
No disruption occurred when TMS was applied to a control site. It is
possible that TMS at the alPFC,7 and the control site differed in terms
of their side effects. However, we note that the TMS protocol we used
was a theta-burst TMS protocol and behavioural data collection did not
occur at the time of TMS delivery but, instead, only after it had been
completed when any side effects would have elapsed (see “Methods”).
A related observation is that prospective evaluation skills are also
altered by the application of transcranial alternating current stimula-
tion (tACS) over the same area®. Human neuroimaging studies on
metacognition repeatedly report that, within the frontal cortex,
especially around the anterior cingulate cortex, domain-general neural
correlates of confidence are found across various tasks®. The fronto-
polar cortex, in particular, has been associated with both introspection
ability’® and coding of counterfactual reward® and is considered to
play a key role in higher-order cognition. These studies focusing on
retrospective or ongoing introspection did not identify alPFC,5 as a
critical locus for metacognition; this suggests a special role for alPFC,
in underpinning prospective metacognition. Differential encoding of
retrospective confidence reports concerning the self and others have
been reported previously: TPJ and dorsomedial prefrontal cortex were
active, especially in correlation with estimations of other’s confidence
but not with self-confidence’. Activity in alPFC,;, however, was not
identified. This suggests that alPFC,; is recruited only when coordi-
nation of introspection about the self and other are required just as
previously alPFC,; was active when participants compared the internal
probabilities of success associated with their choices with external
probabilities.

In contrast, we found that TPJp was more active in participants
with a poor subjective sense of their own performance abilities in
relation to other people’s; these participants exhibited larger errors
when positioning the poor and good partner’s skills in relation to their
own. TPJp was also more active when participants made intuitive’

partner choices (when they chose the good partner or when they did
not choose the poor partner) as opposed to counter-intuitive partner
choices (the good partner was not chosen or the poor partner was
chosen). We identified six participants who reported either that both
partners were better or worse than they were themselves. In each case,
TPJp activity associated with this belief was positive, suggesting that
TPJp estimates and compares the skills of multiple other people
independently of self-performance estimates. TPJp has been impli-
cated in the building of beliefs about the accuracy of information
provided by others during social exploration and learning®**. The
present study also suggests that TPJp is active in correlation not only
with a learned belief (or heuristic) about others’ performance but also
with updating of the belief based on learning® from recent perfor-
mance of the task by others. We propose that alPFC,; plays a com-
plementary and critical role in imagining others’ skills by projecting
and adjusting estimates of performance based on introspection of
one’s own likely performance, considered in the light of knowledge
about others obtained by observation and encoded in TPJp.

Methods

Participants

Thirty participants took part in the functional MRI experiment (Experi-
ment 1). Participants were excluded because of premature termination
of an experimental session (NV=3) (final sample: 27 participants; 13
female; age (mean £ SD), 24.5 + 3.7). Thirty-two participants took part in
the TMS experiment (Experiment 2). Participants were excluded
because of premature termination of an experimental session (N=7)
and extreme behavioural bias during the main experiment due to poor
understanding of the task rule (N=4) (final sample: 21 participants; 14
female; age (mean +SD), 23.6 +4.6). The sample size for both Experi-
ment 1 and 2 after excluding participants of premature termination was
comparable with fMRI experiments in Miyamoto et al.” (N=23), where
meta-d’ was statistically significant when compared against a null
hypothesis value of zero with effect size Cohen’s d=1.29. The observed
effect sizes of the same meta-d’ in the present study were Cohen’s
d=2.07 (meta-d’ between the self and Poor Partner), d=1.79 (meta-d’
between the self and Good Partner) in the fMRI experiment, and Cohen’s
d=2.09 (meta-d’ between the self and Poor Partner), d=1.50 (meta-d’
between the self and Good Partner) in no-stimulation control conditions
of the TMS experiment. The study was approved by the Research Ethics
Second Committee at RIKEN (Experiment 1: Wako3 2021-28(5)) and the
Central Research Ethics Committee at the University of Oxford
(Experiment 2: R60547/REQO1). All participants gave informed consent.

Experimental procedure

We conducted two experiments. The first experiment assessed the
neural correlates of social metacognitive decisions with fMRI, while the
second experiment probed the causal contribution of alPFC,7 in pro-
spective social metacognition using transcranial magnetic stimulation
(TMS) in a continuous theta burst (cTBS) design. The two experiments
used different samples of participants.

Experiment 1. Participants took part in one session lasting approxi-
mately 4 hours in total, including 2 h of magnetic resonance imaging
(MRI) scanning. Participants received 1500 JPY per hour and a bonus
based on task performance (accumulated across sessions: 1200-1600
JPY per session). Participants first performed a simple RDM task to
measure the baseline perceptual performance outside the scanner.
Next, based on the measurement, we picked a better-skilled partner
and a poorer-skilled partner from the pool of data on past participants’
responses to the same RDM stimuli*? and the participants observed
how accurately each of the two partners could perform the task. Then,
they performed the main prospective social metacognition task inside
the MRI scanner. Each fMRI scanning session included 195 trials and
lasted for 60-65 min. After scanning, participants had a short verbal
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interview, conducted by an experimenter, about the features of the
two partners and filled in a questionnaire that asked about partici-
pants’ subjective understanding of the relationship between the self
p(correct) and the partners’ p(correct) (see Fig. 4d).

Experiment 2. The second experiment included four sessions: a
behavioural task session (Session 1; 1h), a structural MRI session
(Session 2; 30 min) and two cTBS TMS sessions (Sessions 3 and 4; each
2 h). In the first session, the participants performed a simple RDM task
to measure baseline perceptual performance. In addition, we assessed
participants’ motor thresholds, which determined the intensity of
CTBS stimulation that was used in later cTBS sessions (see section
‘Transcranial magnetic stimulation (TMS)’ for more details). To predict
participants’ tolerance and comfort with the stimulation protocol in
Sessions 3 and 4, we first applied a milder stimulation protocol over
the targetted anterior frontal region, ‘a taster session’ during Session 1.
The taster session included a stimulation protocol comprising a 10's
train of cTBS with the stimulator output set to 20%. One participant
who reported an uncomfortable sensation dropped out after the taster
session and the rest of the 31 participants, who did not feel discomfort,
moved to the main experiments. Session 2 served to acquire structural
MRI scans that would guide the neuronavigation localisation of the
TMS target areas in the subsequent two sessions. Session 3 and 4
consisted of two blocks: a stimulation block and a no-stimulation
block. For each block, participants performed a shortened version of
the main experimental task used in Experiment 1. Each block lasted for
30 min (232 trials). Stimulation was applied before one block (“TMS
block”), but not the other (“control block”) within each session 3 and 4.
The stimulation order within the session was counterbalanced across
participants. The difference between Session 3 and 4 was the stimu-
lation site: the stimulation site was either centred on alPFC,; [MNI x/y/
z- coordinate: —38, 40, —10]" or vertex [MNI x/y/z- coordinate: O,
- 34, 72], with cTBS being applied immediately before the start of the
“TMS block”. Further counterbalancing meant that some participants
performed alPFC sessions first and some performed vertex sessions
first. As a result of the various types of counterbalancing, participants
performed sessions in the following orders (5 participants: Session 3,
alPFC; Session 4, vertex; TMS block before control block. 7 partici-
pants: Session 3, vertex; Session 4, alPFC; TMS block before control
block. 5 participants: Session 3, alPFC; Session 4, vertex; TMS block
after control block. 4 participants: Session 3, vertex; Session 4, alPFC;
TMS block after control block). The participants took at least a 30-
minute break from the end of the “TMS block” to the start of the
“control block” to decrease the possibility of any remaining effects of
TMS. To avoid any possible long-term effects of learning across ses-
sions, even though the two TMS sessions were at least one week apart
from each other, participants learned two new partners at the begin-
ning of each session. The assignment of two colours (pink or green) to
the good or poor partner was counterbalanced across participants and
sessions.

Behavioural tasks

Experiments 1 and 2 used the same behavioural tasks. First, the parti-
cipants performed a simple RDM task. In the task, participants were
required to judge whether the majority of a total of 100 small dots
moved leftwards or rightwards by pressing the left or right arrow key
on a keyboard. Each RDM stimulus was presented for 1.5, and the
movements of the dots were ambiguous (0, 3, 6, 12, 25, 37, 50, or 75%
denote the different coherence levels). We plotted the proportion of
the trials that the participant judged as ‘rightward direction” against
motion coherence from 75% right motion to 75% left motion (loga-
rithmic transformation was applied to the value of coherence) and
fitted a sigmoid function as follows where x is the logarithmic trans-
formed signed motion coherence and y(x) is the proportion of trials
for which ‘rightward direction” was chosen when coherence x was

employed (see also the inset panel of Fig. 1b):

Yo ..

We quantified individual participants’ baseline perceptual per-
formances by bias (a) and sensitivity (8) and plotted these together
with another 23 participants’ data for the same task that we had col-
lected previously. Before the experiments, we calculated S (sensitiv-
ity) of data sets drawn from a pool of 23 candidates™. The standard
deviation of the 8 was 0.68. We then picked a better and poorer
partner from the pool based on this variance. That is, we first quanti-
fied each individual participant’s baseline perceptual performances in
terms of bias (Aparticipane) and sensitivity (Bparticipant); then we picked
from the pool a good partner whose S is the closest to Bparticipant + 0.68
and a poor partner whose f is the closest to Bparticipanc— 0.68. An
important feature of the task is that we showed actual behavioural
responses of other participants collected in our previous study” by
using exactly the same RDM stimuli as Good and Poor Partner’s data.
When we gave instructions on the task rule, we explicitly explained this
fact. Our participants, therefore, thought that they were considering
real patterns of behaviour generated by real people (as indeed they
were). Due to the presentation of real empirical data and clear
instructions, we found that all participants reported that they did
indeed believe that this was the case. For example, they endorsed the
statements “The person indicated by green dots was better at per-
forming the task than the person indicated by pink dots” or “The
person indicated by pink dots was more reliable.”

Next, the participant performed the RDM task again, but in one-
half of the trials, the stimulus was pink, and in the other half, the
stimulus was green. The good partner was assigned to pink, and the
poor partner was assigned to green for half of the participants, and
vice versa for the other half. In each trial, after the participant indicated
the motion direction of the RDM stimulus, the participant was given
feedback about their performance (correct or incorrect) as well as the
performance by the partner associated with the colour to exactly the
same RDM stimulus at the level of each random and coherent dot’s
distribution and movement.

Then participants performed the main social metacognition task
inside an MRI scanner. The main task comprised two stages: each trial
comprised a social metacognitive judgement followed by a perceptual
decision and a final outcome phase (Fig. 1c). In the metacognitive
judgement stage, participants had to choose one of the two RDM sti-
muli that were presented simultaneously. One RDM on the left side
represented the self-task, and the other RDM on the right side repre-
sented the partner’s task. As noted, the two different partners were
indicated by pink and green RDM stimuli. All possible combinations of
eight levels of self-task coherence [self p(correct)] and eight levels of
partner task coherence [partner p(correct)] were offered during the
metacognitive judgement stage either with the good or poor partner.
The participant’s goal was to pick the task that was most likely to be
performed correctly by the designated player; participants were
incentivized by the award of a single point whenever either they
themselves or their partner performed the task correctly. Participants
were given a cash bonus depending on performance as a further
incentive. In the Metacognition stage, each RDM stimulus was moving
upward or downward for 1.5 s. After the disappearance of the stimuli,
participants chose the task they wanted to have performed (either by
themselves or by their partner) in the subsequent perceptual decision
stage by pressing a button with their right hand. After a stimulus onset
asynchrony (SOA) (Experiment 1, 2.5-8.5 s [Poisson distribution, mean
of 4.5 s]; Experiment 2, 1s; note that we did not have to control for the
BOLD response in the second experiment and therefore SOAs are
shorter, moreover given the limited duration of cTBS effects it was
important to collect trials more quickly in Experiment 2), participants
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moved into a perceptual decision stage where the same stimulus that
they chose in the social metacognitive judgement stage appeared
again for 1.5 s. This time, however, the direction of the dot motion was
rotated by +/-90 degrees. For example, if they selected the external
probability option in the first stage and the stimulus was moving
upwards they could not know until the second stage perceptual
decision whether the stimulus would be moving leftwards or right-
wards. After the disappearance of stimuli, participants were asked to
answer if the RDM stimulus was moving leftward or rightward by
pressing a button. The rotation of the stimulus was introduced to
prevent participants from making a perceptual decision about motion
direction during the social metacognitive judgement phase of the trial
instead of during the subsequent perceptual decision phase of the
trial. However, we wanted the participants to estimate and compare
the utility of choosing either the self or partner’s options to make an
optimal metacognitive judgement. In the experiment, we rotated the
direction of the stimulus chosen in the metacognitive judgement
phase of the trial either clockwise or anticlockwise randomly when it
appeared at the perceptual decision phase of every trial. Therefore,
participants could not predict the motion direction in the perceptual
decision stage from that in the metacognitive judgement stage®. Even
when they chose the partner’s task, participants were asked to judge
and report the motion direction for the same RDM stimulus. After an
SOA (Experiment 1, 2.5-8.5s; Experiment 2, 1s), outcome feedback
appeared for 1s. If participants chose the self-task and judged the
motion direction correctly, a reward (white ‘tick’ symbol on the upper
centre of the screen indicated success) was given while, otherwise, no
reward (white ‘X’ symbol on the upper centre of the screen indicated
failure) was given. Simultaneously, the partner’s success or failure was
indicated by ‘tick’ or X’ respectively in the partner’s colour on the
lower centre of the screen, but this had no impact on the reward if the
participant had chosen to perform their own task themselves. When,
however, participants chose the partner’s task, a reward was given
based on the partner’s performance for the RDM stimulus (coloured
‘tick’ and ‘X’ symbols lower on the centre of the screen indicated
success and failure, respectively). Performance by the self for the same
RDM stimulus was presented simultaneously on the upper centre of
the screen but this did not determine the reward in the trial.

The total number of rewarded trials also appeared on the bottom
of the screen during the feedback period. Based on the number of
rewarded trials, participants received a monetary bonus reward after
the experiment. After 1s of inter-trial interval (ITI), the next trial star-
ted. Eye positions were monitored in Experiment 1 with an eye tracker
(iRecHS2 system). We used eye-tracking data to confirm that all par-
ticipants engaged in performing the task during fMRI scanning.

FMRI data acquisition and data processing

Imaging data in Experiment 1 were acquired with a Siemens Prisma3 T
MRI using a multiband T2*-weighted echo planar imaging sequence
with an acceleration factor of three and a 64-channel head-coil. Slices
were acquired parallel with the PC-AC line to reduce signal dropout in
the prefrontal cortex. Other acquisition parameters included
2.4 x 2.4 x 2.4 mm voxel size, TE =30 ms, TR = 1250 ms, 64° flip angle, a
192 mm field of view and 63 slices per volume. A structural scan was
obtained with slice thickness = 0.7 mm; TR = 2180 ms, TE =2.95 ms and
0.7 % 0.7 x 0.7 mm voxel size. Imaging data were analysed using in-
house pre-processing programmes and FMRIB’s Software Library
(FSL)*. Preprocessing stages included motion correction based on
Analysis of Functional Neurolmages (AFNI), removal of the spike or the
step noise caused by participant motion, slow drift, and physiological
noise (heartbeat and respiration recorded during scanning), slice-
timing correction, brain extraction, high-pass filtering and spatial
smoothing using full-width half maximum of 5 mm. Images were co-
registered to an individuals” high-resolution structural image and then
nonlinearly registered to the MNI template using 12 degrees of

freedom. In Experiment 2, we obtained a structural scan with slice
thickness =1mm; TR=1900 ms, TE=3.97ms and 1x1x1mm voxel
size with a larger field of view covering the nose tip and both ears,
which serve as the landmarks for frameless stereotactic neuronaviga-
tion (see the next ‘Transcranial magnetic stimulation (TMS)’ section).

Transcranial magnetic stimulation (TMS)

TMS was applied using a Magstim Rapid stimulator which was con-
nected to a 50 mm Figure-8 coil*® in the postero-anterior direction®. In
Session 1 of Experiment 2, we assessed participants' active motor
threshold (AMT) for the left M1 ‘hot spot’, which is the scalp location
where TMS evoked the largest motor evoked potential (MEP) ampli-
tude in right first dorsal interosseous (FDI)*° (mean+SD: 51.7 +9.0%
stimulator output). The AMT was defined as the minimum stimulation
intensity sufficient to evoke an MEP in contralateral FDI in at least 50%
of trials when participants exerted a small constant force between
index finger and thumb (20% of maximum contraction force). Elec-
tromyographic (EMG) activity in the right FDI was recorded with
bipolar surface Ag-AgCl electrode montages. Responses were band-
pass filtered between 10 and 1000 Hz, with additional 50 Hz notch
filtering, sampled at 5000 Hz, and recorded using a D440 Isolated EMG
amplifier (Digitimer), a Hum Bug 50/60 Hz Noise Eliminator (Quest
Scientific), a CEDmicro1401 Mk.Il A/D converter, and PC running
Spike2 (Cambridge Electronic Design).

The region of interest was left alPFC (Session 3 or 4) with MNI x/y/
z-peak coordinates (- 38, 40, —10), which was identified by the pre-
vious fMRI experiment (Experiment 1; see Figs. 3a and 5a). We used the
same coordinate for left alPFC stimulation. To stimulate the vertex, the
coil was placed over MNI x/y/z-peak coordinates (0,— 34, 72). No neural
activity with any relation to either internal or external probability was
found at this vertex location suggesting that it was an appropriate
control site. The location was projected onto the high-resolution, T1-
weighted MRI brain scan of each participant using frameless stereo-
tactic neuronavigation (Brainsight; Rogue Research). We used a stan-
dard continuous theta-burst stimulation (cTBS) protocol to stimulate
alPFC and vertex: 600 pulses were administered in bursts of three
pulses at 5Hz (total stimulation duration was 40s). TMS coils were
held in place tangentially to the skull by an experimenter during sti-
mulation. For each participant, stimulation intensity was determined
by 80% of the AMT*.. The use of such a low subthreshold intensity (80%
AMT) had the advantage of ensuring decreased spread of stimulation
away from the targeted site and enabled us to focus on the alPFC site.
In the cTBS protocol, behavioural data collection occurred following
stimulation. Side effects such as headaches can continue for a few
hours following stimulation in some participants and differ by stimu-
lation site. However, our participants did not report any such head-
aches after the cTBS. Any side effects would have elapsed during the
behavioural experiment if it had happened. A quantitative review
article of the magnitude and time course of cortical excitability chan-
ges induced by cTBS provided the information that cTBS applied for
40s decreases cortical excitability for up to 50 min with a mean
maximum depression of —22.81+2.86%"% In our TMS protocol, if TMS
was delivered at the beginning of the first session before the task, the
task in the second session started 60 min after the TMS as it took
around 30 min to finish the task in the first session and participants
took a rest for 30 min until the beginning of the second session. Thus,
TMS should have no effect on the control part of the session even
when that was the second part of the testing schedule. Moreover, as in
our previous studies®>**, the order of TMS and matched control ses-
sion was counterbalanced across participants.

Data analysis

Behavioural data. To evaluate performance during the metacognitive
judgement stage, we employed an analysis based on signal detection
theory®. Specifically, for each good and poor partner, we classified the
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metacognitive judgement trials into trials in which it was optimal for
participants to choose the self-task and trials in which it would be
optimal to choose the partner’s task. For each participant, if the
probability of reward determined by the partner’s performance for the
partner’s task option was higher than the probability of reward that
would be expected given the baseline level of perceptual performance
of the self-task option (obtained during the first simple RDM task),
then such trials were categorised as partner task optimal trials. If not,
they were categorised as the self task optimal trials. Based on the
proportion of trials in which they chose the self-task option when the
self option was optimal (Hit trials) and when the partner’s option was
optimal (False alarm [FA] trials), we calculated meta-d’ (type-ll d-
prime). We calculated meta-d’ separately for trials with different
coherence levels in the self-task to control for the difference in base-
line perceptual performance (Fig. 2c left panel) and compared their
average across partner’s conditions and brain stimulation conditions
(Fig. 2c right panel and 5c).

First, to evaluate the effects (on task selection in the initial
metacognitive judgement phase of each trial) of reward probability
associated with both the self and the partner’s task option as well as the
partner identity (Poor Partner: 1, Good Partner: — 1) and its interaction
with the reward probability, we employed logistic multiple regression
analyses for both trials paired with a poor partner and trials paired with
a good partner together as shown below (Supplementary Fig. 1d).

In (%) =a +ﬁself xself(n) + ﬁpartner Xparmer(”) + ﬂpurtnerlD xpar[nerID(n) +
ﬂself *partnerID xpartnerlD(") : xself (”) + ﬁParmer *partnerID XpartnerlD (”) X parmer(n) +
B 5 putcome ™ Self aurcome (n-D+p PO B utcome™ POOTPoutcome (n-1+p '200dPoutcome X €00Pourcome (n-1+
ﬁID * self,,“m,mexparmerlD(n) . Xselfam.;me (n—-D+ ﬂID 'paorpou,c,,,,,,.,xparrnerlD(n) : Xponrpmmm (n-1+

B10* 500dp,ucone XpartnertD ) * Xgoodp,epme (1 = 1)

@

As the effects of reward probability associated with both the self
and the partner’s task option were found to be affected by the part-
ners’ identity, we employed logistic multiple regression analyses
separately for trials paired with a poor partner and trials paired with a
good partner as shown below (Figs. 2b and 5d).

y(n)
In <1 = y(n)

> =a+t ﬁself xself(n) +ﬁpartner Xpartner(”) (3)

Dependent variable y(n) denotes the task chosen during the
metacognitive judgement stage (self task = 1; partner’s task = 0) at trial
#n. Independent variables Xseir (1) and Xparemer(7) denote the reward
probability of the self task and partner’s task at trial #n, respectively.
The reward probability here is denoted by the baseline performance of
the self for each motion coherence condition during the first simple
RDM task. We also measured the influence of outcome in the most
recent and second most recent trials (trials #n-1 and #n-2) by adding
binary independent variables separately for the self, poor and good
partners (see Supplementary Fig. 1 more in detail). All the independent
variables were normalised (mean of zero and standard deviation of
one) within each session before including them in the analysis.

Functional MRI data
Whole-brain analysis. We used FSL FEAT for first-level analysis. First,
data was pre-whitened with FSL FILM to account for temporal auto-
correlations. Temporal derivatives were included in the model. We
used three fMRI general linear models (fMRI-GLMLI, 2, 3) to analyse
fMRI data across the whole brain. Results were calculated using FSL’s
FLAME 1+ 2 with a cluster-correction threshold of z>3.1 and p <0.05,
two-tailed (IMRI-GLML).

To analyse BOLD changes across participants (fMRI-GLM1), a
second-level analysis was applied (FLAMEIL+2). We also used two

covariate fMRI analyses (fMRI-GLM2, 3) during which we associated a
covariate with particular regressors in the second level (FLAME 1+2).

All whole-brain GLMs shared the following features: we included
all three phases of a trial (social metacognitive judgement, perceptual
decision, and outcome) into the fMRI-GLMs. Each phase included a
constant regressor, which was the onset of each phase with a fixed
duration of 1.5s for social metacognitive judgement and perceptual
decision and a duration of 1s for the outcome phase. Parametric
regressors were modelled as stick functions (i.e., duration of zero)
time-locked to the relevant phase onset as below. All parametric
regressors were normalised before inclusion into the analysis. In
addition, all GLMs contained one regressor time-locked to all button
presses, modelled as a stick function, at the first-level fixed-effect
analysis stage.

fMRI-GLM1

First, we tested for neural correlates of self and partner’s option
probabilities during the social metacognitive judgement stage (Figs. 3a
and 4a). We included the following regressors, along with the constant
regressor coding the phase of social metacognitive judgement in
each trial:

Chosen self-task coherence (poor partner),

Chosen partner’s task coherence (poor partner),

Unchosen self-task coherence (poor partner),

Unchosen partner’s task coherence (poor partner),

Chosen self-task coherence (good partner),

Chosen partner’s task coherence (good partner),

Unchosen self task coherence (good partner),

Unchosen partner’s task coherence (good partner)

We set these parametric regressors separately for trials with a
good partner and trials with a poor partner. Coherence values were
first transformed logarithmically (see also Fig. 2b). Then each regressor
was normalised before inclusion into the analysis (mean of zero and
standard deviation of one). If participants chose the self-task on trial
#n, then the coherence value of the self-task option and the partner’s
task option were coded as chosen self-task coherence and unchosen
partner’s task coherence, respectively. These variables were time-
locked to the onset of the social metacognitive judgement stage when
participants chose the self-task. The chosen partner’s task coherence
and unchosen self-task coherence, as well as regressors related to the
unavailable partner, were not defined for those trials. If participants
chose the partner’s task on trial, the coherence values of the partner’s
task option and the self-task option were coded as the chosen partner’s
task coherence and unchosen self-task coherence, respectively. These
variables were time-locked to the onset of the social metacognitive
judgement stage when participants chose the partner’s task. Chosen
self-task coherence and unchosen partner’s task coherence, as well as
regressors related to the unavailable partner, were not defined for
those trials. To identify neural activity that reflected the chosen self-
task coherence, we calculated the sum of ‘chosen self-task coherence
(poor partner) and ‘chosen self-task coherence (good partner)
(Fig. 3a). We also derived the contrasts to identify neural activity that
reflected partner’s task coherence in three different ways as follows: (1)
partner’s task coherence =‘chosen partner’s task coherence (poor
partner)’ +‘chosen partner’s task coherence (good partner) +*
unchosen partner’s task coherence (poor partner) +‘unchosen part-
ner’s task coherence (good partner)’; (2) intuitive partner’s task
coherence =‘chosen partner’s task coherence (good partner) +*
unchosen partner’s task coherence (poor partner)’; (3) counter-
intuitive partner’s task coherence=‘unchosen partner’s task coher-
ence (good partner)’ +‘chosen partner’s task coherence (poor part-
ner)’ (Fig. 4a, b).

In order to capture activity related to making decisions about the
directions of stimuli, in the perceptual decision stage of each trial, we
included the following regressors:

Chosen self-task coherence,
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Unchosen self-task coherence,

Chosen poor partner’s task coherence,

Unchosen poor partner’s task coherence,

Chosen good partner’s task coherence,

Unchosen good partner’s task coherence

Coherence values were first transformed logarithmically. Then
each regressor was normalised before inclusion into the analysis
(mean of zero and standard deviation of one). These variables were
time-locked to the onset of the perceptual decision-making stage.

In order to capture activity related to the outcome of each deci-
sion, the outcome phase included the following regressors:

Outcome of chosen self task [1 (correct) or O (incorrect)],

Outcome of chosen poor partner’s task [1 (rewarded) or O

(unrewarded)],

Outcome of chosen good partner’s task [1 (rewarded) or O

(unrewarded)]

Then each regressor was normalised before inclusion into the
analysis (mean of zero and standard deviation of one). These variables
were time-locked to the onset of the outcome stage. The outcome
variable was defined for the task chosen: for example, if participants
chose the self task, then good and poor partners’ outcome were not
defined.

fMRI-GLM2: covariate analysis in trials with a poor partner

Next, we were interested whether signals associated with the
contrasts ‘chosen self task coherence - chosen poor partner’s task
coherence’ during the social metacognitive judgement stage covaried
with individual meta-d’ for the trials with a poor partner (Fig. 3e, left).
We included the meta-d’ values as covariates at the second stage of
group analysis when averaging across participants (FLAME 1).

fMRI-GLM3: covariate analysis in trials with a good partner

Next, we were interested whether signals associated with the
contrasts ‘chosen self task coherence - chosen good partner’s task
coherence’ during the social metacognitive judgement stage covaried
with individual meta-d’ for the trials with a poor partner (Fig. 3e, right).
We included the meta-d’ values as covariates at the second stage of
group analysis when averaging across participants (FLAME 1).

Region of interest (ROI) analyses

We calculated ROIs with a radius of three voxels (size = 33 voxels) that
were centred on the alPFC4; and TPJp: the MNI coordinates of these
areas were [-38, 40, —10] and [52, - 54, 28] which were drawn from
previous studies'>”>. The selected ROl was transformed from MNI
space to subject space and the pre-processed BOLD time courses were
extracted for each participant’s session. Time courses were averaged
across volumes, then normalised and oversampled by a factor of 20 for
visualisation. ROI-GLMs were applied to each time point to derive beta
weights per time point for each regressor. For analyses across condi-
tions, we used the same principle as applied to the whole-brain fMRI-
GLMLI: we averaged across the group. For all ROI analyses, regressors
were normalised (mean of zero and standard deviation of one).

For the time course analysis ROI-GLM1, we used the same para-
metric predictors described in the whole-brain fMRI analysis con-
ducted with fMRI-GLM1 for the metacognitive judgement stage
(Fig. 3b, ). We also time-locked the time courses to the same phase on
sets as described in fMRI-GLML.

For the time course analysis ROI-GLM2, we used parametric pre-
dictors for the metacognitive judgement stage as follows (Fig. 3d):

Self-task coherence (poor partner),

Partner’s task coherence (poor partner),

Self task coherence (good partner),

Partner’s task coherence (good partner),

Chosen task (self: 1, poor:0) (poor partner),

Chosen task (self: 1, poor:0) (good partner)

Then each regressor was normalised before inclusion into
the analysis (mean of zero and standard deviation of one).

Regressors related to unavailable partners in a trial were not defined
for the trial.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data collected in this study have been deposited in the RIKEN CBS Data
Sharing Platform (https://neurodata.riken.jp/) with an identifier
(https://doi.org/10.60178/cbs.20241115-001). Source data are provided
in this paper.

Code availability

Code scripts generated in this study have been deposited in Zenodo
(https://zenodo.org/) with an identifier (https://doi.org/10.5281/
zenodo.14174382).
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