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Planning requires anticipating the environmental contingencies that

we will encounter and also our own future behaviour in those scenarios.
The evolutionary origins of such prospective decision simulations

have, however, been difficult to investigate. Moreover, in humans, these
metacognitive processes are associated with a distinctively human brain
regionin the anterior lateral prefrontal cortex. Here we demonstrate these
capacities in macaques and their neural bases in two complementary
patterns of brain activity in different ventrolateral prefrontal areas: areas
45aand 47/120. We also examine the impact of ultrasonic disruption of each
area. We compare behavioural, brain activity and disruption patternsin
humans and macaques. Finally, comparative connectional analysis revealed
similarities between the conjunction of the two circuits associated with
areas 45aand 47/12o in macaques and the human anterior lateral prefrontal
area.In combination, the results suggest behavioural and anatomical origins
of metacognitive processes that have become especially sophisticated

in humans.

Planning for the future under uncertainty requires evaluating and com-
paring the different contingencies we might encounter, as well as assess-
ing how we ourselves might performin those circumstances. One of the
reasons why humans might be suchgood planners and decision-makers
is that they possess a capacity for prospective metacognition and are
able to envisage how they will perform in the future?. Such abilities
makeit possible to ascertain when mistakes are likely tobe made even
before they are actually made’.

While there hasbeen considerable interestin the nature of human
metacognition, it has been difficult to study prospective suppositional
thinkingin other animals. Asaresult, our understanding of its broader
biological originsis limited. Inhumans, metacognition and prospective

simulation of future decision-making has been linked to the frontal
pole and anterior lateral frontal cortex*’. These are brain areas that,
more than any other prefrontal areas, are substantially different in
humans®’. However, evenifthese abilities are especially sophisticated
inhumans, they maystill have alink to the cognitive processes and brain
mechanisms possessed by other primates®.

In the current series of studies, first, we demonstrate a task that
makes assessment of prospective metacognition possible in macaques.
We show that prospective stimulation of future decision-making is
weaker in macaques but present. We then present evidence from
recording and causal intervention studies for the existence, in the
macaque brain, of two specialized zones, 47/120° at the border between
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the ventrolateral prefrontal cortex and the orbitofrontal cortex and
area45a'"inthe ventrolateral prefrontal cortex thatare, respectively,
concerned with evaluation of future contingencies linked to potential
states of the environment and future behaviours that might be per-
formed in those states. We also examine the relationships between
these areas of the macaque prefrontal cortex and areas in the human
prefrontal cortex linked to related abilities.

Our approach is based on the fact that some reward contingen-
cies are due to environmental constraints'. Such reward contingen-
cies are independent of, or external to, decision-makers themselves.
For example, the chances of finding a desirable fruit might some-
times simply depend on which type of tree a monkey is in regardless
of how hard the monkey searches. We refer to the probabilities that
depend onthese contingencies as environment-dependent probabili-
ties (ED-probabilities). Other future reward contingencies, however,
depend on how well a given task will be performed in the future by
the decision-maker. For example, the chances of finding a different
fruit in other trees might, instead, depend on how high or quickly a
monkey might climb or how effectively it is able to identify indica-
tors of the fruit’s presence. Such contingencies are dependent on the
decision-maker’s own performance levels, and so we refer to them as
performance-dependent probabilities (PD-probabilities; Fig. 1a). If
amonkey plans for the future, then it should evaluate both types of
probabilities but whether and how it does so is unclear. Here, first,
we investigated whether macaques estimate future ED-probabilities
(Fig. 1b,bottom) or PD-probabilities (Fig. 1b, top) to decide which future
states or tasks they should pursue.

Having established that macaques can estimate both types of
future probability, we then examine the neural mechanisms on which
these abilities depend. By recording across the brain, we identified
activity related to ED- and PD-probabilities in areas 47/120 and 45a
respectively. We then examined the impact of disrupting activity in
each of these areas (Fig. 1b). Finally, we looked at the relationship
between these two macaque prefrontal areas and the human anterior

lateral prefrontal cortex (alPFC), which has been linked to similar cog-
nitive processes>>'*. We examined the patterns of functional activity
inhumanalPFC and inthe macaque areas that we link to estimation of
future ED- and PD-probabilities, areas 47/120 and 45a, and identified
an intriguing pattern of potential correspondence between species
that suggests acommon origin.

Results

Macaques have a prospective performance estimation

ability that allows them to estimate and compare future
performance- and environment-dependent contingencies

Four macaques performed a version of tasks that have been described
as assessing people’s metacognitive estimations of their own future
performance levels as well as future ED-probabilities®*"*. The task
required the macaques to estimate future ED-probabilities and future
PD-probabilities. We start by explaining the final stage of each trial in
thetask that used random-dot kinematogram (RDK) stimuli (Fig. 1b). In
thefinal stage of each trial, animals touched either aleft or right sensor
box depending onthe directionin which most dots moved (the ‘coher-
ent’ dot direction). The number of dots indicated the ‘environmental
probability’ of receiving areward when the correct response was made;
if there were more (fewer) dots, then the probability of reward was
higher (lower). This ED-probability was independent of the animal’s own
performancelevels. The coherence of the synchronized dot motions,
however, determined the animal’s performance levels and, therefore, it
determined the PD-probability of whether areward would be received;
monkeys were more likely to perform correctly when coherence levels
were high as opposed to low.

Weinvestigated whether monkeys foresaw the value of future task
stimuli they might engage with (task options with high or low environ-
ment state-dependent probabilities) and if they had insight into how
wellthey themselves were likely to performtasks varyingin coherence
before engagingin the tasks (PD-probabilities). In the first stage of each
trial (Fig. 1b), the macaques could choose between two options. One of

Fig.1| Prospective probability judgement task and behaviour. a, During
prospective decision-making, animals compared two different contingencies.
When both options depended on an environmental contingency, a simple
probability comparison was all that was needed (ED-probabilities in the
environment-versus-environment task). However, if one option is linked

to a performance-dependent contingency, then prospective estimation of
PD-probability and its comparison with an ED-probability are required before
the decisionis attempted (performance-versus-environment task). We first
checked that macaque monkeys have the ability to prospectively compare
ED-probabilities in the future in the environment-versus-environment task
(Exp.1) and then recorded both behaviour and brain activity using fMRI during
prospective judgements about future PD- and ED-probabilities (Exp.2). In
Exp.3, we applied TUS to the areas that had been found in Exp.2 to carry activity
related to task-relevant decision variables and examined the causal impact of
perturbing the areas on prospective judgements of both PD- and ED-probabilities
(Exp.3).b, For prospective judgements, the PD-probability, the probability that
one will correctly performa task (made more or less difficult by modulation
ofthe motion coherence of RDK), and the ED-probability, the probability that
acorrectly performed task will lead to areward (defined by the number of

dots contained in the RDK), must be considered. Four macaques learned to
compare two options that varied in either PD- or ED-probability. Animals made
prospective judgements at the first stage of each trial to pursue either a task
defined by its PD-probability (left white RDK in the example) or ED-probability
(right blue RDK in the example) at the following perceptual decision stage.
They did this by moving their hand inside the left or right sensor box. If they
correctly classified the motion direction (left or right) of the chosen task (RDK)
at the perceptual decision stage, then the animal had a chance of receiving a
juicereward. The probability of areward was indicated by the number of dots
inthe RDK stimulus. In the other task (environment-versus-environment task,
bottom), animals were offered two environment-dependent contingency
options with different levels of probability. ¢, Animals’ (left) and humans’ (right)

choices of the PD-option in the performance-versus-ED-probability task at

the prospective judgement stage at the beginning of the trials increased when
either the PD-option’s probability increased, or the environment-dependent
contingency option’s probability decreased. The overlaid black line indicates
the mean performance at each PD-probability level. Below the black line, animals
are more likely to opt for the PD-option, but above it they are more likely to opt
for the ED-option. The predominantly red area below the black lineindicates
that the PD-option was indeed chosen more often in such circumstances. d, Beta
coefficients of the PD- and ED-probabilities for all trials (left for monkeys and
right for humans) and for trials with higher PD-probability (coherence level:
0.25,0.37,0.5,0.75) (middle for monkeys) in logistic multiple regression analysis
to predict choices of the PD-option. Monkeys performed the task in a similar
manner to humans when a higher PD-probability was offered. e, Beta coefficients
of the difference of PD- and ED-probabilities (right) in logistic multiple regression
analysis to predict choices of the PD-option. f, Proportion of trials in which the
PD option was chosen for PD-option optimal trials and ED-option optimal trials
(middle), classified by the average performance on the PD-option task (left).
Right: sensitivity indices summarizing whether, during the first judgement,
monkeys chose the optimal option for the second task stage were positive for all
animals. g, Left: the PD-probability option task when that option had been paired
with high-probability (challenge trials) and low-probability (inevitable trials)
ED-options earlier in the first stage of the trial. Right: perceptual performance of
chosen PD-probability option task was better in challenge trials than inevitable
trials consistently across animals. This suggests monkeys assess their own likely
performance levels in the first stage of each trial to predict PD-probability that is
specific to the second stage of each trial. N = 48 sessions (4 animals) for macaques
and N =46 sessions (23 participants) for humans. Each grey dot represents
single-session data. Data from the same subjects are connected by aline. Two-
way ANOVA (PD/ED options and animals) are used for statistical tests. f? < 0.001,
t-test against zero. Error bar: s.e.m. across sessions or participants.
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the options always had a very high PD-probability, butits ED-probability
varied from trial to trial; its high coherence meant that macaques could
almost certainly perform the decision correctly, butits dot number var-
ied fromtrial totrial so that the option’s ED-probability varied from trial
to trial. We therefore refer to this option as the ED-probability option
(ED-option). The other option was defined, by contrast, by a very high
ED-probability; there was always a high number of dots indicating that
areward would certainly be given to the macaque as long as the deci-
sionwas performed correctly. However, this second option varied from
trial to trial in terms of its PD-probability; trial-to-trial variation in its
coherence meant that macaques had to estimate how likely they were
to perform the second stage of the task correctly before they chose
that option. We therefore refer to this option as the PD-probability
option (PD-option). Macaques expressed their preferences about which
perceptual decisions to pursue, before actually making the perceptual

decision, during an initial first judgement stage that occurred at the
beginning of every trial. At that pointin the trial, animals had the oppor-
tunity to choose one of two decision problems they wanted to attempt
inthe second stage of the trial.

In summary, each trial comprised an initial judgement phase in
which future PD- and ED-probabilities were assessed. This was then fol-
lowed by the perceptual decision the monkey chose to pursue (Fig. 1b).
Inthefirstjudgement stage, animals chose one of two simultaneously
presented RDK stimuli. Then, at the second stage, they performed a
perceptual decisiontask with the RDK stimulus they had selected (after
rotation by either +90° or —90°; the rotation ensured that animals were
making an assessment of the decision difficulty in the firstjudgement
period but could not actually make the specific left-right decision that
would be required in the second stage of the decision). The animals
wererewarded only after the second stage. The first judgement phase
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is, therefore, an opportunity for animals to select one of two deci-
sion tasks to perform in the second stage, and the animal’s aim is to
select the decision task through which they are most likely to obtain
areward. A stimulus, which could appear on either the left or right
of the screen, presented in white, represented the PD-option (coher-
ence varied between 3% and 75%). A reward outcome would always
ensue after correct performance of the PD-probability task (that is,
the environment-dependent reward probability was 1). The other
stimulus represented the ED-probability task and contained a smaller
number of blue dots (ranging from 10 to 90, indicating environmental
reward probabilities between 0.1and 0.9). However, all dots moved in
the same direction (100% coherence, ensuring a high PD-probability
of success; that is, the PD-probability was close to 1). Thus, in choos-
ing this option, animals had to focus on evaluating the likelihood of
success associated with transitioning to this environmental state,
with little need to consider their future performance ability because
the task was highly easy.

First, we examined if the animals (N =15 sessions from three ani-
mals tested outside the MRI scanner) could compare two options
with different levels of future ED-probabilities and choose the better
one. In the task, animals were given two ED-probability options that
contained different numbers of blue dots moving downwards. After
they chose the left or right ED-probability task option, the chosen
option moved to the centre of the screen, and all the dots included in
the option moved either leftwards or rightwards. If they judged the
dot direction correctly (the task was easy, and they rarely failed this
perceptual decision), animals were given areward inaccordance with
the probability indicated by the number of dots inthe chosen ED-option
(Extended DataFig.1a). The difference in ED-probability between left
and right options (left - right option) had a significantly positive effect
onthechoice of the left task option as opposed to the right (monkey 1,
t,=3.23, P=0.031, r=0.85, 95% confidence interval (CI) 0.07 to 0.98;
monkey 2, t,=3.69, P=0.020, r=0.88,95% C1 0.18 to 0.98; monkey 3,
t,=6.38,P=0.0031,r=0.95,95%Cl0.57t0 0.99; Extended Data Fig. 1b),
suggesting that macaqueslearned thelinear relationship between the
number of dots and ED-probability.

We next investigated whether the animals (N =48 sessions from
four animals) could predict the chance of success for a PD-option and
compare the estimate with the environment-dependent reward prob-
ability associated with the other option (Fig. 1c, left). We also examined
humans (V=46 sessions from 23 participants; Fig. 1c, right). Animals’
choices of the PD-optionincreased when the PD-probability increased
or the ED-probability of the other option decreased (red area in the
lower right part of Fig. 1c, left) similarly to humans’ choice (Fig. 1c,
right). The overlaid black line indicates the mean actual performance
level, in the second trial stage, associated with each coherence level
for the PD-option (see also Extended Data Fig. 1c). Below the black
line, animals in the first judgement stage of the trial should opt for the
PD-option, whereas above it they should opt for the environmental
probability option. The red areain the lower right of Fig. 1c shows that
thisisindeed what they did.

We examined animals’ preferences for the PD-probability as a func-
tion of PD-probability and the ED-probability when each of these influ-
enceswas considered separately (Fig. 1d, left; PD-probability: 2= 3.63,
P=2.82x107*r=0.524,95%Cl10.285t0 0.701; ED-probability: z=-5.22,
P=1.78x107,r=-0.753,95% Cl —0.857 to —0.595). In general, higher
PD-probability levels and higher ED-probability levels, respectively, led
to the monkeys being more likely and less likely to opt for the PD-option
(redandbluebarsinFig.1d are positive and negative, respectively; the
main observation was maintained when the interaction between PD-
and ED-probabilities was included in the multiple regression analysis
model asaregressor; see Methods for details). However, careful inspec-
tion of Fig. 1d reveals that the average effect of the PD-option was not
positive in one of the four animals (second column of data in the red
bar in Fig. 1d). This negative coefficient indicates limitations in the

capacity of one animal to estimate its own future performance levels
whenit made aselectionin the first judgement phase of each trial.

However, if estimation of future performance levels is limited by
the difficulty of perceptual performanceinthe second stage of the task,
thenitis possible that animals do not always estimate PD-probabilities
for all levels of coherence accurately but that they may do so on trials
when the second stage of the task is easier. We therefore conducted
the same analysis again but focused on the trials with easier stimuli
(higher PD-probability (coherence level: 0.25, 0.37, 0.5, 0.75); Fig. 1d,
middle). Now the positive modulation of PD-probability on selection
ofthe PD-option choice was uniformly positive across all four animals
(and the negative modulation due to the ED-probability remained;
PD-probability:z=6.03,P=1.63 x107%,r=0.870,95% C10.778,t0 0.925;
ED-probability: z=-4.10, P=4.08 x 107, r=-0.592, 95% CI -0.742 to
-0.383).Itis noteworthy that the clear coexistence of positive modu-
lation of PD-probability and negative modulation of ED-probability
for higher PD-probability trials in monkeys was consistent with that
for all trials in humans (PD-probability: z=11.03, P=1.96 x107'°;
ED-probability: z=-5.49, P=1.59 x107%) (Fig. 1d, right). Monkeys have
prospective metacognitive ability comparable to humans, but it is
limited to trials with easy PD-options, where the probability of success
canbeaccurately estimated.

To further examine judgements in the first stages of trials, we
carried out logistic multiple regression analyses (Fig. 1e) that revealed
that preferences for the PD-optionincreased in proportion to the dif-
ference between the PD-probability and ED-probability (summarized
asasingle index) in all four animals (monkey 1, t;,=5.78, P=1.2 x107*,
r=0.866,95%Cl10.582t00.964; monkey 2, t,,=3.94,P=0.023,r=0.765,
95% C10.313 to 0.930; monkey 3, t;,=2.36, P=0.037, r = 0.580, 95%
C10.027,to 0.862; monkey 4, t;;=7.53, P=1.1x1073, r=0.915, 95% ClI
0.717 to 0.978; see Methods for details on the statistical model; or
alternatively Wilcoxon test across all animals: z=5.61, P=2.01x1078,
r=0.810, 95% Cl 0.668, to 0.898). Moreover, all four animals chose
the PD-option more often when that option was optimal than when
the ED-option was optimal (Fig. 1f left and middle; two-way analysis of
variance (ANOVA): main effect of PD- versus ED-option optimal trials,
Fi4s=129.81,P=1.0 107, np*= 0.747,95% C10.604 t0 0.837; monkey 1,
t,=19.7, P=2.5x10"%, r=0.986, 95% Cl 0.952 to 0.996; monkey 2,
t,=3.88,P=0.010,r=0.760,95% C10.302 to 0.928; monkey 3, t,;= 3.54,
P=0.018,r=0.730,95% C10.241t0 0.916; monkey 4, t;,=3.60, P=0.016,
r=0.736,95%Cl10.252t0 0.918).

We also calculated sensitivity indices to summarize whether, when
making the firstjudgement, the monkeys chose the optimal option for
the second task stage. This receiver operating characteristic-based
index indicates how optimally animals selected the PD-option (it
indexes how often animals select the PD-optionwhenthatisindeed the
optimal choice to take (‘hit’) and how often they select the PD-option
when the ED-option would have been the optimal one to take (‘false
alarm’)). The sensitivity indices were significantly positive compared
with chance level in all four animals (monkey 1, t;,=16.7, P=3.5x10°,
r=0.981,95% Cl10.939t0 0.995; monkey 2, t;,=3.87,P= 0.026,r=0.759,
95% C10.300 to 0.928; monkey 3, t,;=2.19, P=0.050, r = 0.551, 95% CI
-0.014 t0 0.851; monkey 4, t;,=3.60, P=0.0041,r=0.736,95% C1 0.252
to 0.918; or alternatively Wilcoxon test across all animals: z=5.41,
P=6.11x1078,r=0.781, 95% Cl 0.623 to 0.883, Fig. If, right). These
observations confirm that macaques possess the ability to prospec-
tively assess both future ED-and PD-probabilities and to compare them
inadvance of actual decision-making. These abilities were consistent
across four animals.

Insummary, macaques do appear to bereliably able to make pro-
spective judgements about future PD-probabilities. Nevertheless, they
arenotasgood at doing thisashumans. Inmacaques, the unsigned beta
for PD-probability was significantly smaller than the unsigned beta
for environmental-dependent probability (¢,,=-3.66, P=0.00063,
r=0.471,95% Cl10.220t0 0.666). By contrast, in humans, the unsigned
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betawas comparable between PD-and ED-options (¢,, =-0.98,P=0.33,
r=0.205,95% CI -0.220 to 0.567). To formally compare the size of
beta coefficients between PD- and ED-options across species, we cal-
culated the ratio of the unsigned beta for the ED-option against the
PD-option for each of the 48 sessions performed by macaques and
by the 23 human participants. The ratio was significantly larger than
1(that s, the size of the beta for the ED-option was larger than that
for PD-option) in macaques (¢,,=3.85, P=3.4 x107*, r=0.489, 95%
C10.241t0 0.680), whereas it was not significantly different from 1in
humans (¢,, =1.31,P=0.20,r=0.270,95% CI-0.156 t0 0.606). Moreover,
the ratio was significantly different between macaques and humans
(tey=2.32,P=0.023,r=0.269,95% C1 0.036 to 0.475). These observa-
tions statistically support our argument that the strength of influence
of PD-probability is relatively smaller on macaque decisions compared
with human decisions.

Finally, we carried out an analysis to determine whether animals
genuinely assessed the likelihood of success they would achieve on the
PD-probability option on a trial-by-trial basis, rather than simply rec-
ognizing different categories of coherence levelin the RDK stimuli. To
dothis, we focused on the second stage of trials and compared animals’
accuracies onthe PD-probability option task when that optionhad been
paired with high-probability and low-probability ED-options earlierin
thefirst stage of the trial (Fig. 1g). If the animals are genuinely assessing
what their own performance might be capable of achieving from trial
to trial, then a particular pattern of decision-making should emerge
that hasbeenreported previously inhumans and that has been taken as
indicative of trial-by-trial assessment of one’s own likely performance’.
Thelogic of the analysis is illustrated on the left in Fig. 1g. In each col-
umn, there is one green square and one grey square. Any trials that
fall into a pair of green and grey squares are equally difficult in terms
of the objectively determined coherence level, which in turn should
influence the PD-probability assessment (plotted on the abscissa).
Eachvertically oriented green and grey pair, however, differsin terms
of the ED-option that was also presented in the first stage of the trial.
The ED-probability of reward is higher in the case of trials fromagreen
squarethanfor the case of trials fromeach corresponding grey square
below. Therefore, animals should choose the PD-option on trials from
the green squares only if they are very subjectively certain, as aresult
of assessment of their own likely future performance levels, that they
can perform the decision-making task well. In other words, animals
areturning down an optionwith a high ED-probability of reward if they
choosethe PD-option ontrialsillustrated ingreen, and so they should
dothisonlyifthey arevery confidentintheir own performance onthe
other option. We therefore refer to these green trials as ‘challenge’ tri-
als because only the monkey’s subjective confidence about their own
performance could have led themto take the challenge of the PD-option
when there is another option with a high ED-probability of reward. If
this confidenceis well placed—if itis based on anaccurate assessment
of future PD-probability of reward—then animals should do better on
the challenge trials they choose to performinthe green cases thanthey
doin corresponding ‘inevitable’ trials shown in grey. This is indeed
the pattern of performance that humans produce’, and here we now
show that it is also the pattern of behaviour that macaques produce
(Fig. 1g, right). In brief, macaques produce a surprising pattern of
behaviour explainable only in terms of trial-by-trial assessment of their
own likely performance levels. Moreover, the patternis apparentin the
data from all four animals (two-way ANOVA: main effect of challenge
versus inevitable trials, F, 4, = 6.69, P= 0.013, np* = 0.132, 95% C1 0.018
to 0.313). This behavioural result suggests that monkeys assess their
own likely performance levels in the first stage of each trial to predict
PD-probability that is specific to the second stage of each trial. Notably,
the proportion of PD-option choices in ED-option optimal trials on a
session basis, which reflects the general willingness withina session to
intentionally choose the economically suboptimal PD-option, did not
predict session-based improvement in PD-option task performance

in challenge trials compared with inevitable trials (r=0.10, P= 0.463,
95% CI1-0.188t0 0.368; Extended Data Fig. 1d). Thus, it is unlikely that
animals’assessments of their general willingness to exert effortinthe
decision stage fully explain the better performance of the PD-option
taskinchallenge trials. A key component of what drives the PD-option
choices mustbe related to trial-specific prospection regarding subtle
variationintheir likely ability to perform aPD-option at aspecific time.

We briefly note one further piece of evidence that PD- and
ED-probabilities are processed in different ways. We examined the rates
atwhichanimals chose options at each ED-probability level to estimate
the animals’ subjective preferences for each environment-dependent
level of probability. We then carried out the same analysis for the
PD-options. The difference between the two subjective preference
curves (Extended Data Fig. 2) indicates that the objective prob-
abilities of reward associated with performance-dependent and
environment-dependent contingencies are translated into subjec-
tive preferences in different ways (three-way ANOVA: interaction of
two probability options and seven probability levels, F ¢,; = 28.44,
P<1.0x107, np*=0.203,95% C10.162 to 0.243).

Parallel mechanisms for estimating future PD- and
ED-probabilities

Next, to search for magnetic resonance imaging (MRI)-measured
brain activity linked selectively to estimation of future PD- and
ED-probabilities (related to Fig. 1d, left) during the first metacogni-
tion stage of trials, we examined first-stage judgements on which
macaques made choices between the PD- and ED-options (36 ses-
sions from Fig. 1d,f); that is, they chose the PD-probability option as
opposed to the ED-option. We sought brain activity covarying signifi-
cantly with the variable that had guided the first-stage judgement—the
chosen PD-probability as opposed to the unchosen ED-probability
by recording activity across the macaque brain using functional MRI
(fMRI)*™" during task performance (P < 0.05, cluster-level family-wise
error (FWE)-corrected (z>3.1), Fig. 2a, left). Activity that covaried with
changesinthe decision variable guiding the first-stage judgement was
most prominentinventrolateral prefrontal area 45a (based on Gerbella
et al.’, Montreal Neurological Institute coordinates, (x, y, 2) = (21.1,
7.5,12.5),z=3.75). The group activity at area 45a was consistent across
three animals when analysed separately (Extended Data Figs. 3 and 4a).
We also found an area TAa of activity at (x, y, z) = (-29.2, -7.0, -4.0),
but no other activity was detected at this threshold. It was notewor-
thy that area 45a was active in correlation with PD-probability both
when monkeys chose to pursue the PD-option and when they decided
not to (Extended Data Fig. 4b). Activity in area 45aincreased with the
PD-probability in both cases (Fig. 2b) but the increases differed in terms
of their timing—the latency until the peak activity was reached. Activ-
ity linked to PD-probability increased more quickly when monkeys
chose to pursue the PD-probability option as opposed to when they
rejected it (latency to peak: two-way ANOVA of the main effects of two
PD-probability option choices (chosen, unchosen) and three individual
animals (M1, M2, M3); main effect of the PD-option choice, F; ¢ = 6.67,
P=0.011, np*=0.088, 95% C1 0.017 to 0.199; interaction between the
choices and animals, F, 4 =1.82, P=0.16, np* = 0.050, 95% C1 0.000 to
0.138; Fig. 2c). The latency difference was not explained by the differ-
ence in maximum peak height; the maximum betaweights at the peak
were comparable regardless of whether the PD-option was chosen or
unchosen (main effect of PD-probability option choices, F; ¢, = 0.66,
P=0.41, np*=0.009, 95% C10.000 to 0.073; interaction, F, ¢ = 0.57,
P=0.56,np*=0.016,95% C10.000 to 0.095). These characteristic fea-
tures of the evolution of regression weights across time were consistent
with those in the homotopic region in the left hemisphere (left area
45a) (Extended Data Fig. 4b), whose activity changes in proportion to
the PD-probability, irrespective of whether the PD-optionis ultimately
chosen (Extended DataFig.4c). Asin theright area45a, we confirmed
that the main effect of the PD-option choice was significant (F, ¢ = 4.74,
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Fig. 2| Activity linked to prospective evaluation of PD-probability in area
45ainthe first prospective judgement phase of each trial predicts selection
of the PD-option for the second perceptual decision-making stage. a, Left:
activity in area 45a was modulated significantly by the difference between the
PD-probability when that option was chosen and the ED-probability associated
with the other option during the initial prospective judgement stage of the
trial (whole-brain effects FWE cluster corrected withz>3.1and P < 0.05).

b, The evolution of regression weights across time, indexing the effect of PD-
probability versus ED-probability on haemodynamic activity when the PD-option
was chosen (top) or rejected (bottom), isillustrated for area 45a. There was a
shorter latency before activity peaked in the first case. This is consistent with a
faster accumulation of evidence concerning PD-probability for an option that
was ultimately chosen than for an option that was ultimately rejected. ¢, The
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differencein latency for the signal peak in area 45a when the PD-probability
option was chosen or unchosen (right) was significant during prospective
judgements, but there was no difference in the peak signal height (left). The
tick lineindicates the mean across sessions. d, The difference in the slope of the
PD-probability effect in area 45a, between trials where the PD-option was itself
ultimately chosen and trials where the other option was ultimately chosen, was
correlated with the behavioural influence of the difference between PD- and
ED-probabilities (asindexed by the beta coefficient of the difference between
PD- and ED-probabilities on PD-option selection; see also Fig. 1e). N = 36 sessions
(3 animals). Each grey dot and line represents single-session data. The mean
values for each animal are connected by a black line. Two-way ANOVA (chosen/
unchosen PD options and animals) are used for statistical tests. Error bar and
shade:s.e.m. across sessions. Ch., chosen; Uch., unchosen.

P=0.032,np’=0.064, 95% C1 0.004 to 0.167) in the absence of any
interaction with the identity of the individual animal from which the
datawererecorded (F, 4 = 0.48, P=0.620, 7p* = 0.014,95% C10.000 to
0.089) (Extended Data Fig. 4d, right). Moreover, again as in the right
area45a, there were nosignificant differencesinthe height of the peak
beta values and this was also consistent across animals (main effect
of PD-probability option choices, ¢ = 0.10, P=0.752, np*> = 0.001,
95% C10.000 to 0.052; interaction, F, ¢ = 0.43, P= 0.652, np>=0.012,
95% C10.000 to 0.085) (Extended Data Figs. 4d, left, and 4€,f).
Notonlywasthelatency of the peak in PD-probability-related activ-
ity linked to whether that option was chosen on a trial-by-trial basis,
but day-to-day variations in PD-probability-related activity were also
predictive of day-to-day variations in behaviour; day-to-day variation
inthe differenceinlatencies betweentrialsin which the PD-probability
taskwas chosenandthoseinwhichit wasrejected predicted day-to-day
variationintheinfluence of PD- and ED-probabilities on task selection
(Peason’sr=0.38, P=0.021,95% C10.054 to 0.633; Fig. 2d).
Moreover, the difference in activity pattern when choosing and
notchoosing the PD-option was clearer onthose trialswhenthe choice
was ultimately successful and the second stage decision led to reward
(Fig. 3b) as opposed to unsuccessful trials on which the second stage
choice led to no reward (Fig. 3c). As already noted, activity peaked
at an early time when the PD-probability option was chosen and at
alater time when it was left unchosen. The difference in the latency
between chosen and unchosen PD-probability peaks was significant
for successful trials (main effect of PD-probability option choices,
Fe=5.41, P=0.023, np*=0.073, 95% C1 0.007 to 0.179; interaction
between the choices and animals, F, ¢, = 0.70, P=0.50, np*=0.020,
95% C10.000 to 0.103) but not for unsuccessful trials (main effect
of PD-probability option choices, F ¢ = 0.52, P=0.47, np*=0.007,
95% C10.000 to 0.069; interaction, F, ¢, = 0.21, P=0.81, np*=0.006,
95% C10.000 to 0.079; Fig. 3d). These observations suggest that area
45a assesses the PD-probability—the animals’ estimates of how likely

they themselves will be to perform a task correctly in the future—and
that the rate at which activity encoding this information emerges
predicts which choices animals will take in prospective judgements
about future PD-probabilities.

It was also noted that, once the PD-probability option was
chosen, an anatomically distinct area of cortex, the frontal eye
field (FEF) (Extended Data Fig. 4g) and lateral intraparietal area
(LIP), encoded the PD-probability during the perceptual decision
(Extended Data Fig. 5a,b), rather than area 45a where activity was
found during the initial judgement phase of each trial (Fig. 3a). In
summary, our findings are broadly consistent with the claim that FEF
and LIP activity reflect the accumulation of evidence for a perceptual
decision'®', but, in addition, they suggest the existence of another
mechanisminadifferent frontal area, area45a, thatis linked to estimat-
ing future performance.

In summary, both FEF, active during the second stage of each
trial, and area 45a, which encoded future PD-probability during the
first stage of each trial lie anterior to the arcuate sulcus. However,
area 45a activity was ventral and anterior to activity related to per-
formance of the perceptual decision-making task in the second stage
of each trial. The bilateral peaks of activation clusters during the sec-
ond stage are located within area 8Av, which corresponds to FEF?°
(Extended DataFig.4g). The clusters of activity were non-overlapping
with the activation cluster at area 45a for the prospective judgement
(Extended DataFig.5c). The activity in FEF was found to be negatively
modulated in correlation with PD-probability, with a peak latency
of around 5 s consistently between the first prospective judgement
and second perceptual decision stages (Extended Data Fig. 5b). This
suggests that activity in FEF could reflect the degree of effort to be
paid during motion direction discrimination; less effort is needed
when there is a high PD-probability option and discernment of the
motiondirectionis easy. We then compared this FEF modulation during
the prospective judgement stage when the PD-option was chosen or
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Fig. 3| Activity in area45a during prospective judgement predicts
judgements. a, Top: the evolution of regression weights across time in area

45a (Fig. 2a), indexing the effect of PD-probability from the onset of perceptual
decision-making in the second stage of the trial. Bottom: the evolution of
regression weights across time in area 45a, indexing the effect of success
(rewarded trial) from the onset of feedback presentation after the perceptual
decision. Unlike in the first judgement phase of the trials, no significant task-
evoked modulations were observed during the perceptual decision stage itself
or after feedback was delivered in the feedback phase of the second, perceptual
decision-making stage. b, The evolution of regression weights across time
inarea45a, indexing the effect of PD-probability versus ED-probability on
haemodynamicactivity during prospective judgementsin the first stage of the
trial when the PD-option was chosen (left) or rejected (middle). Illustrations are
for the trials in which animals went on to successfully receive reward after the
following perceptual decision stage. Examining the difference (right) between
the two traces (left - middle) revealed a significant difference at an early time
(2.07 s) that was related to choosing the PD-probability option. Later in time

(8.17 s), the difference trace (right) contained a late, negative peak. This reflected
the fact that activity related to the PD-probability was later in time when that
optionwas unchosen.c, Thesame dataasinb, collected in area 45a, at the same
time—during the prospective judgementsin the first stage of each trial—but

for trials on which animals failed to receive rewards at the following perceptual
decision stage. All conventions are the same as for b. Again, we identified an
early peak related to when the PD-option was chosen (3.29 s) and a late peak
related to the PD-option when it went unchosen (5.92 s). The early positive and
late negative deflections were, however, no longer significant, and they occurred
later and earlier, respectively (compare the right-hand line plot with thatinb).

d, Thedifferenceinlatency for the signal peak in area45a when the PD-option was
chosen or unchosen (shown in the right-hand line plots of b and c) was significant
for successful trials (left) but not for trials that ended in failure (right). The tick
lineindicates the mean across sessions. N = 36 sessions (3 animals). Each grey
dotand line represents single-session data. The mean values for each animal are
connected by ablack line. Two-way ANOVA (chosen/unchosen PD options and
animals) are used for statistical tests. Error bar and shade: s.e.m. across sessions.

unchosen. We found that there are no clear differences in FEF activity
as a function of whether the PD-option was chosen or unchosen as
shown below (Extended Data Fig. 5d). Moreover, session-by-session
difference in FEF activity (in the effect of PD-probability when the
option was chosen versus unchosen) could not explain the latency
differenceinarea45a(Pearson’sr=0.048,P=0.784,95% Cl-0.290 to
0.375) (Extended Data Fig. 5e). These results suggest that latency dif-
ferences in activity modulation in area 45a between occasions when
the PD-option is chosen versus unchosen cannot be explained by eye
movement-related activity in FEF.

In addition, while still focusing on the first judgement phase of
eachtrial, we searched for brain activity encoding the ED-probabilities
associated with other option. Activity was significantly, positively
modulated by the ED-probability—the probability of reward cued by
the number of dots on the blue stimuliin cortexjust lateral to the lateral
orbitofrontal sulcus (P < 0.05, FWE-corrected, area 47/120 based on
Petrides and Pandya’; peak activation (x,y, z) = (21.6,14.5,-1.0),z=5.50;
Fig. 4a). No other activity anywhere else in the brain was detected at
this threshold in this contrast. The region was close to one previously
linked to the encoding of reward probability”. The activity in47/120 was
correlated with the ED-probability predicted by a stimulus regardless
of whether or not macaques chose that option or the PD-probability
option on a given trial (Fig. 4b). Moreover, in contrast to the repre-
sentation of PD-probability in area 45a, the latency to the maximum
peak of the 47/120 modulation was less clearly modulated as a func-
tion of whether macaques chose the ED-option or not (main effect
of ED-probability option choices, F, ¢, =3.10, P= 0.082, np> = 0.043,

95% C10.000 to 0.132; interaction between the choices and animals,
Fy6=0.91, P=0.40, np*=0.026, 95% C1 0.000 to 0.115; Fig. 4c and
Extended DataFig.4e).Instead, however, the degree to which activity
was related to ED-probability—the maximum beta relating the fMRI
activity to ED-probability at the peak was significantly larger when
macaques chose the ED-option as opposed to when it was unchosen
(main effect of ED-probability option choices, F; cc =4.85, P=0.031,
np*>=0.066,95% C10.005 to 0.170; interaction, F, ¢, =0.21, P=0.811,
np*=0.006,95% C10.000 to 0.079). No clear activation clusters were
found in response to ED-probability in left area 47/120 when we con-
ducted analyses that corrected for multiple comparisons across the
whole brain. However, when the homotopic left hemisphere region
corresponding to right 47/120 (with the same x coordinate but with
the opposite sign) was examined in a focused manner, just as in the
right47/120 (Fig.4c), the size of the peak betavalues atleft 47/120 pre-
dicted ED-option choice, and this was true consistently across the three
individuals (main effect of ED-probability option choices, F, 4, = 7.24,
P=0.008, np*=0.095,95% C10.020 to 0.205; interaction, F, ¢, =1.30,
P=0.27,np*=0.036, 95% C10.000 to 0.128) (Extended Data Fig. 4f).
These observations suggest that evaluation of the ED-option occurs
atthe samerateirrespective of final choice when animals are choosing
between the PD- and ED-options (Fig. 1d), but, instead, the maximum
activity level reflected whether or not the final choice would be the
environmental contingency option.

In summary, we discovered that areas 45a and 47/120 contribute
to carrying PD- and ED-probability information, respectively, during
the initial judgement stages of trials when macaques decided which
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¢, Although there was a significant difference in peak signal in area47/120 when
the ED-option was chosen or unchosen (left), there was no difference in latency
to the peak signal (right). The tick line indicates the mean across sessions. N =36
sessions (3 animals). Each grey dot and line represents single-session data. The
mean values for each animal are connected by ablack line. Two-way ANOVA
(chosen/unchosen PD options and animals) are used for statistical tests. Error bar
and shade: s.e.m. across sessions.

option to pursue. Moreover, the manner in which the information in
the activity was translated into a choice of one option or the other dif-
fered between areas 45aand 47/120; selection versus non-selection of
the performance-related option was associated with faster as opposed
toslowerincreasesinthe area45aactivity thatencoded PD-probability
but the peak activity level did not change. By contrast, the rate at
whichactivity in47/120 rose did not differ significantly between trials
when the ED-option was chosen and trials when it was left unchosen.
However, the maximum 47/120 activity level was higher in when the
environment-contingent option was chosen as opposed to unchosen.

To examine how the information present in the activity patterns
inareas45aand 47/120is integrated to choose the more optimal task
option on each trial, we compared the latency of the maximum PD-
and ED-probability peaks in areas 45a and 47/120, respectively. The
latency of the area 45a PD-probability-related peak was significantly
shorter than the latency of the 47/120 ED-probability-related peak
when the PD-option was chosen (t;,=2.71, P=0.010, r = 0.421, 95%
Cl1 0.105 to 0.654; Fig. 5a). By contrast, the latency of the area 45a
PD-probability-related peak was not significantly different from the
ED-probability-related activity peak in 47/120 when the ED-option
was chosen (t;,=0.26, P=0.796, r = 0.044, 95% CI -0.296 to 0.376).
In summary, the time of occurrence of the 47/120 peak encoding
ED-probability did not change regardless of which option was finally
chosen, but because the activity coding the PD-option rose faster on
trials when that option would ultimately be taken, it peaked before
the activity encoding ED-probability in 47/120. Moreover, in addition
to these trial-to-trial variations in peak activity latencies, there was
also day-to-day variation in peak activity latencies that was related
to day-to-day variation in first-stage judgement accuracy; a bigger
difference in the latency between area 45a’s PD-probability-related
activity and 47/120’s ED-probability-related activity was associated
with higher first-stage judgement efficiency as quantified by meta-d’
(Peason’sr=0.34,P=0.042,95%Cl10.005t0 0.604; Fig. 5b). These find-
ings converge to suggest that competition between decision-making
processesinareas 45aand47/12o underlies the comparison of PD and
environmental probabilities to determine which future problem to
tackle at the second stage of each trial (Fig. 5¢).

Itis noteworthy that, in humans, PD-probability was encoded by
alPFC (Fig. 5f, left) and the steepness of slope of the alPFC signals (the
steepness of the increase in the PD-probability effect; Fig. 5f, right)
predicted people’s choices in the prospective judgement stage at the
beginning of each trial (Fig. 5d; chosen versus unchosen PD-option,
t,,=2.54,P=0.018,r=0.476,95% C1 0.088 t0 0.725). Moreover, across
participants, variation in the size of this activity pattern was associ-
ated with variation in prospective judgement; the bigger the slope
difference ontrials when the PD-option was chosen and unchosen, the
greater the participant’s sensitivity in task selectionin the prospective
judgement phase (Fig. 5e; Peason’s r = 0.58, P=0.0034,95% C10.218 to
0.803). Asin macaques, the activity patterns associated with the first
metacognitive stage of the trial were not present at the second percep-
tual decision-making stage. Moreover, inhumans, noareaencoded only
ED-probabilities during the first stage decisions; instead, ED-options
also influenced alPFC activity. These observations suggest a unitary
decision-making mechanism in alPFC for choosing the PD-option in
humans (Fig. 5f), as opposed to separate and competing mechanisms
inareas45aand 47/12o in macaques (Fig. 5¢).

Further evidence that animals appreciated the difference between
PD- and ED-probabilities was furnished by the presence of distinct
activity patterns in the anterior cingulate cortex (ACC) following
reward outcomes that were delivered after successful PD- and ED-trials
(Extended DataFig. 5f,g; see also Fig. 3a).

In afinal set of analyses of the fMRI data, we considered whether
theactivity that we had foundineitherarea45aorinarea47/120 could
simply be related to the probability of reward associated with a choice
or to some linked form of attentional modulation; adjacent areas of
macaque ventrolateral prefrontal cortex have previously been linked
to attentional selection®. If activity in either area 45a or area 47/120
simply reflects reward expectation at the time of choice during the
first judgement, then it should correlate similarly with both PD- and
ED-probabilities. However, several results demonstrate that thisis not
the case. First, as demonstrated in Extended Data Fig. 6a, the signal in
area45awas modulated by the PD-probability but not by ED-probability
even though PD- and ED-probabilities have a linear relationship with
subjective reward probabilities (Fig. 2a) inasimilar manner. Therefore,
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Fig. 5| Parallel prospective assessment of PD- and ED-probabilities in areas
45aand 47/120in macaques. a, Comparison of latency to the peak signal for

the PD-probability in area 45a when the PD-option was chosen (left), for the
ED-probability signal in area 47/120 and for the PD-probability activity in area
45awhenit was unchosenin macaques. The PD-probability activity in area45a
peaks before the ED-probability activity in area 47/120 when the PD-option was
chosen, but not when the ED-option was chosen. Two-way ANOVA (conditions
and animals) demonstrated the main effect of condition (F,;,, =4.92, P= 0.0091).
*P < 0.05 by post hoc multiple comparisons tests with Bonferroni correction
(two-sided). b, The difference between the latency of the PD-probability-related
activity in area 45a on trials when the PD-option was chosen and the latency of
the ED-probability-related activity in area 47/120 when the ED-option was chosen
isillustrated on the abscissa. Variation in this difference correlated with the
accuracy of the first-stage prospective judgements as evaluated by sensitivity in
task selection; more separation of the signals from area 47/120 and area 45a leads

alPFC (Ch. PD) - alPFC (Uch. PD)

Time from prospective
judgement onset (s)

to more accurate prospective judgements. ¢, A model of prospective judgements
inmacaques: competition between a decision-making mechanismin area 45a for
choosing the PD-option and for the ED-optionin area47/120.d, Comparison of
slope to the peak signal for the PD-probability in alPFC when the PD-option was
chosen (left) and when it was unchosen (right) in humans. Steepness of slope at
alPFC predicts the choice of options alone. A paired ¢-test across participants
(two-sided) isapplied. e, The difference between the slope of the PD-probability-
related activity in alPFC on trials when the PD-option was chosen and on trials
whenitwasunchosen correlated with the accuracy of the first-stage prospective
judgements as evaluated by sensitivity in task selection. f, A model of prospective
judgementsin humans: a unitary decision-making mechanism in alPFC for
choosing the PD-option. N =36 sessions for macaques and N = 23 for humans.
Eachgrey dot and line represents single-session data. The mean values for each
animal are connected by ablackline. Error bars represent s.e.m. across sessions
(macaques) or participants (humans).

the significantly larger modulation by PD-probability cannot be
explained by reward expectation per se, and instead it is necessary to
consider how the animal comes to estimate a particular level of reward;
it does this by consideringits own future performance levels.
Analogously, the signal in area 47/120 cannot be explained by a
unitary mechanism of reward expectation. Activity in 47/120 was sig-
nificantly larger in response to the ED-probability when it was chosen

thanitwasto the PD-probability when it was chosen despite the reward
probabilities being matched across these conditions. Again, therefore,
activity patterns in area 47/120 also cannot be explained by reward
expectation per se. Moreover, the double dissociation between the
activity patterns in the two areas, areas 45a and 47/120, cannot be
explained without the existence of dissociable processes for making
prospective judgements about PD- and ED-probabilities.
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An alternative argument might, however, be made that neural
modulationsin area 45a or 47/120 simply reflect attention during the
first judgement stage of each trial where attentional demands are
definedin adifferent way: as afunction of how much attention should
be paid to the stimulus array in total, which, in turn, should be predicted
by the sum of the subjective probabilities of reward associated with
the PD-and ED-options. We estimated the subjective probability (from
the proportion of trials on which each PD- or ED-option was chosen
during thefirstjudgement phase of each trial; Extended Data Fig. 2a).
Consistent with predictions from prospect theory?, both PD- and
ED-probabilities were underestimated when they were high and over-
estimated when they were low, but the mapping to subjective prob-
ability was different for the two types of option. As demonstrated in
Extended Data Fig. 2b, neither area 45a nor area 47/120 was active in
correlation with the summed subjective probabilities of both options,
which should determine general attentional effects.

In a similar vein, it might be argued that area 47/120 activity
simply increases as more dots are perceived on the screen because
higher ED-probabilities are associated with more dots. However, an
account of area 47/120 activity simply in terms of the dot number
perceived would predict that that there would be more activity when
the PD-option was chosen (because it contained 100 dots rather
than the 10-90 dots contained by the ED-option), but this was not
the case (Extended Data Fig. 6b). In the prospective judgement task,
task performance systematically improved when the motion coher-
ence increased. To directly test whether raw stimulus coherence or
the value (expected reward) of average performance at each motion
coherencelevel provides abetter fit to area45a activity, we conducted
amultiple regression analysis using both coherence and performance
as independent predictors of the signal time course during the first
task-selection stage of each trial. The signal in area45a was modulated
by the difference between PD-probability associated with the chosen
option and the ED-probability associated with the unchosen option
(Extended DataFig. 6¢, left), butit was not modulated by the difference
between the raw coherence level versus the ED-probability associated
with the unchosen option (Extended Data Fig. 6c¢, right).

Causal effects of disruption of areas 45a and

47/120 on prospection of future performance- and
environment-dependent contingencies

Next, to examine the causal role of areas 45a and 47/120 in predict-
ing future PD- and ED-probabilities, we focally disrupted each of the
two areas using transcranial ultrasound stimulation (TUS) (V=80

sessions from three animals; Fig. 6a and Extended Data Fig. 7a). We
examined how preference for the PD-probability option was altered
by bilateral area45aor47/120 TUS in contrast to control (Fig. 6b). For
the TUS experiments, we returned to using the two versions of the task
in which animals either chose between ED-options (Fig. 1b, bottom,
and Extended DataFig. 1a) or between a PD- and an ED-option (Fig. 1b,
top, and Fig. 1c). When animals compared two ED-options, there was a
significant difference between 47/120 disruption and control (two-way
ANOVA of disruption sites and animals; main effect of disruption sites
(47/120 or control), F, s3=4.99, P=0.029, np*> = 0.079, 95% C1 0.006 to
0.196; Extended Data Fig. 7b), and there was no significant difference
between area 45a TUS and control (two-way ANOVA of disruption
sites and animals; main effect of disruption sites (45a or control),
F,5;=3.25,P=0.076, np*=0.054, 95% C10.000 to 0.161). While this is
consistent with the fMRI results that indicated area 47/120 encodes
the ED-probability of reward associated with a choice regardless of
whether or not that optionis ultimately chosen (Fig. 4a,b), itisimpor-
tant to note that there are limitations to the strength of the findings;
there was no significant difference between area 47/12o0 TUS and 45a
TUS (two-way ANOVA of disruption sites and animals; main effect of
disruption sites (45 or 47/120), F; 5, = 0.22, P= 0.64, np*= 0.004, 95%
C10.000t00.077).

By contrast, when we examined the results on the other trials,
when animals chose between PD- and ED-options, clear differences
were found between area45a TUS and area 47/120 TUS. We compared
thebeta coefficients indexing the influence of PD- and ED-probabilities
onselectionof the PD-option after either area45a or47/12o disruption
and in the control condition (Fig. 6d). In line with the fMRI results,
we found that areas 45a and 47/120 made doubly dissociable contri-
butions to evaluation of the two types of probability. The impact of
PD-probability on PD-option preference was significantly affected by
area 45a disruption compared with area 47/120 disruption (two-way
ANOVA of disruption sites and animals; main effect of disruption site:
Fi35=42.4,P=1.6 x1077, pp*= 0.548, 95% C1 0.379 to 0.680), whereas
the effect of ED-probability was significantly affected by area 47/120
disruption compared with area 45a disruption (two-way ANOVA of
disruptionsites and animals; main effect of disruptionsite: F ;5= 21.0,
P=5.6x107%,np*=0.375,95% C10.200 t0 0.536). The distance between
the TUS foci for area 45a and area 47/120 was 12.5 mm in each hemi-
sphere. This double dissociation suggests that the spatial range of the
TUS effects on behaviour is much narrower than12.5 mm.

To compare area45a TUS, 47/120 TUS and the control condition,
interms of asingle index, we examined the influence of the difference

Fig. 6 | Causal effects of ultrasonic disruption of areas 45aand 47/12o0 on
prospective judgements of future PD- and ED-probabilities. a, To test the
causal necessity of the activated areas for prospective judgements, we applied
TUS to bilateral area 45a (top) or 47/120 (bottom). Estimates of acoustic intensity
at the TUS focus by acoustic simulation toolbox (k-Plan) are illustrated. In
general, the maximum area of intensity (light green) was in the cortex in the
target area (orange circle). The part of area 45a that was targeted in the right
hemisphere was in the arcuate sulcus, and the area of maximum intensity wasin
area45ain the immediately adjacent inferior convexity (see also Extended Data
Fig.4a).For control, we applied sham stimulation or bilateral POp stimulation,
whichis notinvolved in the task. b, Preference for choosing the PD-probability
optioninthe prospective judgement stage after area 45a TUS (middle) and
control condition (sham and POp stimulation, left). The differences between
area45a TUS and control (right) show that animals chose the PD-option less
frequently, even when it was optimal to do so (below the black line), after area
45aTUS. ¢, Beta coefficients summarizing the influence of the difference in
ED-probability associated with the left and right options in logistic regression
analysis to predict choices of the left option choice in the environment-
versus-environment task (lower part of Fig. 1b) for control condition, area 45a
stimulation and 47/120 stimulation. After 47/120 stimulation, the performance
deteriorated compared with control, but the difference between the effects
ofarea45aand 47/12o0 TUS was not significant. d, Beta coefficients of PD-and

ED-probability (left) or the difference and sum of PD- and ED-probabilities (right)
inlogistic multiple regression analysis predicting choices of the PD-option

as opposed to the ED-option in the control condition, after area45a TUS and
afterarea47/120 TUS. The effects of TUS of areas 45a and 47/120 are doubly
dissociable from one another, indicating distinct contributions to prospective
evaluation of PD- and ED-probability, respectively. e, Absence of influence or
either area45aor47/120 TUS on the perceptual decision-making task in the
second stage of trials even when the PD-option was chosen (as evaluated by d’).
f, Interspecies comparison of changes in sensitivity in task selection (PD-option
task or ED-option task) due to disruption by area 45a TUS in macaques (left) and
by alPFC TMS in humans (right). Area 45a TUS led to reduced rates of choosing
the PD-option in macaques, and this reduction was significant when the motion
coherence associated with the PD-option was high (see Fig. 1d showing that, at
baseline, PD-option selection was clear and reliable when the PD-option had a
high motion coherence). On these trials, the effect of area45a TUS in macaques
was comparable with the effect of alPFC TMS in humans on all trials. N = 80
sessions (3 animals). Each dot represents single-session data. Two-way ANOVA
(TUS conditions and animals) are used for statistical tests of beta. Paired ¢-tests
(two-sided) are used for statistical tests of sensitivity in task selection. 1P < 0.05,
t-test against zero with Bonferroni correction (two-sided). Error bar:s.e.m. across
sessions. NS, not significant.
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between PD-and ED-probabilities on each trial (Fig. 6¢) just as we had
done previously (Fig. 1e). The impact of the difference between PD-and
ED-probabilities was significantly reduced by area45a disruption com-
pared witharea47/12o disruption (two-way ANOVA of disruption sites
and animals; main effect of disruption sites (45a or 47/120), F, ;5= 5.62,
P=0.023, np*=0.138, 95% C1 0.013 to 0.314). These findings suggest
that area 45a is causally necessary for accurate prospective judge-
ments regarding which tasks to attempt in the future that are made
on the basis of estimates of PD-probability. It is especially concerned
with evaluating PD-probability (Fig.6d) but also with comparing esti-
mates of PD-probability with estimates of ED-probability that were also

-2

TUS

linked to 47/120; again, these results are consistent with fMRI results
(seealsoFig.2a,b).

As the control condition, both sham stimulation (passive con-
trol) and parietal opercular cortex stimulation (active control) were
applied toallanimals. Because the behavioural effects of the two con-
trol conditions were comparable, we merged these two conditions as
the baseline against which to assess area 45a and 47/120 stimulation
effects. Even when only the sham condition is used as a control, the
main observations and conclusions remained the same. The positive
influence of the ‘difference between PD- and ED-probability’ was sig-
nificantly decreased by area 45a TUS compared with sham (F 5, = 25.62,
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P=1.1x107,np*=0.409,95% C10.238t0 0.563). The positive influence
of PD-probability in sham was reversed by area 45a TUS (F, ;; = 63.80,
P=1.4x10"%,np*=0.633,95% Cl10.476 t0 0.740), and the negative influ-
ence of ED-probability was diminished by area 47/120 TUS (F ;3 = 24.89,
P=1.3 %1075, np*=0.396,95% CI 0.228 to 0.550).

Despite these changes in prospective judgements about which
tasks to tackle, it is noteworthy that neither area 45a nor 47/120 dis-
ruption influenced the subsequent first-order perceptual decisions
during the final stage of trials (two-way ANOVA of disruption sites
and animals; main effect of disruption sites (45a, 47/120 or control),
F,7=0.35,P=0.70, np* = 0.009,95% C10.000 to 0.058; Fig. 6€). Areas
45a and 47/120 prospectively evaluate performance-dependent and
environment-dependent contingencies, but, subsequently, they are
less critical for the execution of the perceptual decision task per se.

Itis notable that area 45a TUS did not simply reduce the normal
influence of the PD-probability but actually made animals averse
to choosing that option. Area 45a TUS appeared to compromise
assessment of the PD-probability and, in the absence of a reliable
PD-probability estimate, animals may have become averse to selecting
the PD-probability option. Before TUS, animals could use the estimate
of PD-probability to choose the optimal task option most effectively
when the subsequent perceptual task in the final stage of the trial
was relatively easy and PD-probability was high (Fig. 1d). Thus, the
influence of area 45a disruption was especially prominent for the tri-
als with a high PD-probability. When the PD-probability was low, as
noted, the influence of the PD-probability was less substantial evenin
the absence of TUS, and this did not change after area45a TUS. There-
fore, area 45a disruption caused an avoidance of choosing the high
PD-probability option on trials when it was offered without altering
the animals’ ambivalence for the low PD-probability option. The net
result is the negative modulation of the PD-probability on selection
of that option after area 45a disruption. Relatedly, the impairment in
task selection due to area 45a disruption compared with control was
especially apparentin high-coherence stimulus trials (Fig. 6f, left). On
these trials, the effect of area45a TUS in macaques was comparable to
the effect of alPFC transcranial magnetic stimulation (TMS) in humans
on all trials (Fig. 6f, right). These observations suggest a similar role
between macaque area 45a and human alPFC even though the sug-
gested mechanisms enabling prospective judgements are different
between species (see also Fig. 5¢,f).

Interspecies commonalities and differences in prospection
between macaques and humans based on functional
connectivity network patterns

In the present study, we demonstrated that macaque areas 45a and
47/120 enable prospective evaluation for future planning. We previ-
ously found that, inhumans, the alPFC (area47) was active and causally
essential for prospective matching of PD- and ED-probabilities’. There
are many similarities between macaque and human prefrontal cortex,
and there are parts of closely adjacent divisions of areas 45a and 47
thatresemble one another in the two species®**. However, within this
context of broad interspecies similarity, the alPFC is one of the areas
thatis mostdistinctive in humans. Compared with many other human
prefrontal areas, human alPFC’s pattern of functional connectivity (fc
patterns) isless like that of any macaque brain area®. Other comparisons
of prefrontal connectivity in humans and macaques also suggest the
human alPFC regionis distinctive’*”. The fc patternis one good approx-
imation of the strength of anatomical connections between area pairs
albeit taking into consideration the effects of indirect multisynaptic
anatomical connections as well as monosynaptic, direct connections,
whichare often correlated with one another®*™', However, despite the
absence of amacaqueareathatis homologousinevery aspect of its fc
patterns, our current findings suggest that the combination of areas
45aand 47/120 play arelated functional role in macaques and that these
areas enable macaques to engage in prospection and metacognition.

One possibility is that, while macaque area 45a might resemble human
area45aand macaque area47/120 might resemble humanarea47/120,
perhaps human alPFC has features of both macaque areas 47/120 and
45. Such a possibility would be in line with the suggestion that one
way in which a new area can arise in one species in comparison with
anotherisif, in the first species, there is duplication of what is a single
areain the second species. In addition, in the first species, there may
be a spreading of connections so that the new duplicated area does
not just receive the inputs it originally did but also connections from
other nearby areas”*’. In other words, human alPFC may have arisen
fromthe duplication of a ventrolateral prefrontal areaand, inaddition
to having the connections of macaque area47/120, it may also have the
connections associated with other nearby areas such as 45a.
Therefore, we directly compared whole-brain fc patterns of
macaque areas 45aand 47/120 and human alPFC* (Fig. 7a). Based on fc
patterns with task-irrelevant areas®, macaque area 45a, which mediates
prospective evaluation of PD-probability, was no more or less similar
to human alPFC than macaque 47/120, which encodes prospective
ED-probability (Manhattan distance, ¢,, = 0.58, P= 0.565, r = 0.126, 95%
CI-0.310 to 0.517; Fig. 7b). Next, we carried out a similar analysis but
now focusing on the areas’ fc patterns with only other task-related, as
opposed to task-unrelated, areas (Extended Data Table 1), especially
areas for perceptual decision-making. The homologies between human
and macaque areas for the target regions of fingerprint spider plot,
especially where prominent cortical expansion happened and anatomi-
calstructures exhibit some interspecies divergence, are critical for the
interspecies comparisons of fc-pattens. Using target regions identi-
fied by task-based fMRI during performance of similar prospective
judgements and perceptual decisions in both macaques and humans
ensures their functional correspondence. Again, macaque area 45a
was no closer tohuman alPFC thanmacaque 47/120 (¢,=1.85,P=0.106,
r=0.573,95% Cl -0.155 to 0.885). However, the fc-network for the
combination of bothmacaque areas 45aand 47/12o was very similar to
the human fc-network centred at alPFC (Fig. 7c left, top and bottom).
The fc pattern of the combined macaque areas 45a-47/120 (Methods)
matched human alPFC’s fc pattern significantly (P = 0.022 against
shuffled data, Fig. 7c, bottom right). The fc pattern of macaque area
45abecamesignificantly closer to human alPFC’s fc patternif the con-
tributions of fc patterns withmacaque area47/12o were also included
(t;=3.19,P=0.015,r=0.770,95% C1 0.244 to 0.944; Fig. 7c, top right).
By contrast, the fc pattern of the combined macaque areas 45a-47/120
did not match significantly with adjacent but more ventral and pos-
terior areas in the human brain, human 47/120’s fc pattern (P=0.33
against shuffled data) or human area 45/IFS’s fc pattern (P=0.11
against shuffled data). These more ventral and posterior human areas,
47/120 and 45/IFS, have fc patterns that are known to be similar to
the fc patterns of macaque area 47/120° and area 45a’, respectively
(Extended Data Fig. 8a-cprovides further demonstrations of similarity
between human and macaque 47/120, between human and macaque
45a and between human alPFC and the combination of macaque 45a
and 47/120). To causally test if functional connectivity networks from
the seed at macaque 45a and 47/120 are segregated from each other,
we applied bilateral TUS to either area45a or47/120 and compared the
resting-state functional connectivity networks** between pre-TUS
and post-TUS scans (four sessions in total from two animals (M2 and
MS5) for each TUS target). 45a TUS prominently decreased area 45a’s
functional connectivity with mPFC, dACC and LIP (IPS) compared with
the pre-TUS baseline (Extended Data Fig. 7c, left). By contrast, TUS
targeted to area 47/12o prominently decreased 47/120’s functional
connectivity witharea 8 A (FEF) and pIT (Extended Data Fig. 7c, right).
These dissociations in altered functional connectivity profiles after
45aand47/120 TUS support the claim that TUS of either 45a or 47/120
modulates separate subnetworks of the brainin macaques. These seg-
regated TUS-evoked changes suggest that the spatial range of the TUS
effects was narrower than half the distance between the areas 45a and
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Fig. 7| Distributed neural networks linked to macaque areas 45a and 47/120
and human alPFC: interspecies commonalities and differences. a, Interspecies
comparison of resting-state fc patterns for areas 45a (red) and 47/120 (green)
inmacaques (N = 8) (left) and alPFC (orange) in humans (N = 45 from the HCP®')
(right). b, Left: each region’s fc with 22 regions, which were determined based
onareasidentified by Neubert et al.® and which were irrelevant to performance
ofthe task investigated, is summarized as an fc-fingerprint, separately for
macaques (top) and humans (bottom). Right: Manhattan distance between

the fc-fingerprint of macaque (m) areas 45a or 47/120 and the fc-fingerprint of
human (h) alPFC. The magnitude of functional connectivity was normalized
within each area. Smaller Manhattan distance indicates stronger interspecies
similaritiesin the paired areas. ¢, Left: each region’s fc with eight key regions,
which were determined based on the brain activity during the current task,
especially activity emerging at the decision stage in the second part of each trial
(Extended Data Table1). This is summarized as fc-fingerprints for macaques
(top) and humans (solid orange line, bottom). We also illustrate an fc-fingerprint
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formed by combining across both macaque areas 45a and 47/120 (dashed yellow
line). Top right: Manhattan distance between the fc-fingerprint of macaque areas
45a,47/120 or 45a + 47/120 (inclusive) and the fc-fingerprint of human alPFC.
The fc-fingerprint formed by the 45a +47/120 combination closely matched

the fc-fingerprint of human alPFC except for the frontopolar cortex (area 10,
FPm) (purple trace). Bottom right: assessment of the statistical significance of
the Manhattan distance between macaque area 45a +47/120 and human alPFC
based on the shuffling of fc patterns (1,000 times). The observed Manhattan
distance was the bottom 2.2% of the shuffled distribution. d, Map of human
brain voxels where the connectivity pattern is similar to the connectivity pattern
of the combination of macaque areas 45a and 47/120 (the distance between
connectivity patterns was the lowest). The most similar voxel was identified at
(x,y,2) = (-38,42,-6) (distance 0.26) within the human alPFC region (z=4.16,
P<0.05, cluster-level corrected, peak at (x, y, z) = (=38, 40, -10)). Each grey
dotand line represents single area data (b,c). Paired t-tests (two-sided) with
Bonferroni correction are used for statistical tests. Error bar: s.e.m. across areas.

47/120 (12.5 mm/2 = 6.25 mm). The nature of the ultrasound waves
ensured that the area of high-intensity ultrasound stimulation was
in a spindle shape (Extended Data Fig. 7a). However, we applied the
ultrasound stimulation perpendicularly to the cortical layer and the
most sonicated areas in the longitudinal direction were the targeted
cortical areas themselves and then, secondarily, the adjacent white
matter regions carrying connections to and from the targeted areas.
In summary, when we compared the fc patterns of human and
macaque prefrontal areas with a selective group of other task-related
regions, we were ableto find aclear similarity between the FC of human
alPFCand the combination of macaque areas 45aand 47/120. However,
when we compared the FC of human alPFC and the combination of
macaque areas 45a and 47/120 with a larger but less selective group
of brain that were task-unrelated (Extended Data Fig. 5d), differences
were apparent. While any interpretation of the differences should be

made very cautiously, the greater connectivity between human alPFC
and several parietal cortex (pIPL, pIPS, alPS and ParOp) might be con-
sistent with human alPFC having access to wider range of information
processed in other brain areas than is the case for the area 45a and
47/120 combination in macaques, and this might contribute to the
more profound introspective ability found in humans.

Inafinal analysis, we looked across the entire human brain to see
which human brain area was the best match to the combination of
macaque area 45a and 47/120 based on fc patterns with task-related
areas. The voxel-based whole-brain analysis calculated the Manhattan
distance®”*® between each human brain voxel’s connectivity pattern
and the connectivity patternassociated with macaque area45a +12/470
combination. The resulting map specifies how similar every voxel in
the human brain is to the combination of areas 45a and 47/120 in the
macaque. The blue cluster (Fig.7d) indicates the human brain voxels
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Fig. 8| Interspecies differencesin the role of the frontopolar cortex and
proposed neural circuit model for prospective metacognition. a, The
evolution of regression weights across time in FPm during the final perceptual
decision-making stage in macaques (top) and humans’® (bottom) separately

for trials when the PD-option (red) and ED-option (green) had been chosen. In
humans, FPm more strongly represents PD-probability than ED-probability,
whereas, in macaques, FPm more strongly represents ED-probability than PD-
probability, as shown in the comparisons of betas 6 s after event onset (right).

b, Interspecies comparisons of the influence of PD- and ED-probabilities on the
selection of the PD-option in macaques (left) and humans® (right). Humans relied

more on PD-probability. ¢, A proposed interspecies model based on the results
from the present study. A double dissociation between areas 45a and 47/120 was
found in macaques, reflecting complementary roles in prospective judgements
about different types of probability (PD and ED) (left), whereas in humans,
alPFC—strongly connected with FPm—assesses and compares both probability
types (right). Each grey dot and line represents single-session data for macaques
and single-participant data for humans. Paired t-tests (two-sided) are used for
statistical tests. P < 0.001, TP < 0.05, t-test against O with Bonferroni correction
(two-sided).

where the connectivity pattern is most similar to the connectivity
pattern of the combination of macaque areas 45a and 47/120 (the
distance between connectivity pattern’s was lowest). The most similar
voxel wasidentified at (x, y, 2) = (=38, 42,-6) (distance 0.26) within the
humanalPFCregion (z=4.16, P < 0.05, cluster-level corrected, peak at
(x,y,2) =(-38,40,-10)) that isresponsive to PD-probability during the
prospective judgement stage.

In summary, the similarities between the combined roles of
macaque areas 45aand 47/12o0 and humanalPFCin prospective judge-
ment may reflect that, in addition to 45a and 47/120, humans have a
new alPFC area that resembles a combination of macaque areas 45a
and 47/12o.

The only exception to the broad correspondence between human
alPFC fc and the fc of the macaque 45a-12/470 combination concerned
anterior medial frontal cortex (amFC; area FPm)***~**. Whereas human
alPFC activity exhibits significantly positive correlation with human
amFC (P < 0.05, corrected by threshold-free cluster enhancement
(TFCE)), neither macaque area 45a nor 47/120 exhibits strong connec-
tivity with macaque amFC (see also purple trace in Fig. 7c, right). The
activity of amFC was linked to perceptual decision-making in the sec-
ond decisionstage inboth macaques and humans. However, the activity
patternsit expressed when doing so were differentin the two species:
inhumans, amFC activity is more correlated (positively) with PD- than
ED-probability (¢, =3.00, P=0.0066; Fig. 8a, bottom), whereas in
macaques, amFC activity (Extended Data Fig. 8d) is more strongly
correlated with ED-probability (negatively) than PD-probability
(t;,=2.06, P=0.046; Fig. 8a, top). The strong pattern of interaction
between human alPFC, which is linked to second-order prospective
judgements at the first stage of each trial, and amFC, which is linked

to PD-probability encoding for first-order decisions at the second
perceptual decision stage of the trial, whichis absentinmacaques, may
partly explain why prospective judgements about future contingencies
in humans are more strongly informed by insight into PD-probability
thanis the case in macaques (Fig. 8b; see also Fig. 1c).

Discussion

Humans are able to evaluate their own future performance levels
and future ED-probabilities®'*. As a result, they are able to make fine
judgements about whichtasksto tackle based onaccurate prospective
assessments of how likely they are to succeed. When humans make such
prospective judgements, a region in ventral, alPFC is active’; alPFC
activity increases as a function of how likely the person estimates
their future performance is to be successful. Although specialized
for evaluating and ultimately choosing options on the basis of assess-
ment of PD-probabilities, human alPFC also reflects information about
environmental contingencies. Prospective estimates of both future
performance and future environmental contingencies may be inte-
grated in alPFC and influence the tasks that people decide are worth
attempting (Fig. 8c, right).

Intriguingly, inhumans, the ability to prospectively evaluate future
performance levels depends on separate neural mechanisms from
those concerned with actual performance of the behavioural taskitself;
activity in alPFC did not encode decision variables when perceptual
decisions were made a few seconds after the prospective evaluation
of whether or not to attempt the perceptual decisions. Similarly, dis-
ruption of alPFC activity impairs people’s judgements about which
decisions to attempt but does not disrupt the subsequent perceptual
decision-makingitself.
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An unusual feature of human alPFC, however, is that it is one of
the prefrontal regions that, in terms of the functional networks with
whichitis associated, is most different to macaque prefrontal cortex.
Itis important to emphasize that there are fundamental similarities
between prefrontal cortex inhumans and macaques®***, but, neverthe-
less, within this picture of broad similarity, the human alPFC is one of
theregions thatappears more distinct®”*”. This has raised the question
of whether primates such as macaques are able to prospectively evalu-
ate their own future performancein the same way as humans and, if so,
how—that s, viawhich neural mechanisms they do so®.

Macaques, like humans, are capable of prospective evaluation
of their own future behavioural performance as well as of future envi-
ronmental contingencies that are independent of their own behav-
iour (Fig.1). However, while they are able to evaluate their own future
performance levels, their ability to do so is weaker than in humans.
Itis, nevertheless, most apparent when prospective judgements are
made about decisions of lower difficulty levels that macaques may
assess more comprehensively (Fig.1d, right). At least this is the case
in the present experiment, which required prospective evaluation of
future performance to be contrasted with prospective evaluation of
environmental contingencies.

Moreover, analyses of the brain activity linked to the making of
prospective judgements of future performance levels suggested impor-
tantdifferences between macaques and humans. Macaque prospective
judgements concerning their own performance and environmental
contingencies depend on doubly dissociable and complementary
activity patterns in areas 45a and 47/120 (Figs. 2, 3 and 8c, left). The
region of activity in area 47/120 was near to one that has been linked
to probability evaluations in other contexts”*. We note that, while
activations sometimes only exceeded the spatial cluster correction
thresholdin one hemisphere, similar patterns of activity were usually
evidentinboth hemispheres below threshold.

Theregion of activity in area45alay anterior to the ventral branch
of the arcuate sulcus. Thus, it was distinct from the FEF just anterior
to the bow of the arcuate sulcus where activity was prominent when
macaques made the actual perceptual decisions. In area 45a, there
was activity linked to prospective metacognitive judgements in the
first stages of trials but also, nearby, activity linked to the subsequent
perceptual decisions. By contrast, in the FEF, we found only activ-
ity linked to the perceptual decisions. TUS disruption of macaque
area 45a altered prospective evaluations of future performance lev-
els without compromising how the decisions themselves were made
(Fig. 6). By contrast, TUS of 47/120 compromised the assessment of
ED-probabilities (Fig. 6). Nevertheless, it may be important that area
45a has monosynaptic connections with cortex in and near both the
frontal and supplementary eye fields*****". Connections with visual
decision-making circuits may enable it to estimate PD-probabilities.

Insummary, prospective judgements about future performance
in a decision-making task depend on the prefrontal cortex in both
humans and macaques, but the critical regions within prefrontal cor-
tex are different. Nevertheless, in both humans and macaques, the
prefrontal regions concerned with prospective evaluation of future
decisions are distinct from brain regions engaged during perceptual
decisions themselves.

Functional divergence in neuroanatomy across species may arise
in a number of ways, but they include, in one species, duplication of
whatis asingleareainanother species, as well asthe spreading of con-
nections that are found in one areain one species to adjacent areasin
another species®. Such changes appear to have occurred as humans
and macaques diverged from a common ancestor approximately 25
million years ago**. Neither macaque area45anor macaque area47/120
resembles human alPFCin terms of its functional interaction patterns
with other brain areas (Fig. 7). Functional interactions between brain
regions reflect the presence of anatomical connections betweenbrain
regions®, and so the differences in functional connectivity between

macaque areas 45aand 47/12o and humanalPFC suggest they have dif-
ferentanatomical connections. However, the connectivity patternasso-
ciated with the combination of macaque areas 45a and 47/120 closely
resembled the connectivity pattern of human alPFC (Fig. 7). In fact,
when we examined the connectivity patterns of every voxel in human
prefrontal cortex, we found that the connectivity pattern associated
with the combination of macaque areas 45a and 47/120 more closely
resembled the connectivity patterninvoxelsin human alPFC thanit did
anywhereelseinthe entire humanbrain (Fig. 7c). We propose that, since
the time of their common ancestor, the cortical region corresponding
toarea47/12oin macaques has probably expanded in humans over the
course of human evolution. As aresult, anatomical projections that may
have been confined to area 45ain macaques may extend beyond area
45aintoadjacentareassuchasarea47/12oin humans. A partof47/120
might have been ‘colonized™® by these connections and developed as
human alPFC, while other human areas that are also successors to an
ancestral 47/120 region may not have been colonized by projections
associated with area 45a in the macaque. We emphasize that we are
not proposing, however, that areas 45aand 47/120, as they exist in the
macaque, have become fused in the human brain. In other words, if
alPFCisindeed anevolutionarily novel area unique to humans and with
aspecialized function, macaques cannot performthe task by activating
asingle homologue of human alPFC if they do not possess it. Instead,
we should expect that, if macaques are able to perform the task at all,
thenthey may well do so via the assistance of activity patternsin more
than one of the less specialized brain areas they do possess, such as
areas45aand 47/120.

Cautionisneededininterpreting resting state functional connec-
tivity dataas they reflect amixture of monosynaptic and polysynaptic
anatomical connections®®. However, in this study, by comparing identi-
cally derived functional connectivity measures in the two species we are
ableto establishsome evidence that the areasin the two species—areas
45aand 47/12o0—are each a part of a similar circuit in both species. An
additional caveat when making comparisons of the functional connec-
tivity of two areas across species is that the comparisonis based on the
assumption that the other areas from which functional connectivity
measures are taken—for example, the areas on the circumference of
the spider plots in Fig. 7b—are similar across species. In the current
study, we have tried to focus on areas where there is evidence for such
correspondences, butitisimportantto consider other lines of evidence
for cross-species homology such as the task-related activity patterns
and the TUS/TMS-induced patterns of impairment seenwhen the areas
inthe two species are stimulated.

The weaker capacity for prospective judgements concerning
future performance thatis seenin macaques might reflect the absence
ofaunitary anatomicallocus for interactions between activity reflect-
ing estimates of future performance and estimates of environmental
contingencies. Instead, whether macaques took the PD-probability
option or the ED-option reflected therelative timing of activity in areas
45aand area47/120. Activity linked to performance levels ramped up
more quickly when macaques took that option thanwhenthey rejected
it (Figs.2,3and 5a-c). By contrast, the timing of activity linked to evalu-
ation of ED-probabilities in area 47/120 did not change regardless of
which choice was made. The combination of different brain activity
patterns in the two areas meant that area 45a activity encoding the
PD-probability option preceded (followed) the ED-option when the
PD-options was chosen (rejected). We did not record the spiking activ-
ity of the neurons in these areas directly, but rather we used MRI to
measure the haemodynamic responses that were triggered by neural
activity. Such haemodynamic responses are, therefore, slower than
the triggering neural activity. It should be noted that the slope and
latency of the signal time courses that we report (Figs. 2b-d, 3and 4b,c)
reflect the degree of modulation by PD- and/or ED-probabilities on
haemodynamicresponses rather than simply the raw haemodynamic
responses themselves. Thus, an earlier latency of a signal in such an
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analysis means that there was likely to have been spiking activity in
the area that was sensitive to the estimation of that particular type of
probability, which could be detected from avery early stage during the
prospective judgement.

Inhumans, the ability to make judgements about one’s own future
performance levels has been described as metacognitive in nature®”. A
similar mechanism is also used when people make social judgements
about individuals other than themselves who have similar or inferior
ability levels'. By contrast, judgements about the future performance
levels of people with abilities that exceed our own cannot be made in
the same way and do not depend on alPFC but on a distinct network
of areas linked to behavioural observation as opposed to behavioural
simulation. It may, therefore, be appropriate to consider the prospec-
tive judgements of macaques as metacognitive in nature"*’, Analysis of
the challenge and inevitable trials (Fig. 2g) suggests that prospective
judgements are not simply dependent on identifying the coherence
level of an RDK pattern butinstead ontrial-by-trial assessments of the
performance level the macaque is currently capable of. Neither activ-
ity in area 45a nor in 47/120 can be explained by reward expectation
(Extended DataFig. 6a) or attention allocation (Extended Data Fig. 2b).
Nevertheless, prospective judgements about future performance of
thetype that we investigate here may be differentin nature, notjustto
the decisions themselves®™ but also to retrospective judgements®. In
some cases, retrospective insights into specificinstances of decisions
that have already been taken and that might be recalled as individual
episodic events may be linked to the neural processes firstinvolvedin
making the decision® . Insome cases, such retrospective judgements
may be especially closely linked to the neural mechanismthat took the
decision. By contrast, theactivity patternsfoundinareas45aand 47/120
in macaques may provide a clue to the evolutionary neural origin of
prospective suppositional thinking in human alPFC"**,

Methods

Experimental model and study subject details

All macaque experiments were conducted in accordance with Euro-
pean Union Directive 2010/63/EU of the European Parliament on the
protection of animals used for scientific purposes and with the UK
Animals (Scientific Procedures) Act 1986 under licences approved by
the UK Home Office. The research complies with all relevant ethical
regulations for research with non-human animals, including the ARRIVE
(Animal Research: Reporting In Vivo Experiments) guidelines.

All human study was approved by the Central Research Ethics
Committee (fMRIexperiment: MSD-IDREC-R51506/RE002, TMS experi-
ment: R65502/RE0QO1) at the University of Oxford. All participants
(fMRIexperiment: N =23 (15 female); age (mean + standard deviation
(s.d.)),28.2+6.7. TMS experiment: N = 8 (5 female); age (mean +s.d.),
25.8 + 4.4) gave informed consent. Participants received £10 per hour
and abonusbased ontask performance (accumulated across sessions:
£5-£7 per session).

Subjects. Four adult male monkeys (Macaca mulatta) were tested
with behavioural tasks; three (M1, M2 and M3) performed the tasks in
experiment1and experiment 2 while fMRI data were collected. Three
(M2, M3 and M4) performed the task in experiment 3 in which the
impact of TUS on behaviour was measured. They were aged between
7 and 10 years and weighed between 11 and 17 kg at the time of the
experiments. They lived on a12-h light-dark cycle, were fed once per
day after testing and had ad libitum water access for an average of 15 h
per day (and aminimum of 3 h per day).

Monkeys were trained to sit in a sphinx position in an MRI-
compatible chair and to make arm-reaching movements towards
custom-made infrared touch sensors to obtain a liquid reward from
a tube positioned directly in front of their mouths. Initially, they
were trained while the MRI-compatible chair was placed inawooden
custom-made mock scanner. After the animals became accustomed

to working in this way, they were trained to work in an actual MRI
scanner. Task stimulus images were displayed onascreen (24 inches
diagonal, 1,000 mm away, centred at the monkey’s eye level). Animals
underwent aseptic surgery toimplant an MRI-compatible head post
(Rogue Research). The monkeys were initially sedated with medeto-
midine and midazolam, and were then anaesthetized by isoflurane
under mechanical ventilation throughout the surgery. Surgical treat-
ments were performed after confirming the disappearance of the
pain reflex. During anaesthesia, blood pressure, heart rate, SpO,
and end-tidal CO, were continuously monitored to optimize venti-
lation and gas concentration. The monkeys were given postsurgical
analgesics as well as postsurgical prophylactic antibiotics after the
surgery for 1 week.

For fingerprint functional connectivity analysis, we performed a
series of novel analyses but using data from a different set of eight male
monkeys (M. mulatta)®. Additional human behaviour and fMRI data
acquired during the performance of similar tasks’ are also re-analysed
and presented here. Human functional connectivity analysis was
based on preprocessed data provided by the Human Connectome
Project (HCP)***".

Method details

Behavioural tasks. We used Presentation software (Neurobehav-
ioral Systems) to control the experimental task displayed on the
screen and to receive triggers from the MRI scanner. Experiments
1, 2 and 3 used the same behavioural task. The two main tasks
(performance-versus-environment task and environment-versus-
environment task) comprised two stages: each trial comprised
a prospective judgement followed by a perceptual decision and a
final outcome phase (Fig. 1a). In the prospective judgement stage,
animals had to choose one of the two RDK stimuli that were pre-
sented simultaneously. One RDK represented an ED-probability
task, and the other represented either a similar ED-probability task
(environment-versus-environment task) or a PD-probability task
(performance-versus-environment task). Either stimulus could appear
with the same frequency on the left or on the right of the screen. The
PD-probability option contained a full array of dots (100 dots; the
ED-probability of reward, indicated by the number of dots, was always 1)
in white, but the motion of the dots was ambiguous (3%, 6%, 12%,
25%, 37%, 50% and 75% denote the different coherence levels). The
ED-probability task contains a smaller number of dots (10, 30, 50,
60, 70, 80 and 90 indicating ED-probabilities of between 0.1 and 0.9
of reward) in blue, but all dots moved in the same direction (100%
coherence), which was always easily discernible by every animal.
However, note that the PD-probability task always comprised the
full number of dots, and the ED-probability task always utilized 100%
coherence, which means that always only one of the two dimensions
varied per task type while the other one was fixed. All combinations
ofthe seven ED-probability levels (environment-versus-environment
task) or of the seven PD-probability levels and seven ED-probability
levels (performance-versus-environment task) were offered during
the first stage of each trial—the prospective judgement stage. In the
second stage following this prospective judgement, animals were
given a chance to perform the task they chose, in which they touched
either a left or right sensor box depending on the direction in which
most dots moved (the ‘coherent’ dot direction). The number of dots
in the ED-probability task indicated the ‘environmental probability’
of receiving a reward when the correct response was made; if there
were more (fewer) dots, then the probability of reward was higher
(lower). This ED-probability was independent of the animal’s own per-
formance levels. The coherence of the synchronized dot motionsinthe
PD-probability task, however, determined the animal’s performance
levels and, therefore, it determined the PD-probability of whether a
reward would be received; they were more likely to perform correctly
when coherence levels were high as opposed to low. To maximize the
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chance of reward to be obtained after the second perceptual decision
stage, animals were required to compare the ED- or PD-probability of
task options offered during the prospective judgement stage.

Inthe prospective judgement stage, each RDK stimulus was mov-
ing downwards. Stimuli were presented continuously until animals
made achoice about the task that they wanted to performin the sub-
sequent perceptual decision stage by reaching with either the left
or right arm. To ensure that animals had sufficient time to look at
both RDK stimuli, animals were not allowed to respond too quickly
(<500 ms); only responses made after the 500-ms deadline deter-
mined the second, perceptual decision stage of the trial. This second
stage began after a stimulus onset asynchrony (SOA) (experiment 2,
2.5-7 s (Poisson distribution, mean of 3 s); experiment 3,1s; note that
alonger SOAwas neededinexperiment 2 to ensure that blood oxygen
level-dependent (BOLD) activity, which has a mean haemodynamic
response function delay of 2-4 s, could be reliably separated and
linked to component elements within each trial, but such long delays
were not needed in experiment 3 when the behaviouralimpact of TUS
disruption was investigated). During the SOA, the chosen stimulus
moved to the centre of the screen and animals moved from the initial
prospective judgement stage of the trial to the subsequent perceptual
decision stage of the trial. However, when the stimuli finished moving
tothecentre ofthe screen and the second, perceptual decision phase
of the trial began, the direction of dot motion was rotated by +90°.
Thus, animals could not know until the second stage perceptual deci-
sion whether the stimulus would be moving leftwards or rightwards.
The unpredictability of the rotation ensured that animals could not
make the second stage perceptual decision until after the prospective
judgement stage of the trial was over and the subsequent perceptual
decision stage of the trial began. Therefore, animals could not predict
the motion direction in the perceptual decision stage from that seen
inthe prior prospective judgement stage. As aresult, first-stage pro-
spective decisions and second-stage perceptual decisions occurred at
specificand separate times. Again, however, in the second perceptual
stages of trials, stimuli were presented continuously until animals
completed their choices. If animals judged the motion direction
correctly, a juice reward was given according to the ED-probability
indicated by the chosen RDK stimulus. On those occasions when the
ED-probability meant a reward was to be given, a visual stimulus was
shownand ajuice reward was delivered. Onthose occasions when the
ED-probability meant no reward was to be given, a different visual
stimulus was shown and no juice reward was delivered. When animals
misjudged the motion direction, no reward was given irrespective
of the probability. After incorrect judgements of motion direction,
exactly the same trial was repeated, but the repeated trial was not
included in the analyses.

Experimental design. Three animals performed the performance-
versus-environment task while undergoing fMRI scanning. Each
animal contributed 12 sessions (150 correct trials per session) of
data (experiment 2). Each session was typically between 50 min
and 1 h 40 min. In separate sessions, the same three animals per-
formed the environment-versus-environment task outside the
scanner (experiment 1). Each animal contributed 5 sessions (100
correct trials per session) of data. In experiment 3, three animals
performed both the performance-versus-environment task and the
environment-versus-environment task within the same session. Both
tasks were given in a random order on a trial basis within a session to
ensure that both types of trial followed TUS with the same range of
intervals. Each animal contributed five to seven sessions in which TUS
was applied toarea45a, five to seven sessions in which TUS was applied
to area 47/120, five to seven sessions in which TUS was applied to a
parietal opercular region (POp)*, and five to seven sham TUS sessions.
Before the performance of behavioural tasks, animals were given TUS
by following the protocol described below in the ‘TUS’ section.

Acquisition of MRI data. During the collection of fMRI data, monkeys
were head-fixed in a sphinx posture within an MRI-compatible chair
(Rogue Research). MR images were acquired with a horizontal bore
clinical 3 T scanner with a 15-channel non-human primate-specific
receive coil (RAPID Biomedical). For structural images, T1-weighted
magnetization-prepared rapid gradientecho images witharesolution
of 0.5x 0.5 x 0.5 mm, repetition time (TR) 2.5 s, echo time (TE) 4.04 ms,
inversion pulse time (TI) 1.1s and flip angle 8°, were acquired in sepa-
rate sessions under general anaesthesia. Anaesthesia was induced by
intramuscular injection of 10 mg kg™ ketamine, 0.125-0.25 mg kg™
xylazine and 0.1 mg kg™ midazolam and maintained with isoflurane
(for details, see Sallet et al.*®). Anaesthesia was used only for collecting
T1-weighted structural images. Functional images were acquired via
the Center for Magnetic Resonance Research multiband gradient-echo
T2* echo planar imaging (EPI) sequences®*®°. This was characterized
by 1.25-mm isotropic voxels with a TR of 1,282 ms, TE of 25.40 ms,
multiband acceleration factor MB of 2, in-plane acceleration factor
R=2and flip angle of 63°.

TUS. TUSwas performed using afour-element annular array transducer
(NeuroFUS CTX-250,42 mmactive diameter, Brainbox) combined with
aprogrammable amplifier (Sonic ConceptInc’s Transducer Power Out-
putSystem, TPO-105, Brainbox). The transducer was paired withatrans-
parent coupling cone filled with degassed water and sealed with alatex
membrane. The water was degassed for 4-5 h before each stimulation
session and was replaced after each session. The resonance frequency
of the ultrasonic wave was set to 250 kHz. The stimulation protocol
was based on previously established protocols in macaques®*"*%,
We used the following protocol: duty cycle 30%; pulse length 30 ms;
pulse repetition interval 100 ms; total stimulation duration 40 s. The
pressure field from the transducer was measured inawater tank witha
75-um-diameter polyvinylidene fluoride needle hydrophone (Precision
Acoustics) that had been calibrated at 250 kHz by the National Physical
Laboratory (Teddington, UK). The free-field spatial-peak pulse-average
intensity (intensity spatial peak pulse average, ISPPA) at 41.2 mm focal
depth was 80 W cm™, which was consistent with the output given by
the transducer manufacturer.

At the beginning of each stimulation session, the animal’s skull
was shaved and a conductive gel (SignaGel Electrode; Parker Labora-
tories) was applied to the skin. The water-filled coupling cone and the
gel was used to ensure ultrasonic coupling between the transducer
and the animal’s head. Next, the ultrasound transducer/coupling
cone was placed on the skull, and a Brainsight Neuronavigation Sys-
tem (Rogue Research) was used to position the transducer so that
the focal spot would be cantered on the targeted brain region. There
were three stimulation conditions: area45a, area47/120 and a control
condition. The control condition comprised either stimulation of an
areaunlinked to any aspect of the taskin the parietal opercular cortex
or sham stimulation (performance did not differ between the two
settings). The area 45a and area 47/120 targets were approximately
30 mm, and the POp was 35 mm, from the surface of the transducer
(the exact focal distance depended on the subject, and the sham
stimulation followed an identical procedure but sonication was not
actually triggered). All targets were sonicated bilaterally for 60 s in
total, with 30 s of stimulation applied to a target from each hemi-
sphere. Sonication of each area in one hemisphere was immediately
followed by sonication of a homologous target in the contralateral
hemisphere. Hemispheres were sonicated ina pseudo-random order.
After sonication, monkeys were immediately moved to a testing room
for behavioural data collection. Each condition was repeated five to
seven times, on separate days, and the order of the stimulation ses-
sions was pseudo-randomized for each animal. The stimulation was
always performed at the same time of the day, and there was always
a24-hgap between each session, regardless of it being a real or sham
stimulation session.
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We used the acoustic simulation toolbox (k-Plan, Brainbox) to
simulate the depth and acoustic intensity of the TUS focus in area
45a,area47/12o and area POp (Fig. 6a and Extended Data Fig. 3a). The
stimulations used both the T1-weighted scan, and a pseudo-computed
tomography scan, which was generated on the basis of the T1-weighted
scan. We estimated the pressure, ISPPA and intensity spatial peak time
average intensity (ISPTA) at each target region.

Our simulation revealed a pressure of 0.89 MPa, with an ISPPA
of 26.4 W cm™and an ISPTA of 7.9 W cm™, in the POp left region, and
apressure of 1.17 MPa, with an ISPPA of 46.2 W cm™ and an ISPTA of
13.8 W cm?,inthe POp right region. Similarly, in the left area45aregion,
we estimated a pressure of 0.90 MPa, an ISPPA of 27.3 W cm™and an
ISPTA 0of 8.2 W cm, whilein theright area45a, we estimated a pressure
0f1.09 MPa, an ISPPA 0f 40.3 W cm2and an ISPTA of 12.1W cm™ Finally,
intheleftarea47/12oregion, we estimated a pressure of 1.17 MPa, with
an ISPPA of 45.7 W cm™ and an ISPTA of 13.7 W cm™. In the right area
47/120, we estimated a pressure of 1.13 MPa, withan ISPPA of 43.2 W cm™
andanISPTAof12.3Wcm™

Quantification and statistical analysis

Behavioural analysis. To evaluate performance during the pro-
spective judgement stage at the beginning of each trial, we used an
analysis based on signal detection theory®. Specifically, we classi-
fied the prospective judgements into trials in which it was optimal
for animals to choose the PD-option and trials in which it would be
optimal to choose the ED-option. For each participant, if the prob-
ability of reward determined by the ED-option was higher than the
probability of reward that would be expected given the baseline level
of performance of the PD-option (obtained during the perceptual
decision stage), then such trials were categorized as ED-task optimal
trials. If not, they were categorized as PD-task optimal trials. Based
on the proportion of trials in which they chose the PD-task option
when the PD-option was optimal (Hit trials) and when the ED-option
was optimal (false alarm (FA) trials), we calculated meta-d’ (type-Il
d-prime). We calculated meta-d’ separately for trials with differ-
ent coherence levels in the PD-task to control for the difference
in baseline perceptual performance and calculated their average
(Fig.1g).

To evaluate the effects on task selection in the initial prospective
judgement phase of each trial of reward probability associated with
boththe PD-and ED-task options, we used logistic multiple regression
analyses as shown below:

In (1 {gzgn)) =a+ ﬁperformance Xperformance (I’l) + ﬂenvironmentxenvironment (I’l) .

Dependent variable y(n) denotes the task chosen during the
prospective judgement stage (PD-task = 1; ED-task = 0) at trial n.
Independent variables X e tormance(f7) aNd Xenyironment (1) denote the
reward probability of the PD-task and ED-task at trial n, respec-
tively. The reward probability here is denoted by the average per-
formance of the PD-task for each motion coherence level during the
second perceptual decision stage for each animal (experiment 2:
performance-versus-environment task during MRI scanning; exper-
iment 3: performance-versus-environment task during sham TUS
sessions) (Figs. 1d and 5d). When the interaction between PD- and
ED-probabilities was also included into the multiple regression
analysis model, the beta of interaction was not significantly dif-
ferent form zero (¢,;=—-0.42, P=0.67) even though the significant
positive beta for PD-probability (¢,, =3.97, P=2.41x107*) and the sig-
nificant negative beta for ED-probability were maintained (¢,, =-6.90,
P=11x10%)

To evaluate the effects of the difference in reward probability
between the PD- and ED-task options, we also used logistic multiple
regression analyses as shown below:

In ( y(n)

l—y(n)) =a+ ﬁperformance—environment xperformance—environment (n)

+Bperformance+environmentxperformance+environment (n) .

Independent variable X, fomance-environment (1) d€notes the differ-
ence in reward probability between the PD-task and ED-task at trial n
(Figs.1leand 6d).

For the evaluation of performance in the environment-
versus-environment task, we also used logistic multiple regression
analyses as shown below:

(2

1 _y(n)) = & + Biefi—right Xiefe—right () -

Dependent variable y(n) denotes the task chosen during the
first ED-probability comparison stage (left task = 1; right task = 0)
at trial n. Independent variable Xi.;;n (1) denotes the difference in
ED-probability between the left task and right task at trial n (Extended
Data Figs.1b and 5b). We applied these logistic regression analyses to
each session databoth for experiment1and experiment 3.

Reconstruction and preprocessing of MRI data. Offline recon-
struction of the raw functional data was performed following the
dynamic off-resonance correction method developed by Shahdloo
et al.®’. In summary, standard Nyquist ghost correction and dynamic
zeroth-order B, correction were applied first. Then, the EPI reference
navigator dataacquired at every timepoint were compared with naviga-
tor data from single-band references to estimate first-order dynamic
off-resonance perturbations arising from the awake animal’s body
movements. Finally, the off-resonance estimates were used to correct
the raw data before reconstruction.

Preprocessing of structural and functional MR images was per-
formed using tools from FMRIB’s Software Library (FSL)*’, MATLAB
(R2022a, Mathworks), Advanced Normalization Tools (ANTs; http://
stnava.github.io/ANTs)® and Magnetic Resonance Comparative
Anatomy Toolbox (MrCat; http://github.com/neuroecology/MrCat)*.
Iterative preprocessing of magnetization-prepared rapid gradient
echoimages followed amacaque-optimized pipeline, including brain
extraction (using FSL’s brain-extraction tool; BET), RF bias-field cor-
rection, and linear and nonlinear registration (using FSL’s FLIRT and
FNIRT, respectively) to the Macaca Mulatta McLaren F99 template as
reported previously®*.

Although monkeys were head-fixed during MRI acquisition, inci-
dental limb and body movements caused time-varying distortions
in the B, magnetic field and, therefore, nonlinear motion artefacts
along the phase-encoding direction. To account for this, a low-noise
EPI volume was identified for each session and then implemented
as a reference to which other volumes were linearly and nonlinearly
registered slice by slice along the phase-encoding direction. Aligned
anddistortion-corrected EPIs were thenregistered nonlinearly first to
monkey-specific high-resolutionimages, and thento agroup template
in CARET F99 macaque space using ANTs. Further details of the group
template construction are described elsewhere®. Finally, the functional
images were temporally filtered (high-pass temporal filtering, 3-dB
cut-off of 100 s) and spatially smoothed (Gaussian spatial smoothing,
full width at half maximum of 2.5 mm).

Three measures were used to detect artefacts in the data:
(1) foreachslicein each volume, the linear transform (in the y-plane)
from that slice to the corresponding slice in the mean reference
image; (2) the normalized correlation between that slice and the
corresponding slice in the mean reference image; and (3) for each
volume, the correlation between that volume (mean-filtered across
z-slices) and the mean reference image after correction. Volumes
were removed when they exceeded 2.5s.d. above the median of each
measure. The threshold was chosen to keep the number of censored
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volumes less than 10% of the total volumes. We also added 13 princi-
pal component analysis components describing, for each volume,
the warping from that volume to the mean reference image when
correcting motion artefacts (that is, they capture signal variability
associated with motion induced distortion artefacts), as parametric
regressors of non-interest that were not convolved in our general
linear models (GLMs).

Whole-brain fMRI data analysis. We used FSL fMRI Expert Analy-
sis Tool for first-level analysis. First, data was prewhitened with FSL
FMRIB’s Improved Linear Model to account for temporal autocorrela-
tions. Temporal derivatives wereincluded into the model. We used an
fMRI-GLM to analyse fMRI data across the whole brain. Results were
calculated using FSL's FLAME 1+ 2. To analyse BOLD changes across
animals, asecond-level analysis was applied across sessions of experi-
ment2 (FLAME1 +2).

We included all three phases of a trial (prospective judgement,
perceptual decision and outcome) into the fMRI-GLM. Each phase
included a constant regressor. The onset of prospective judgement
and perceptual decision phases was1s before the animals’ touch sen-
sor response with a fixed duration of 1s. The onset of outcome phase
isattime of reward delivery (success) or visual feedback presentation
with a duration of 1s. Parametric regressors were modelled as stick
functions (thatis, duration of zero) time-locked to the relevant phase
onset as below. All parametric regressors were normalized before inclu-
sion 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.

First, we tested for neural correlates of the PD-and ED-task option
probabilities during the prospective judgement stage (Figs. 2a and 3a).
Weincluded thefollowing regressors, along with the constant regressor
coding the phase of prospective judgement in each trial:

Chosen PD-probability, Chosen ED-probability, Unchosen
PD-probability, Unchosen ED-probability,

Chosen PD-probability (after incorrect trials), Chosen
ED-probability (afterincorrect trials), Unchosen PD-probability (after
incorrect trials), Unchosen ED-probability (after incorrect trials)

We set these parametric regressors based PD- and ED-
probabilities. PD-probability is denoted by the average perfor-
mance of the PD-task for each motion coherence condition during
the second perceptual decision stage for each animal (experiment 2:
performance-versus-environment task during MRI scanning; experi-
ment 3: performance-versus-environment task during sham TUS ses-
sions). Then, eachregressor was normalized beforeinclusioninto the
analysis (mean of 0 ands.d. of 1). If animals chose the PD-task on trial n,
thenthevalue of the PD-task option and the ED-task option were coded
as chosen PD-probability and unchosen ED-probability, respectively.
These variables were time-locked to the onset of the prospective judge-
mentstage when animals chose the PD-task. Chosen ED-task probability
and unchosen PD-probability were not defined for those trials. If they
chose the ED-task onatrial, then the value of the ED-task option and the
PD-task option was coded as chosen ED-task probability and unchosen
PD-probability, respectively. These variables were time-locked to the
onset of the prospective judgement stage when animals chose the
ED-task. Chosen PD-probability and unchosen ED-probability were
not defined for those trials. A separate set of parametric regressors
was applied to the repetition trials that occurred on trials after incor-
rect decisions. Theindependent coding of these trials meant that their
effects were regressed out from the analyses.

To capture activity related to making decisions about the direc-
tions of stimuli, in the perceptual decision stage of each trial, we
included the following regressors:

Chosen PD-probability, Chosen ED-probability,

Chosen PD-probability (after incorrect trials), Chosen ED-
probability (after incorrect trials)

Then, each regressor was normalized before inclusion into the
analysis (mean of 0 and s.d. of 1). These variables were time-locked to
the onset of the perceptual decision-making stage.

To capture activity related to the outcome of each decision, the
outcome phaseincluded the following regressors:

Outcome of chosen PD-task (1 (correct) or O (incorrect)), Outcome
of chosen ED-task (1 (rewarded) or O (unrewarded))

Then, each regressor was normalized before inclusion into the
analysis (mean of 0 and s.d. of 1). 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 PD-task, then
the outcome of the chosen ED-task was not defined.

Region of interest fMRI analyses. We used regions of interest (ROls)
with aradius of three voxels (size = 33 voxels) that were centred, sepa-
rately, on area45aand area 47/120. Each ROl comprised a cube centred
ontwo adjacent voxels on either side of the central coordinate together
with the central voxelitself. It comprised a cube with aside of 3 voxels
(3*=27 voxels) and 6 additional voxels located outwards from the
centre of each face of the cube. In total, signal from 33 voxels was
used for each ROI. The selected ROl was transformed from Montreal
Neurological Institute space to subject space, and the preprocessed
BOLD time courses were extracted for each session. Time courses
were averaged across volumes, then normalized and oversampled by
afactor of 20 for visualization. ROI-GLM were applied to each time-
point to derive beta weights per timepoint for each regressor. For
analyses across conditions, we used the same principle as applied to
the whole-brain fMRI-GLM: we averaged across the group. For all ROI
analyses, regressors were normalized (mean of O and s.d. of 1). We
used the same parametric predictors described in the whole-brain
fMRI analysis conducted with fMRI-GLM for the prospective judge-
ment stage, perceptual decision stage and outcome stage. We also
time-locked the time courses to the same phase onsets as described
inthe ‘Whole-brain fMRI data analysis’ section.

Resting-state fMRI data preprocessing and analysis. Resting-state
(rs-)fMRI and anatomical scans were collected for eight healthy
macaques (M. mulatta) under lightinhalational anaesthesia with isoflu-
rane (for detailed information on anaesthesia protocol, monitoring of
vitalsigns, dataacquisition and preprocessing; see Neubert etal.?). We
drew cubic ROIs (3-voxels isotropic) centred on the peak of task-related
activations identified by the present study (right area 45a and area
47/120) and eight task-related areas listed in Extended Data Table 1and
illustrated in Fig. 7c and 23 task-independent peaks used by Neubert
et al.° (Fig. 7b). These ROIs were registered from Montreal Neuro-
logical Institute space to each subject’s individual rs-fMRIspace viathe
T1-weighted structural image using FNIRT and brain boundary-based
registration. Then, the major Eigen time series representing activity in
each of the ROIs was calculated. Individual statistical maps were then
calculated using aseed-based correlation analysis, which is part of FSL
(fsl_sbca), as previously described®®¢, to infer the functional connectiv-
ity of these ROIs with the rest of the brain. We also included nuisance
regressors encoding, separately, the time series of signals from white
matter and cerebrospinal fluid. Unthresholded group z-maps were
quantified by extracting the average intensity of each ROI's functional
connectivity z-map. Asinthe macaques, the same pipeline was applied
to human data from HCP. Human ROIs were defined by task-related
activation peak including left alPFC in the work of Miyamoto et al.’ and
task-independent peaks used by Neubert et al.’.

It is noteworthy that each macaque ROI (the ‘target’ areas in the
fc analysis) had a corresponding human ROI, which was determined
a priori by interspecies similarity in their task-based activity (Fig. 7c)
or interspecies similarity in their rs-fMRI fc patterns with yet other
ROIs distributed across the whole brain® (Fig. 7b). We examind the fc
patterns of three ‘seed’ regions, in area 45a and in area 47/120 in the
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macaque, alPFC in humans, with the target areas elsewhere in the
brain. A formal comparison between human and macaque coupling
patterns was performed by calculating the summed absolute differ-
ence (the Manhattan distance®***® of the coupling scores) between
human alPFC’s connectivity estimates with the other humanROIs and
the connectivity estimates of macaque 45a or 47/120 with the cor-
responding macaque ROIs. The analysis was performed once using
areasidentified by Neubert et al.° that were identified independently of
task-performance (Fig. 7b) and once using task-related areas (Fig. 7c).
Before calculating the Manhattan distance between two independent
fcpatterns, fcvalues were standarized within each network by mean=0
and s.d. =1. Itis noted that our main observations were reproduced
when maximum and minimum fc values were normalized as1and O,
respectively, as in previous studies®***®, Statistical significance of
interspecies similarity between the macaque fc network inclusively
formed by fc networks with area 45a and area 47/120 (Fig. 7c, yellow
trace) and human fc network with alPFC (Fig. 7c, orange trace), was
assessed by permutation testing. To make the combined fc network,
we took the larger fc value from either the seed placed at area 45a or
at47/12o for each target area. We shuffled the pairs between human
and macaque ROIs and calculated the Manhattan distance based on
the randomly generated networks 1,000 times. We tested whether
the observed Manhattan distance was significantly smaller than the
distance obtained under a null hypothesis based on the frequency
distribution of Manhattan distances in a randomly interconnected
network (Fig. 7c).

Statistics. We corrected Pvalues for multiple comparisons when neces-
sary. The statistical tests used were two-sided. For identification of the
areas predicting prospective judgement, we applied FWE correction
across the whole-brain volume. Error barsinthe figures depict standard
errors of the mean (s.e.m.).

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

Data availability

Data that support the findings of this study are available via RIKEN
CBS Data Sharing Platform at https://neurodata.riken.jp/ with an
identifier (10.60178/cbs.20260313-001).

Code availability

Codes that support the findings of this study are available via RIKEN
CBS DataSharing Platformat https://neurodata.riken.jp/ with anidenti-
fier (10.60178/cbs.20260313-001) and via GitHub at http://github.com/
neuroecology/MrCat.
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Extended Data Fig. 1| Across-animal and inter-species consistency of
prospective judgements about future PD-probabilities and ED-probabilities.
(a) Animals’ choice of the left option in the environment-vs-ED-probability task
atthe first, prospective judgment stage of the trials increased when either the left
option’s ED-probability increased or the right option’s ED-probability decreased.
(b) In the environment-vs-environment task the influence of the difference in
ED-probabilities between the left and right options on choices of the left option
can be summarized by the beta coefficients of the difference in ED-probabilities
between the left and right options in alogistic regression predicting left as
opposed to right option choice. (c) The rate of correct responses made at each

Proportion of PD-option choice trials
(EP-option optimal trials)

coherence level when the PD-probability option was chosen session by session.
Correct rate systematically increases as a function of motion coherence.
(d) Proportion of PD-option choice in ED-option optimal trialsin each session does
not predict the improvements in perceptual performance seen in challenge trials
compared toinevitable trials in the same sessions (see Fig. 1g). This suggests that
animals’ general willingness to exert effort in the decision stage could not explain
theimprovements seen when animals picked the PD option on challenge trials.
N =15sessions (3 animals). Each grey dot represents single session data. Data
from the same sessions are connected by aline. Error bar: s.e.m across sessions.
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Extended Data Fig. 2| Independent contributions of performance- and
ED-options to prospective judgements. (a) The proportion of the trials
where the animals chose PD- (left panel) and ED- (right panel) options at the
initial prospective judgement stage increased systematically with the PD- and
environmental probability, respectively. Note, however, that these graphs do
notindicate accuracy of decision making. Even when a probability is high
(onthe right hand of these figures) the corresponding option may not be

chosenifthe alternative is even better. Accuracy is, however, illustrated instead
inFig. 1c. (b) Evolution of regression weights across time, indexing the combined
effect of subjective probability estimates of PD- and ED-options which is reflected
by the proportion of each option choice, areillustrated for area 45a (left panel)
and area47/120 (right panel). N = 36 sessions (3 animals). Error bar and shade:
S.€.IM across sessions.
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Extended DataFig. 3 | Across-animal consistency of activation peaks in
area45aand 47/120. (a) Activition clusters of individual animals (M1, M2, M3)
inresponse to ‘chosen PD-probability - unchosen ED-probability’ during

the prospective judgement (p < 0.05, FWE cluster-level corrected) on the
coronal (left column) and sagittal (right column) slices of the right hemisphere
(Z >2.0foradisplay purpose) along with the border of anatomical regions
(bottom panels). The activation peak was confined to area45ain all three
animals. (b) Activition clusters of individual animals (M1, M2, M3) in response
to ‘ED-probability’ irrespective of choice during the prospective judgement
(p <0.05, FWE voxel-level corrected) on the coronal (left column) and sagittal
(right column) slices of the right hemisphere (p < 0.025 uncorrected for

Chosen PD probability - Unchosen ED probability

Chosen PD probability -
Unchosen ED probability

F 4

Chosen + Unchosen PD probability

-

purpose of display) along with the border of anatomical regions (bottom
panels). The activation peak was confined to area 47/120 for all three animals.
(c) Demonstration of group activation clusters on the 3D CARET surface (left
column) and flat map (right column) in response to ‘chosen PD-probability -
unchosen ED-probability’ (p < 0.05, FWE cluster-level corrected) (top panels)
and ‘PD-probability’ irrespective of choice (p < 0.025 uncorrected for a display
purpose) (bottom panels) during the prospective judgement. Activation peak
was confined to area45arather than area45b. (d) Demonstration of group
activation clusters in panel c onaseries of axial slices. N =12 sessions for each
animal for panels a-b. N = 36 sessions in total (3 animals) for panels c-d.
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Extended DataFig. 4| Representation of PD- and ED-probability in bilateral
area45aand 47/120, respectively during prospective judgements.

(a) Group activition clusters in response to ‘chosen PD-probability - unchosen
ED-probability’ during the prospective judgement (p < 0.05, FWE cluster-level

corrected) on the coronal (top left panel) and sagittal (top right panel) slices of
theright hemisphere. To clarify the borders of anatomical regions on the same
slices, we have registered the ‘Cortical Hierarchy Atlas of the Rhesus Macaque

(CHARM)"**’ to our group template in CARET F99 macaque space (bottom panels).

The activation peak was confined to area 45a (see also Extended Data Fig. 4c-d).
(b) Group activition clusters in response to ‘PD-probability’ irrespective of the
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animal’s choice during the prospective judgement (p < 0.01) (top panel) and the
borders of anatomical regions on the same slices (bottom panel). The bilaretal
activation peaks were confined into area 45a (see also Extended Data Fig. 4c-d).
(c) Evolution of regression weights across time, indexing the effect of PD-
probability versus ED-probability on hemodynamic activity when the PD-option
was chosen (top) or rejected (bottom) for the left area45ain panelb. See also Fig.
2b for theright area 45a. (d) The difference in latency for the signal peak in the

left area 45a when the PD-probability option was chosen or unchosen (right) was
significant during prospective judgments, but there was no difference in the peak
signal height (left). The tick line indicates the mean across sessions.
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Extended DataFig. 5| Activity correlated with PD- and ED-probabilities during
the second stage of trials when perceptual decisions are made and outcomes
(reward/ error) occur. (a) fMRI activity associated with main effect (constant)
of perceptual decision (p < 0.05, FWE cluster-level corrected [z > 3.1]). Bilateral
FEF ([x,y,z]=[-19, 8.5,14.5],[19.5,10,13]) and LIP ([x,y,z]=[-14.6, 20.6,14.6], [14.1,
-22.1,18.6]) were identified. (b) Evolution of regression weights across time at
left FEF (left) and left LIP (right), indexing the effect of the PD-probability when

it was chosen from the onset of the prospective judgement (top) and perceptual
decision (bottom) phases at the beginning and end, respectively, of each trial.
Significantly negative modulationsin relation to PD-probability were salient
during the perceptual decision stage but not during the prospective judgement
stage. (c) The combination of activity in the first stage of each trial, absence of
activity in the second stage of each trial, animpact of TUS in the first stage of
eachtrialand an absence of TUS effect in the second stage of each trial suggests
aunique role of area 45a for introspective evaluation of performance rather than
processes of motion perceptioninvolved in FEF. Each dot represents single TUS
session data (N = 80 sessions). (d) Comparison of FEF modulation during the

prospective judgement stage when the PD option was chosen or unchosen.

(e) Session-by-session difference (N = 36 sessions) in FEF activity (for the effect

of PD probability when the option was chosen versus unchosen) could not explain
thelatency differencein area45a (r = 0.048, p = 0.78). The result suggests that
latency differences in activity modulationin area 45a between occasions when
the PD option is chosen versus unchosen cannot be explained by eye movement-
related activity in FEF. (f) fMRI activity associated with success (rewarded=1,
unrewarded =-1) during outcome stage after performance of the PD-task (top)
and ED-task (bottom) (p < 0.05, FWE cluster-level corrected [z > 3.1]). Anterior
cingulate area (ACC; [x,y,z]=[0, 16,6, 11.1]) was active specifically for success in

the ED-task. (g) Evolution of regression weights across time in ACC, indexing

the effect of success (rewarded) from the onset of feedback presentation. The
differencein the size of effect between outcome following the PD-option task
(light blue at the top panel) and outcome following the ED-option task (dark blue
atthe top panel) was significant (bottom panel). N = 36 sessions (3 animals). Each
grey dot represents single session data. Error bar and shade: s.e.m across sessions.
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Extended Data Fig. 6 | Features of neuromodulation of areas 45aand 47/120
during the prospective judgement stage. (a) Evolution of regression weights
across time, indexing the difference in PD- and ED-probabilities when each
optionwas chosen, areillustrated for area 45a (left panel) and area47/120
(right panel). (b) Evolution of regression weights for area 47/120 in response to
the trials on which the PD-probability option was chosen compared to the trials

onwhich the ED-option was chosen. (c) Evolution of regression weights of area
45abased onamultiple regression of expected performance (left) or coherence
of the visual stimulus (right). Although performance systematically increases
with the coherence level of the PD-probability option, area 45a was active was
related to the PD-probabilty rather than directly to the coherence level. Shade:
S.€.M across sessions.
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Extended Data Fig. 7| Simulated acoustic intensity of ultrasonic disruption
and its causal effects on comparisons of ED-probabilities. (a) Simulation
oftheacousticintensity of the TUS focus and trajectory in area 45a (top),
area47/12o0 (middle), and area POp (bottom) by acoustic simulation toolbox
(k-Plan, Brainbox, UK). (b) Beta coefficients summarizing the influence of the
difference in external probability associated with the left and right optionsin
logistic regression analysis to predict choices of the left option choice in the
external vs. external task (see Extended Data Fig. 1b). After 47/120 stimulation,
the performance deteriorated compared to control. N =50 TUS sessions. Error
bar:s.e.macross sessions. (c) (Left) Causal effect of TUS ontarget brain region
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activity. There were changes in each region’s fc with eight key task-related regions
(Extended Data Table 1) due to TUS targeted to the bilateral area 45a (left panel;
see also panel a, top row) and area 47/120 (right panel; see also panel a, middle
row). Fe-fingerprints of two sessions from each of two animals were compared
between PRE- and POST-TUS. area 45a TUS decreased fc with mPFC, dACC and

IPS whereas 47/120 TUS decreased fc with pIT and FEF and increased fc with
amFC(FPm) and LIP(IPS). These dissociations in changed functional connectivity
delivered by 45aand 47/120 TUS confirm that TUS could altered activity ineach
targeted area and that the spatial extent of intervention was sufficiently focal to
dissociate areas 45a and 47/120.
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Extended DataFig. 8 | Similarity of functional connectivity patternsin
humans and macaques. (a) Similarity of functional connectivity patterns
between three macaque areas (area 45a, area 47/120 and acombined area
45a-47/120) and three human areas (alPFC, area 45ain the inferior frontal

sulcus [IFS]and area47/120). Human IFS and area47/120 were considered the
anatomical homologues of macaque area45a and area 47/120, respectively,

by Neubert et al.® and this was apparent again in the similarities of their
connectional fingerprints. To calculate the Manhattan distance between
connectional fingerprints, we examined each region’s functional connectivity
with 22 regionsidentified by Neubert et al.® (see also Fig. 7b). On the basis of these
22 areas, human alPFC and the macaque combination of areas 45a and 47/120
did not resemble one another. (b) Similarity of functional connectivity patterns
between the macaque and human for the same brain areas as in panel a. Now,
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however, Manhattan distance between connectional fingerprints was calculated
based on each region’s functional connectivity with eight key regions, which
were determined based on the brain activity during the current task, especially
activity emerging at the decision stage in the second part of each trial (Extended
Data Table1) (see also Fig. 7c). Although now the similarity between macaque
and human 45/IFS and between macaque and human 47/120 are less clear, the
similarity between human alPFC and the. (c) fc-fingerprint with task-irrelevant 22
regions, which were determined based on areas identified by Neubert et al.® for
the combination of both areas 45a and 47/12o0 in macaque (yellow) and alPFC in
the human (orange). (d) The frontopolar (area amFC) signal in macaques is focal
and prominent in response to ED-probability rather than PD-probability (Z = 3.19,
p=0.00071) although it did not survive the conservative statistical threshold
imposed by cluster-level correction.
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Extended Data Table 1| Eight key regions along with macaque areas 45a and 47/120 and human alPFC, which were
determined based on the brain activity during the current task

coordinate contrast
seed

macaque (F99) human (MNI) macaque human
area 45a (21.1,7.5,12.5) n/a Pros Ch. PD — Uch. ED n/a
area 47/120 (21.6,14.5,-1.0) n/a Pros ED n/a
alPFC n/a (-38, 40, 10) n/a Pros PD
area 8A(FEF) (19.5,10,13) (-22,12,54) Dec (const) Dec Ch. PD & ED
amFC(FPm) (4.5,27,9) (-2,52,22) Pros Ch. ED — Uch. ED Dec Ch. PD
mPFC (0,22,6) (-12,54,4) Dec (const) Dec Ch. PD & ED
dACC (1,17,12) (-6,22,36) FB ED Pros Uch. - Ch. PD & ED
LIP(IPS) (14.1, -22.1,18.6) (-36,-70,52) Dec (const) Dec Ch.PD & ED
IPL (12,-36,20) (-42,-72,26) Dec (const) Dec Ch. PD & ED
V3/V3a (28,-27,3) (-22,-88,20) Pros Ch ED Pros Ch. PD & ED
pIT (29,-7,-4) (-66, -36, -10) Pros Ch PD — Uch ED Pros PD — ED

fMRI activity at the coordinates in the table were used as the seed of functional connectivity (FC) analysis for inter-species FC-patterns comparison. Dec indicates that the contrast pertains to
second stage, perceptual decisions, Pros indicates that a contrast pertains to the first part of the trial - the prospective judgement stage and FB indicates that the contrast pertains to outcome
feedback stage. Ch.: chosen, Uch: unchosen, PD: Performance-dependent option, ED: Environment-dependent option.
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Data collection | We used custom codes running with Presentation software (Neurobehavioral systems) for behavioural experiments.

Data analysis We used custom codes for analyses of behavioural and fMRI data running with MATLAB R2022a (MathWorks) and FSL (v.6.0; FMRIB, Oxford).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data and code that support the findings of this study is shared online at https://neurodata.riken.jp/
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groupings

Population characteristics Human behaviour and fMRI data acquired during the performance of similar tasks (fMRI experiment: N=23; 2 sessions for
each participant. TMS experiment: N=8; 2 blocks for each stimulation conditions [alPFC or vertex] in each participant)
(Miyamoto et al., 2021) are also re-analysed and presented. Final sample of fMRI experiment: 15 female and 8 male; age
(mean + SD), 28.2 + 6.7. Final sample of TMS experiment: 5 female and 3 male; age (mean + SD), 25.8 + 4.4.

Recruitment Participants were recruited via Department of Experimental Psychology Oxford Psychology Research (OPR) participant
recruitment scheme. There is not any potential biases that are likely to impact results.

Ethics oversight The study was approved by the Central Research Ethics Committee (fMRI experiment: MSD-IDREC-R51506/RE002, TMS

experiment: R65502/REQ01) at the University of Oxford. All participants gave informed consent.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design
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Sample size We did not perform sample-size calculation but we chose the similar sample size as those used in previous studies by Behaviour (Experiment
1: N=3x5 sessions. Experiment 2: N=4 x 12 sessions), fMRI (Experiment 2: N=3 x 12 sessions; final 35 sessions) and TUS (Experiment 3: N=3 x
5-7 sessions for each TUS condition; final, 45 disruption: 20 sessions, 47/120 disruption: 21 sessions, POp disruption: 19 sessions, sham
control: 18 sessions).

Data exclusions  For Experiment 2, one session was excluded because of failures in reconstruction of functional images.

Replication Behaviour of fMRI and bahaviour-only experiments (Experiment 1 and 2) were reproduced in the baseline sham condition of TUS experiment
(Experiment 3).

Randomization | In TUS experiment (Experiment 3), the order of the stimulation sessions was pseudo-randomized for each animal. All targets were sonicated
bilaterally for 60s in total, with 30s of stimulation applied to a target from each hemisphere. Sonication of each area in one hemisphere was
immediately followed by sonication of a homologous target in the contralateral hemisphere. Hemispheres were sonicated in a pseudo-

random order.

Blinding Animals and experimenters who collected TUS data in Experiment 3 did not know the details of disruption sites except for the location.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |:| |Z| MRI-based neuroimaging

Animals and other organisms
Clinical data
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Plants

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research
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Laboratory animals Adult monkeys (Macaca mulatta) aged between 7-10 years and weighed between 11-17 kg at the time of the experiments.

Wild animals The study did not involve wild animals.

Reporting on sex Only male animals were used for the study. Since social housing without breeding is mandatory, only males are maintained in the
facility.

Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All experiments were conducted in accordance with European Union Directive 2010/63/EU of the European Parliament on the
protection of animals used for scientific purposes and with the United Kingdom (UK) Animals (Scientific Procedures) Act 1986 under
licenses approved by the UK Home Office.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

wus applied-
Authentication Describe-any-atthentication-procedures foreach seed stock-tised-or-novel-genotype-generated.Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Magnetic resonance imaging

Experimental design
Design type task (prospective judgement task); event-related design
Design speciﬂcations 150 correct trials per session; 12 sessions per animal; ~12sec/trial; 1 sec/ITI
Behavioral performance measures  Beta coefficients of the PD- and ED-probability in logistic multiple regression analysis to predict choices of the PD-

option. Signal detection theory-based sensitivity indices to summarize whether, when making the first judgement, the
monkeys chose the optimal option for the second task stage.

Acquisition
Imaging type(s) functional, Structural
Field strength 3T
Sequence & imaging parameters Functional images were acquired via the CMMR multiband gradient-echo T2* echo planar imagFor structural images,

T1-weighted MP-RAGE images with a resolution of 0.5 x 0.5 x 0.5 mm, TR 2.5 s, TE 4.04 ms, inversion pulse time (T1) 1.1
s, and flip angle 8°, were acquired in separate sessions under general anaesthesiaing (EPI) sequences. This was




characterised by 1.25mm isotropic voxels with a repetition time (TR) of 1282ms, echo time (TE) of 25.40ms, multiband
acceleration factor MB=2, in-plane acceleration factor R=2, and flip angle of 63°. For structural images, T1-weighted
MP-RAGE images with a resolution of 0.5 x 0.5 x 0.5 mm, TR 2.5 s, TE 4.04 ms, inversion pulse time (TI) 1.1 s, and flip
angle 8°, were acquired in separate sessions under general anaesthesia.

Area of acquisition Any volume censoring was not applied.
Diffusion MRI [ ] used Not used

Preprocessing

Preprocessing software Pre-processing of structural and functional MR images was performed using tools from FMRIB’s Software Library (FSL),
MATLAB (R2022a, Mathworks), Advanced Normalization Tools (ANTs; http://stnava.github.io/ANTs) and Magnetic Resonance
Comparative Anatomy Toolbox (MrCat; http://github.com/neuroecology/MrCat).

Normalization Iterative pre-processing of MP-RAGE images followed a macaque-optimised pipeline, including brain-extraction (using FSL's
brain-extraction tool; BET), RF bias-field correction, and linear and non-linear registration (using FSL’s FLIRT and FNIRT,
respectively)
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Normalization template Macaca Mulatta McLaren F99 template

Noise and artifact removal Offline reconstruction of the raw functional data was performed following the dynamic off-resonance correction method
developed by Shahdloo et al. In summary, standard Nyquist ghost correction and dynamic zeroth-order BO correction were
applied first. Then, the EPI reference navigator data acquired at every time-point was compared to navigator data from
single-band references to estimate first-order dynamic off-resonance perturbations arising from the awake animal’s body
movements. Finally, the off-resonance estimates were used to correct the raw data prior to reconstruction. A low-noise EPI
volume was identified for each session and then implemented as a reference to which other volumes were linearly and non-
linearly registered slice-by-slice along the phase-encode direction.

Volume censoring Any volume censoring was not applied.

Statistical modeling & inference

Model type and settings univariate design; first level, fixed effect; second level, mixed effect (FLAME 1+2)

Effect(s) tested Parametric effects of Chosen performance-dependent(PD)-probability, Unchosen PD-probability, Chosen environment-
dependent(ED)-probability, Unchosen ED-probability at the onsets of prospective judgement were tested. Neither ANOVA
nor factorial design was used.

Specify type of analysis: [ whole brain || ROI-based || Both

Statistic type for inference cluster-wise (z > 3.1), voxel-wise

(See Eklund et al. 2016)
Correction FWE

Models & analysis

n/a | Involved in the study
|:| Functional and/or effective connectivity

IZ |:| Graph analysis

IZ |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Pearson correlation
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