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The neural mechanisms mediating sensory-guided decision-making have received considerable attention but animals often
pursue behaviors for which there is currently no sensory evidence. Such behaviors are guided by internal representations of
choice values that have to be maintained even when these choices are unavailable. We investigated how four macaque monkeys
maintained representations of the value of counterfactual choices—choices that could not be taken at the current moment but
which could be taken in the future. Using functional magnetic resonance imaging, we found two different patterns of activity
co-varying with values of counterfactual choices in a circuit spanning the hippocampus, the anterior lateral prefrontal cor-
tex and the anterior cingulate cortex. Anterior cingulate cortex activity also reflected whether the internal value representa-
tions would be translated into actual behavioral change. To establish the causal importance of the anterior cingulate cortex for
this translation process, we used a novel technique, transcranial focused ultrasound stimulation, to reversibly disrupt anterior

cingulate cortex activity.

and from the safety of their sleeping post and distant foraging

or watering sites*. The decision to move to alternative locations
is not simply guided by accumulation of sensory evidence for that
choice but by internal representation or memory of the alternative
choices value. The same is true when they move back toward the
sleeping post in the evening. While sensory and associative deci-
sion-making have been well-studied?, less is known about how rep-
resentations of counterfactual choices choices not currently taken

Every day, chacma baboons, an old world primate, navigate to

but which may be taken in the future are held in memory and
guide behavior.”

In humans, the lateral frontal polar cortex (IFPC) holds coun-
terfactual information?® °. This may underlie its role in exploratory
behavior®. However, many questions remain. First, some of the same
studies report a similar pattern of activity in the anterior cingulate
cortex (ACC)?*5¢, Other studies have emphasized a related role for
the ACC in encoding the value of switching behavior and rejection
of the default choice’®. Here we introduce a simple paradigm that
makes separation of the roles of the areas possible and distinguishes
them from a third region: the hippocampus. Within the hippo-
campal formation, the subiculum projects monosynaptically to the
ACC®. Information held in memory in such medial temporal struc-
tures may guide decision-making?. Although little is known about
whether or how activity in the hippocampus encodes counterfac-
tual choices, it is clear that hippocampal lesions disrupt switching
between choices in other tasks™.

We also address a second issue: whether macaques possess a
brain region with a functional role corresponding to that of the
human IFPC. The human frontal polar cortex can be subdivided
into the lateral and medial sub-regions, IFPC and mFPC'*,
While resting state connectivity patterns exhibited by the human
mFPC and the macaque FPC are similar, human IFPCs more
closely resemble the macaque lateral prefrontal cortex (IPFC). It is
therefore unclear if macaques hold counterfactual information as
humans do and, if they can, whether it is mediated by the macaque
FPC or IPFC. We know that when macaques are given feedback
about what would have happened had another choice been made,
they use it to guide their next choice®*'*. However, how infor-
mation about the multiple counterfactual choices that typically
exist in natural environments is retained while another choice is
actually made is unknown.

Finally, our experiment allowed comparison of two fundamen-
tally different ways in which counterfactual choice information
might influence behavior. On the one hand, information about cur-
rently unavailable choices must be held if future behavior is to be
accurate when that choice once again becomes available. This might
be mediated by some combination of ACC, IPFC and IFPC. On
the other hand, holding information about currently unavailable
choices may impact on the current decision being made. We show
that the second influence of counterfactual choice is mediated by a
distinct neural circuit centered on ventromedial prefrontal cortex
(vmPFC) and/or medial orbitofrontal cortex (mOFC).

!School of Psychology, University of Plymouth, Plymouth, UK. 2Wellcome Integrative Neuroimaging, Department of Experimental Psychology, University
of Oxford, Oxford, UK. *Department of Rehabilitation Sciences, The Hong Kong Polytechnic University, Hong Kong, China. “McGovern Institute for Brain
Research and Department of Brain and Cognitive Sciences, Massachusetts Institute of Technology, Cambridge, MA, USA. SInstitut Langevin, Espci
Paris, CNRS UMR 7587, INSERM U979, PSL Research University, Paris, France. *Wellcome Integrative Neuroimaging, Centre for Functional MRI of the
Brain, Nuffield Department of Clinical Neurosciences, John Radcliffe Hospital, University of Oxford, Oxford, UK. "These authors contributed equally:
Elsa Fouragnan, Bolton K. H. Chau, Davide Folloni. 8These authors jointly supervised this work: Jerome Sallet, Matthew F. S. Rushworth.

*e-mail: elsa.fouragnan@plymouth.ac.uk

NATURE NEUROSCIENCE | www.nature.com/hatureneuroscience



DispatchDate: 23.03.2019 - ProofNo: 375, p.2

ARTICLES

NATURE NEUROSCIENG

Four macaques chose between pairs of abstract visual stimuli
while in the magnetic resonance imaging (MRI) scanner (Fig. 1a,b).
On each trial, the two stimuli available for choice (available options)
were drawn from a set of three, each associated with distinct reward
probabilities (Fig. 1a). The rewards were delivered probabilisti-
cally in a manner that fluctuated across the session, with two of
the options reversing toward the middle of a session (Fig. 1c). Each
stimulus reward probability was uncorrelated from that of the oth-
ers ( 22% mean shared variance). On each trial one of the two
available options was chosen by the monkey, the other was uncho-
sen and a third option was invisible and unavailable for choice. Both
the unchosen option and the unavailable option can be considered
counterfactual choices although these choices were not made on
the current trial, they might be made on a future occasion.

Behavioral analyses demonstrated that animals maintained rep-
resentations of counterfactual choice values to guide future behav-
ior on subsequent trials. We therefore used functional MRI (fMRI)
to test whether neural activity reflected counterfactual choice values
according to one of several possible schemes. fMRI allowed us to
search for activity related to counterfactual choice value through-
out the brain. First, neural activity might represent the value of the
unavailable option (Hypothesis 1; Fig. 1e). Alternatively, it might
reflect the value of any counterfactual option options that are cur-
rently unavailable for choosing and options that are available on
the current trial but which are unchosen. In such a scheme, it may
not be important whether a counterfactual choice is unavailable
or unchosen; however, if such a representation is to guide future
behavior, then it should reflect the ranked values of the alternative
options (Hypothesis 2; Fig. 1f). We also compared this with a third
scheme in which an unavailable options value had no influence
on neural activity (Hypothesis 3; Fig. 1g). Notably such a coding
scheme corresponds to the claim that ACC activity simply reflects
decision difficulty®*®. According to this view, it is the difference in
value between the choices available that determines decision dif-
ficulty (when the difference is large it is easy to identify the bet-
ter choice but this is not the case when the difference is small).
However, according to this view, an option not actually available
does not affect the difficulty of the current decision and therefore
does not influence the ACC.

In our animal model it was possible to investigate not just corre-
lation between neural activity and behavior but the activity s causal
importance for behavior®®. We used transcranial focused ultrasound
stimulation (TUS). Like transcranial magnetic stimulation, TUS can
alter neural activity!” but unlike transcranial magnetic stimulation it
can even do so in relatively deep structures such as the ACC*. The
TUS 250-kHz ultrasound stimulation was concentrated in a cigar-
shaped focal spot several centimeters below the focusing cone. A
series of five experiments, each conducted in three macaques, has
demonstrated that this protocol transiently, reversibly, reproducibly
and focally alters neural activity'"¢. A similar TUS protocol altered
saccade planning in macaques when applied to the frontal eye fields
but not to a location 10 12mm distant’. Importantly, the mini-
mally invasive nature of the stimulation made it possible to exam-
ine not just a region of interest such as the ACC but also a control
region in the same animals and to do so without MRI incompatible
implants. In the current study, consistent with our ranked counter-
factual hypothesis (Hypothesis 2), ACC TUS impaired translation
of counterfactual choice values into actual behavioral change.

Results

Animals learned option values and maintained them in mem-
ory without forgetting. To behave adaptively in this task, animals
should estimate each options reward probability and maintain these
estimates in memory. If there are three options (A, B and C), then
animals should retain what they have learned about option C even
if subsequent trials involved presentation of only options A and B.

The representations of Cs value should then guide future decisions
when C becomes available again. We therefore modeled animals
choices using a reinforcement learner®®? and tested whether the
unavailable options estimated reward probability (which in our
experiment determines expected value) either decayed over time
and/or became distorted to account for risk preference??, After
simulating behavior with several reinforcement-learning models
(Methods and Supplementary Fig. 1), Bayesian model comparison
revealed that monkeys did not forget unavailable option values nor
distorted probability. Thus, animals learned the options values and
maintained them in memory without forgetting even when options
were not available on a given trial.

To confirm the relationship between the better models predic-
tions and behavior, we compared choice probabilities predicted by
the Maintain model and the actual recorded frequencies of animals
responses and found that the model matched behavior well (Fig. 1d;
Pearson R? 0.92). Having established the goodness of fit of the
Maintain model to behavior, all further analyses were conducted
using the expected values estimated with this model. To predict
behavior as in humans and artificial decision-making networks®,
estimates for the two available options were categorized as high
value (HV) and low value (LV) and accuracy was categorically
defined as HV selection. With these estimates, we found that the
difference in value between the two available options (sometimes
called difficulty as depicted in Fig. 1g) as well as the total value of
available options were reliable predictors of animals choice accu-
racy (value difference: Cohens d 142, t, 7.12, P 23 107 &
total value: Cohensd 0.82,t,, 4.10,P 4.04 10 “) and reaction
times (value difference: Cohens d  0.74, t,,  3.68, P 0.001;
total value: Cohensd  1.11,t,, 5.54,P 1.07 10 5 Fig. 1d).

Value associations of counterfactual options guide future
choices. To guide future behavior, it is essential to retain counter-
factual choice values in case these choices become available again
in the future. There are at least two different ways that animals can
maintain counterfactual information for future use. The first way is
to consider which choices are available and which are not on each
trial (Hypothesis 1; Fig. 1e)? and thus to categorize the options as
chosen, unchosen and unavailable. A second way to describe the
options (Hypothesis 2; Fig. 1f) is to think of both the unchosen and
the unavailable options as alternative courses of action constitut-
ing the counterfactual choices potential choices that were not, or
could not, be taken on the current trial but which might be taken in
the future. Animals might rank the expected value associated with
the counterfactual options. Therefore, we characterized them as the
better and worse counterfactual options irrespective of their avail-
ability. Finally, we can test the hypothesis that animals only repre-
sent the difficulty of the current decision (Hypothesis 3; Fig. 1g)*>.

In line with the first hypothesis, we performed a logistic regres-
sion assessing whether the unavailable options expected value
influenced its future selection when it next reappeared on the
screen. Decisions to select the previously unavailable option were
strongly related to its expected value (one-sample t-test on regres-
sion coefficients: Cohensd 1.59,t,, 7.95P 3.5 10 & Fig. 2a).
A complementary analysis confirmed these results and showed that
the accuracy of the future choice was influenced by the currently
unavailable option, particularly when its most recent expected
value was the best of the three options (Cohensd 1.06,t,, 5.32,
P 1.87 10 5 Fig. 2b) beyond the effect of the current chosen and
unchosen options (chosen: Cohensd 0.98,P 5.04 10 5 uncho-
sen: Cohensd  0.87,P 292 10 9.

In line with the second hypothesis, we performed a series of
analyses similar to those described above but replacing value esti-
mates for the unavailable option by estimates for better and worse
alternative choices. These analyses revealed that animals deci-
sions to switch to the better counterfactual choice were influenced
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Fig. 1| Schematic view of the task, behavioral results and hypothesized neural schemes. a, On each trial, animals could choose between two symbols
presented on the screen and had to keep in mind a third option, unavailable to them. The position of each symbol on the left/right part of the screen and
the combination of available/unavailable options was fully and pseudo-randomized, respectively. b, Each trial began with a random delay followed by the
presentation of two abstract symbols for a period ending when the animals made a choice. During this time, monkeys pressed one of two touch sensors to
indicate which of the two symbols (right or left) they believed was more likely to lead to a reward. Finally, the decision outcome was revealed for 1.5s. The
selected symbol was kept on the screen (or not) to inform the monkeys of a reward delivery (or no reward). c, The Elots show the probability of receiving
areward for choosing either options 1 (pink), 2 (blue) or 3 (red) on each trial in the 200-trial sessions. d, The top graphs show the proportion of correct
choices (selecting the option with the highest reward probability) plotted as a function of difficulty (distance between the better high value (HV) and
the worse low value (LV) presented options, left panel) and context value (sum of both HV s and LV s expected values, right panel). Decision accuracy
improved with the higher value difference between available options and the higher total value. The bottom graphs show log-transformed mean reaction
times (RT) for each session plotted as a function of difficulty and context. The logRT values decreased for easier decisions and higher trial values. Red
lines are linear fits to the data and the gray lines are the 95% confidence interval, n 25 sessions. e, Because each of the values of the three options
were uncorrelated with one another it was possible to look for neural activity according to three main coding schemes. If activity in a brain area covaries
only with the value of the unavailable option then this suggests that the area is concerned with representing the value of an option held in memory on
the current trial and which should not interfere with decisions taken on the current trial. f,g, If instead activity covaries with the ranked value of both the
unchosen available option and the option held in memory then it reflects the value of any currently counterfactual choice that might be taken in the future (f).
It is important, however, to distinguish such a pattern from a third possibility (g) in which neural activity is only reflecting the currently available options
without representing the counterfactual or unavailable option. Thus, the activity would be negatively related to the HV available option value and positively
related to the LV option value. This third pattern indicates that the brain area s activity reflects the difficulty or uncertainty of the current decision because
the difficulty of selecting an option becomes harder as the LV option increases and as the HV option decreases but it is unaffected by the value of the
choice that cannot currently be taken (see the discussion by Kolling and colleagues®®). Note that we also analyzed a fourth pattern representing the value
of each option separately in Supplementary Fig. 3.

by its expected value (Cohens d 123, t,, 6.16, P 232 10 %) not be used on the current trial, but exploit this information on

but this was not true for the worse counterfactual choice (Cohens
d 0.09). In summary, the worse counterfactual had less of an
influence on the decision to switch (Fig. 2c,d). Overall, the results
demonstrate two ways of categorizing the choices made in the task:
either by classifying them as available and unavailable, or by con-
sidering the current chosen option in contrast to better and worse
counterfactual choices. These frameworks guided analysis of fMRI
data (Fig. le g).

Hippocampal activity predicts successful future choices when the
unavailable option becomes available again. Having established
that animals not only represent choice value information that can-

NATURE NEUROSCIENCE | www.nature.com/natureneuroscience

pending trials, the first fMRI-related analysis explored the extent to
which neural activity reflected the expected value of the currently
unavailable option (Hypothesis 1; Fig. le, left panel). We tested for
voxels across the whole brain where activity correlated with the trial-
by-trial estimates of the unavailable options expected value, partic-
ularly when the future selection was successful. We also included
the expected value of the chosen and unchosen options as separate
terms in the general linear model (GLM; GLM1 in Methods). This
analysis revealed one region in which the neural value coding of the
unavailable option was different for successful future selection com-
pared with unsuccessful future selection, surviving multiple cor-
rection (Z 3.1, whole-brain cluster-based correction P 0.001):
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Fig. 2 | Future switches are explained by the expected value associated with counterfactual options. a, Estimated expected values associated with the
unavailable option on the current trial predict whether animals switch to it when it reappears on the screen on subsequent trials (y axis, probability of
switching to the currently unavailable option; x axis, reward probability associated with the unavailable option estimated from the Maintain model). Each
bin contains 20% of averaged data across trials (individual sessions in gray dots; average across sessions in red dots). b, A logistic regression confirms
that accuracy is explained by the currently unavailable option s value (higher accuracy for trials in which it is the best of the three options versus when

it is not), in addition to the value of the future chosen and unchosen options (each session's beta"'poefficient is represented as a gray dot and the mean
beta coefficients is represented as a colored dot). a.u., arbitrary units.';'c, A similar analysis to the one shown in a is performed but on the basis of a new
coding scheme where the counterfactual options (current unchosen option and current unavailable option) are ranked according to their associated
reward probabilities as the better and the worse counterfactual choices. d, A logistic regression confirms that the value of the better counterfactual option
significantly influenced the frequency with which monkeys subsequently switched to it but this was not the case for the worse counterfactual option. One-
sample t-tests were used across session on the resulting beta coefficients, n 25, for all analyses.

right hippocampus (peak Cohens d 0.72; Z 3.61, CARET F99
Atlas (F99): x 165,y 7.5,z 12). At a lower threshold, we
also found its bilateral counterpart: left hippocampus (peak Cohens
d 061, Z 305 F99x 14,y 9,z 125; Fig. 3a). There
was, however, no significant relationship between hippocampal
activity and the values of the choices that the monkeys were choos-
ing between on the current trial (Supplementary Fig. 2).

To illustrate the significant activity in bilateral hippocampal
regions, we extracted the time course of the neural activation in
two regions of interest (ROIs) (Methods; Fig. 3D, left panel). Note
that this analysis was performed for illustrative purposes only as
the ROIs were formally linked to the comparison between correct
and incorrect future selection used to establish the ROI location?’.
The activity pattern represented in this analysis is noteworthy as it
shows that the blood oxygenation level dependent (BOLD) signal in
the hippocampus is scaled by the expected value associated with the
unavailable options only when the currently unavailable option is
going to be chosen correctly on a future trial.

The role of the hippocampus in maintaining information about
currently unavailable choices may also encompass the prospect of
rejecting the currently unavailable option if it is likely to be worse
than the others?. To demonstrate this, we repeated the analysis in
the trials preceding those in which the animal decided not to select
a currently unavailable option. Critically, this analysis also revealed
a greater BOLD signal for the value of the unavailable option on the
current trial when this option was correctly rejected in the future
compared to when it was incorrectly rejected (leave-one-out peak
selection: right hippocampus, Cohensd 0.59,t,, 2.96, P 0.006;
left hippocampus, Cohens d 0.44, t,, 2.19, P 0.03; Fig. 3b,
right). In summary, hippocampal activity is scaled by the cur-
rently unavailable options value more strongly (for example, there
is a stronger memory trace) when the next decision involving that
option is going to be made correctly regardless of whether it is going
to be chosen correctly (because it is highest in value) or rejected cor-
rectly (because it is lowest in value) in the future.

Finally, having established that hippocampal activity is related
to the memory of unavailable options, we hypothesized that the
variation in such activity (at trial t) across sessions might predict
the variation in influence of the unavailable options value on future

accurate switching behavior (att 1) (Fig. 2b). We found a signifi-
cant correlation in the case of future decisions in which the unavail-
able option became accessible (Pearson R 0.43, P 0.03) but no
correlation for the current decision while the unavailable option
remained inaccessible (Pearson R 0.01; Fig. 3c). This result again
suggests that the hippocampus is involved in future planning but
not current on-going decision-making.

ACC ranks counterfactual options according to their expected
value. The previous analysis was predicated on the idea that the
brain maintains information in memory pertaining to currently
unavailable choices while encoding what is relevant for the current
decision elsewhere in the brain. Therefore, we next sought brain
regions encoding the key decision variable how much better is the
currently chosen available option compared to the currently rejected
available option. We searched for activity parametrically encoding
the difference in value between the currently chosen and uncho-
sen options (GLM2: chosen versus unchosen expected values).
Such a neural pattern, when locked to decision time, is sometimes
referred to as a choice or value-comparison signal. We found strong
bilateral activations in a distributed network including ACC (peak
Cohensd 075, Z 375 F99 x 1,y 205 z 105), IPFC
(right peak: Cohens d  0.92; Z 4.61, F99 x 145,y 175,
z 9.5; left peak: Cohensd  0.86;Z 4.29,F99x 15y 16,
z 9.5) and vmPFC and adjacent mOFC (peak Cohensd  0.80;
Z 401,F99x 5,y 14,z 2)encoding the (negative) differ-
ence in expected value between the chosen and unchosen options
(Fig. 4a; |Z| 3.1, whole-brain cluster-based correction P 0.001).
In other words, activity in these areas increased as decisions became
harder (for example, because the subjective value of the chosen
option became lower or the subjective value of the unchosen option
became higher or both).

To first illustrate the relationship between option values and
IPFC and ACC activity, we extracted BOLD time courses (using a
leave-one-out cross-validation approach to avoid circularity of anal-
yses) from ROIs over each region and performed further analyses
(Methods). For each region, we found activity related to the differ-
ence between chosen and unchosen values was mainly driven by the
negative relationship of the BOLD signal with the expected value

NATURE NEUROSCIENCE | www.nature.com/natureneuroscience
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Fig. 3 | Unavailable option value signal in hippocampus favors accurate future planning. a, A whole-brain analysis tested for voxels where activity
correlated with the trial-by-trial estimates of the unavailable option binned according to successful future selection. The fMRI analysis was time-locked

to the decision phase on trial t and binned according to accurate versus inaccurate selection of the unavailable option on trial t 1 (in light pink: cluster-
corrected, Z 31,P 0.00% inred: uncorrected, n 25 sessions). b, ROl analyses (multiple regression analysis on the BOLD signal of the ROI) of the right
(top panels) and left (bottom panels) hippocampus illustrate the time course of the aforementioned contrast. BOLD fluctuations reflect the value of the
unavailable option on the current trial when it is accurately versus inaccurately selected on the next trial (left panels illustrate the contrast shown in a).

A leave-one-out procedure (for spatial and temporal peak selections) to assess statistical significance revealed that a similar activity change occurs when
contrasting the value of the unavailable option for accurate versus inaccurate future rejections of the unavailable option (right panels). The s.e.m. are
presented in the red shaded area across sessions, n - 25. ¢, In the left hippocampus, the beta weights for the contrast used in a and illustrated in b (left
panel) were predictive of how much the unavailable option s reward probability influenced animals future choice accuracy (top panel) but this was not
true for current choice accuracy (bottom panel). Scatter plot at the time of the peak effect, n 25 sessions, Pearson R is reported (results are normalized).

of the chosen option (all |Z] 3.1 for the chosen regressor); there
was no significant activity for the unchosen option. Importantly,
the analysis contained an extra regressor representing the unavail-
able options value, which also had no significant effect in the ACC
and IPFC. Importantly, the negative relationship between the ACC
BOLD signal and the value of the chosen option may reflect the
opportunity cost of switching away from the current choice.
Following this idea, in a second step, we tested whether the ACC
might represent the possible alternatives that the animal might
switch to in the future (Hypothesis 2). In this scheme, the two
options not selected on the current trial, the unchosen option and
the unavailable option, could both be considered counterfactual
options that might be taken in the future and which could be ranked
according to their expected value (GLM3: better versus worse alter-
natives model, as per behavioral analyses). Using Bayesian statistics
for each region within the same network (see Methods), we found
that the activity pattern representing better and worse alternatives
provided a significantly better account of neural activity in both
the ACC and IPFC compared to either the subjective choice com-
parison model (GLM2) or a third model (GLM4) that does not rep-
resent alternative options but rather the difficulty of selecting the
&€ current response (Hypothesis 3 in Fig. 1g) with s 0.95 (Fig. 4b;
see Supplementary Fig. 3 and the Methods for full Bayesian model
comparison®). Thus, while the ACC does not code for the value of
the unchosen and unavailable options individually, it maintains a
value of the best current alternative, and this effect is only visible
in the data when the reference frame is altered from focusing on

& the unchosen/unavailable to focusing on the best alternative. One

interpretation of the activity pattern is that it forecasts choosing the
better of the counterfactual options during future decisions.

NATURE NEUROSCIENCE | www.nature.com/hatureneuroscience

We directly tested this hypothesis using multiple regressions to
investigate whether the activity in the IPFC or ACC would predict
upcoming switching behavior. For each ROI, we employed four
regressors time-locked to the stimulus period of trial t, includ-
ing (1) the expected value of the better alternative if the future
trial is a switch to that option; (2) the expected value of the better
alternative if the future trial is a stay (that is, a repetition of the
same choice as on the current trial); (3) the expected value of the
worse alternative if the future trial is a switch to that option; (4)
the expected value of the worse alternative if the future trial is a
stay. ACC activity predicted upcoming decisions to switch to the
better and avoid the worse counterfactual (Fig. 4c; leave-one-out
procedures for peak selection, post-hoc one-sample t-tests, best:
Cohens d 048, t,, 241, P 0.02; worst: Cohens d  0.59,
t,, 294, P 0.007) but this was not true in IPFC (all Cohens
d 0.23,P 0.02). Such a pattern is consistent with a role for the
ACC in evaluating future strategies before execution®*° *2, By con-
trast, the macaque anterior IPFC holds estimates of counterfac-
tual choice values that are less immediately linked to behavior.
Similarly, human frontal polar cortex activity reflects the values of
alternative choice strategies in a manner that is also less immedi-
ately linked to behavior®.

It has been suggested that ACC activity simply reflects deci-
sion difficulty®** (Fig. 1g). When one options value is much higher
than the other options value, the decision is easy. However, when
the values of the two options are similar, the decision is difficult
because it is hard to reject an alternative that is close in value. Our
neural model comparison rejected this hypothesis (Supplementary
Fig. 3c). Another possible index of decision difficulty is the reaction
time (RT). We controlled for this in all our analyses by parametri-

































