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Activity in anterior cingulate cortex (ACC) has been linked both

to commitment to a course of action, even when it is associated

with costs, and to exploring or searching for alternative courses

of action. Here we review evidence that this is due to the

presence of multiple signals in ACC reflecting the updating of

beliefs and internal models of the environment and encoding

aspects of choice value, including the average value of choices

afforded by the environment (‘search value’). We contrast this

evidence with the influential view that ACC activity is better

described as reflecting task difficulty. A consideration of

cortical neural network properties explains why ACC may carry

such signals and also exhibit sensitivity to task difficulty.
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When humans and other animals take a course of action

they usually do so because they believe the benefits of

doing so will outweigh the costs. There is an evolving

understanding of the mechanisms underlying evaluation

of one well-defined choice against another that have been

linked to ventromedial, orbital prefrontal, and intrapar-

ietal sulcal cortex [1,2��,3,4��,5]. There are also, however,

times when animals decide whether it is worth acting at

all or evaluate whether it is worth continuing to engage in

the current behaviour or to explore alternatives. This

distinct pattern of decision-making is linked to ACC;

ACC manipulations affect the ability of animals to

initiate any action at all [6], weigh up the costs and

benefits of actions [7,8��], switch between actions as

their values change [9,10��], or explore alternative

choices [11��]. A series of recent studies have

demonstrated the presence of activity changes in ACC

that correspond to the types of signals that would be

needed to guide such behaviour; these signals encode the
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values of actions [7,12��,13,14,15,16��,17��,18��], the

average value of alternative courses of action in the

environment (‘search value’) as opposed to the current

or default course of action [19–21], exploration  and

evaluation of hypotheses  about the best course of action

to take [22,23��,24], and reflect updating of decision-

makers’ beliefs and internal models of their environ-

ments [25,26]. Not only are such signals found in ACC

but they are weak or absent in regions such as orbito-

frontal and ventromedial prefrontal cortex that carry

other value signals [12,19,20,22].

In addition, however, ACC has also been linked to

‘conflict monitoring’ — the process of detecting when

two competing choices might be made during a difficult

task [27]. Detecting response conflict and task difficulty

is important if mistakes are to be averted. Recently it has

been argued that ACC activity interpreted as reflecting

value signals has been confounded with difficulty and

so it has been argued that such ACC activity is

more parsimoniously interpreted as simply reflecting

task difficulty [28]. Here we review evidence, first,

that value signals and, second, model update signals

can be separated from any effect difficulty exerts on

ACC activity.

For example, a recent study [19] investigated how people

decide whether to explore a set of alternative choices or

stick with the opportunity to make a ‘default’ choice. The

value of exploring was encoded by a ‘search value’ signal

in ACC indexing the average value of the set of alterna-

tive choices that might be taken. In addition to search
value, ACC activity was also influenced, in a negative

fashion, by engage value (the value of the default option)

and costs incurred by searching. This pattern of positive

and negative modulations is suggestive of a comparison

process taking place within ACC that could inform deci-

sions about whether or not to explore, or ‘forage’ amongst,

the alternatives.

Figure 1a, however, summarizes how difficulty might be

confounded with the difference between search and engage
value — a quantity sometimes referred to as the ‘relative

value of foraging’ or RVF [28]. The probability of beha-

vioural change — searching as opposed to ‘engaging’ with

the current default — is plotted on the ordinate as a

function of RVF. A confound between RVF and difficulty

arises if subjects are biased to take the default. Even if the

experiment examines decisions equally on either side of

the objective indifference point — the point at which

searching and engaging objectively have the same value

— it is still possible that the sampling is unequal with
www.sciencedirect.com
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Figure 1

Experiment 1 - Stage 1 (forage phase)
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Avoiding confounds between value and difficulty. (a) Foraging frequency (left) and difficulty, as indexed by log(RT) (right), as a function of RVF

in an experiment claiming value signals and difficulty have been confounded in ACC [28]. The black line indicates behavioural data and the red

one the corresponding model fit. The grey bars are the sample sizes and the dotted lines are the two indifference points (red = subjective or

empirical and black = objective indifference point, i.e. where the value of searching and engaging are objectively equal; ‘RVforage = 0’). The

participants tended not to forage and to be inaccurate. For example, foraging frequency barely reaches 80% even on the right hand side of the

left panel and the participants’ empirical indifference points were far from the objective indifference point. (b) After adequate task training and

instruction in a version of the task employing a balanced and evenly sampled range of search and engage values in which decisions are non-trivial

and require value comparison [19] several features of the experiment, participant performance, and data are notable: (i) participants balance all the

factors that should influence decision-making in an approximately rational manner and the point of empirical indifference is close to the objective

indifference point meaning that ii) data are sampled from both left and right of decision space ensuring foraging values and difficulty decorrelation;

iii) Log(RT) decreases either side of the empirical indifference point in an approximately similar manner confirming foraging values and log(RT) are

not correlated. Foraging decisions plotted (similar format to a) as a function of RVF (based on all three variables that should influence behaviour:

search value, engage value, and an additional factor related to the cost of foraging). Adapted from [19,28].
respect to the subjective or empirical indifference point

— the point at which a given participant has no prefer-

ence between the options. The confound arises because

decisions close to the subjective indifference point are

the most difficult to take [for example, they are associated

with long reaction times (RTs)]. If participants are very

biased to nearly always take the default option then RVF

and difficulty both increase together across much of the

decision space.
www.sciencedirect.com 
Experiments addressing this criticism must contain certain

obvious features. First, a broad and evenly distributed

range of search and engage value must be tested. However,

at the same time, it is crucial that decisions are not trivially

easy and that some value comparison occurs on each trial.

Second, it is imperative that participants make decisions

that really are guided by option values and do not always

simply engage with the default option. One way of ensur-

ing this is simply to provide adequate task training and
Current Opinion in Neurobiology 2016, 37:36–43
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Figure 2

dACC signal for search value
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Search value has an early and sustained effect on ACC activity, engage value impacts on ACC slightly later, and difficulty effects occur

even later in the trial. (a) General linear model (GLM) timecourse analysis ACC activity demonstrates effects of both search value (red) and

engage value (blue). Note that RVF is a combination of search value and engage value. The results remain the same regardless of whether the

regression included all the data from [19] and regressors indexing the cost of taking a foraging choice, difficulty, and/or logRT. They remain the

same even if, to further guard against any possibility of a confound, the analysis focused on the data that best discriminates between search value

and difficulty. This can be achieved by focusing on a subset of the data. To ensure no correlation between RVF or search value and difficulty or

log(RT) the easiest engage trials where p(forage) < 0.02 (lower panel) can be removed. The numbers of samples included are shown in blue in the

lower panel while the excluded trials are shown in red. Forage frequency in the remaining trials is shown in the upper panel. The effect of log(RT)

(c) and difficulty (d) appear late in the trial. Statistical significance of signals can be assessed by convolving the time-course of their beta-weights

with a hemodynamic function (m = 6 and s = 3; to average the beta-weights of each contrast and every person separately). Search value had a

significant effect on ACC ( p � 0.001 in all cases). Difficulty had little impact on ACC activity as estimated using a standard hemodynamic function

time-locked to the start of the trial or response cue onset, but the effect of difficulty and RT increased later in the trial. (e) HRF convolved average

BOLD signal in ACC binned according to different parameters. When ACC activity is examined late in the trial period it can be seen that it

increases with search value (e, i), difficulty (e, ii) and RVF (e, iii). When the same analysis is conducted earlier in the trial then only search value

and RVF effects are apparent. All bins are equally sized for every participant and included at least 32 trials. Error bars are the standard error of the

individual effects for each bin. Adapted from [19].

Current Opinion in Neurobiology 2016, 37:36–43 www.sciencedirect.com
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Figure 3

(a) (b)
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Value effects are prominent in ACC proper while difficulty effects

are more prominent in more dorsal areas in or near pre-SMA. (a)

Whole brain cluster-corrected effect of search value (peak z = 3.2 at

Montreal Neurological Institute (MNI) coordinates [�4, 36, 26] in ACC

after controlling for difficulty and log(RT) using data shown in Figure 1c

and Figure 2. (b) Previous reports [19] of search value related activity

emphasized a similar ACC location [MNI, 4, 28, 30, yellow]. In a study

[28] emphasizing difficulty, effects were in or just anterior to pre-SMA

(MNI, 4, 32, 42, green). The one exception, reported in the

Supplementary Analysis was at a point intermediate between the

yellow and green areas that is probably within the border of ACC

[MNI, 6, 28, 34]. Adapted from [19].
instruction prior to scanning. If this is done then subjects

make rational value-guided decisions and therefore sub-

jective and objective indifference points are close

(Figure 1c) and difficulty/value confounds disappear; many

decisions are examined in decision space to the right of the

subjective indifference point where RVF and difficulty are

not positively correlated. Third, when analysing the data,

rather than examining the neural correlates of the aggre-

gate of decision variables — RVF — it is advisable to focus

on the component values that determine RVF: search

value, engage value, and costs. These component values

are more easily dissociated from difficulty. Employing

these principles Kolling and colleagues [19] reduced the

shared variance between search value, engage value, and

difficulty to 2% so that the neural correlates of each could

be separately identified (Figure 2). Now it is clear that ACC

activity reflects search value shortly followed by engage

value although towards the end of the decision period some

variance in ACC activity is accounted for by difficulty and

RT. Parallels can be drawn with recordings made in other

brain areas concerned with value-guided decision making

such as the intraparietal sulcus [29]; initially activity in

intraparietal neurons reflects saccade value but then it

transitions to reflect action related factors.

Such a pattern of results suggests ACC is a neural network

in which decisions to explore or not are taken; activity is

affected by a search value signal (apparent throughout

much of the trial period) but that the network takes longer

to make decisions using this signal and others when they

are difficult [30] (and therefore some variance in dACC

activity at the end of the decision period is accounted for

by difficulty and RT). Biophysically plausible neural

networks have been proposed [31] in which pools of

neurons are active in proportion to the evidence favouring

particular choices. If the representation of search value in

ACC takes this form then the network activity should

reflect both search value and difficulty. In fact, the

prediction is that the impact of search value should scale

with difficulty. Although it might be difficult to assess

such a precise hypothesis with fMRI such considerations

suggest that conducting experiments with decisions in-

volving extremely high search values may be unwise [28];

when decision difficulty is very low the network may

resolve the decision and enter an attractor state so quickly

that it will be difficult to see any effect of search value. In

other words, exclusive sensitivity to search value, and not

difficulty too, is not a prediction for a search value sensi-

tive decision circuit but instead sensitivity to both search

value and difficulty is expected. In the future, careful

neurophysiological measurements will be essential for

testing such potential mechanisms at the neuronal level,

disentangling how aggregate measures such as the BOLD

signal are derived from actual neural network operations.

Furthermore, ACC is sometimes co-activated with adja-

cent medial frontal brain areas [26] and so an important
www.sciencedirect.com 
consideration when drawing conclusions about ACC is to

ensure that neural activity that is recorded really is drawn

from ACC rather than adjacent medial frontal areas. After

controlling for difficulty, search value effects are most

prominent in ACC itself (Figure 3a) but task difficulty

effects lie in more dorsal areas in or anterior to the pre-

supplementary motor area (Figure 3b).

Humans and other animals should change from the be-

haviour they are currently engaged in and explore alter-

native courses of action not just when they have a sense of

the value of those alternatives but also when they realise

the environment is changing. ACC activity is also promi-

nent when events suggest that a decision-maker’s internal

model of their environment should be updated

[11��,25,26]. By definition, surprising events are ones that

were not predicted by the decision-maker’s current mod-

el of their environment. They are, therefore, frequently

the events that indicate the need for model updating. At

the same time, however, surprising events are often

events to which responses are made more slowly (longer

RTs) and with greater difficulty because the response, or

the stimulus eliciting it, was unanticipated. Does ACC

activity at the time of model updating simply reflect task

difficulty — the difficulty of responding when internal

model updating occurs? Or does it activate when internal

models have to change?

A recent study tested exactly this distinction [26]

(Figure 4) while controlling for response confounds and

showed that model update signals can indeed be dissoci-

ated from task difficulty effects. Human participants
Current Opinion in Neurobiology 2016, 37:36–43
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Figure 4
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ACC is active when internal models are updated not just when

task difficulty increases because surprising events occur. On each

trial of a saccade planning task, participants began by fixating a

central cross. A target (coloured dot) appeared on a circular perimeter.

Its location was predictable because target locations were similar over

runs. However, two types of unexpected targets occurred. (a) On

model update trials the new dot location was indicative of future dot

locations. To signal those trials, the dot had a different colour. In the

example, before the update, trials had red dots in the upper right and

the model update trial had a blue dot in the lower right. (b) This was

not the case on surprise only trials. There the dot colour was grey and

future targets reverted to the original distribution (in the example to the

upper right) (c) Plot of target locations (angle a from vertical) over

150 trials. Different coloured targets are from different runs. One-off

targets are shown in grey. (d) Distribution of target locations within a

run is a combination of a circular Gaussian, shown in red, and a

uniform distribution, shown in black, from which one-off trials were

drawn. (e) Whole-brain cluster-corrected fMRI analysis indicated a

region spanning ACC and adjacent pre-supplementary motor area was

the only area in which there was a significant effect of model updating

Current Opinion in Neurobiology 2016, 37:36–43 
made saccades to targets (coloured dots) that, on each

trial, appeared on a circular perimeter surrounding a

fixation point. The dots’ locations were usually predict-

able because they were similar over runs of 10–20 trials

but two types of unexpected event occurred. On model
update trials (Figure 4a) the dot appeared in an unexpect-

ed location and its new colour indicated that future dots

were likely to appear nearby on the circle’s periphery.

However, on surprise only trials (Figure 4b), dots appear-

ing in white in a surprising location indicated one-off

events and no need for participants to update their

internal model of where future dots would appear. The

difficulty of responding on any trial reflects the surprise

associated with a particular stimulus value, a, and is

characterized in Information Theory by its Shannon

information IS(a):

ISðaÞ ¼ �log pðajPriorÞ (1)

where p(ajprior) is the prior probability that the observa-

tion a would be made, given the brain’s internal model

just before the data point was observed. Therefore the

Shannon information captures how unexpected or unlike-

ly a particular observation is, given the internal model and

is directly related to the difficulty of the trial. In contrast,

updating of the internal model is captured by the Kull-

back–Leibler divergence (DKL) between the posterior

and the prior:

DKL postkpriorð Þ ¼
X

a

p ajpriorð Þ

� log p ajpriorð Þ�log p ajpostð Þ½ � (2)

where p(ajprior) is the probability that the observation a
would be made, given the model just before a was

observed, and p(ajpost) is the same quantity, given the

updated model just after a was observed. DKL is the

probability-weighted average change in Shannon informa-

tion across all possible stimuli as a consequence of updating

the model.

Although RTs increased on both model update and

surprise trials ACC was preferentially engaged on model

update trials. Moreover ACC activity covaried with the

model updating parameter, DKL, but not surprise IS

(Figure 4e and f), despite IS’s relationship to difficulty.

Although parietal regions were active as a function of
(contrast shows all voxels with a parametric effect of DKL). The ROI

denoted by the yellow line is the ACC region of interest analysed in

panels E and F. (f) Mean effect size for surprise (IS) and updating (DKL)

in the ACC ROI (error bars are SEM). (g) Raw activity in the ACC ROI

plotted as a function of trial-in-run (0 on abscissa indicates model

update or surprise trial, while trials 1, 2, 3, etc., are the trials following

the model update or surprise trial. (e) At last, there are regions other

than the dACC that are more active as a simple function of the

reaction time, which is mostly a function of the difficulty of responding,

similarly in one off and update trials (left and right panel).). Adapted

from [26].

www.sciencedirect.com
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response selection difficulty as indexed by RT, ACC was

not (Figure 4h). Other studies similarly suggest ACC is

activated when there is a need to update the task model

even in the absence of any response selection difficulty

(because no response is required at all) [32]. Model

updating-related activity in ACC is, therefore, linked to

behavioural flexibility and change and not simply re-

sponse selection difficulty. This role of the ACC may

underlie its activation during proactive control and error

correction. It is possible that ACC activity in other experi-

ments may have a similar role [21,33��].

In summary, ACC carries multiple signals. ACC activity

reflects both search value and the updating of internal

models of the environment. In both cases, and in other

reports [20,34,35], ACC is linked to behavioural change,

invigoration of new responses, novel response strategies,

and exploration. We have conceptualized search value as

the average value of choices that might be taken in an

environment but it could take many other forms depend-

ing on context. We and others have argued that some of

these signals may have arisen in the context of the

foraging choices that animals make as they decide to

leave one foraging patch to explore another

[15,19,20,36,37]. Advantages of this approach are that it

situates ACC function within the context of a behaviour

for which there has been substantial evolutionary pres-

sure and it suggests ways of optimal modelling of both

behaviour and neural activity. Similar processes are likely

to underlie human behaviours such as task switching.

Such a perspective holds great promise for making novel

predictions about behaviour and neural mechanisms in a

principled fashion.

Two regions within ACC, dorsal ACC (dACC) and

perigenual ACC (pgACC) [19,20,38��,39��], carry

related signals. Both areas are found in humans and

macaques; each area has a distinctive pattern of inter-

action with wider brain circuits that is similar across

species [40,41��]. Similar areas are also present in

rodents and again they mediate related aspects of

behaviour [8��,11��,25,42]. Indeed, when a decision-

maker has updated its internal model or is about to

pursue an alternative course of action then it may be

necessary to exert careful control over which actions

are selected next. However, the same is true even

when one manages to resist the attractions of an

alternative course of action [43] or when attention

has lapsed or errors have been made. In all these

situations it is necessary to exert greater cognitive

control and this may be brought about by interactions

between ACC and lateral prefrontal cortex

[16��,23��,24,44��,45,46,47,48,49��].

Conflict of interest
We have no conflicts of interest.
www.sciencedirect.com 
References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1. Chau BK, Kolling N, Hunt LT, Walton ME, Rushworth MF: A neural
mechanism underlying failure of optimal choice with multiple
alternatives. Nat Neurosci 2014, 17:463-470.

2.
��

Strait CE, Blanchard TC, Hayden BY: Reward value comparison
via mutual inhibition in ventromedial prefrontal cortex. Neuron
2014, 82:1357-1366.

This study provides evidence that the activity of single neurons in
ventromedial prefrontal cortex accords with a previously proposed neural
network model of decision making. The neural dynamics observed are
those that would be expected from a selection mechanism that is based
on mutual inhibition of option specific pools of neurons that compete as a
function of the value input they receive.

3. Cai X, Padoa-Schioppa C: Contributions of orbitofrontal and
lateral prefrontal cortices to economic choice and the good-
to-action transformation. Neuron 2014, 81:1140-1151.

4.
��

Abitbol R, Lebreton M, Hollard G, Richmond BJ, Bouret S,
Pessiglione M: Neural mechanisms underlying contextual
dependency of subjective values: converging evidence from
monkeys and humans. J Neurosci 2015, 35:2308-2320.

A careful comparison of value signals in ventromedial prefrontal cortex in
humans and macaques.

5. Hunt LT, Dolan RJ, Behrens TE: Hierarchical competitions
subserving multi-attribute choice. Nat Neurosci 2014, 17:
1613-1622.

6. Thaler D, Chen Y, Nixon PD, Stern C, Passingham RE: The
functions of the medial premotor cortex (sma) I. Simple
learned movements. Exp Brain Res 1995, 102:445-460.

7. Amemori K, Graybiel AM: Localized microstimulation of primate
pregenual cingulate cortex induces negative decision-
making. Nat Neurosci 2012, 15:776-785.

8.
��

Friedman A, Homma D, Gibb LG, Amemori K, Rubin SJ, Hood AS,
Riad MH, Graybiel AM: A corticostriatal path targeting
striosomes controls decision-making under conflict. Cell
2015, 161:1320-1333.

An extensive and elegantly conducted series of investigations into the
interactions of the rodent prelimbic cortex (a region resembling pgACC
in primates) and the striosome compartment of the striatum. Using
electrophysiology, optogenetics, and stimulation, the authors isolate a
corticostriatal pathway which has a causal role in changing cost–
benefit trade-off decision making. They explain the circuitry of the
pathway and the role played in it by local inhibition during cost–benefit
decision making.

9. Kennerley SW, Walton ME, Behrens TE, Buckley MJ,
Rushworth MF: Optimal decision making and the anterior
cingulate cortex. Nature Neurosci 2006, 9:940-947.

10.
��

Kawai T, Yamada H, Sato N, Takada M, Matsumoto M: Roles of
the lateral habenula and anterior cingulate cortex in negative
outcome monitoring and behavioral adjustment in nonhuman
primates. Neuron 2015, 88:792-804.

Neurons in both ACC and the lateral habenula are recorded and shown to
be responsive to error or non-reward trials when monkeys are performing
a reversal learning task. The lateral habenula response neurons
responded at particularly short latencies but the ACC neuron activity
reflected outcomes over the course of several trials and was predictive of
behavioral change.

11.
��

Tervo DG, Proskurin M, Manakov M, Kabra M, Vollmer A,
Branson K, Karpova AY: Behavioral variability through
stochastic choice and its gating by anterior cingulate cortex.
Cell 2014, 159:21-32.

This study suggests a noradrenergic control of locus coeruleus onto
ACC that inhibits reward history or internal model-based influences on
behaviour and initiates truly stochastic exploration. The study high-
lights an important distinction as it separates at least two different
forms of exploration, i.e. model-based value driven exploration, inves-
tigated in a series of other studies implicating ACC, from the stochastic
or random exploration they investigate and which requires ACC dis-
engagement.
Current Opinion in Neurobiology 2016, 37:36–43

http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0250
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0250
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0250
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0255
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0255
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0255
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0260
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0260
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0260
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0265
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0265
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0265
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0265
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0270
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0270
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0270
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0275
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0275
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0275
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0280
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0280
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0280
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0285
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0285
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0285
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0285
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0290
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0290
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0290
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0295
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0295
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0295
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0295
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0300
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0300
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0300
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0300


42 Neurobiology of cognitive behavior
12.
��

Luk CH, Wallis JD: Choice coding in frontal cortex during
stimulus-guided or action-guided decision-making. J Neurosci
2013, 33:1864-1871.

Orbital frontal and anterior cingulate neurons were recorded while maca-
ques learned action-outcome and stimulus-outcome association learning
tasks. Although activity in both areas reflected action selection, evidence
for ACC and OFC action coding was stronger in the action-outcome and
stimulus outcome association learning tasks respectively.

13. Cai X, Padoa-Schioppa C: Neuronal encoding of subjective
value in dorsal and ventral anterior cingulate cortex. J Neurosci
2012, 32:3791-3808.

14. Scholl J, Kolling N, Nelissen N, Wittmann MK, Harmer CJ,
Rushworth MF: The good, the bad, and the irrelevant: neural
mechanisms of learning real and hypothetical rewards and
effort. J Neurosci 2015, 35:11233-11251.

15. Blanchard TC, Hayden BY: Neurons in dorsal anterior cingulate
cortex signal postdecisional variables in a foraging task. J
Neurosci 2014, 34:646-655.

16.
��

Amemori K, Amemori S, Graybiel AM: Motivation and affective
judgments differentially recruit neurons in the primate
dorsolateral prefrontal and anterior cingulate cortex. J
Neurosci 2015, 35:1939-1953.

A macaque electrophysiological recording study showing dorsolateral
prefrontal cortex has a stronger role in motivational control, more spe-
cifically performance in conditions of low motivation indexed by slow
responding and high error rates (performance despite low motivational
state). ACC more frequently coded affective values including a preference
for chosen values. They were able to dissociate value and motivation by
using trials with mixed reward/punishment in which value was low but
motivation high. The paper offers a clear dissociation between ‘beha-
vioural regulation’ in dorsolateral prefrontal cortex strongly related to
conflict and difficulty and ‘goal evaluation’ in ACC, while discussing the
interaction of both areas during decision making.

17.
��

Hosokawa T, Kennerley SW, Sloan J, Wallis JD: Single-neuron
mechanisms underlying cost-benefit analysis in frontal
cortex. J Neurosci 2013, 33:17385-17397.

Recordings were made throughout a number of frontal cortical areas in
macaques including dorsolateral prefrontal cortex, orbitofrontal cortex,
cingulate motor cortex, and ACC. Only in ACC were neurons found that
were active during both delay and effort-based decision making suggest-
ing that ACC has a role in value-guided decision making that is distinct to
that of other frontal lobe areas.

18.
��

Blanchard TC, Strait CE, Hayden BY: Ramping ensemble activity
in dorsal anterior cingulate neurons during persistent
commitment to a decision. J Neurophysiol 2015, 114:2439-2449.

Macaques had to persist in commitment to a choice in order to receive a
reward. During the delay until reward receipt ACC neurons began to
become active in a pattern resembling that seen after reward receipt. If
reward was not received then the activity pattern entered a distinct and
negatively correlated state.

19. Kolling N, Behrens TE, Mars RB, Rushworth MF: Neural
mechanisms of foraging. Science 2012, 336:95-98.

20. Kolling N, Wittmann M, Rushworth MF: Multiple neural
mechanisms of decision making and their competition under
changing risk pressure. Neuron 2014, 81:1190-1202.

21. Boorman ED, Rushworth MF, Behrens TE: Ventromedial
prefrontal and anterior cingulate cortex adopt choice and
default reference frames during sequential multi-alternative
choice. J Neurosci 2013, 33:2242-2253.

22. Walton ME, Devlin JT, Rushworth MFS: Interactions between
decision making and performance monitoring within
prefrontal cortex. Nat Neurosci 2004, 7:1259-1265.

23.
��

Logiaco L, Quilodran R, Procyk E, Arleo A: Spatiotemporal spike
coding of behavioral adaptation in the dorsal anterior
cingulate cortex. PLoS Biol 2015, 13:e1002222.

The temporal pattern of activity, rather than the just the integrated firing
rate, of ACC neurons may be important in determining behavioural
adaptation after outcome events such as rewards and errors.

24. Khamassi M, Quilodran R, Enel P, Dominey PF, Procyk E:
Behavioral regulation and the modulation of information
coding in the lateral prefrontal and cingulate cortex. Cereb
Cortex 2015, 25:3197-3218.
Current Opinion in Neurobiology 2016, 37:36–43 
25. Karlsson MP, Tervo DG, Karpova AY: Network resets in medial
prefrontal cortex mark the onset of behavioral uncertainty.
Science 2012, 338:135-139.

26. O’Reilly JX, Schuffelgen U, Cuell SF, Behrens TE, Mars RB,
Rushworth MF: Dissociable effects of surprise and model
update in parietal and anterior cingulate cortex. Proc Natl Acad
Sci U S A 2013, 110:E3660-E3669.

27. Botvinick MM: Conflict monitoring and decision making:
reconciling two perspectives on anterior cingulate function.
Cogn Affect Behav Neurosci 2007, 7:356-366.

28. Shenhav A, Straccia MA, Cohen JD, Botvinick MM: Anterior
cingulate engagement in a foraging context reflects choice
difficulty, not foraging value. Nat Neurosci 2014, 17:1249-1254.

29. Louie K, Glimcher PW: Separating value from choice: delay
discounting activity in the lateral intraparietal area. J Neurosci
2010, 30:5498-5507.

30. Hare TA, Schultz W, Camerer CF, O’Doherty JP, Rangel A:
Transformation of stimulus value signals into motor
commands during simple choice. Proc Natl Acad Sci U S A
2011, 108:18120-18125.

31. Wang XJ: Decision making in recurrent neuronal circuits.
Neuron 2008, 60:215-234.

32. Sallet J, Camille N, Procyk E: Modulation of feedback-related
negativity during trial-and-error exploration and encoding of
behavioral shifts. Front Neurosci 2013, 7:209.

33.
��

Doll BB, Duncan KD, Simon DA, Shohamy D, Daw ND: Model-
based choices involve prospective neural activity. Nat Neurosci
2015, 18:767-772.

This study tests for the existence of prospective representation of future
events when making choices by measuring whether the sensory proper-
ties of future goal states are encoded during initial model-based decisions
in a multi-step choice paradigm. Using fMRI they find such prospective
signals, by employing a clever trick that exploits the spatial segregation of
processing of different stimuli types such as body parts and scenes. This
allows the authors to link the attentional enhancement of the sensory
properties of future goal states with the subjects’ degree of model-based
behaviour.

34. Daw ND, O’Doherty JP, Dayan P, Seymour B, Dolan RJ: Cortical
substrates for exploratory decisions in humans. Nature 2006,
441:876-879.

35. Behrens TE, Woolrich MW, Walton ME, Rushworth MF: Learning
the value of information in an uncertain world. Nat Neurosci
2007, 10:1214-1221.

36. Pearson JM, Watson KK, Platt ML: Decision making: the
neuroethological turn. Neuron 2014, 82:950-965.

37. Hayden BY, Pearson JM, Platt ML: Neuronal basis of sequential
foraging decisions in a patchy environment. Nat Neurosci 2011,
14:933-939.

38.
��

McGuire JT, Kable JW: Medial prefrontal cortical activity
reflects dynamic re-evaluation during voluntary persistence.
Nat Neurosci 2015, 18:760-766.

An fMRI study using a sequential lottery task to look at participants’
willingness to wait until a reward is delivered. The authors suggest that
during tracking of waiting time and stimulus specific lottery rejection they
find ramping dACC activity related to quitting/switching. Although they fail
to find value signals in dACC this may be a consequence of unusual
features such as using a ramping probability lottery defined merely by
time, rather than actual reward experiences. A more anterior medial
frontal region, pgACC, tracks the drifting value of stimuli dependent
lotteries in online fashion.

39.
��

Wan X, Cheng K, Tanaka K: Neural encoding of opposing
strategy values in anterior and posterior cingulate cortex. Nat
Neurosci 2015, 18:752-759.

A very original fMRI study looking at the neural correlates of strategic
decision making in the ecological context of a strategic game called
Shogi. The authors find pgACC and posterior cingulate coding of defen-
sive and aggressive strategy values, whereas dorsolateral prefrontal
cortex integrates both into decisions. Beyond investigating strategic
choices, this study highlights the importance of exploring different deci-
sion kinds ecologically and how framing can make a large difference to
the neural activity observed in relation to choice.
www.sciencedirect.com

http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0305
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0305
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0305
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0310
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0310
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0310
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0315
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0315
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0315
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0315
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0320
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0320
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0320
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0325
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0325
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0325
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0325
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0330
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0330
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0330
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0335
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0335
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0335
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0340
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0340
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0345
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0345
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0345
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0350
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0350
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0350
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0350
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0355
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0355
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0355
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0360
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0360
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0360
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0365
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0365
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0365
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0365
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0370
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0370
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0370
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0375
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0375
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0375
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0375
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0380
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0380
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0380
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0385
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0385
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0385
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0390
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0390
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0390
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0395
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0395
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0395
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0395
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0400
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0400
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0405
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0405
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0405
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0410
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0410
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0410
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0415
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0415
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0415
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0420
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0420
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0420
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0425
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0425
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0430
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0430
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0430
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0435
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0435
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0435
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0440
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0440
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0440


Anterior cingulate cortex and behavioural change Kolling et al. 43
40. Neubert FX, Mars RB, Sallet J, Rushworth MF: Connectivity
reveals relationship of brain areas for reward-guided learning
and decision making in human and monkey frontal cortex.
Proc Natl Acad Sci U S A 2015.

41.
��

Procyk E, Wilson CR, Stoll FM, Faraut MC, Petrides M, Amiez C:
Midcingulate motor map and feedback detection: converging
data from humans and monkeys. Cereb Cortex 2014.

Human fMRI experiments and monkey electrophysiological data meta-
analyses are used to argue that reward feedback-related activity occurs
in a precisely localizable and homologous ACC region in both species.
They argue the ACC regions in both species have premotor-like functions,
and are important when subjects are exploring how best to respond when
a task is changing.

42. Narayanan NS, Cavanagh JF, Frank MJ, Laubach M: Common
medial frontal mechanisms of adaptive control in humans and
rodents. Nat Neurosci 2013, 16:1888-1895.

43. Ebitz RB, Platt ML: Neuronal activity in primate dorsal anterior
cingulate cortex signals task conflict and predicts
adjustments in pupil-linked arousal. Neuron 2015, 85:628-640.

44.
��

Voloh B, Valiante TA, Everling S, Womelsdorf T: Theta-gamma
coordination between anterior cingulate and prefrontal cortex
indexes correct attention shifts. Proc Natl Acad Sci U S A 2015,
112:8457-8462.

Cues instructing an update of the direction of attention lead to a resetting
of the timing of slow fluctuations (in the theta range) of activity in ACC.
Dorsolateral prefrontal activity in the gamma band increases in a manner
www.sciencedirect.com 
that is tied to the ACC theta phase but the relationships are only
significant on trials on which macaques will maintain the attentional focus
on the correct stimulus.

45. Shen C, Ardid S, Kaping D, Westendorff S, Everling S,
Womelsdorf T: Anterior cingulate cortex cells identify process-
specific errors of attentional control prior to transient
prefrontal-cingulate inhibition. Cereb Cortex 2015, 25:
2213-2228.

46. Womelsdorf T, Ardid S, Everling S, Valiante TA: Burst firing
synchronizes prefrontal and anterior cingulate cortex during
attentional control. Curr Biol 2014, 24:2613-2621.

47. Stoll FM, Wilson CR, Faraut MC, Vezoli J, Knoblauch K, Procyk E:
The effects of cognitive control and time on frontal beta
oscillations. Cereb Cortex 2015.

48. Donahue CH, Seo H, Lee D: Cortical signals for rewarded
actions and strategic exploration. Neuron 2013, 80:223-234.

49.
��

Oemisch M, Westendorff S, Everling S, Womelsdorf T: Interareal
spike-train correlations of anterior cingulate and dorsal
prefrontal cortex during attention shifts. J Neurosci 2015,
35:13076-13089.

Firing correlations between ACC and dorsolateral prefrontal cortex
emerged shortly after a cue instructing an attentional shift shown to
macaque monkeys and were evident during a 50–200 ms time windows
independent of overall firing rate modulations. In some cases the correla-
tion pattern carried information about the direction of the attention shift.
Current Opinion in Neurobiology 2016, 37:36–43

http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0445
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0445
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0445
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0445
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0450
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0450
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0450
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0455
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0455
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0455
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0460
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0460
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0460
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0465
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0465
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0465
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0465
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0470
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0470
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0470
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0470
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0470
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0475
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0475
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0475
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0480
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0480
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0480
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0485
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0485
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0490
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0490
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0490
http://refhub.elsevier.com/S0959-4388(15)00185-3/sbref0490

	Multiple signals in anterior cingulate cortex
	Conflict of interest
	References and recommended reading


