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Cognitive Control and Reward
Ruth M. Krebs and Marty G. Woldorft

Introduction

Cognitive control can be considered as a set of functions that enable us to adapt to changing
demands in our environment and to optimise our behaviour accordingly. As such, our
behaviour is guided by internal and external goals, which are in turn influenced by motiva-
tional factors. For example, our ability to focus attention on a certain task at work, without
being distracted by co-workers or our own unrelated thoughts, will not only depend on our
skills but just as much on our current level of motivation. Although intrinsic factors of
motivation (e.g., the joy of solving a task) are difficult to manipulate and measure in an exper-
imental setting, we are able to investigate how extrinsic motivation, for example, in the form
of monetary incentives (rewards), can modulate cognitive control processes and ultimately
change behavioural output. For example, it has long been known, from research on instru-
mental learning, that rewarding an animal (or human) for a particular action will increase the
likelihood of this action’s repetition in the future (Wise, 2004). More recently, however,
researchers have started to investigate how the anticipation of reward can modulate complex
cognitive functions, including visual attention, conflict resolution, response inhibition, and
episodic memory encoding (for a review, see Braver et al., 2014; Botvinick & Braver, 2015).

In this chapter, we take the view that a broad distinction can be made between two main
ways by which the prospect of reward can be brought to bear on task performance and behav-
iour, namely, by pre-task reward cueing and by target-reward associations (Figure 24.1). In
the first case, the availability of reward versus no reward for a specific task, or for a high versus
low level of reward, is indicated ahead of time. This pre-task reward information can either be
set in a sustained way across time, such as for a block of task trials, or in a more rapidly varying
way, such as by a cue providing reward information on a trial-by-trial basis. Both of these
possibilities can lead to a differential state of preparation for the subsequent task and for the
processing of the task-relevant stimuli, which can then in turn lead to a modulation of task
performance.

The second major way of using reward to manipulate task performance is by associating it
directly with certain stimuli or stimulus features that are part of the task itself. Such target—
reward associations may have been set by previous experience (e.g., reward has been previ-
ously signalled by these stimulus types or features), or because one has been instructed
regarding their reward-related properties; that is, when such stimulus types or features occur
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Figure 24.1 XKey ways in which reward information can influence cognitive control. The avail-
ability of reward can be indicated in advance of a trial or a block of trials (Reward cueing, green), or it
can be directly embedded in the target stimulus itself in form of reward-associated stimulus types or
features (Target-reward associations, blue). Whereas reward cueing is thought to act at the level of
preparatory mechanisms that in turn modulate subsequent target processing, target-reward associations
likely trigger rapid within-trial modulations. Both manipulations have been shown to modulate the
behavioural response to the target (grey). Note that though combined in one figure for illustration
purposes here, reward cuing and target-reward associations are typically employed in independent
paradigms. In both cases, if performance feedback is provided on a trial-by-trial basis, it can be used to
update the relevant aspects of a given task (Reward outcome, orange; not the focus of this chapter).

in a trial, participants are rewarded for accurate task performance. In contrast to cue or block
manipulations, which allow for differential preparation in advance of the target, within-trial
target—reward associations can only start to affect stimulus encoding and response selection
once the target appears.!

The following sections are organised along these two main ways by which reward can
influence cognitive control. We first discuss the putative pro-active effects that occur when
reward information about a task trial (or a block of trials) is provided prior to the task, and
we then move on to with in-trial processes triggered by target—reward associations that seem
to be rather re-active (or even automatic) in nature. Within this general framework, we will
focus on reward-related effects on a range of cognitive control functions. In this regard, we
note that we consider attentional control to be a subset of the broader category of cognitive
control, which also includes processes related to conflict resolution (Chapter 4 by Egner in
this volume), working memory (Chapter 3 by Meier & Kane in this volume), task switching
and task-goal maintenance (Chapter 2 by Monsell in this volume), and response inhibition?
(Chapter 6 by Verbruggen & Logan in this volume). As part of this discussion, we will also
consider the putative underlying neural mechanisms of the behavioural modulations due
to reward cuing and target-reward associations, and highlight ongoing discussions and
outstanding questions that remain to be tackled in future studies.

Modulations of Preparatory Attentional Control via Reward Cues

Consider a situation in which you have a high expectation to be rewarded for performing a
certain task well or quickly, before you actually start. You could endeavour to enhance your
performance on the task by taking measures that help you to concentrate better, such as
putting on headphones to limit distracting noise, or to try to bring yourself into a focused
mental state. These can be considered ‘pro-active’ or global preparatory strategies (Braver,
2012; see also Chapter 9 by Chiew & Braver in this volume) that may promote your
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performance and in turn increase the chances to earn the reward. In experimental research,
reward manipulations of pro-active control can be implemented in a more sustained fashion
by rewarding entire blocks of a task (e.g., Locke & Braver, 2008), or in a more transient,
trial-to-trial fashion by using pre-task cues that indicate reward availability or no reward
before each new trial (e.g., Krebs, Bochler, Roberts, Song, & Woldorff, 2012). In this section,
we will consider the effects of both blocked and cued reward together because they both
involve the engagement of preparatory processes, prior to the occurrence of the target stim-
ulus. Moreover, they also are sometimes combined in one and the same study (e.g., Jimura,
Locke, & Braver, 2010), and they seem likely to rely on partly overlapping mechanisms.

Probably the most commonly used reward manipulation in the cognitive neuroscience
literature is the monetary incentive delay (MID) task (Knutson & Cooper, 2005; Knutson,
Westdorp, Kaiser, & Hommer, 2000), which was designed to parallel animal models of
reward anticipation and delivery (Schultz, 1997, 2001). In this task, a pre-task cue at the
beginning of each trial indicates the chance to win a reward or no reward on that trial (or to
indicate different reward probability levels). Performance in the cued upcoming task, which
in the early versions of the MID paradigms was a simple target-detection task, is then rewarded
according to the cue contingencies. After the response on each trial, given accurate
performance, participants receive feedback about the actual reward they just earned, thereby
facilitating the establishment of a stable association between reward prediction and actual
outcome. When this task is performed while acquiring event-related measures of brain activity,
such as functional magnetic resonance imaging (fMRI) or event-related potentials (ERDs), it
enables the isolation of the preparatory neural processes related to reward anticipation from
those of target-stimulus processing and reward feedback, thus paralleling the approaches used
in analogous animal work. And indeed, in parallel to the animal findings, the anticipation of
reward with this task was found to be associated with activity modulations in regions of the
dopaminergic system, first and foremost the ventral striatum and the medial midbrain, which
are now considered to be key regions of the human reward-processing circuit (Knutson,
Adams, Fong, & Hommer, 2001a; Knutson, Fong, Adams, Varner, & Hommer, 2001b;
Knutson, Taylor, Kaufman, Peterson, & Glover, 2005; Wittmann, Schiltz, Boehler, & Duzel,
2005). We note, however, that reward processing in the brain is not limited to these regions,
as reward seems to modulate activity in networks that are relevant for a given cognitive
function (Pessoa & Engelmann, 2010), and that regions of the dopaminergic system can also
be recruited by other cognitive processes in the absence of reward (Boehler et al., 2011).

Enhancing Preparatory Attentional Control

Over the past decade, the MID logic has been adopted to probe for a range of specific
cognitive control functions, including top-down attentional control and conflict resolution.
One of the first MID-like paradigms in the attentional control domain was employed by
Engelmann and Pessoa (2007, 2009). Using a rewarded exogenous attention-cuing para-
digm, they reported that the participants’ ability to detect a peripheral target improved with
increasing incentive value, which was indicated by a pre-task cue for a set of trials (Engelmann &
Pessoa, 2007). In a subsequent fMRI study (Engelmann, Damaraju, Padmala, & Pessoa,
2009), the authors demonstrated a similar reward benefit for detection sensitivity of noisy
face targets in an endogenous attention-cuing paradigm. It should be noted that in both of
these studies the cue indicating the reward level was given for a series of five (Engelmann
ct al., 2009) or eleven (Engelmann & Pessoa, 2007) upcoming trials rather than on a trial-
by-trial basis as in the classic MID task, and thus these could be considered mini-block manip-
ulations. Also, an ecarlier fMRI study already provided evidence for reward-enhanced
attentional orienting by having participants perform an endogenous attention task in blocks
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with different incentive contexts, namely, having the potential to win, the potential to lose,
or no monetary consequence (Small et al., 2005). Importantly, in both fMRI studies using
endogenous attention tasks (Small et al., 2005; Engelmann et al., 2009), reward-induced
performance benefits were associated with activity modulations in frontoparietal brain regions
implicated by other work as being involved in attentional control (reviewed in Corbetta &
Shulman, 2002), as well as regions of the reward circuit, suggesting that reward may improve
performance by modulating task-relevant attentional processes, rather than acting on its own
as an independent force (Pessoa & Engelmann, 2010).

More direct evidence for this notion has been provided by several studies specifically inves-
tigating the relationships between reward anticipation and attentional control. In an fMRI
study from our group (Krebs et al., 2012), trial-by-trial cues for a visual discrimination task
contained information about reward availability on the current trial as well as information
about attentional task demands of the upcoming target stimulus. Importantly, activity in the
brain networks associated with preparation for high-reward targets were largely overlapping
with those for high-attentional-demand targets, supporting the above-mentioned notion that
reward imparts its influence on task performance, at least in part, via attentional control net-
works. Beyond this overlap, there were a handful of regions, including the anterior cingulate
cortex and the medial midbrain, in which activity was especially increased for anticipating
attentionally demanding targets when reward was at stake. This latter finding highlights
the flexible nature with which reward information seems to be integrated to meet the current
task demands.

On the basis of this fMRI study, we employed the same paradigm, that is, crossing reward
availability and attentional demand, while recording EEG to provide insights into the
temporal dynamics of their integration (Schevernels, Krebs, Santens, Woldorff, & Bochler,
2014). In particular, while reward information modulated attention-related preparatory ERP
activity (as indexed by the fronto-central negative-polarity contingent negative variation wave
[CNV]) fairly early in the cue-target interval, the interaction with attentional-task-demand
information was only observed late this interval, as reflected in a late enhancement of the
pre-target CNV. In another recent EEG study, we investigated the effects of cued attention
and cued reward on performance in a Stroop conflict task (van den Berg, Krebs, Lorist, &
Woldortt, 2014). Relative to cues after which no target was to be expected (control cues),
cues that indicated to attend to an upcoming target (attend cues) enhanced the CNV and
reduced alpha power in the cue-target interval (both hallmark reflections of increased
attention). Importantly, both of these effects were substantially enhanced when the attend
cue signalled reward availability. Lastly, another study secking to directly integrate spatial and
temporal information by acquiring fMRI and EEG simultancously during a classic MID task
(Plichta et al., 2013) found that the attention-related preparatory CNV component was cor-
related with activity modulations in regions of the reward-processing circuit, including the
medial prefrontal cortex, thalamus, and ventral striatum. Thus, all of these studies argue that
the prospect of reward brings about its effects on behaviour and task performance, at least in
part, by marshalling attentional control circuits.

Effects of Reward Cueing on Conflict Control

The preparatory effects of reward availability have also been studied in other cognitive con-
trol domains, such as in conflict processing. In an fMRI study by Padmala and Pessoa (2011),
the effect of trial-by-trial reward cues on attentional control in a Stroop-like picture-word
interference task was examined, in which participants were asked to discriminate images of
houses and buildings while ignoring a matching or non-matching overlaid word (Padmala &
Pessoa, 2011). These authors found that reward availability reduced the typical performance
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decrements on trials with incongruent irrelevant information (i.c., interference effects).
Neurally, this reward-related performance benefit was accompanied by enhanced activity in
the frontoparietal attention network and in subcortical reward-processing regions during cue
processing, which was followed by diminished target-evoked activity in medial-frontal regions
that have been implicated in conflict resolution. Together with the observation that reward
availability reduced word-specific activity in the visual cortex, these results were interpreted
in terms of improved attentional filtering of irrelevant information in reward trials (see also
Soutschek, Stelzel, Paschke, Walter, & Schubert, 2015).

Although the picture-word interference task is considered to probe for conflict-control
mechanisms similar to those in the classic colour-naming Stroop task (MacLeod &
MacDonald, 2000), the results of two studies that included reward-predicting cues in a clas-
sic Stroop task suggest that there may be some key differences (van den Berg et al., 2014;
Veling & Aarts, 2010). In particular, although reward availability facilitated responses glob-
ally in these other studies (faster and more accurate on reward trials), there was no reward-
induced reduction of conflict interference, in contrast to the results by Padmala and Pessoa
(2011). This discrepancy may be related to the nature of the stimuli in the picture-word
interference task versus the classic Stroop task. Specifically, the reward-induced attentional
filtering of the irrelevant word meaning, as suggested by Padmala and Pessoa (2011), may be
more difficult in the classic Stroop paradigm because the to-be ignored dimension (word
meaning) is embedded in the to-be attended stimulus (colour word), rather than being over-
laid on a separable object. Moreover, the van den Berg et al. (2014) study also included ERP
measures, and the results showed no reduction across subjects of the negative incongruency
ERP wave (Ninc) following reward cues, paralleling the lack of a mean reduction in behav-
ioural interference. However, this latter study found substantial variations between partici-
pants in the reduction of both the behavioural and neural conflict effects in the context of
reward, which were correlated with participants’ overall RT speeding on reward trials, as well
as with the level of preparatory neural activity enhancement (larger CNVs, reduced alpha).
Such a result suggests that some participants used the advance reward information to selec-
tively enhance their attention to the relevant dimension of the Stroop task (font colour) and
reduce interference, whereas others may not have utilised the reward information as eftec-
tively. In fact, some participants displayed larger interference effects on reward trials, which
could be explained by enhanced attention to the entire Stroop stimulus, both the relevant
and irrelevant dimensions, thereby actually increasing interference.

The above considerations become yet more complicated when irrelevant and relevant
information of an interference task are separated in time. One of the first EEG studies that
sought to investigate the influence of reward on interference processing used an MID-like
version of a flanker task, in which the flanking distracters were presented about 100 ms before
the central target letter (Seifert, Naumann, Hewig, Hagemann, & Bartussek, 20006). In that
study, the prospect of reward enhanced overall response speed (similar to most of the above
studies), but it also increased interference from incompatible flankers at the same time. This
latter behavioural effect was paralleled by activity modulations in the lateralised readiness
potentials (LRPs), reflecting motor-response preparation activity, indicating that reward
cueing led to the motor system being initially biased to respond according to the distracter
letters that were presented slightly earlier in time.

Promoting Cognitive Flexibility

The above studies seem to suggest that the exact nature of reward-based modulations in
attentional control and contflict resolution can depend on specific differences in the task or
stimulus structure, as well as in the reward mode. In addition, many of these studies suggest that
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increased attention to the target stimulus plays a crucial role in task performance. But what
happens in tasks in which the task structure or task goals are more complex or change during
the experiment? In this section, we discuss studies of reward effects on working memory
maintenance, utilisation of contextual cues, and task switching.

In an ecarly cued-reward fMRI study of such effects in working memory (Krawczyk,
Gazzaley, & D’Esposito, 2007), participants had to memorise one stimulus category and
ignore another, and were presented with a probe stimulus after a variable maintenance delay.
The results indicated that during the encoding period, reward cues triggered activity increases
in the lateral prefrontal cortex, an area implicated in working memory and task-goal mainte-
nance, while also facilitating the behavioural responses to the subsequent probe stimulus.
Moreover, activity in category-specific visual regions was selectively increased when stimuli
were actively attended versus passively viewed, but only when a reward was at stake. These
results were interpreted as reflecting enhanced top-down modulation of visual processing
during working memory maintenance in the context of reward. A similar task structure was
used by Jimura and colleagues in which trial-by-trial reward cuing was combined with a
reward block manipulation in a working memory task (Jimura et al., 2010). The results indi-
cated that a general reward context (blocks that included both reward and no-reward trials)
benefited task performance, especially on those trials for which the trial cue indicated that
there would not be a reward, suggesting a role of globally enhanced (sustained) pro-active
control. Importantly, this context effect was associated with activity changes in lateral pre-
frontal regions typically implicated in working memory maintenance.

These results highlight the complex and flexible nature by which reward can shape our
behaviour, depending on the exact task structure and context information. More evidence for
this notion comes from an fMRI study that employed a rewarded stimulus—sequence
contingency task (Locke & Braver, 2008), in which participants had to respond to a probe
stimulus (X), but only when it was preceded by a specific cue stimulus (A). They found that
performance in A-X trials was increased in reward blocks compared to baseline blocks.
However, the possibility of reward also increased error rates on non-target trials (e.g., on A-Y
trials), presumably reflecting increased response biasing by the cue stimulus (i.e., the ‘A’).
The tMRI data indicated these global reward-context effects were linked to increased activity
in frontoparietal regions typically associated with attentional control.

In contrast to the above studies, in which task goals were complex but mostly stable
throughout the experiment, other studies have required participants to flexibly switch bet-
ween different task regimes from trial to trial in the context of reward (Aarts et al., 2010;
Capa, Bouquet, Dreher, & Dufour, 2013; Kleinsorge & Rinkenauer, 2012), or to integrate
information from multiple sources in order to make the correct response (Kouneiher,
Charron, & Koechlin, 2009). The cued task-switching reward studies have produced diverse
results, which may be partly explained by differences in task design and the focus of the
analyses. In one fMRI study that used a Stroop-like cued task-switching paradigm while also
assessing genetic variations (Aarts et al., 2010), reward cues improved task performance only
on switch trials and only in participants with a certain genetic polymorphism (i.e., 9-repeat
allele carriers of the dopamine transporter gene DAT1), which is typically (and was in this
study) associated with increased activity in the ventral striatum during reward anticipation.
Moreover, actual task execution was accompanied by increased dorsal-striatal activity in
switch versus repeat trials. In another task-switching paradigm (Kleinsorge & Rinkenauer,
2012), if reward was only available for one of two tasks in an experiment (constant task-to-
reward mapping), switch costs were significantly reduced across tasks. If, however, reward
availability varied from trial to trial independent of the task (variable task-to-reward mapping),
no reward benefit for switch trials was observed. Rather, reward anticipation facilitated
responses on trials with a robust task-reward association, at the cost of performance detriments
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in the unrewarded task. The critical role of task structure in these processes is further under-
scored by a task-switching study that signalled reward prospect block-wise (Capa et al.,
2013). In this case, no differential reduction of switch costs was observed above and beyond
a general response facilitation in reward blocks. Although the comparability of these studies
is limited owing to differences in task structure, general methods, and even participant
selection, they indicate that reward can modulate the ability to flexibly employ cognitive
control in response to changing task demands, and that these modulations seem to rely to
some extent on activity changes in regions of the dopaminergic neural circuits.

Preparing for Inhibition

So far, we have discussed studies in which reward prospect was linked to the correct and suf-
ficiently fast execution of a certain action. But what if the task requires the withholding or
stopping of an already initiated or about to be initiated response (i.c., response inhibition)?
This question seems especially relevant considering the common notion that approach behav-
iour is more casily triggered by reward-related or other positive stimuli, whereas withdrawal
or avoidance behaviour tends to be associated with negative events (e.g., Guitart-Masip et al.,
2011; Hare, Tottenham, Davidson, Glover, & Casey, 2005).

In the classic stop-signal task, the majority of trials require a fast response to a go stimulus.
In a subset of trials, however, the go stimulus is rapidly followed by a stop stimulus, indicating
that participants have to ‘stop’ (i.e., withhold their response to the go stimulus). The key
finding in these studies is that the shorter the interval between the go and stop stimuli, the
higher the likelihood of being able to withhold the response. By considering stopping success
at different percentiles of the go-trial RT distribution, the so-called stop-signal response time
(SSRT) can be calculated as an index of how fast stopping can be implemented by an individual
(Verbruggen, Chambers, & Logan, 2013; Chapter 6 by Verbruggen & Logan in this volume).

One of the first studies that investigated motivational influences on response inhibition
introduced specific monetary contingencies for go and stop trials across task blocks (Leotti &
Wager, 2010). In this behavioural study, participants were rewarded for fast and accurate
performance on go trials as well as for successful response inhibition on stop trials, whereas
slow and inaccurate responses (go trials) and commission errors (stop trials) led to monetary
loss. Importantly, the task was performed in blocks of different motivational contexts, in
which either speed was favoured over accuracy or vice versa, or both were equally important.
Specifically, reward and loss magnitudes were titrated adaptively throughout each of these
blocks on the basis of the participants’ performance, thereby prompting participants to make
strategic adjustments to maximise their gain. And, indeed, in blocks that increasingly favoured
stopping accuracy over speed, participants were more successful in inhibiting their responses
on stop trials, displayed shorter SSRTs, and responded more slowly on go trials. These obser-
vations thus provided insights into dynamic behavioural adjustments in the context of
extrinsic motivation and have contributed to contemporary models of response inhibition.

More recently, another group investigated whether reward can introduce global biases
towards response execution and response inhibition while acquiring EEG measures of brain
activity (Greenhouse & Wessel, 2013). In this study, participants were instructed that either
response inhibition (stopping) would be more rewarding than response execution (respond-
ing) in a given block or vice versa (but in contrast to the study by Leotti and Wager [2010],
these contingencies were fixed for each block). Behaviourally, it was found that stopping
performance, as indexed by the SSRT, was facilitated when stopping was rewarded, but
impaired when go responses were rewarded. These results are consistent with the study by
Leotti and Wager (2010), as well as with an earlier report of impaired stopping performance
when reward was exclusively associated with performance on go trials (Padmala & Pessoa,
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2010). The analysis of the EEG data in the Greenhhouse and Wessel study (2013) further-
more revealed an enhanced P3 in rewarded stop trials: an ERP component that has been
found to be sensitive to stopping success (Bekker, Kenemans, Hoeksma, Talsma, & Verbaten,
2005). Moreover, EEG phase coherence between fronto-central and occipito-parietal sites on
go trials was greater when stopping rather than going was rewarded, suggesting that reward
not only modulates response inhibition itself, but also leads to other preparatory changes.

A recent fRMI study used cues to signal the availability of reward in a stop-signal task
before the go stimulus was presented (Rosell-Negre et al., 2014). Importantly, participants
could earn bonuses for any correct performance after reward cues, that is, both on go trials
and stop trials. The data showed that with these balanced reward probabilities, both the RTs
on go trials as well as SSRTs on stop trials were significantly shorter after versus no-reward
cues. Moreover, this fMRI study revealed increased activity in cognitive control regions in
stop trials following reward cues compared to no-reward cues, suggesting that reward avail-
ability modulates the inhibitory process itself—at least to some extent (unfortunately, the
neural response to the cue was not analysed in this study).

Together, the above findings highlight once again that reward availability can facilitate very
specific cognitive functions, here response inhibition, by modulating neural processes involved
in that particular function. Importantly, they further suggest that the natural approach
tendencies for rewarding events can be overruled by explicitly rewarding the successful
inhibition of responses.

Interim Summary

Together, the above studies support the notion that the prospect of reward, either instanti-
ated in a block fashion or trial to trial, ramps up attention and cognitive resources in antici-
pation of the task at hand, doing so in a mostly preparatory or pro-active manner (sce
Figure 24.1). Neurally, this enhanced task preparation seems to be subserved by frontopari-
ctal regions that have been widely implicated in attentional control, in concert with regions
implicated in reward processing such as the ventral striatum, along with task-specific net-
works and components. Such activity changes are not only observed during the cue-target
interval in MID-like paradigms, but also during block manipulations of reward, in which
attention is modulated in a more sustained fashion across trials. In very general terms, it
seems likely that in blocked reward manipulations, the contribution of global, strategic control
is relatively high, whereas trial-by-trial reward cues promote a more transient (but still pro-active)
control mode.

Despite these differences, both block and trial-by-trial reward cues signal reward avail-
ability ahead of time and can thus trigger top-down influences that are set up prior to the
occurrence of the target stimulus. This is in contrast to circumstances in which previously
established or instructed reward associations are embedded in the target stimulus itself in the
absence of any pre-task cues. The effects of such target—reward associations are discussed in
the next section.

Within-Trial and Post-Trial Modulations
due to Stimulus—Reward Associations

In keeping with the example from the beginning of the chapter, not every task in real life or
in the laboratory allows for strategic preparation in anticipation of an extra incentive. Rather,
one often needs to react ‘on the fly’ to changing reward contingencies, without the benefit
of'any advance information. In particular, reward-related information can be introduced into
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a task or circumstance by associating reward with a certain target-stimulus type or feature,
due, for example, to previous experience or by explicit instructions about such relationships
upfront. Moreover, depending on the paradigm, reward associations appear to be able to
affect performance not only on the current trial, but also on the subsequent trial, or even in
a separate task phase in which reward is no longer available. Importantly, paradigms with
stimulus—reward associations share two aspects that set them apart from cued or blocked
reward manipulations. First, in the absence of any pre-task cues, reward effects in these para-
digms rely more on re-active or perhaps even automatic processes rather than on preparatory
mechanisms. Second, target-reward associations can both benefit and impair performance,
depending on their compatibility with the task goal.

In this section, we discuss studies using different types of target-reward associations to
examine reward effects on several key cognitive functions, in particular, effects on attentional
orienting, conflict processing, and response inhibition.

Reward-Based Modulations of Visual Attention

One way to modulate task performance via reward without invoking preparatory attention is
to directly link reward to distinct features of a target stimulus (e.g., colour). Kiss, Driver, and
Eimer (2009) employed a visual-search paradigm, in which the target stimulus (a colour
pop-out item in an array) could be associated with high or low reward, depending on its
colour (Kiss et al., 2009). Explicit instructions about the reward-colour associations were
given in advance. Typically, the attentional selection of the target stimulus among distractor
stimuli in this task is indexed by a particular ERP component, the N2pc (posterior N2 wave
contralateral to the target stimulus), peaking at about 220 ms after array onset (Luck, 1994).
Kiss et al. (2009) report that this N2pc component was amplified for high- versus low-reward
targets, which was paralleled by faster target discrimination, demonstrating a fast modulatory
influence of stimulus—reward associations on attentional selection.

As mentioned above, reward information can also be delivered as post-target feedback,
which can lead to incidental changes in the processing of subsequent target stimuli. Specifically,
DellaLibera and Chelazzi (2006) introduced reward feedback in a negative priming
experiment. In negative priming, if a particular stimulus type or feature is irrelevant on one
trial and is to be ignored, then subjects are slower to identify that stimulus type or feature if
it is relevant on the next trial (e.g., Tipper, 2001). In the study by DellaLibera and Chelazzi
(2000), either high or low-reward feedback was given following the first trial of a pair of trials
in a global-local number task (e.g., a large 5 made up of small 6’s). Performance on the sec-
ond trial of a pair was analysed depending on whether it contained the previously attended or
ignored unique feature (e.g., a large 5 made up of small x’s). The finding was that negative
priming was enhanced when high-reward signals were presented in between the trials, but
abolished after low-reward signals. These findings not only suggest that specific cognitive
biases are augmented after high-reward feedback, but that target stimuli following low-reward
teedback are not subject to typical priming effects, in turn suggesting that the relative-reward
level (relative to the range of reward possibilities) modulates attention to a primed or relevant
task feature.

A similar approach was employed in a rewarded visual-search task (Hickey, Chelazzi, &
Theeuwes, 2010). Specifically, the circular search display contained a unique shape (i.e.,
target) of a certain colour, several distractors of a different shape but with the same colour,
and one distractor of different shape and colour (i.e., salient distractor). Participants had to
discriminate the orientation of a line within the target shape, and their response was followed
by incidental reward feedback. Effects of incidental reward were assessed by sorting the
current trials with regard to the reward feedback on the previous trial (high vs. low) and the
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colour mapping of target and salient distractor (same vs. swapped colours). This allowed test-
ing for low-level attentional biasing towards features that had just been incidentally associated
with reward. As the authors hypothesized, participants responded faster when the target
colour was repeated in the next trial after high- compared to low-reward feedback, whereas
the opposite pattern was observed when target and distractor colours were swapped on the
next trial. Moreover, amplitude modulations of the N2pc ERP component as an index of
attentional selection followed a similar pattern, supporting the notion that attention was
more readily deployed to the previous target colour after high-reward feedback.

More recently, the same group adopted this logic to a more naturalistic context in a behav-
ioural study by presenting reward feedback after participants had identified a target of a
defined object category (e.g., a tree) on a natural scene image (Hickey, Kaiser, & Peelen,
2015). They could demonstrate that high-reward feedback resulted in a stronger attentional
bias for the entire object category, as reflected in impaired performance if any object from the
rewarded category was present as a distractor on the next trial. A companion fMRI study
employing multivariate pattern analysis (Hickey & Peclen, 2015) further confirmed that the
processing of reward-associated target and distracter objects in object-sensitive visual cortex
regions was relatively enhanced and suppressed, respectively. These observations highlight
how incidental reward signals can modulate object-specific visual attention and extends the
previous finding that perceptual representations in visual sensory cortex are modulated by
the reward history of a given item (Serences, 2008).

Such changes in visual saliency have been shown to linger even when reward is no longer
at stake. Specifically, researchers have separated the acquisition of specific target-reward
associations (acquisition phase) from a later experimental phase (test phase). Importantly,
reward associations that were previously established, via either learning from feedback or by
explicit instructions, were no longer task relevant in the test phase, so that any effects of
reward could be attributed to lingering stimulus prioritisation rather than being a result
of voluntary top-down control. Using this logic in a visual-search task, Anderson and
colleagues demonstrated that attention is more readily captured by distractor colours that
had been associated with reward during a previous independent study phase (Anderson,
Laurent, & Yantis, 2011a, 2011D).

Attentional biasing effects due to previously learned reward associations have also been
observed in other visual attention paradigms, including the attentional blink (Raymond &
O’Brien, 2009), visual orienting (Failing and Theeuwes, 2014; Rutherford, O’Brien, &
Raymond, 2010), and visual working memory tasks (Gong & Li, 2014). In addition, reward-
related attentional biasing effects have been observed in economic decision-making tasks,
where attention is drawn towards stimuli with previously learned associations for predicting
gain likelihood in the task (San Martin, Appelbaum, Huettel, & Woldorff, 2016; see Gottlieb,
2012 for related work in monkeys). Moreover, the better an individual is at learning these
associations, the greater this attentional biasing, and the better the economic decision-making
performance (San Martin et al., 2016). Lastly, it is important to note that stimulus features
that have been associated with reward from trial to trial (e.g., Hickey et al., 2010) or through
repeated exposure during learning (e.g., Anderson et al., 2011b) can lead to performance
impairments it they occur in irrelevant dimensions of a task or trigger incompatible response
tendencies.

Reward Associations in Conflict Resolution

In addition to guiding or (misguiding) visual attention, target—reward associations have been
shown to affect very specific cognitive-control functions, including conflict resolution. In a
series of studies, we adopted the logic of explicitly associating certain target features with
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reward in a classic Stroop task in the absence of any pre-task cue (Krebs, Bochler, & Woldorff,
2010). In addition to having the standard Stroop task of responding to the ink colour
of colour-word stimuli (task-relevant dimension) while ignoring the semantic meaning of the
colour word (task-irrelevant dimension), participants were explicitly informed upfront that
specific ink colours would be associated with reward upon accurate performance (e.g., stimuli
in red font), whereas others were not. These explicit reward associations with the relevant
stimulus dimension resulted in general response facilitation (faster RTs on those stimuli) and
reduced interference from irrelevant word meanings on incongruent trials. Thus, these results
show that reward prospect can benefit conflict resolution even in the absence of differential
preparatory mechanisms (cf. Padmala & Pessoa, 2011). Moreover, when reward-related
information occurred in the irrelevant stimulus dimension and was incongruent with the
actual ink colour (e.g., ‘RED’ written in green ink when the red colour was associated with
reward), we observed larger interference effects compared to trials with reward-unrelated
irrelevant information. This latter observation is consistent with the distracting effects of
irrelevant reward-related features in visual search discussed above, suggesting a shared under-
lying mechanism of reward-related saliency regardless of the cognitive function that is being
probed by a specific paradigm.

In an fMRI version of the above-described rewarded Stroop task (Krebs, Boehler, Egner, &
Woldorft, 2011) we found that both task-relevant and task-irrelevant reward associations
recruited overlapping neural networks, including lateral prefrontal and visual processing
regions, probably reflecting the general saliency of the reward-related features. However,
only task-relevant reward information (e.g., actual red-coloured stimuli) increased activity in
the ventral striatum, one key region of the reward-processing circuit, whereas task-irrelevant
reward-associated information led to activity modulations at the level of response selection
(i.e., in the pre-supplementary motor area), which may reflect the prevention of an erroneous
response triggered by a salient but incongruent feature. Although fMRI studies can reveal the
neural networks involved in a task, its low temporal resolution does not allow for the effects
on different processing stages to be delineated, which is why we employed an EEG version of
the same rewarded Stroop paradigm (Krebs, Boehler, Appelbaum, & Woldorft, 2013). The
ERP data from this study revealed that reward associations were registered fairly early in the
processing cascade, namely, by around 200 ms. Moreover, subsequent ERP components
reflecting conflict processing (i.c., the Ninc and the late positive potential—see earlier sec-
tion), were also modulated by the reward association, in particular, by occurring earlier in
time. These results indicate that the behavioural effects of stimulus-reward associations
would seem to rely on an early visual prioritisation of reward-related features, which in turn
modulates subsequent conflict resolution processes. Interestingly, this parallels the effects of
cued reward on conflict resolution (e.g., Padmala & Pessoa, 2011), but resulting from a
more re-active mechanism, rather than differential pro-active control.

As with visual attention, reward information can also be introduced incidentally in cognitive
control tasks, for example, by post-target feedback, which can in turn affect performance on
the subsequent trial. One well-known phenomenon in the conflict-resolution literature is a
decrease in behavioural interference on trials following incongruent trials, referred to as
conflict adaptation (Chapter 4 by Egner in this volume), which is believed to reflect an
enhancement of voluntary cognitive engagement after such trials or to be related to feature-
binding processes and arousal (Botvinick, Braver, Barch, Carter, & Cohen, 2001; Hommel,
2004; Verguts & Notebaert, 2009). Several studies have examined whether incidental reward
signals can modulate these conflict-triggered behavioural adaptations—with partly inconsis-
tent findings. Van Steenbergen and colleagues (2009) introduced incidental reward and loss
signals (i.e., smiley and sad faces) in a flanker task, and compared performance as a function
of trial type (incongruent vs. congruent) and reward (reward vs. neutral vs. loss) on the
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previous trial. Intriguingly, whereas conflict adaptation was observed after neutral and loss
signals, this was absent after reward signals, which led the authors to conclude that incidental
positive events can cancel out the aversive experience of conflict and in turn counteract
cognitive adaptation to this conflict. Another group presented bonus points as performance
feedback in a conflict task (Braem, Verguts, Roggeman, & Notebaert, 2012) and found that
conflict adaptation was actually enhanced in trials following these feedback signals, which is
in contrast to Van Steenbergen et al. (2009). Critically, these two studies used different types
of reward signals and different instructions regarding the contingency on task performance
(see also Sturmer, Nigbur, Schacht, & Sommer, 2011).

Braem et al. (2013) further investigated how performance contingency can determine the
effects of emotional (and reward-based) signals by introducing positive and negative emotional
pictures between trials of a combined conflict/task-switching paradigm. Importantly, in one
group of participants, the pictures were only presented following correct performance
(performance-contingent), whereas they were always presented in the other group of subjects
(non-contingent). The behavioural data showed that positive-valence signals, relative to negative
ones, promoted a loosening of task focus (flexibility) in the performance-contingent context, as
reflected by a reduction of the typical switch-cost increase after conflict trials (Goschke, 2000).
In the non-contingent group, however, positive-valence signals lead to an increase in task focus
(stability). Together, it seems that the effects of post-target reward signals strongly depend on
the instructions (performance-contingent vs. non-contingent) and the stimuli used (affective vs.
symbolic reward signals). Note, moreover, that these incidental or post-target reward effects are
conceptually different from the instructed within-trial reward manipulations discussed above.

Reward-Based Response Inhibition

In the first part of this chapter, we laid out that reward cues can modulate the ability to with-
hold an initiated response process, which is already notable considering that response inhibi-
tion tends to be a quite stable feature within individuals (Cohen & Poldrack, 2008). But can
such modulations occur even when participants are not given any chance to differentially
prepare for a rewarded stop trial?

We investigated this issue by applying the same logic that we used in the rewarded Stroop
task (Krebs et al., 2010) to a classic stop-signal task without cues (Boehler, Hopf, Stoppel, &
Krebs, 2012). Specifically, reward availability on a given trial was indicated by the colour of the
stop signal, which, as in classic stop-signal tasks, followed the go signal after a variable delay in
a subset of trials. All go trials were therefore by definition unrewarded, whereas stop trials could
be rewarded or unrewarded depending on the colour. Because stopping success rates in stop-
signal tasks are usually kept stable at 50% by using a staircase procedure to vary the stop-signal
delay, performance is typically assessed using the SSRT, which reflects the ‘speed’ with which an
initiated response process can be cancelled (see also Chapter 6 by Verbruggen & Logan in this
volume). The results showed that SSRTs were indeed shorter when the stop-signal colour was
reward related compared to reward unrelated, indicating that the reward associations produced
a faster response-cancellation process. Intriguingly, and in comparison with a blocked reward
manipulation (Greenhouse & Wessel, 2013), reward must be able to affect behaviour in a rapid
manner in this case, as the reward information was only provided after response initiation (i.e.,
when the stop signal occurred). When employing this task in the fMRI scanner, we also found
that rewarded stop trials were associated with neural modulations in areas implicated in response
inhibition, including the anterior insula and inferior frontal gyrus (Boehler, Schevernels, Hopf,
Stoppel, & Krebs, 2014). Importantly, the observation that these modulations occurred for
both successful and unsuccessful stop trials suggests that they were indeed related to inhibitory
processes rather than being mere reflections of successful task performance.
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Interim Summary

The above findings demonstrate that linking reward to certain types or features of a target
stimulus can modulate performance and task-specific neural networks in diverse cognitive
tasks. Unlike in cued or blocked reward paradigms, these modulations arise in the absence of
classic preparatory (pro-active) attentional processes.! Rather, such target-reward associa-
tions seem to trigger changes at the time of the target-stimulus processing and/or response
selection, which in turn affect task-specific processes, such as attentional orienting, conflict
resolution, and response inhibition (see Figure 24.1). Importantly, these modulations can
occur regardless of the relevance of the stimulus for the task and can hence lead either to
behavioural facilitation or to distraction, depending on whether the reward feature is overlap-
ping or in competition with the current task goal (see below). The occurrence of such detri-
mental effects suggest that target—reward associations can act, at least in part, on low-level
processes and are less affected by voluntary control processes. However, several of the above-
described neuroimaging studies support the notion that low-level effects are not the only
driving force for behavioural modulations in these paradigms, and that (re-active) control
mechanisms can be triggered on a fast scale within a trial.

Additional Considerations

The Role of Dopamine

Considering the origin of the MID task in the animal literature (Schultz, 1997,2001), it seems
worthwhile to discuss the potential role of the dopaminergic system in the different task regimes
described above, that is, reward cuing and target-reward associations. On the one hand, the
increased firing rate of dopaminergic neurons in animals to rewarding stimuli seems to reflect
some sort of value signal, which strengthens the association between a certain action and the
reward outcome (or between a reward-predictive cue and the reward outcome) via activity
modulations in the striatal and prefrontal regions (Wise, 2004).® On the other hand, there is
evidence that the dopaminergic system can be recruited in a top-down fashion without any
explicit reward prospect, highlighting a more voluntary, invigorating role of dopamine which
ensures optimal behaviour in demanding situations (Boehler et al., 2011; Salamone, Correa,
Mingote, & Weber, 2005). Although there is evidence in the animal literature for these com-
ponents occurring both in isolation and combined, depending on the paradigm, their experi-
mental dissociation is much more challenging in humans owing to the low temporal resolution
of fMRI. In the context of cued-reward studies, it seems possible to dissociate a pure value
component from more invigorating signals to some extent by comparing fMRI responses in
regions of the dopaminergic system between the respective phases of a trial (e.g., reward out-
come vs. cue-target interval; see Figure 24.1). However, such temporal dissociations are much
more difficult in paradigms using target—reward associations, because here a single event carries
information about reward availability, response requirements, and implicitly also indicates
reward outcome (in the case of accurate performance). Hence, observed modulations in dopa-
minergic regions in target-reward association paradigms could in theory reflect a combination
of value and invigorating signals (or in other words, it is not possible to judge whether both
components are actually present or not). One way to at least parcel out mere value signals aris-
ing from implicit reward outcome in correct trials is to compare activity in regions of the dopa-
minergic system between correct and incorrect trials (see, e.g., Boehler et al., 2014). Specifically,
although an invigorating component would be expected to be present in both cases, a mere
value component would be expected to be more emphasised on correct trials.
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Detrimental Effects of Reward

In contrast to the long-standing global notion that motivation in general, and monetary
incentives in particular, will benefit performance, several of the studies described above using
target-reward associations revealed a potential flip side of reward-based performance
enhancements, namely, performance detriments in the form of attentional distraction and
erroneous response priming (see Anderson et al., 2011b; Krebs et al., 2010; Muhle-Karbe &
Krebs, 2012; Rutherford et al., 2010; Seifert et al., 2006). These seem to occur in situations
in which reward information is linked to an irrelevant stimulus, stimulus feature, or stimulus
location, or is in some other way incompatible with the task goal at hand. Importantly, the
same reward-associated feature can benefit performance if it is overlapping with the target
stimulus, target feature, or target location. In contrast to these opposing effects of stimulus—
reward associations, reward cues almost always have a beneficial impact on performance. More
specifically, reward availability signalled by a cue further promotes preparatory attentional
processes (and in turn benefit performance), by for example focusing attention on the task-rel-
evant feature of the upcoming target. However, in exceptional cases, global reward manipula-
tions (block cues) can impair performance in a subset of trials if one aspect of the task goal is
emphasised over another through reward (e.g., going vs. stopping in Padmala and Pessoa,
2010), or if participants adopt a certain strategy that improves performance on most but not all
trials (e.g., pro-active control strategy at the costs of a certain error type in Locke and Braver,
2008). From a more global perspective, a further investigation of situations that promote
reward-triggered performance benefits versus costs seems warranted, given that in an applied
context (e.g., education) the effects of motivation are often considered to be exclusively positive
in nature.

Conclusions and Outlook

In this chapter, we have discussed the manifold influences of reward information in attention
and cognitive control tasks. Despite the large variety of paradigms and manipulations, a useful
distinction can be made between reward effects that rely on differential preparatory mecha-
nisms (such as changes in global or selective attention, task goals, or task maintenance) and
those that result from target-reward associations that trigger rapid changes in stimulus
processing. From a general perspective, as mentioned above, these two approaches partly
map on to classic cognitive control distinctions, in that the former allows for a more pro-
active mode, whereas the latter captures rather re-active (or even automatic) processes. This
is not to say, however, that in tasks employing target-reward associations no global preparatory
influences can occur. It is, for example, conceivable that stimulus-reward associations affect
the attentional set throughout the entire task, promoting a strategic search for certain stimuli
or features (see Schevernels et al., 2015). Similarly, several cued-reward studies suggest that
re-active processes upon target presentation can be altered in addition to preparatory modu-
lations during the cue-target interval. Furthermore, within the target-reward association
studies, no clear distinction has been made so far between low-level effects on stimulus
encoding and response selection on the one hand, and effects that rely on re-active control
mechanisms on the other hand. These potential interactions call for future studies that include
systematic comparisons between the different ways in which reward factors can be introduced
into a task or circumstance. Considering the importance of both reward processing and
cognitive control for our ability to navigate through and adapt to our complex world, future
studies of the multifaceted interactions between these two fundamental cognitive functions
can be expected to be highly rewarding.
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Notes

1 The above two ways by which reward can influence cognitive control parallel in some key ways a
distinction that has been made in the cognitive-control literature more broadly, i.c., between pro-
active control, resulting from sustained pre-task preparatory processes set in place before a task or
trial (e.g., with cuing), and re-active control, resulting from differential within-trial processes due to
particular stimulus or response characteristics (Braver et al., 2007; Braver, 2012; Chapter 9 by Chiew
& Braver, this volume). While we generally consider reward cues and target-reward associations as
key promoters of pro-active and re-active control processes, respectively, this mapping is not exclusive
(see Conclusions and outlook).

2 We note that this chapter does not cover related cognitive domains that have shown to be sensitive to
reward manipulations, including the exertion of mental and physical effort (e.g., Croxson, Walton,
O’Reilly, Behrens, & Rushworth, 2009; Pessiglione et al., 2007; Schmidt, Lebreton, Clery-Melin,
Daunizeau, & Pessiglione, 2012), value-based decision making (e.g., Glascher, Hampton, &
O’Doherty, 2009; Larsen and O’Doherty, 2014; O’Doherty et al., 2004), memory formation (¢.g.,
Adcock, Thangavel, Whitfield-Gabrieli, Knutson, & Gabrieli, 2006; Elward, Vilberg, & Rugg, 2015;
Wittmann et al., 2005), and emotion processing (¢.g., Choi, Padmala, Spechler, & Pessoa, 2014; Hu,
Padmala, & Pessoa, 2013; Wittmann et al., 2008).

3 Note that there have been many hypotheses generated to describe the role of the reward anticipation
response in the dopaminergic system. For a comprehensive review, sece Wise, 2004.
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