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How does our brain adapt to and learn from our environment? 

The role of attention

The brain has a limited capacity to process information in our environment, thereby 
necessitating prioritization of the processing of those stimuli or events that are relevant 
to our goals over other concurrent stimuli or events. To accomplish such prioritization 
of information, the brain employs several key neural and cognitive processes that can 
selectively enhance or modulate the processing of certain stimuli or events. The neural 
and cognitive processes by which the brain can accomplish such selective enhancement 
of information processing, allow the brain to be tuned to demands of the environment; 
the cognitive function of attention underlies this tuning of the brain. Attention can be 
shifted across our environment prioritizing stimuli or events that are the most relevant 
from moment to moment. As such, attention plays a key-role in providing the brain a 
set of mechanisms that enable these critical selective processing capabilities. However, 
factors and mechanisms that define where or to what attention should be directed, and 
how such attentional dynamics subsequently contribute to successful behavior, remain 
elusive. 

One answer may be that we pay attention and respond to information that is relevant to our 
behavioral goals - such as information that predicts rewards. 

Attentional mechanisms

Mechanisms that prioritize the processing of stimuli fall into two main categories. 
First, attention can be driven by endogenous factors, such as an internal goal or an 
expectation. For instance, while driving, it may be important for safety reasons to actively 
divert attention away from a conversation with a passenger, and towards scanning the 
road in front of your in search for situations or stimuli that indicate danger. Attention 
can also be driven by exogenous factors, which are intrinsic stimuli properties such as 
brightness, movement, or color that automatically attract attention. Both endogenous 
and exogenous factors have been linked to various brain regions and circuits (Corbetta 
& Shulman, 2002). 

In everyday life endogenous and exogenous factors work together: Attention is 
controlled by a constant interaction between internal goal-directed attentional control 
and external attentional capture (Awh, Belopolsky, & Theeuwes, 2013). For instance, 
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when performing a search task in which there is a relevant target of the color red, the 
brain uses a template (an endogenously set goal) to facilitate the detection of and 
attentional orientation towards a potential red target stimulus. In other words, the brain 
internalizes predictive information (the goal) to facilitate the processing of incoming 
information. 

Often these endogenous and exogenous factors can be in conflict with one another, 
a circumstance that can be detrimental for successful behavior. For instance, this 
conflict can be illustrated using the color-word-naming Stroop task (Stroop, 1935). In 
this task, participants have to name the font color of a color word, while ignoring the 
word meaning (e.g., the word ‘blue’ printed in the font-color red). If the internal goal 
conflicts with intrinsic stimulus properties, the participant will respond more slowly and 
less accurately than if the irrelevant word meaning is congruent with the relevant font-
color.

The role of rewards

Although it is well known that attention plays a key-role in adaptive behavior, especially 
with regard to selecting relevant information for enhanced processing, it is not well 
understood which factors contribute to the controlling of our attention and how 
they do so. Reward-related information is a potential key-factor that modulates how 
and why both endogenous and exogenous attention can and do enhance behavioral 
performance. Rewards are factors that induce seeking or wanting behavior and, as a 
consequence, if rewards are possible, people are often more inclined to do their best. 
For instance, offering monetary incentives leads to increased behavioral performance, 
such as faster response times and greater accuracy (Adcock, Thangavel, Whitfield-
Gabrieli, Knutson, & Gabrieli, 2006; Bijleveld, Custers, & Aarts, 2010; Engelmann, 
Damaraju, Padmala, & Pessoa, 2009; Krebs, Boehler, & Woldorff, 2010). Another way 
of thinking about rewards is in terms of motivation, in that we are more inclined to 
approach those stimuli or events that maximize rewards. Sometimes this approach 
behavior leads to health issues for individuals, such as when reward associations leads 
to addictive behavior. For instance, a smoker will find rewards in smoking and therefore 
is more likely to keep smoking. 

Previous research has shown that if stimuli that have associations with rewards, it 
results in enhancement and prioritization of the processing of these stimuli in the brain 
(Hickey, Chelazzi, & Theeuwes, 2010a; Hickey & van Zoest, 2012). As such, rewards can 
become an important exogenous factor, which controls attention through learning. 
That is, when reward-related stimuli are in accordance with a current (endogenous) 

goal, these stimuli-reward associations can help to make decisions (Anderson, 2017a). 
Importantly, however, the adaptation processes by which such stimulus reward 
associations are learned, updated, and stored in the brain is not well understood. One 
way to study these processes is by a using functional measurement of brain activity 
such as electroencephalograph. 

Using electroencephalography (EEG) to study adaptive behavior

What does EEG measure? 
Throughout this dissertation the main methodology used to probe the neural 
mechanisms underlying adaptive behavior was high-temporal-resolution scalp-
recorded EEG. EEG measures the electrical potential difference between two electrodes 
on the scalp and originates from summed fields propagated from the dendritic trees 
of cortical pyramidal neurons (nunez & Srinivasan, 2009).When a stimulus is presented 
or an event occurs, the brain elicits a pattern of electrical brain activity in both space 
and time that can be reflected by the event-related potential (ERP). The ERP can be 
obtained by averaging segments of EEG data time-locked to a set of such stimuli or 
events. The ERP consists of a series of troughs and peaks, as well as differential activity 
between conditions, that have been mapped onto a wide scale of cognitive functions 
(Kappenman & Luck, 2012). As a consequence, the cascade of neural and cognitive 
processes that are elicited by a stimulus or event can be probed by investigating the 
spatial and temporal pattern of the ERP. Modulations of various ERP components can 
thus be used as markers to probe the cascade of neural processes underlying the 
corresponding sequence of cognitive functions. (See Box 1 for an overview of the key 
ERP components that are analyzed for these purposes in this dissertation.)
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Box 1: ERP components used as markers for various attention-related cognitive functions

CnV Continent Negative 
Variation. When a 
signal is presented (i.e., 
a cue) indicating that 
something is about to 
happen, it results in a 
slow-wave fronto-central 
negative defl ection. 
The CnV can be used 
to mark endogenous 
task-specifi c attentional 
preparation.

N1 A visual processing-
related component, 
manifested as a negative 
defl ection over the 
posterior scalp peaking 
around 150-180 ms after 
stimulus onset. The n1 
can be used to mark the 
quality of initial visual 
processing. For instance, 
telling people to 
proactively pay attention 
to the task increases the 
size of the n1.

N2pc N2 posterior 
contralateral. A 
component related to 
the orientating and 
focusing of spatial 
attention, manifested 
as a negative defl ection 
over the posterior scalp 
electrodes, contralateral 
to the spatial location 
where attention is 
deployed. It peaks at 
~250ms after stimulus 
onset. For instance, 
when attention is 
oriented towards the 
left, there is a relatively 
negative defl ection over 
the right posterior scalp, 
and vice versa. 

SPCN Sustained Posterior 
Contralateral Negativity. 
This component is 
thought to refl ect the 
continued processing 
in working memory 
of a lateralized target. 
It is manifested as a 
continued negative 
defl ection contralateral 
to the stimulus between 
300 to 800ms following 
stimulus onset. SPCn is 
smaller when a task is 
easier, and larger when it 
is diffi  cult.

FRN Feedback Related 
Negativity. The FRn 
has been associated 
with the evaluation 
of feedback outcome 
information and is 
larger for losses than for 
gains. It manisfests as a 
midline fronto-central 
component peaking 
at ~250ms following 
the presentation of 
feedback. 

P3 A generic, broadly 
distributed positive 
defl ection peaking 
between 300 and 
600ms. It has been 
associated with indexing 
the amount of cognitive 
eff ort being invested in 
a task. 
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Another measure that can be very useful for studying neurocognitive processes is 
the amount of power in the 8 to 14Hz frequency range embedded in the EEG data, 
both when broadly distributed and when more cortically specific. Specifically, changes 
in oscillatory EEG activity in the Alpha band (8 - 14 Hz) have been found to index the 
directionality of cortical activation: Decreased alpha power arising from a cortical brain 
region is typically associated with increased cortical activation, and vice versa (Jensen & 
Mazaheri, 2010; Petersson & Kleinschmidt, 2012; Scheeringa, Petersson, Kleinschmidt, 
Jensen, & Bastiaansen, 2012; van den Berg, Appelbaum, Clark, Lorist, & Woldorff, 
2016a; van den Berg, Krebs, Lorist, & Woldorff, 2014; van Dijk, Schoffelen, Oostenveld, 
Jensen, et al., 2008b). A classic example of this effect in spatial attention is the relative 
decrease in occipital alpha contralateral vs. ipsilateral to a cued direction of attention 
(Foxe & Snyder, 2011; Grent-’t-Jong, Boehler, Kenemans, & Woldorff, 2011; Worden, 
Foxe, Wang, & Simpson, 2000a), inversely paralleling relative lateralized increase in fMRI 
activity observed under a similar contrast (Green et al., 2017; Grent-’t-Jong & Woldorff, 
2007; Hopfinger, Buonocore, & Mangun, 2000; Kastner, Pinsk, De Weerd, Desimone, & 
ungerleider, 1999)

Part 1: Neural mechanisms by which attention and reward contribute 
to adaptive behavior 

To probe the influence of attention and reward on adaptive behavior, Part 1 of 
this dissertation investigates the neural mechanisms that are related to successful 
and unsuccessful adaptive behavior. In general, behavioral performance fluctuates 
substantially when performing a task. In Chapter 2 we examined which neural 
mechanisms are responsible for, or at least covariate with, these fluctuations in 
behavioral performance. In the study reported in this chapter, participants performed a 
visual search task, in which they had to find a visual target among distractors. They were 
presented with an array of ellipses, with most being the same color and only one being 
a predesignated color (a “popout” target), with the task being to orient attention to the 
popout target and to discriminate whether its orientation was vertical or horizontal. We 
investigated which brain activity was related to visual search times (within participants), 
both before and after stimulus presentation. Results indicated that before the search 
array appeared onscreen, fluctuations in brain activity related to preparatory attention 
predicted the reaction times (RT). More specifically, slow-wave electrical brain activity 
called the continent negative variation (CnV) that relates to task-based attention was 
steeper for faster RTs (e.g. focusing on visual search, instead of thinking about the 
grocery list to make for tomorrow). Additionally, we observed a smaller amplitude of 

posterior Alpha power (8 to 14Hz) for faster RTs, indicating more preparatory cortical 
activity over the visual cortices. After the visual search array appeared, results showed 
that for fast compared to slow RTs, visual processing was of better quality (larger n1), 
reactive attentional orientating was faster (n2pc), and less activity was allocated to the 
discrimination of the target orientation (smaller SPCn), presumably due to smaller task 
demands for such processing later in the session. 

In Chapter 3 we look at how the prospect of gaining a reward for an upcoming 
task modulates preparatory-attention-related brain activity, and how this interaction 
is related to behavioral performance. In this study, participants were cued on a trial-
by-trial basis with either a cue signaling that they could receive a monetary reward if 
behavioral performance was above a predefined threshold, or a cue indicating that 
no monetary incentives were involved in that trial. Results showed that preparatory 
attention processes (as indexed by CnV and alpha power) were strongly modulated by 
reward. Accordingly, this chapter provides compelling evidence that reward prospect 
enhances neural activity underlying behavioral performance by marshalling brain-
processes similar to those used by attention.

Part 2: Mechanisms by which attention and reward contribute to 
learning 

Another important question concerns the neural processes by which neural circuits 
adapt to influence the processing of information. More specifically, in Part 2 we report 
findings that provide insight into the cortical mechanisms by which prior experience 
shapes the processing of subsequently encountered information. 

The goal of Chapter 4 is to understand how the brain learns which stimuli in our 
environment predict monetary rewards, and how these reward-related stimuli guide 
attention to improve behavioral choice performance. Once learned, these reward 
associations can then direct the orientation of attention towards those stimuli that are 
associated with reward (Hickey et al., 2010a; Hickey & van Zoest, 2012). More specifically, 
as an individual learns that certain stimuli are more likely to predict reward, they will 
receive more attention and be more likely to have a more pronounced influence on 
actual behavior. In this study, participants were asked to maximize their gains by 
choosing either a face or house. Crucially, in each set of 20 trials, either the face or house 
category was more likely to yield a reward if chosen. Results showed that by the end of 
the set, participants showed an attentional bias (as measured by the n2pc) towards the 
set-winner (i.e., the stimulus with higher probability of reward) when it first appeared, 
and were more likely to choose the winning stimulus. 
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Over the sequence of 20 trials, we also looked at how feedback about reward 
likelihood modulated brain activity (i.e., how people ‘learned’ based on feedback 
information). Results revealed that when a chosen category resulted in a reward (i.e., 
positive feedback), the feedback was followed by lower Alpha power over sensory 
posterior areas that are involved in processing the rewarded category. Specifically, 
when participants chose a face and received a gain versus a loss, there was lower Alpha 
power over the areas involved in processing faces. These results reveal a key role for the 
posterior sensory cortex for storing reward associations and guiding attention. 

Learning not only occurs over short time scales (i.e., trial-to-trial basis), but can also 
take place over much longer periods of time. The study in Chapter 5 described how 
and when neural specialization for the processing of letters and numbers occurs in the 
human brain. In this study, we looked at how the brain differentially processes letters, 
numbers, and unfamiliar symbols across developmental stages (ages 7, 10, 15, and 20). 
Results showed that until 10 years of age, scalp-recorded EEG activity did not differentiate 
between letters and numbers, even though 7 and 10 year olds can distinguish between 
letters and numbers. However, 15 and 20 year olds showed clear distinct and rapid 
neural signatures over the posterior cortices for the processing of letters and numbers. 
These results suggest that after extensive training the brain develops specialized neural 
pathways to rapidly process in the visual cortices. 

In sum, the studies in Part 1 show that there is an intimate relationship between the 
prospect of rewards and the attentional mechanisms underlying behavior. For instance, 
greater preparatory attention a second before the onset of a target stimulus predicted 
better behavioral performance. Additionally, these same preparatory attentional 
mechanisms were enhanced by the prospect of reward, providing compelling evidence 
that reward marshals the attentional control circuits to influence behavior. Over longer 
timescales, it might be beneficial to prioritize the processing of stimuli that are related 
to rewards or predict rewards over the processing of others. Part 2 investigates the 
underlying mechanisms of associative learning and shows a key role for modulations in 
the sensory circuitry. Which, over years of learning, these sensory neural pathways can 
become specialized for rapid and more optimized processing.
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