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Abstract 

Age Differences in Reward-Motivation Attention: Behavioural and ERP Evidence 

Master of Arts, 2018 

Farrah Kudus 

Psychology 

Ryerson University  

The attentional system is comprised of three networks: alerting, orienting, and executive 

control, all of which are associated with unique neural systems. Research examining motivation-

cognition interactions implicate the dopaminergic and locus-coeruleus norepinephrine systems in 

attentional and motivational processes, both of which show age differences. The current study 

was conducted to explore the mechanisms through which gain and loss motivation affect 

attention across the lifespan, using behavioural and electrophysiological markers of attentional 

networks. Younger adults (18-33 years) and older adults (65-80 years) completed an incentivized 

version of the Attention Network Test. Our behavioural results showed age differences in 

incentive sensitivity, such that responses were modulated as a function of incentives. We also 

examined cue-N1, target-N1, and target-P3, which showed transient incentive-based modulation, 

and depended on incentive valence. Overall, our study provides evidence for age-related 

differences in the modulation of attentional networks, and contributes new insights into the 

mechanisms behind motivation-cognition interactions.  

Keywords: Attention Network Test, Motivation, Incentives, Cognitive Aging, Alerting, 

Executive Control 
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Age Differences in Reward-Motivated Attention: Behavioural and ERP Evidence 

Chapter 1: Introduction and Theoretical Background 

Attention is crucial to a range of tasks, from simply reading a book to driving on a busy 

highway. The ability to selectively attend to stimuli is thought to be dependent on an individual's 

inhibitory control. Inhibitory control is an executive function that allows people to limit their 

intake of sensory information through the suppression of irrelevant stimuli (Hasher & Zacks, 

1988). Aging is associated with decreased inhibitory control (Lustig, Hasher, & Zacks, 2007). 

Motivational incentives can enhance an individual’s ability to allocate their attention (Pessoa & 

Engelmann, 2010). However, there is limited research that examines age differences in the 

motivational modulation of attention. The current study contributed to this burgeoning literature 

by examining age differences in reward-motivated attention with behavioural and neural 

measures.   

1.1 Attention Networks 

A seminal study by Petersen and Posner (1990) describes the human attentional system as 

encompassing three attentional networks: alerting, orienting, and executive control. Alerting is 

the network concerned with readiness and maintaining vigilance in preparation for a stimulus.  

The alerting network is associated with the locus-coeruleus norepinephrine (LC-NE) system 

(Posner & Petersen, 1990; Xuan et al., 2016). Second, orienting is the network associated with 

preparation (e.g., eye or head shifts) in response to sensory input. It involves the neurotransmitter 

acetylcholine, and neural regions such as the temporoparietal junction, frontal eye fields, and 

parietal cortex (Fan, 2005). The executive control network is involved in conflict resolution and 

inhibitory control and involves areas of the prefrontal cortex and anterior cingulate cortex, and 
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dopamine is often implicated in the functioning of this network (Petersen & Posner, 2012; 

Braver & Cohen, 2000).   

1.2 Attention Network Test 

The Attention Network Test (ANT; Fan, McCandliss, Sommer, Raz, & Posner, 2002) 

was developed to measure the alerting, orienting, and executive control networks. 

The ANT is a combination of the Eriksen Flanker task (Eriksen & Eriksen, 1974) and the 

attentional cueing paradigm (Posner, 1980).  The goal is to identify whether a central arrow, 

which appears either above or below a central fixation cross, is pointing left or right. The central 

arrow is flanked by four other arrows (two to the left, two to the right). The flanker arrows may 

be congruent (i.e., pointing in the same direction as the central arrow), incongruent (i.e., pointing 

in the opposite direction of the central arrow), or neutral (i.e., straight lines).  Prior to the onset of 

the target, some trials feature temporal and spatial cues that are predictive of the temporal onset 

and location of the target, which allows researchers to measure the efficiency of network effects 

of the alerting and orienting networks, respectively. The ANT cue conditions include no cue (no 

cue, only a fixation cross), spatial cue (cue presented in the target location), centre cue 

(uninformative centrally-located cue), and double cue (two cues presented at both potential target 

locations). The alerting network is measured by comparing reaction times for trials preceded by a 

temporal alerting cue (i.e., double cue) to those without an alerting cue (i.e., no cue). The 

orienting network is measured by comparing reaction times for trials that are preceded by an 

informative spatial orienting cue (i.e., spatial cue) to those with an uninformative orienting cue 

(i.e., centre cue). Lastly, the efficiency of the executive control network is measured by 

comparing trials with incongruent as compared to congruent flankers. Responses are faster when 

an alerting cue is present, when a spatial cue is present, and when flankers are congruent. 



 

	 3	

1.3 Age differences in the ANT 

Behavioural results. Behavioural studies have yielded mixed findings with regard to age 

differences in attention networks. Generally, behavioural results regarding the orienting network 

seem to be robust, such that the orienting network seems to be preserved in aging (Gamboz et al., 

2010; Jennings, Dagenbach, Engle, & Funke, 2007). 

However, the findings that examine the effect of aging on the alerting and executive 

control networks are more ambiguous (Fernandez-Duque & Black, 2006; Gamboz et al., 2010; 

Jennings, Dagenbach, Engle, & Funke, 2007). For example, in two studies, older adults 

performed similarly to younger adults in terms of the orienting and executive control networks 

effects, but showed reduced efficiency of the alerting network (Jennings et al., 2007; Kaufman, 

Sozda, Dotson, & Perlstein, 2016). In contrast, in another study, alerting showed an age-related 

enhancement (Fernandez-Duque & Black, 2006). Despite findings that the executive control 

network is preserved in aging (Gamboz et al., 2010), it has also been demonstrated that an 

increase in age is associated with a deterioration of the executive control network (Mahoney, 

Verghese, Goldin, Lipston, & Holtzer, 2010). 

These varied findings may occur due to differences in tasks and analyses. For example, 

older adults show a generalized slowing in cognitive tasks in comparison to younger adults 

(Verhaeghen & De Meersman, 1998), as well as employing different response strategies, such 

that they prioritize accuracy over RT, whereas younger adults often show the opposite trend 

(Forstmann et al., 2011). Some researchers examine age differences after correcting for age-

related slowing (e.g., Gamboz et al., 2010), whereas others do not. Additionally, studies vary the 

length of cue presentation, which may affect the interpretation of alerting and orienting findings 

(Kaufman et al., 2016).  
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ERP results. Event-related potentials (ERPs) provide fine (millisecond-level) temporal 

details about cognitive processes. Due to their temporal precision, ERPs can help shed light on 

processes underlying behavioural data. By averaging potentials and time-locking them to certain 

events (i.e., visual stimuli), researchers are able to examine fluctuations in voltage, and ERP 

components associated with certain cognitive events (Luck, 2014). By time-locking analyses to 

visual cue and targets, studies are able to infer activity based on those stimuli.  

To our knowledge, only four prior studies have combined the ANT with 

electroencephalography (EEG) in order to explore event-related potentials related to visual 

attention. Neuhaus et al. (2010) highlighted the behavioural differences in the three networks, 

and examined two cue-locked ERP components: parietal and occipital target-N1 and frontal and 

parietal P3. The N1 is an early negative deflection, which occurs roughly between 150-250ms 

after a stimulus. Neuhaus et al. (2010) found it to be associated with the orienting and alerting 

networks. On the other hand, target-locked P3 is a later positivity that generally occurs around 

400-700ms post-stimulus, and is associated with the executive control network and inhibitory 

processes. The amplitude of the P3 decreases in the presence of incongruent flankers (Neuhaus et 

al., 2010).  

Galvao-Carmona et al. (2014) explored the contingent negative variation (CNV), along 

with target-locked P1, N1, and P3.  CNV is a component associated with increases in amplitude 

following the presence of a warning cue, a change that is exacerbated when the warning cue 

includes more (i.e., spatial and temporal) information. When examining target-locked 

components, amplitudes of N1 and P1 have been shown to increase with the presentation of a 

cue in an attended-to location (Posner & Dehaene, 1994), and both showed effects of alerting. 
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Following up on the prior two studies that focused on younger adults, Kaufman et al. 

(2016) investigated age-related differences and supplemented unclear behavioural findings with 

ERPs. The researchers were also interested in how ERPs would line up with behavioural findings 

that were corrected or uncorrected for age-related slowing. Based on Neuhaus et al. (2010), 

target-locked posterior N1 and target-locked parietal P3 were examined. At target-N1, younger 

exhibited larger N1 amplitudes in the double cue conditions (relative to no cue), demonstrating 

an effect of alerting. Also during target presentation, older adults showed decreased P3 

amplitudes, but this did not vary as a function of congruency, as both younger and older adults 

showed decreased P3 amplitudes for incongruent targets. 

Similarly, Williams et al. (2016) combined the ANT with ERP to shed light on age-

related differences in the three networks using the two prior younger adult studies. They found 

behavioural age differences in the alerting, but a similar pattern of behavioural results in older 

and younger adults with regards to the orienting and executive control networks. Williams and 

colleagues’ (2016) behavioural results were consistent with previous findings exploring age 

differences on the ANT (e.g., Jennings et al., 2007; Gamboz et al., 2010; Kaufman et al., 2016), 

but their ERP results both complemented and qualified their findings. ERP results revealed that 

components related to alerting and orienting (e.g., P1, N1, and CNV) did not show a difference 

between younger and older adults, which ran counter to the behavioural age differences found in 

alerting. In addition, in contrast to their behavioural findings, an ERP component that was 

analyzed—P3—related to the executive control network did show a significant difference among 

the age groups.  

It was suggested that this contradictory finding—that ERP components associated with 

alerting did not show the age difference that was demonstrated behaviourally—might be due to 
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differential behavioural interactions (e.g., MacLeod, Lawrence, McConnell, Eskes, Klein, & 

Shore, 2010) between the alerting and executive control networks in older and younger adults.  

That is, older adults generally focus on accuracy rather than speed, whereas younger adults tend 

to prioritize responding faster rather than accurately.  

Though behavioural and ERP results seem to be contradictory, these studies provided a 

valuable demonstration of how ERPs can be used interpret behavioural measures from the ANT. 

That is, electrophysiological measures can help examine neural correlates of attentional networks 

in a way that behavioural measures are not able to. For example, this allows us to examine 

activity independent of behaviour. Additionally, examining ERPs at both cue and target stimuli 

allows a more detailed understanding of the sequence of effects elicited by the stimuli. Of 

particular relevance to the current study is how attentional networks are affected by motivation. 

When combining motivational cues with an attentional test, the temporal sensitivity of ERPs can 

provide insight into the interplay between neurotransmitter systems associated with these 

networks (i.e., LC-NE, acetylcholine, dopamine). This can provide information about when 

attentional and motivational processes begin to diverge across younger and older adults, and aid 

in investigating neural underpinnings in order to further examine age-related differences in 

attentional networks.  

1.4 Motivation 

Motivation – an affective state that promotes goal-directed behaviour (Chiew & Braver, 

2011) – can modulate cognitive functioning in both younger and older adults (Braver et al., 

2014; Yee & Braver, 2018). The goal-directed nature of cognition is essential in that it allows 

individuals to achieve their goals and act both effectively and efficiently in everyday life.  In 

cognitive tasks that require attention, introducing motivational incentives supports goal pursuit 
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by selectively allocating attentional resources to the relevant task (Pessoa & Engelmann, 2010).  

This enhanced cognition in the presence of reward is a consistent finding, wherein task 

performance is enhanced when an incentive is introduced (e.g., Chiew and Braver, 2011; 

Engelmann & Pessoa, 2007).  In a laboratory setting, experimentally manipulating motivation is 

often achieved by framing incentives in a gain or loss context (i.e., allowing participants to either 

maximize potential gains, or to minimize potential losses). Often, social or financial rewards are 

used as incentives (e.g., Samanez-Larkin et al, 2007). Older adults and younger adults seem to 

differ in their sensitivity to certain rewards, depending on factors such as type (e.g.; social or 

financial; Rademacher, Salama, Gründer, & Spreckelmeyer, 2014), frame (gain or loss; Ebner, 

Freund, & Baltes, 2006; Samanez-Larkin et al., 2007), and magnitude (Engelmann, Damaraju, 

Padmala, & Pessoa, 2009; Samanez-Larkin et al., 2007). Moreover, a growing body of literature 

suggests that motivational incentives may have both transient (i.e., trial-by-trial) and/or sustained 

(i.e., context-dependent) effects on cognitive abilities. The difference in transient versus 

sustained incentive-based modulation has been demonstrated in both behavioural (e.g., Marini, 

van den Berg, & Woldorff, 2015) and physiological measures (e.g., Jimura, Locke, & Braver, 

2010; Chiew & Braver, 2013), but there is limited information on the time course of incentive 

effects in older adults.  

Motivation and aging.  The influence of incentives on cognitive functions shows age-

related change.  Studies have shown age-related differences in response to rewards depending on 

incentive type.  For example, social rewards elicit stronger responses from older adults when 

compared to younger adults, who tend to show a stronger response to financial rewards 

(Rademacher et al., 2014).  Moreover, younger and older adults may differ in their sensitivity 

towards positive (e.g., motivation to seek gains) versus negative (e.g., motivation to avoid losses) 
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rewards (Ebner, et al., 2006; Samanez-Larkin et al., 2007).  However, interpretations of these 

findings have varied.  For example, Depping and Freund (2012) suggest that lifespan changes in 

goal orientation can affect the valuation of gains and losses.  As a result, as adults age, their goal 

orientation should focus more on minimizing losses rather than maximizing gains. Thus, older 

adults should be more motivated by incentives that are framed in a “loss” context. However, 

other studies have reported a well documented “positivity bias” in older adults (e.g., Mather & 

Carstensen, 2005; Samanez-Larkin et al., 2007; Nielsen, Knutson, & Carstensen, 2008), where 

older adults show a preference for positively valenced information.  Studies using neuroimaging 

(Samanez-Larkin et al., 2007) and event-related potentials (ERPs; Kisley, Wood, & Burrows, 

2007) have shown that this positivity effect seems to be robust across these brain-based – as well 

as behavioural – measures. 

Psychological theories. Several findings have shown that gain- and loss- incentives 

motivate younger and older adults differently.  The age differences observed in gain and loss 

motivation over the lifespan may be related—or explained by—age differences in goal 

orientation. For example, Samanez-Larkin et al. (2007), using functional magnetic resonance 

imaging (fMRI), found that neural activation in younger and older adults was similar when they 

were anticipating gains. In contrast, however, younger adults showed increased neural activation 

in anticipation of losses, but older adults did not. Specifically, older adults showed less activation 

in both the insula and caudate during losses but showed increased activation in those areas for 

gains. The study presented an asymmetry in the valuation of gains and losses between older and 

younger adults, such that older adults may experience less negative arousal in anticipation of 

negative events.  However, the reduction in arousal from expecting negative outcomes may not 

be a completely robust finding, as older adults have also been shown to focus on preventing 
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losses in comparison to younger adults, who tend to work towards gains (Ebner, Freund, & 

Baltes, 2006). Results are still unclear and under examination, and so age-related changes in 

cognition are often interpreted through the contrasting lens of the well-documented positivity 

bias demonstrated by older adults (Mather & Carstensen, 2005; Samanez-Larkin et al., 2007; 

Spaniol, et al., 2008). 

The positivity effect is a phenomenon where older adults tend to have a focus on positive 

information relative to negative or neutral information (Mather & Carstensen, 2005). It can be 

explained within the framework of the socioemotional selectivity theory (SST; Carstensen, 

Isaacowitz, & Charles, 1999).  According to this theory, the motivational goals of individuals 

change over their lifespan, and they tend to rely more on affective information as they grow 

older.  That is, as people age, they see their time becoming increasingly limited, and so they 

attempt to prioritize their socioemotional well-being, which begin to take precedence over goals 

that are oriented towards the future, such as gaining knowledge.  The motivational shift towards 

positive information also seems to affect cognitive processing, as healthy older adults seem to 

selectivity allocate more attention to positive information compared to negative information 

(Mather & Carstensen, 2003; Isaacowitz, Wadlinger, Goren, & Wilson, 2004).  

Although findings regarding attentional differences and how they relate to the positivity 

effect are not entirely conclusive (Charles, Mather, & Carstensen, 2003; Reed, Chan, & Mikels, 

2014), a neurobiological perspective may help contribute to our understanding of age-differences 

in motivated attention. 

Neural mechanisms.  Dopamine is a key neurotransmitter associated with the brain’s 

reward network, and is traditionally implicated in age-related differences in sensitivity to reward 

(Sara, 2009). Thus, age-related differences in reward processing are often attributed to an age-
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related dopaminergic decline, which is in part due to loss of striatal dopamine receptors that 

occurs in healthy aging (Chowdhury et al., 2013; Eppinger, Nystrom, & Cohen, 2012; Wang et 

al., 1998). Dopaminergic decline may result in reduced sensitivity to incentives and the inability 

to learn from reward. However, findings are mixed, and a deficit in incentive processing may not 

occur across-the-board. That is, age-related differences in the reward system may depend on the 

type of incentive (e.g., Samanez-Larkin et al., 2007), or older adults may use compensatory 

neural mechanisms (e.g., Spaniol, Bowen, Wegier, & Grady, 2015).  

Although the neurotransmitter most often associated with reward processing is dopamine, 

the LC-NE system also plays a role in the effects of reward on attention through its association 

with the reward network. The LC is a small nucleus in the brainstem, and is the main source of 

norepinephrine release in the brain (Aston-Jones & Cohen, 2005). Despite the LC being most 

often associated with regulatory processing of attention and arousal (Sara, 2009; Sara & Bouret, 

2012), studies have begun to show that through two unique modes of firing, the LC-NE system 

plays a vital part in goal-directed attentional processes and is implicated in the reward circuit 

(Hofmeister & Sterpenich, 2015). To help clarify the relationship between the LC-NE, attention, 

and motivation, studies generally use behavioural and physiological markers of NE release in the 

brain. Similar to the dopaminergic response, the LC-NE system is sensitive to reward magnitude 

(Bouret, 2012). In addition, the LC-NE system supports goal-oriented behaviour by regulating 

individuals’ inclination to exploit (i.e., increasing task performance), or explore (i.e., 

withdrawing from task performance) their attention depending on task demands (Aston-Jones & 

Cohen, 2005). NE activity may be measured using behavioural measures (Williams, Biel, Dyson, 

& Spaniol, 2017), event-related potentials (ERPs; Neuhaus et al., 2010; Murphy, Robertson, 



 

	 11	

Balsters, & O’Connell, 2011; Galvao-Carmona et al., 2014), or pupil dilation (Chiew & Braver, 

2013; Gilzenrat, Nieuwenhuis, Jepma, & Cohen, 2010; Joshi, Li, Kalwani, & Gold, 2016). 

Adaptive gain theory.  In order to explain the relationship between NE release and 

motivation, adaptive gain theory (Aston-Jones & Cohen, 2005) suggests that motivation affects 

the release of NE in the brain through different modes of firing.  The release of NE occurs in two 

modes of activation, 1) phasic, and 2) tonic.  It has been suggested that prefrontal areas moderate 

fluctuations between these two modes of release, and is dependent on the relative utility (i.e., 

determined by the current costs and reward) of a task. The tonic mode of firing draws an 

individual away from task performance (i.e., explore), whereas the phasic mode of firing 

optimizes an individual towards task performance (i.e., exploit).  That is, depending on the utility 

of a task, prefrontal areas will result in either a tonic or phasic mode of release.  According to 

this theory, if motivational states directly alter modes of release, individuals that are more 

motivated will be concerned with optimizing task performance, and will engage phasic firing.  

On the other hand, individuals who are not motivated in the moment will engage the tonic mode 

of release, resulting in disengagement from the current task. Through this adjustment based on 

the relative benefits of a task, the different modes of release of NE helps to improve the balance 

of exploration and exploitation in order to optimize performance and reward.  The recruitment of 

the phasic release of NE has been previously linked to behavioural measures of phasic alerting. 

The alerting response associated with a phasic release of NE seems to be linked to the alerting 

network captured by the Attention Network Test (ANT; Aston-Jones & Cohen; Xuan et al., 

2016).   

In summary, incentivizing an attentional task may allow the adaptive gain theory to shed 

light on the mechanisms by which motivational incentives affect attention differentially across 
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the lifespan.  Specifically, the LC-NE system and its association with the reward network and 

dopamine may contribute to age-related changes in why and how these changes occur. Taken 

together, there are several factors that affect an individual’s incentive processing. Theories of 

goal orientation and motivational change across the lifespan such as the SST have been able to 

account for some of the observed effects. Other research has explored physiological mechanisms 

such as the dopamine and LC-NE systems as candidates for explaining these findings.  However, 

to our knowledge, no current theory has been able to fully account for mixed findings in the 

literature on incentive processing and aging. 

 Attention network test and reward-based motivation.  Few studies have examined the 

impact of reward on attention across age groups.  Williams et al. (2017) combined the ANT with 

an incentivized flanker task in order to examine the effects of reward on behavioural measures of 

attentional allocation.  By using a behavioural measure of alerting as a marker of phasic activity 

older adults showed an asymmetric response to gains and losses.  Specifically, while alerting 

correlated with both incentive effects of gain and loss incentives in younger adults, in older 

adults, alerting only correlated with the effect of gain incentives.  Thus, behavioural measures 

seem to support the idea that changes across the lifespan result in changes in the recruitment in 

LC-NE activity, which in turn affects how motivation modulates attention in younger and older 

adults.  Behaviourally, age differences may exist in gain and loss motivated attention as 

measured by the ANT (Williams et al., 2017).   

Chapter 2: The Current Study 

Previous research has explored the links between incentives and alerting, and has 

suggested explanations of those findings based on psychological and neuroscience literatures. 

However, to our knowledge, no studies have examined both transient and sustained effects of 
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reward on ERPs associated with an incentivized ANT with two different age groups. Hence, the 

present study sought to strengthen and extend previous behavioural findings (Williams et al., 

2017) using electrophysiological measures. By acquiring ERPs during the incentivized ANT, this 

study sought to explain the underlying cognitive mechanisms by which motivation influences 

visual attention in younger and older adults.  We were interested in identifying links between 

behavioural and ERP signatures associated with various aspects of attentional alerting and 

executive control. As mentioned earlier, given the high temporal resolution of ERP, examining 

the ERP components thought to be associated with the ANT and those that are influenced by the 

release of NE and dopamine was expected to provide useful insight into the neural mechanisms 

underlying age differences in gain and loss motivated attention (e.g., Williams et al., 2017). 

We expected that ERPs would enable us to clarify at what stage attentional processing 

begins to diverge for gain and loss cues in older and younger adults. For these reasons, at the 

time of cue, we examined posterior N1, a negative early visual component that presents around 

150-250ms after stimulus onset, and is enhanced under heightened attention (Talsma, Slagter, 

Nieuwenhuis, Hage, & Kok, 2005). This component is often associated with an alerting effect. 

CNV, which occurs in the time between a signal and target, and studies have provided evidence 

that it shows effects of both orienting and alerting (e.g., Galvao-Carmona et al., 2014; Williams 

et al., 2016). Then, we examined target-N1, which has also been shown to exhibit effects of 

alerting (e.g., Neuhaus et al., 2010; Galvao-Carmona et al., 2014). Lastly, we examined target-

P3, a positive component often associated with the executive control network that is sensitive to 

aging (Wild-Wall, Falkenstein, & Hohnsbein, 2008; Williams et al., 2016).  

Based on prior studies, the current study was specifically concerned with the age-related 

differences in the incentive-based modulation of two attentional networks, which have mixed 
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findings with regard to age differences: executive control and alerting.  It was expected that 

different types of motivation would enhance attention networks differentially.  We predicted an 

asymmetric effect of losses and gains, such that gain incentives would more strongly modulate 

attention as compared to loss incentives.  Furthermore, using ERPs allowed us to attempt to 

elucidate the mechanisms by which motivation affected attention prior—and during—an 

individual’s behavioural response. The current study also examined the interaction of two 

attentional networks when younger and older adults were placed into different reward-based 

motivational states.  Similar to prior studies investigating transient and sustained effects of 

reward, motivational states were manipulated on a trial-by-trial basis through a mixed 

block/event-related design (Chiew & Braver, 2013; Jimura et al.,  2010; Williams, Kudus, 

Dyson, & Spaniol, 2018).  

To address the replication aspect of the study, we hypothesized that: 1) There would be a 

dissociation between gains and losses for older adults, such that gain effects on performance 

would be correlated with phasic arousal effects, as measured by a behavioural marker of phasic 

alerting. Extending on previous work, we also hypothesized that 2) Age differences would 

emerge in the incentive-based modulation of the  alerting and executive control networks , and 3) 

The asymmetric relationship between gain and loss would present itself on ERP measures that 

are thought to be correlated with reward and NE release during processing of the cue (e.g., N1, 

CNV) and/or target (N1, P3).   

2.1 Method 

Participants. Twenty-six younger adults (M=23.13; SD=4.70) and 24 older adults 

(M=71.36, SD=4.74) participated in the study. Younger adults were recruited through online 

postings as well as physical posters around Ryerson University Campus. Older adults were 
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recruited from the Ryerson Senior Participant Pool. Prior to participating, potential participants 

took part in a phone screening (see Appendix A), which included questions about demographics 

(age, sex, education, English language proficiency) and health conditions that could have 

affected cognitive-affective function or the ability to complete study tasks (e.g., psychiatric and 

neurological conditions, cardiovascular disease, cancer, or sensorimotor conditions). Included 

participants reported normal or correct-to-normal hearing and vision, and were free of any major 

medical, neurological, or psychological problems. Participants had to be native speakers of 

English or possess native-like English language proficiency and have a minimum 12 years of 

education. We aimed to recruit equal numbers of men and women in both age groups, and to 

match average years of education of both age groups. Individuals who did not meet the inclusion 

criteria were thanked for their interest, but were not invited to participate in the study. After 

excluding participants who did not meet our criteria for task performance, or had issues with the 

EEG data recording, our final sample consisted of 24 younger adults and 22 older adults. Group 

characteristics for this sample show typical age-related differences (see Table 1). All participants 

received $25 in cash in compensation for completing the study, which lasted between 2-2.5 

hours, plus an additional bonus that they won during the experimental task (up to a maximum of 

$30). We obtained approval for all study procedures from the Research Ethics Board of Ryerson 

University. 

Background Measures. Prior to beginning the experiment, participants completed six 

background measures. This allowed us to characterize the sample and to examine potential 

affective and cognitive covariates of experimental measures (see Appendices B-G). The Mini 

Mental State Exam (MMSE; Folstein, Folstein, & McHugh, 1975) is an 11-item questionnaire 

that measures cognitive functioning, with a maximum score of 30. All participants scored at least 
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27, and no participants had to be excluded based on this measure. The Mill Hill Vocabulary 

Scale (MHV; Raven, 1982) is a 34-item measure of verbal intelligence in which participants are 

asked to identify synonyms using a multiple-choice format. The Digit Symbol Substitution Task 

(DSST; Wechsler, 1997) is a subset of the Wechsler Adult Intelligence Scale-third edition 

(WAIS-III), which measures perceptual-motor speed. Participants are shown 9 digit-symbol 

pairs, given a list of digits, and are prompted to fill in as many symbols as they can within a two-

minute time period. The Behavioural Inhibition/Behavioural Activation Scale (BIS/BAS; Carver 

and White, 1994) is used to measure dispositional traits associated with differences in sensitivity 

to reward and punishment. The BIS/BAS includes an inhibition scale and an activation scale, the 

latter of which comprises three subscales: Reward responsiveness, drive, and fun-seeking. The 

Positive and Negative Affect Schedule (PANAS; Watson, Clark, & Tellegen, 1988) is a 20-item 

questionnaire that measures positive and negative affect. Lastly, participants completed the 

Depression Anxiety Stress Scales (DASS-21; Lovibond & Lovibond, 1995), a 21-item 

questionnaire that measures depression, anxiety, and stress. 

Design and Apparatus. A modified version of the ANT was used and administered 

using Presentation software (Neurobehavioural Systems; Berkeley, CA), with participants seated 

approximately 50cm from a computer monitor. All stimuli were presented in white against a 

black background. Since the orienting network was not being examined, spatial and centre 

cues—which are traditionally used to estimate the efficiency of the orienting network—were 

excluded. Furthermore, neutral flankers were excluded based on prior evidence that ERPs for 

congruent and neutral flankers are similar (Neuhaus et al., 2010). These modifications are similar 

to those used in the ANT-G, which is commonly used in geriatric populations (Van Dam, 2013). 

After excluding these conditions, the final experimental design included the within-subjects 
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factors cue (no cue, double cue) and flanker (congruent, incongruent) The task additionally 

featured a within-subjects incentive manipulation, which included 3 block types: gain (G), loss 

(L), and neutral (N). G and L blocks were referred to as incentive blocks. Within incentive 

blocks, incentive availability varied trial-to-trial. On incentive trials (I), ten cents was at stake. 

On neutral trials (N), there were no incentives. In neutral blocks, only neutral trials were 

presented (NN). Lastly, the mixed-factorial design of this task also included age group (younger, 

older) as a between-subjects factor. After taking into account the block- and trial-level 

manipulations, this design resulted in five unique trial types: Gain-incentive (GI), gain-neutral 

(GN), loss-incentive (LI), loss-neutral (LN), and neutral-neutral (NN).  

Within each of the trial types, the four combinations of the two ANT cue conditions (e.g., 

no cue, double cue), and two flanker conditions (e.g., congruent or incongruent) were presented 

with equal frequency. This resulted in the 48 trials of each trial type x ANT cue x flanker 

combination. As a result of the neutral blocks having only a single trial type, neutral blocks 

consisted of 48 trials, whereas incentive blocks consisted of 96. The total trial count over the 

course of the six experimental blocks was 480. Two arrows flanked the target (e.g., the central 

arrow) on either side. The flanking arrows faced either the same (congruent) or the opposing 

(incongruent) direction as the central arrow. Within each condition, the central arrow pointed left 

or right, and the row of arrows appeared above or below the central fixation cross on 50% of the 

trials, respectively. On no-cue trials, no warning cue was presented, whereas on double-cue 

trials, two asterisks appeared on the screen above and below the central fixation point prior to the 

target onset. Lastly, feedback indicating whether the trial was successful (i.e., gain or nonloss) or 

unsuccessful (i.e., nongain or loss) was presented after the participant’s response.   
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Prior to beginning a block, a screen indicated whether the current block would be a 

neutral, gain, or loss block. At the start of each trial, an incentive cue appeared in the centre of 

the screen for 200ms, indicating whether the current trial would be an incentive trial or not (i.e., 

“&” on neutral trials, and “$” on incentive trials). Then, a fixation cross was presented for a 

random duration ranging between 400-1600ms. After this, the ANT cue (e.g., no cue or double 

cue) appeared for 100ms, followed by another central fixation that stayed onscreen for 400ms. 

After the time had elapsed, the target arrows appeared above or below the fixation cross and 

participants had up to 1,700ms to respond. After a response (or when the time limit elapsed), the 

target disappeared and a fixation cross reappeared. Following this, a feedback screen was 

presented. 

For gain blocks, on incentive trials, “+0.10” was presented for a successful trial, whereas 

“+0.00” was presented for an unsuccessful trial. During loss blocks, on incentive trials, “-0.0” 

was presented for a successful trial, whereas “-0.10” was presented for an unsuccessful trial. 

Feedback for neutral trials was always presented as “#####”. The presentation of feedback was 

followed by another fixation cross which stayed onscreen for 600ms, for a total trial length of 

5,400ms. In order for a trial to be considered successful, participants were told that they had to 

be both accurate, and faster than a time that would be set by the computer as it tracked their RT. 

However, in reality, the task adapted to the responses of the participant, such that each 

participant would be successful on roughly 70% of incentivized trials. The task was programmed 

so that individualized response time limits were uniquely set per individual. That is, the response 

time limit was set by computing the cumulative average RT for each correct response in an 

incentive trial, along with a value that was adjustable. This adjustable value resulted in a 10-ms 

shortened response time limit whenever the participant made a correct response while above the 
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70% success threshold, and resulted in a 10-ms increased response time limit whenever an 

incorrect or slow response was made while below the 70% success threshold. A schematic of the 

trial sequence is presented in Figure 1.  

Along with end-of-trial feedback, end-of-block feedback was presented at the end of each 

block indicating the participant’s winnings during that block. In gain blocks, participants were 

told how much money they had gained during the block they had just completed. In loss blocks, 

participants were told how much money they had avoided losing during the previous block. In 

neutral blocks, no block feedback was given as no incentive was at stake.   

Procedure. Participants were brought into the study area where the experimenter 

provided an overview of the study. Prior to beginning the study, individuals were asked to 

complete a written consent form and to ask the experimenter any questions. Additionally, 

participants were told that they would receive $25, along with a bonus they could achieve during 

the experimental task. After this, participants completed background measures, which were 

presented in the following order: MHV, DSST, DASS-21, BIS/BAS, PANAS, MMSE.  

Prior to beginning the experimental task, participants received the task instructions on the 

computer screen and through verbal explanations by the investigator. The participants were 

instructed to respond to the direction (e.g., left or right) of the target arrow as quickly as possible 

using the marked keys on the keyboard. They pressed the "," key with their right index finger if 

the central arrow pointed right, and the "X" key with their left index finger if the central arrow 

pointed left, using a standard QWERTY keyboard.  Before beginning, it was reiterated to 

participants that they could earn an additional monetary bonus along with their initial 

compensation. After receiving the task instructions, participants completed three practice blocks 

(1 neutral block, 1 gain block, 1 loss block), each including the various trial conditions. 
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Following the practice blocks, participants were presented with six experimental blocks (480 

trials total). Between blocks, participants were required to take break of at least 30s duration (at 

least 60s following the 3rd experimental block). The order of the experimental blocks was 

counterbalanced across participants.  

Following the task and completion of the various background measures, participants were 

debriefed, compensated for their time, and given the bonus earned during the task (younger: M = 

18.50, SD= 21; older: M=18.50; SD=.18), which was not significantly different for younger and 

older adults, t(44)=.15, p=.88. 

ERP Acquisition and Processing. Electrical brain activity was continuously collected 

for offline processing using an ActiveTwo system (BioSemi; Amsterdam, Netherlands) over an 

array of 64 electrodes, with a band-pass filter of 208Hz and a 512 Hz sampling rate. Recordings 

were acquired from Ag/AgCl electrodes, which were connected to a cap (Cortech Solutions; 

Wilmington, NC) at 64 sites, according to the International 10-20 system. Six electrodes were 

attached externally, with two being placed on the right and left mastoids. Four electrodes were 

then used to record horizontal and vertical movements for both eyes by placing at the outer 

canthi and inferior orbits, respectively.  

EEGlab (Delorme & Makeig, 2004) and ERPLab (Lopez-Calderon & Luck, 2014) were 

used to conduct off-line processing. EEG data were referenced to the average of the right and left 

mastoids and were resampled as 256 Hz. High-pass (0.1 Hz, 12 dB/octave) and low-pass (30 Hz, 

24 dB/octave) filters were applied to the continuous data. Then, both cue and targets were 

epoched between 200ms pre-stimulus and 1000ms post-stimulus. Independent component 

analysis was used to correct artefacts (e.g., eye blinks, lateral eye movements).  
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Behavioural Data Analysis. If a participant did not make a response for more than 10% 

of trials within a block, the block was excluded from further analyses. Blocks were also excluded 

from further analyses if a participant’s accuracy was below 60% in a given condition of Trial 

Type × Cue × Congruency within a block. If more than one block needed to be excluded, the 

participant was excluded from analyses altogether. One older adult was excluded on this basis.  

Accuracy and reaction time (RT), averaged for each participant and each cell of the 

experimental design, served as behavioural measures of interest. Additionally, inverse efficiency 

(IE; Townsend & Ashby, 1983) was calculated in order to account for potential age differences 

in response strategies, specifically, for differences in speed-accuracy trade-off settings (Lange-

Malecki & Treue, 2012; Williams et al. 2017). IE scores are calculated by dividing RT by 

accuracy, for each participant and each experimental condition. Lower IE scores indicate higher 

efficiency.  

Main effects and interactions were compared across age groups and across the different 

experimental conditions. For each measure, a mixed-model ANOVA was carried out involving 

the between-subjects factors age (younger, older) and within-subjects factors of trial type (GI, 

GN, LI, LN, NN), ANT cue (no, double), and flanker (congruent, incongruent). For reaction time 

analyses, mean RT on correct responses was used, in line with previous work (Fan et al., 2002; 

Mahoney et al., 2010). In situations where Mauchly’s assumption of sphericity was violated, the 

Huynh-Feldt correction was used to adjust degrees of freedom. Additionally, significant main 

effects and interactions were followed up using simple effects, and Benjamini-Hochberg adjusted 

p-values (Benjamini & Hochberg, 1995) were used to account for multiple comparisons. 

Comparisons were considered significant using the criterion pBH < .05. The follow-up 

comparisons of interest were the transient, sustained, and valence effects of incentives. Thus, we 
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compared GI vs. GN trials and LI vs. LN trials to examine transient effects, GN vs. NN and LN 

vs. NN trials to examine sustained effects, and GI vs. LI and GN vs. LN trials to investigate 

valence effects. 

Lastly, based on prior work, correlations between incentive effects and IE scores across 

the alerting network were investigated (Williams et al., 2017). Both the alerting and incentive 

effects were calculated as difference scores, separately for gain and loss conditions to parse out 

potential valence effects. The alerting effect was calculated using only neutral trials in order to 

keep alerting effects independent of incentive effects. That is, neutral, no cue trials (i.e., GNno cue 

and LNno cue) scores were subtracted from neutral, double cue trials (i.e., GNdouble cue and LNdouble 

cue). This resulted in two alerting effect equations: 1) GNdouble cue− GNno cue; 2) LNdouble cue− LNno 

cue, for gain and loss conditions, respectively. Similarly, the incentive effect was calculated using 

only no-cue trials, in order to eliminate any confounds with the alerting effect. So, incentive, no 

cue trial scores (i.e., GIno cue and LIno cue) were subtracted from neutral, no cue trials (i.e., GNno cue 

and LIno cue). This resulted in two incentive effect equations, 1) GI no cue− GNno cue; 2) LIno cue− 

LNno cue. Then, four separate bivariate correlations of the alerting effect and incentive effects 

were run, separated by age group and valence type.  

ERP Analysis. At the time of cue, posterior N1 and CNV were examined. Posterior N1 

was examined in a time interval of 150-250ms following the ANT cue. In the case of the no cue 

condition, we examined N1 at the time in which a cue would have occurred. We averaged this 

component at both parietal (P3, Pz, and P4) and occipital (O1, Oz, and O2) sites. Due to the short 

interval between cue and target in the ANT, we did not separate CNV into early and late 

components, but rather considered it as a single component from 250ms after onset of the cue, to 

the time of the target onset (i.e., 500ms post cue-onset; Williams et al., 2016). We averaged CNV 
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at frontocentral sites (FCz and Cz). However, visual inspection of the timing and morphology of 

the CNV component suggested that it was inconsistent with previous work (e.g., Williams et al., 

2016) and so further analyses were not pursued for this component.  

At the time of target, posterior N1 and P3 were examined. Posterior N1 was again 

examined at 150-250ms after the presentation of the target. As in the cue-locked analysis, N1 

was examined at parietal (P3, Pz, and P4) and occipital (O1, Oz, and O2) electrodes.  For our 

analyses of P3, we considered both centroparietal (CPz, Pz) and frontocentral (FCz, Cz) sites. 

We first determined peak latencies, using a time window of 300-800ms following the 

presentation of the target. Based on prior research (Williams et al., 2016), it was determined that 

the P3 demonstrates a wider distribution in older adults, so mean amplitudes were determined 

over a 200ms window for older adults, and a smaller 100ms for younger adults. These time 

windows were then centred at the mean peak latencies.  

2.2 Results 

Behavioural Measures. Accuracy, reaction time (RT), and inverse efficiency (IE) were 

analyzed using mixed analyses of variance (ANOVA) with the between-subjects factor age 

(younger adults, older adults), and within-subjects factors trial type (GI, GN, LI, LN, NN), ANT 

cue (no, double), and flanker (congruent, incongruent). Means and standard deviations for each 

of these behavioural measures are displayed in Table 2. Descriptive statistics and details of the 

inferential statistics for each analysis can be found in Tables 3-6. Lastly, figures for behavioural 

measures were included to specifically highlight effects of age and trial type. 

Accuracy. Accuracy was influenced by age, congruency, cue, and trial type. 

Additionally, congruency interacted with age, trial type, and cue. Lastly, age interacted with trial 

type. On average, older adults were more accurate than younger adults. Participants were also 
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more accurate in the presence of congruent flankers, and when there was no cue present. A 

detailed summary of the inferential statistics for these effects, separated by attentional networks, 

can be found in Table 3. 

An analysis of simple effects revealed that for the Congruency x Age interaction, for 

incongruent flankers, accuracy was significantly lower for younger adults (M=.858, SD=.08) 

than older adults (M=0.918; SD=.05; pBH < .01), indicating a reduced flanker interference effect 

on accuracy for older adults when compared to younger adults. In the congruent condition, 

younger and older adults did not show age differences in accuracy. Importantly, both age groups 

showed higher accuracy in the congruent (M=0.988, SD=.04) compared to incongruent trials 

(M=0.88, SD=.07; pBH < .01).  

Further, simple effects for the Congruency x Trial Type interaction revealed that for 

incongruent flankers, accuracy was lower on incentive trials (M=0.87, SD=.09) than on neutral 

trials (M=.90, SD=.07). However, none of the relevant transient, sustained, or valence 

comparisons showed any significant differences after correcting for multiple comparisons (pBH 

>.05). In addition, no significant differences emerged in the presence of congruent flankers (pBH 

>.05).  

Moreover, an analysis of simple effects for the Congruency x Cue interaction revealed 

that in the incongruent condition, participants were less accurate in the presence of a double cue 

(pBH < .01; M=.873, SD=.10) as compared to no cue (M=.903, SD=.06). Similar to the previous 

analysis, there were no significant differences on trials with congruent targets (pBH >.05).  

Finally, simple effects for the Age x Trial type interaction revealed that younger adults, 

but not older adults, showed modulations in accuracy based on trial type (see Figure 2). That is, 

younger adults showed transient effects of incentives on accuracy, such that they were less 
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accurate on GI trials (pBH < .01; M=.909, SD=.05) compared to GN trials (M=.932, SD=.05). 

Similarly, younger adults showed a decrease in accuracy in LI trials (pBH < .01; M=.906, SD=.06) 

compared to LN trials (M=.935, SD=.05). 

Reaction time. For RT, there were significant effects of age, congruency, cue, and trial 

type (see Figure 3). Additionally, age interacted with cue and with congruency. Congruency 

further interacted with trial type and with cue. Detailed inferential statistics for the RT ANOVA 

can be found in Table 4.  

An analysis of the Age x Cue interaction using simple effects revealed that for younger 

adults, responses were faster in the presence of a double cue (M=507.44, SD=55.14) as compared 

to no cue (M=535.05, SD=56.50). Older adults also demonstrated this pattern of being faster in 

the presence of a double cue (M=712.00, SD=88.69), as compared to no cue (M=726.47, 

SD=85.78), but to a lesser degree.  

Secondly, simple effects of the Age x Congruency interaction revealed that younger 

adults were faster when presented with congruent flankers (M=479.80, SD=50.22) as compared 

to incongruent flankers (M=562.68, SD=61.76). This relationship was also significant in older 

adults, as they were faster with congruent flankers (M=651.41 SD=76.09) compared to 

incongruent flankers (M=787.06, SD=101.32). 

The third interaction was a Congruency x Cue interaction. When presented with 

congruent flankers, participants were faster when there was a double cue (M=552.4, SD=110.54) 

compared to no cue (M=578.9, SD=104.49). Similarly, when presented with incongruent 

flankers, participants were faster in the double cue trials (M=667.1, SD=143.18) when compared 

to the no cue trials (M=682.6, SD=137.29).  
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Lastly, an analysis of the Congruency x Trial Type interaction revealed that, when 

presented with congruent flankers, participants showed transient effects of incentives, as 

participants were faster in GI (M=552.3, SD=111.04) compared to GN (M=571.7, SD=567.96) 

trials. This transient effect of incentives also held in the loss context, as participants were faster 

in LI (M=553.0, SD=108.60) compared to LN (M=562.9, SD=103.07) trials. Furthermore, 

participants showed sustained effects of incentives in both and loss contexts, and performed 

faster in both GN (M=571.7, SD=567.96) and LN (M=562.9, SD=103.07) compared to NN 

(M=588.1, SD=107.88) trials. Similarly, for incongruent trials, participants showed transient 

effects of incentives. They were faster in GI (M=658.8, SD=144.96) and LI (M=664.9, 

SD=145.22) when compared to neutral trials, GN (M=678.5, SD=141.31), and LN (M=679.8, 

SD=135.78). Moreover, incentives also had a sustained effect, as participants were faster on both 

GN (M=678.5, SD=141.31), and LN (M=679.8, SD=135.78) trials when compared to NN trials 

(M=692.331; SD=138.99). It is important to note that in both incongruent and congruent trials, 

participants did not show any effect of valence, such that loss and gain contexts did not 

differentially modulate reaction time.  

Inverse Efficiency. Inverse efficiency showed main effects of age, congruency, and trial 

type (see Figure 4). Similar to the results for accuracy and RT, congruency interacted with trial 

type, and with cue. Overall, younger adults had lower IE scores than older adults, and thus were 

more efficient. Participants were also more efficient on trials with congruent flankers. A 

summary of this analysis can be found in Table 5.  

An analysis of the Congruency x Trial type interaction using simple effects showed that 

for congruent targets, incentives elicited transient effects on inverse efficiency. They were more 

efficient in both GI (M=559.3, SD=115.12) and LI (M=559.4, SD=110.78) trials when compared 
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to GN (M=577.4, SD=115.90) and LN (M=569.3, SD=106.53), respectively. Participants also 

exhibited a sustained effect of incentives, such that they were more efficient in both GN 

(M=577.4, SD=115.90) and LN (M=569.3, SD=106.53) compared to NN (M=598.9, SD=116.08) 

trials. No significant differences emerged in trials with incongruent targets. 

Lastly, an analysis of the Congruency x Cue interaction using simple effects revealed that 

with congruent flankers, participants were more efficient with a double cue (M=558.3, 

SD=113.19) than with no cue (M=587.5, SD=110.40). Cue did not affect IE when targets were 

incongruent.  

 Correlational Analysis. Scatterplots are shown in Figure 5, and display the correlations 

between the alerting and incentive effects on IE in both younger and older adults. With younger 

adults, the correlation was significant on gain trials, r = .475, p = .02, and on loss trials, r = .455, 

p =.03. Older adults showed a significant correlation only on loss trials, r = .467, p = .03, but not 

on gain trials, r = .396, p = .07.  

 Summary of behavioural findings. Overall, our behavioural results showed that while 

younger adults performed faster than older adults on average, incentives resulted in transient and 

sustained speed-ups of responses in both age groups. Moreover, transient—but not sustained— 

incentives led to decreases in accuracy, but only for younger adults, which was additionally 

exacerbated in the presence of incongruent targets. When the difference in speed-accuracy 

tradeoff response strategies of younger and older adults was controlled through their IE scores, 

both age groups showed sustained and transient level modulation, but only in the presence of 

congruent targets. Interestingly, none of these incentive-based modulations was affected by 

valence, as participants responded similarly to gain and loss incentives.  
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Cue-related ERPs 

Posterior cue-N1 amplitude.  

 Alerting. The ANOVA for alerting included the factors age (younger, older), trial type 

(GI, GN, LI, LN, NN), cue (no, double), and electrode site (parietal, occipital). This analysis 

resulted in main effects of age, trial type, and electrode site. Additionally, cue interacted with 

age, and with electrode site. A summary of the inferential statistics from this analysis is 

presented in Table 6. Cue-locked N1 waveforms, averaged at both occipital and parietal sites are 

shown in Figure 6 (younger adults) and Figure 7 (older adults). Overall, younger adults showed 

significantly more negative posterior cue-N1 mean amplitudes in comparison to older adults. 

Also, both age groups showed significantly larger N1 amplitudes at occipital sites compared to 

parietal sites. Cue-locked N1 waveforms for each trial type are shown in Figure 8 for younger 

adults and in Figure 9 for older adults. The main effect of trial type (displayed in Figure 10) 

revealed that the only significant comparison was the LI vs. LN comparison, indicating that 

participants showed a transient effect of incentives, but only in the loss context. 

 Simple effects of the Cue × Age interaction revealed that younger adults showed an effect 

of alerting, such that their mean cue-N1 amplitudes in no cue trials (M=-.441, SD=1.01) was 

significantly less negative than in double cue trials (M=-1.93, SD=2.20). No significant 

differences between cue types (i.e., no effect of alerting) emerged for older adults. In addition, 

younger adults did have significantly larger amplitudes than older adults in double cue trials 

(M=-1.93, SD=2.20 vs. M=.49, SD=1.22), but the groups did not differ when it came to no cue 

trials.  

Then, an analysis of the Cue × Electrode site interaction showed that at occipital sites, the 

effect of no cue (M=-0.25, SD=1.21) versus double cue (M=-1.21, SD=2.57) was significant. 
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However, at parietal sites, the difference between no cue (M=-.51, SD=1.38) and double cue 

(M=-.23, SD=2.37) was not significant, indicating that there was no effect of alerting parietally, 

but there was an effect occipitally.  

Summary of incentive effects on cue-locked ERP results 

Summary of incentive effects on cue-locked ERP results. Overall, our cue-locked analysis 

revealed that, at the cue level, participants’ mean N1 amplitudes were not strongly influenced by 

incentives. However, participants in both age groups did show significantly more negative mean 

cue-N1 amplitudes when comparing LI to LN trials, indicating that they were being affected by 

incentives in loss contexts only, and on a trial-specific basis, rather than on a sustained level.  

Target-related ERPs 

Posterior target-N1 amplitude.  

 Alerting. The ANOVA for target-N1 included the factors age (younger, older), trial type 

(GI, GN, LI, LN, NN), cue (no, double), target (congruent, incongruent), and electrode site 

(parietal, occipital). Main effects of age, trial type, and cue emerged. These main effects were 

qualified by a Trial Type × Electrode Site interaction, as well as a Cue × Electrode Site 

interaction. The inferential statistics from this analysis are summarized in Table 7. Target-locked 

N1 waveforms, averaged at both occipital and parietal sites are shown in Figure 11 (younger 

adults) and Figure 12 (older adults).  Additionally, target-locked waveforms, separately 

displaying each trial type are shown in Figure 13 (younger adults), and Figure 14 (older adults). 

Overall, mean target-N1 amplitudes were more negative in younger adults than in older adults. 

Further, double cues elicited more negative N1 amplitudes than no cues. The main effect of trial 

type indicated that participants showed a transient modulation by incentives, but only in gain 

blocks (shown in Figure 15).  
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Simple effects were used to break down the Trial Type × Electrode Site interaction, and 

showed that at parietal sites, participants’ mean amplitudes for GI trials (M=-2.16, SD =3.24) 

were significantly more negative than for GN trials (M=-1.49, SD=3.30), indicating that 

participants’ mean amplitudes were modulated by incentives on a trial-by-trial basis, but only in 

a gain context. No relevant comparisons were significant at occipital sites. Then, simple effects 

used to analyze the cue × electrode site interaction revealed that at occipital sites, double cue 

trials resulted in significantly more negative target-N1 amplitudes (M=-3.16, SD=3.00) compared 

to no cue trials (M=-.02, SD=2.55). This pattern was also exhibited—and to a greater degree—at 

parietal sites, with N1 amplitudes for double cue trials (M=-3.60, SD=3.44) being significantly 

more negative than for no cue trials (M=0.70, SD=2.86). 

Target P3 amplitude.  

 The ANOVA for target P3 included the factors age (younger, older), trial type (GI, GN, 

LI, LN, NN), cue (no, double), congruency (congruent, incongruent), and electrode site (anterior, 

posterior). This analysis revealed main effects of age, cue, and electrode site. On average, 

younger adults had more positive P3 amplitudes compared to older adults. Mean P3 amplitudes 

were also more positive in the presence of no cue, and at posterior sites.  These main effects were 

qualified by an Age x Trial Type interaction. Furthermore, electrode site interacted with trial 

type, cue, and congruency. Lastly, a three way interaction involving cue × congruency. A 

comprehensive summary of the results from inferential statistics is presented in Table 8. Target-

locked waveforms showing the effect of congruency on P3 amplitude are shown in Figure 16 

(younger adults) and Figure 17 (older adults). Target-locked P3 waveforms are shown in Figures 

18-19 (younger and older adults), collapsed over congruency, but separated by trial type. 
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 An analysis of the age x trial type interaction (see Figure 20) using simple effects 

revealed that younger adults showed significantly more positive mean P3 amplitudes in GI 

(M=11.33, SD=4.05) related to GN (M=9.71, SD=3.59) trials, indicating transient incentive 

effects in the gain condition. Between groups, younger adults showed significantly more positive 

mean amplitudes than older adults, but specifically during incentive (i.e., GI and LI) trials at both 

anterior and posterior sites. No differences between trial types were significant for older adults.  

 The cue x electrode site interaction showed that at anterior sites, no cue trials (M=8.49, 

SD=6.39) showed significantly more positive amplitudes than double cue trials (M=6.09, 

SD=5.32). This pattern also held true at posterior sites, where the amplitudes of no cue trials 

(M=11.55, SD=4.86) were significantly more positive than those of double cue trials (M=7.31, 

SD=5.90). This relationship was stronger at posterior sites compared to anterior sites.  

 Then, breaking down the congruency x electrode site interaction revealed that at posterior 

sites, target P3 amplitude was reduced for incongruent targets (M=8.94, SD=5.60) compared to 

congruent targets (M=9.93, SD=5.06). No significant differences emerged for anterior electrodes.  

 The three way interaction between Cue × Congruency × Age showed that for older 

adults, in double cue trials, mean P3 amplitudes were significantly lower with incongruent (M= 

3.46, SD=5.64) compared to congruent (M=5.50, SD=4.84) targets. No significant differences 

emerged for younger adults. Finally, after using the Benjamini-Hochberg correction for multiple 

comparisons, no significant pairwise comparisons emerged for the trial type x electrode site 

interaction. 

Summary of incentive effects on target-locked ERP results 

 Target-N1 mean amplitudes were affected by trial type in both younger and older adults, 

and showed differences based on electrode site. Participants showed a transient effect of 
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incentives, which resulted in more negative mean amplitudes in GI trials, compared to GN trials, 

but only at parietal sites. Target-P3 mean amplitudes also showed transient incentive-based 

modulation, but only in gain contexts, and only for younger adults. Specifically, target-P3 mean 

amplitudes were significantly more positive on GI as compared to GN trials, at both anterior and 

posterior sites. Finally, younger adults showed significantly more positive target-P3 amplitudes 

than older adults, on both GI and LI (i.e., incentive) trials. 

Chapter 3: Discussion 

The present study was aimed at helping to elucidate the cognitive and neural mechanisms 

through which motivation affects two independent attentional networks, alerting and executive 

control. We sought to explore the impact that motivational incentives would have on early and 

late attentional processes. We hypothesized that we would replicate previous findings, such that 

older adults would show a correlation between alerting effects and incentive effects (for gains 

but not for losses). This was not confirmed, although we were able to replicate results as they 

pertained to younger adults. We also expected that age differences would emerge in the 

incentive-based modulation of two attentional networks, and that these behavioural (i.e., RT, 

Accuracy, and IE) differences would be complemented by ERP measures that have been 

associated with reward (and the release of NE), at both cue and target stages. Regarding this 

hypothesis, we found behavioural age differences in the incentive-based modulation of the 

attention networks for accuracy, but not for RT, or for IE. Age differences in incentive effects 

also emerged in our ERP components of interest, but these did not align with our behavioural 

findings. That is, effects of valence were present for each of our three ERP measures of interest, 

which suggests that these measures may be more sensitive to motivational influences than 

behavioural measures.  
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3.1 Relationship Between Alerting and Incentive Effects 

In relation to the alerting network, our correlation analysis revealed that the correlation 

between the incentive effect and alerting effect was present for younger adults, regardless of the 

valence of the incentives. However, for older adults, the relationship between alerting and 

incentive effects only held up for loss trials, although a trend seemed to be occurring for gain 

trials. In previous work (Williams et al., 2017), the opposite asymmetry was found for older 

adults. That is, instead of older adults being more sensitive to gains—which could be explained 

by a positivity bias (Mather & Carstensen, 2005)—our results lend evidence to the idea that as 

people age, they tend to focus more on loss prevention (e.g., Depping & Freund, 2012; Eppinger, 

Hämmerer, & Li, 2011). This is evidenced by the lack of a correlation between our alerting 

effect and incentive effect for older adults, but only in gain trials. However, it is worth noting 

that the relationship between incentives and alerting in the loss context for older adults just 

missed significance, and replications are needed before strong conclusions can be drawn. It is 

also important to mention that the correlations found in this study were not as large as those 

found previously. For example, the correlations in the current study were as follows: younger 

adult-gain trials, r = .48, younger adults-loss trials, r = .46, older adults-gain trials, r=.40 (not 

significant), older adults-loss trials, r=.47. Our findings resulted in correlations that were very 

similar in magnitude, with the non-significant finding approaching significance (i.e., p = .07). 

Here, there were no stark differences in the correlational findings. However, in a prior study, the 

correlations were: younger adult-gain version, r = .69, younger adults-loss trials, r = .62, older 

adults-gain trials, r=.81, older adults-loss trials, r=.03 (not significant). Importantly, the non-

significant finding yielded a correlation with a much smaller magnitude than the significant 

findings.  
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The differences found between these studies could be attributed to the fact that here, 

incentive valence was included as a within-subjects factor, rather than as a between-subjects 

factor. Instead of assigning participants to individual versions of the task, we had participants 

complete both gain and loss trial types, which allowed us to remove any variance between 

groups that could have contributed to larger effect sizes, but may have also contributed to the 

potential of carry-over effects across blocks. Although we were not able to replicate the prior 

finding, it is important to consider the experimental differences—other than the between/within-

subject design— that occurred between these studies. For example, Williams et al. (2017) used 

coloured cues to indicate an incentive trial, and did not include end-of-trial feedback. Lastly, our 

calculation of the alerting and incentive effects were similar but not identical to those of the prior 

study. Due to our manipulation of trial types, we chose to calculate our effects in a way that 

minimized potential confounds. As noted in our methods, as a result of minimizing potential 

confounds between alerting and incentive effects, we only included trials from gain and loss 

blocks. We also decided to exclude trials from the neutral blocks in order to keep the number of 

trials being compared consistent. However, this calculation led to the exclusion of all of the 

neutral-neutral trials, which could have had an impact on our correlational values. Several of 

these seemingly minor adjustments could have played a role in why our study was not able to 

fully replicate prior findings.  

3.2 Age Differences in Sensitivity to Gains versus Losses 

Behaviourally, we found that incentives modulated younger adults’ accuracy on a trial-

by-trial basis, such that they were less accurate in the presence of incentives. In addition, 

incentives modulated RT, such that participants performed faster on incentive trials.  
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Importantly, while all of our behavioural measures showed some modulation due to 

incentives, the valence effects were nonexistent. For accuracy, RT, and IE, neither younger nor 

older adults showed significant differences between gain and loss motivation. This finding runs 

counter to others in the literature (e.g., Samanez-Larkin et al., 2007), which often show evidence 

of an age-related difference in gain or loss sensitivity. On the other hand, all ERP components 

showed valence effects. That is, all participants were affected by loss incentives at cue-N1, and 

by gain incentives at target-N1. Younger adults were affected by gain incentives at target-P3 (see 

also Williams et al., 2018). Cue-P3, which was not examined in the current study tends to show 

increased amplitudes in the presence of incentives, particularly with gains (Schevernels, 

Bombeke, Krebs, & Boehler, 2016). Since the modulation of target-P3 by incentive has not been 

thoroughly examined, it may be the case that it shows a similar pattern to that of cue-P3.  

3.3 Incentive-Based Modulation of Attention Networks 

 Behaviourally, the only age difference we observed was an effect of incentives on 

accuracy for younger adults, but not for older adults. The presence of motivational cues resulted 

in younger adults moving their speed-accuracy tradeoff. This did not occur for older adults. The 

presence of this difference is also evidenced by the fact that younger and older adults’ accuracies 

only significantly differed during GI and LI (i.e., incentive) trials.  

IE –perhaps our most informative behavioural measure—showed transient and sustained 

effects of incentives, but only for congruent targets. This replicates findings from Williams et al. 

(2018), and hence does not provide any compelling evidence for any incentive-based modulation 

of inhibition due to the fact that congruent flankers do not require individuals to resolve any 

flanker interference, consistent with prior work (Marini et al., 2015).  
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 Our ERP findings add to our behavioural findings through both cue- and target-related 

analyses. Firstly, at the time of cue, participants showed transient incentive-based modulation, 

but only in loss contexts. Since posterior N1 is amplified in situations where attention is 

heightened (Talsma et al., 2005; Zhang et al., 2013), it is not overly surprising that this 

component showed modulations when a motivational cue was introduced. During loss trials, the 

threat of a potential loss on a trial-by-trial basis may have resulted in participants using cue 

information more to their benefit. However, what is unclear is why this difference only occurred 

for loss trials, and not gain trials. Strikingly, this pattern did not seem to hold at the level of the 

target, as target-N1 showed a transient effect of incentives as well, but only in gain contexts. 

Then, at target-P3, younger adults, but not older adults showed a transient effect of incentives, 

and again, only in gain contexts. The lack of modulation of target-P3 in older adults may be 

attributable to the age-related dopaminergic decline, as dopamine is the key neurotransmitter 

associated with this network (Chowdhury et al., 2013; Petersen & Posner, 2012). Between 

groups, target-P3 amplitude was more positive for younger adults than older adults when 

incentives were present, at both anterior and posterior electrodes. This partially replicates 

previous findings from Williams et al. (2018), who found no incentive-based modulation of 

executive control in older adults, but found transient effects of incentives at target-P3 in both loss 

and gain contexts and younger adults. 

It is important to note that while all of our behavioural measures showed some 

modulation due to incentive, transient effects of incentives were the most consistent, as they 

affected each of our behavioural measures. Interestingly, these transient effects are the only 

modulations that affected our ERP findings, meaning that at the electrophysiological level, 

participants never exhibited a sustained effect of the motivational manipulation. Taken together, 
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this study presents paradoxical findings in terms of how motivation modulates attentional 

networks and how this relates to the valence of motivational cues. Further studies must be 

conducted in order to replicate and shed more light on cue- and target-related components that 

are well researched in terms of how they respond to incentives (e.g., cue-P3). The lack of an Age 

x Trial Type interaction at both cue-N1 and target-N1 does not lend support to the LC-NE being 

a key candidate neural mechanism for the alerting network being modulated by incentive across 

age. However, the presence of an Age x Trial type interaction at target-P3 is consistent with the 

theory of striatal dopaminergic decline with aging.  

3.4 Age differences in Attention Networks 

 In addition to manipulating trial type, this study also provided the opportunity to replicate 

previous behavioural and ERP findings investigating age differences in the ANT. On reaction 

time, we found typical effects of alerting (which was larger in younger adults), as well as 

executive control (Williams et al., 2016). On accuracy, we found that alerting effects 

corresponded to decreases in accuracy and typical effects of flanker interference (Gamboz et al., 

2010; Williams et al., 2016). For inverse efficiency, we did not find any compelling evidence for 

an effect of alerting, but did find robust flanker interference effects across ages, similar to 

previous studies. With regard to our ERP components, we found evidence for age differences in 

alerting at a cue-locked component, where younger adults showed an effect of alerting, 

evidenced by larger N1 amplitudes during double cue trials, but older adults did not. At target, 

we found an alerting effect in both groups (Neuhaus et al., 2010), but did not find differences in 

executive control at N1. At P3, however, we provide evidence for an effect of alerting, and an 

effect of executive control, particularly in older adults, as evidenced by our 3-way interaction. 

Importantly, we did not observe a main effect of congruency, as it has often been shown that 
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incongruent flankers result in a significantly reduced P3 amplitude (Barkaszi, Takács, Czigler, & 

Balázs, 2016; Neuhaus et al., 2010; Wild-Wall et al., 2008; Williams et al., 2016). However, this 

pattern is not always shown (e.g. Zhang et al., 2013). The contradictory nature of these findings 

highlights the complexity of the P3 amplitude, which can be modulated based on task difficulty, 

and inhibitory processes (Neuhaus et al., 2010). Overall, older adults showed reduced P3 

amplitudes, similar to prior work (Kaufman et al., 2016). In line with Kaufman et al. (2016), age 

did not interaction with congruency, which may be explained by potentially comparable 

mechanisms of response inhibition that are used across the lifespan. 

3.5 Limitations and Future Directions 

There are several limitations of the current study. Firstly, the ANT was altered in order to 

include an incentive cue prior to the presence of target in order to inform participants whether an 

incentive would be at stake. Although previous studies have manipulated the ANT, the inclusion 

of another visual cue prior to the onset of conventional trial sequence limited our analyses and 

ability to compare this study to prior work. Presumably, this also resulted in a CNV waveform 

that was not pursued for further analyses due to its inconsistencies with previous work.  

Second, our monetary manipulation was quite small. At only ten cents per potential win 

(or loss) this may have been able to account for the lack of modulation by trial type in several of 

our measures. In the future, including a high and low magnitude manipulation may result in 

studies being able to more carefully parse out differences in incentive value, and may result in 

stronger effects depending on participants’ sensitivity to losses and/or gains (e.g., Rosell-Negre, 

2017). 

Third, we did not collect information regarding income or socioeconomic status for any 

participants. As a financial manipulation was used as our motivational incentive, this could have 
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potentially acted as a confound as participants with a higher income or socioeconomic status may 

not be as motivated by our manipulation, and vice versa. In the future, it would be beneficial to 

account for this variable. A fourth limitation, again related to our motivational manipulation, is 

the age difference that exists in the processing of rewards. For example, older adults have been 

shown to value social rewards more than financial rewards (Sparrow & Spaniol, 2016), and show 

differences in neural areas (i.e., nucleus accumbens) in response to these rewards. For example, 

older adults showed higher activation for social rewards, whereas younger adults showed higher 

activation for financial rewards (Rademacher et al., 2014).  Fifth, it is worth noting that incentive 

blocks comprised 96 trials, whereas neutral blocks included only 48 trials. Since the incentive 

blocks were double the amount of time, it is conceivable that participants became fatigued. Sixth, 

cross-sectional research does not allow us the privilege of independently categorizing age 

differences as opposed to simple cohort effects. Future studies should examine these effects on a 

more longitudinal basis in order to make any broad conclusions about age-related changes. 

 Despite its limitations, the current study makes a novel contribution to the literature on 

motivation, attention, and aging and has also shed light on several avenues for future research to 

be conducted. One such avenue would be to examine ERP components that are known to show 

incentive-based modulation (e.g., CNV, Cue-P3, P3 latency), but which we were unable to focus 

on in the current design. Future studies could also examine ERP components associated with the 

incentive cue, as well as feedback related components, such as the feedback-related negativity 

(FRN; Di Rosa et al., 2017).  

3.6 Conclusion 

In addition to our main research questions, the current study also provides a breadth of 

information on how incentives affect—or do not affect—attentional networks, Importantly, 
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transient effects of incentives seemed to be more pervasive than sustained effects, the latter of 

which only affected two of our six dependent variables. We also provide evidence that ERP 

components associated with attention networks are sensitive to incentives, and more sensitive to 

incentive valence than our behavioural measures. This study also highlights the utility of 

electrophysiological methods when examining network interactions. Our study also provides 

further electrophysiological evidence for age differences in attentional networks, demonstrated 

by the age differences in each individual component that was analyzed. To our knowledge, only 

four studies have examined attention networks using the ANT combined with ERP and this was 

the first attempt at combining the ANT with transient and sustained incentives across the 

lifespan. Further research must be conducted in order to replicate and expand the motivation-

cognitive relationships in our findings. 
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Tables 

Table 1              Group characteristics. 
   

 
            Younger Adults   Older Adults   t(44)   p 

      M SD     M SD           
N 

 
24 ― 

  
22 ― 

  
― 

 
― 

N (Female) 
 

14 ― 
  

14 ― 
  

― 
 

― 
Age, years 

 
23.13 4.70 

  
71.36 4.74 

  
34.64 

 
<.01  

Age range, years 
 

18−33 ― 
  

65−80 ― 
  

― 
 

― 
Education, years 

 
15.71 1.78 

  
16.48 3.34 

  
0.96 

 
.34 

MHV 
 

17.21 3.40 
  

23.05 2.98 
  

6.16 
 

<.01 
DSST 

 
99.38 14.52 

  
72.64 15.56 

  
6.03 

 
<.01 

MMSE   
29.54 0.83   28.59 3.32 

  
3.57 

 
<.01 

BIS/BAS              BIS 
 

19.04 4.26 
  

16.00 2.45 
  

3.00 
 

<.01 
Drive 

 
11.96 2.42 

  
9.64 2.11 

  
3.46 

 
<.01 

Fun seek. 
 

12.29 2.63 
  

11.18 1.94 
  

1.62 
 

.11 
Reward Resp. 

 
17.42 2.30 

  
16.82 1.89 

  
0.96 

 
.34 

PANAS 
            Positive Aff 
 

31.25 7.71 
  

34.23 5.71 
  

1.48 
 

.15 
Negative Aff  13.25 6.33 

  
11.27 1.49 

  
1.43 

 
.16 

DASS-21              Depression 
 

6.92 5.27 
  

4.45 4.00 
  

1.77 
 

.08 
Anxiety 

 
5.00 5.53 

  
4.91 4.17 

  
0.06 

 
.95 

Stress   10.33 7.73     9.45 5.40     0.44   .66 
Note. MHV = Mill Hill Vocabulary Scale; MMSE = Mini Mental State Exam; BIS = Behavioural Inhibition 
System; BAS = Behavioural Approach System; PANAS = Positive Negative Affective Schedule; DASS-21 = 
Depression, Anxiety, and Stress Scale.   

 



 

	 42	

Table 2 
Means (M) and standard deviations (SD) for behavioural data. 
  

    
GN 

 
GI 

 
LN 

 
LI 

 
NN 

          M SD   M SD   M SD   M SD   M SD 
Accuracy Young No cue Congruent  98.9 2.2 

 
98.6 2 

 
98.7 3.1 

 
99.0 2.2 

 
98.4 2.1 

Incongruent 89.6 9.5 
 

85.4 7.9 
 

89.0 10 
 

85.24 1.1 
 

90.3 8.9 
Double 

cue 
Congruent  99.1 2.1 

 
98.8 1.9 

 
99.5 1.4 

 
98.8 2.3 

 
98.8 2.6 

Incongruent 85.2 13 
 

80.7 13 
 

86.6 13 
 

79.3 14 
 

86.6 10.3 
Old No cue Congruent  99.0 1.7 

 
98.4 3.2 

 
98.5 2.7 

 
98.7 2.1 

 
98.5 4 

Incongruent 92.8 5.6 
 

93.1 6.2 
 

93.1 7 
 

91.7 2.4 
 

93.0 6.1 
Double 

cue 
Congruent  99.2 2.1 

 
99.4 15 

 
99.2 2 

 
99.2 7.5 

 
97.9 3.8 

Incongruent 90.9 5.8 
 

88.5 9.3 
 

91.1 7.7 
 

91.5 1.6 
 

92.2 10 
RT (ms) Young No cue Congruent  504 61 

 
476 48 

 
496 45 

 
478 48 

 
527 69 

Incongruent 575 66 
 

558 86 
 

582 69 
 

558 66 
 

596 76 
Double 

cue 
Congruent  466 56 

 
450 52 

 
465 58 

 
450 50 

 
485 56 

Incongruent 556 60 
 

527 65 
 

562 67 
 

543 58 
 

571 72 
Old No cue Congruent  668 92 

 
655 86 

 
655 68 

 
648 68 

 
682 82 

Incongruent 802 108 
 

779 103 
 

789 97 
 

783 109 
 

806 96 
Double 

cue 
Congruent  648 83 

 
627 79 

 
637 77 

 
636 82 

 
659 78 

Incongruent 781 102 
 

772 108 
 

787 99 
 

776 117 
 

797 108 
IE score  Young No cue Congruent  510 65 

 
483 50 

 
502 47 

 
483 49 

 
536 70 

Incongruent 647 87 
 

655 80 
 

658 88 
 

660 74 
 

662 80 
Double 

cue 
Congruent  471 59 

 
456 53 

 
467 58 

 
455 46 

 
491 56 

Incongruent 664 96 
 

664 98 
 

656 81 
 

702 119 
 

663 72 
Old No cue Congruent  675 96 

 
667 103 

 
665 73 

 
657 78 

 
695 107 

Incongruent 868 131 
 

840 132 
 

850 112 
 

858 119 
 

873 147 
Double 

cue 
Congruent  654 88 

 
631 81 

 
643 87 

 
642 84 

 
674 85 

Incongruent 863 132   880 140   870 133   850 115   877 166 
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Table 3 
      Effects of age group and task conditions on accuracy.         

  
F df 

 
p ηp

2 
Omnibus ANOVA 

      Age 
 

6.71 1 44 0.01 0.13 
Trial Type 

 
4.44 4 176 <.01 0.09 

Trial Type × Age  2.57 4 176 0.04 0.06 
Cue × Congruency  13.01 1 44 <.01 0.23 
Cue × Congruency × Age  1.30 1 44 0.26 0.03 
Trial Type × Cue × Congruency  0.87 4 176 0.48 0.02 
Trial Type × Cue × Congruency × Age   0.93 4 176 0.45 0.02 
       Alerting       Cue  7.84 1 44 <.01 0.15 
Cue × Age  1.49 1 44 0.23 0.03 
Trial Type × Cue  0.49 4 176 0.74 0.01 
Trial Type × Cue × Age  0.78 4 176 0.54 0.02 
       Executive Control       Congruency  2.32 1 44 <.01 0.72 
Congruency × Age   0.21 1 44 <.01 0.19 
Trial Type × Congruency  5.41 1 44 <.01 0.11 
Trial Type × Congruency × Age    1.96 4 176 0.10 0.04 
Note. Significant effects (p<.05) are presented in bold. 

      



 

	 44	

Table 4 
      Effects of age group and task conditions on reaction time.       

  F df  p ηp2 
Omnibus ANOVA             
Age 

 
86.24 1 44 <.01 0.66 

Trial Type  26.41 2.92 128.67 <.01 0.38 
Trial Type × Age  1.59 4 176 0.18 0.04 
Cue × Congruency  13.31 1 44 <.01 0.23 
Cue × Congruency × Age  0.00 1 44 0.96 0 
Trial Type × Cue × Congruency  0.44 3.62 159.16 0.76 0.01 
Trial Type × Cue × Congruency × Age   2.30 4 176 0.61 0.05 
   

    Alerting   
    Cue  113.20 1 44 <.01 0.72 

Cue × Age  11.04 1 44 <.01 0.20 
Trial Type × Cue  1.85 4 176 0.12 0.04 
Trial Type × Cue × Age  0.37 4 176 0.83 0.01 
   

    Executive Control   
    Congruency   506.71 1 44 <.01 0.92 

Congruency × Age   29.54 1 44 <.01 0.40 
Trial Type × Congruency  2.87 4 176 0.03 0.06 
Trial Type × Congruency × Age    0.08 4 176 0.99 0.00 
Note. Significant effects (p<.05) are presented in bold. 
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Table 5 
      Effects of age group and task conditions on inverse efficiency.       

  
F df 

 
p ηp

2 
Omnibus ANOVA             
Age 

 
73.48 1 44 <.01 0.99 

Trial Type  26.41 2.92 128.67 <.01 0.11 
Trial Type × Age  0.627 4 176 0.644 0.04 
Cue × Congruency  13.31 1 44 <.01 0.29 
Cue × Congruency × Age  0.56 1 44 0.46 0.01 
Trial Type × Cue × Congruency  0.44 4 176 0.78 0.01 
Trial Type × Cue × Congruency × Age   2.48 4 176 0.05 0.05 
   

    Alerting   
    Cue  113.20 1 44 0.060 0.72 

Cue × Age  11.04 1 44 0.63 0.20 
Trial Type × Cue  0.60 3.67 161.33 0.67 0.01 
Trial Type × Cue × Age  0.97 4 176 0.42 0.02 
   

    Executive Control   
    Congruency  506.71 1 44 <.01 0.92 

Congruency × Age   29.54 1 44 <.01 0.40 
Trial Type × Congruency  2.87 4 176 0.03 0.06 
Trial Type × Congruency × Age   1.60 4 176 0.18 0.08 
Note. Significant effects (p<.05) are presented in bold. 
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Table 6 

      Effects of age group and task conditions on cue-locked N1.       

  
F df 

 
p ηp

2 
Omnibus ANOVA             
Age 

 
12.14 1 44 <.01 0.22 

Trial Type  3.47 4 176 <.01 0.08 
Trial Type × Age  1.67 4 176 0.16 0.04 
Electrode Site  29.35 1 44 <.01 0.16 
Electrode Site × Age  1.56 1 44 0.51 0.01 
Trial Type × Electrode Site  1.44 2.10 90.46 0.24 0.03 
Trial Type × Electrode Site × Age  0.90 4 176 0.90 0.02 
   

    Alerting   
    Cue  0.98 1 44 0.33 0.02 

Cue × Age  11.12 1 44 <.01 0.21 
Trial Type × Cue  0.51 3.34 143.61 0.70 0.01 
Trial Type × Cue × Age  0.35 4 176 0.84 0.01 
Cue × Electrode Site  19.50 1 44.0 <.01 0.31 
Cue × Electrode Site × Age  1.22 1 44 0.28 0.03 
Trial Type × Cue × Electrode Site  0.26 2.34 100.44 0.80 0.01 
Trial Type × Cue × Electrode Site × Age   0.69 4 176 0.53 0.02 
Note. Significant effects (p<.05) are presented in bold. 
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Table 7 

     Effects of age group and task conditions on target-locked N1.         

 
F df 

 
p ηp

2 
Omnibus ANOVA           
Age 5.66 1 44 0.02 0.11 
Trial Type 5.69 3.14 134.87 <.01 0.12 
Electrode Site 0.32 1 44 0.58 0.01 
Trial Type × Age 2.13 4 176 0.08 0.05 
Electrode Site × Age 1.04 1 44 0.31 0.02 
Cue × Congruency 2.08 1 44 0.16 0.05 
Cue × Congruency × Age 1.29 1 44 0.26 0.03 
Trial Type × Cue × Congruency 1.47 4 176 0.21 0.03 
Trial Type × Cue × Congruency × Age  0.30 4 176 0.88 0.01 
Trial Type × Electrode Site 2.73 3.33 143.31 0.04 0.06 
Trial Type × Electrode Site × Age 0.27 4 176 0.900 0.01 
Cue × Congruency × Electrode Site 0.03 1 44 0.87 0.00 
Cue × Congruency × Electrode Site × Age 0.71 1 44.00 0.40 0.02 
Trial Type × Cue × Congruency × Electrode Site 0.49 2.97 127.50 0.69 0.01 
Trial Type × Cue × Congruency × Electrode Site × 
Age 

1.55 
4 176 0.19 0.04 

  
    Alerting  
    Cue 108.93 1 44 <.01 0.72 

Cue × Age 0.08 1 44 0.78 0.00 
Trial Type × Cue 1.73 3.14 176 0.16 0.04 
Trial Type × Cue × Age 0.64 4 176 0.64 0.02 
Cue × Electrode Site 17.35 1 44 <.01 0.29 
Cue × Electrode Site × Age 3.53 1 44 0.06 0.08 
Trial Type × Cue × Electrode Site 0.38 3.02 130 0.77 0.01 
Trial Type × Cue × Electrode Site × Age 1.58 4 176 0.18 0.04 

 
 

    Executive Control  
    Congruency 0.80 1 44 0.38 0.02 

Congruency × Age  0.53 1 44 0.47 0.01 
Trial Type × Congruency 0.52 3.41 146.56 0.70 0.01 
Trial Type × Congruency × Age 0.61 4 176 0.65 0.01 
Congruency × Electrode Site 1.04 1 44 0.31 0.02 
Congruency × Electrode Site × Age 0.23 1 44 0.61 0.01 
Trial Type × Congruency × Electrode Site 0.83 3.66 157.27 0.51 0.02 
Trial Type × Congruency × Electrode Site × Age 0.50 4 176 0.74 0.01 
Note. Significant effects (p<.05) are presented in 
bold. 
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Table 8 

     Effects of age group and task conditions on target-locked P3.         

 
F df 

 
p ηp

2 
Omnibus ANOVA           
Age 0.84 1 44 <.01 0.16 
Trial Type 2.41 3.64 156.62 0.05 0.05 
Electrode Site 28.87 1 44 <.01 0.40 
Trial Type × Age 4.07 4 176 <.01 0.09 
Electrode Site × Age 1.16 1 44 0.29 0.03 
Cue × Congruency 2.83 1 44 0.76 0.00 
Cue × Congruency × Age 296.65 1 44 <.01 0.19 
Trial Type × Cue × Congruency 0.80 3.20 137.88 0.53 0.02 
Trial Type × Cue × Congruency × Age  0.31 4 176 0.87 0.01 
Trial Type × Electrode Site 3.31 3.81 163.61 0.01 0.07 
Trial Type × Electrode Site × Age 0.50 4 176 0.07 0.01 
Cue × Congruency × Electrode Site 2.81 1 44 0.10 0.06 
Cue × Congruency × Electrode Site × Age 0.05 1.00 44 0.83 0.00 
Trial Type × Cue × Congruency × Electrode Site 0.16 4 176 0.96 0.00 
Trial Type × Cue × Congruency × Electrode Site × 
Age 

3.34 
4 176.0 0.04 0.06 

  
    Alerting  
    Cue 46.09 1 44 <.01 0.52 

Cue × Age 0.29 1 44 0.59 0.01 
Trial Type × Cue 1.02 2.93 126 0.40 0.02 
Trial Type × Cue × Age 1.41 4 176 0.23 0.03 
Cue × Electrode Site 34.47 1 44 <.01 0.45 
Cue × Electrode Site × Age 0.00 1 44 0.96 0.00 
Trial Type × Cue × Electrode Site 0.69 4 176 0.60 0.02 
Trial Type × Cue × Electrode Site × Age 0.92 4 176 0.46 0.02 

 
 

    Executive Control  
    Congruency 1.03 1 44 0.32 0.02 

Congruency × Age  2.78 1 44 0.10 0.06 
Trial Type × Congruency 0.13 3.56 153.02 0.97 0.00 
Trial Type × Congruency × Age 1.44 4 176 0.22 0.03 
Congruency × Electrode Site 23.32 1 44 <.01 0.35 
Congruency × Electrode Site × Age 0.71 1 44 0.41 0.02 
Trial Type × Congruency × Electrode Site 2.06 4 176 0.09 0.05 
Trial Type × Congruency × Electrode Site × Age 2.38 4 176 0.05 0.05 
Note. Significant effects (p<.05) are presented in 
bold. 
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Figures 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Incentivized ANT. Represented is a single gain-incentive (GI) trial with positive feedback.
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Figure 2. Accuracy for younger and older adults. GN=gain-neutral trials; GI=gain-

incentive trials; LN=loss-neutral trials; LI=loss-incentive trials; NN=neutral-neutral 

trials.  
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Figure 3. Mean reaction time for correct responses, for both younger and older adults. 

GN=gain-neutral trials; GI=gain-incentive trials; LN=loss-neutral trials; LI=loss-

incentive trials; NN=neutral-neutral trials.  
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Figure 4. Inverse efficiency for younger and older adults. GN=gain-neutral trials; 

GI=gain-incentive trials; LN=loss-neutral trials; LI=loss-incentive trials; NN=neutral-

neutral trials. 
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Figure 5. Relationship between incentive effects and alerting effects for participants in 

each age group, separated by gain and loss trials. Younger adults pictured on the top, and 

older adults pictured on the bottom. For younger adults, the correlation was significant on 

gain trials, r = .475, p = .02, and on loss trials, r = .455, p =.03. Older adults showed a 

significant correlation only on loss trials, r = .467, p = .03, but not on gain trials, r = .396, 

p = .07. 
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Figure 6. Averaged cue-locked N1 ERP waves at occipital (top; O1, Oz, O2) and parietal 

(bottom; P3, Pz, P4) electrodes for younger adults. Cue onset occurs at 0 ms.
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Figure 7. Averaged cue-locked ERP waves at occipital (top; O1, Oz, O2) and parietal 

(bottom; P3, Pz, P4) electrodes for older adults. Cue onset occurs at 0 ms.  
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Figure 8. Cue-locked N1 ERP waves at occipital (top; O1, Oz, O2) and parietal (bottom; 

P3, Pz, P4) for younger adults. Cue onset occurs at 0 ms. GN=gain-neutral trials; 

GI=gain-incentive trials; LI=loss-incentive trials; LN=loss-neutral trials; NN=neutral-

neutral trials. 
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Figure 9. Cue-locked N1 ERP waves at occipital (top; O1, Oz, O2) and parietal (bottom; 

P3, Pz, P4) for older adults. Cue onset occurs at 0 ms. GN=gain-neutral trials; GI=gain-

incentive trials; LI=loss-incentive trials; LN=loss-neutral trials; NN=neutral-neutral 

trials.  
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Figure 10. Mean cue-N1 amplitudes collapsed across age groups. GI=gain-incentive 

trials; GN=gain-neural trials; LI=loss-incentive trials; LN=loss-neutral trials; 

NN=neutral-neutral trials. 
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Figure 11. Averaged target-locked N1 ERP waves at occipital (top; O1, Oz, O2) and 

parietal (bottom; P3, Pz, P4) electrodes for younger adults, separately for congruent and 

incongruent targets. Target onset occurs at 0 ms.  
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Figure 12. Averaged target-locked N1 ERP waves at occipital (top; O1, Oz, O2) and 

parietal (bottom; P3, Pz, P4) electrodes for older adults, separately for congruent and 

incongruent targets. Target onset occurs at 0 ms.  
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Figure 13. Target-locked ERP waves at posterior electrodes for younger adults, shown 

separately for the 4 trial types. Target onset occurs at 0 ms. GN=gain-neutral trials; 

GI=gain-incentive trials; LI=loss-incentive trials; LN=loss-neutral trials; NN=neutral-

neutral trials.  
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Figure 14. Target-locked ERP waves at posterior electrodes for older adults, shown 

separately for the 4 trial types. Target onset occurs at 0 ms. GN=gain-neutral trials; 

GI=gain-incentive trials; LI=loss-incentive trials; LN=loss-neutral trials; NN=neutral-

neutral trials. 
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Figure 15. Mean target-N1 amplitudes for all participants. GI=gain-incentive trials; 

GN=gain-neutral trials; LI=loss-incentive trials; LN=loss-neutral trials; NN=neutral-

neutral trials. 
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Figure 16. Averaged target-locked P3 ERP waves at frontocentral (top; FCz, Cz) and 

centroparietal (bottom; CPz, Pz) electrodes for younger adults, shown separately for 

congruent and incongruent targets. Target onset occurs at 0 ms.
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Figure 17. Averaged target-locked ERP waves at frontocentral (top; FCz, Cz) and 

centroparietal (bottom; CPz, Pz) electrodes for older adults, shown separately for 

congruent and incongruent targets. Target onset occurs at 0 ms.  
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Figure 18. Target-locked ERP waves at fronto-central and centro-parietal electrodes for 

younger adults, shown separately for the 4 trial types. Target onset occurs at 0 ms. 

GN=gain-neutral trials; GI=gain-incentive trials; LI=loss-incentive trials; LN=loss-

neutral trials; NN=neutral-neutral trials. 
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Figure 19. Target-locked ERP waves at fronto-central and centro-parietal electrodes for 

older adults, shown separately for the 4 trial types. Target onset occurs at 0 ms. GN=gain-

neutral trials; GI=gain-incentive trials; LI=loss-incentive trials; LN=loss-neutral trials; 

NN=neutral-neutral trials. 
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Figure 20. Mean target-P3 amplitudes for younger and older adults. GI=gain-incentive 

trials; GN=gain-neutral trials; LI=loss-incentive trials; LN=loss-neutral trials; 

NN=neutral-neutral trials. 
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