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Abstract
Motivational incentives play an influential role in value-based decision-making and cognitive control. A compelling hypothesis
in the literature suggests that the motivational value of diverse incentives are integrated in the brain into a common currency value
signal that influences decision-making and behavior. To investigate whether motivational integration processes change during
healthy aging, we tested older (N = 44) and younger (N = 54) adults in an innovative incentive integration task paradigm that
establishes dissociable and additive effects of liquid (e.g., juice, neutral, saltwater) and monetary incentives on cognitive task
performance. The results reveal that motivational incentives improve cognitive task performance in both older and younger
adults, providing novel evidence demonstrating that age-related cognitive control deficits can be ameliorated with sufficient
incentive motivation. Additional analyses revealed clear age-related differences in motivational integration. Younger adult task
performance was modulated by both monetary and liquid incentives, whereas monetary reward effects were more gradual in
older adults and more strongly impacted by trial-by-trial performance feedback. A surprising discovery was that older adults
shifted attention from liquid valence toward monetary reward throughout task performance, but younger adults shifted attention
frommonetary reward toward integrating both monetary reward and liquid valence by the end of the task, suggesting differential
strategic utilization of incentives. These data suggest that older adults may have impairments in incentive integration and employ
different motivational strategies to improve cognitive task performance. The findings suggest potential candidate neural mech-
anisms that may serve as the locus of age-related change, providing targets for future cognitive neuroscience investigations.
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Introduction

Healthy aging is associated with a myriad of changes across
cognitive and motivational/affective processes (Mather, 2016;
Salthouse, 2005); these psychological changes are accompa-
nied by functional, structural and neuromodulatory alterations
in the brain (Bäckman, Nyberg, Lindenberger, Li, & Farde,
2006; Guitart-Masip et al., 2016; Li & Rieckmann, 2014;

Persson et al., 2006; Reuter-Lorenz & Park, 2010; Volkow
et al., 1998). Despite the overwhelming evidence for the
socioemotional, motivational, and cognitive changes that oc-
cur throughout lifespan development (Hess, 2014; Kensinger
& Gutchess, 2017; Nielsen &Mather, 2011), researchers have
only recently begun to investigate how the complex interac-
tions between age, cognition, and motivation/affect influence
decision-making and goal-directed behavior (Braver et al.,
2014; Carstensen & Mikels, 2005; Denburg et al., 2007;
Ferdinand & Czernochowski, 2018; Samanez-Larkin &
Knutson, 2015). Much remains to be elucidated about how
cognitive and motivational processes, both independently
and through their interaction, influence decision-making and
goal-directed behavior across the lifespan.

In particular, humans on a daily basis appear to seamlessly
and intuitively integrate different types of motivational incen-
tives to drive their cognitive and behavioral goals. For exam-
ple, an individual who is expending mental effort to file their
taxes to earn a monetary refundmay be additionally motivated
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to more expediently complete this cognitively demanding task
if they receive an appetizing food reward (e.g., chocolate)
after completing the task in a timely manner. However, few
studies to date have systematically examined whether and
how different categories of motivational incentives influence
cognitive processes across the adult lifespan. Researchers are
increasingly appreciating the utility of incorporating more pri-
mary incentives (e.g., food, sex, social, emotional) in studies
(Chiew & Braver, 2016; Krug & Braver, 2014; Ličen,
Hartmann, Repovš, & Slapničar, 2016), although to our
knowledge, no studies to date have examined the effects of
such primary incentives on cognition in healthy aging. This
important gap in the literature reveals the clear need to explore
the effects of nonmonetary and biologically relevant incen-
tives on cognition, which also can demonstrate whether such
incentives are more effective in modulating cognitive process-
ing in old age.

We had two main objectives for this study. First, we
addressed the following compelling question: can age-
related cognitive impairments be remediated via a
Bnoncognitive^ route (i.e. via motivational incentives)?
Second, we asked whether and how the integration of
value across diverse motivational incentives is altered in
older adults. In particular, we address a major gap in the
literature by explicitly comparing the effects of primary
(e.g., food, drink, shocks) and secondary (e.g., money,
points) motivational incentives on cognitive processing
in healthy aging. We propose a key distinction: primary
incentives are tangible and have an immediate physical
impact on the biological system, whereas secondary in-
centives are abstract and have a delayed impact on the
same system. Critically, the motivational value of second-
ary incentives is typically associated with the knowledge
that such incentives can be used to acquire primary re-
wards later in time. These key questions are discussed in
greater detail in the following paragraphs.

Motivational Enhancement of Cognitive Control:
Amelioration of Age-Related Cognitive Impairments
in Healthy Aging?

A recent compelling hypothesis posits that motivationally rel-
evant contexts can ameliorate the well-established cognitive
impairments often associated with healthy aging (Castel,
2007; Cohen, Rissman, Suthana, Castel, & Knowlton, 2014;
Ferdinand & Czernochowski, 2018). Converging evidence in
the cognitive aging literature suggests that age-related differ-
ences in task performance can be attributed to a decline in
older adults’ ability to exert cognitive control (Braver &
Barch, 2002; Kray & Ferdinand, 2014). Specifically, older
adults demonstrate reduced ability to actively maintain inter-
nal representations of relevant task goals in working memory
in a sustained and preparatory manner, and continually update

these representations throughout dynamically changing envi-
ronments or contexts (Braver & West, 2008; Jong, 2001;
Manard, Carabin, Jaspar, & Collette, 2014). This ability to
optimally utilize contextual information (e.g., task instructions
or relevant information conveyed by stimulus cues) to antici-
pate task demands is referred to as proactive control (Braver,
2012; Redick, 2014); older adults in particular appear to have
greater difficulty with employing a proactive control strategy
compared to younger adults. Notably, such age-related impair-
ments are associated with reduced activation in the dorsolat-
eral prefrontal cortex (PFC) in functional MRI (Jimura &
Braver, 2010; Lamichhane, McDaniel, Waldum, & Braver,
2018; Paxton, Barch, Racine, & Braver, 2008; Rypma &
D’Esposito, 2000) and event-related potential studies
(Adrover-Roig & Barceló, 2010; Karayanidis, Whitson,
Heathcote, & Michie, 2011; Kopp, Lange, Howe, & Wessel,
2014), bolstering the hypothesis that healthy aging is associ-
ated with context processing deficits that involve proactive
control.

Recent evidence also supports the provocative idea that
motivational incentives can selectively enhance cognitive
control (Botvinick & Braver, 2015; Yee & Braver, 2018).
Prior work has consistently shown that, in younger adults,
performance-contingent reward incentives are likely to acti-
vate a proactive control mode, which promotes advance
preparation to enhance performance on cognitively demand-
ing tasks (Chiew & Braver, 2016; Fröber & Dreisbach,
2014). Thus, one promising potential route by which age-
related cognitive deficits can be overcome is via the use of
motivational incentives, a primary question targeted in this
study. With regard to aging, such motivational interventions
are hypothesized to be most effective if they provide positive
feedback on task performance and with incentive cues pre-
sented in advance, to allow for sufficient preparation to over-
come less efficient cognitive processing in old age
(Ferdinand & Czernochowski, 2018; Schmitt, Kray, &
Ferdinand, 2017). Moreover, older adult cognition may not
be impaired per se, but rather it may be that older adults
require greater motivation to attain optimal task performance
levels. Thus, if incentives can improve performance in a
cognitive control task in older adults, it would reveal that
age-related cognitive decline is related to a strategic bias
away from using proactive control. More optimistically, it
would provide evidence that motivation can ameliorate cog-
nitive impairments associated with aging, and that incentives
can enhance and restore older adult cognitive task perfor-
mance. Alternatively, if incentives do not affect cognitive
task performance in older adults, then age-related cognitive
deficits instead may relate to general decreased processing
efficiency arising from an overall slowing across multiple
processing operations critical for cognitive function (Eckert,
Keren, Roberts, Calhoun, & Harris, 2010; Finkel, Reynolds,
McArdle, & Pedersen, 2007; Salthouse, 1996, 2000).
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A related follow-up question focuses on whether older and
younger adults show similar characteristic patterns of im-
provement in cognitive task performance in relation to moti-
vational value. In other words, if both older and younger
adults are presented with motivational incentives and in-
creased task demands to earn those incentives, do both groups
show similar improvements in task performance? If so, then
older adults may be applying different strategies and/or com-
pensatory mechanisms to achieve the same level of perfor-
mance as younger adults. Alternatively, if it were simply too
demanding for older adults to modulate task performance
based on changing motivational value, they would show a
reduced effect of motivational incentives. Such a pattern
would imply that the locus of age-related deficits precisely
targets the interaction between motivation and cognition con-
trol, rather than from either process in isolation.

Motivational Integration and Cognitive Control
Interactions in Healthy Aging: Examining the Effects
of Primary and Secondary Incentives

A second outstanding question relates to how the integration
of different categories of motivational incentives (i.e., motiva-
tional integration) is altered throughout the lifespan. A well-
established hypothesis for motivational integration is the com-
mon currency account, which posits that different types of
‘options’ or ‘goods’ are represented in the brain via a common
coding format, to enable comparison of dissimilar goods (e.g.,
primary vs. secondary incentives) in terms of their subjective
desirability (Loewenstein, Rick, & Cohen, 2008; Montague,
King-casas, & Cohen, 2006; Rangel, Camerer, & Montague,
2008). Many studies have converged upon the finding that
ventromedial prefrontal cortex, orbitofrontal cortex, and ven-
tral striatum are central to the representation of subjective
value (Chib, Rangel, Shimojo, & O’Doherty, 2009;
Sescousse, Caldú, Segura, & Dreher, 2013; Sescousse, Li, &
Dreher, 2015). However, whether this common currency
mechanism is preserved across the lifespan is currently
unknown.

In the aging literature, although converging evidence sug-
gests that older adults prioritize meaningful and self-relevant
behavioral goals that maximize emotional satisfaction (e.g.,
social and emotional outcomes that benefit well-being over
monetary reward or increased knowledge; Carstensen,
2006), surprisingly few studies have examined the cognitive
and neural mechanisms underlying how different incentive
types putatively alter cognitive processes throughout the
lifespan. Most studies of motivation in healthy aging have
focused on the influence of monetary incentives on cognition
and behavior (Harsay, Cohen, Reneman, & Ridderinkhof,
2011; Schmitt, Ferdinand, & Kray, 2015; Spaniol, Bowen,
Wegier, & Grady, 2015; Spaniol, Voss, Bowen, & Grady,
2011), and have rarely considered the effects of nonmonetary

or biologically relevant incentive types (e.g., primary
reinforcers; Strough, Bruin, & Peters, 2015).

Older adults may place higher subjective value upon non-
monetary or biologically relevant incentives compared with
younger adults and thus perform better with primary motiva-
tional incentives in cognitive tasks. Studies from the
neuroeconomic decision-making literature have consistently
shown age-related differences in the valuation across different
motivational incentive types (Brown & Ridderinkhof, 2009;
Mohr, Li, & Heekeren, 2010). For example, in temporal
discounting tasks, older adults are equally likely to discount
monetary rewards compared to younger adults but are more
likely to discount social and health-related rewards (Eppinger,
Nystrom, & Cohen, 2012; Green, Fry, & Myerson, 1994;
Green, Myerson, & Ostaszewski, 1999; Löckenhoff,
O’Donoghue, & Dunning, 2011; Seaman et al., 2016). In oth-
er words, older adults tend to value the immediate receipt of
social and health-related rewards over monetary rewards com-
pared with younger adults. However, neural evidence for these
age-related differences in temporal discounting of monetary
rewards is mixed (Samanez-Larkin et al., 2011; Seaman et al.,
2018), and age effects may interact with income (Green,
Myerson, Lichtman, Rosen, & Fry, 1996). Given the prior
literature, one might hypothesize that older adult task perfor-
mance would be more influenced by liquid incentives than
monetary rewards; however, to what extent such motivational
effects would be observed in the brain is unclear.

Regarding motivational integration, it remains unanswered
as to whether older adults demonstrate the ability to integrate
different motivational incentive types, specifically in the case
of primary (liquid) and secondary (monetary) incentives, and
how these valuation processes affect cognitive control pro-
cesses. If older adults demonstrate a similar incentive integra-
tion pattern as younger adults, it would reveal that this moti-
vational integration mechanism is preserved throughout the
lifespan. Alternatively, incentive valuation processes may be
intact in older adults (Samanez-Larkin et al., 2007; Seaman
et al., 2018; Wu, Samanez-Larkin, Katovich, & Knutson,
2014), but the incentive integration process itself may be cog-
nitively demanding, and thus this ability would be subject to
age-related decline. If so, then older adults may fail to inte-
grate the motivational value of monetary and liquid incentives
in modulating task performance or demonstrate a distinct mo-
tivational integration pattern from younger adults.
Subsequently, older adults may be limited in their ability to
simultaneously attend to information regarding monetary re-
ward, liquid feedback valence (i.e., appetitive or aversive),
and task rules.

Although no existing theories currently provide specific
predictions about how motivational incentive integration is
affected by age per se, the recent Baffect-integration-
motivation^ (AIM) framework provides a useful framework
for conceptualizing the interaction between affective and
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motivational neural circuits (Samanez-Larkin & Knutson,
2015). Specifically, Samanez-Larkin and Knutson’s theory
predicts that older adults would not integrate affective and
cognitive inputs as well as younger adults in a decision-
making task, and that this deficit may be mediated by reduced
frontrostriatal connectivity between the thalamus, medial pre-
frontal cortex (mPFC), and ventral striatum (VS) in old age.
However, this hypothesis is based on findings from the prob-
abilistic reward learning literature, in which older adults
showed reduced activation in the nucleus accumbens (NAc)
and mPFC in response to reward prediction errors during in-
centive learning (Eppinger, Schuck, Nystrom, & Cohen,
2013; Samanez-Larkin, Worthy, Mata, McClure, & Knutson,
2014). It remains unknown whether the neural mechanisms
underlying incentive learning are similar to motivational inte-
gration. To our knowledge, no studies have examined motiva-
tional integration in healthy aging, and more importantly,
whether/how integrated value influences cognitive control.
Thus, a main study objective is to develop an experimental
assay to probe this open question regarding motivational inte-
gration and cognitive control in healthy aging, which we hope
will eventually spark further investigation of how underlying
neural mechanisms are putatively altered throughout the hu-
man lifespan.

Incentive Integration Task Paradigm

A promising approach for operationalizing the effects of mo-
tivational incentives on cognitive control arises from the ex-
perimental psychology tradition, which systematically quan-
tifies how high motivational value conditions selectively in-
fluence cognitive control measures in cognitive task para-
digms. Several investigators have proposed that incentives
can boost cognitive processing via modulation from motiva-
tional neural circuits (Botvinick & Braver, 2015; Yee &
Braver, 2018). These ideas have been supported by numerous
studies demonstrating that monetary incentives enhance cog-
nitive control by improving task-relevant processing in both
younger adults (Braem, Hickey, Duthoo, & Notebaert, 2014;
Chiew & Braver, 2013; Hefer & Dreisbach, 2017; Kang,
Wang, & Zhou, 2017; Padmala & Pessoa, 2011) and older
adults (Williams, Ryan S., Kudus, Farrah, Dyson, Benjamin
J., & Spaniol, 2017).

We introduce an innovative and powerful new experimen-
tal paradigm to probe the following outstanding question: how
is the interaction between motivational integration and cogni-
tive control affected by healthy aging? Recent evidence has
revealed that healthy young adults appear to integrate the mo-
tivational value of primary and secondary incentives to mod-
ulate cognitive control task performance (Yee, Krug, Allen, &
Braver, 2016). In particular, the use of proactive cognitive
control—the ability to actively maintain contextual informa-
tion, such as task instructions or relevant information

conveyed by task cues—is encouraged through the use of a
cued task-switching paradigm, in which advance task cues,
which randomly vary between the two tasks, enable prepara-
tion for the upcoming trial. Furthermore, this task paradigm
enables straightforward quantification of the dissociable and
integrative effects of primary and secondary motivational in-
centives on cognitive task performance. Specifically, the mo-
tivational manipulations involve the utilization of monetary
reward cues that vary on a trial-by-trial basis to indicate po-
tential monetary rewards earned for fast and accurate perfor-
mance, as well as oral liquid delivery to the participant’s
mouth as post-trial performance feedback for successful at-
tainment of monetary reward. Participants only receive liquid
feedback if they successfully earned monetary reward in a
given trial, and do not receive any liquid if theywere incorrect,
too slow, or did not respond. Critically, although the type of
liquid received is manipulated in a blocked fashion (e.g., ap-
petitive, neutral, aversive), the symbolic meaning of the liquid
is the same throughout the entire experiment. Thus, any be-
havioral differences observed in task performance between
liquid types can be attributed to differences in subjective val-
uation of the liquid feedback, and simultaneous consideration
of both monetary rewards and liquid incentives during task
performance (more details in Methods).

The paradigmwas adapted from our prior study to evaluate
whether older adults integrate the motivational value of pri-
mary and secondary incentives in a similar or different manner
compared to younger adults, and critically, whether the com-
bined motivational incentives can enhance the use of prepara-
tory and proactive control strategy in healthy older adults. In
particular, we hypothesized that older adults would show clear
evidence of cognitive enhancement under incentive condi-
tions relative to baseline. Moreover, we predicted even more
direct parametric performance benefits in relationship to at
least one of the experimentally manipulated incentive cues
(monetary amount, liquid feedback). However, we expected
that older adults might show evidence of impaired incentive
integration, as this may be a higher-order cognitive/
motivational process that is likely to decline in older age. In
sum, the application of this powerful novel experimental assay
can address the critical questions posed in this study, as well as
provide a fundamental step towards understanding how
motivation-control interactions are altered across the lifespan.

Methods

Participants

Older Adult Sample Fifty-five adults (39 females; 66-92
years; M = 77.2; SD = 6.9) were recruited from the
Older Adult Volunteer Pool at Washington University in
St. Louis. All participants provided written consent
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approved by the Washington University institutional re-
view board and received payment for their participation
($10 per hour), plus additional earnings of up to $7 based
on performance. Eleven participants were excluded from
analyses due to technical error, participant inability to
complete the task, or participant noncompliance with task
instructions. The final sample consisted of 44 older adults
(33 females; ages 66–90, M = 76.6, SD = 6.4).

Young Adult Sample Sixty adults (33 females, 18-39 years;M
= 20.4; SD = 3.5) were recruited from the Washington
University Psychological and Brain Sciences Department
Experimetrix Subject Pool and the St. Louis community. All
participants provided written consent approved by the
Washington University institutional review board and received
payment ($10 per hour) or equivalent course credit for their
participation, plus additional earnings of up to $7 based on their
performance. Six participants were excluded from the analyses
due to technical error and/or participant noncompliance with
task instructions. The final sample consisted of 54 younger
adults (31 females; 18–39 years,M = 20.4; SD = 3.6). For both
older and younger adult participants, data were collected and
managed using a secure web-based application, Research
Electronic Data Capture (REDCap), hosted at Washington
University (Harris et al., 2009).

Task Paradigm

The behavioral task used in the study is identical to the cued
task-switching paradigm from Yee et al. (2016). Participants
performed the consonant-vowel odd-even (CVOE) switching
task (Rogers & Monsell, 1995; Minear & Shah, 2008), which
entailed being presented with a letter-number pair (one letter
and one number) and then asked to categorize the target sym-
bol based on the assigned task in each trial—the letter as either
a vowel or a consonant, or the number as odd or even.
Participants maintained both task rules in working memory,
and the task for a given trial was indicated by a cue display,
which preceded the number-letter pair, indicating either
BAttend Letter^ or BAttend Number.^ A reward cue was
placed above and below each instruction cue, which indicated
a low, medium, or high reward value (displayed as B$,^ B$$,^
or B$$$$^). The values of the monetary reward cues were
randomized across trials. Although reward cues were visually
displayed alongside the task cues in practice, baseline, and
incentive blocks, participants could only earn monetary re-
wards during incentive blocks.

During incentive blocks, participants could earn monetary
rewards for fast and accurate task performance (see Procedure
for details about how the criterion response time [RT]
was calculated). A key aspect of the experimental design
was the use of liquids as performance feedback for successful
attainment of the monetary reward. Specifically, at the end of

trials in which participants were accurate and faster than the
criterion RT, they received a 2-mL drop of liquid directly to
their mouths. Conversely, if participants answered incorrectly,
too slowly, or not at all, they received neither money nor
liquid. Critically, the type of liquid received was manipulated
in a blocked fashion, such that it could be either positive/
appetitive (apple juice), neutral (isotonic tasteless solution),
or negative/aversive (saltwater). Importantly, because receipt
of both monetary reward and liquid feedback were perfor-
mance-contingent, participants needed to integrate the value
of both types of motivational incentives (i.e., motivational
integration) when performing this cognitive task. Thus, the
paradigm enabled straightforward comparison of the paramet-
ric effects of value on task performance for each type of mo-
tivational incentive (e.g., low vs. medium vs. high monetary
rewards), as well as for Bbundled^ incentives (e.g., juice +
high monetary reward vs. neutral + high monetary reward)
that reflect the effect of integrated motivational value on cog-
nitive task performance.

The task paradigm is shown in Figure 1. The task was
programmed in E-Prime Version 2.0.10.242 (Psychology
Software Tools, Pittsburgh PA; www.pstnet.com). Each trial
consisted of a fixation display (200 ms) plus flicker to signal
the upcoming cue (100 ms), a cue display (500 ms), a blank
task preparation period (1,850 ms), a target display of the
number-letter pair (up to 2,000 ms), a second fixation display
(1,000 ms), and a feedback display (2,000 ms). Participant
responses were recorded using an E-prime SR box, and re-
sponse mappings were counterbalanced across participants.

Procedure

Participants were asked to abstain from eating or drinking
anything besides water for the two hours before their sched-
uled session. Upon arrival, participants completed a contact
information questionnaire and the Behavioral Inhibition &
Avoidance Scales (BIS/BAS), a self-report survey often used
to measure individual differences in motivation to avoid aver-
sive outcomes and approach goal-oriented outcomes (Carver
& White, 1994). We included this survey to test for associa-
tions between the effects of motivational incentives on cogni-
tive task performance and this self-report measure of
motivation.

Next, participants practiced the task paradigm. Each partic-
ipant performed three practice blocks; two single task blocks
(letter only or digit only, counterbalanced; 24 trials each)
followed by a third task-switching block (48 trials). During
each block, participants were given visual performance feed-
back on every trial (e.g., BCorrect!^; BIncorrect!^; or BToo
Slow!^). If the participant responded when the letter-number
pair was presented, the button press ended the target display. If
the participant was too slow or did not respond, then the target
display remained on the screen for the complete 2,000 ms.

696 Cogn Affect Behav Neurosci (2019) 19:692–714

http://www.pstnet.com


After practicing the task, participants performed three
baseline blocks. These were identical to the practice
blocks, except that they were longer and participants no
longer received any visual performance feedback. The
baseline blocks were completed in the same task order
as in practice, and consisted of 48, 48, and 96 trials, re-
spectively (the last block included a break halfway
through). In lieu of performance feedback at the end of
each trial, participants saw a visual display with the text
BNext Trial Coming Up^ for 2,000 ms. Participants were
instructed to make responses as quickly and accurately as
possible. After the last baseline block, a criterion cut-off
time was calculated for each participant. This criterion RT
was computed as the top 30 percentile of fastest correct
response times for all trials (including no response trials)
in the task-switching baseline block.

During the three incentive blocks, participants performed
the same cued task-switching paradigm (96 trials; with break),
but could now earn monetary reward in addition to their hour-
ly pay compensation (up to $7 total). Participants were in-
formed that the dollar signs visually displayed on the screen
surrounding the task cue indicated the relative potential mon-
etary value for a given trial, which they could earn if they were
accurate and fast enough (specifically, faster than their criteri-
on RT calculated from the task-switching baseline block).
Critically, to earn the monetary reward, participants would
need to significantly improve their performance on the task,
i.e., increasing speed while maintaining accuracy. This feature
of the design was important for comparing performance be-
tween age groups, as the individualized criterion RT calcula-
tions were titrated to personal baseline performance. Thus,
regardless of potential differences in baseline performance, if
reward incentives improved performance equivalently for

both age groups, then similar reward rates should be
observed for older and younger adults.

As mentioned previously, a key motivational manipulation
was performance-contingent liquid feedback received for suc-
cessful attainment of monetary reward. Specifically, partici-
pants received a 2-mL drop of oral liquid delivery if they were
accurate and responded faster than their subjective criterion
RT, but received neither money nor liquid if they responded
incorrectly, were too slow, or did not respond. Liquid feed-
back was dispensed using a digital infusion pump (model
SP210iw, World Precision Instruments, Inc.) triggered by an
output signal from the E-Prime script and delivered via Tygon
tubing directly into the participant’s mouth. The type of liquid
received was manipulated in a blocked fashion, and
counterbalanced across participants, such that on a given
block participants would receive positive/appetitive (apple
juice), neutral (isotonic tasteless solution), or negative/
aversive (saltwater) as performance feedback for all fast/
accurate trials.

Critically, because receipt of monetary reward was always
paired with oral liquid delivery, the motivational value of bun-
dled incentives could be directly examined in terms of the
effects on cognitive task performance. Furthermore, as the
liquid feedback served as a symbolic incentive (i.e., oral liquid
delivery provided the same information in a given trial regard-
less of valence), any observed differences in task performance
between the liquid conditions indicated the incidental subjec-
tive valuation of the liquid feedback, which would be integrat-
ed with the motivational value of the monetary reward cue
presented in that trial.

After completing the task, participants filled out a post-task
survey, indicating on 7-point Likert-type scale the degree to
which they liked or disliked each liquid, and how intense they

Cue + Reward Level Target Feedback

$
Attend Letter

$

$
Attend Number

$

OR A 3+

Next Trial Coming Up

Next Trial Coming Up

time0 ms 300 ms 800 ms 2650 ms 4650 ms 5650 ms

$ $$ $$$$

Fast a
nd accu

rate

Too slow or incorrect

$

$$

$$$$

OR

Reward

2 mL liquid

300 ms

+
500 ms

1850 ms 2000 ms 1000 ms

2000 ms

apple juice
neutral solution
saltwater

no money

Fig. 1 Incentive integration task paradigm. Subjects performed a
consonant-vowel odd-even (CVOE) switching task, which entailed being
presented with an ambiguous letter-number pair, and being asked to cat-
egorize the target symbol based on the task cue preceding the target (e.g.,
BAttendNumber^ or BAttend Letter). A reward cue was placed above and
below each instruction cue, which indicated low ($), medium ($$), or
high ($$$$) reward. Monetary reward cues were randomized across trials
within each block. If subjects were accurate and faster than a subject

criterion response time (30% of fastest correct response times for all trials
during the baseline block), then they received 2 mL of liquid as perfor-
mance feedback at the end of the trial. If subjects answered incorrectly,
too slowly, or not at all, they received neither monetary reward nor liquid.
Liquid type was manipulated in a blocked fashion, counterbalanced
across subjects, and was positive (apple juice), neutral (isotonic tasteless
solution), or negative (saltwater)
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would rate the taste of each liquid. They also were asked to
rate their subjective motivation and liking of trials for every
liquid-reward value pairing (e.g., B$$^ trials when receiving
saltwater). At the end of the survey, participants were present-
ed with four short-response questions that asked participants
to describe various strategies they may have used for different
reward values and liquids. Older adult participants also com-
pleted the Short Blessed Test, a weighted six-item instrument
originally designed to identify dementia, as a check of mem-
ory and concentration (Carpenter et al., 2011; Katzman et al.,
1983). All older adults reported a score of 4 or less, indicating
normal cognition (M = 0.77, SD = 1.20). Finally, after com-
pleting all surveys, participants were informed of their addi-
tional task earnings, paid, and debriefed.

Results1

Monetary Rewards Improve Cognitive Task
Performance for Both Older and Younger Adults

The primary dependent measure used in the study was reward
rate, although results are also reported in terms of reaction time
and accuracy (Figure 2). Reward rate was defined as the per-
centage of rewarded trials in each condition of the experiment
(when the participant was accurate and faster than their criterion

RT cutoff), which arguably reflects the individual’s subjective
motivation to implement cognitive control to earn monetary
rewards. Both older and younger adults generally performed
above the expected reward rate of 30%, indicating that perfor-
mancewas significantly improved relative to baseline levels (41/
44 older adults and 52/54 younger adults exhibited significant
improvement according to a binomial test; successes = 86, trials
= 288, p = 0.05; Figure 2a). Furthermore, when examining
performance in the incentive blocks relative to baseline, older
adults showed a significant reduction in reaction time [t(43) =
12.339, p < 0.001; Cohen’s dz = 1.86, CI95 = (1.35, 2.36)] with
no change in accuracy [t(43) = 0.587, p = 0.560; Cohen’s dz =
0.09, CI95 = (−0.34, 0.51)], revealing clear motivation-related
improvements. Younger adults also showed the expected RT
reduction [t(53) = 22.812, p < 0.001; Cohen’s dz = 3.10, CI95
= (2.54, 3.67)] but were significantly less accurate [t(53) =
5.038, p < 0.001; Cohen’s dz = 0.69, CI95 = (0.29, 1.08)], sug-
gesting that they shifted down the speed-accuracy curve to in-
crease their reward rate. RTs were log transformed to comply
with normality assumptions for the paired t-tests, and Cohen’s dz
effect sizes were calculated with the effsize package in R
(Lakens, 2013; Torchiano, 2018).

In terms of age effects on task-switching, a critical
measure related to cognitive control, RT switch costs were
significantly reduced for older adults in incentive relative
to baseline blocks [t(43) = 2.77, p = 0.008; Cohen’s dz =
0.42, CI95 = (−0.01, 0.85); Mbase = 48 ms, Minc = 20 ms],
but not younger adults [t(53) = 0.256, p = 0.799; Cohen’s
dz = 0.03, CI95 = (-0.35.42); Mbase = 15 ms, Minc = 12.5

1 All relevant experimental scripts, subject data, and data analyses located in
the online repository in Open Science Framework: https://osf.io/3mztb/
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Fig. 2 Monetary reward effects on reward rate by age group. (a) Reward
rate is plotted against age group (OA = older adults, YA = younger
adults). The dashed line represents the expected reward rate of 30%,
assuming that subjects did not improve their performance between base-
line and incentive blocks. The solid lines represent 95% confidence in-
tervals calculated by a binomial test [CIlower = 0.25, CIhigher = 0.35]. Each
dot represents a single subject’s average reward rate. (b) Reaction times
in baseline and incentive blocks. Motivational incentives were associated

with a significant reduction in response times (ms) between baseline and
incentive blocks for both older and younger adults, although older adults
also exhibited general slowing. (c) Accuracy in baseline and incentive
blocks. Older adults maintained their accuracy between baseline and in-
centive blocks, whereas younger adults showed a significant drop in
accuracy (i.e., they shifted down the speed-accuracy curve to increase
reward rate). All error bars in all plots indicate standard error of the mean
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ms], providing further evidence of motivation-related im-
provements in older adults. Accuracy switch costs were
not significantly different between baseline and incentive
blocks for either older adults [t(43) = −0.564, p = 0.577;
Cohen’s dz = −0.08, CI95 = (−0.51, 0.34)] or younger
adults [t(53) = 1.403, p = 0.166; Cohen’s dz = −0.19,
CI95= (−0.19, 0.57)].

We next examined performance within the incentive con-
ditions to identify the more selective, parametric incentive
effects, and their interaction with aging. A generalized linear
mixed-effects model was conducted to test the effects of mon-
etary reward and age group on reward rate. In the model, age
(young, old) and monetary reward (low, medium, high) were
treated as fixed effects, whereas subject was treated as a ran-
dom effect. Additionally, random slopes of monetary reward
by subject with correlated intercepts were included in the
model (Magezi, 2015). Age was dummy coded by group
(young = 0, old = 1), whereas money was contrast coded by
value (low = −1, med = 0, high = 1). These models were
conducted using the lmerTest (Kuznetsova, Brockoff, &
Christensen, 2015) and LME4 (Bates et al., 2015) packages
in RStudio using the R statistical language (R Core Team,
2017; RStudioTeam, 2016). The residuals were normally dis-
tributed, indicating that model assumptions were not violated.
Due to the lack of consensus regarding the inclusion and de-
composition of variance from random effects in general(ized)
linear mixed models, it is currently challenging to accurately
estimate canonical effect sizes for fixed effects in such models
(e.g., Cohen’s d or f). However, to facilitate comparability
across studies and meta-analyses, in conjunction with ac-
knowledging the limitations of NHST approaches
(Cumming, 2014), we report tables including fixed effects
and 95% confidence intervals for these coefficient estimates
for the subsequent models in the Supplement (Hlavac, 2018).
Additionally, we report marginal R2 (variance explained by
the fixed effects only) and conditional R2 (variance explained
by fixed and random effects) for each model (Lüdecke, 2019;
Nakagawa, Johnson, Schielzeth, Building, & Glasgow, 2017).

The model revealed significant main effects of age [b =
−0.309, CI95 = (−0.509, −0.108), z = −3.021, p = 0.003] and
monetary reward level [b = 0.249, CI95 = (0.198, 0.300), z =
9.536, p < 0.001] and a significant interaction [b = −0.167,
CI95 = (−0.242, −0.092), z = −4.358, p < 0.001]. However, older
adults overall attained lower reward rates than younger adults
[Mold = 0.58, SDold = 0.11; Myoung = 0.64, SDyoung = 0.12;
Figure 2a], indicating a lower degree of incentive-related im-
provement than younger adults, thus reducing overall monetary
reward earnings [Mold = $3.94, SDold = $0.77; Myoung = $4.50,
SDyoung = $0.77]. Despite the observed age group differences in
task performance, higher monetary reward value boosted task
performance in both older [b = 0.082, CI95 = (0.032, 0.132), z
= 3.218, p = 0.001] and younger adults [b = 0.251, CI95 = (0.195,
0.306), z = 8.904, p < 0.001], though monetary reward value
more effectively modulated younger adult performance, as indi-
cated by the larger coefficient estimate and z-value for younger
adults (Table 1).

Because the reward rate measure is determined by both
response time (RT) and accuracy of the subjects, we examined
these subcomponents separately to identify which measure(s)
influenced reward rate. A general linear mixed effects model of
response times (accurate trials only) revealed that, along with
significant effects of monetary reward level [b = −21.130, CI95
= (−28.254, −14.007), t = −5.814, p < 0.001], older adults were
significantly slower than younger adults [b = 205.569, CI95 =
(151.226, 249.912), t = 7.414, p < 0.001], and there was a
significant interaction between these factors [b = 13.919,
CI95 = (3.375, 24.463), t = 2.587, p = 0.011]. Higher valued
rewards significantly improved RT in younger [b = −21.023,
CI95 = (−28.574, −13.473), t = −5.457, p < 0.001], but not
older adults [b = −3.792, CI95 = (−10.981, 3.397), t =
−1.034, p = 0.307]. A generalized linear mixed effects model
for accuracy revealed that, in addition to a significant main
effect of monetary reward level [b = 0.145, CI95 = (0.085,
0.205), z = 4.759, p < 0.001], older adults were more accurate
than younger adults [b = 0.538, CI95 = (0.234, 0.841), z =
3.473, p = 0.001], and the two factors interacted [b = −0.108,

Table 1 Reward rate, response times, and accuracy by three monetary reward conditions

Monetary reward

Low ($) Medium ($$) High ($$$$)

Age group Older adults(n = 44) Reward Rate .566 (.049) .560 (.053) .605 (.061)

Response Time 767 (31) 772 (29) 752 (36)

Accuracy .861 (.039) .864 (.039) .875 (.029)

Younger adults (n = 54) Reward Rate .604 (.062) .618 (.049) .712 (.060)

Response Time 572 (41) 572 (33) 531 (35)

Accuracy .783 (.046) .803 (.033) .830 (.053)

The mean score for each condition is listed, with standard deviation in parentheses. Reward rate is the percentage of incentive trials for which monetary
reward was received (i.e., if the subject was both accurate and faster than a reward criterion established from baseline block). Response times (in
milliseconds) include only correct trials. Accuracy is the percentage of incentive trials that the subject answered correctly.
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CI95 = (−0.202, −0.013), z = −2.228, p = 0.026]. Within-group
analyses revealed that higher monetary reward improved accu-
racy in younger [b = 0.141, CI95 = (0.075, 0.206), z = 4.19, p <
0.001] but not older adults [b = 0.045, CI95 = (−0.029, 0.120), z
= 1.189, p = 0.234]. All of the reward rate, response time, and
accuracy measures by monetary reward level are listed in
Table 1.

These data reveal that monetary incentives can indeed en-
hance cognitive control task performance in older adults, provid-
ing evidence that cognitive control impairments putatively asso-
ciated with healthy aging can be overcome with sufficient incen-
tive motivation. Notably, older adults during the incentive block
were equally as fast [t(95) = −1.449, p = 0.151; Cohen’s dz =
0.08, CI95 = (−0.34, 0.51)] and no less accurate [t(93) = −1.111, p
= 0.270; Cohen’s dz = −0.22, CI95 = (−0.63, 0.18)] than younger
adults during the baseline block and also had similar RT switch
costs [t(92) = 0.549, p = 0.584; Cohen’s dz = 0.11, CI95 = (−0.29,
0.51)], suggesting that older adults can perform as well as youn-
ger adults under normal conditions. This pattern is striking, be-
cause it suggests that the apparent Bimpairments^ in task perfor-
mance observed in the baseline block (RTslowing, higher switch
costs) may have reflected motivational rather fixed cognitive
limitations among older adults.

Interestingly, although older adult task performance signif-
icantly improved with higher monetary reward level, these
reward rate effects appeared to arise from a combination of
reduced RT and increased accuracy, rather than independent
modulation of these subcomponents (since neither alone were
significant). Conversely, higher monetary reward level signif-
icantly improved both RT and accuracy in younger adults.
Furthermore, although older adults were generally slower than
younger adults, they also were simultaneously more accurate

overall. Moreover, introducing motivational incentives (and
consequently increased task demands) appeared to distinctly
influence older and younger adults’ task performance, affect-
ing RT in the former group and both RT and accuracy in the
latter group. Thus, older adults and younger adults appeared to
employ different task strategies to improve cognitive task per-
formance. In particular, older adults prioritized accuracy over
speed, consistent with an age-related accuracy bias under
speeded cognitive task conditions (Rabbitt, 1979; Smith &
Brewer, 1995; Starns & Ratcliff, 2010). Consequently, older
adults were less able to modulate either of these performance
dimensions according to the current monetary reward level.

Motivation and Cognitive Control Interactions:
Age-Related Differences in Task Performance

To examine what may have been driving age-related differences
in task performance during the incentive blocks (i.e., when mo-
tivational incentives are presented and increased task demands
are required to earn those incentives), we examined transition
effects from the last baseline block (when no rewards were avail-
able) to the first incentive block (when rewards became avail-
able). These transition effects are illustrated in Figure 3.

We performed a linear mixed effects model on response times
(z-scored)with trial number (last 20 of baseline block coded from
−20 to −1 and first 20 of incentive blocks coded from 1 to 20),
block (baseline vs. incentive), and age group treated as fixed
effects. Block and age group were dummy coded (baseline = 1,
incentive = 0; older = 1, younger = 0), and subject was treated as
a random effect. The full model revealed a significant three-way
interaction between trial number, block, and age group [b =
0.026, CI95 = (0.006, 0.045), t = 2.578, p = 0.010]. There also

Fig. 3 Transition effects between baseline to incentive blocks. Averaged
response times across the last 20 trials of the baseline block and first 20
trials of the first incentive block. Younger adults (YA) were able to
instantaneously reduce their RT when transitioning between baseline
and incentive blocks, and this resulted in relatively stable performance
during the incentive block. Conversely, older adults (OA) both

significantly reduced their RT between blocks and across trials in the
incentive block, indicating that older adults also progressively sped up
during the initial trials of the incentive block. These age differences reveal
that younger and older adults implemented distinct strategies under
motivated task conditions
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were significant main effects of block [b = 1.609, CI95 = (0.911,
1.226), t = 13.315, p < 0.001] and age group [b = 0.362, CI95 =
(0.196, 0.528), t = 4.280, p < 0.001], as well as significant two-
way interactions between trial and age group [b = −0.020, CI95 =
(−0.034, −0.006), t = −2.866, p = 0.004], and block and age
group [b = −0.454, CI95 = (−0.689, −0.219), t = −3.792, p <
0.001]. Follow-up analyses within each age group clarified how
the transition between baseline and incentive blocks influenced
task performance. Younger adults immediately reduced their RT
when transitioning between blocks, as evidenced by a significant
main block effect [b = 1.069, CI95 = (0.916, 1.221), t = 13.760, p
< 0.001], and no trial number effect [b = 0.007, CI95 = (−0.002,
0.016), t = 1.427, p = 0.154], indicating that beyond the instan-
taneous block effect, younger adult performance was relatively
stable during the incentive block. In contrast, although older
adults significantly reduced their RT in the incentive block [b =
0.614, CI95 = (0.433, 0.795), t = 6.656, p< 0.001], themodel also
revealed a significant negative effect of trial number [b = −0.014,
CI95 = (−0.024, −0.003), t = −2.518, p = 0.012] and a significant
interaction [b = 0.025, CI95 = (0.010, 0.040), t = 3.250, p =
0.001]. Thus, although older adult performance was fairly stable
at the end of the baseline block [b = 0.011, CI95 = (−0.001,
0.024), t = 1.809, p = 0.071], their RTs progressively sped up
following the start of the incentive block [b = −0.014, CI95 =
(−0.022, −0.005), t = −3.089, p = 0.002].

Similar analyses on accuracy revealed a non-significant block
effect [b=.442, CI95= (−0.074, 0.958), z = 1.681, p = 0.093] and
no statstically significant effect of age group, although the effect
size wasmoderate [b = 0.643, CI95 = (−0.012, 1.298), z = 1.923,
p = 0.055]. Within-group analyses revealed that while younger
adult accuracy did not significantly differ between blocks [b =
0.0440, CI95 = (−0.075, 0.955), z = 1.674, p = 0.094], older adult
accuracy significantly interacted with trial number [b = 0.055,
CI95 = (0.003, 0.106), z = 2.072, p = 0.038]. Older adults’ accu-
racy continued to improve during the end of the baseline block [b
= 0.050, CI95 = (0.011, 0.089), z = 2.503, p = 0.012] but signif-
icantly decreased at the start of the incentive block [b = −0.008,
CI95 = (−0.012, −0.006), z = −6, p < 0.001].

It is evident that both age groups improved their task perfor-
mance when presented with motivational incentives and in-
creased cognitive task demands via distinct characteristic be-
havioral patterns. However, whereas younger adults instanta-
neously and optimally up-regulated the speed of their responses
when transitioning to the incentive block, older adults utilized
both instantaneous and more gradual, incremental strategies to
optimize task performance under motivated task conditions.

Integration of Primary and Secondary Motivational
Incentives in Older and Younger Adults

To test whether motivational incentive integration occurred
similarly in older and younger adults, we examined reward
rate effects by both monetary reward and liquid feedback

(Figure 4a). We ran a similar generalized linear mixed effects
model as before, except now adding liquid valence as a con-
trast coded fixed effect (Juice = 1, Neutral = 0, Saltwater =
−1), in addition to the monetary reward and age group effects.
The model also included random slopes and correlated inter-
cepts for monetary reward and liquid by subject. The omnibus
model showed a significant liquid effect [b = 0.283, CI95 =
(0.183, 0.382), z = 5.564, p < 0.001], as well as significant
two-way interactions between liquid and monetary reward [b
= −0.060, CI95 = (−0.113, −0.008), z = −2.265, p = 0.024], and
liquid and age group [b = −0.253, CI95 = (−0.401, −0.105), z =
−3.357, p < 0.001].

To better understand how the liquid valence effects on re-
ward rate differed by age, we conducted separate models for
each age group. Younger adults performed better with juice
compared with neutral or saltwater feedback [b = 0.284, CI95
= (0.172, 0.397), z = 4.951, p < 0.001], and this liquid effect
interacted with monetary reward level [b = −0.060, CI95 =
(−0.112, −0.007), z = −2.228, p = 0.024]. When examining
only juice and neutral blocks, there were main effects of mon-
etary reward [b = 0.179, CI95 = (0.137, 0.222), z = 8.292, p <
0.001] and liquid [b = 0.170, CI95 = (0.092, 0.247), z = 4.276,
p < 0.001], along with a non-statistically significant interac-
tion [b = −0.037, CI95 = (−0.075, 0.001), z = −1.920, p =
0.055]. When comparing saltwater and neutral blocks, the
model revealed significant main effects of monetary reward
[b = 0.232, CI95 = (0.135, 0.329), z = 4.679, p < 0.001] and
liquid [b = 0.363, CI95 = (0.182, 0.543), z = 3.945, p < 0.001],
and a significant interaction [b = −0.111, CI95 = (−0.216,
−0.007), z = −2.096, p = 0.036]. These interactions reveal that
at low monetary reward levels, liquid feedback had a higher
impact on reward rate, suggesting that younger adults integrat-
ed the motivational value of the liquid feedback and monetary
rewards to modulate task performance. In contrast, older
adults' task performance was not affected by the valence of
the liquid feedback [b = 0.030, CI95 = (−0.061, 0.122), z =
0.649, p = 0.516]. Thus, although older adults were motivated
by higher monetary reward, they appeared to not implement
the same motivational integration process as younger adults,
as liquid valence had negligible impact on reward rate.

Reward Rate Effects by Incentive Block: Older Adult
Task Performance Modulated by One Motivational
Dimension at a Time

Additional exploratory analyses revealed a surprising discov-
ery: older adult task performance not only improved during the
incentive blocks, but also liquid incentives had distinct effects
on early versus later task performance that varied by age group
(Figure 4b). A generalized linear mixed effects model with
reward rate predicted bymonetary reward level, liquid valence,
age group, and block number (contrast coded; block1 = −1,
block2 = 0, block3 = 1), with random slopes and correlated
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intercepts for monetary reward level and liquid valence, re-
vealed a significant three-way interaction between liquid va-
lence, age group, and block number [b = −0.257, CI95 = (−389,
−0.124), z = −3.803, p < 0.001]. Follow-up analyses revealed
that older adults attained higher reward rates during later in-
centive blocks [b = 0.272, CI95 = (0.219, 0.326), z = 10.042, p
< 0.001]. When examining incentive effects for each block, the
models revealed a trend-level effect of liquid valence in the
first incentive block [b = 0.186, CI95 = (−0.027, 0.398), z =
1.714, p = 0.087] and no monetary reward effect [b = 0.031,
CI95 = (−0.047, 0.109), z = 0.787, p = 0.432], but a significant
effect of only monetary reward level [b = 0.184, CI95 = (0.102,
0.267), z = 4.388, p < 0.001] in the last incentive block (i.e., no
hint of liquid effect [b = 0.036, CI95 = (−0.196, 0.269), z =
0.306, p = 0.76]). Conversely, although younger adults also
improved their reward rate across incentive blocks [b =
0.069, CI95 = (0.014, 0.123), z = 2.474, p = 0.013], they
showed a different pattern of incentive effects. Specifically,
while task performance was influenced by monetary reward
level only [b = 0.203, CI95 = (0.113, 0.292), z = 4.447, p <

0.001] in the first incentive block (i.e., no hint of liquid effect
[b = −0.092, CI95 = (−0.263, 0.078), z = −1.062, p=.288]), it
was influenced by both monetary reward level [b = .390, CI95
= (−0.277, 0.503), z = 6.779, p < 0.001] and liquid valence [b =
0.429, CI95 = (0.183, 0.676), z = 3.411, p < 0.001] in the last
incentive block.

These results suggest that older adult task performance
transitioned from selective sensitivity to liquid valence at the
start of the session to selective sensitivity to monetary rewards
by the end of the session, whereas younger adult task perfor-
mance was initially sensitive only to monetary reward but was
sensitive to both monetary reward and liquid valence by the
end. Thus, whereas younger adults appear to integrate both
incentive types after sufficient experience, older adults ap-
peared to attend to one motivational dimension at a time
(i.e., a shift from sensitivity to liquids to monetary rewards).
An additional interesting observation was that older adults
gradually improved their performance during the incentive
blocks, enough so that their reward rate in the third block
matched younger adult performance in the first block [t(83)
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Fig. 4 Motivation incentive integration effects by age group. (a) Reward
rate by monetary reward level and liquid type for both age groups.
Younger adults (YA) performed significantly better with juice compared
to neutral solution feedback, as well as with neutral solution compared to
saltwater feedback, and these liquid effects interacted with monetary
reward level (see text for statistics). Older adult (OA) task performance

was not modulated by liquid. (b) Reward rate effects by incentive block
and liquid type. Younger adult task performance did not differ by liquid
type in block 1, but these liquid effects were significant in the third block.
In contrast, older adults showed the opposite pattern—with marginally
significant liquid effects in the first, but not the last, incentive block. All
error bars in all plots indicate standard error of the mean
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= 0.203, p = 0.839; Cohen’s dz = 0.04, CI95 = (−0.36, 0.45)].
Thus, it may be that older adults can earn the same level of
reward as younger adults, but may need more practice (i.e.,
slower learning rates) to improve their task performance suf-
ficiently to do so.

Trial-wise Value Estimates
of Performance-Contingent Liquid Feedback

Given prior work demonstrating that motivational interven-
tions are most effective for older adults when they provide
po s i t i v e p e r f o rmanc e f e edba ck (F e r d i n and &
Czernochowski, 2018), we tested whether age group effects
may be due to differential processing of the performance-
contingent liquid feedback during the incentive blocks.
Whereas younger adults integrated the motivational value of
the liquid incentives with monetary rewards in a prospective
manner to adjust cognitive control processing and modulate
behavioral responses, older adults may have instead utilized
the liquid reinforcement as an immediate and informative
feedback signal to modulate motivational value on a trial-by-
trial basis and improve cognitive task performance. That is, if
the delivery (or absence) of liquid feedback improved task
performance during the incentive blocks for older adults, it
would reveal dissociable mechanisms by which younger and
older adults utilize the liquid feedback in the task.

To formally test the hypothesis that younger and older
adults process the liquid incentives distinctly, we implemented
a simple reinforcement learningmodel (Sutton & Barto, 1998)
to calculate trial-wise expected value estimates based on local
reward history (i.e., whether a drop of liquid was delivered to
signal successful attainment of monetary reward). Lambda (λ)
is a constant that represents learning rate and was set to 0.5.
The trial-wise value estimate is represented as continuous var-
iable V(t), and was initialized to 0.5 (range is between 0 and
1). Finally, r(t) is a binary variable that indicates whether the
subject was rewarded (and received liquid feedback) on the
previous trial. The model equation for value estimation is
shown below.

Value Estimation Equation : V tþ1ð Þ ¼ 1−λð Þ∙Vt þ λ∙rt

We used this model to calculate trial-wise value estimates
for each liquid (juice, neutral, saltwater) for each subject.
These averaged estimates are illustrated in Figure 5. We first
applied a linear mixed effects model to confirm that this value
estimate variable predicted reward rate [b = 0.418, CI95 =
(0.330, 0.506), z = 9.314, p < 0.001]. Next, we ran generalized
linear mixed effects models to examine whether reward rate
was significantly predicted by trial-wise value estimates over
and above the experimentally manipulated motivational vari-
ables (e.g., monetary reward, liquid valence) for each age

Fig. 5 Trial-by-Trial Value Estimates of Liquid Reinforcement Delivery.
A reinforcement learning model was implemented to calculate trial-by-
trial value estimates of the liquid reinforcement, which are plotted by
block, liquid, and age group (OA = older adults, YA = younger adults).
These value estimates were submitted to a generalized linear mixed

effects model, which revealed that this variable was a unique predictor
of older adult task performance over and above the experimentally ma-
nipulated motivational variables. Thus, the receipt of liquid reinforcement
had a general performance feedback effect in modulating trial-by-trial
performance among older, but not younger, adults
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group. We included block number as a fixed effect, as well as
random slopes for monetary reward and liquid valence and
their correlated random intercepts.

Younger adult task performancewas not predicted by the trial-
wise value estimate [b = 0.045, CI95 = (−0.086, 0.177), z = 0.677,
p = 0.499] but was predicted bymonetary reward, liquid valence,
and their interaction (previously reported). There was no signif-
icant block effect. In contrast, older adult task performance was
significantly predicted by the trial-wise value estimate [b = 0.239,
CI95 = (0.106, 0.372), z = 3.531, p < 0.001], as well as monetary
reward and block number (previously reported). Notably, not
only was there was no effect of liquid valence, but also no liquid
valence by trial-wise value estimate interaction, suggesting a
more generalized (i.e., valence independent) effect. Together,
these data provide evidence that the liquid reinforcement served
as an informative feedback signal that modulated motivational
value on a trial-wise basis—improving task performance in older,
but not younger, adults.

Self-Report Ratings

A potential concern is that the lack of liquid effects in older
adults could be attributed to decreased taste sensitivity in ag-
ing (Boyce & Shone, 2006). To address this concern, we ex-
amined the self-report ratings, which confirm that older adults
can report differences between the liquid types. These self-
report ratings are illustrated in Figure 6. The supplement con-
tains detailed statistical analyses of these ratings, which dem-
onstrate that older adults indeed discriminated between and
show transitive preferences for the different liquids.
Additionally, as previously shown in the Yee et al. (2016)
study, self-report motivation ratings predicted unique variance
over and above experimentally manipulated motivational var-
iables for both older and younger adults [older: χ2(1,9) =
5.132, p = 0.023; older: χ2(1,9) = 82.401, p < 0.001].

BIS/BAS Survey

We examined whether reward rate was predicted by subcompo-
nents of the BIS/BAS survey (Carver & White, 1994), a self-
report questionnaire designed to measure two motivational sys-
tems: a behavioral inhibition system ideally targeting motivation
to avoid aversive outcomes (BIS) and a behavioral activation
system ideally targeting motivation to approach goal-oriented
outcomes (BAS). A linear mixed model revealed that none of
these questionnaire measures were associated with reward rate
[BIS: b = 0.003, CI95 = (−0.006, 0.012), t = 0.575, p = 0.567;
BASreward: b = −0.008, CI95 = (−0.024, 0.008), t = −1.015, p =
0.313; BASfun: b = 0.006, CI95 = (−0.008, 0.020), t = −0.882, p =
0.380; BASdrive: b = −0.001, CI95 = (−0.013, 0.011), t = −0.110,
p = 0.912]. In terms of age group differences, older adults report-
ed significantly lower ratings of BIS than younger adults [t(95) =
−5.301, p < 0.001; Cohen’s dz = −1.06, CI95 = (−1.49, −0.63)].

Interestingly, older adults also reported lower ratings of BAS in
each of the three subscales: reward [t(81) = −2.058, p = 0.043;
Cohen’s dz = −0.42, CI95 = (−0.84, −0.02)], fun [t(95) = −1.697,
p = 0.092; Cohen’s dz = −0.34, CI95 = (−0.74, −0.07)], and drive
[t(85) = −1.996, p = 0.049; Cohen’s dz = −0.42, CI95 = (−0.83,
−0.00)]. To rule out the possibility that the lack of liquid effects in
older adults were due to these lower BIS/BAS ratings, we ran
correlation analyses between differences in reward rate between
liquid conditions (e.g., juice vs. neutral, saltwater vs. neutral) and
the BIS/BAS ratings. Our results revealed only a trend-level
relationship between saltwater vs. neutral reward rates and BIS
[r(96) = −0.188, p = 0.063], and no significant associations be-
tween juice vs. neutral reward rates and BAS reward [r(96) =
−0.147, p = 0.149], BAS fun [r(96) = −0.016, p = 0.880], and
BAS drive [r(95) = −0.054, p = 0.598].

Discussion

In this study, we utilized a novel experimental paradigm with
primary and secondary incentives to probe the role of healthy
aging in motivation–cognition interactions. The results pro-
vide important answers to each question posed at the outset.
First, we found clear evidence that older adults can achieve
substantial motivation-related performance enhancements
even under task conditions with high cognitive control de-
mands, significantly reducing RTwhile maintaining accuracy
under incentive conditions. Moreover, the reduction of RT
switch costs in older adults under incentive relative to baseline
conditions bolsters the hypothesis that motivational manipu-
lations can be used to ameliorate cognitive control impair-
ments typically observed in this age group. Interestingly, these
motivational effects were qualitatively different between age
groups, in that older adults exhibited a more gradual enhance-
ment pattern, marked by a greater resistance to speeding of
reaction times and a seemingly greater reliance on trial-by-
trial reinforcement learning effects. Second, older adults did
not reliably integrate the motivational valence of the liquid
feedback, even though they reported distinct subjective liking,
intensity, and motivation ratings for the liquids. These results
not only establish the presence of motivational influences on
cognitive control in healthy aging but also point to age-related
differences in the nature of motivation–cognition interactions.
In the following sections, we discuss these results in the con-
text of the broader literature, address study limitations, and
suggest potential future directions that may help elucidate
neural mechanisms that underlie these age-related changes.

Motivational Enhancement of Cognitive Control
in Older versus Younger Adults

These results provide exciting novel evidence demonstrating
that older adults, like younger adults, can exhibit significant
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motivation-related improvements in performance in tasks with
high cognitive control demands. Three sets of findings pro-
vide convergent evidence in this regard. First, when compared
to baseline performance, under incentive conditions, older
adults significantly reduced reaction times by more than
150 ms (a nearly 20% speed-up) without sacrificing accuracy.
Moreover, older adult task performance during incentive con-
ditions was comparable to younger adult performance during
baseline conditions, suggesting that age-related differences
may not necessarily reflect a true cognitive impairment; rather,
it suggests that with sufficient incentives older adult perfor-
mance can be enhanced to match younger adult performance

levels. Second, older adults’ rate of attaining rewards in-
creased with motivational value (high monetary reward), as
a function of decreased reaction time and increased accuracy.
Third, self-report motivation levels predicted better task per-
formance (increased reward rates) beyond the experimental
factors. In sum, these findings add to a growing, but still
sparse, literature suggesting that incentive motivation can ef-
fectively enhance cognitive performance in older adults, and
additionally remediate age-related declines in especially high-
ly demanding task domains (Braver et al., 2014; Di Rosa,
Schiff, Cagnolati, & Mapelli, 2015; Harsay, Buitenweg,
Wijnen, Guerreiro, & Richard, 2010; Spaniol, Schain, &
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BHow much did you like the juice?^). Both older and younger adults
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motivation ratings predicted unique variance over and above experimen-
tally manipulated motivational variables for both age groups. All error
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Bowen, 2014). Although much work has examined the poten-
tial effectiveness (or lack thereof) for cognitive training inter-
ventions in remediating age-related cognitive decline
(Bamidis et al., 2014; Kelly et al., 2014; Zhu, Yin, Lang,
He, & Li, 2016), our findings suggest the promise of
motivation-based interventions as an alternative to cognitive-
based interventions. However, the larger issue of whether
motivation-related remediating enhancements in performance
are purely transient in nature or could be sustained over time
(potentially combined with other forms of training) remains to
be addressed.

Nevertheless, the results also suggest that reward motiva-
tion influences on cognitive processing may be qualitatively
distinct for older adults. A key finding was that older adults
showed a smaller increase in reward rate than younger adults,
as evidenced by a more gradual adjustment in performance in
response to the change in motivational context. Younger
adults showed a substantial instantaneous drop in reaction
time when rewards were initially introduced, whereas in older
adults this effect was greatly reduced , and reaction times
progressively decreased across trials. Likewise, older adults
demonstrated higher accuracy and less overall speeding than
younger adults. This pattern is consistent with prior literature
showing that older adults tend to exhibit an accuracy-biased
decision-making strategy when performing speeded cognitive
tasks. In other words, older adults appeared to be more resis-
tant to speeding up if such a strategy would also worsen their
accuracy, even when this speed-accuracy trade-off
was favorable in terms of the potential rewards obtained
(Rabbitt, 1979; Smith & Brewer, 1995; Starns & Ratcliff,
2010).

Finally, older adults appeared to rely more on performance
feedback than younger adults, resulting in a more gradual
trial-wise adjustment in reaction times, rather than an instan-
taneous shift in response to changes in motivational context.
Older adults may be just as capable as younger adults in
achieving motivation-related enhancement in cognitive per-
formance, but may require more time and practice to accom-
plish such effects. Although prior literature has assumed that
such effects are primarily strategic and volitional in nature,
indicating that older adults may simply be more averse to
adopting fast speed-accuracy tradeoff strategies, recent work
has suggested that such effects could be due to age-related
degeneration of cortico-striatal white matter tracts
(Forstmann et al., 2011).

Age-Related Differences in Incentive Integration:
Motivational, Sensory, or Cognitive?

In younger adults, we clearly replicated findings from Yee
et al. (2016), observing both main effects monetary reward
and liquid valence on reward rate. We also replicated other
previous findings in which self-reported motivation and liking

ratings predicted variance in reward rate over and above the
experimental factors. These data point to a relatively robust
pattern in which younger adults are able to integrate diverse
motivational incentives into a unified estimate of subjective
value, which then modulates cognitive task performance
accordingly.

A key and unexpected finding was that older adults showed
reduced sensitivity to liquid feedback, even though it was a
Bprimary^ motivational reinforcer. There are several potential
explanations for this null effect of liquid. One possibility is
that older adults simply did not find the liquid incentives as
motivating as the younger adults. This interpretation would be
somewhat surprising, given that much of the literature would
posit that biological/immediate incentives are more influential
on older adult cognition compared to symbolic/delayed incen-
tives (Charles & Carstensen, 2010). If older adults were in-
deed more motivated by social and/or self-relevant incentives,
a potential approach would be to use the same task, but with
carefully targeted and age-appropriate incentives as perfor-
mance feedback (e.g., social rewards; compliments or insults).

A second hypothesis relates to sensory processing changes
that often accompany aging (Hoogeveen, Dalenberg, Renken,
ter Horst, & Lorist, 2015; Jacobson, Green, &Murphy, 2010).
If older adults are simply less sensitive to the taste of the
liquids (i.e., they find saltwater less aversive than younger
adults), this could explain the lack of liquid effects.
However, self-report ratings and initial liquid effects provide
some evidence against this account. Because older adults re-
ported different preferences for the liquids, it seems unlikely
that the null liquid effects are simply due to sensory deficits.
Also, the block-related analyses yielded a surprising pattern in
which liquid effects were present in older adults during the
first incentive block, but yet dissipated in later blocks, con-
trasting the liquid effects observed across incentive blocks in
younger adults. Such a pattern seems inconsistent with a pure
sensory account, given the dynamically changing sensitivity
to liquid in older adults. However, it may be that older adults
more quickly habituate to the taste of the liquids, resulting in
decreasing sensory sensitivity across the experimental session.
Further work is needed to directly evaluate the degree to
which age-related changes in sensation and perception might
moderate motivation-control interactions in older adults.

A final hypothesis is that age-related differences may re-
flect older adults’ difficulty with motivational integration, i.e.,
instantaneously integrating numerous cognitive demands to
modulate task performance (Ennis, Hess, & Smith, 2013;
Hess & Ennis, 2011). Whereas younger adults can integrate
multiple task demands simultaneously (e.g., increasing speed
while maintaining accuracy, attending to monetary reward
values and task rules in each trial), older adults may prefer
to trade-off attending to individual task demands to optimize
performance throughout the entire experiment. The block-
related effects are consistent with this hypothesis. Although
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older adults may have initially been more sensitive to liquid
than monetary incentives (even though this pattern is sub-
optimal with respect to the explicit task demands and would
have yielded greatly reduced earnings), they may have strate-
gically decided to filter out the liquid effects to direct more
attention to the monetary reward cues (as supported by their
eventual transition to modulate their performance based on
monetary reward levels). Thus, when faced with age-related
impairments in motivational integration, older adults may
have adaptively compensated by up-regulating attention to
monetary rewards at the expense of attention to liquid feed-
back. However, this interpretation is rather speculative and
remains to be empirically tested.

Finally, and intriguingly, a paradoxical consequence of
older adults’ insensitivity to liquid valence is that their task
performance was not as impaired by the aversive saltwater
feedback compared to younger adults. Although older adults
generally achieved lower reward rates, in the condition for
which younger adults did the poorest (saltwater block on trials
with lowest monetary rewards), older adults achieved numer-
ically, even if not significantly, higher reward rates (OA mean
= 0.558, YA mean = 0.517). This finding is counter-intuitive
and contradicts what is more typically found in standard cog-
nitive tasks, in which older adults generally have greater dif-
ficulty with ignoring task-irrelevant and potentially interfering
stimulus dimensions (e.g., Stroop incongruent stimuli;
Milham et al., 2002; Mutter, Naylor, & Patterson, 2005). In
the current task design, the liquid feedback might have played
an analogous role: if the explicit goal is to maximize monetary
reward, then ignoring the valence of liquid feedback would be
the optimal strategy. It is intriguing that older adults appeared
to adopt such a strategy while younger adults did not. Why
such age differences are present is unclear, but it optimistically
reveals a potential beneficial side effect of age-related deficits
in motivational integration – specifically, older adults may be
less sensitive to effects of task-irrelevant motivational dimen-
sions when pursuing cognitive task goals.

Prospective vs. Reinforcement Mechanisms
of Performance-Contingent Liquid Feedback

A compelling finding based on analyses incorporating value
estimates calculated from our reinforcement learning model
was the observation that older adults appeared to learn from
and use the performance-contingent liquid feedback to im-
prove their task performance across incentive blocks.
Critically, trial-wise value estimates derived from the perfor-
mance feedback significantly predicted variation in trial-by-
trial performance for older, but not younger, adults. Thus,
consistent with the prior literature on the effectiveness of in-
centive motivation as performance feedback in healthy aging
(Ferdinand & Czernochowski, 2018), these data suggest that
when older adults encounter increased cognitive demands, the

presence or absence of performance feedback can help them
adaptively adjust their strategy to improve individual task per-
formance. Further, these models provide a possible explana-
tion for how older adults gradually incorporate the informa-
tional value of liquid feedback to modulate their task perfor-
mance throughout the experiment, in contrast to the younger
adults, who appeared to prospectively and instantaneously
combine the motivational value of the liquid feedback with
monetary rewards to modulate task performance. Taken to-
gether, it is evident that younger and older adults pursued
distinct prospective and reinforcement strategies for incorpo-
rating the liquid incentives to influence their overall task per-
formance. Future work should aim to identify the boundary
conditions of when and how incentives can effectively mod-
ulate older adult task performance.

Self-Report Likert Ratings Reveal Access to Subjective
Motivational State

To alleviate concerns regarding reduced sensitivity to liquid
valence in aging, we examined self-reported ratings of prefer-
ence and intensity for the liquids (detailed analyses presented
Supplemental Materials). Interestingly, these ratings revealed
that although older adults performed similarly across the liq-
uid conditions, they reported distinct preferences and motiva-
tion for the different liquids. Older adults demonstrated tran-
sitive preferences for the liquids (e.g., juice > neutral > salt-
water), but also found the neutral solution and saltwater less
aversive than the younger adults. Older and younger adults
both reported similar patterns of liquid intensity, though again
more subtle age differences were present, in that older adults
reported that the neutral solution was slightly more intense
and the saltwater significantly less intense than the younger
adults.

Additionally, in both age groups different levels of motiva-
tion were reported for the nine different trial types, and these
motivation ratings explained unique variance in task perfor-
mance over and above the effects from the experimental var-
iables (liquid feedback and monetary reward amount). The
dissociable effects of self-report motivation ratings and exper-
imentally manipulated motivational variables on reward rate
are particularly intriguing, as they indicate that both older and
younger adults may have explicit access to their own subjec-
tive motivational state, which then also influences their task
performance (consistent with Yee et al. 2016). A hierarchical
regression showed that adding these self-report ratings im-
proved the model from that including only experimental ma-
nipulation effects, revealing the utility of incorporating self-
report data in future studies. Importantly, these ratings may
provide behavioral targets for neural investigation into the
source of age-related changes in motivation–cognition
interactions.
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Neural Mechanisms of Motivation-Control
Interactions: Aging, Dopamine, and Cognition

These compelling results provide a foundational framework
and unique experimental paradigm for investigating the neural
mechanisms underlying age-related differences in motivation-
al integration–cognitive control interactions. In particular, we
are optimistic that this novel task paradigm demonstrates clear
utility for elucidating how humans process and integrate the
motivational values of diverse incentives, and more impor-
tantly, how that valuation process can help individuals pursue
cognitive task goals. Moreover, our behavioral results reveal
intriguing age-related differences in motivational processing
that can provide insight into how such valuation processes are
affected throughout the lifespan.

A prevalent and continuously evolving hypothesis posits
that the age-related changes in motivation and cognition can
be attributed to the dysregulation of dopaminergic (DA)
neuromodulation in the striatum and the frontal cortex
(Bäckman et al., 2006; Berry et al., 2016; Braver & Barch,
2002; Li & Rieckmann, 2014). Although it is well-known that
dopamine (DA) plays a central role in modulating both
motivational/affective and higher-order cognitive and func-
tions (Aarts et al., 2010; Cools, 2008; Nieoullon, 2002), the
exact boundary conditions for how these variables relate to
one another remains somewhat elusive. Several have hypoth-
esized that slower tonic DA signals are specifically involved
in modulating the stability or maintenance of working mem-
ory representations via projections to the PFC (Braver &
Cohen, 2000; Cools, 2016; Durstewitz & Seamans, 2002;
Goldman-Rakic, 1992), and that incentive-driven DA release
can promote maintenance of these task representations in PFC
(Westbrook & Braver, 2016; Yee & Braver, 2018). However,
there is currently limited empirical evidence to identify the
functional relevance of tonic DA release that may occur in
relation to the motivational context, and there is not yet a
consensus regarding how changes in DA release throughout
the lifespan interact with PFC neural mechanisms.

Furthermore, both the heterogeneous effects on distinct
components of the DA system within individuals (e.g., pre-
synaptic verses postsynaptic) as well as the substantial vari-
ability in DA function between individuals make it especially
challenging to pinpoint the precise underlying root cause(s)
for why and how dopaminergic mechanisms change with age
(Berry, Jagust & Hsu, 2018a). Although numerous studies
have reported a wide array of findings regarding changes in
the DA system across adulthood (Bäckman, Lindenberger, Li,
& Nyberg, 2010; Kaasinen et al., 2000; Kaasinen & Rinne,
2002; Volkow et al., 1998), as well as regional heterogeneity
of age-related declines in DA binding potential (Seaman et al.,
2019), a recent meta-analysis of the literature found healthy
aging to be associated with reduced DA receptors and trans-
porters, but no differences in DA synthesis capacity (Karrer,

Josef, Mata, Morris, & Samanez-Larkin, 2017). Conversely,
some have observed a positive association between elevated
striatal DA synthesis capacity (caudate) and working memory
in healthy older adults, which is also associated with increased
fMRI BOLD signal in dorsolateral PFC during the delay pe-
riod of a working memory task (Landau, Lal, O’Neil, Baker,
& Jagust, 2009), whereas others have observed that higher DA
synthesis capacity in older adults did not have a clear associ-
ation with cognitive function (Berry et al., 2016; Braskie et al.,
2008). Thus, one conceivable hypothesis may be that older
adults up-regulate DA synthesis to compensate for reduced
DA receptor availability (and lower binding potential) in stri-
atum and PFC, and that the relationship between DA synthesis
and behavioral cognitive measures may be mediated by
striatal-PFC connectivity (Berry, Shah, & Jagust, 2018b). If
so, this would explain the opposing trends often observed in
PET studies and potentially help reconcile the numerous
mixed findings on the DA-cognition relationships in healthy
aging.

In the cognitive control literature, several fMRI studies
have found evidence for age-related differences in DLPFC
activation during cognitive control and workingmemory tasks
(Jimura, Locke, & Braver, 2010; MacPherson, Phillips, &
Della Sala, 2002; Manard, François, Phillips, Salmon, &
Collette, 2017; Marschner et al., 2005). Some have theorized
that healthy aging may be associated with alterations of
incentive-driven modulation of cortical networks that influ-
ence multiple cognitive domains (Spaniol et al., 2015).
Thus, if DA synthesis is maintained (or even increased) in
older adults, but there are also simultaneously deficits in
PFC modulation during cognitive control tasks, it would sug-
gest that the locus of age-related decline may relate to the
interaction between motivational and cognitive control pro-
cesses in the brain. Thus, we would expect that, in healthy
aging, reward learning performance (especially in task con-
texts with low cognitive demands) will be relatively intact,
while performance on motivation-cognition tasks that require
integration of value information to up-regulate cognitive pro-
cesses would be impaired. However, no neuroimaging studies
to date have examined whether and how diverse types of mo-
tivational incentives are integrated with cognitive processes in
the brain. Therefore, a promising future direction would be to
investigate how the relationships between DA, PFC activity,
motivational integration, and cognitive control are influenced
across the lifespan.

Study Limitations and Future Directions: Considering
Age-Related Differences in Processing Motivational
Cues

An important limitation to acknowledge in this study is that
incentive type (monetary reward vs. liquid) was confounded
with when incentive cues were presented (anticipation vs.
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outcome). That is, because liquid feedback was blocked and
monetary reward level varied on a trial-by-trial basis, it cannot
be determined whether motivational incentive integration ef-
fects observed in this study would generalize to other task
configurations with different delivery schedules with the same
incentives. Given the neural evidence showing differences
between anticipatory and outcome related effects of monetary
rewards (Knutson, Fong, Adams, Varner, & Hommer, 2001),
it is important for future studies to explore different task con-
figurations to test if age-related differences in motivation in-
centive integration are similar with other task designs, as well
as target such effects on potentially more direct measures of
cognitive control (e.g., mixing costs).

Likewise, although our results provide novel insights into
the interaction of motivation and cognitive control in healthy
aging, many open questions remain regarding the nature of how
and when different types of motivational incentives can modu-
late cognition affected throughout the lifespan. For instance,
motivational valence (appetitive vs. aversive) is an important
factor in terms of its influence on older adult cognition, and
should be investigated more thoroughly in future studies. In
the decision-making literature, several studies have observed
that older adults anticipate monetary gains similarly to younger
adults, but are less sensitive to the anticipation of monetary
losses compared to younger adults (Samanez-Larkin et al.,
2007; Wu et al., 2014). Moreover, the literature on aging and
risk preferences for gains versus losses appears to be mixed.
Some studies have observed that older adults exhibit similar
risk preferences to younger adults in monetary decision-
making in the gain domain, but greater risk aversion concerning
monetary losses compared to younger adults (Kurnianingsih,
Sim, Chee, & Mullette-Gillman, 2015; Mikels & Reed, 2009;
Tymula, Belmaker, Ruderman, Glimcher, & Levy, 2013).
However, a recent large-scale smartphone based study observed
age-related reductions in the gain domain, but not the loss do-
main (Rutledge et al., 2016). Given the established age-related
differences in processing monetary gains versus losses, a clear
future direction would be to test whether these age-related dif-
ferences in motivational integration effects on cognition persist
in the domain of monetary losses.

In the social/affective literature, researchers have long ob-
served that older adults show heightened attention towards and
better memory for positive compared to negative material, and
this shift from a negativity bias to a positivity bias has since
been coined the Bage-related positivity effect^ (Mather &
Carstensen, 2005; Reed & Carstensen, 2012). It is unresolved
whether this effect arises due to increased attention towards
positive goal-relevant stimuli or strategic management of neg-
ative emotional states. Critically, however, this pattern of be-
havior lends support to the Socioemotional Selectivity Theory
(SST), a lifespan theory of motivation that postulates that per-
ceived shortening of time horizons is associated with a systemic
motivational shift towards social and emotional goals that

optimize affective well-being and center onmaintenance or loss
prevention, rather than acquisition or growth (Carstensen,
2006). In other words, because older adults become aware that
time is limited, they consequently prioritize and pursue mean-
ingful and self-relevant behavioral goals that maximize emo-
tional satisfaction. Some have argued that these enhanced
emotion-regulatory capacities may contribute to greater posi-
tive affect and life satisfaction (Carstensen et al., 2011; English
& Carstensen, 2014; Urry & Gross, 2010). Thus, a potentially
interesting future research direction would be to incorporate
more self-relevant incentives (e.g., social feedback, emotional
stimuli) to determine if they are more effective for enhancing
cognitive processes for older adults, as well as test whether this
positivity bias is present in the context of motivation-cognition
interactions.

Conclusions

Despite the growth of an aging population, an understudied
question relates to whether and how motivational and cogni-
tive functions, both independently and via their interaction,
change throughout the lifespan.We report results from a novel
experimental paradigm that demonstrates how sufficient in-
centive motivation can help enhance cognition and overcome
cognitive control impairments among older adults, enough so
as to match younger adult task performance. Furthermore,
older and younger adults were found to apply distinct strate-
gies and approaches for processing motivational incentives
and utilizing them to influence their pursuit of cognitive task
goals. Importantly, these results provide a strong foundation to
foster future investigation of the neural mechanisms underly-
ing how motivational integration changes with age. Such
knowledge can be used to accomplish broader objectives of
informing public policy and enhancing clinical intervention,
and potentially contribute to the development of promising
motivational interventions that can ameliorate the cognitive
impairments in healthy aging.
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