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Abstract

Prospective memory is the ability to remember toycaut an intended action after a
delay. However, it remains unclear how motivatioaapects of the intended action,
such as reward expectations, are integrated in& pfocesses subserving intact
prospective memory. The goal of this dissertatienta investigate the effects of
motivational incentives on prospective memory oa bHehavioral and on the neural
level, while taking into account individual differees in reward sensitivity and
personality.

In one behavioral and two functional imaging stadiezee combined a prospective
memory paradigm with different levels of monetagward and loss.

Study 1 demonstrated that while personality traitsh as conscientiousness are linked
to enhanced prospective memory performance in genadividual reward sensitivity
can explain reward-related performance differences.

Study 2 established that midbrain and striatal aegiwithin the reward system are
sensitive to the level of reward associated witbspective memory cues and that
activation differences in the midbrain region agkated to individual reward sensitivity.
We found that performance increases under high nevese accompanied by an
increased functional coupling between frontopotat midbrain activation.

Study 3 compared neural responses to reward arsdaesidance expectations. We
found that high reward led to an elevated neursphaase compared to low reward or
loss avoidance. Results further showed that midkaefivation reflected reward-related
performance differences.

In sum, these results suggest that regions invadlveeward anticipation are sensitive to
the level of reward associated with prospectiveritions and that reward information
accordingly is part of the cognitive representaidrprospective intentions. Moreover,
the results directly link neural reward represaotet to reward-related performance
differences in prospective memory. Additionally,rdindings highlight the role of

individual reward sensitivity in the context of ppective remembering.
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1 Introduction

Whether it is remembering to buy milk on the wayre from work, to meet a friend
for dinner, or to attend a meeting at 3 pm - inst@nwhere we have to remember to
carry out a specific action at a certain pointhe future abound in our daily lives. In
many of these situations, we cannot carry out thi®ma immediately, but we have to
maintain an intention of a specific action duringlelay. This ability to maintain an
intended action until it can be executed at a certeme in the future is called
‘prospective memory’ (PM). By carrying out certaiotions immediately while leaving
others in a pending state, we can plan and pderitnultiple actions and action
sequences. In this way, intact PM is crucial to exgryday behavior as it ensures that
our behavioral goals are met.

Although at first glance, PM seems to be a prilpardgnitive ability, it is apparent
that there are as many kinds of prospective imtestas there are many different kinds
of actions, leading to different personal goalspérticular, prospective intentions can
differ with respect to the underlying motivatior@ntext. For instance, in the above
example, the prospect of attending a meeting whakid be stressful and exhausting
might not be very appealing, while meeting a friendld be something to look forward
to. Thus, although in both cases a prospectivaiioie has to be maintained, the degree
of personal motivation associated with the achiesetnof this goal can vary widely.

Experimentally, behavioral markers of intact pedjve remembering have been
extensively studied within the realm of retrievaédries of PM by varying cognitive
aspects of PM tasks in the laboratory or, lessnofie the field (Einstein, et al., 2005;
Smith, 2003). However, very few studies have ingaséd motivational aspects of
prospective intentions, and when doing so, moshed have taken a developmental or
clinical perspective.

In parallel, studies using functional neuroimagitechniques have found the
frontopolar, or anterior prefrontal, cortex to be fprominent brain structure supporting
PM functioning, highlighting its role in the main@nce of prospective intentions
(Burgess, Scott, & Frith, 2003; Simons, ScholvinGkbert, Frith, & Burgess, 2006).

In a different line of research, studies invegtigaincentive motivation have shown
the functional involvement of the dopaminergic redvaystem in tasks reflecting goal-
directed behavior, such as the monetary incentelayd(MID) task (Knutson, Adams,
Fong, & Hommer, 2001a; Knutson, Fong, Adams, Varr&rHommer, 2001b).
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However, it has not been investigated so far itivational aspects of prospective
intentions play a role in PM functioning. Moreovdr,is yet unknown if incentive
motivation is reflected in the brain systems ungded PM and/or reward processing
during the processing of reward-related PM interdio

The present work aimed to shed light on this isbyeinvestigating three main
research questions in three experiments: in exgertirh, the effect of incentives on the
behavioral markers of PM was investigated by medngrying monetary incentives in
a PM context. In this behavioral experiment, indual differences in personality traits
as well as in behavioral approach and avoidancavie@hwere taken into account and
related to PM performance. In experiment 2, theat$f of reward anticipation in the
form of monetary incentives on PM were investigatadhe neural level by examining
the functional interaction of reward and PM braystems by means of functional
magnetic resonance imaging (fMRI). In experimenttt® concept of motivational
incentives was extended to include incentives dh hmositive and negative valence,
discriminating the effects of reward anticipatiorddoss avoidance in PM with fMRI.

At the beginning of this thesis, a theoretical antpirical background will be given,
consisting of two parts: first, an overview of PRlrreval theories will be provided,
followed by a description of three selected aspetM that pertain to the focus of the
present study. After this, empirical findings frostudies investigating the neural
systems supporting PM will be summarized. Secorutjed anatomical and functional
description of the human reward system will be gjvacluding findings relating its
function to individual differences in motivated la@for. In the following experimental
section of the present work, each of the three raxygats will be separately described.
Experiments 2 and 3 used fMRI. Thus, a short oeervof this methodological
approach will be given. In the last section, thaliings from all three experiments will

be summarized and discussed, including possibledutirections of research.

2 Theoretical and Empirical Background

2.1 Prospective Memory
Experimental PM tasks are usually modeled accgrthirseveral criteria defining the
nature of real-life PM situations. One of the mobvious criteria is that there is an

intended action that cannot be carried out immebliabut has to be suspended until a
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later point in time (note that in real-life PM stions, this delay can range from several
minutes to hours or days, while in most experimeRtd tasks, this delay is usually
much shorter, ranging from seconds to minutes)e@osd criterion is that the delay is
filled with other activities, preventing consistaehearsal of the PM intention. In the
laboratory, this has led to the implementationrmbagoing taskin which the PM task
is embedded. Thus, participants engage in an oggoagnitive task (e.g., a lexical
decision task or an n-back task), while simultasgpomaintaining the intention to carry
out the PM task at the appropriate time or in respoto the appropriate cue. Thus,
execution of the PM intention can be triggered ligeg a time or an event cue, and
accordingly, these two forms of PM have been terrtiate-based’ and ‘event-based’
PM. Although in real-life PM situations mixed forregist (e.g., taking medication after
breakfast can be associated with a specified tioiet g8 am) and with a certain cue
(breakfast)), experimental research has separaedwo forms and examined time-
based PM (with and without external time-measurdnzas) and event-based PM
separately. The present study reports evidence fhoee event-based PM experiments
and will thus focus on empirical evidence for eveased PM.

Empirical research has shown that performancexperemental PM tasks can vary
with several characteristics or features of the &M the ongoing task. For example,
PM performance has been found to be enhanced wgghlyhdistinctive PM cues
(Einstein, McDaniel, Manzi, Cochran, & Baker, 2000n the other hand, performance
decrements on the ongoing task caused by the mamte of a PM intention (also
termed “costs” or “prospective interference eff¢dtave been found (Smith, Hunt,
McVay, & McConnell, 2007) and have been relateccharacteristics of the ongoing
task (focal vs. non-focal processing, Einsteinalet2005). Thus, variations in the PM
and the ongoing task (or both) can lead to PM amgbimg performance increases or
decreases.

These findings have been taken to suggest thak thee different possible
mechanisms supporting the retrieval of PM intergjomhich have subsequently been
integrated into one common theory. In the firsethparagraphs of this chapter, these
mechanisms will be shortly reviewed by summarizing empirical evidence. In the
following three paragraphs, three specific effestéeatures that have been investigated
in the context of these retrieval theories will hgefly described: importance effects,

motivational aspects, and individual differencedaie to the topic of the present study
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and will thus be pointed out in more detail.

2.1.1 Theories of Prospective Memory Retrieval

Two categories of theories have been developedexplain how prospective
intentions are retrieved. On the one hand, momigotiheories state that PM retrieval is
based on controlled monitoring or preparatory psees (Smith, 2003; Smith & Bayen,
2004; Smith, et al., 2007). On the other handag been shown that PM intentions can
also be retrieved spontaneously, without the implaation of controlled monitoring
processes (Einstein & McDaniel, 2005; Einstein,akt 2005; Scullin, Einstein, &
McDaniel, 2009). Both views have been integrated the “multiprocess theory” by
specifying features of the PM and ongoing task Wwitzian lead to the implementation of
one or the other process.

2.1.1.1 Monitoring

Adding a prospective intention to an ongoing téeskds to a decline in ongoing
performance, in particular to a slowing of respotises in the ongoing task. This has
often been termed the “prospective interferencecéffor “costs” (Guynn, 2003; Loft &
Yeo, 2007; Marsh & Hicks, 1998; Marsh, Hicks, & &p@005; Marsh, Hicks, Cook,
Hansen, & Pallos, 2003; Smith, 2003; Smith & Bay2@04). This slowing on the
ongoing task has been taken to indicate a contratgnitive search process used to
monitor for prospective targets, directing capaeiyay from the ongoing, towards the
PM task (Smith, 2003; Smith, et al., 2007).

Smith (2003; Smith & Bayen, 2004; Smith, et alQ02) has proposed the
“preparatory attentional and memory processes ¥WE®AM) as a framework for the
investigation of monitoring processes in PM paradigAccording to the PAM theory,
adding a prospective intention to an ongoing t&siays goes with a cost to the ongoing
task, because preparatory processes draw off iatt@ahtesources that would otherwise
be used for the ongoing task. Critically, task ifieence effects should thus be found on
ongoing trials, as preparatory processes take squrees during those trials rather than
during PM cue trials themselves. Consistent witk fgirediction, Smith (2003) found
that the addition of a PM task produced slowingtlo& ongoing task, indicating that

attentional resources are being directed away fittenongoing task. Moreover, Smith
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(2003) predicted that participants showing bettdf Performance should exhibit
greater ongoing task interference, because thgyorelmonitoring to a greater extent.
Indeed, participants who performed the PM taskratbmve the mean responded more
slowly to ongoing trials than participants whose p&tformance was below the mean.
These results were taken to suggest that partispaho performed well on the PM
task were directing capacity away from the ongotagk, in favor of better PM
performance.

Although not explicitly designed to address speapects of the PM interference
effect, neuroimaging studies examining PM have istastly found an increase in
response times when a PM intention was maintainethpared to ongoing/baseline
tasks (even in blocks in which no PM cues weregiresl) (Burgess, Quayle, & Frith,
2001; Burgess, et al., 2003; Simons, et al., 200@hese studies, this finding is usually
interpreted in a more general sense as the re$udt prospective intention being
maintained. In particular, it has been associate#d the checking for PM cues and/or
the switching of attention between the ongoing #&mel PM task. However, due to
methodological constraints, these studies haven @teployed PM designs with a high
frequency of PM cues (~20%) (Burgess, et al., 2(Bdrgess, et al.,, 2003), thus
changing the nature of the PM task (presumably tompsnonitoring processes) while

leaving PM performance unaffected (Ellis, Kvavilei$h& Milne, 1999).

2.1.1.2 Spontaneous Retrieval

Although it has been widely acknowledged that th&ieval of a prospective
intention can be associated with costs to the anpgtask, there have been reports of
non-significant or low costs (A. L. Cohen, Jaud&as;ollwitzer, 2008; Einstein, et al.,
2005; McNerney & West, 2007; Scullin, et al., 20@%ullin, McDaniel, & Einstein,
2010a). However, spontaneous retrieval procesgededined by the absence of costs to
the ongoing task (i.e., no significant slowing e§ponse times when a PM intention is
added), and thus cannot be measured in traditPiMaparadigms. Shifting participants'
PM retrieval strategies experimentally towards noonitoring would invariably lead to
a decline in PM performance, thus making it impolgsito compare the two retrieval
processes. Einstein et al. (2005) found a solutothis dilemma by demonstrating the
reverse, namely that spontaneous retrieval prosesse occur in the absence of a PM
instruction. Participants were told to suspend Ei intention during an ongoing
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lexical decision task, although prospective cueseevpeesented. Response times to PM
target items were significantly slower than thosen¢utral (but previously presented)
items and to retrospective memory target itemdgcaiohg the existence of spontaneous
retrieval processes under conditions in which the d&@mands were suspended. The
possibility that subjects had monitored was exdole showing that the response times
to neutral items in the prospective blocks were ditierent to those in an analogous
retrospective memory block (i.e., no costs).

Scullin et al. (2009) replicated these findingsd asould additionally show that
spontaneous retrieval processes can also be dmadivin a lexical decision task,
response times to PM target items were slower cogdp@® control items, but only in a
condition in which participants had to suspend R intention (i.e., when they were
told that they had to perform the PM task agaiarjalWhen participants were told that
the PM task was finished, response times to PMetagd control items did not differ.

2.1.1.3 The Multiprocess Theory

Due to the fact that both monitoring and spontasecetrieval processes can
evidently support prospective remembering, therse baen the need to define the
prerequisites for the implementation of one or dkiger process. To this end, Einstein
and McDaniel (2005; Einstein, et al., 2005; McDa#gieEinstein, 2000) have proposed
the “multiprocess theory”, which allows for the steince of both strategic monitoring
and spontaneous retrieval processes and estabtislhe®nditions under which one or
the other process is applied.

The multiprocess theory states that the use ofoaegs in a given situation can
depend on a variety of factors, such as the cheatits of the PM and the ongoing
task, as well as individual differences. Howeveagls$o states that there is a general bias
towards spontaneous retrieval processes, becaasmalating costs caused by multiple
PM intentions (as it is often the case in real-s#fd situations) would be detrimental to
the ongoing activities.

For instance, Cohen et al. (2008) reported thasigaificant costs to an ongoing
lexical decision task were found when participams to detect one or two PM target
items. However, significant costs emerged with éhoe more target items, signaling a
shift in the strategy according to the requiremefthe PM task.

According to the multiprocess theory, an importidtor concerning the ongoing
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task that could potentially bias retrieval mecharigowards spontaneous processing is
the degree to which the ongoing task fosters fpcatessing of the PM target event.
Focal processing entails that processes involvgaerformance of the ongoing task at
the same time encourage processing of any givemagea potential PM target item. For
example, Einstein et al.(2005) used an ongoinggoaye judgment task in which
participants had to decide if one word was a merob#ére category that the other word
designated. In the non-focal PM task, the PM targah was a previously specified
syllable, whereas in the focal PM task, the PMdaitem was a single word. With a
focal target, the proportion of correct PM respensas significantly higher and did not
lead to costs on the ongoing task, suggestingpbdbrmance relied on spontaneous
retrieval in the focal, but on monitoring in themfmcal condition.

Another important factor that can have an impattperformance on a PM task
relates to the characteristics of the PM cueseB8&br distinctive PM target events have
been shown to elicit high levels of PM performaroenpared to nondistinctive cues
(Einstein, et al., 2000). However, Smith et al.q20reported that salient PM target
events do not necessarily lead to automatic regriefl/the PM intention and found costs
in the ongoing task despite the use of salient &iget events.

Another parameter of the PM cue and thus a critazdor determining PM retrieval
processes is the quality of the association betwieerPM cue and the intention. PM
targets that are associated with the PM intentioa higher degree more likely lead to
spontaneous noticing. McDaniel, Guynn, Einsteirg Bnenneiser (2004) showed that
PM performance was better for highly associatech thoat not-associated PM target-
action pairs. Loft and Yeo (2007) extended thesdifigs by examining reaction times
(i.e., response costs) to items immediately prexpfiM cue trials that were PM hits or
misses. Under low-association conditions, the diffiee in reaction times on precue hit,
compared to precue miss trials was larger, refigcthe difference in the amount of
preparatory attentional processes on precue hmpeaoed to precue miss trials under
low- and high-association conditions. Moreover, whesponse costs on precue trials
were controlled for, response times for PM hits eveignificantly longer under low,
compared to high association, indicating a highegree of monitoring for PM cue

events.



2 Theoretical and Empirical Background 8

2.1.2 Importance Effectsin Prospective Memory

As the multiprocess theory states, the retrie¥dhe prospective intention and PM
performance can vary based on the manipulatioevdral features of the PM task. One
of the central features that has to be taken iotoant when investigating motivational
aspects of the PM task is the perceived importahtiee PM and the ongoing task.

Several studies have reported importance effatt®M (Andrzejewski, Moore,
Corvette, & Herrmann, 1991; Kvavilashvili, 1987;ft,dKearney, & Remington, 2008),
but Kliegel, Martin, McDaniel, and Einstein (200djere the first to systematically
explore the relationship between importance effetis requirements of the PM task,
and PM performance. In a time-based and an evesetsbBM experiment, they told
participants that either the PM task or the ongdaslx was more important. They found
an importance effect (i.e., better PM performamcthe high importance PM condition)
for the time-based, but not for the event-basedioprof the PM task. However, the
authors report that participants made more errorshe ongoing task in the high
importance condition in a demanding backgroundasiba, i.e., when attentional
resources were scarce.

In an effort to investigate the relationship begwehe characteristics of the PM task
and importance effects on PM, Kliegel, Martin, Mc®d, and Einstein (2004)
investigated PM performance under high and low Piddrtance instructions in two
event-based PM tasks, of which one relied on radbtiautomatic retrieval processes,
whereas the other relied more on controlled moimigomprocesses. They found an
importance effect on PM performance (i.e., a greatenber of prospective hits when
the importance on the PM task was high). In addjtfugh importance of the PM task
also affected performance on the ongoing taskltregun a higher number of errors
made in the ongoing task. However, this was ontdydhise when the PM task contained
non-salient cues and the ongoing task did not eageufocal processing of the PM
target stimulus. That is, importance effects werly dound when the processing of the
PM task required strategic monitoring.

The finding of importance effects in PM tasks cades that motivational features,
such as the perceived importance of the PM task,ptay a role in the processing of
PM cues and can thus have an effect on performamtee PM task and on the ongoing
task. Thus, these results provide an importanttinthe effects of more straightforward
measures of motivation such as (monetary) rewar®Mn which are the focus of the
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present work. The respective findings will be sumeea in the following paragraph.

2.1.3 Incentive Effectsin Prospective Memory

Very few studies have investigated incentive ¢ffan PM. Meacham and Singer
(1977) were the first to link motivation to prospee remembering. They used a
naturalistic task: subjects were asked to senccpoist to the experimenter on specified
dates. Incentive magnitude was manipulated betveedpects. Results revealed that
subjects who expected to potentially receive a réwar the completion of the task
performed better (i.e., mailed postcards less ddiresh fewer days late) than those who
did not expect to receive a reward.

Most often, studies investigating the effect ofentives on PM have focused on
children. Somerville, Wellman, and Cultice (198%ported an incentive effect in
toddlers in a naturalistic setting: 2-, 3-, ande&yold children were more likely to
remind their caregivers of activities that were high, compared to low interest to
themselves.

While Guajardo and Best (2000) did not find aneetff of incentive on PM
performance in 3- and 5-year-olds in either a raditic or in a computer-based PM
task, Kliegel, Brandenberger, and Aberle (2010¢ndly reported that PM performance
did not differ between 3- and 5-year-olds in a higtentive condition, but was reduced
for 3-, compared to 5-year-olds in the low-inceatoondition.

Incentive effects have also been reported in peigvith brain lesions: McCauley,
McDaniel, Pedroza, Chapman and Levin (2009) foundentive effects on PM
performance in children with traumatic brain injuBpth children with mild and severe
traumatic brain injury as well as children in thentrol group (orthopedic injuries)
showed better PM performance in an experimental;aommputerized PM task when
incentives were high (dollars), compared to wheeintives were low (pennies).

Important information as to the effects of motigatalso comes from a recent study
investigating the ‘age-prospective memory paradetijch describes an age-related
decline of PM performance in laboratory, comparedat age benefit in naturalistic
settings (Aberle, Rendell, Rose, McDaniel, & Kliege press). In this study, Aberle et
al. (in press) provided half of the participantsime young (mean age 24.58 years) and
one old age (mean age 62.46 years) group with rapnétcentives (in this case, the
prospect of winning a lottery) in a naturalistiskdi.e., sending a text message to the
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experimenter twice a day for five consecutive day$ey found that young adults in
the high motivation group overcame their age-rélateficit and performed as well as
the older adults. Moreover, highly motivated yowadylts performed better than their
normally-motivated counterparts, while no incentefect was found in the old age
group (as a side note, in an unpublished data Astrle et al. report that high
motivation also eliminates the older adults’ PMidéfn a laboratory setting).

Although monetary incentives have been given wes® neuroimaging studies of
PM (using laboratory, computer-based PM tasks) dBss, et al., 2001; Burgess, et al.,
2003), the effect of different levels of incentiiegs not been explored experimentally
so far.

2.1.4 Individual Differences and Prospective Memory

Searleman (1996) found that Type A personalities, (people who show high time
urgency and a high need to complete tasks) showedterbPM performance in
interpersonal PM tasks (e.g., remembering the @xeater to make a phone call) and
PM tasks that were of personal importance to thémese(e.g., returning a card to
receive credit for the experiment). However, perfance on a task that was neither
interpersonal nor of personal importance was nlated to differences in personality.
Cuttler and Graf (2007a) found that the persondlityensions of conscientiousness and
neuroticism predicted performance on two or onaunadistic PM tasks, respectively.
Moreover, it has been reported that PM failures aelf-report of PM failures are
associated with high checking compulsions (an sigic of obsessive-compulsive
disorder (OCD)), in sub-clinical compulsive checker laboratory PM tasks (Cuttler &
Graf, 2007b, 2008, 2009a, 2009b).

While the above-mentioned studies used natumletd/or interpersonal PM tasks,
Salthouse, Berish and Siedlecki (2004) administéoed different PM tasks, of which
three were computer-based. A composite score tigfteperformance across the four
tasks was then computed to define general PM prdoce. In addition, age, cognitive
variables such as executive functioning and eptsoaemory, as well as personality
dimensions were measured to explore the relatipnshith PM performance.
Specifically, the NEO Five Factor Personality Inteeg was used to assess differences
in the five personality dimensions and to relaenilto PM performance. The only trait
that was significantly related to PM performances\agreeableness, but other cognitive
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constructs (general intelligence, episodic mempeyceptual speed) did show similar
relations to the personality factors. The authbiststate that PM performance is not
uniquely related to non-cognitive (i.e., persomalifactors, but rather shares these
aspects with other cognitive constructs. Howevgrjnbegrating performance on four

PM tasks into one composite score, the authorsiaicccount for the fact that the four
tasks might have required different degrees of toong or spontaneous retrieval,

which could have resulted in different relationsghe personality dimensions.

In light of the multiprocess framework, McDanigldaEinstein (2000) proposed that
individuals scoring high on conscientiousness andpulsivity should exhibit generally
higher PM performance, but even more so when mongodemands are high.
However, they concur that individuals low on thasiemensions might more likely
adjust their strategy and thus employ monitorinty evhen necessary. In this case, not
PM performance per se, but costs to the ongoing tasuld reflect personality
differences.

On a related note, in a non-experimental desigeffedrhan and Ling (2001)
investigated the relationship between the persgndimension of extraversion and
prospective remembering. Extraversion was assesgsed) the Eysenck Personality
Questionnaire Revised (EPQR) and general PM pedioce was assessed using a self-
rating prospective memory questionnaire (ProspectMemory Scale (PMQ)).
Introverts were found to report more PM errors tlextraverts which the authors
interpret in terms of extraverts making more us#heir prospective memory system by
engaging in planning behavior to a greater extéfdwever, self-reports of PM
performance cannot be easily related to experirhétith data, and it thus cannot be
assumed that extraversion is related to PM perfoca@n experimental settings.

Taken together, very few studies have investig#tedelationship between PM and
individual differences in computer-based, labonatalasks. Studies employing
naturalistic task settings have related better Rkopmance with personality variables
such as conscientiousness and compulsivity. Howdhiese studies differed in the
degree to which strategic monitoring or spontangetrseval was required. Moreover,
the relation of PM with other personality dimensosuch as approach or avoidance
motivation has not been explored systematicallfaso
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2.1.5 Neural Correlates of Prospective Memory

Considering the large number of studies investigaPM on the behavioral level,
relatively few studies have investigated the nearathanisms supporting PM. In this
section, these studies will be reviewed. Additibndlinctional specialization within the
frontopolar cortex (BA10) in relation to PM will beriefly discussed (for a brief
description of the anatomical location and subdivis of BA 10, see Fig. 2.1).

While Burgess, Veitch, de Lacy Costello, and Stal(2000a) had already described
planning deficits in patients with neurological itess in the rostrolateral prefrontal
cortex in the context of multitasking, Okuda et @l998) explored the brain regions
associated with the maintenance and retrieval ospgective intentions in healthy
subjects. In their positron-emission tomographyTP&udy, they asked participants to
memorize ten target words before scanning begarticipants were then asked to
orally repeat ten sets of five words that were @né=sd to them auditorily. In the PM
task, these sets included some of the previouslynésl target words (two or three
targets within fifty stimuli), which participantadicated by tapping with their hand. The
blocks of the control task were identical, but didt include any target words.
Participants had to report the ten target stimuthhea end of both PM and control blocks.
The authors found activation in the left supericontal gyrus (BA 10) and more
posterior frontal areas (BA8/9), as well as in itferior frontal gyrus (BA 47) and the
left parahippocampal gyrus (BA 28) for the PM, camgal to the control blocks. While
they related the activation of the dorsolateral RIrRG of the parahippocampal gyrus to
processes of working memory and novelty detectiespectively, they assumed that the
activation of BA 10 and 47 are more directly retat® the process of holding an
intention mind. Burgess, Quayle, and Frith (200%¢di PET to distinguish between
regions involved in the maintenance and retrieval pmspective intentions. By
implementing a cognitive conjunction design invatyifour different PM tasks, they
intended to rule out any potential task-specifitivation and reveal only activations
reflecting the processes supporting PM. More ingrdly, the experimental design
comprised an “expectation” condition, in which papantswere asked to perform a
PM task, but no PM cues actually occurred. In @astfrin the “execution” condition,
PM cues did occur on ~20% of the trials. Burgesalethypothesized that in both
expectation and execution conditions, the prospedtitention should be maintained,
but only in the execution condition could partiegmactually carry out the PM task.
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Figure 2.1: a)Schematic

view of the lateral convexity
of the human brain with the
location of the frontopolar
cortex (BA10) marked in
red. b) View of the medial
surface of the human brain
with the location of BA 10

and its subdivisions overlaid
in red (10p, 10r, 10m).

Taken and modified from

Ramnani and Owen, 2004

Brodmann area 10 (BA 10) is also known as the @jpoliar cortex/frontal pole (note
that the term “frontal pole” also includes partsBX 9 in most species), the rostral
frontal cortex or the anterior prefrontal cortex.numans, BA 10 comprises a larger
proportion of the cortex than in other speciedsIsometimes subdivided in three
parts, with area 10p occupying the frontal poleaaned area 10r and 10m occupying
the ventromedial PFC. In this work, the terms fopaiar cortex and BA10 are used
synonymously for the region encompassing the tbubelivisions.

Compared to other areas of the prefrontal cortex,density of cell bodies is much
lower, while the number of dendritic spines pell aeld the spine density are much
higher in BA 10, indicating that the neural progegsn this area likely involves the
integration of inputs from other cortical regiotsdeed, BA 10 receives inputs from
more posterior, supramodal regions of the preftardeex to which it has reciprocal
connections (Onglir, Ferry, & Price, 2003; Ramnam@w&en, 2004).

Aside from its role in prospective memory, BA 10sHzeen functionally associated
with the processing of internal states and relafiamegration (Christoff & Gabriel,
2000; Christoff, et al., 2001), cognitive branchira;md sub-goal processing
(Koechlin, Basso, Pietrini, Panzer, & Grafman, 1,98®echlin & Hyafil, 2007),
making exploratory decisions and prediction erréBaw, O'Doherty, Dayan,
Seymour, & Dolan, 2006; Ramnani, Elliott, Athwal, Rassingham, 2004), and
evaluating self-generated decisions (Tsujimoto,dvenio, & Wise, 2010).
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Behaviorally, participants showed significant slogviof RTs in the two PM conditions
compared to baseline, but RTs in the expectatiod execution did not differ,
suggesting that the maintenance of a PM intentaused this interference effect in both
conditions. PET data revealed an increase in diivavhen participants expected to
see a PM cue (i.e., in the expectation and in Xieewion condition) relative to baseline
in the frontal pole bilaterally (BA10), as well @s the right lateral prefrontal and
inferior parietal cortex, and in the precuneus,leming the maintenance of a
prospective intention. In contrast, when intentiomsre executed, compared to only
maintained, only the right thalamus showed an smeein activation, while the right
dorsolateral prefrontal cortex showed a decrease.

In another PET study, Burgess, Scott, and Fri®032 reported a lateral-medial
dissociation for the role of rostral prefrontal teorin PM. In this study, deactivation of
the medial part of BA 10 was found when PM blocksrevcompared to blocks of
ongoing trials. However, region of interest anatysmsed on the location of the
activation found in the previous study (Burgess,akt 2001) revealed that lateral
regions of the rostral prefrontal cortex showedirarease in activation when a PM
intention was present. The authors interpretedetfieslings by proposing a functional
dissociation of BA 10: while medial areas suppatergion to external stimuli, which
has to be withdrawn in the PM conditions, more ridtareas are involved in the
switching of attention from internal (i.e., the ppective intention) to external (i.e., the
PM cues) cognitive representations. In the sama, v&imons, Schdlvinck, Gilbert,
Frith, and Burgess (2006) found both lateral ativaand medial deactivation when
they compared PM conditions that drew to a diffeextent on PM cue identification
and intention retrieval demands. Although both dos showed a highly similar
pattern, intention retrieval conditions showed arenpronounced lateral activation of
BA 10 and slightly more medial deactivation. Thehaus interpreted this pattern of
results in terms of the lateral-medial dissociatiwhen emphasis on the detection of the
PM cues is high, attention should be directed towaexternal events, but when
intention retrieval is demanding, the attentionu®should be on internally generated
information.

Gilbert, Frith, and Burgess (2005) showed thatrabgprefrontal cortex was indeed
differentially activated in response to stimulugeated (i.e., external) and stimulus-

independent (i.e., internal) thoughts. Their expental paradigm comprised phases of
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stimulus-oriented and stimulus-independent thoutirtsugh which participants cycled
several times. Sustained activation of the medisiral prefrontal cortex was found for
stimulus-oriented thought, while lateral parts wém@nsiently activated by switches
between the two types of thoughts, irrespectivinefdirection of the switch.

On the basis of these and other findings linketgral and medial parts of BA 10 to
different functions (Burgess, Dumontheil, & Gilbe&007a; Gilbert, et al., 2006b;
Simons, et al., 2006), a more general account ofiBAunction, the so-called “gateway
hypothesis”, has been proposed (Burgess, et d&7&@urgess, et al., 2008; Burgess,
Gilbert, & Dumontheil, 2007b). The gateway hypoteegccounts for the differential
activation of lateral and medial parts of the aoteprefrontal cortex by linking it to
stimulus-independent and stimulus-oriented proogssespectively. In PM, attention is
constantly switched between stimulus-oriented, xder@al processing, and stimulus-
independent, or internal processing to maintain ghespective intention. Thus, the
deactivation of medial BA 10 during PM blocks isnststent with the idea of the
suppression of stimulus-oriented thoughts. At tames time, the activation of lateral
parts of BA 10 could represent stimulus-independanoicessing as evoked by the
maintenance of the prospective intention. Moreokaeral parts of BA 10 also seem to
be involved in the switching between the two formhiprocessing. In terms of PM, this
would involve transient activity on PM cue trialecause the external stimulus has to

be compared with the internally stored PM targietsius.

2.2 The Reward System

Reward has a central function in an organism'ssieh ranging from the regulation
of vegetative states to goal-directed behavionak been implicated in reinforcement-
learning (Schultz, 1998), incentive motivation (Bége & Kringelbach, 2008), goal-
directed behavior and decision-making (Knutsonalet 2001a; Knutson & Cooper,
2005; Knutson, et al., 2001b) and has been showplalp a role in higher cognitive
processes such as working memory (Pochon, et @02)2 In the following two
paragraphs, the functional neuroanatomy of the méwsgstem will be briefly described
and findings from neuroimaging studies using rewpadadigms in humans will be

summarized.
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2.2.1 Functional Neuroanatomy of the Reward System

The notion of a general reward or motivationaltsysemerged from early studies in
animals showing that intracranial self-stimulati@i certain brain regions had
reinforcing effects on behavior (Olds & Milner, 95 In addition, single-cell
recordings in non-human primates targeting midbraiopamine neurons have
highlighted the role of the neurotransmitter dopaamin reward (Mirenowicz &
Schultz, 1994, 1996). Several brain regions hameesbeen shown to be involved in
reward processing. In particular, dopaminergic gebpns from the substantia nigra and
the ventral tegmental area in the midbrain to tihi@tam, the so-called limbic system
and prefrontal regions have been identified (Wig@04). Nominally, two reward
systems have been described: the nigrostriataémsysprojecting primarily from the
substantia nigra (SN) to the striatum (nucleus atugl and putamen) and the
mesocorticolimbic system, with dopaminergic cellsojgcting from the ventral
tegmental are (VTA) to the limbic system and to phefrontal cortex. The latter system
has often been subclassified into the mesolimbstesy, including projections to the
nucleus accumbens (NAcc), amygdala, septum, amqmbbgmpus, and the mesocortical
system, including projections to the prefrontal amagular cortices. However, it has
been argued that these systems cannot be separatenically or functionally (Wise,
2009). For example, the substantia nigra, the dithe nigrostriatal system, has been
found to project to the amygdala, a region traddity assigned to the limbic system.
Moreover, both SN and VTA have been shown to bpamesive to prediction error
signals, with increased firing rates to unprediatedtards and decreased firing to the
absence of an expected reward (Mirenowicz & Schul@94; Schultz, 1998, 2010).
Recent evidence from animal studies has also iglt the lateral habenula in the
inhibition of dopaminergic neurons in the SN fomagward, suggesting that regions
outside the traditionally defined reward systenogitay a role in reward processing
(Matsumoto & Hikosaka, 2007).

2.2.2 Activation of the Reward System in Humans

In humans, the expectation of primary rewards saghHood or liquids has been
shown to activate the midbrain and ventral stria{i@eaver, et al., 2006; D'Ardenne,
McClure, Nystrom, & Cohen, 2008; O'Doherty, Buchan&eymour, & Dolan, 2006;
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O'Doherty, Deichmann, Critchley, & Dolan, 2002; deigy. 2.2 for the anatomical
location of the human midbrain and striatum). Hogrevfor the most part, studies
examining reward processing in humans have usecetagnrewards and losses that
can be manipulated in size and probability in tagksh as the monetary incentive delay
(MID) task, revearsal learning, and instrumentabich or guessing tasks (Kim,
Shimojo, & O'Doherty, 2006; Knutson, et al., 200Kautson, et al., 2001b; Robinson,
Frank, Sahakian, & Cools, 2010). For example, Zagh¢t al. (2009) recorded activity
from substantia nigra neurons with microelectrogeswo patients with Parkinson's
disease who performed a probabilistic learning.td$ley found that unexpected gains
elicited higher firing rates in SN neurons compatedunexpected losses, while no
differences were observed when both rewards arsg@$osere expected.

Consistently, D’Ardenne et al. (2008) found th@lE (blood oxygenation level-
dependent) responses in the human VTA reflectedtiywseward prediction errors
associated with monetary reward. Moreover, bothbmaith areas and the ventral
striatum, including the nucleus accumbens (NAcayehbeen found to show increased
activation for the anticipation of monetary rewaml$MRI studies using variants of the
MID task (Adcock, Thangavel, Whitfield-Gabrieli, Kitson, & Gabrieli, 2006; Camara,
Rodriguez-Fornells, & Minte, 2009a; Knutson, et 2001a; McKell Carter, Macinnes,
Huettel, & Adcock, 2009; Simon, et al., 2010; Tdfox, Trepel, & Poldrack, 2007).

However, it is still unclear whether activation rieward-related regions primarily
reflects the affective valence of the reward, @léeace or magnitude of the reward, or a
combination of both.

While some studies have reported activation inwéetral striatum to increase in
response to monetary gains and decrease in respons®netary losses (Delgado,
Nystrom, Fissell, Noll, & Fiez, 2000; Tom, et &007) or to code only the reward-
related prediction error (Yacubian, et al., 20@@hers have found increasing activation
for both monetary gains and losses, suggesting @haitipatory activation in these
regions largely reflects the motivational relevantean outcome (Cooper & Knutson,
2008; McKell Carter, et al., 2009; Robinson, et2010; Seymour, Daw, Dayan, Singer,
& Dolan, 2007). In order to tease apart valenced aalience-specific accounts of
nucleus accumbens function, Cooper and Knutson3(2€ed participants to anticipate
certain or uncertain monetary gains and lossesy Thend that, when the outcome was

certain (i.e., independent of the response giverihiyparticipants), NAcc activation
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increased for anticipated gains and decreasednfitzizated losses, thus encoding the

valence of the anticipated outcome.
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Figure 2.2 (a) Schematic drawing of a coronal plane of then&n brain. The striatum
(caudate nucleus and putamen) is shown in yelldwe Aucleus accumbens (pink) is in the
ventral part of the striatum. (b) Schematic drawdh@n axial plane of the human brain with
the anatomical location of the midbrain, includitige substantia nigra (arrows) and the
approximate location of the ventral tegmental aiezed in black.

Taken and modified from Mai, Paxinos, and Voss {@08s in www.thehumanbrain.info.

However, when the outcome was uncertain (i.e., m@pd on participants’ response
times), NAcc showed increased activation for batkicgpated gains and losses, thus

encoding the salience of the outcome. Thus, theersa account references the
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contingency of the response, rather than the affestalue of the reward cue. In this
context, it is important to take into account thfa anticipation of a reward and the
opportunity to avoid losses are both directed aaiong a positive outcome and thus
might rely on partly overlapping neural motivatibreystems, especially in tasks in
which the outcome is action-contingent, as oppdsetsky gambles that can only be
accepted or rejected. Indeed, it has been reptregdelief from pain is associated with
neural activity in the midbrain and in the amygdaéflecting reward-learning signals
(Seymour, et al., 2005). Moreover, Kim et al. (20@6uld show that avoiding an
aversive monetary outcome recruited the medial @GR@gion previously implicated in
the evaluation of monetary reward, suggesting that successful avoidance of a
negative outcome is associated with positive affecvalence and thus potentially

represents an intrinsic reward signal.

2.2.3 Individual Differencesin Reward Sensitivity

One influential model that accounts for individudifferences in responses to
incentive stimuli is the Reinforcement Sensitivitheory (Corr, 2004; Gray, 1970,
1981, 1990; Gray & McNaughton, 2000). Originallyistneuropsychological theory of
personality was proposed by Gray as an alternativieysenck’s psychophysiological
theory of introversion-extraversion (Eysenck, 196fay, 1970). Gray suggested that
Eysenck’s personality factors of extraversion aadraticism be replaced by the factors
of reward sensitivity, reflecting impulsivity, andunishment sensitivity, reflecting
anxiety (Corr, 2004). Thus, two behavioral systemsstitute the core of this biological
theory of personality: the behavioral activatiorsteyn (BAS), a motivational system
responding to reward and non-punishment, and thaweral inhibition system (BIS)
(but see Gray and McNaughton’s (2000) revised thdor a description of a third
system responsible to reactions to all aversivegij the fight-flight-freeze system
(FFFS)). Neurobiologically, the BAS has been asded with mesolimbic and
mesocortical projections from the VTA to the vehstmiatum and the prefrontal cortex
(cf. section 2.2.1), while the BIS consists of gepto-hippocampal system and the
amygdala (Smillie, 2008).

Carver and White (1994) have developed scalesdlfireport measures of the BIS
and BAS, including one measure for the BIS, andehmeasures for the BAS: reward

responsiveness, fun seeking, and drive (cf. se&itbr8 for a precise description of the
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BIS/BAS scales).

Several neuroimaging studies have since linkedvithaial differences as measured
by these scales to reward-related brain activatieor. example, activation of the
midbrain and the ventral striatum as measured MRl has been shown to be related
to individual differences in approach motivationrékis, Schott, & Duzel, 2009a;
McKell Carter, et al., 2009; Simon, et al., 2010).

While Beaver et al. (2006) reported that BAS Dramres predicted participants'
activation in the midbrain and ventral striatum poimary (food) rewards, studies using
monetary rewards have consistently reported cdivel between activation in
midbrain or ventral striatal regions and individuhifferences in BAS scores or its
subscales. In particular, Simon et al. (2010) foawtlvity in the ventral striatum to
correlate positively with BAS scores, and negatiweith BIS scores. Krebs, Schott,
and Duzel (2009a) found that, in a long-term mempayadigm, activation in the
SN/VTA region correlated significantly with rewardependence as assessed with
Cloninger's Temperament and Character Inventorydaard-predicting cues. McKell
Carter et al. (2009) found that the difference étivation in the VTA and in the NAcc
for monetary gains vs. losses was predicted bydividual reward sensitivity covariate
(a combined score from the BAS and the TemporaleBgpce of Pleasure Scale
(TEPS)). In a recognition memory study, Han, Hugefaposo, Adcock and Dobbins
(2010) found that ventral striatal activation fawarded hits vs. correct rejections
correlated with BAS reward responsiveness.

Thus, although there is evidence that individuabhsures of reward sensitivity can
predict activation in midbrain and striatal regionghe MID and retrospective memory

tasks, no such relationship has yet been repooted and reward responsiveness.

2.3 Aims of the Sudy

The overall aim of the present work was to defimerole of motivational processes
in prospective memory. The study intended to tigetber cognitive aspects of
prospective memory that have been investigated dhawioral and neuroimaging
experiments, on the one hand, and well-known figslinn terms of reward
representations as demonstrated in reward antigipparadigms, on the other hand.

Based on previous findings, the focus of the preseudy centered on three main
questions: first, is PM performance modulated by tbvel of reward expectation
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associated with PM cues? As mentioned above (ssct0l.l and 2.1.3), incentive
effects on PM performance in naturalistic tasksehbgen reported. The present study
sought to investigate these effects in computeedbasxperimental tasks using
differently sized monetary incentives (experimen2,land 3).

Second, do the neural processes supporting PMctethe level of reward
expectation associated with the prospective imbes® Previous studies have used
monetary incentives in PM paradigms (section 2,16) the present study is the first to
examine the effects of monetary incentives on theral mechanisms of PM (using
monetary reward in experiment 2 and monetary reveard loss in experiment 3).

Third, do individual differences in personalityrigdbles play a role in the putative
reward modulations of PM? Previous findings havggssted an effect of individual
differences on PM and reward processing (sectiohgl 2nd 2.2.3.). Thus, the present
study sought to assess possible interactions betwekvidual differences in reward
processing, personality and the behavioral andaheorrelates of PM (experiment 1, 2,
and 3).

3 Experiment 1

In this experiment, we set out to investigate divard has a general effect on
behavioral performance on PM tasks, as suggestecobrgsponding findings in the
retrospective memory literature (Wittmann, et @D05) and in earlier studies using
naturalistic PM tasks. Moreover, we explored ifivndual differences could account for
individual reward modulation of PM performance.

To this end, we combined a traditional PM paradigith different levels of reward
expectations. Reward expectation was induced ycegsrg PM performance with the
receipt of a high or low reward, thus establisHiM-reward contingencies.

The aim of the experiment was two-fold: on the baaed, the study was designed to
investigate differences in PM performance or ongaosts when different levels of
reward were anticipated. On the other hand, thegmtestudy also sought to explore
individual differences in personality, which haveeb linked to PM performance
(Cuttler & Graf, 2007a). In particular, we weredrdsted in potential relations between
differences in PM performance due to reward andviddal approach/avoidance

motivation.
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3.1 Methods

3.1.1 Participants

Fifty healthy right-handed volunteers recruitednfr the general student population
of the University of Heidelberg participated in teeidy. Data from two participants
were excluded because they did not follow the utstons. Data from forty-eight
participants (24 female, mean age 24 years, ralge 2 years) are reported here.
Participants were paid according to their perforceam the experiment (max. 12
Euros). The experiment lasted approximately one.hou

3.1.2 Experimental Paradigm

As an ongoing task, participants performed a Zbaesion of the n-back task (Fig.
3.1). The n-back task has been used as an ongaskdrt a number of previous studies
(Hashimoto, Umeda, & Kojima, 2010; Jager & Klieg2Q08; Kliegel & Jager, 2006;
Kliegel, et al., 2005; Reynolds, West, & Braver020West, Bowry, & Krompinger,
2006; West, Krompinger, & Bowry, 2005). By usingtB-back version of this task,
which is of intermediate difficulty, we intended tensure participants’ cognitive
involvement in the ongoing task, but only to théeexx that a PM load could be added.

Each letter stimulus was presented for 500 msaaxifollowed by a blank screen of
1500 ms, amounting to 2000 ms of total trial tirs&muli were presented in white
uppercase letters at the center of the screen sigaiblack background, along with a
colored frame signaling the reward magnitude assediwith a correct response to the
PM cues. Stimuli were presented in blocks of 1G0gr

In parallel to the work of Burgess et al. (200@02), we included a PM expectation
condition, in which participants were told that yhmight encounter PM cues, but no
PM cues were presented in this condition.

Overall, there were four blocks of each of thdolwing conditions: PM execution-
high (containing high rewarded PM cues), PM executow (containing low rewarded
PM cues), PM expectation (expectation of PM cua;df the blocks were cued with a
high, the other half with a low reward instructi@nd ongoing/baseline (no expectation
of PM cues), in random sequence.

PM cues varied between blocks and were specifigdeabeginning of each block

along with the reward information in this blocke(i. 2 points (5 cents) for low and 10
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points (25 cents) for high reward) in the centerttd colored frame for 3 s (in the
ongoing condition, a zero indicated that there werd°M cue trials to be expected and
participants thus could not score any points irse¢hglocks). The instruction screen was
followed by the presentation of a fixation cross &3, before the first trial began. A
response criterion of at least 60% correct resgomséhe ongoing task was introduced
to prevent participants from ignoring the ongoiagkt

In order to familiarize participants with the taskach participant completed three
practice blocks consisting of 20 trials. Two of $koblocks were ongoing/baseline

blocks, one included 3 high reward PM trials.

N

75 Instruction

F 2-back target
F 2-back non-target

82%
3/4

Feedback 1 Feedback 2

Figure 3.1:Prospective memory paradigm. Trials were one @ehypes: 2-back target trials,

2-back non-target trials, or prospective memory YRMes. Participants received either a high
or low reward (and could avoid losses, exp. 3)dmrectly responding to the PM cues, given
that a response criterion for the ongoing task mat No PM cues occurred in the expectation
conditions (exp. 1 and 2). For a detailed desaiptdf the experimental procedures in

experiment 1, 2, and 3, please refer to the metleotions (3.1.2, 4.1.2, and 5.1.2, respectively).
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At the end of each block, participants received@part feedback: first, the percentage
of correct responses on the ongoing trials waseptes. Next, the number of detected
PM cues was presented along with the total numbBMbcues presented in this block,
together with the block score and the total cunwgagcore at this point in time.

Altogether, there were 40 PM cue trials in both ¢éixecution-high and the execution-
low condition. The number of PM cues in each block varied betw@eand 14.In
addition, each execution condition included 360adng trials(120 2-back targets and
240 2-back non-targets), resulting in a PM/ongding ratio of approximately 11%
The expectation and the ongoing/baseline conditcmmsprised 120 2-back target and
280 2-back non-target trials.

3.1.3 Questionnaires

We used the BIS/BAS scales to assess individdi@rences in the sensitivity of the
behavioral approach (BAS) and behavioral inhibit{@iS) system (Carver & White,
1994; German version by Strobel, Beauducel, DebeadBrocke, 2001). The BAS
scale consists of 3 subscales: BAS Drive, BAS Feekihg, and BAS Reward
Responsiveness. BAS Drive focuses primarily onetkecution of an action in order to
attain a rewarding goal. BAS Fun Seeking contailesnents of impulsivity and
excitement-seeking. BAS Reward Responsiveness me=asbe extent to which an
individual is affected and motivated by the prosmé@ positive outcome.

Carver and White (1994) report reasonable alphabikties for the BIS/BAS scales
(BIS .74, BAS reward responsiveness .73, BAS Diiee BAS Fun Seeking .66).

Individual differences in personality traits wargsessed using the German version of
the NEO Personality Inventory (NEO-PI-R; Costa &®#ae, 1992; German version by
Ostendorf & Angleitner, 2004). The NEO-PI-R consisf 240 items measuring the
Five Factor Model: Neuroticism, Extraversion, Caestiousness, Agreeableness and
Openness to experience. Six subscales (facetgdich of the five factors allow for
specific aspects of each of the factors to be miedsThe internal consistency of the
NEO is high (Cronbachs between .86 and .92).

For accuracy and reaction times, difference scéoeshigh — low reward were
computed for all conditions and trial types (etbe difference between accuracy for
high and low rewarded non-targets in the executimmdition). Correlations with NEO
and BIS/BAS scores were computed using a standatisteal software package
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(PASW 18.0).

3.1.4 Analysis of Behavioral Data

Response times were measured from the onset ddtithellus to the onset of the
participant's response. Trials with incorrect orssmg responses were excluded.
Reaction times and percentages of correct respovesesaggregated by participant and
condition. For both response times and percentageat responses on ongoing trials,
we conducted repeated-measures analyses of vanaititethe factors condition (5
levels) and trial-type (2 levels), treating eaclpexxmental condition as a level of the
factor ‘condition’. We then performed post-hoc cangmns (using the Bonferroni
correction as implemented in the PASW software pgek between the different
conditions. For PM cue trials, we conducted pair¢ests to compare accuracy and

reaction times to high and low reward PM cues.

3.2 Results

3.2.1 Group Results

Participants performed the ongoing task at a gkl of accuracy (Table 3.1). An
interaction between the factors condition and ttygle indicated that accuracy levels
differed between non-targets and targets [F(4, £88)15, p = 0.016]. For non-targets,
accuracy did not differ between the levels of thedition factor [all ps = 1; Bonferroni
corrected for multiple comparisons]. For targetssuaacy was lower for execution-
high, compared to ongoing target trials [t(47) 28 p = 0.002].

For response times, we found an interaction betvwseadition and trial type [F(4,
188) = 2.6; p < 0.04]. Analyses separating the tumad types revealed that participants
responded faster to both non-target and targds tmathe ongoing/baseline condition
compared to all other levels of the factor conditb(4, 188) = 25.75 and 31.1 for non-
targets and targets, respectively; p < 0.001 fothbtrial types], i.e., between
ongoing/baseline and ongoing trials from the coadg in which a PM expectation was
maintained [all ps < 0.001]. However, target trimighe execution-low condition were
more slowly responded to than target trials in élxpectation-low condition [t(47) =
2.99; p = 0.004].
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Table 3.1:Mean reaction times (ms) and accuracy (% corr@etphgoing trials (non-targets

and targets) in all conditions and for PM cueshie éxecution conditions. Standard error of the

mean is given in parentheses.

Non-targets

Targets

PM cues

Execution

high RT (SE)

Acc (SE)

low

Expectation

high

low

Ongoing/baseline

635.56(21.46)
96.58(0.3)

632.9219.93)
96.84(0.28)

623.73(21.46)
96.61(0.28)

625.3722.85)
96.3(0.35)

622.0621.89)
96.91(0.33)

547.690.22)
96.46(0.33)

627.0(19.68)
77.77(1.48)

625.21(19.33)
78.19(1.6)

604.98(18.58)
78.78(1.51)

609.58(19.31)
78.62(1.7)

599.42(19.05)
78.92(1.55)

547.0(17.99)
81.31(1.46)

648.63(13.97)
81.41(1.71)

659.83(13.54)
79.23(2.06)

Accuracy on PM cue trials was slightly higher whgarticipants expected a high,

compared to a low reward, but this difference was significant [p = 0.153]. Even

though the accuracy difference between high and teward PM cues was not

significant, reward effects on accuracy ranged frdm5% to 32,5% across subjects,

and variability was substantial: SD = 10,4%, sugjggsthat individual differences in

reward processing, rather than the absolute sizbeofeward, might have influenced
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PM performance.
Analysis of the response times to PM cues reve#iatl participants were also
slightly faster to respond to high reward, compacetbw reward PM cues, but again,

this difference was not significant [p = 0.146].

3.2.2 PM performance and individual differences

In a first step, we aimed at replicating previdiumlings of positive correlations
between general PM performance and the persordiitgnsions of the Big Five (as
measured by the NEO-PI-R). We found a correlatietwben a composite score of PM
performance (collapsed across high and low reward) the personality factor of
conscientiousness [r = .30, p = 0.039], as has bmmorted in previous studies (Cuttler
& Graf, 2007a). However, there were no correlatibesween PM performance and
other personality variables (whereas positive d¢atiens between PM performance and
agreeableness as well as neuroticism have beemntgépareviously (Cuttler & Graf,
2007a; Salthouse, et al., 2004)). Moreover, neitesponse times for PM cues nor
response costs (i.e., slowing on ongoing trialgeveerrelated with personality factors.

As mentioned above, reward magnitude did not kead performance modulation
per se, but reward-related performance differenecaged substantially between
individuals. Moreover, regions including the soledl reward system have been
identified as the biological basis for approach awbidance processes. Individual
differences in the functioning of these systemsehéeen found to manifest as
personality (Gray, 1970). Therefore, in a secorep,stive aimed at investigating if
individual differences in PM performance eliciteg the magnitude of reward were
related to differences in personality variables. Weused our analyses on reward-
related differences in PM accuracy and responsestiie., high — low reward).

3.2.2.1 Accuracy and personality

We found a negative correlation for the persopdtictor of neuroticism and the
difference in accuracy for high and low rewardedyéa trials in the expectation
condition [r = -.42; p = 0.003]. Thus, the lowertm@pants scored on the neuroticism
scale, the smaller was the difference between ¢haracy in the high and low reward
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condition (Table 3.2). That is, for emotionally @& individuals, high expected reward
tended to enhance ongoing performance, even whé&Whoues were present. This was
not the case for less stable (i.e., more neurotdiyiduals, whose ongoing performance
dropped when they expected high, compared to lovanmd PM cues.

A reward-related difference in accuracy on PMldrizvealed a positive correlation
with the factor openness to experience [r = .29,(p046], which means that the more
open participants were, the better they scoredigin, ltompared to low rewarded PM

cue trials.

Table 3.2:Correlations between reward-related PM accuradgrdifices and the personality
dimensions measured by the NEO and differences pproach/avoidance motivation as

measured by BIS/BAS (difference scores for PM @resrom the execution conditions only).

% correct (high-low) NEO BIS/BAS

Execution

non-targets - -

targets - -
Openness
PM cues (r=.289, p = 0.046) -
Expectation
Conscientiousness BAS Drive
non-targets
(r=-.327, p = 0.023) (r=-.311, p=0.031)
targets Neuroticism -

(r=-.42; p =0.003)

The difference in accuracy on non-target trialsthe expectation condition was

negatively correlated with the factor conscientiss [r = -.33; p = 0.023], indicating
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that less conscientious individuals made fewerrsron non-target trials in the low,
compared to the high reward condition. The lattdfeitnce score also correlated
negatively with the BAS Drive subscale [r = -.31;90.031]. This means that
individuals with a lower appetitive drive motivatigperformed equally or better in the

low, compared to the high reward expectation cooralit

3.2.2.2 Reaction times and per sonality

All reaction time difference scores correlated ifpoly with the BAS reward

responsiveness scale (Table 3.3).

Table 3.3: Correlations between reward-related PM response tdifferences and the
personality dimensions measured by the NEO andrdifices in approach/avoidance motivation

as measured by BIS/BAS scales (rr = reward respemnsss; d = drive, fs = fun seeking).

RT (high-low) NEO BIS/BAS

Execution
non-targets - BAS rr (r = .40, p = 0.005)
targets - BAS rr (r =.295, p = 0.042)
PM cues - BAS rr (r =.322, p = 0.026)

Expectation

BAS total (r = .395, p = 0.006)

non-targets - BAS rr (r = .34, p = 0.018)

BAS total (r =.468, p = 0.001)
BAS rr (r =.366, p = 0.01)
BAS d (r =.33, p =0.022)
BAS fs (r = .31, p = 0.032)

targets -




3 Experiment 1 30

In addition, the difference score for reaction tarte non-targets and targets in the
expectation condition correlated positively withethotal BAS score. That is,

participants with a high responsiveness to rewasganded more slowly to high reward
PM cues. Moreover, high reward responsive indivisl@dso demonstrated an increase
in response time costs on ongoing (non-target anget) trials under high reward

expectation. Thus, for those individuals, high reWwanduced greater costs to the
ongoing task, presumably as a result of increasauitoring processes triggered by the

prospect of high reward PM cues.

3.3. Discussion

The goal of the present experiment was two-fold:tlee one hand, we wanted to
investigate reward-related performance differenced?M. On the other hand, we
examined the influence of personality, includingasuees based on biological models
of reward and punishment, on potential reward-eel&M performance differences.

While reward-related modulations of behavioralf@enance (in most cases, as in
faster response times for rewarded trials), hawn beported in the context of studies
investigating goal-directed behavior (Knutson, let 2001b; Simon, et al., 2010) and
retrospective memory (Adcock, et al., 2006), thkess been no report of reward-
induced changes in behavior in the PM literatuteusl our primary goal was to shed
light on the question if reward effects can be thumPM performance.

Overall, our data revealed significant responstscon the ongoing trials when a PM
intention was present, which were evident in tloevelg of response times in all PM
conditions, compared to the ongoing/baseline cawitThe amount of anticipated
reward did not have an influence on the magnitudthese costs. Greater costs were
observed, however, on low reward execution ongbiafs, compared to the low reward
expectation ongoing trials (2-back targets), prdpals a result of the disruption in the
2-back rhythm whenever PM cues appeared in theuéraccondition.

Although accuracy and response times on the PM theesselves did not show
reward-related effects, a somewhat indirect eftdcthe reward magnitude associated
with the PM cues was apparent in the performancéngeon ongoing (2-back target)
trials, in the high reward, compared to the ongtiageline condition. A cautious

interpretation would be that participants investedhigh amount of effort into the
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detection of the PM cues when a high reward wastalte, leading accuracy on the
ongoing task to decline. This decline in ongoinguaacy was not accompanied by a
significant increase in PM cue detection accuraey, the number of detected PM cues
did not increase with high reward. However, papicits were restrained by the ongoing
task accuracy criterion which was employed to aviidt the ongoing task was

completely ignored. Had this criterion been lowernon-existent, participants might

have shifted their attention even more towards PV cues associated with high
reward. However, the same would have been trudoferreward PM cues such that
potential differences would have been ruled outr fdure studies, it would be

interesting to manipulate the incentives/constsaiior the PM and the ongoing task
separately (much like in studies investigating imgace effects), e.g., high reward PM,
ongoing criterion: 60% vs. high reward PM, ongoicrgerion: 40%, to investigate

potential accuracy effects on both tasks.

The second part of the goal of the present exmtimvas to elucidate potential
effects of individual differences in personality aeward modulations of PM
performance. This investigation was motivated byli@a findings reporting that
measures of personality could predict PM perforreafCuttler & Graf, 2007a).
Moreover, biologically based models of personalibk the behavioral responses to
reward and punishment stimuli to the expressiopep§onality traits (Corr, 2004; Gray,
1970). Evidence from neuroimaging studies lend etpj these theories by reporting
correlations between functional activation of theward system and individual
differences in personality traits (Beaver, et 2006; M. X. Cohen, Young, Baek,
Kessler, & Ranganath, 2005; Simon, et al., 2010).

Here, we found a positive correlation between ggnBM performance (i.e., the
percentage of correctly detected PM cues indepéndemeward information) and
conscientiousness, replicating earlier findings hwitaturalistic PM tasks in our
computer-based PM paradigm, supporting the idetantlose conscientious individuals
are inclined to perform well on tasks involving pténg (Cuttler & Graf, 2007a).

Reward difference scores in terms of accuracy resgonse times do not provide
such a straightforward interpretation, as rewargces should pan out in opposing
directions in the ongoing and in the PM task (etmgh reward should lead to an
increase in accuracy for the PM cues, but to greaists on the ongoing task). We

found that reward difference scores describing @@yu in the ongoing task (in



3 Experiment 1 32

particular, for non-targets and targets in the etgi®n condition) showed negative
correlations with the personality factors of conssiness and neuroticism. That is,
highly conscientious individuals performed equalleell on high and low reward
ongoing trials (or even better in the low rewarchditions), seemingly able to ignore
the distraction caused by the reward informatiothef PM cues or investing the same
amount of effort, irrespective of incentive motioat

Interestingly, we also found a negative correlati@tween neuroticism and reward-
related difference scores, complementing previmdirfigs of correlations between PM
performance and conscientiousness as well as masnot(Cuttler & Graf, 2007a). In
the same vein as conscientiousness, the persomalityof neuroticism seems to be
associated with the ability to ignore distractimformation about the reward value of
the PM cues and ensure that performance leveleenrigoing task are not affected by
motivational incentives.

Interestingly, we also observed a positive coti@abetween PM difference scores
(i.e., accuracy on high — accuracy on low reward &s) and openness, meaning that
more open individuals tended to score better oncabltrials when a high reward was
involved, whereas the reverse was true for lesa opividuals.

A more consistent pattern was observed for respdinge differences: participants
with a high approach motivation, in particular wittgh reward responsiveness, tended
to take longer to respond to both PM and ongoirjstin the high reward context.
Thus, under high reward, they seemed to take nnoee (vithin the time window given
by the trial definition) to decide about the trithtus of an item, probably to avoid
missing the high reward PM cues.

In summary, our findings fit well with previoususties reporting a link between PM
performance and personality traits such as coneiegmess or neuroticism which are
related to high planning and structuring abilit{€uttler & Graf, 2007a). Our findings
are in line with McDaniel and Einstein’s (2000) ghiction in light of the multiprocess
framework that these differences would emerge wihenPM task required strategic
monitoring processes, which was the case in ttpexent.

In addition, we show that, on the group level,r¢hevas a tendency to sacrifice
accuracy on the ongoing task in a high reward ctnbeit no reward-related differences
were found in response costs (i.e., response tionesgoing trials). However, response

time differences for high and low rewarded trialsrg/found to covary with individual
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reward responsiveness, indicating that, in high arew responsive individuals,
information about the reward magnitude of an upcgM event is incorporated in
the response pattern of an otherwise purely cagnitisk.

Taken together, these findings are in line witlevipus reports of correlations
between personality measures based on the FiverFastentory (NEO), and PM
performance. At the same time, we extend previondirfgs by relating them to
biologically based aspects of personality as in sues brought forth by the
reinforcement sensitivity theory, explaining thgpession of personality by individual
responses to reward and punishment. As theseegmlfted biologically based traits
have also been associated with an increase inifumattactivation in neuroimaging
experiments, it seems likely that they might alty @ role in the neural processing of

possible reward modulations of PM.

4 Experiment 2

Experiment 2 was designed to investigate the &ffed reward on the neural
mechanisms supporting PM. On the one hand, this mativated by the fact that
behavioral and correlational findings from expeminé& suggested a potential reward
modulation of PM, as did findings from earlier beiogal studies (Aberle, et al., in
press; Meacham & Singer, 1977; Somerville, etl&183).

On the other hand, the involvement of reward-eelabrain regions such as the
midbrain and the ventral striatum has been repoitethe context of goal-directed
behavior and retrospective memory (Adcock, et 2006; Knutson, et al., 2001a;
Knutson, et al., 2001b). Although previous neurajmng studies of PM have used
monetary incentives to emphasize the importanch®fPM task, the involvement of
these regions has not been explored systematsaligr.

We used fMRI to investigate if the level of rewadticipation associated with a
prospective intention would differentially affecMPrelated neural activity, suggesting
an interaction between the cognitive processes atindi PM and motivational
processes associated with the anticipation of mwa&n addition, we used an
independent localizer experiment to identify braegions associated with reward
anticipation per se. We then used these regionsegi®ns-of-interest for the PM

experiment which involved rewarded PM cues.
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Specifically, the following three questions wesamined: First, we were interested
in whether or not the maintenance of the prospecintention as reflected in the
activation of BA 10 would be affected by the leeélnticipated reward associated with
the PM cue.

Second, we examined if neural reward effects onviRive modulated by individual
differences in reward-related personality traitsaswged by the BIS/BAS scores (Gray,
1970, 1990) reflecting individual sensitivity toararding stimuli.

Third, we also explored if the functional couplingetween reward related
dopaminergic systems and the frontopolar corteindlPM, was modulated by reward

magnitude.
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General Methods. Functional Magnetic Resonance | maging

Functional magnetic resonance imaging (fMRI) is an-mvasive technique that
allows the mapping of variations in blood flow iifferent brain areas to cognitive
tasks and functions. The basic principle of fMRI tlee measurement of the
hemodynamic changes that accompany task-relata@lrectivity. In the following
section, the underlying physiological changes &edteasurement methods of fMRI
will be shortly summarized.

Increased metabolism in the populations of neutbasare active during a specific
cognitive task leads to a decrease in oxygen, wisidompensated by a dilation of
blood vessels and increased blood flow in theseifsp@reas. Usually, the amount
of oxygen provided by this compensation mechanisoeeds the need for oxygen in
the respective brain region. Blood has differengnadic properties depending on the
amount of oxygen: while oxygenated hemoglobin ianthgnetic, deoxygenated
hemoglobin is paramagnetic. This change in theoraif oxygenated and
deoxygenated hemoglobin leads to inhomogenitighenmagnetic field that can be
measured with fMRI by using T2*-weighted imagestthee susceptible to field
inhomogenities. This effect is called the blood-gen-level-dependent (BOLD)
effect and was first described in rodents (Ogaves, [Kay, & Tank, 1990; Onguir, et
al., 2003). It was subsequently applied to funa@lastudies in humans (Bandettini,
Wong, Hinks, Tikofsky, & Hyde, 1992; Kwong, et d@l992; Ogawa, et al., 1992).
The BOLD response consists of a short onset (rfodé an initial decrease, the
“Initial dip” has also been reported (Vanzetta &irwald, 1999)), a rise to peak,
followed by a return to baseline, with a total dima of 4-12 seconds. Due to the
sluggishness of the hemodynamic response, earlgtitumal MRI studies used
experimental block designs in which events of aatertype or condition were
repeatedly presented over an extended period af &nd compared to a control
condition, allowing for a strong signal to developer the course of the block. In
contrast, in event-related designs, the hemodynassponse function (HRF) is
determined for individual trials, allowing for tle@mparison of trials within blocks
as well as the possibility to exclude error trigsiston, et al., 1998). In both kinds of
design, two conditions can then be contrasted utiegsubtraction logic, leaving
only the part of the signal which reflects neuretivaty going back to the effect of
the one component in which the two conditions diffe

For a detailed introduction and overview of the fMRethod, see Huettel, Song and
McCarthy (2004).
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4.1 Methods

4.1.1 Participants

Sixteen healthy right-handed volunteers partigiganh the study (8 female, mean age
23.8 years, range 21 - 29 years). All had normatasrected-to-normal vision and no
history of psychiatric or neurological diseasesfodimed consent was obtained

according to a protocol approved by the local stcmmmittee.

4.1.2 Experimental Paradigm

Prospective Memory Experiment

As in Experiment 1, participants performed a 2kbaersion of the n-back task as
ongoing task (cf. Fig. 3.1).

Stimuli were presented in blocks of forty triatsdaconsisted of 20 consonants of the
alphabet, presented in white uppercase lettetseatdnter of the screen against a black
background. A colored (i.e., gray, light greendark green) rectangle framing the letter
stimuli informed the participants of the magnituafethe potential reward associated
with correct responses to the PM cues (i.e., @, tor high reward). For half of the
participants, high reward was associated with @& dreen, for the other half, with the
light green color. This frame remained on the sttéeoughout each entire block. Each
letter stimulus was presented for 500 ms and fatbwy a blank screen for 500 ms,
amounting to 1000 ms of trial time. Participantgevimstructed to indicate during this
time whether the letter they were seeing matchedstimulus presented two letters
before (2-back target) or not (2-back non-targetf @ was identical to the prospective
memory cue (PM) by pressing one of three keys amsponse box. Each trial was
followed by a variable inter-trial interval of 1, 8r 5 s (occurring with a frequency of
~60, ~30, and ~10%, respectively, for each trigk)y During this time, a small white
square serving as fixation point was displayedhatdenter of the colored frame. PM
cues varied between blocks and were specified extbéginning of each block, by
displaying the letter that served as the PM cue thar following block and the
associated reward (i.e., 15 points for low, 75 fofior high reward; 1 point = 1 cent,
max. 36 Euro) in the center of the colored frame4fcs. This instruction screen was
followed by the presentation of the white squanednother 4s, before the first trial

began.
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Overall, there were five blocks of each of theldaing five conditions: PM
execution-high (containing high rewarded PM cuB8), execution-low (containing low
rewarded PM cues), PM expectation-high (expectatiohigh rewarded PM cues, but
they do not occur), PM expectation-low (expectabbiow rewarded PM cues, but they
do not occur), and ongoing/baseline (no PM expectatno reward), presented in
random sequence. In the ongoing/baseline condiparticipants were instructed by the
word “2-back” along with a zero indicating that yheould not score any points during
the following block. Both execution and expectatioonditions were cued with a
prospective stimulus and the respective rewardrimédion, but only in the two
execution conditions did the PM stimuli actuallycoc To prevent participants from
ignoring the ongoing task in those conditions, ipgrants were informed that they had
to achieve at least 60% correct responses in tigeing task in order to obtain the
money they earned for correctly responding to tMed®muli. In order to familiarize
participants with the task, each participant congaled practice blocks outside, and 3
practice blocks inside of the scanner, during ttussition of the anatomical scans.

As in experiment 1, participants received a twapsteedback at the end of each
block, indicating their performance in the PM antyoing task as well as the total
cumulative score (cf. Fig. 3.1). We collected fiums for each participant, including
five blocks of each of the five conditions with #fetent block sequence for each
participant. Each run lasted approximately 10 naaut

Altogether, there were 40 PM cue trials in thecei®n-high and 40 PM cue trials in
the execution-low condition. The number of PM cuegach block varied between 4
and 12. In addition, each execution condition ideldl 160 ongoing trials (40 2-back
targets and 120 2-back non-targets), resulting RiVidongoing trial ratio of 25%. The
expectation and the ongoing/baseline conditionsprm®ad 150 2-back non-target and
50 2-back target trials to assure that the targattarget ratio was the same in all
conditions (~33%). The number of 2-back targetgrger block varied between 6 and
10 in the execution and between 8 and 12 in theea®fion and ongoing-baseline

conditions.

Monetary Incentive Delay (MID) Localizer Task

In a separate scanning session, participantsgadkn a slightly modified version of
the monetary incentive delay (MID) task (Knutsonale, 2001a; Knutson, et al., 2001b)
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that served as a localizer task to independentmtity regions associated with the
anticipation of reward, such as the ventral stmafucleus accumbens) and brainstem
dopaminergic nuclei (ventral tegmental area (VTAstantia nigra). During each of 60
trials, participants were shown one of two cue ska250 ms) signaling a potentially
high rewarding outcome (20 cents; 30 trials) or monetary outcome (30 trials),
followed by a delay interval in which they fixateth a crosshair. The duration of this
delay interval varied between 2000 and 2500 ms {$ony et al., 2001a; Knutson, et al.,
2001b). Participants then responded to a solidenthitget square with either the middle
or right forefinger (the correct response was iathd by the cue). Feedback (1500 ms)
informed participants whether or not they responfdstienough to receive the expected
reward. Information about the magnitude of the cipdited reward was additionally
present one second prior to the onset of the cageshand throughout the trial, signaled
by a dark (high reward) or light gray (no rewande surrounding the stimuli.

An individual response time criterion was set twe basis of each participant's
response times to ensure that participants woutdeadl on ~80% of the trials. Each
participant completed 14 of these individually ad@a trials as practice (based on 14
criterion trials) outside of the scanner. Inside #tanner, a new criterion based on 40
trials completed during the acquisition of the ana@tal scans was set before the
experiment began.

In the localizer experiment, participants madedewerrors when they anticipated a
high reward (7,7% + 5,3%, mean + SD) compared toreward (19% * 14,6%),
[F(1,15) = 8.61; p = .01] and responded more qyigkien they expected a high (228 +
19 ms), compared to no monetary reward (232 + 19/R€),15) = 5.8; p = .029]. Brain
activations (see below for methods) showed that hegvard anticipation activated foci
in the reward system, notably in one midbrain @usand in the basal ganglia, including
the right caudate nucleus (head and body) along thié putamen bilaterally (Table
4.1). These clusters were used for ROI analysesk{sow). Additionally, in line with
earlier reports (Knutson, Taylor, Kaufman, PetersoiGlover, 2005), activation in the

anterior cingulate cortex and in premotor areas ¢#as observed.
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Table 4.1:MNI coordinates and anatomical location of the paafivations for the regions of

interest in the midbrain and basal ganglia as detexd from the reward anticipation localizer

task.

Peak voxel (in mm)
Brain region Hemi. X y z t-value clu.ster

size

Midbrain
Midbrain R 10 -20 -6 5.85 815
Basal Ganglia
Caudate nucleus (head) R 16 16 -10 6.03 587
Putamen L -26 0 14 5.09 454
Putamen R 18 14 -8 6.30 747

4.1.3 Questionnaires

Individual differences in the sensitivity of theeHavioral approach (BAS) and
behavioral inhibition (BIS) systems (Gray, 1970,9QP were assessed using the
BIS/BAS scales (Carver & White, 1994; German verdiy Strobel, et al., 2001). For
correlation analyses, parameter estimates wereaa&tt from the activated brain
regions and correlated with the BIS/BAS scores vatlstandard statistical package
(PASW 18.0).

4.1.4 Analysis of Behavioral Data

Reaction times were measured from the onset ofstineulus to the onset of the
participant's reaction. Trials with incorrect orssing responses were excluded from the
analysis of reaction times (and from fMRI analysiRgaction times and percentages of
correct responses were aggregated by participaht@mdition. For both reaction times
and percentage correct responses, we conducteatedpmeasures analyses of variance
with the factors condition (5 levels) and trial-¢yf2 levels), treating each experimental

condition as a level of the factor '‘condition’. Yien performed post-hoc comparisons
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(using the Bonferroni correction as implementedthie PASW software package)
between the different conditions. In the MID loeali task, reaction times were
measured from the onset of the target stimulusl whé onset of the participant's
response. Trials with incorrect or missing respensgere excluded from the analysis of
reaction times (and fMRI analysis). We conductec@eated-measures ANOVA with
the factor reward (2 levels: high, no) for the petage of correct responses and

reaction times.

4.1.5fMRI DataAcquisition and Analysis

Hemodynamic responses were measured using a Siemmen3T Scanner with a
standard circularly polarized head coil. Foam omskiwere used to minimize head
movement. 32 oblique axial slices (3 nthickness, 1mm gap) were acquired using a
T2*-weighted BOLD-sensitive gradient echo, echanplaimaging (EPI) sequence (TR
= 2000 ms, TE = 30 ms, FOV = 192 mm, flip angle02,8n-plane resolution = 3 x 3
mm). The first 4 images of each run were discarded ltwalor stable magnetization.
For coregistration, a T1 anatomical scan with tlane slice prescription as the
functional images was acquired. A high-resolutietructural T1-weighted MP-Rage
scan was acquired after the functional scans.

All analyses were carried out with the Statisti€@drametric Mapping software
package (SPM5, Wellcome Department of Cognitive rlegy, London). First, each
participant's functional data set was slice-time #&men motion-corrected. Data were
spatially normalized into standard MNI atlas sp@d®&l 152), which involved also a
resampling to voxel size 2 x 2 x 2 mBPata were spatially smoothed with an 8 mm full-
width-half-maximum (FWHW) Gaussian kernel. In trese of the event-related model,
a high-pass filter of 1/128 Hz was used to removefrequency noise, and an AR(1) +
white noise model corrected for temporal autocatieh. For the block analysis, we
used a high-pass filter of 1/192 Hz and did notexdrfor temporal autocorrelations.

Random effects statistical analysis was undertak@e, once using a block design
to estimate sustained effects due to reward aatiop and the maintenance of the PM
intention, and once using an event-related desigseparately investigate the effects
associated with the detection of the PM cues anld thie processing of ongoing non-
target and target trials. In the case of the bldckealysis, blocks lasted from the onset
of the first trial until the end of the last triaf the block. Blocks of all conditions were
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modeled by convolving a boxcar function that hagpacific onset and duration with a
canonical hemodynamic response function. Instractand feedback trials were
modeled as regressors of no interest for each Fon.the event-related analysis,
separate regressors were introduced for the thfiseedht trial types (ongoing: 2-back
non-targets; ongoing: 2-back targets; PM cue Priaiseach condition. Additionally,

separate regressors coded for missed PM cue #&malsfor incorrect ongoing trials.
Again, instruction and feedback trials were modeledwo additional regressors.

For the analysis of the MID localizer task, we raled the anticipation phase as the
delay interval from the onset of the reward framethe duration of the fixation cross in
that particular trial, implementing one regressar ¢orrect responses yielding a high
monetary reward, and one regressor for correctoresgs with no monetary outcome.
We included one regressor each for errors and ngissesponses, as well as two
regressors coding for feedback: one for correcpaeses and one for incorrect
responses.

For both the MID and PM task, subject-specifiéneates for the contrasts of interest
were obtained using linear contrasts across sessidmese estimates were entered into
the second stage of analysis treating subjectarasom effects, using a one-sample t-
test across subjects. Statistical parametric mdpsh@ contrasts of interest were
constructed.

For ROI analyses explicitly testing the involvernehreward related brain regions,
we used the midbrain and basal ganglia clustertifag in the MID localizer task. As
the above described statistical thresholding proeedesulted in large subcortical
clusters in the localizer task that extended beytms midbrain, we derived our
functional ROIs by combining an anatomical maskh& midbrain as defined by the
Talairach Daemon Labels Masks (WFU pickatlas; Lateza Summerln, Rainey,
Freitas, & Fox, 1997; Lancaster, et al., 2000; Mald Laurienti, Kraft, & Burdette,
2003) with the clusters from the MID localizer tasking a logical ‘AND’ operation. In
the same vein, separate anatomical masks of tleat@aaucleus as well as the putamen
as defined by the Automated Anatomical Labeling [AAnasks (Tzourio-Mazoyer, et
al., 2002) were combined with the respective chgst®m the MID localizer task.

Additionally, we used the activation clusters fdun the frontopolar cortex (cf. Fig.
2, Table 4.4) in the PM vs. ongoing contrast astionally defined regions of interest

to assess reward modulation of this region by cemg@ahigh and low rewarded PM
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cues. Functional activation was restricted by acstiral mask of BA 10 (taken from the
same set as the midbrain mask) which was dilat&ddimensional space by a factor of
1 voxel in order to ensure complete masking oftispolar gyri.

To protect against false positive activations, weed a double-threshold approach
that involves combining a voxel-based thresholdhwaitminimum cluster size (Forman,
et al., 1995). This nonarbitrary cluster size watednined on the basis of Monte Carlo
simulation (1000 iterations) determined with AFNKdphaSim tool (Ward, 2000;
http://afni.nimh.nih.gov/afni)For all four ROIs, we determined the minimal clusize
for an individual voxel height threshold of T > 2.% < 0.005, uncorrected) to ensure
an overall image-wise false positive rate of 5Phis resulted in the following cluster
size thresholds: midbrain: 15, caudate: 16, putarh@nfrontpolar cortex: 18.

An additional Monte Carlo simulation (1000 itecats) was conducted to determine
cluster size thresholds for whole brain analysdss Vielded a cluster size of 145
voxels. Activations exceeding this threshold arensidered to be activated at an
experiment-wise threshold of p < .05, correctednfioiitiple comparisons.

Subsequent psychophysiological interaction analyB®I; Friston, et al., 1997) were
conducted to determine if functional connectivitibetween brain regions were
modulated by reward magnitude. We used the reétitteoROI analysis in the midbrain
for the block high vs. low reward contrast as adsesgion (cf. Results). For the PPI
analysis, a novel GLM was set up that encompagsed tegressors, i.e., the time series
(averaged across all active voxels) from the segbn as a physiological predictor, the
block high vs. low reward contrast as psychologpradictor, as well as the interaction
of these two variables which served as the psygmsiplogical interaction term. The
second-level random effects analysis of the psyleysiplogical interaction term was
thresholded at p < 0.005, k = 145.

4.2 Reaults

4.2.1 Behavioral Results

Participants’ ongoing accuracy exceeded 60% atiraks. Thus, all five blocks in
each condition were included in the behavioral (fi&l) analyses reported here.
Participants performed the ongoing 2-back task laigh level of accuracy, i.e., @4

(Table 4.2). A main effect of condition indicatdtht ongoing task performance differed
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between the experimental conditions (i.e., high caken, low execution, high
expectation, low expectation, and ongoing-baselif€l, 60) = 7.05, p < 0.001].
Accuracy was lower on trials containing 2-back ¢éasghan on non-target trials [F(1,15)
= 35.9; p < 0.001]. In addition, we found an int#i@n between condition and ongoing
trial type [F(4,60) = 6.6; p < 0.001], indicatingat the presence of a PM intention
affected performance for the two types of ongonmgg, i.e., 2-back targets and 2-back
non-targets, in a different manner. Accuracy fobaZk non-targets did not differ
between conditions [all ps > 0.28], which was mpsibably due to a ceiling effect
caused by non-targets being the most frequent tiyp@ and thus maybe the default
response. Accuracy on target trials was lower snttho PM execution conditions as
compared to the ongoing condition [ps < 0.02]. Aacy on target trials in the two PM
expectation conditions did not differ significantisom either the two PM execution
conditions or the ongoing condition [all ps > 0.0Beward magnitude (i.e., high vs.
low) did not affect performance on the ongoing ¢atgals.

Accuracy on PM trials was above chance for botkelkof reward anticipation (note
that this was the case for all but one subject détected PM cues only in about 32.5%
of trials in which they occurred), but slightly bet for high (mean [m] = 82.9%)
compared to low (m = 79.8%) reward. However, agquhirtest comparing accuracy for
high and low rewarded PM trials did not yield angiigant result [t(15) = 1.17; p =
0.261].

Reaction times for the ongoing trials differed lwrespect to the factors condition
[F(4,60) = 19.72; p < 0.001] and ongoing trial typ€1,15) = 7.45; p = 0.015)], but no
interaction of the two factors [F(4,60) = 0.95; @423] was observed. Thus, we used
pairwise comparisons for the levels of the conditiactor collapsed across targets and
non-targets. We found a prospective interferentecefor all PM conditions: reaction
times to the ongoing trials were longer for all dibions in which PM cues could
potentially occur (i.e., both execution and expiataconditions), compared to the
ongoing/baseline condition [all ps < 0.003]. Howeweither for non-targets nor for
targets was this interference effect modulatedhgyrhagnitude of PM-cue associated
reward [all ps > 0.15].

There was no significant difference in reactionds between PM execution and PM
expectation conditions [all ps > 0.9]. A paireces$tt comparing reaction times for high

and low rewarded PM cues was marginally significaatticipants responded faster to
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PM cues that were associated with a high (m = 58% compared to a low expected
reward (m = 600 ms), [t(15) = -2.11; p = 0.053;T&ble 4.2].

In sum, both accuracy and response times of tlgging task reflected increased

processing demands in the PM conditions, but teas no modulation of ongoing

processing by the magnitude of the expected rewargward magnitude effect was,

however, observable on the response times to theulgl

Table 4.2:Mean reaction times (ms) and accuracy (% corr@etphgoing trials (non-targets

and targets) in all conditions and for PM cueshie éxecution conditions. Standard error of the

mean is given in parentheses.

Non-targets

Targets

PM cues

Execution
high RT (SE)
Acc (SE)
low
Expectation
high
low

Ongoing/baseline

571.88(18.86)
94.98(.79)

573.E17.69)
95.2(.76)

577.69(20.2)
94.26(.64)

569.880.01)

95.09(.51)

524.5(13.49)
96.41(.47)

607.5(22.89)
70.94(4.38)

611.56(23.73)
71.41(3.63)

602.63(26.9)
77.36(4.17)

596.38(26.21)

76.74(3.73)

552.87(20.63)
82.18(2.59)

584.94(18.91)
82.97(4.09)

599.63(15.12)
79.84(3.84)
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4.2.2 fMRI Results

In a first step aiming at replicating previousdiimys, we examined whether or not
the PM network reported in earlier studies woulddsponsive to the occurrence of PM
cues, irrespective of the level of reward antiggrat To this end, we conducted an
event-related analysis, contrasting activation R trials (collapsed across both
execution conditions, i.e., high and low rewardjhwmon-target and target trials from
the same conditions. We found left lateral BA 1Givation extending from the
frontopolar cortex dorsally into the superior fraingyrus, and slightly less extended
activation in the right superior frontal gyrus, fBM trials relative to ongoing trials.
Additionally, we found activation in the medial pon of the right superior frontal

gyrus, extending into the anterior cingulate co(@& 32) (Fig. 4.1, Table 4.3).

Table 4.3:MNI coordinates and anatomical location of the peativations for the contrast

between PM cue trials (high + low reward) and ongdiials (high + low reward).

Peak voxel (in
mm)
Brain region Hemi. X y z tvalue cluster

Size

Frontal
Superior Frontal Gyrus, Frontal
Pole (BA 10/11)

-44 48  -12 8.37 637

Parietal

Precuneus (BA7) L -2 72 44 6.99 14512
Postcentral Gyrus (BA1) L 52 20 22 5.07 171
Inferior Parietal Lobe (BA 40) R 46 -66 48 6.87 822
Temporal

Middle Temporal Gyrus (BA 21) R 68 -48 -2 7.46 835
Middle Temporal Gyrus (BA 21) L -62 -46 -12 6.31 38
Fusiform Gyrus (BA37) L -52  -60 -18 4.77 260
Other

Cerebellum L -48 72 -30 4.35 436

Cerebellum R 24 42 -44 5.66 204
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Figure 4.1:Group functional activation maps, overlaid on therage of the normalized
structural images of the study participants. Adtora in lateral BA 10 in the contrast of
prospective memory versus ongoing (2-back non-tamge target) trials, irrespective of reward
magnitude (i.e., collapsed across high and low rdvdmages are thresholded at p < .005, k >
145.

We did not find activation of BA 10 on the wholealm level when we compared
non-target and target trials from the expectati@mdgtions with those from the
ongoing/baseline condition. We thus constrained following analyses on the two
execution conditions, in which PM cues actuallyuoed.

As our primary interest lies in the effects of thagnitude of anticipated reward on
PM, we next conducted a block analysis, contrastimg execution-high and the
execution-low conditions, which differed only inethmount of reward that participants
received when they correctly responded to the PbscWhile this analysis produced
no clear effects at the whole-brain level, we obs@érreward modulation of brain
activations during PM execution when testing midbrand basal ganglia regions of
interest (ROI) derived from the localizer task (8&ethods). This analysis revealed that
voxels in the left midbrain (x = -6; y = -16; z £25 T = 4.93;k = 29), most probably
incorporating dopaminergic brainstem nuclei, ad aglin the right putamen (x = 30; y
=6; z = -4;T = 2.81;k = 22) were more active for high reward as compaocebbw
reward PM execution (Fig. 4.2 a), b), ¢)). Interegy, we also observed that fMRI
activation in this midbrain region for high rewalM cues was correlated positively
across participants with the self-reported positffect towards reward, as reflected in
the BAS reward responsiveness subscale [r = .50,00049], (Fig. 4.2 d)). No such
correlation was observed between activation inréggon for low reward PM cues and
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BAS reward responsiveness scores [p > 0.91]. Namwnodulation was found in the
frontopolar cortex.

(1]
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E e
0,61 4,0

0,44
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parameter estimates
parameter estimates
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°
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midbrain putamen BAS reward responsiveness
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Figure 4.2:Activation in the midbrain (a) and in the right aoten (b) for the effect of reward
magnitude across blocks in the ROIs determined filoenreward anticipation localizer task.
Group functional activation maps are overlaid oa #hapes of the ROIs depicted in red.
Parameter estimates for activation at the peaklsdrehe midbrain (left) and putamen (right)
are shown in (c). Error bars denote the standatserMidbrain activation for high reward PM

cue trials correlated with scores on the BAS rewasponsiveness scale (d).

While this initial analysis indeed suggests a matioh of PM by reward, it does not
allow us to more specifically isolate possible effeof reward expectation on the
retrieval of the prospective intention (during PMiectrials). We therefore next
investigated, in the PM execution conditions, wketar not the level of prospective
reward differentially modulated the processing bf €ues.

We directly contrasted activity in the midbrairisgum and frontopolar ROls for
PM cue trials. We did not observe an effect of nrelwa the midbrain ROI for PM cue
trials. There was no significant effect of rewar@agnitude on BOLD signals in the

striatum and frontopolar ROIs. Rather, we obseraetvation for both high and low
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rewarded PM cues compared to the respective ongoatg (Table 4.4).

Table 4.4:MNI coordinates and anatomical location of the peativations for the contrast
between high and low PM cue trials and the respectngoing trials in the regions of interest in

the frontopolar, midbrain and basal ganglia ROls.

Peak voxel (in mm)

Brain region Hemi. X y z t-value cIu_ster
Size

High reward

Frontal

Frontopolar Cortex (BA 10) L -38 50 20 6.04 83

Frontopolar Cortex (BA 10) L -30 52 -2 4.7 57

Superior Frontal Gyrus (BA10 R 48 42 22 3.98 54

/ 46,

Medial Frontal Gyrus (BA 10) R 8 58 0 3.49 46

Midbrain

Midbrain R 2 -14 -10 4.46 53
Low reward

Frontal

Medial Frontal Gyrus R 6 40 -12 3.84 46

Middle Frontal Gyrus (BA 10) R 44 50 16 5.01 166

Basal ganglia

Putamen R 20 16 -8 4.06 45

We had hypothesized that frontopolar cortex mighkt ibvolved in integrating
reward-related information with the cognitive prsses underlying PM. However,
given that the results reported thus far providedwvidence that the frontopolar cortex

codes directly for the magnitude of reward assediawvith the PM cues, we used
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functional connectivity analyses to explore whetbemot the information about the
reward magnitude encoded by the midbrain wouldefflected in the coupling between
reward-related midbrain regions and frontopolarteoar To explore the functional
connectivity pattern of the midbrain, we appliedpsychophysiological interaction
analysis (PPI; Friston, et al., 1997) to the bldegh vs. low reward contrast. The
physiological predictor was the time series frore #eed region, i.e., the midbrain
activation cluster that responded stronger to kigim to low reward on the block level.
It was modulated by the contrast between high ama Feward blocks (i.e.,
psychological predictor)The individual difference between accuracy on hagll low
reward trials was entered as a covariate on thensdevel of the ppi analysis.

Analysis of the psychophysiological interactionme which reflects the reward
related change in functional coupling with the nmadb seed region, revealed a positive
effect in the left frontopolar cortex, extendingarthe left inferior frontal gyrus (x = 52,
y =36, z = 6T =5.38;k = 316) (Fig. 4.3).

Figure 4.3:Psychophysiological interactions of the midbraintfee high vs. low reward block
contrast. Midbrain regions showed an increasedlomupith anterior prefrontal cortex for high
reward. Images are thresholded at p < 0.005, k5> 14

4.3 Discussion

In this study, we investigated the effects of relhanticipation on the maintenance of
prospective intentions. As mentioned before, sotudiass have used monetary reward
to emphasize the importance of the prospectiveniitie (Burgess, et al., 2001; Burgess,

et al., 2003). However, the effect of reward apation has not yet been investigated
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systematically in the context of PM. Here, we vadribe magnitude of the reward that
participants received for correct responses to gactsve cues implemented in an
ongoing 2-back task. Thus, prospective intentioeseveither associated with a high or
low reward anticipation.

We replicated previous studies by showing prospedahterference at the behavioral
level, and by showing that PM is associated with dlstivation of frontopolar BA 10
bilaterally. Moreover, we observed a modulatiorreafard-related brain regions by the
magnitude of reward expectancies during PM, witthhieward expectancies giving
rise to activation in midbrain and striatum. Theesgth of the midbrain activity during
PM was dependent on trait-level reward sensitividinally, a psychophysiological
interaction analysis demonstrated that functiorainectivity between midbrain and
frontopolar cortex was modulated by reward magmritadd reward-related effects on

behavior.

4.3.1 The Role of the Frontopolar Cortex in Prospective Memory

Replicating earlier studies (Burgess, et al., 2@HKkuda, et al., 2003; Okuda, et al.,
1998; Simons, et al., 2006), we found an increaghe BOLD signal in the frontopolar
region of the prefrontal cortex for prospective nogyn More specifically, we observed
this activation to be specific for PM cues, in gant to ongoing trials. Thus, the present
results suggest that sustained frontopolar actimaeported in earlier studies might to a
large part be due to activity in response to theugence of prospective memory cues.
While the present results do not argue againstl@ @b frontopolar cortex for the
maintenance of the PM intention as such, our resulggest that the detection of PM
cues gives rise to additional processing that edcseastained activation elicited by the
maintenance of the prospective intention.

Studies using event-related potentials (ERPs) l@seciated the detection of PM
cues with the N300, a phasic negativity at 300 ftes atimulus onset that is greatest in
amplitude over the parietal-occipital region of teealp (West, et al., 2006; West,
Wymbs, Jakubek, & Herndon, 2003). Moreover, PM teds have been associated
with a frontal positive slow wave differentiatindviPhit trials from PM miss trials. In
these studies, ‘realized intention formation trial&e., specific trials preceding the PM
cues that indicate the intention to be performedithat were later followed by a correct
response to the respective PM cue trial - have lagsnociated with a greater negative
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frontal slow wave than unrealized intention forroatitrials (West & Ross-Munroe,

2002). The positive frontal slow wave has been estgyl to reflect the activity of a

neural system supporting disengagement from ongactyity, whereas the negative

frontal slow wave has been taken to reflect prazessipporting intention encoding that
facilitates the detection of the PM cue when itlager encountered (West & Ross-
Munroe, 2002). Although these electrophysiologreaults cannot be directly compared
to our data, they suggest that mechanisms supgdt@processing of PM cues can be
reflected in transient activation over frontopolarain regions, which provides a

possible link to the PM trial specific frontopolactivation observed in the present
study.

The activation in anterior prefrontal cortex fduim our study can be placed in a
broader framework based on more general functiéramtrior prefrontal cortex. This
area has been found to be active in a variety ofptex cognitive tasks involving long-
term memory retrieval (McDermott, Jones, Peterdeageman, & Roediger, 2000;
Rugg, Henson, & Robb, 2003; Velanova, et al., 2083pgoal processing and cognitive
branching (Braver & Bongiolatti, 2002; Koechlin, &t, 1999), relational integration
(Christoff, et al., 2001; Raposo, Vicens, Clithepbbins, & Huettel, 2010),
mentalizing (Kelley, et al., 2002), and the evalmabf internally generated information
(Christoff & Gabrieli, 2000; Christoff, Ream, Geddek Gabrieli, 2003). A common
theoretical framework has been proposed that descanterior prefrontal cortex to be
involved when the results of two or more cognitoggerations have to be integrated to
achieve a more general behavioral goal (Ramnanivéer® 2004). Furthermore, the
“gateway theory” accounts for differential activatiof lateral and medial parts of the
anterior prefrontal cortex by linking it to stimshindependent and stimulus-oriented
processing, respectively (Burgess, et al., 2007agé&ss, et al., 2008; Burgess, et al.,
2007b; Simons, et al., 2006). Gilbert, Frith, angrd®ss (2005) compared phases of
stimulus-oriented thought with phases relying omnglus-independent thought and
reported transient activation of lateral rostrakfpyntal cortex associated with the
switching between the two forms of trials. The fimglof lateral BA 10 activation for
PM cues in the present study can be interpretethansame vein: on PM cue trials,
participants had to switch from the processing h&f bngoing task to retrieving the
prospective intention from memory. Thus, it is pbkesthat activation on PM cue trials

reflects the neural mechanisms associated withdowating the switch between the
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mostly externally-determined ongoing task and thernally guided retrieval of the
prospective intention.

Consistent with this interpretation, we did natdfievidence for the activation of BA
10 during PM expectation blocks, in which no PM<aetually occurred. Although PM
cue trials were randomly distributed throughout éxecution blocks, we cannot fully
rule out the possibility that the lack of lateralstral PFC activation was caused by
participants becoming aware that a certain blockriafs would not contain PM cue
trials. However, this account is unlikely giventtpaospective interference effects were
obtained behaviorally in the two expectation candd#, which indicates according to
the generally accepted line of reasoning that aif®htion was maintained in these
experimental blocks. Yet, it is possible that, astipipants prepared to, but did not
actually have to switch between the PM and the imggtask, monitoring processes

declined over time, especially given the lengtthef blocks (~2 min).

4.3.2 Reward Modulation of Prospective Memory

Concerning the hypothesized modulation of PM bwarel expectations, we
observed an increase in midbrain activation andvaein in the putamen for PM
associated with high, as compared to low reward.difenot observe a modulation of
BA 10 activation by reward magnitude. However, warfd a reward-related coupling
between midbrain and anterior prefrontal cortex,reffected in the observation of
increased functional connectivity for high as comegdato low reward. These results
indicate that PM is not a purely cognitive phenoorenbut that motivational
components of behavior can also be part of the iem.

The behavioral data showed an effect of rewardmhade on the processing of PM
cue trials, rather than on the ongoing task: padrts responded faster to high reward
compared to low reward PM cues. We did not obsarmeodulation of the prospective
interference effect or the accuracy on ongoindstriy anticipated reward magnitude.
However, concerning ongoing accuracy data, it neéedse stated that the prospective
interference effect is usually observed in reactiones while leaving performance
accuracy of the ongoing task relatively unaffectgahstein, et al., 2005; Loft, et al.,
2008; Marsh, et al., 2003). Moreover, accuracy bhdee trials did not differ in terms
of reward magnitude, suggesting that participargsewnotivated to a similar extent by
high and low rewards, presumably eliciting compbrainterference effects in the
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ongoing task. Thus, it cannot be fully resolvedhé& accuracy pattern found in the
present data represents an insensitivity to rewagnitude in particular, or if accuracy
on the ongoing task is generally unaffected by R characteristics.

Supporting the conclusion that motivational preessplay a role in PM, we found
that individual levels of reward sensitivity (as asared using the BAS reward
responsiveness self report scales) correlated aativation in midbrain areas for high
rewarded PM cue trials.

Activation in dopaminergic midbrain areas, inchglihe ventral tegmental area and
the nucleus accumbens in the ventral striatum, Heaen previously associated with
reward anticipation in tasks involving monetary asds (Adcock, et al., 2006;
D'Ardenne, et al., 2008; Schultz, 2006; Simon, let2010; Wittmann, et al., 2005).
Furthermore, reward-related activity in the midbraind ventral striatum has been
shown to be related to individual differences iwaed responsiveness and approach
motivation, most precisely BAS (Simon, et al., 201BAS reward responsiveness
(Han, et al., 2010), and reward dependence assassesth Cloninger’s Temperament
and Character Inventory (Krebs, et al., 2009a)elike ventral striatum, the dorsal
striatum has been shown to be activated duringuiieipation of primary or secondary
rewards (Knutson, et al., 2001a; O'Doherty, et241Q2).

Some studies have reported activation in BA 1Bdawsensitive to monetary rewards
and have accordingly proposed a role for this megiothe monitoring of reward values
(Pochon, et al.,, 2002; Ramnani & Miall, 2003). Howe recent findings have
suggested that the frontopolar cortex seems to dmerglly insensitive to absolute
reward magnitude or to individual differences invaed responsiveness (Han, et al.,
2010), but rather responds to the coordinationvad toncurrent goals and their
respective reward representations (Charron & Kaech010).

In line with these findings, we did not find aetit modulation of frontopolar activity
by reward magnitude. Our functional connectivityalgsis, however, revealed that
increasing reward led to an increased couplinghef lateral frontopolar cortex with
midbrain dopaminergic regions during PM, which waenger for individuals showing
a larger reward-related modulation of behavior. Be basis of these findings, we
propose that, in the case of rewarded PM intentithesfrontopolar cortex has a general
monitoring function, assuring that goals are metmgintaining delayed intentions. In

addition, information about the value of these goale relayed from dopaminergic
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midbrain areas, which show an increase in connigcti the frontopolar cortex when a
high reward brings about a change in behavior.

In summary, our results confirm the role of thentopolar cortex (BA 10) in the
maintenance of prospective intentions and show rhatrd-related brain regions are
sensitive to the magnitude of the expected rewardeyed by the prospective cues. In
addition, we show that reward-related midbrain \atgti for PM cues varies with
individual responsiveness to reward. Moreover, wport an increased functional
coupling of the midbrain and frontopolar cortex eantligh reward PM context, which
depends on reward modulations in PM performance.

Thus, our findings support the conclusion thatcpeses assessing the motivational

value of a prospective intention are involved gritaintenance and realization.

5 Experiment 3

Experiment 3 was designed to investigate potediffdrences in PM due to different
kinds of incentive motivation. In experiment 2, wad varied the magnitude of
monetary reward to elicit reward-related brain \&ation in the context of PM.
However, in real-life PM situations, prospectivéemmtions are not only used to achieve
positive outcomes, but we also often try to avoegative outcomes (e.g., although it
might be highly unpleasant to remember to attemi@ratist's appointment, we have to
do so in order to avoid even more unpleasant caresegs). Thus, the anticipation of a
reward and the opportunity to avoid losses are loothcted at obtaining a positive
outcome and might rely on partly overlapping mdimaal neural systems. Indeed, it
has been reported that relief from pain is assediatith neural activity in the midbrain
and the amygdala, reflecting reward-learning sigii&eymour, et al., 2005). Moreover,
Kim et al. (2006) could show that avoiding an awersnonetary outcome recruited the
medial OFC, a region previously implicated in thealaation of monetary reward,
suggesting that the successful avoidance of a iwegautcome is associated with
positive affective valence and thus potentiallyresents an intrinsic reward signal.

Thus, experiment 3 was designed @stend findings from experiment 2 and to
compare the effects of reward and loss avoidan@RiM context. Specifically, we set
out to investigate if the kind of incentive motivat (reward or loss avoidance)

associated with the PM intention would differenyiaffect PM related neural activity,
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suggesting an interaction between the cognitivecggses mediating PM and the
motivational processes associated with the antiopaf a potential reward or with the
avoidance of a loss.

As in experiment 1 and 2, we combined a PM pamadigth varying monetary
incentives. In the reward conditions, the PM cuesenassociated with either a high or
low monetary reward. In the loss conditions, PM scweere associated with the
possibility to avoid or reduce a monetary loss.

We set out to investigate three issues: First,weee interested if activation and
deactivation of the frontopolar cortex would be stve to the motivational context
associated with the PM cue. Moreover, we investidaif brain regions usually
responding to anticipated rewards and losses ssiafopaminergic midbrain regions,
the ventral striatum, and the amygdala, would eagobrmation about reward and loss
in the PM context. In particular, we were interedste the question if the anticipation of
a higher positive net outcome would be associatiéiu increasing activation in reward-
related regions, compared to a lower net outcondedifferences between anticipation
of a reward and the avoidance of a loss of the ssinee We further set out to examine
differences due to the magnitude of the anticipa¢edard and loss.

Secondly, we were interested in the question dirbregions such as the ventral
striatum would be responsive to both stimulus egencies (i.e., the PM/ongoing
distinction) and incentive motivation (i.e., rew#ods). As loss avoidance has been
suggested to rely, at least in part, on the samstess that respond to the anticipation
and evaluation of reward, we intended to examirtegfneural pattern associated with
the avoidance of loss PM cues would involve theserd systems. Moreover, we were
interested in the question if the interaction betweéhe PM status and the kind of
incentive motivation would be reflected in the aation pattern in this system.

Third, we examined if neural reward and loss aaoa® effects on PM were
modulated by individual differences in reward-rethpersonality traits as measured by
the BIS/BAS.

5.1 Methods

5.1.1 Participants

Twenty healthy right-handed volunteers particidate the study. All had normal or
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corrected-to-normal vision and no history of pswgthc or neurological diseases.
Informed consent was obtained according to a pobtapproved by the local ethics
committee. Participants were paid 15 Euro for thieme. In addition, they received the
amount individually earned in the experiment (cfL.3 for details about the payout
rules). One participant was excluded from the aislylue to excessive movement
artifacts. Thus, all behavioral and fMRI analyseparted here include data from

nineteen participants (9 female; mean age 22.5yeamnge 20 - 28 years).

5.1.2 Experimental Paradigm

As in experiment 2, participants performed a 2kbaarsion of the n-back task as the
ongoing task (cf. Fig. 3.1). The basic experimesé&lip and trial timing were the same
as in experiment 2 (see the description of the Rkgligm in section 4.1.2 for details).

The five following conditions were included heRM high reward, PM low reward,
PM loss reduction, PM loss avoidance and ongoirsglb#e. Thus, the two expectation
conditions in experiment 2 were replaced by the BRMbloss conditions.

The payout rules were the following: in the PM dibions, participants could earn
money or avoid losing money by correctly respondmghe PM cues: in the high and
low PM reward condition, participants earned 5Q.0rpoints, respectively, when they
correctly responded to the PM cues. In these twalitions, they did not win (or lose)
any points for missing PM cues. In the PM loss ofida condition, participants lost 10
points for every PM cue that appeared, but onlthéy responded correctly. If their
response was incorrect, they lost 50 points. Tpadicipants could reduce the potential
loss by correctly responding to the PM cues (1H), instead of -50 pointsi the PM
loss avoidance condition, participants could avoging points altogether by correctly
detecting the PM cues. However, as in the lossatemu condition, 50 points were
subtracted from their score for each missed PM(cae 0O instead of -50 points). We
chose to match the absolute amounts that partisgapected to win or lose in order to
be able to directly compare reward to loss avoidanals (i.e., the expectation of an
outcome of +50 points compared to the avoidanca 60 point loss), rather than to
adjust the relative outcome differences for cor@udl incorrect answers within each
kind of incentive motivation. This was done becagsgeriment 1 and 2 had shown that
accuracy on the PM task was very high and PM naspanses could not be analyzed

due to low trial numbers.
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In order to prevent participants from ignoring tireggoing task in the presence of the
more important PM cues, participants were inforrtieat they always had to reach a
criterion of at least 65% correct responses irotigoing task for each block to be valid.
Invalid blocks (i.e., accuracy on the ongoing tasl65%) resulted in the following
payout changes: for each invalid block in the ongthaseline condition, 100 points
were subtracted from the participant's total scémethe reward conditions, points
earned in invalid blocks were not paid out (i.errect PM responses did not add to the
total score). In the loss conditions, all PMs pnéseé in invalid blocks were counted as
errors (i.e., -50 points for every PM cue). Forlticipants, the start score was set to
3000 points to allow for subtraction of points imetloss conditions. Points were
converted at a ratio of 1 point = 0.5 Cents, witlhaximum gain of 25 Euros (i.e., 50
points = 25 Cents, 10 points = 5 Cents).

Information about the motivational incentive (ji.¢he outcome for correct PM
responses) was presented in the instruction diggening of each block (i.e., 50, 10, O
or -10) along with the PM stimulus (in the caseh# ongoing/baseline condition, the
word “2-back” along with a zero indicated that remns could be scored). In addition, a
colored (i.e., gray, light green, dark green, lightple, dark purple) rectangle framing
the instruction informed the participants about thetivational context of the block.
This frame remained on the screen throughout eatife éolock. Color mappings were
counterbalanced across participants.

Overall, there were five blocks of each conditidfach of five scanner runs
comprised five blocks (one of each condition) imdam sequence. Participants
completed 6 practice blocks consisting of 20 trialgside of the scanner (2 ongoing;
one of each PM condition, comprising 3 PM cue driaach) and 4 practice blocks
consisting of 40 trials inside the scanner (2 ongpll low reward, 1 loss avoidance, 6
PM cue trials each), during the acquisition of @in@atomical scans.

There were 40 PM cue trials in each of the PM dants. The number of PM cues
in each block varied between 4 and 12. The PM ¢mmdi included 160 ongoing trials
(40 2-back targets and 120 2-back non-targets)jtheg in a PM/ongoing trial ratio of
25%. The ongoing/baseline condition comprised 13k non-target and 50 2-back
target trials to assure that the target/non-targeb was the same in all conditions
(~33%). The number of 2-back target trials per biearied between 6 and 10 in the PM

and between 8 and 12 in the ongoing-baseline dondit
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Again, participants received feedback at the eh@azh block in two steps: the
number of detected PM cues was presented in rel&tidhe total number of PM cues
present in this block, together with their percgetaf correct responses on the ongoing
trials. Next, the number of points that particigahtid scored in the current block was

displayed together with the total cumulative sarthis point in time.

5.1.3 Questionnaires

Individual differences in the sensitivity of theHavioral approach and inhibition
systems were assessed using the BIS/BAS scalegefCarWhite, 1994; cf. section
3.1.3). For correlation analyses, parameter estisnaere extracted from the activated

brain regions and correlated with the BIS/BAS ssore

5.1.4 Analysis of Behavioral Data

Reaction times were measured from the onset ofstimeulus to the onset of the
participant's response. Trials with incorrect ossmg responses were excluded from
the analysis of reaction times (and from fMRI asay. Reaction times and percentages
of correct responses were aggregated by participadtcondition. For both reaction
times and percentage correct responses on ongdalg, twe conducted repeated-
measures analyses of variance with the factorsitond5 levels) and trial-type (2
levels), treating each experimental condition &sval of the factor ‘condition’. We then
performed post-hoc comparisons (using the Bonferomection as implemented in the
PASW software package) between the different candit For PM cue trials, we
conducted repeated-measures analyses of variante thwe factors ‘motivation’
(reward/avoidance) and 'magnitude’ (high/low). Pt comparisons were used to test

for differences between the levels of each factor.

5.1.5fMRI DataAcquisition and Analysis

Hemodynamic responses were measured using a Siéfmefrio 3T Scanner with a
12-channel head coil. Foam cushions were used tonmze head movement. 32
oblique axial slices (3 mrthickness, 1mm gapyere acquired using a T2*weighted

BOLD-sensitive gradient echo, echo planar imagEgl) sequence (TR = 2000 ms, TE
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= 30 ms, FOV = 192 mm, flip angle = 80°, in-plaesalution = 3 x 3 mm)The first 4
images of each run were discarded to allow forlstatagnetization. For coregistration,
a T1 anatomical scan with the same slice presoripéis the functional images was
acquired. A high-resolution, structural T1-weightéddP-Rage scan was acquired after
the functional scans. One participant was excludieel to excessive head-movement,
leaving 19 participants for the final analysis.

All analyses were carried out with the Statisti€drametric Mapping software
package (SPM5, Wellcome Department of Cognitive rlegy, London). First, each
participant's functional data set was slice-timé #&men motion-corrected. Data were
spatially normalized into standard MNI atlas sp@d&l 152), which involved also a
resampling to voxel size 2 x 2 x 2 mm. Data weriafly smoothed with an 8 mm full-
width-half-maximum (FWHW) Gaussian kerné\. high-pass filter of 1/192 Hz was
used to remove low-frequency noise, and an AR(®hite noise model corrected for
temporal autocorrelation.

Random effects statistical analysis was undertalsimy a mixed design to estimate
sustained effects due to reward anticipation aedntlaintenance of the PM intention,
and transient effects associated with the detectibrtihe PM cues and with the
processing of ongoing non-target and target trials.

Blocks lasted from the onset of the first triatiltihe end of the last trial of the block.
Blocks of all conditions were modeled by convolviagboxcar function that had a
specific onset and duration with a canonical hemadyic response function.
Instruction and feedback trials were modeled asessprs of no interest for each run.
Transient effects were modeled using separate segre for the three different trial
types (ongoing: 2-back non-targets; ongoing: 2-bigiets; PM cue trials) in each
condition. Additionally, separate regressors coftmdmissed PM cue trials and for
incorrect ongoing trials. Instruction and feedbé&tils were modeled as two additional
regressors.

Subject-specific estimates for the contrasts ¢érast were obtained using linear
contrasts across sessions. These estimates wareeckrinto the second stage of
analysis treating subjects as random effects, usinge-sample t-test across subjects.
Statistical parametric maps of the contrasts @redt were constructed.

Anatomical masks taken from the same set as iererpnt 2 were used for ROI

analyses (the only difference being that here ottiginal anatomical masks were used



5 Experiment 3 60

without constraining the search space by meansuattional activation). More
specifically, in order to test explicitly the inw@ment of reward related brain regions,
we used anatomical masks of the midbrain, as ditiyethe Talairach Daemon Labels
Masks (WFU pickatlas; Lancaster, et al., 1997; laster, et al., 2000; Maldjian, et al.,
2003). For an explorative analysis of the amygdateAutomated Anatomical Labeling
(AAL) mask from the same set was used (Tzourio-Marcet al., 2002).

Additionally, we constructed two functionally deéid regions of interest in the
frontopolar cortex to assess potential modulatafiacentive motivation in this region.
Functional activation was restricted by a strudtorask of BA 10 (taken from the same
set as the midbrain mask) which was dilated inrBetfisional space by a factor of 1
voxel in order to ensure complete masking of frpotar gyri. For block analyses, this
resulted in four activation foci from the ongoing, ¥ M block contrast which comprised
medial parts of the frontopolar cortex, while th®IRhat was defined by the PM cues
vS. ongoing trials contrast included medial andritparts of the frontopolar cortex.

As our data did not allow for anatomical locali@atof the nucleus accumbens or the
ventral striatum based on each individual's stradtacan, we used an anatomical voxel
mask retrieved from a publication-based probalmliStNI atlas as a binary mask at the
threshold of .50 to define the region of interastthe ventral striatum (Nielsen &
Hansen, 2002, please refer to http://neuro.imndétservices/jerne/ninf/voi/index-
alphabetic.html, access date June 2010).

To protect against false positive activations, wged a double-threshold approach
that involves combining a voxel-based thresholdhwaitminimum cluster size (Forman,
et al., 1995). This nonarbitrary cluster size waktedmined on the basis of Monte Carlo
simulation (1000 iterations) determined with AFNKdphaSim tool (Ward, 2000;
http://afni.nimh.nih.gov/afni). For all five ROIgje determined the minimal cluster size
for an individual voxel height threshold of T > 8.& < 0.005, uncorrected) to ensure
an overall image-wise false positive rate of 5%isTiesulted in the following cluster
size thresholds: midbrain: 34; amygdala: 12; vérgnaatum: 20; frontopolar (block):
21; frontopolar (event): 41. An additional Monterl@asimulation (1,000 iterations) was
conducted to determine cluster size thresholdsvfwle brain analyses. This yielded a
cluster size of 148 voxels. Activations exceedihi threshold are considered to be
activated at an experiment-wise threshold of p €50.corrected for multiple

comparisons.
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The specific pattern of the effect of incentivetiwation as well as the modulation of
PM trial status by incentive motivation was exardiri®/ extracting mean parameter
estimates from the beta images that were calculdigohg model estimation of the
original general linear model, and by subjectingsthto further analyses using standard
statistical software (PASW 18.0).

5.2 Results

5.2.1 Behavioral Results

Participants’ ongoing accuracy exceeded 65% atirabs. Thus, all five blocks in
each condition were included in the behavioral (fi&l) analyses reported here.

As in experiments 1 and 2, participants' perforceaat the ongoing 2-back task was
very high, i.e., 94% for non-targets and 72% fagess (Table 5.1). An interaction
between the factors condition and trial type [F24,# 6.04; p < 0.001] indicated that
accuracy on targets vs. non-targets of the 2-badk twas potentially affected
differentially by the presence of a PM intentiomdhe associated reward or loss.

Thus, we conducted separate analyses for nontsasgel targets: for non-target
trials, there was no effect of condition (p > 0.y effect of condition on target trials
[F(4,72) = 6.157; p < 0.001] indicated that accyran target trials was lower in the low
reward and both loss conditions compared to theiogdbaseline condition (all ps <
0.028). Accuracy in the high reward condition didt miffer from accuracy in the
ongoing/baseline condition (p = 0.314). There wasignificant difference in accuracy
between any of the other conditions.

Accuracy on PM trials did not differ with respeatincentive (i.e., reward or loss) or
magnitude (i.e., high or low).

For reaction times, an interaction between thdofaccondition and trial type
[F(4,72) = 5.69; p = 0.001] indicated that the efffef trial-type was modulated by
incentive condition. Again, we conducted separatalyses for non-target and target
trials: we found a main effect for the factor cdmah on non-target trials [F(4,72) =
25.6; p < 0.001]. Pairwise comparisons revealedpeotive interference effects (i.e.,
longer reaction times for the PM, compared to thgaing/baseline condition) for all
PM conditions (all ps < 0.001), but there was nifetence between either of the PM
conditions (all ps > 0.28). The same pattern wamdofor target trials: a prospective
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interference effect was present in all PM condgigmain effect condition: F(4,72) =
17.56; p < 0.001; all ps < 0.001]. Reaction timed dot differ between the PM
conditions (all ps > 0.18).

Table 5.1:Mean reaction times (ms) and accuracy (% corr@etphgoing trials (non-targets

and targets) in all conditions and for PM cuesewvard and loss avoidance conditions. Standard

error of the mean is given in parentheses.

Non-targets

Targets

PM cues

Reward
high RT(SE) 585.26(19.02) 611.37(20.04) 585.11(16.79)
Acc (SE) 93.41(1.73) 73.16 B.59) 87.76(2.47)
low 578.7917.95)  608.11(18.66)  608.11(13.95)
93.61(1.22) 70.52(3.64) 87.86(1.95)

Loss
reduce 576.26(19.02)  617.79(19.81)  597.53(14.13)
93.41(1.17) 71.02(3.48) 86.97(2.31)
avoid 577.(17.48) 638.79(17.69) 603.79(12.71)
94.32(0.91) 72.12(2.91) 85.92(2.5)

Ongoing/baseline

534.63(19.04)
93.81(0.85)

565.74(17.38)
79.56(3.43)

For PM cue trials, an interaction between the faciacentive and magnitude was
found [F(1,18) = 5.22; p = 0.035]. Follow-up pairédests revealed that while
participants responded significantly faster to higtvard, compared to low reward PM
cue trials [t(18) = -3.56; p = 0.002], the diffecenbetween PM cues associated with

loss reduction and avoidance was not significant (2.266). Response times did not
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differ for reward and loss PM cues, collapsed amsentive magnitude (p = 0.445).
Correlation analyses with the BIS/BAS scores riageéhat PM accuracy difference

scores for high and low reward correlated negativath the BIS score [r = -.57, p =

.011]. Thus, individuals with low BIS scores perfd better on high compared to low

reward PM cue trials.

5.2.2 fMRI Results

We analysed the fMRI data with regard to fouretifint aspects. First, we aimed at
examining the involvement of BA 10 in sustained drmhsient processes in PM.
Second, we analyzed potential effects of incentnativation, irrespective of incentive
magnitude, thus contrasting effects of reward awsb lavoidance. Third, we were
interested in the interaction of incentive motigatand magnitude. Fourth, we explored
potential effects of the interaction between PMltstatus and incentive motivation. In
the case of the first three types of analyses|testiboth block and event-related data
are reported, while the fourth analysis requiredifeerentiation of trial types and thus
included only event-related data.

5.2.2.1 Sustained and Transient Activation of the Frontopolar Cortex

In order to replicate previous findings of BA 1 prospective memory, our first
analyses aimed at comparing sustained activationPih and ongoing/baseline
conditions, irrespective of incentive motivationor@istent with earlier studies, we
found deactivation of medial BA 10 in the PM cormals, compared to the
ongoing/baseline conditions on the whole brainlléVable 5.2).

Analyses of transient activity based on the consparibetween PM cues and
ongoing trials of the same conditions revealedvatiin in a large cortical network,
including medial and lateral parts of BA 10, extegdaterally into the superior frontal
gyrus and medially into the anterior cingulate err{ACC). Moreover, we found a
large activation focus in the precuneus, extendingrally into the posterior cingulate
gyrus. In addition, we observed activation in thalamus, extending into the caudate
nucleus and putamen, as well as into the parahgsppal gyrus and the midbrain (Fig.
5.1, Table 5.3).
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Figure 5.1:Group functional activation maps, overlaid on therage of the normalized
structural images of the study participants. Adtora in BA 10 in the contrast of PM vs.
ongoing (non-target and target) trials, collapsedoss reward and loss avoidance. For

illustration purposes, images are thresholded<atQ®1, k > 15.

Table 5.2:MNI coordinates and anatomical location of the paetivations in regions showing

a decrease in sustained activation during PM, coedpi@ ongoing blocks.

Peak voxd (in

mm)
Brain region Hemi. x vy z t-value cluster
size
Frontal
Frontopolar Cortex (BA 10) L -14 58 16 5.75 361
Frontopolar Cortex (BA 10) R 14 60 4 4.92 875
Dorsolateral Prefrontal Cortex
46 46 10 5.20 302
(BA 46)
Inferior Frontal Gyrus (BA
L -50 36 14 5.03 289
46/47)
Anterior Cingulate Cortex (BA
-14 30 -8 6.30 172
32/10)
Temporal
Occipitotemporal Cortex R 56 -70 2 6.26 266

Occipitotemporal Cortex L -60 -62 4 4.73 394
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Table 5.3:MNI coordinates and anatomical location of the paetivations in regions showing

an increase in transient activation during PM c{reward+loss), compared to ongoing trials

from the same conditions.

Peak voxd (in

mm)
Brain region Hemi. X y z t-value C“_JStfr
size
Frontal
Superior Frontal Gyrus (BA 6) R 20 4 70 6.22 239
Superior Frontal Gyrus (BA
20 8 52 5.21 80
6/32)
Dorsolateral Prefrontal Cortex
50 24 38 6.39 442
(BA9)
Dorsolateral Prefrontal Cortex
-56 6 38 4.85 32
(BA9)
Middle Frontal Gyrus (BA 6/8) L -46 8 50 5.24 35
Middle Frontal Gyrus (BA 6/8) R 12 0 54 4.39 26
Medial Frontal Gyrus (BA 6) R 8 -14 64 5.29 62
Inferior Frontal Gyrus (BA
R 58 16 22 6.27 257
44/45)
Parietal
Precuneus (BA7) L 42  -34 54 11.7 49541
Temporal
Perirhinal Cortex (BA 35) R 20 -24 -18 4.66 16
Basal Ganglia
Ventral Striatum L -14 10 0 5.09 79
Other
Cerebellum L -44 -66 -44 5.45 27

'For a more precise localization of the activatitiessin this contrast, the whole brain threshold

was set to p < 0.001, uncorrected, with a clusrer af k > 15.
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5.2.2.2 Effects of Reward vs. Loss Avoidance

In a first step, we set out to investigate if PMintenance and cue detection was
modulated by motivational incentive (i.e., reward loss), independent of reward
magnitude.

The direct comparison of reward and loss blockBAnLO did not yield a significant
result. ROI analyses of transient activity in BA fi® ongoing trials (non-targets and
targets) in the PM conditions confirmed the blodklgses. However, ongoing trials in
the reward, but not in the loss conditions revealgdificantly greater activation when
compared to the ongoing/baseline condition (x =y19844, z = -12T = 5.26;k = 57).

We did not find differential activation for rewardompared to loss blocks, in the
midbrain ROI. Analyses of transient activation feward vs. loss PM cues confirmed
the block results: both reward and loss PM cuesdexh increase in midbrain activation
when compared to the respective ongoing trialsdimihot show any differences in this
midbrain ROl when compared directly. ROI analysethe ventral striatum did not lead
to significant results on the block level or whevl Bues were compared directly.

The whole brain analysis showed two significarttvation clusters for the reward
vs. loss block contrast in the middle temporal I(ideng the amygdala as well as the
parahippocampal gyrus) and inferior temporal/midatieipital gyrus (x =-32,y =0, z
=-26;T=5.64;k=210 and x =50, y = -66, z = -8;= 4.62;k = 239, respectively),
while the reverse contrast revealed an activatioster in the precentral gyrus (x = 64,
y =-12, z = 24T = 5.41,k = 343). Comparisons of reward and loss PM cuesdid
reveal significant results.

Accordingly, the ROI analysis in the amygdala eded increased activation in
reward, compared to loss blocks (x = -30, y = G5 26; T = 4.85;k = 15). This
modulation was however not reflected in differenicesansient activity in response to

the outcomes, i.e., reward vs. loss PM cue hits.

5.2.2.3 Interaction of I ncentive Motivation and Magnitude

In the next step, we aimed at investigating paaedifferences due to the size of the
incentive by including information about the amounit the potential gain/loss
avoidance in the analyses.

Midbrain areas showed a response profile sensitivihe interaction of incentive
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motivation and magnitude (x = 20, y = -20, z =14 5.77;k = 48) (Fig. 5.2). On the
whole brain level, these midbrain activations waceompanied by an incentive type x
magnitude interaction in the superior temporal edtemporal pole, bilaterally, and in
the occipital cortex (Table 5.4). Activation in tlmegions of interest in the ventral
striatum, the amygdala, and BA 10 was not sensititais interaction.

To resolve this interaction, we next analyzed bkithds of incentive motivation
separately, comparing high to low reward blocks] lss avoidance to loss reduction
blocks in the midbrain. High reward blocks led teajer activation of midbrain regions
compared to low reward blocks (x = 12, y = -16, Z14; T = 4.47;k = 44), while no
such difference was found for loss avoidance, coatpto loss reduction blocks or the
reverse contrast (Fig. 5.2 b)).

Interestingly, the activation difference for higlgmpared to low reward PM cues in
this midbrain region correlated significantly witsponse time differences for high and
low reward PM cues [r = -.49, p = 0.034], suggestimt an increase in reward-related
midbrain activation was associated with faster easp times for high, compared to low
reward (Fig. 5.2 c)).

In order to investigate if reward and loss avomadiffer in the degree of reward
anticipation associated with a positive outcome.,(ithe receipt of a reward or the
avoidance of a loss), we directly compared susthawtivation for high reward vs. loss
avoidance (i.e., the gain of 50 points vs. the dance of a loss of 50 points). We did
not find any differences in sustained activationthe midbrain ROI for high reward
compared to loss avoidance, or the reverse conffast amygdala showed increased
activation in response to high reward, compareldss avoidance (x =32,y =-2,z = -
24; T = 3.7;k = 23), but no such difference was found in theI®and ventral striatum
ROIs. No activation differences were found for higlward PM, compared to loss
avoidance PM cues in the regions of interest imtigdbrain, amygdala, ventral striatum
or BA 10.
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Figure 5.2:Activation in the midbrain for the effect of thetrmositive outcome across blocks

(i.e., collapsed across high reward and loss anceldlocks, compared to low reward and loss
reduction blocks). Group functional activation magse overlaid on the shapes of the
anatomical ROIs depicted in red (a). Parametemeaséis for reward and loss blocks: midbrain
activation is increased for high, compared to lemward blocks (b). The increase in midbrain
activation for high reward PM cues is associateith faster response times for high reward PM
cues (c). Parameter estimates in (b) and (c) draat@d from the peak activation in the high vs.

low reward block contrast.
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Table 5.4:MNI coordinates and anatomical location of the paetivations in regions showing
increased activation during anticipation of a hpggsitive outcome (i.e., high reward and loss

avoidance blocks compared to low reward and ladsateon blocks).

Peak voxel (in
mm)

Brain region Hemi. X y z t-value cluster

size
Parietal
Cingulate Gyrus (BA 31/5) R 16 -32 46 5.67 245
Temporal
Temporal Pole (BA 38) R 52 6 -16 8.08 193
Occipital
Cuneus (BA 18) R 14 -52 -10 4.65 648
Cuneus (BA 19) R 18 -76 30 4.10 543

5.2.2.4 Interaction of PM Satusand I ncentive M otivation

In an explorative analysis, we were interesteth@a neural mechanisms supporting
the interaction between the trial status of a dmedtem (i.e., the PM/ongoing
distinction) and the incentive motivation (i.e.waed/loss). ROI results revealed that, in
the right ventral striatum, there was a trend tasaa significant response pattern
encoding this interaction. In order to increasedémesitivity of the analyses, we focused
our analyses to the ROI of the right ventral stmiat using a binary mask derived from a
probabilistic mask atlas (cf. Methods section).sTémalysis confirmed that activation in
the ventral striatum encoded the interaction betwde PM status and incentive
motivation (x = 16, y = 12, z = Of = 3.79;k = 14) (Fig 5.3 a)). The whole-brain
analyses confirmed the activation focus in thetrigéntral striatum, but this activation
did not survive the whole brain cluster threshold=(18, y = 16, z = 0T = 3.81;k =
28). The regions of interest in the amygdala, madhrand BA 10 were not responsive
to this interaction.

To follow up this interaction in the ventral stuen, parameter estimates were
extracted for each subject, separately for reward lss PM and ongoing trials,
collapsed across incentive magnitude. Paired $-testealed that in the loss, but not
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reward conditions, parameter estimates were ineccés PM, compared to ongoing
cues [loss: t(18) = 5.08; p < 0.001; reward: p 7). Moreover, ongoing reward trials
exhibited increased activity compared to ongoirgs Itrials [t(18) = -3.12; p = 0.006]
(Fig 5.3 b)).

Interestingly, individual differences in rewardspensiveness correlated positively
with activation differences in this region for readacompared to loss avoidance PM
cues [r =.50; p = 0.03] (Fig 5.3 ¢)).
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Figure 5.3: Activation in the right ventral striatum encodese tlinteraction between

PM/ongoing and reward/loss (a). Group functiongéivation maps are overlaid on the shapes of
the ROI depicted in red. Parameter estimates diffefoss, but not reward PM and ongoing
trials (b).The difference in activation between agsv and loss PM cue trials correlates with
scores on the BAS reward responsiveness scal@#@cameter estimates in (b) and (c) were

extracted from the peak activation in the ventndtim.

5.3 Discussion

The intention of experiment 3 was to investigate meural effects of different kinds

of motivational incentives on the maintenance agtdaval of prospective intentions.
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Using fMRI, we combined a PM paradigm with monetawards and losses.

We replicated previous findings by showing tha thaintenance of a PM intention
is reflected in the deactivation of medial frontgocortex (BA 10). Importantly, we
observed a modulation of reward-related midbragiores reflecting the anticipation of
a net positive outcome (obtain reward or avoid)losfile amygdala regions coded the
intensity of the expected outcome, which was higiveen a high reward was expected.

Moreover, ventral striatal activity encoded théeraction between PM status and
incentive motivation, extending the previous imations of this region in reward-

related behavior to a role in motivated prospeataraembering.

5.3.1 The Role of the Frontopolar Cortex in Prospective Memory

In experiment 3, we replicated previous findinggttimplicate the frontopolar cortex
in intact prospective memory functioning. Specificaour results show a sustained
deactivation of the medial frontopolar cortex ftwetPM, compared to the ongoing
context. While these results are in accordance \iidings from earlier studies
(Burgess, et al., 2001; Burgess, et al., 2003y, thker from experiment 2, in which we
did not find this pattern of results. One possibéason is the inclusion of PM
expectation blocks in experiment 2, which could éhagsulted in a loss of statistical
power, compared to experiment 3, in which only Bdaaition blocks were included.

We further show that medial and lateral parts & B) are more active for PM,
compared to ongoing trials and herewith replicdte &ctivation pattern found in
experiment 2. We thus extend previous findingsenrms of a role of frontopolar cortex
in switching between externally and internally ated processes (Gilbert, et al., 2005).

We did not find the activity in the frontopolarrtex to be modulated by different
kinds of reward or rewards of increasing magnitutl@s pattern of results is in line
with hierarchical models of anterior prefrontal teor functioning and with recent
evidence suggesting a more general role of thedpmtar cortex in the processing of
reward-related information: while earlier studiesvé implicated this region in the
integration of reward information into cognitiveopesses per se (Pochon, et al., 2002),
recent studies have suggested that the frontopoléex is only involved in combining
rewards from two tasks, but not in response to résvassociated with a specific task
alone (Charron & Koechlin, 2010). Based on the Itesaf the present study, we
hypothesize that in PM, the frontopolar cortex @ity mediates switching processes
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between the PM and the ongoing task, while otleevard-related brain regions, process
information about the motivational value of eacbhafic task.

5.3.2 Effects of I ncentive Motivation

We observed differential midbrain activation rethto variations in the net outcome
of PM cues: blocks comprising high reward and lagsidance PM cues showed an
increase in sustained activation in midbrain regi@ompared to blocks with low
reward or loss reduction PM cues. Thus, midbragasiseemed to code the prospect of
achieving the highest relative outcome. In parégusustained activation in this region
showed an increase for high, compared to low rewasdhas been found for the
anticipation of monetary gains (McKell Carter, ét, 2009), while the avoidance,
compared to the reduction of a loss, did not gise to increased midbrain activation.

Importantly, we found midbrain activation diffemss for high vs. low reward PM
cues to correlate with response time differencegtose cues, indicating that higher
levels of midbrain activation as a result of higlwvard expectation were directly linked
to reward modulations in behavior. Previous redehas shown that high reward can be
associated with higher accuracy or faster resptimss to cued targets and gives rise to
an increase in activation in reward-related regguch as the ventral striatum (Knutson,
et al., 2001b; Knutson, Fong, Bennett, Adams, & iHwmn 2003; Simon, et al., 2010).
Here, we show that midbrain activation reflectdedénces in incentive motivation of
PM cues. Moreover, our results indicate that theestevation differences are directly
related to the behavioral response to the difféyerivarded PM cues, demonstrating a
crucial link between the reward modulation of egemt the context of PM and the
differential activity of the underlying reward sgst.

We did not find a difference between high rewand ¢he avoidance of a loss of the
same size in the midbrain. Prospect theory imghas losses have a larger impact than
gains (Kahneman & Tversky, 1979). The reverse hewealoes not seem to explain the
data in the present study: the possibility of awada loss did not elicit higher BOLD
responses in areas related to reward anticipatian the possibility of obtaining a
reward of the same size.

We found the amygdala to be differentially invalvéen the processing of the
motivational information conveyed by the PM cuese \@bserved higher sustained
activation in the amygdala for reward than for lagsidance blocks, and activity in this
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region also differentiated between high and lowary Although the amygdala has
long been associated with fear conditioning in twatext of emotional learning,
evidence from studies in non-human primates antiumans suggest a role in the
processing positive reward signals (Baxter & Murrda@02; Hommer, et al., 2003;
Murray, 2007). In particular, it has been proposet the amygdala contributes to both
positive and negative affect, by mediating a gdrema@using effect of reward (Anderson
& Sobel, 2003; Murray, 2007) and to contribute @oncert with the orbitofrontal
cortex) to goal-directed behavior by representing value of an upcoming reward
(Gottfried, O'Doherty, & Dolan, 2003; Hampton, Adbk, Tyszka, & O'Doherty, 2007).
Amygdala activation in combination with activatiaf midbrain areas has also been
reported to code appetitive prediction errors imhas during reward- and loss-driven
reinforcement learning (Seymour, et al., 2005). the present study, amygdala
activation was enhanced when reward anticipatios Wwagh. Given that amygdala
activation reflects a general arousing effect akeimtive motivation, it can be assumed
that the prospect of receiving a high reward wascgeed as more intense than
receiving a low reward or being able to avoid ficiahloss. The behavioral data are in
agreement with this view, showing faster respoms®g for high reward PM cues.
Moreover, accuracy on ongoing target trials de@eéda all conditions compared to
ongoing/baseline, except under high reward. Thugnsa high reward was at stake,
this detrimental effect of the PM monitoring prog@s ongoing accuracy seemed to be

canceled out by a general effect of enhanced aitetd specific outcome-related trials.

5.3.3 Encoding of Incentive Motivation and PM status

We found that only the ventral striatal region @ed the interaction between the
PM status and the motivational incentive. The nuglaccumbens and ventral striatal
regions in general have been associated with theigation and outcome of monetary
reward (Knutson, et al., 2001a; Knutson, et alQ120) Simon, et al., 2010). However,
conflicting evidence exists concerning loss-relaetivations. While some studies have
reported decreases in ventral striatal activatiodistinct spatial loci for losses (Breiter,
Aharon, Kahneman, Dale, & Shizgal, 2001; Robinsatnal., 2010; Seymour, et al.,
2007; Tom, et al., 2007; Yacubian, et al., 200&8)ep studies have reported activations
in reward-related regions (Cooper & Knutson, 2088 Kell Carter, et al., 2009).
Cooper and Knutson (2008) cued participants tocguradie monetary gains and losses
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that were either certain or uncertain (i.e., weandependent of or did depend on

participants' response speed). For certain outcatimesctivation of nucleus accumbens
increased for anticipated gains and decreased ritcigated losses. For uncertain

outcomes, however, activity increased for both nemyegains and losses and did not
differ between them, suggesting that both the wefgain or loss) and the salience

(certain or uncertain) contributed to the activatid the nucleus accumbens in response
to monetary reward.

Here, we extend these findings by showing thawaibn in the ventral striatum,
encompassing the nucleus accumbens, is differgntimodulated by incentive
motivation and PM status. In particular, activitythis region was higher during reward,
compared to loss avoidance ongoing trials, which talke to reflect the reward
anticipation associated with the motivational cahtnd a higher motivational salience
of reward, compared to loss avoidance. Importatitig region also seemed to encode
differences in the PM status (PM vs. ongoing), Wwhicere more pronounced for loss
trials. PM, relative to ongoing trials, can be ddesed to be more salient due to
outcome contingencies. Thus, these findings fitl wath an account of nucleus
accumbens being implicated in the processing oéned and salience features of a
stimulus: during reward ongoing trials, the antatipn of a positive outcome is higher
than during loss avoidance ongoing trials. On ttieohand, under loss, compared to
reward conditions, PM cues might be more saliemt tdutheir aversive characteristics,
thus giving rise to a larger PM-ongoing activateffierence.

We found that activation differences in the velnstaatal region for reward and loss
avoidance significantly correlated with individuetward responsivenesfeward-
related activity in the ventral striatum has beé&ioven to be related to individual
differences in reward responsiveness and approativation (Han, et al., 2010; Krebs,
et al., 2009a; Simon, et al., 2010). In particulladividual reward sensitivity has been
reported to predict differential activation in timeicleus accumbens for the relative
difference between gains and losses, suggestirtgréisponses in these regions are
primarily sensitive to aspects of motivational eatie, but can be modulated by
affective valence, especially in highly reward s@ves individuals (McKell Carter, et
al., 2009). Here, we extend these findings by shgwihat PM cues fulfill the
characteristics of motivational salience and thmtiviidual reward responsiveness is

reflected in BOLD responses to the valence of tiecBes.
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6 Summary and General Discussion

6.1 Behavioral Data

In all 3 experiments, costs on the ongoing task,(ionger response latencies for
ongoing trials in PM, compared to ongoing/basetinaditions) were found. If these
costs do indeed reflect the maintenance of a PMniidn or strategic monitoring
processes as the literature suggests, we canrinaBgsume that prospective intentions
were maintained in each of our 3 experiments.

Concerning a modulation of behavior by the motoral context, the results
revealed that accuracy as well as response times afiected by the kind of incentive
motivation and the size of the incentive.

Consistently across the three experiments, weddhat accuracy on PM trials was
not affected by motivational incentive or magnituttestead, accuracy on the ongoing
task, in particular, on 2-back target trials, wd#ecentially affected by reward. This is
perhaps not surprising for the following reasonartipipants could lose money by
missing PM cues. On the other hand, they would daHeit this extra money if
accuracy on the ongoing task dropped below 60% (65%xperiment 3). Thus, it is
highly probable that participants sacrificed soragrde of accuracy on the ongoing task
in order to succeed on the PM task, which is apparethe high levels of accuracy for
PM cues. The fact that a modulation of accuracynbgntive was only found on target
trials, which were the more difficult trial typesjpports this view.

While in experiment 2, accuracy on target triadsbbth the high and low reward
condition was lower than in the ongoing/baselinedition (most probably as a result of
the interference with PM cue detection processezperiment 1 and 3 showed
somewhat contradictory findings: in experiment dguaacy on target trials in the high
reward condition was lower than in the ongoing/basecondition, but in experiment 3,
accuracy did not differ in these two conditions ie&taccuracy in all other incentive
conditions was lower than ongoing/baseline accyrd@ge possible explanation for this
is that different kinds of motivational incentivegre used in experiment 3 (reward and
loss), compared to only one (reward) in experiménfThus, subjective evaluation
differences between these incentives could accdantthe different findings in
experiment 1 and 3 (e.g., a high reward could apgean more rewarding compared to
the avoidance of a loss, while this is not the ¢kisés only compared to a low reward).

We found a clear effect of reward on responsedimexperiment 2 and 3: response
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times to PM cues were faster when participants @eplea high, compared to a low
reward. Based on the fact that faster responsestforehigh reward targets have been
found in simple reaction time tasks such as the NHEk (as was also the case in our
localizer task), where a direct stimulus-responsgping was implemented, it can be
assumed that, in our PM task, participants direothated the incentive to the PM
stimulus. In addition, they seemed to be more attenf they expected a high reward.

Taken together, it seems that incentive effect®®hare primarily found in response
times to the PM cues rather than on the costs @onigoing task. In addition, accuracy
on the ongoing task can increase or decrease iprésence of PM-related rewards,
presumably reflecting the amount of attention tisatllocated to the ongoing task
according to the evaluation of the incentive mdtoa

Another important factor that was in the focuoof investigations was the potential
effect of individual differences on the processifigeward in the context of PM. On the
basis of Gray’s reinforcement sensitivity theoryiebhproposes a biological model of
personality based on individual approach and avmeabehavior, we expected
individual differences to have an impact on rewagidted modulations of behavior. We
found substantial inter-individual variability ireward-related accuracy and response
time differences in all 3 experiments, thus accmgntor the investigation of individual
personality variables. Accordingly, we found bo#uroticism and conscientiousness to
prevent decreases in accuracy in the ongoing t@s&ed by the reward associated with
the PM cues. Furthermore, in line with previousdings of correlations between
individual differences in self-reported behavicagbroach and avoidance measures and
neural responses to reward (Krebs, et al., 2008a01§ et al., 2010), we found that
approach and avoidance behavior based on rewaet&tns is directly related to PM
performance. Thus, here we show that individuded#hces in approach and avoidance
behavior are important in understanding the linkwieen biological and behavioral
effects of reward and must be taken into accourgnmeward-related modulations of

behavior in PM are investigated.

6.2 fMRI Data

In two fMRI experiments, we investigated the efffet incentive motivation on the
neural mechanisms supporting PM. While experimemnta® designed to examine the
effects of different levels of reward on PM, expeent 3 aimed at extending findings
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from experiment 2 by varying the kind of incentimgotivation, comparing reward

anticipation and loss avoidance motivation in PM.

6.2.1 The Role of the Frontopolar Cortex in Prospective Memory

In experiment 3, we replicated previous findingsacsustained deactivation of the
medial frontopolar cortex during the PM, comparedhe ongoing tasks (Burgess, et
al., 2003). Generally, this sustained medial frpotar deactivation has been associated
with the processing of internal, compared to exkemformation. In the PM context,
this pattern of results has been associated wihntlaintenance of the prospective
intention, in particular, with the monitoring folMPcues (Burgess, et al., 2003; Gilbert,
et al., 2005). In experiment 2, we did not find thentopolar cortex to be differentially
activated in response to PM (execution and expeafats. ongoing blocks. Two
potential reasons can account for this: first, Bl expectation condition did not
contain any PM trials, which might have led to reelll maintenance/monitoring. For
this explanation to be valid, the comparison betwiel! execution and ongoing blocks
should still have given rise to an increase in BAattivation, because PM cues were
present in this condition. However, neither PM etagon nor execution conditions led
to an increase in BA 10 activation when compareth&ongoing/baseline condition.
Thus, an explanation in terms of reduced maintem@nocesses is unlikely.

Second, for the above reason, experiment 2 omhpcised half of the number of PM
cues compared to experiment 3, which might havetded lack of statistical power.
Indeed, lowering the statistical threshold to p.&10revealed a small activation cluster
in medial BA 10 for the ongoing vs. expectation amdcution comparison.

In both experiment 2 and 3, we observed activatbrthe frontopolar cortex in
response to the PM cues. In both cases, PM cuegared to ongoing trials, gave rise
to an increased BOLD response in the medial aeddbaparts of BA 10. On the basis of
the findings of Gilbert et al. (2005), we hypotlzesithat activity on PM cue trials
reflects the switching from the ongoing towards fé task. As mentioned above, the
medial deactivation of the frontopolar cortex om tilock level is generally interpreted
as a disengagement from the ongoing activity. m,tactivation of this area could
reflect the fact that some degree of attention siték directed at the ongoing task,
presumably due to the function of the PM cue tiialhe 2-back rhythm.

While we did not find sustained or transient aation in BA 10 to be modulated by
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reward magnitude (experiment 2) or variations @kimtive motivation and magnitude
(experiment 3), we found that lateral parts of BAshowed increased connectivity with
the midbrain under high, compared to low reward dittons and reward-related
performance increases. The lack of a reward effedA 10 is in line with recent
findings claiming that activation in the frontopoleortex is not dependent on reward
per se, but rather responds to the joint incredsévo separately rewarded tasks
(Charron & Koechlin, 2010; Tsujimoto, et al., 201D) particular, a study using single-
cell recordings in two behaving monkeys found tbells in the frontopolar cortex
encoded the monkey’s decision at the time of feeklbaut were not responsive to
reward anticipation when the reward served as gTsigimoto, et al., 2010). Although
there are several caveats in terms of locationcgtwhrchitecture when comparing brain
areas and subdivisions in humans and rhesus magnk@gsstudy suggests that the
frontopolar cortex monitors decisions made in thetext of correct task performance,
but does not encode reward information per se. Ma@e in humans, frontopolar cortex
has shown to be responsive to the integrationwéreé information from two combined
cognitive tasks, but not to each reward informats@parately (Charron & Koechlin,
2010). In light of these findings, the present daiggest that the frontopolar cortex is
not responsive to the magnitude of the reward méiron conveyed by the PM cues,
but that it monitors the shifting process betwds® PM and the ongoing task. In this
function, it seems to receive information about téeard value of the PM task from
midbrain areas mediating information about the relvad stake. This connection seems
to be increasingly stronger when a high reward s&ake, suggesting that in the case of
highly motivated cognitive goals, these brain regiavork “in tune” to assure that a

successful outcome is achieved and is repeatdekifuture.

6.2.2 Effects of Incentive M otivation in Prospective Memory

In both experiments 2 and 3, we found that higivard anticipation led to an
increase in sustained activation in the midbraiotiity on PM and ongoing trials,
however, did not differ with respect to reward mage, suggesting that it was the
anticipation of high rewards associated with thé&comne of both the PM and ongoing
task that led to an increase in midbrain activaterels. Activity in the midbrain has
been reported to increase with high reward antimpa especially under high
probabilities (Knutson, et al., 2005). In our stuthe probability of earning the reward
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depended on the participants’ response to the digpable occurrence of PM cues,
independent of the reward context. Moreover, algmothe emphasis was on the PM
cues, both PM and ongoing task performance conétibto the prospect of earning the
reward. However, while above-criterion ongoing tag&rformance only ensured
participants the receipt of any reward (insteadmfeward at all), the magnitude of the
reward was closely linked to PM performance. Thiiscan be assumed that the
information about the magnitude of the potentialasd was maintained during the
processing of the ongoing task as well.

The role of the PM cues in the mediation of theame value is further emphasized
by the fact that the activation on high reward Ridls correlated with individual levels
of BAS reward responsiveness. These results sudlastreward expectations were
elicited by the appearance of the PM cues. While c@e@ assume that reward
expectations were maintained in all participantgjividual reward sensitivity was
directly linked to the level of reward-related aetion.

Further support as to the existence of rewardeadlachanges in the processes
underlying PM comes from the fact that we foundivithhal response times to be
modulated by reward magnitude and that these sffgete associated with a parallel
modulation of midbrain activation.

Moreover, individual differences in reward respovesess were found to relate to
activation differences in the ventral striatum R cues. This region has been reported
to relate to positive arousal associated with relveanticipation (Knutson, et al., 2005).

In our study, activity in the ventral striatal reg was most pronounced for the
interaction of PM status and incentive motivatidhese results are in line with recent
findings of the involvement of the nucleus accunsbenthe processing of both the
valence and the salience of appetitive stimuli (@wo& Knutson, 2008). Here, we
show that the ventral striatal region is sensitiwethe distinction between PM and
ongoing trials. Evidence from a recent study ingesing the effects of alternative
available options on nucleus accumbens activatiggests that this region represents
the incentive value relative to the current contexavailable gains and losses, with the
worst available loss serving as an anchor for tmaputation of the relative value of an
event (Cooper, Hollon, Wimmer, & Knutson, 2009; sk & Kahneman, 1992). In the
present data, such an anchor effect could havesglayt in the loss condition, leading

to a clear distinction between the actual loss evéRM) and events not as clearly
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linked to the potential loss (ongoing trials), vehihe PM-ongoing distinction was not as
clear-cut in the reward conditions.

An additional factor, or else, an alternative exgition, is the increase in positive
arousal associated with high reward. As mentioneov@, activation in the nucleus
accumbens has been associated with high arousadganh the case of high reward
anticipation. In our study, high reward did notyfdad to higher midbrain activation,
but also in amygdala activation, which was greatesen reward was high, even
compared to the avoidance of a loss of the sange Gmater intensity of high reward
events, especially for ongoing (i.e., anticipatitmgls, could explain the decrease in the
activation difference between PM and ongoing tniedder high reward.

6.3 Conclusion

The aim of the present study was to tie togethnetirigs of reward modulations in
goal-directed behavior and aspects of goal achieménm prospective remembering.
The present findings suggest that reward expeawtpertaining to the PM intention
have to be taken into account when the neural mtbst underlying PM are
investigated.

In particular, we have shown here that informatidout the incentive value of an
upcoming PM cue is represented in activation diffiees in reward-related limbic brain
structures. Moreover, our results suggest thatettient of these differences is largest
under high reward conditions.

Specifically, we report that in the PM context, thigeward leads to an increase in
activation in the midbrain and in the amygdala,ehhs accompanied by a performance
increase. Based on the present findings, we sudbastthe role of the frontopolar
cortex in PM is to monitor switching processesagponse to PM cues, irrespective of
the incentive value or the size of the incentivattls associated with those cues.
However, we present evidence that, under high mw#re functional connectivity
between reward-related midbrain regions and thetdmolar cortex is enhanced,
especially in the case of reward-related perforraancreases.

We further report that reward-related activatidffedences in the midbrain and in the
ventral striatum in the context of PM are linkedridividual reward sensitivity.

We conclude that reward expectations can be p®PM and that the neural
substrates supporting these reward expectationsit@grated into the neural processes
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underlying intact PM performance.

6.4 Outlook

The present study investigated the effects of réwen the neural mechanisms
supporting prospective memory. It was observed tbhatard effects were primarily
mediated by regions traditionally associated whi processing of reward features such
as the midbrain and the striatum, whereas frontopagions were not responsive to
reward levels per se, but showed enhanced conitgctor the midbrain region for
highly motivating events. Although these finding® an line with recent reports of
frontopolar function in the monitoring, but not @igation, of rewards, there are several
open questions that further studies could investiga

First, it should be established if the frontopotartex is indeed not sensitive to
differences between rewarded and non-rewarded P&8.ddor the reasons outlined
above, high reward PM cues were compared to lovar@WwM cues, but no non-reward
condition was included in the present study. Altfjouhe present results demonstrate
that this difference led to distinct neural proaegsn midbrain and striatal regions, the
possibility that the frontopolar cortex would bespensive to the difference between
reward and non-reward should be ruled out by inolydhis additional condition in
further studies.

Beyond this, it would be particularly interestittgymanipulate reward contingencies
separately for the ongoing and the PM task. Chaand Koechlin (2010) have
demonstrated that frontopolar cortex activity im@es in response to the combination of
rewards in two tasks. Thus, for example, a PM pgmactould be developed in which
some PM cues, but also some ongoing trials leaa igh reward, whereas other PM
and ongoing trials are associated with low rewakdcordingly, PM and ongoing
failures would result in high or low punishment.i§would allow for an investigation
of a putative boosting of the already more salii, compared to the ongoing trials. A
clinical aspect of this issue would involve the spien if patients with obsessive-
compulsive disorder (in which basal ganglia dysfiomchas been proposed to play a
role), or even healthy individual with high levai§ conscientiousness, could actually
refrain from checking or excessively monitoring R cues when the ongoing task is
associated with high reward, supposedly countergdhie satisfaction coming from the

execution of the compulsive action.
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A more applied, developmental perspective on natitvm and PM would involve the
investigation of the neural processes underlyirgatpe prospective memory paradox by
examining reward effects on the neural mechanismppating PM performance by

means of fMRI in groups of young and old adults.
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