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Abstract

Healthy aging is associated with a number of neuroanatomical and neurobiological alterations that result in various cognitive changes
Both, the dopaminergic as well as the serotonergic system are subject to change during aging. Receptor loss and severe structural chan
in PFC and striatum have been reported. Aging is associated with a progressive decline in several cognitive functions, such as episodi
memory, working memory, and processing speed. Furthermore, it is associated with deficits in tasks requiring adaptation to external feed
back of right or wrong, or task-switching. Here, we develop the hypothesis that this loss of behavioral flexibility is caused by structural
and functional alterations of the reward system leading to impairments in reward processing, learning stimulus reinforcement associations
and reward-based decision-making. We review (a) data on neural correlates and substrates of reward processing in young healthy anime
and humans, (b) evidence for age related functional and structural alterations of the reward system, and (c) behavioral and neuroimag
ing data of age effects on reward-based decision-making processes. Implications for neuroeconomics and neurodegenerative diseases
discussed.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction Both, the dopaminergic as well as the serotonergic system
are subject to change during aging: several studies report
Decision-making is the process of choosing an option severe receptor loss in PFC and striatum, which may cause
or course of action from among a set of alternatives. This decreased responses by target neuf@2®5] Other studies
process depends on the decision-maker’s estimate of the outreport severe structural changes, such as volume loss most
come of the different options, which is based on rewards and pronounced in PFC and striatu@4]. It is well known that
punishments associated with these alternatives in the pastaging is associated with a progressive decline in several cog-
This indicates that reward processing and reward associatiomitive functions, such as episodic memory, working memory,
learning are important components of the decision-making and processing speed. Furthermore, it has been shown that
process. aging is associated with deficits in tasks requiring adapta-
The reward system has four major components: (1) tion to external feedback of right or wrong, or task-switching
dopaminergic midbrain neurons located in the ventral [2,38,39,60]Here, we develop the hypothesis that this loss of
tegmental area (VTA), (2) the ventral striatum (VST), (3) behavioral flexibility is caused by structural and functional
the prefrontal cortex (PFC), and (4) the amygd@#3]. alterations of the reward system leading to impairments in
reward processing, learning stimulus reinforcement associa-
mpondmg authors. Tel.: +49 30 450 560 169; tions, and adapting existing ones to new situations. We review
fax: +49 30 450 560 952. (a) data on neural correlates and substrates of reward process-
E-mail address: hauke.heekeren@charite.de (H.R. Heekeren). ing in young healthy animals and humans, (b) evidence for
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age-related functional and structural alterations of the reward cessing. This model proposes that reward processing relies on
system, and (c) behavioral and neuroimaging data of agedopaminergic midbrain neurons that are sensitive to unpre-
effects on reward-based decision-making processes. dicted rewards and show a short, phasic activation after the
presentation of rewards in animal studi@—-84] Phasic
dopaminergic activity is also elicited by visual and auditory
2. Neural substrates and correlates of reward stimuli that predict rewards, but is depressed by the omis-
processing in animals and humans sion of predicted rewardd7]. These results have led to the
suggestion that the dopamine response might represent a so-
Aging is associated with many changes in the brain acrosscalled “reward prediction error” (RPE). The RPE indicates
different behavioral as well as anatomical domains. To review the discrepancy between reward received for an action and
age-related changes in reward-based decision-making wereward that was predicted to occur as the result of this action.
firstfocus on reward-based decision-making in young healthy Specifically, the RPE is positive when a reward occurs unpre-

animals and humans. dictably after a certain action, resulting in an activation of
the dopaminergic neurons. Once a reward is expected with
2.1. Reversal learning tasks total certainty, the RPE becomes zero and there is no pha-

sic dopaminergic activity. If a reward is expected but does

One of the very basic tasks that have been used fornot occur, the RPE is negative, and activity in dopaminergic
the investigation of reward association learning are rever- neurons is depressed (for review, $88]). Thus, this sig-
sal learning tasks. In this kind of task subjects have to adaptnal emitted by dopaminergic midbrain neurons might serve
responses to a certain stimulus reward contingency and toas a global reinforcement signal to neurons in the striatum
inhibit previous responses. Originally, these tasks were usedand the PFC. Recently, Fiorillo et al. extended the model
in animal studieg34] but were adopted for use in healthy by showing increased sustained activity shortly before an
human subjects and in patient populati¢®2,57,75] The expected reward was delivered. This activity varied as a func-
animals typically receive a certain primary reinforcer, such tion of probability of the occurrence of the rewarding object
as food or liquid with pleasant flavor in response to a cer- and was highest when the probability was 50%. The authors
tain movement or behavior. After several trials the reward is conclude that this pattern could reflect task uncertainty
omitted and the animal has to change its choice behavior in[21].
order to obtain the reward again.

More recently, probabilistic versions of reversal learn- 2.3. Neural substrates and correlates of reward
ing paradigms have been applied. In the probabilistic ver- processing in humans
sion, the feedback follows a probabilistic schedule and is
thus less informative, i.e. there is a stochastic variation A majority of neuroimaging studies have focused on sub-
of the amount of reward. It has been shown that under processes of reward processing, such as reward anticipation
this condition several clinical populations, such as patients and reinforcement delivery using primary rewards (e.g. food,

with organic depressiof68] or Huntington's diseas@ll] liquid with a pleasant flavor) and secondary rewards (e.g.
show impaired performance in stimulus reward association money). In agreement with the animal literature most studies
learning. in humans have identified a number of brain regions includ-

Choice selection decision-making paradigms, such as theing the PFC (different subregions, namely dorsolateral PFC
lowa gambling task7] and Rogers’ gambling tag§k2], are (dIPFC), and OFC|56,90)), the amygdal§l1,55], the basal
frequently used in neuropsychological studies of decision- ganglia (including caudate nucleus, putamen and globus pal-
making disturbances in frontal lobe damaged patients (for lidus), and the VTA[55]. Other studies have focused on
review, se€[6,62]). A characteristic of these tasks is that the above mentioned choice selection decision-making tasks,
participants have to choose between two options with dif- e.g. the lowa gambling task or the Rogers’ gambling task
ferent odds of success and different pay-offs (e.g. a small[19,73,93]
very likely or a larger less likely reward or punishment). For The striatum is suggested to show sustained activity after
example, in Rogers’ task, subjects have to weigh the proba-the presentation of a reward-predicting stimulus, during
bility of winning a reward with the amount of possible reward reward anticipation, and after the delivery of an unexpected
or punishment. In the lowa gambling task, participants have reward[8,11,37,58,89,93,99]
to optimize their decision behavior by processing feedback  The OFC is critically involved in the detection and predic-

from previous trials. tion of rewardq74,88], as well as in the flexible relearning
of associations between stimuli and rewards if required. Neu-
2.2. Neural correlates of reward processing in animals rons in the OFC provide information about the motivational

value and the identity of rewarding stimyB3]. In neu-
Rolls found that neuronsin orbitofrontal cortex (OFC) rep- roimaging studies the OFC is consistently activated when
resent absolute as well as relative vaJdd]. Schultz et al. rewards are deliverefl1,18,56] But the OFC is not only
developed a modelintegrating different aspects of reward pro-involved in reward processing: several studies have shown
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a critical involvement of the OFC for encoding information to collect as many points as possible so that they had to
[23,24,40] determine, by trial and error, which letter was the most prof-

itable to choose. To assess flexible relearning the feedback
schedule covertly changed after participants had reached a
predefined learning criterion (most profitable letter chosen

in more than 80% of successive trials), and another letter
Inarecent fMRI study, we investigated neural correlates of Was associated with the maximum feedback. To make the

In a probabilistic object reversal task (pOR[BB] partici- i.e. the letters were associated stochastically with the mag-
pants had to choose one out of four letters (decision-making nitude of received points. For example, the choice of letter
phase) and received feedback (abstract non-monetary rewardN” Was rewarded with 40 points in 80% and with 20 points

domized delay (compafég. 1). Participants were instructed criterion, trials were divid(.ad.into two groups: SEARCH and
LEARNED (reward associations notyetlearned and learned).

To test in which brain regions the activity was modulated
R by reward association learning, we contrasted activity dur-

S N ing SEARCH and LEARNED trials and vice versa during

decision-making and reward processing, respectively (group

c average T-statistics).

+ Preliminary data show that during decision-making right
hemispheric dIPFC was more active while reward associa-
tions were being learned and the new target had to be found,

-20 i.e. when comparing SEARCH and LEARNED trials. This is

in line with the idea that this area’s main function is response

selection77].
Comparing LEARNED to SEARCH trials during

N R decision-making resulted in greater activation in left superior

frontal gyrus, cingulate gyrus, amygdala, and insular brain

S regions.

+ The comparison of SEARCH and LEARNED trials dur-
ing reward processing revealed significant activation in left
frontal pole and left dIPFC. This activation could reflect the

40 processing of behaviorally relevant rewards thus signaling

that the most recent choice was good and had to be rein-

forced.
In contrast, the VST showed larger right hemispheric

S H responses to reward cues during LEARNED trials compared

N to SEARCH trials which might reflect its role in processing
expected rewards (compdfe. 2).

2.4. Neural correlates of probabilistic reward
association learning

-n
> EETTTE

A
> TETTTT

-40

Fig. 1. Probabilistic object reversal taf88]. Four out of six letters (C, F,

H, N, R, S) were presented simultaneously on a screen. The participants
had to choose one of the letters via button-press on a four-button mouse (for
the purpose of illustration chosen letters are marked in red here). After a
randomized delay, participants received an abstract non-monetary feedback
cue (40, 20, 020, —40 points). To collect as many points as possible
participants had to search for the most profitable letter (“N” in this case) by
trial and error. To assess flexible relearning the feedback schedule covertly
changed after participants had reached a predefined learning criterion, i.e.Fig. 2. Neural correlates of reward association learning in young sub-
after the most profitable letter was chosen in more than 80% of successivejects. Right ventral striatumx € 12/y = 18 ; = 3) showed greater responses
trials, and another letter was associated with the maximum feedback (bottomtg reward cues after stimulus reward associations had been learned
row). (For interpretation of the reference to colour in this figure legend, the (LEARNED > SEARCH trials;n =8, p <0.005;[51]). VST, ventral stria-
reader is referred to the web version of the article.) tum.
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3. Age effects on the neural substrates and correlates the adult life span, indicating a negative relationship between
of reward processing adult age and dopamine (DA). In the human striatum, a num-
ber of studies have shown an age-associated decline-of D

Healthy aging is associated with a number of neu- like receptors, which could be related to adecline in motorand
roanatomical and neurobiological alterations that result in cognitive abilities, such as speed of processing and episodic
various cognitive changes. Reward-based decision-makingmemory[3,92]. Additionally, Kaasinen et al. have shown an
and the underlying neural systems are affected in old age andextrastriatal decline of pJD3 receptors most pronounced in
might thus influence the decline of other cognitive functions PFC and anterior cingulate cortex (ACC) compared to tem-
during aging. A selection of the most prominent evidence poral and thalamic regiori85].

will be briefly discussed below. In the following paragraph, These results indicate that age-related decreases in DA

we review age-related changes in brain structures relevant forfunction are associated with a decline in cognitive function-

reward processing. ing. Hereby, DA may affect different systems that are critical
for different cognitive abilities.

3.1. Changes of brain structure in aging In sum, these data could lead to the prediction that at

least some aspects of stimulus reinforcement learning, which

Postmortem studies indicate a moderate reduction in brainrelies on releasing DA in the striatum and the PFC, might be
weight and volumg36]. Significant reductions in overall  altered in the aging brain. It is plausible that either reduced
cerebral volume are also shown by magnetic resonance imagDA release or an altered postsynaptic effect may affect infor-
ing (MRI; [66,69). The vulnerability of cortical circuits in ~ mation processing and thus task performance in older adults.
normal aging seems to result from a loss of synaptic contactsHowever, although these PET studies using biochemical
[32]. markers are highly reliable and provide a signal for radi-

Although structural neuroimaging and postmortem stud- oligand binding to specific proteins of the neurotransmission
ies indicate a general loss of brain tissue (signs of overall system, PET studies cannot assess the rapid alterations in
atrophy), several cortical and subcortical brain areas are par+egional neural activity induced by changes in task demands.
ticularly more affected by aging than others. For example,
frontal and parietal lobes appear more vulnerable to age-3.3. Cognitive changes in aging
related decline than temporal and occipital Iof&j. Specif-
ically, prefrontal grey matter volume shows a stronger nega- A large body of evidence has shown that cognitive
tive association with age than any other brain 46&a8-67] abilities decline with age across different domains, such
These structural changes in PFC have been attributed toas episodic and working memory, tasks requiring execu-
age-related declines in cognitive performance (“frontal lobe tive functions, inhibition, processing speed, and reasoning
hypothesis’{97]). Severe age effects have also beenfound in [14,45,46] Aging is associated with impairments in tasks
the basal ganglia including nucleus caudatus, putamen, andnvolving executive functions whereas age-related differ-
globus pallidug25]. ences are only modest in simple working memory tasks, such

Conflicting findings have been reported regarding age- as digit span. In contrast, older participants perform signif-
related morphological changes of the OFC. Age-related vol- icantly worse on tasks that require active maintenance and
ume loss in the OFC is not as pronounced as volume lossmanipulation of information within working memory, such as
in the dIPFC[64], however a more recent study by Salat et monitoring of previous responses in the self-ordered pointing
al. showed an increase of cortical volume in OFC in older task[15,61,86,98pr the inhibitory control of working mem-
adults ranging between 74 and 92 ye@8]. Furthermore, ory contents (for a review, sd27]). In contrast, measures
this alteration significantly correlated with working memory of crystallized intelligence, such as vocabulary or semantic
performance. This study was the first to show that alteration knowledge, are relatively stable until late 1{#3,59,80]
in prefrontal areas other than the dIPFC could account for  Taking into account the various structural, physiological,

behavioral changes during aging. and cognitive changes, which occur during healthy aging, dif-

ferent components of reward-based learning could be specif-
3.2. Changes in brain physiology in ically affected and possibly account for some of these cogni-
aging—neuroimaging results tive deficits.

Indices of brain function also change with age. As 3.4. Neural correlates of cognitive changes in aging
observed with positron emission tomography (PET), age is
associated with a moderate reduction in regional cerebral To investigate possible neural correlates of the behav-
blood flow[49,50,96] which is an indirect measure of neural ioral changes that are associated with aging, several recent
activity. studies have used PET and functional magnetic resonance
Age-related differences have been found within several imaging (fMRI). In working memory as well as episodic
neurotransmitter systems. In particular, there is evidence thatmemory tasks, old people exhibited a bilateral activation
the dopaminergic system undergoes gradual changes acrosis PFC whereas the PFC of young subjects was activated
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only unilaterally[78] (for review, sed12]). Generally, bilat- estingly, older adults did not show significantly more perse-
eral functional activity could be related to higher cognitive verative errors compared to young adults. The difference in
performance in old agEL3]. This commonly found pattern  task performance remained statistically significant after cor-
was interpreted as evidence for a compensational process andecting for the age effect in other tests assessing executive
was called “hemispheric asymmetry reduction in old adults” functions, such as the self-ordered pointing task (SOPT), the

(HEROLD)[12,70] Stroop Word Color Interference task (Stroop) and the Tower

of London task (TOL). This suggests that the age effect found
3.5. Reward processing in aging and its behavioral and in the pORT can be separated from general age effects on
neural correlates executive functioning.

Taken together, older adults can learn stimulus response

In the context of reward-based decision-making, however, associations and are flexible to adapt existing ones to new
only few studies investigated possible age-related changessituations but require more effort compared to young adults.
and animal reports showed controversial results. Some stud- It is possible that structural as well as functional changes
ies investigating this process in animals using simple reward in the reward system may account for this altered process-
discrimination and reward reversal learning paradigms found ing. For example, reduced dopamine release may result in
age-related deficits in learning and reversing a certain rewardan increase of signal to noise ratio, i.e. behaviorally relevant
contingency[4,81,94] Other authors report a small if any rewards need more time to be integrated in a current contex-
age-related decling0,63]. tual representatiofi0,44]

Furthermore, different results about the nature ofthe errors  To date, only few studies have investigated the effect of
in older animals are reported. Some authors showed that oldeiaging on stimulus response learning by means of functional
animals tend to perseverate on task sets, which are no longeneuroimaging. In a study by Nagahama et al., the effect
valid [4,87]. Others propose afailure inlearning new stimulus on executive functions was investigated, using the WCST
reward associations as revealed in learning stage analysefb4]. Age-related reductions of activity were found in left
[94]. PFC, parietal, and cerebellar gyrus. The right hemispheric

In humans, studies investigated stimulus reinforcement ventrolateral PFC was activated in older adults but not in
learning using the Wisconsin Card Sorting Test (WCST) younger adults. Left dIPFC, precuneus as well as lingual and
[26,71] Differences in task performance between young and parahippocampal gyrus showed significant negative correla-
old participants were discussed controversially. Ridderinkhof tions between the number of perseverative errors and regional
et al. propose that older adults have the tendency to persevereerebral blood flow (rCBF). As the number of persevera-
ate because of deficits in set shifting abilifiés]. In contrast, tive errors correlated with age, the authors suggest that these
Hartman et al. argue that performance differences are due taregions may reflect age-related deficits in set-shifting abil-
a decline in updating items in working memdgg]. ity. Esposito et al. investigated executive functions using the

Using more complex reward-based decision-making WCST and Raven’s progressive matrices (RPM) in young
tasks, such as the lowa gambling task, thought to be sensi-and old participantf0]. During WCST, participants showed
tive to orbitofrontal functioning, age-related declines in task activations in frontopolar cortex, cuneus, parahippocampal
performance could not be fourfdi8], suggesting little if any ~ gyrus, and deactivations in left prefrontal cortex, ACC, and
age-related orbitofrontal alteration in old a[@&]. A recent cerebellum not seen in the young subjects. These age-related
study using Rogers’ task demonstrated reduced risk-takingdifferences may reflect a failure to engage appropriate net-
behavior and greater latency to respond along with a ten-works and suppress inappropriate ones, or a compensatory
dency to make poorer decisions in older ad(iit§]. The use of alternative networks. Furthermore, this study suggests
authors suggest that older adults may show slower learningthat age-related changes are task-specific. For example, in
in avoiding high risk choices, tend to be more conservative young adults left PFC was activated during both WCST and
than the younger participants, and show reduced speed ofRPM, whereas in older adults it was activated during RPM
performance which might be related to a general age-relatedbut deactivated during WCST.

factor, such as processing speed. These above mentioned studies indicate that there is an
Levine et al. studied conditional associative learning in age-related decrease of rCBF as measured with PET in dIPFC
older adults and in patients with damage to the R&Z]. during tasks that require the detection of feedback and flex-

Higher error scores were attributed to decline in inhibitory ible relearning as contingencies change. However, because
processes and it was argued that this deficit was due to dIPFQf the low temporal resolution of PET it remains unclear
dysfunction. whether the dIPFC is less activated during the whole task
Using the pORT (described above) in a behavioral study or whether this alteration in dIPFC is process specific. In
with 20 young and 20 older participants, we found deficits in addition, the deficit in dIPFC could be related to a deficit
reward association learning in older adB2]. Compared in set-shifting rather than a deficit in stimulus reinforcement
to younger adults, older adults showed poorer performance,learning. Finally, while functional and morphological alter-
i.e. they collected less points throughout the task and neededations during aging in dIPFC are well established, little data
more trials to learn the stimulus response associations. Inter-exist on functional integrity of the OFC or the basal ganglia.
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Fig. 3. Age effects on neural correlates of reward assocation learning. (A) Statistical map of a group comparison between young and oldeimaithalig (prel
data, 8 young and 8 older participants). Comparing LEARNED to SEARCH trials revealed greater activation of right ventral strigtm 12/ =—5)
during reward processing in young relative to older adults. (B) Contrast estimates in ventral striatum in the young and older participansiyrfsgiecti

Specifically, the interplay and differential age-related vulner- might affect the BOLD signal by altering cerebral blood flow
ability within the reward system is unclear. Therefore, it is (CBF) and neurovascular couplifig7,28,31] Altered neu-

of special interest to know to what extent different aspects of rovascular coupling might also explain the finding that the
reward processing and reward association learning are vul-hemodynamic response of older subjects reaches its peak

nerable to aging. earlier and is more variable across individuals compared to
younger subject§l,33]. When interpreting age-differences
3.6. Age effects on neural correlates of probabilistic in neuroimaging data these caveats should be kept in mind.

reward association learning

To address this issue we used event-related fMRI while 4. Conclusion
older @ =9, mean age =67.5 years) and younger 9, mean
age = 24.3) participants performed the pOB8], see above The findings reviewed above help to gain a more com-
[52]. Similar to our previous behavioral study, older adults plete picture of the neural basis of reward-based decision-
collected fewer points and needed more trials to learn stim- making in the human brain and how this process is influ-
ulus response associations than younger adpk<0(001). enced by aging. Previous studies investigating mechanisms
This difference remained statistically significant after cor- of decision-making used simple perceptual decision-making
recting for the age effect in other frontal tests. Prelimi- tasks (e.g. direction of motion discriminatif8b], flutter dis-
nary fMRI results show that young participants recruited the crimination[76], face-house discriminatidi29]). In every-
dorsolateral PFC while learning stimulus response associa-day behavior rewards play an important role. As reviewed
tions (i.e. a greater change in blood-oxygen-level-dependentabove, alteration of the reward system might lead to impair-
(BOLD) signal to feedback cues while stimulus response mentsin cognitive flexibility. Therefore, better understanding
associations have not yet been learned). FMRI signal changeseward-related processes, such as reward-based decision-
inthe ventral striatum showed the opposite pattern: after asso-making in the aging brain is an important goal for future
ciations had been learned there was a greater BOLD responseesearch. From a neuroeconomical perspective it is impor-
relative to trials in which associations had not yet been tant to keep in mind that in the future in many countries
learned. In contrast, older adults showed additional activa- the proportion of elderly citizens will increase (e.g. in the
tion in frontopolar regions during the decision-making phase year 2030, about 50% of the German population will be over
(compareFig. 1). Comparing signal changes in older and 50) and that the over 50-year-old have a great buying power
young adults, we found thatthe VST was less activated during (about€ 90 billion in Germany). Specifically, the changes in
reward processing in older than in young adults after stimulus choice behavior (lack in flexibility and perseveration) and
reward associations had been learned F3ge3). These data  reward processing are relevant for the accessibility for adver-
thus show age-related differences in reward association learn4ising effects. Understanding (altered) reward processing in
ing and are consistent with several studies showing additionalthe aging brain will be crucial for the nascent field of neuroe-
recruitment of PFC in older adults. The differential activation conomics.
in the ventral striatum could be related to age-related alter- The findings reviewed above are also important from a
ations of the reward system as outlined above. clinical perspective: Patients suffering from neurodegenera-

When using functional imaging techniques, such as fMRI tive diseases, such as Alzheimer’s disease (AD) show deficits
to study neural correlates of cognitive aging several caveatsin reversal learning tas§22]. Neurofibrillary tangle pathol-
have to be mentioned. Healthy elderly participants might ogy in the OFC is extensive in early stages of Alzheimer’s
have risk factors for cerebrovascular pathology, such as dia-diseas€e[9]. This widespread orbitofrontal damage in AD
betes, hypertension and hyperlipidaemia. All of these factors may contribute to the severe behavioral changes, such as
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