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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 changes
in PFC and striatum have been reported. Aging is associated with a progressive decline in several cognitive functions, such as episodic
memory, working memory, and processing speed. Furthermore, it is associated with deficits in tasks requiring adaptation to external feed-
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ack of right or wrong, or task-switching. Here, we develop the hypothesis that this loss of behavioral flexibility is caused by
nd functional alterations of the reward system leading to impairments in reward processing, learning stimulus reinforcement as
nd reward-based decision-making. We review (a) data on neural correlates and substrates of reward processing in young hea
nd humans, (b) evidence for age related functional and structural alterations of the reward system, and (c) behavioral and

ng data of age effects on reward-based decision-making processes. Implications for neuroeconomics and neurodegenerative
iscussed.
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. Introduction

Decision-making is the process of choosing an option
r course of action from among a set of alternatives. This
rocess depends on the decision-maker’s estimate of the out-
ome of the different options, which is based on rewards and
unishments associated with these alternatives in the past.
his indicates that reward processing and reward association

earning are important components of the decision-making
rocess.

The reward system has four major components: (1)
opaminergic midbrain neurons located in the ventral

egmental area (VTA), (2) the ventral striatum (VST), (3)
he prefrontal cortex (PFC), and (4) the amygdala[5,83].
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Both, the dopaminergic as well as the serotonergic sy
are subject to change during aging: several studies r
severe receptor loss in PFC and striatum, which may c
decreased responses by target neurons[92,95]. Other studie
report severe structural changes, such as volume loss
pronounced in PFC and striatum[64]. It is well known tha
aging is associated with a progressive decline in severa
nitive functions, such as episodic memory, working mem
and processing speed. Furthermore, it has been show
aging is associated with deficits in tasks requiring ada
tion to external feedback of right or wrong, or task-switch
[2,38,39,60]. Here, we develop the hypothesis that this los
behavioral flexibility is caused by structural and functio
alterations of the reward system leading to impairmen
reward processing, learning stimulus reinforcement ass
tions, and adapting existing ones to new situations. We re
(a) data on neural correlates and substrates of reward pr
ing in young healthy animals and humans, (b) evidenc
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age-related functional and structural alterations of the reward
system, and (c) behavioral and neuroimaging data of age
effects on reward-based decision-making processes.

2. Neural substrates and correlates of reward
processing in animals and humans

Aging is associated with many changes in the brain across
different behavioral as well as anatomical domains. To review
age-related changes in reward-based decision-making we
first focus on reward-based decision-making in young healthy
animals and humans.

2.1. Reversal learning tasks

One of the very basic tasks that have been used for
the investigation of reward association learning are rever-
sal learning tasks. In this kind of task subjects have to adapt
responses to a certain stimulus reward contingency and to
inhibit previous responses. Originally, these tasks were used
in animal studies[34] but were adopted for use in healthy
human subjects and in patient populations[22,57,75]. The
animals typically receive a certain primary reinforcer, such
as food or liquid with pleasant flavor in response to a cer-
tain movement or behavior. After several trials the reward is
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cessing. This model proposes that reward processing relies on
dopaminergic midbrain neurons that are sensitive to unpre-
dicted rewards and show a short, phasic activation after the
presentation of rewards in animal studies[82–84]. Phasic
dopaminergic activity is also elicited by visual and auditory
stimuli that predict rewards, but is depressed by the omis-
sion of predicted rewards[47]. These results have led to the
suggestion that the dopamine response might represent a so-
called “reward prediction error” (RPE). The RPE indicates
the discrepancy between reward received for an action and
reward that was predicted to occur as the result of this action.
Specifically, the RPE is positive when a reward occurs unpre-
dictably after a certain action, resulting in an activation of
the dopaminergic neurons. Once a reward is expected with
total certainty, the RPE becomes zero and there is no pha-
sic dopaminergic activity. If a reward is expected but does
not occur, the RPE is negative, and activity in dopaminergic
neurons is depressed (for review, see[83]). Thus, this sig-
nal emitted by dopaminergic midbrain neurons might serve
as a global reinforcement signal to neurons in the striatum
and the PFC. Recently, Fiorillo et al. extended the model
by showing increased sustained activity shortly before an
expected reward was delivered. This activity varied as a func-
tion of probability of the occurrence of the rewarding object
and was highest when the probability was 50%. The authors
conclude that this pattern could reflect task uncertainty
[
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rder to obtain the reward again.

More recently, probabilistic versions of reversal lea
ng paradigms have been applied. In the probabilistic
ion, the feedback follows a probabilistic schedule an
hus less informative, i.e. there is a stochastic varia
f the amount of reward. It has been shown that u

his condition several clinical populations, such as pat
ith organic depression[68] or Huntington’s disease[41]
how impaired performance in stimulus reward associa
earning.

Choice selection decision-making paradigms, such a
owa gambling task[7] and Rogers’ gambling task[72], are
requently used in neuropsychological studies of decis
aking disturbances in frontal lobe damaged patients

eview, see[6,62]). A characteristic of these tasks is t
articipants have to choose between two options with

erent odds of success and different pay-offs (e.g. a s
ery likely or a larger less likely reward or punishment).
xample, in Rogers’ task, subjects have to weigh the pr
ility of winning a reward with the amount of possible rew
r punishment. In the Iowa gambling task, participants h

o optimize their decision behavior by processing feedb
rom previous trials.

.2. Neural correlates of reward processing in animals

Rolls found that neurons in orbitofrontal cortex (OFC) r
esent absolute as well as relative value[74]. Schultz et al
eveloped a model integrating different aspects of reward
21].

.3. Neural substrates and correlates of reward
rocessing in humans

A majority of neuroimaging studies have focused on s
rocesses of reward processing, such as reward anticip
nd reinforcement delivery using primary rewards (e.g. f

iquid with a pleasant flavor) and secondary rewards
oney). In agreement with the animal literature most stu

n humans have identified a number of brain regions inc
ng the PFC (different subregions, namely dorsolateral
dlPFC), and OFC)[56,90]), the amygdala[11,55], the basa
anglia (including caudate nucleus, putamen and globu

idus), and the VTA[55]. Other studies have focused
he above mentioned choice selection decision-making t
.g. the Iowa gambling task or the Rogers’ gambling

19,73,93].
The striatum is suggested to show sustained activity

he presentation of a reward-predicting stimulus, du
eward anticipation, and after the delivery of an unexpe
eward[8,11,37,58,89,93,99].

The OFC is critically involved in the detection and pred
ion of rewards[74,88], as well as in the flexible relearni
f associations between stimuli and rewards if required.
ons in the OFC provide information about the motivatio
alue and the identity of rewarding stimuli[83]. In neu-
oimaging studies the OFC is consistently activated w
ewards are delivered[11,18,56]. But the OFC is not onl
nvolved in reward processing: several studies have sh
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a critical involvement of the OFC for encoding information
[23,24,40].

2.4. Neural correlates of probabilistic reward
association learning

In a recent fMRI study, we investigated neural correlates of
stimulus reward association learning in the human brain[51].
In a probabilistic object reversal task (pORT)[68] partici-
pants had to choose one out of four letters (decision-making
phase) and received feedback (abstract non-monetary reward
or punishment, “points”; reward processing phase) after a ran-
domized delay (compareFig. 1). Participants were instructed
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to collect as many points as possible so that they had to
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
was associated with the maximum feedback. To make the
task less predictable, the reward schedule was probabilistic,
i.e. the letters were associated stochastically with the mag-
nitude of received points. For example, the choice of letter
“N” was rewarded with 40 points in 80% and with 20 points
in 20% of its occurrences. Based on the predefined learning
criterion, trials were divided into two groups: SEARCH and
LEARNED (reward associations not yet learned and learned).

To test in which brain regions the activity was modulated
by reward association learning, we contrasted activity dur-
ing SEARCH and LEARNED trials and vice versa during
decision-making and reward processing, respectively (group
average T-statistics).

Preliminary data show that during decision-making right
hemispheric dlPFC was more active while reward associa-
tions were being learned and the new target had to be found,
i.e. when comparing SEARCH and LEARNED trials. This is
in line with the idea that this area’s main function is response
selection[77].

Comparing LEARNED to SEARCH trials during
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ig. 1. Probabilistic object reversal task[68]. Four out of six letters (C, F,
, N, R, S) were presented simultaneously on a screen. The participants
ad to choose one of the letters via button-press on a four-button mouse (for

he purpose of illustration chosen letters are marked in red here). After a
andomized delay, participants received an abstract non-monetary feedback
ue (40, 20, 0,−20, −40 points). To collect as many points as possible
articipants had to search for the most profitable letter (“N” in this case) by

rial and error. To assess flexible relearning the feedback schedule covertly
hanged after participants had reached a predefined learning criterion, i.e.
fter the most profitable letter was chosen in more than 80% of successive

rials, and another letter was associated with the maximum feedback (bottom
ow). (For interpretation of the reference to colour in this figure legend, the
eader is referred to the web version of the article.)
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ecision-making resulted in greater activation in left supe
rontal gyrus, cingulate gyrus, amygdala, and insular b
egions.

The comparison of SEARCH and LEARNED trials d
ng reward processing revealed significant activation in
rontal pole and left dlPFC. This activation could reflect
rocessing of behaviorally relevant rewards thus sign

hat the most recent choice was good and had to be
orced.

In contrast, the VST showed larger right hemisph
esponses to reward cues during LEARNED trials comp
o SEARCH trials which might reflect its role in process
xpected rewards (compareFig. 2).

ig. 2. Neural correlates of reward association learning in young
ects. Right ventral striatum (x = 12/y = 18 /z = 3) showed greater respon
o reward cues after stimulus reward associations had been le
LEARNED > SEARCH trials;n = 8, p < 0.005; [51]). VST, ventral stria
um.
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3. Age effects on the neural substrates and correlates
of reward processing

Healthy aging is associated with a number of neu-
roanatomical and neurobiological alterations that result in
various cognitive changes. Reward-based decision-making
and the underlying neural systems are affected in old age and
might thus influence the decline of other cognitive functions
during aging. A selection of the most prominent evidence
will be briefly discussed below. In the following paragraph,
we review age-related changes in brain structures relevant for
reward processing.

3.1. Changes of brain structure in aging

Postmortem studies indicate a moderate reduction in brain
weight and volume[36]. Significant reductions in overall
cerebral volume are also shown by magnetic resonance imag-
ing (MRI; [66,69]). The vulnerability of cortical circuits in
normal aging seems to result from a loss of synaptic contacts
[32].

Although structural neuroimaging and postmortem stud-
ies indicate a general loss of brain tissue (signs of overall
atrophy), several cortical and subcortical brain areas are par-
ticularly more affected by aging than others. For example,
frontal and parietal lobes appear more vulnerable to age-
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the adult life span, indicating a negative relationship between
adult age and dopamine (DA). In the human striatum, a num-
ber of studies have shown an age-associated decline of D2-
like receptors, which could be related to a decline in motor and
cognitive abilities, such as speed of processing and episodic
memory[3,92]. Additionally, Kaasinen et al. have shown an
extrastriatal decline of D2/D3 receptors most pronounced in
PFC and anterior cingulate cortex (ACC) compared to tem-
poral and thalamic regions[35].

These results indicate that age-related decreases in DA
function are associated with a decline in cognitive function-
ing. Hereby, DA may affect different systems that are critical
for different cognitive abilities.

In sum, these data could lead to the prediction that at
least some aspects of stimulus reinforcement learning, which
relies on releasing DA in the striatum and the PFC, might be
altered in the aging brain. It is plausible that either reduced
DA release or an altered postsynaptic effect may affect infor-
mation processing and thus task performance in older adults.
However, although these PET studies using biochemical
markers are highly reliable and provide a signal for radi-
oligand binding to specific proteins of the neurotransmission
system, PET studies cannot assess the rapid alterations in
regional neural activity induced by changes in task demands.

3.3. Cognitive changes in aging
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elated decline than temporal and occipital lobes[69]. Specif-
cally, prefrontal grey matter volume shows a stronger n
ive association with age than any other brain area[65–67].
hese structural changes in PFC have been attribut
ge-related declines in cognitive performance (“frontal
ypothesis”;[97]). Severe age effects have also been foun

he basal ganglia including nucleus caudatus, putamen
lobus pallidus[25].

Conflicting findings have been reported regarding
elated morphological changes of the OFC. Age-related
me loss in the OFC is not as pronounced as volume

n the dlPFC[64], however a more recent study by Sala
l. showed an increase of cortical volume in OFC in o
dults ranging between 74 and 92 years[79]. Furthermore

his alteration significantly correlated with working mem
erformance. This study was the first to show that altera

n prefrontal areas other than the dlPFC could accoun
ehavioral changes during aging.

.2. Changes in brain physiology in
ging—neuroimaging results

Indices of brain function also change with age.
bserved with positron emission tomography (PET), ag
ssociated with a moderate reduction in regional cer
lood flow[49,50,96], which is an indirect measure of neu
ctivity.

Age-related differences have been found within sev
eurotransmitter systems. In particular, there is evidenc

he dopaminergic system undergoes gradual changes
 s

A large body of evidence has shown that cogni
bilities decline with age across different domains, s
s episodic and working memory, tasks requiring ex

ive functions, inhibition, processing speed, and reaso
14,45,46]. Aging is associated with impairments in ta
nvolving executive functions whereas age-related di
nces are only modest in simple working memory tasks,
s digit span. In contrast, older participants perform sig

cantly worse on tasks that require active maintenance
anipulation of information within working memory, such
onitoring of previous responses in the self-ordered poin

ask[15,61,86,98]or the inhibitory control of working mem
ry contents (for a review, see[27]). In contrast, measur
f crystallized intelligence, such as vocabulary or sema
nowledge, are relatively stable until late life[43,59,80].

Taking into account the various structural, physiologi
nd cognitive changes, which occur during healthy aging

erent components of reward-based learning could be sp
cally affected and possibly account for some of these co
ive deficits.

.4. Neural correlates of cognitive changes in aging

To investigate possible neural correlates of the be
oral changes that are associated with aging, several r
tudies have used PET and functional magnetic reson
maging (fMRI). In working memory as well as episo

emory tasks, old people exhibited a bilateral activa
n PFC whereas the PFC of young subjects was activ
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only unilaterally[78] (for review, see[12]). Generally, bilat-
eral functional activity could be related to higher cognitive
performance in old age[13]. This commonly found pattern
was interpreted as evidence for a compensational process and
was called “hemispheric asymmetry reduction in old adults”
(HEROLD) [12,70].

3.5. Reward processing in aging and its behavioral and
neural correlates

In the context of reward-based decision-making, however,
only few studies investigated possible age-related changes
and animal reports showed controversial results. Some stud-
ies investigating this process in animals using simple reward
discrimination and reward reversal learning paradigms found
age-related deficits in learning and reversing a certain reward
contingency[4,81,94]. Other authors report a small if any
age-related decline[30,63].

Furthermore, different results about the nature of the errors
in older animals are reported. Some authors showed that older
animals tend to perseverate on task sets, which are no longer
valid[4,87]. Others propose a failure in learning new stimulus
reward associations as revealed in learning stage analyses
[94].

In humans, studies investigated stimulus reinforcement
learning using the Wisconsin Card Sorting Test (WCST)
[ and
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estingly, older adults did not show significantly more perse-
verative errors compared to young adults. The difference in
task performance remained statistically significant after cor-
recting for the age effect in other tests assessing executive
functions, such as the self-ordered pointing task (SOPT), the
Stroop Word Color Interference task (Stroop) and the Tower
of London task (TOL). This suggests that the age effect found
in the pORT can be separated from general age effects on
executive functioning.

Taken together, older adults can learn stimulus response
associations and are flexible to adapt existing ones to new
situations but require more effort compared to young adults.

It is possible that structural as well as functional changes
in the reward system may account for this altered process-
ing. For example, reduced dopamine release may result in
an increase of signal to noise ratio, i.e. behaviorally relevant
rewards need more time to be integrated in a current contex-
tual representation[10,44].

To date, only few studies have investigated the effect of
aging on stimulus response learning by means of functional
neuroimaging. In a study by Nagahama et al., the effect
on executive functions was investigated, using the WCST
[54]. Age-related reductions of activity were found in left
PFC, parietal, and cerebellar gyrus. The right hemispheric
ventrolateral PFC was activated in older adults but not in
younger adults. Left dlPFC, precuneus as well as lingual and
p rrela-
t ional
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t these
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26,71]. Differences in task performance between young
ld participants were discussed controversially. Ridderin
t al. propose that older adults have the tendency to pers
te because of deficits in set shifting abilities[71]. In contrast
artman et al. argue that performance differences are d
decline in updating items in working memory[26].
Using more complex reward-based decision-ma

asks, such as the Iowa gambling task, thought to be s
ive to orbitofrontal functioning, age-related declines in t
erformance could not be found[48], suggesting little if an
ge-related orbitofrontal alteration in old age[48]. A recen
tudy using Rogers’ task demonstrated reduced risk-ta
ehavior and greater latency to respond along with a
ency to make poorer decisions in older adults[16]. The
uthors suggest that older adults may show slower lea

n avoiding high risk choices, tend to be more conserva
han the younger participants, and show reduced spe
erformance which might be related to a general age-re

actor, such as processing speed.
Levine et al. studied conditional associative learnin

lder adults and in patients with damage to the PFC[42].
igher error scores were attributed to decline in inhibi
rocesses and it was argued that this deficit was due to d
ysfunction.

Using the pORT (described above) in a behavioral s
ith 20 young and 20 older participants, we found defici

eward association learning in older adults[52]. Compared
o younger adults, older adults showed poorer performa
.e. they collected less points throughout the task and ne

ore trials to learn the stimulus response associations.
arahippocampal gyrus showed significant negative co
ions between the number of perseverative errors and reg
erebral blood flow (rCBF). As the number of persev
ive errors correlated with age, the authors suggest that
egions may reflect age-related deficits in set-shifting
ty. Esposito et al. investigated executive functions using

CST and Raven’s progressive matrices (RPM) in yo
nd old participants[20]. During WCST, participants show
ctivations in frontopolar cortex, cuneus, parahippoca
yrus, and deactivations in left prefrontal cortex, ACC,
erebellum not seen in the young subjects. These age-r
ifferences may reflect a failure to engage appropriate
orks and suppress inappropriate ones, or a compens
se of alternative networks. Furthermore, this study sug

hat age-related changes are task-specific. For examp
oung adults left PFC was activated during both WCST
PM, whereas in older adults it was activated during R
ut deactivated during WCST.

These above mentioned studies indicate that there
ge-related decrease of rCBF as measured with PET in d
uring tasks that require the detection of feedback and

ble relearning as contingencies change. However, be
f the low temporal resolution of PET it remains uncl
hether the dlPFC is less activated during the whole
r whether this alteration in dlPFC is process specific
ddition, the deficit in dlPFC could be related to a de

n set-shifting rather than a deficit in stimulus reinforcem
earning. Finally, while functional and morphological alt
tions during aging in dlPFC are well established, little
xist on functional integrity of the OFC or the basal gang
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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 older adults (preliminary
data, 8 young and 8 older participants). Comparing LEARNED to SEARCH trials revealed greater activation of right ventral striatum (x = 8/y = 12/z =−5)
during reward processing in young relative to older adults. (B) Contrast estimates in ventral striatum in the young and older participants, respectively [53].

Specifically, the interplay and differential age-related vulner-
ability within the reward system is unclear. Therefore, it is
of special interest to know to what extent different aspects of
reward processing and reward association learning are vul-
nerable to aging.

3.6. Age effects on neural correlates of probabilistic
reward association learning

To address this issue we used event-related fMRI while
older (n = 9, mean age = 67.5 years) and younger (n = 9, mean
age = 24.3) participants performed the pORT[68], see above
[52]. Similar to our previous behavioral study, older adults
collected fewer points and needed more trials to learn stim-
ulus response associations than younger adults (p < 0.001).
This difference remained statistically significant after cor-
recting for the age effect in other frontal tests. Prelimi-
nary fMRI results show that young participants recruited the
dorsolateral PFC while learning stimulus response associa-
tions (i.e. a greater change in blood-oxygen-level-dependent
(BOLD) signal to feedback cues while stimulus response
associations have not yet been learned). FMRI signal changes
in the ventral striatum showed the opposite pattern: after asso-
ciations had been learned there was a greater BOLD response
relative to trials in which associations had not yet been
l tiva-
t ase
( nd
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might affect the BOLD signal by altering cerebral blood flow
(CBF) and neurovascular coupling[17,28,31]. Altered neu-
rovascular coupling might also explain the finding that the
hemodynamic response of older subjects reaches its peak
earlier and is more variable across individuals compared to
younger subjects[1,33]. When interpreting age-differences
in neuroimaging data these caveats should be kept in mind.

4. Conclusion

The findings reviewed above help to gain a more com-
plete picture of the neural basis of reward-based decision-
making in the human brain and how this process is influ-
enced by aging. Previous studies investigating mechanisms
of decision-making used simple perceptual decision-making
tasks (e.g. direction of motion discrimination[85], flutter dis-
crimination[76], face-house discrimination[29]). In every-
day behavior rewards play an important role. As reviewed
above, alteration of the reward system might lead to impair-
ments in cognitive flexibility. Therefore, better understanding
reward-related processes, such as reward-based decision-
making in the aging brain is an important goal for future
research. From a neuroeconomical perspective it is impor-
tant to keep in mind that in the future in many countries
t the
y over
5 ower
( in
c and
r ver-
t g in
t roe-
c

m a
c era-
t ficits
i l-
o er’s
d D
m ch as
earned. In contrast, older adults showed additional ac
ion in frontopolar regions during the decision-making ph
compareFig. 1). Comparing signal changes in older a
oung adults, we found that the VST was less activated d
eward processing in older than in young adults after stim
eward associations had been learned (seeFig. 3). These dat
hus show age-related differences in reward association l
ng and are consistent with several studies showing addit
ecruitment of PFC in older adults. The differential activa
n the ventral striatum could be related to age-related a
tions of the reward system as outlined above.

When using functional imaging techniques, such as f
o study neural correlates of cognitive aging several ca
ave to be mentioned. Healthy elderly participants m
ave risk factors for cerebrovascular pathology, such as
etes, hypertension and hyperlipidaemia. All of these fa
he proportion of elderly citizens will increase (e.g. in
ear 2030, about 50% of the German population will be
0) and that the over 50-year-old have a great buying p
aboutD 90 billion in Germany). Specifically, the changes
hoice behavior (lack in flexibility and perseveration)
eward processing are relevant for the accessibility for ad
ising effects. Understanding (altered) reward processin
he aging brain will be crucial for the nascent field of neu
onomics.

The findings reviewed above are also important fro
linical perspective: Patients suffering from neurodegen
ive diseases, such as Alzheimer’s disease (AD) show de
n reversal learning tasks[22]. Neurofibrillary tangle patho
gy in the OFC is extensive in early stages of Alzheim
isease[9]. This widespread orbitofrontal damage in A
ay contribute to the severe behavioral changes, su
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disinhibition, decision-making impairments, and executive
control deficits[91]. The performance of stimulus reinforce-
ment learning could gain significance in the early diagnosis
of AD.
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