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Reward-based associative learning is mediated by a distributed network of brain regions that are dependent on the
dopaminergic system. Age-related changes in key regions of this system, the striatum and the prefrontal cortex, may
adversely affect the ability to use reward information for the guidance of behavior. The present study investigated
the effects of healthy aging on different components of reward learning, such as acquisition, reversal, effects of
reward magnitude, and transfer of learning. A group of 30 young (mean age = 24.2 yr) and a group of 30 older
subjects (mean age = 64.1 yr) completed two probabilistic reward-based stimulus association learning tasks. Older
subjects showed poorer overall acquisition and impaired reversal learning, as well as deficits in transfer learning.
When only those subjects who showed evidence of significant learning were considered, younger subjects showed
equivalently fast learning irrespective of reward magnitude, while learning curves in older subjects were steeper for
high compared to low reward magnitudes. Acquired equivalence learning, which requires generalization across
stimuli and transfer of learned contingencies to new stimuli, was mildly impaired in older subjects.

Rewards play a critical role in the guidance of goal-directed be-
havior, with detection, evaluation, and prediction of rewards be-
ing important determinants. Reward processing is mediated by
the dopaminergic system and a network involving midbrain ar-
eas, the striatum, amygdala, medial temporal, and orbitofrontal
cortex (OFC), as well as several neocortical regions (Schultz
2000). The striatum, the prefrontal cortex (PFC), and the medial
temporal lobe (MTL) are known to undergo substantial changes
during the course of normal aging (Gunning-Dixon et al. 1998;
Raz and Rodrigue 2006). The most pronounced volume reduc-
tions are seen in the PFC, while the striatum and the MTL region
are somewhat less affected (Tisserand and Jolles 2003; Hedden
and Gabrieli 2004). In addition, age-related loss of dopamine
receptors and transporters in striatal and extrastriatal regions
may adversely affect the functional integrity of the reward learn-
ing system (Bäckman et al. 2006). While it is clear that transmit-
ters other than dopamine are also involved in reward processing
(Beninger and Gerdjikov 2004), dopamine is commonly regarded
as the most important one.

So far, relatively little is known about the influence of
healthy aging on reward-based stimulus association learning.
There is evidence of age-related deficits of reversal learning in
animals, although sparing of function has also been reported
(Rapp 1990; Lai et al. 1995; Herndon et al. 1997; Voytko 1999;
Schoenbaum et al. 2002; Tapp et al. 2003). In a study of human
aging effects, Mell et al. (2005) reported impairments of older
relative to young adults on a reward-based probabilistic object
reversal task, presumably linked to reduced ventral striatal acti-
vation in the older subjects (Marschner et al. 2005). Performance
on another reward-related task, the Iowa Gambling task, which
has been linked to OFC function, seems to be, however, not
consistently affected by age, being compromised only in a subset
of older subjects (MacPherson et al. 2002; Denburg et al. 2005).
Two recent neuroimaging studies compared the brain activations
during reward processing between young and aged individuals.
Larkin et al. (2007) did not observe significant age effects on
striatal and insular activations during monetary gain anticipa-

tion, but an age-related reduction of activation during loss an-
ticipation. Data by Schott et al. (2007), however, suggested that
unlike young subjects, older people do not exhibit ventral striatal
and midbrain activation during reward anticipation, but during
the reward feedback itself. The authors concluded that, although
general reward processing might be intact in older people, they
are impaired in learning the predictive value of the stimuli.

The human striatum was shown to be involved in reward
processing by several functional neuroimaging studies (Delgado
et al. 2000, 2003; Elliott et al. 2000, 2003; O’Doherty 2004; Del-
gado 2007). It has, however, also been suggested that reward-
associated striatal activations reflect the coding of stimulus sa-
lience rather than responses to rewards (Zink et al. 2004). Alter-
natively, the dopaminergic midbrain and its striatal target
regions may play a more general role in performance feedback-
based learning and not specifically in reward-based associative
learning (Aron et al. 2004), a view that is consistent with proba-
bilistic learning deficits in Parkinson’s disease patients (Knowl-
ton et al. 1996; Myers et al. 2003; Shohamy et al. 2004). The
striatum has recently been found to be involved in coding ex-
pected values (Knutson et al. 2005) and in the distinction be-
tween valences and magnitudes of rewarding outcomes (Delgado
et al. 2003). Magnitude- and valence-dependent activity is com-
monly observed in the OFC (O’Doherty et al. 2001; Elliott et al.
2003; Wallis and Miller 2003; Roesch and Olson 2004; Wallis
2007). The OFC is also important for performance associated
with reversal learning, presumably in cooperation with the an-
terior cingulate cortex (Rolls 2000; Kringelbach 2005). The dor-
solateral PFC, on the other hand, is assumed to use reward infor-
mation to plan and execute behavior directed toward rewards
(Schultz 2000). Furthermore, during the course of performance
feedback-based associative learning, MTL activations were ob-
served early during learning, followed by later striatal activations
(Poldrack et al. 2001). Additionally, generalization and transfer
learning as assessed by acquired equivalence paradigms are pre-
dominantly dependent on MTL function (Myers et al. 2003; Keri
et al. 2005).

Since aging leads to several changes in the brain regions
linked to the reward system, the present study aimed to deter-
mine the functional sequelae of normal aging on a range of cog-
nitive processes involved in probabilistic reward-based learning
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paradigms. Two different reward-based learning tasks were ad-
ministered to a group of young and a group of older participants.
Subjects had to learn the associations between four Asian sym-
bols and two colors. On each trial, they were presented with one
of the symbols and subsequently had to select one of two colors
(see Fig. 1A). Correct responses were rewarded with monetary
feedback of either 5 or 20 cents; however, feedback was only
given on 80% of all trials (probabilistic learning). In the first task,
the slow acquisition of stimulus associations was followed by a
reversal of contingencies. Subsequently, contingencies were
changed back to the initial schedule of the acquisition phase.
During this learning stage (single symbol reversal), subjects only
learned the new associations for two of the symbols and were
then tested on all four symbols without receiving trial-by-trial
feedback (transfer learning) (see Fig. 1B). The second task was an
acquired equivalence paradigm, in which subjects learned asso-
ciations between new Asian symbols and new colors. In a second
phase of this experiment, the colors changed and subjects had to
learn the new associations for half of the symbols. As in the first
reward-based learning task, the subsequent test phase involved
all symbols without response feedback (see Fig. 1C). While per-
formance on the first learning task is assumed to rely predomi-
nantly on striatal and OFC functions, the second task is presum-
ably more closely linked to striatal and MTL functions (Myers et
al. 2003; Keri et al. 2005). Subjects also completed a verbal paired
associates learning task to assess declarative learning perfor-
mance, and were screened for general neuropsychological status.

Results

Short-term and working memory
Short-term and working memory were screened because these
abilities might contribute to the successful completion of the

reward learning tasks. Analysis of digit spans (forward and back-
ward reproduction) did not yield significant age group differ-
ences (both P > 0.130; see Table 1). In contrast, block spans were
consistently shorter in the older group for both forward and
backward reproduction (both P < 0.001; see Table 1).

Verbal paired associates
The results of the verbal paired associates test, which assesses
declarative learning performance, are shown in Figure 2. Analysis
of variance (ANOVA) with factors Group (younger vs. older sub-
jects), Difficulty (easy vs. hard), and Block (three blocks) yielded
main effects of Group (F(1,57) = 25.16, P < 0.001), Difficulty
(F (1 ,57 ) = 52.02, P < 0.001), and Block (l inear trend:
F(1,57) = 115.95, P < 0.001), as well as a significant three-way in-
teraction (F(1,57) = 4.70, P = 0.034). The main effects reflect better
performance of younger relative to older subjects and better per-
formance for easy relative to hard items, as well as significant
learning across blocks. The interaction reflects a larger difference
between easy and hard items in the older group at the beginning
of learning which becomes smaller across blocks (see Fig. 2).

Analysis of delayed recall indicated that on average, young
subjects remembered more hard pairs than older subjects
(t(57) = 2.98, P = 0.004; see Fig. 2B), while this was not the case for
easy items (t(57) = 0.61, P = 0.542; see Fig. 2A).

Stimulus–reward learning
The first reward learning task concentrated on the slow acquisi-
tion of stimulus contingencies, reversal, and transfer learning.
Data for acquisition and reversal were analyzed by ANOVA with
factors Group (younger vs. older subjects), Block (three blocks of
40 trials each), and Reward Magnitude (5 vs. 20 cents). Analysis
of acquisition yielded main effects of Group (F(1,58) = 28.15,
P < 0.001), Block (linear trend: F(1,58) = 47.89, P < 0.001), and Re-

ward Magni tude (F ( 1 , 5 8 ) = 6 .33 ,
P = 0.015); none of the interactions
reached significance (all P > 0.160).
Older subjects showed poorer learning
than younger subjects, learning was gen-
erally better with higher compared to
lower rewards, and performance of both
groups improved significantly over the
blocks (Fig. 3A).

For reversal, ANOVA revealed main
effects of Group (F(1,58) = 13.70, P < 0.001)
and Block (linear trend: F(1,58) = 31.85,
P < 0.001), as well as a significant
Block � Group interaction (linear trend:
F(1,58) = 9.01, P = 0.004), but no signifi-
cant effects involving Reward Magni-
tude (main effect : F ( 1 , 58 ) = 0.56,
P = 0.459). The younger group showed
significant learning across blocks (linear
trend: F(1,29) = 42.10, P < 0.001), while
the Block effect did not reach signifi-
cance in the older group (linear trend:
F(1,29) = 3.14, P = 0.087) (see Fig. 3A).

To further assess age group differ-
ences, the proportions of learners and
non-learners were determined as a mea-
sure of reward learning. Learners were
defined as subjects who achieved at least
70% correct responses in the last block
of the acquisition phase for at least one
of the two reward magnitudes. The prob-
ability that this score is obtained by
chance is lower than 6%. The 70% crite-

Figure 1. Task design for the reward learning paradigms. (A) Sequence of stimulus presentation for
one trial of the first reward learning task. Blank screens are omitted for clarity. (B) Associations between
the four Asian symbols and the two colors in the different phases of the first reward learning task.
During the single symbol-reversal learning stage, subjects learned associations only for two symbols. In
the subsequent test stage, they had to respond to all four symbols without receiving feedback about
the correctness of their color choices. Correct responses to all symbols were only possible if subjects
transferred their previously obtained knowledge about the symbol–color associations to the two sym-
bols that were not used during the learning stage. (Acqu) Acquisition; (Rev) reversal; (SiSyRev) single
symbol reversal. (C) Associations between the four Asian symbols and the colors in the different phases
of the second reward learning task. Subjects had to learn that the same two symbols were always
paired with one color. During the second acquisition phase, only two of the symbols were presented.
Subjects could only respond correctly to all four symbols in the test phase if they had learned that
always two of the symbols were equivalent with respect to the associated color. (Acqu 1) Acquisition
phase 1; (Acqu 2) acquisition phase 2; (Test) test phase.
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rion reflects a high level of learning since in the probabilistic
setup, application of the underlying rule would only lead to a
maximum score of 80%. Applying this criterion, 25 of the 30
younger subjects, but only 17 of the 30 older subjects, were clas-
sified as learners, the proportion of learners being significantly
higher in the younger group (�2 test: �2 = 5.08, d.f. = 1,
P = 0.024). Learners and non-learners did not differ significantly
on any of the non-reward learning measures, with the exception
of the sum score for verbal paired associates learning (immediate
recall) being higher in the learners (t(1,57) = 2.39, P = 0.020).

As reversal learning is dependent on previous acquisition,
further analyses were limited to the subgroup of subjects who
showed successful initial learning. Additionally, this procedure
allowed the analysis of the effect of reward magnitude on the
course of learning in subjects who actually showed significant
learning. Learning curves for the learners are presented in Figure
3B. For the acquisition phase, there were significant main effects
of Group (F(1,40) = 13.74, P = 0.001), Block (linear trend:
F(1,40) = 77.58, P < 0.001), and Reward Magnitude (F(1,40) = 8.58,
P = 0.006), as well as a trend toward a significant three-way in-
teraction (Group � Block [linear trend] � Reward Magnitude,
F(1,40) = 3.91, P = 0.055). Exploratory ANOVA in the young learn-
ers yielded main effects of Block (linear trend: F(1,24) = 41.24,
P < 0.001), and Reward Magnitude (F(1,24) = 11.72, P = 0.002), but
no interaction (linear trend: F(1,24) = 0.12, P = 0.890). A separate
analysis for older learners yielded a main effect of Block (linear
trend: F(1,16) = 44.54, P < 0.001) and a trend toward a significant
Block � Reward Magnitude interaction (F(1,16) = 4.15, P = 0.059).
Further analyses indicated that older subjects showed faster
learning across blocks for the symbols rewarded with 20 cents
(F(1,16) = 41.78, P < 0.001) compared to those rewarded with 5
cents (F(1,16) = 5.79, P = 0.026). The pattern of results for the

analyses of the reversal phase in the subgroup of learners was
identical to the pattern of results for all subjects described above.

For the analysis of the single symbol reversal, only subjects
who showed significant learning during initial acquisition and
who reached the learning criterion in the acquisition phase of
the single symbol reversal (five correct successive responses) were
included. Using these criteria, 21 out of 30 younger subjects and
14 out of 30 older subjects were defined as learners, indicating a
trend toward a higher proportion of learners in the younger
group (�2 test: �2 = 3.36, d.f. = 1, P = 0.067).

Data of the single symbol reversal test stage are separated
into responses to symbols already presented in the learning stage
(learned symbols) and symbols only presented in the test stage
(transfer symbols). ANOVA with factors Symbol Type (learned vs.
transfer) and Group (younger vs. older subjects) yielded a signif-
icant effect of Symbol Type (F(1,33) = 28.74, P < 0.001), but no
significant Group effect (F(1,33) = 1.47, P = 0.235) or interaction
(F(1,33) = 0.29, P = 0.596). There were more correct responses with
learned compared to transfer symbols (see Fig. 4A). As can be seen
from Figure 4A, performance was above the chance level for
learned symbols in both groups (both P < 0.001), but learning
with the transfer symbols in the older group was not significant
(t(13) = 0, P = 1) and only approached significance in the younger
group (t(20) = 1.82, P = 0.084).

Response times and misses
In order to investigate whether the lower performance of the
older subjects might be related to an age-dependent motor defi-
cit, response times (RTs) and the number of misses were analyzed
for acquisition and reversal. ANOVA of RTs with factors Group,
Block, and Reward Magnitude yielded significant Group
(F(1,58) = 8.55, P = 0.005) and Block effects (linear trend:
F(1,58) = 4.24, P = 0.044) for acquisition and a significant Group
effect (F(1,58) = 4.93, P = 0.030) for reversal. RTs became shorter
over the course of acquisition and were generally longer in the
older than in the younger group (see Table 2). It should be noted,
however, that the quantitative RT differences were very small.

The number of misses, that is, trials in which subjects did
not respond, was 0.4% (SD = 0.5) in the younger group and 1%
(SD = 1) in the older group across all conditions of the experi-
ment. This difference was significant (t(1,58) = �3.13, P = 0.003),
but very small in quantitative terms.

Acquired equivalence
In contrast to the single symbol reversal of the first reward learn-
ing task, the acquired equivalence task required generalization
across the stimulus material and could not be completed by
memory of stimulus contingencies from earlier phases of the ex-
periment. Data are separated into symbols presented in all ex-
perimental phases (learned symbols) and symbols only presented
in the first acquisition and the test phase (transfer symbols).

All subjects who reached the learning criteria of eight cor-
rect choices in a row during acquisition phase 1 (i.e., initial ac-
quisition of stimulus contingencies; brown and pink colors) and
five correct successive responses in acquisition phase 2 (acquisi-
tion of new stimulus contingencies for two of the symbols, i.e.,
the learned symbols; yellow and blue colors) were defined as
learners in the acquired equivalence task. All 30 younger sub-
jects, but only 15 of the 29 older subjects (missing data in one
older subject), were classified as learners, yielding a significant
group difference (�2 test: �2 = 18.99, d.f. = 1, P < 0.001).

Younger and older learners differed significantly in the
number of trials to criterion in acquisition phase 1 (t(43) = �2.66,
P = 0.011), with older subjects needing more trials (mean = 51.5,
SD = 11.1) to reach criterion than younger subjects (mean = 43.8,
SD = 8.0). ANOVA of correct responses in the test phase with

Figure 2. Results of the verbal paired associates test for the three im-
mediate retrieval blocks and the delayed recall separately shown for easy
(A) and hard (B) items. The maximum number (N.) of correct responses
was 4 for both item categories. Error bars represent standard errors. Note
that missing error bars represent standard errors that are too small to be
visible with this scaling.

Table 1. Sample description

Young Old

Mean (SD) Mean (SD) P

Age (years) 24.2 (2.8) 64.1 (6.2) <0.001
Years of education 13.0 (0.0) 10.1 (1.8) <0.001
IQ 112.3 (6.9) 117.4 (9.2) 0.017
Digit span forward 9.9 (1.1) 9.2 (2.1) 0.156
Digit span backward 8.4 (2.4) 7.5 (2.3) 0.134
Block span forward 9.4 (1.6) 7.6 (1.6) <0.001
Block span backward 9.7 (1.4) 6.8 (1.6) <0.001

Results of the digit and block span tasks are given by means of raw scores.
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factors Group (younger vs. older subjects) and Symbol Type
(learned vs. transfer) yielded main effects of Group
(F(1,43) = 11.49, P = 0.002) and Symbol Type (F(1,43) = 5.50,
P = 0.024); the interaction was not significant (F(1,43) = 0.07,
P = 0.796). There were more correct choices for learned compared
to transfer symbols, and performance was generally better in
younger compared to older subjects (see Fig. 4B). While perfor-
mance was clearly above the chance level for learned symbols in
both groups and transfer symbols in the younger group (all
P < 0.020), older subjects only showed a strong trend toward per-
formance above chance level for transfer symbols (t(14) = 2.12,
P = 0.052).

Correlations
To assess the relationship between neuropsychological and re-
ward learning measures, correlations were calculated between
digit and block span scores, verbal paired associates scores (total
number of correct responses across all blocks), and performance
during acquisition and reversal (percent correct responses), the
effect of reward magnitude in acquisition and reversal (perfor-
mance difference between 5 and 20 cent trials), as well as perfor-
mance for learned and transfer symbols during single symbol
reversal and the acquired equivalence task (percent correct re-
sponses). Only correlations significant at the 0.01 level are con-
sidered.

In older subjects, visuospatial working memory (block span
backward reproduction) correlated significantly with perfor-
mance during acquisition (r = 0.500, P = 0.006) and performance
for transfer symbols in the acquired equivalence task (r = 0.571,
P = 0.002). There were no significant correlations in the group of
younger subjects.

Analyses of intercorrelations of the different reward-based
learning measures (percent correct responses in acquisition, re-
versal, single symbol reversal [separately for learned and transfer
symbols], and acquired equivalence [separately for learned and
transfer symbols]) yielded significant correlations between acqui-
sition and reversal measures in the younger subjects (r = 0.500,
P = 0.005) and between performance for learned and transfer
symbols in the acquired equivalence task (r = 0.555, P = 0.001).
In the older group, only the correlation between performance
during acquisition and performance with learned symbols in the
single symbol reversal reached significance (r = 0.574, P = 0.001).

Discussion
The findings of the present study indicate a differential effect of
normal aging on different processes involved in reward-based

stimulus-association learning. Com-
pared to younger subjects, older partici-
pants showed a general attenuation of
performance across all phases of learn-
ing. During acquisition, they did, how-
ever, improve their performance during
the course of learning similarly to young
subjects. This was not the case for rever-
sal learning, where older subjects did not
learn to perform above the chance level.
Similarly, they had difficulties with gen-
eralization in the acquired equivalence
paradigm. Both age groups had prob-
lems with transfer of learning in the
single symbol reversal task. The impair-
ments of older subjects could not simply
be attributed to poor acquisition in the
preceding experimental phases. It is also
not likely that the observed age-related
impairments were caused by motor defi-

cits since the RTs of older participants were well within the time
limit for responding and the number of misses was generally very
low in both age groups.

Reward magnitude affected learning in both groups, but
there was some evidence of a differential effect on younger and
older subjects, when only those subjects who showed evidence
for significant learning were considered: Younger subjects
showed better overall performance on trials rewarded with 20
cents compared to trials rewarded with 5 cents, while the learn-
ing curves were similar. Older subjects, on the other hand,
showed a steeper learning curve for trials rewarded with the
higher reward magnitude. Reward magnitude had no significant
effect in the reversal phase. While the impairments of older
adults during acquisition and reversal were significant whether
the data were analyzed for all subjects or for learners only, it has
to be pointed out that the single symbol reversal and acquired

Figure 3. Learning curves for acquisition and reversal phases of the first reward learning task for all
subjects (A) and subjects reaching a certain learning criterion in the acquisition phase only (B). The
dotted line indicates the chance level; error bars represent standard errors.

Figure 4. Results of the test stages of the single symbol reversal phase
of task 1 (A) and the acquired equivalence task (B). Dashed lines indicate
the chance level; asterisks denote performance significantly above
chance. (*) 0.05 < P < 0.10. Error bars represent standard errors.
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equivalence findings were limited to the subgroup of learners.
On a conventional declarative learning task that did not involve
rewards (verbal paired associates), overall performance was re-
duced in older compared to younger subjects, in particular for
pairs that were not semantically related, at least during the initial
learning stages. Similar to acquisition during reward learning,
there was significant learning across blocks in the older group,
reaching the level of younger subjects on the third block. This
effect may, however, be due to ceiling effects in the younger
group.

The older subjects of this study had completed fewer years of
education than the younger subjects, which is clearly a cohort
effect linked to the limited possibilities for higher education in
the generation born in the 1930s and 1940s in Germany. This
education difference cannot convincingly explain the observed
pattern of results on the learning tasks. Although completing
fewer years of education, older participants achieved higher pre-
sent-state IQ estimates than younger subjects, showing that a
lower number of years of education did not lead to lower general
intellectual abilities. The difference in IQ (5 points) was too small
to have a significant effect on the outcome of the learning tasks.
Additionally, if there were an effect of IQ on learning abilities in
the current experiment, the higher IQ should be of advantage for
the older participants rather than contributing to their reward
learning difficulties. Furthermore, exploratory correlational
analysis of reward learning measures and IQ did not yield any
significant correlations in any of the age groups (all r < 0.3,
P > 0.1). Short-term memory abilities, on the other hand, might
affect learning, since memorizing of the Asian symbols in the
reward learning tasks requires maintenance, yet no active ma-
nipulation of the relevant stimuli, that is, did not recruit working
memory abilities. Short-term memory measures did not, how-
ever, correlate significantly with the learning measures. In the
older group, visuospatial working memory correlated signifi-
cantly with acquisition, although the correlation was relatively
low (r = 0.5). Importantly, effects of reward magnitude and re-
versal learning measures were unrelated to short-term and work-
ing memory. Along similar lines, Mell et al. (2005) reported that
age differences in working memory performance could not ex-
plain reversal learning impairments of the older subjects. It is also
noteworthy that in the present study only visuospatial, but not
verbal short-term and working memory, differed significantly be-
tween the groups, and post-experimental interviews revealed
that the majority of subjects used a verbal strategy to facilitate
memory of the Asian symbols. Evaluation of the post-
experimental interviews also indicated that older subjects rated
their ability to discriminate between the four symbols as poorer
than the young subjects. Statistical analysis limited to subjects
who gave high ratings of their recognition abilities of the sym-
bols (scores 1 or 2 on a 5-point scale, 5 being the lowest) repli-
cated the group differences between younger and older groups.
Taken together, it is thus unlikely that age differences in general
memory abilities can fully explain age effects in reward-based
learning.

Aging is accompanied by a general loss of dopamine recep-
tors and transporters in striatal and extrastriatal regions (Bäck-

man et al. 2006), which is likely to ad-
versely affect reward-based learning
abilities. In addition, striatal nuclei (cau-
date nucleus and putamen), which play
a key role in reward-based associative
learning, undergo pronounced volume
shrinkage over the life span (Murphy
1985; Haug and Eggers 1991; Gunning-
Dixon et al. 1998; Raz et al. 2003). Al-
though no direct conclusions about neu-

ral age-related changes can be drawn from our purely behavioral
results concerning reward-based learning, the observed impair-
ments are in line with changes reported in the literature. The
older subjects of the present study were impaired in reward-based
associative learning, exhibiting a smaller number of correct re-
sponses and needing more trials to reach the learning criterion.
Remarkably, this deficit pattern was observed in almost all parts
of the learning tasks, even during acquisition of the initial stimu-
lus contingencies, that is, before the more demanding reversal
learning phase. This appears to be inconsistent with findings
reported by Fera et al. (2005), who found equivalent performance
of younger and older subjects on the weather prediction task.
However, there is an important difference between the tasks: Fera
et al. (2005) addressed performance feedback-based associative
learning, whereas we used a reward-based learning procedure.
More precisely, in contrast to other reward learning studies (e.g.,
Mell et al. 2005), subjects in the present study were not paid a
fixed amount of money but earned their cumulative gains based
on their own performance; that is, each reinforced trial con-
tained a “real” reward. However, a recent category classification
learning study also reported age-related impairments in a perfor-
mance feedback-based but not in an observational version of
their task, which is in agreement with our findings, although
there are considerable differences with respect to stimulus mate-
rial, task design, and type of feedback (Schmitt-Eliassen et al.
2007).

The results of the present study are in good agreement with
the reversal learning deficits observed in animal aging studies
(Lai et al. 1995; Herndon et al. 1997; Voytko 1999; Schoenbaum
et al. 2002; Tapp et al. 2003) and with previous findings of stimu-
lus–reward association learning in human subjects (Mell et al.
2005). While Mell et al. (2005) focused on reversal of contingen-
cies using a stimulus–reward learning task, the present study ex-
tends aging effects on reversal learning to a more complex type of
reward-based stimulus–stimulus association learning and addi-
tionally to the slow initial acquisition phase. Although we can-
not clearly distinguish between different types of errors underly-
ing the nature of the older adults’ impairments, our data do not
favor perseveration as their underlying cause, since performance
started on a relatively high level during reversal and clearly not
below 50%, as would be expected from the consistent application
of the previously correct strategy. Reversal learning is commonly
linked to the OFC in animals (e.g., Chudasama and Robbins
2003; Izquierdo et al. 2004) and humans (Rolls et al. 1994; Fel-
lows and Farah 2003; Hornak et al. 2004). The degree of age-
related degenerative changes in the human OFC is still a matter
of debate: While Raz et al. (1997) found age-related volume loss
in OFC, others reported preservation of or even an increase in
OFC volume with age (Salat et al. 2001, 2002), and the exact
findings may depend on the methods used to assess OFC volume
(Tisserand et al. 2002). Also the dorsolateral PFC and the amyg-
dala have been implicated in the mediation of the complex pro-
cesses underlying reversal learning (Hornak et al. 2004; Stalnaker
et al. 2007). There are consistent reports of declining lateral PFC
volume with age (Tisserand et al. 2002; Hedden and Gabrieli
2004; Raz et al. 2005), which is in accordance with behavioral

Table 2. Response times

Acquisition Reversal

Block 1 Block 2 Block 3 Block 1 Block 2 Block 3

Young 885 (216) 804 (235) 780 (279) 766 (288) 773 (267) 758 (263)
Old 1043 (268) 996 (271) 1007 (313) 909 (242) 887 (269) 873 (212)

Mean RTs (SDs in brackets) in milliseconds for acquisition and reversal.
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results of MacPherson et al. (2002), who found age-related im-
pairments in tasks tapping dorsolateral PFC function but did not
observe age effects in tests of ventromedial PFC functions, al-
though some of the latter results (Iowa Gambling Task) were
challenged by Denburg et al. (2005). The impairments of the
older adults in the present study may be at least partly related to
PFC dysfunction. Evidence for reduced frontal function of our
older participants stems from the observed working memory im-
pairments on the block span task and the large difference in
paired associate learning for easy and hard items (see Fig. 2),
which resembles the pattern observed in frontal lesion patients
(Daum et al. 1995).

Unlike reversal learning, the processing of different reward
magnitudes seemed to be preserved with age since both groups
showed better overall acquisition for high compared to low re-
ward magnitudes. However, when only those subjects who
showed evidence of significant learning were considered, learn-
ing was similarly fast with 5 and 20 cent rewards in young sub-
jects, whereas older subjects appeared to learn slower with low
compared to high reward magnitudes. The reward learning
theory assumes that learning only occurs if a prediction error is
present, that is, if there is an incongruity between actual and
expected rewards (e.g., Schultz 2002). In trials rewarded with 20
cents, in monetary terms the prediction error was larger com-
pared to trials rewarded with 5 cents. It could be speculated that
older subjects might require a larger prediction error for fast
learning, which would explain the differential results for the two
reward magnitudes.

In addition to the acquisition and reversal learning prob-
lems, older subjects had mild difficulties with transfer learning
and generalization: Successful transfer was not observed during
single symbol reversal, and there was only a marginal effect in
the acquired equivalence test. However, it should be pointed out
that transfer performance in the younger subjects also did not
significantly exceed the chance level, suggesting a very high dif-
ficulty level of the task. To successfully achieve single symbol
reversal, participants had to learn the reversal of contingencies
and transfer their knowledge to previously unlearned stimuli,
presumably requiring activation of MTL and PFC regions (Rolls
2000; Myers et al. 2003; Keri et al. 2005; Kringelbach 2005). For
generalization and transfer in the acquired equivalence task,
however, reversal (and presumed PFC involvement) was not re-
quired. This difference between requirements might explain the
observed performance differences between the tasks. The transfer
impairments of the older subjects in the acquired equivalence
test resemble their difficulties during learning of hard items in
the verbal paired associates task. Both tasks presumably rely to
some degree on the functional integrity of the MTL, which is
generally reduced after the age of 60 (Hedden and Gabrieli 2004).

Because of the probabilistic nature of our tasks, non-
declarative learning of the stimulus contingencies was assumed
to play a major role in the initial acquisition and reversal phases,
which is also supported by the linear trend shape of the learning
curves, at least in the younger subjects. Nevertheless, since only
a small set of stimuli (i.e., four Asian symbols and two colors) was
used for associative learning, the recruitment of declarative learn-
ing mechanisms cannot be completely ruled out. Inspection of
post-experimental questionnaire data indicated that at least
some subjects had become aware of the contingencies and could
verbalize a successful strategy, thereby making use of declarative
learning strategies. This was, however, the case for only five
young subjects in the initial reward learning task, but for 15
younger subjects and one older subject in the acquired equiva-
lence paradigm. These findings suggest that younger subjects
tended to solve the acquired equivalence task by relying more on
declarative strategies and hence presumably on MTL functions

than older adults. Consistent with this hypothesis, learners per-
formed better than non-learners on the MTL-dependent verbal
paired associates task. Interestingly, there were few significant
intercorrelations between the different reward-based learning
measures, which were limited to measures derived from the same
task. Thus, correlational analysis does not provide convincing
evidence for the idea that the different tasks rely on the same
underlying process.

The discussion of the relationship between reward-based
learning deficits and the reduced volume of specific brain regions
in older subjects must remain speculative at this stage since we
did not include direct measures of brain volume. As Raz and
Rodrigue (2006) have pointed out, correlations between volume
reduction and functional impairments are generally modest. In
addition, compensatory mechanisms, as, for example, the re-
cruitment of additional brain areas, might allow older adults to
learn as well as younger people (Cabeza et al. 2002; Lamar et al.
2004; Fera et al. 2005). Nevertheless, the general pattern of find-
ings of age-associated changes in the acquisition of reward-based
stimulus–stimulus associations, in the reversal of contingencies,
and in cognitive transfer is clearly consistent with current as-
sumptions about the pattern of age-related changes in the hu-
man brain.

Materials and Methods

Participants
Thirty healthy young (15 female) and 30 healthy older (16 fe-
male) human subjects participated in the experiments. The age
range of the younger group was 19–33 yr, with a mean age of 24.2
yr (SD = 2.8); the age range in the older group was 50–71 yr, with
a mean age of 64.1 yr (SD = 6.2). The two groups differed signifi-
cantly on years of education and IQ estimates based on the sub-
tests “Picture completion” and “Similarities” of a German version
of the Wechsler Adult Intelligence Scale (Dahl 1972). Years of
education were lower in the older participants because of cohort
effects, but they scored higher on the present-state IQ estimate
(see Table 1). Short-term and working memory were assessed by
the digit (verbal) and block span (visuospatial) subtests of the
Wechsler memory scale (Wechsler 1987).

All participants had normal or corrected-to-normal vision,
and they were screened for general health status. Exclusion cri-
teria were history of psychiatric or neurological disease and regu-
lar use of any medication affecting the central nervous system.
All but one of the young subjects were right-handed. The study
was approved by the Ethics Committee of the Medical Faculty of
the Ruhr-University of Bochum, and each subject signed an in-
formed consent form. The subjects were paid a minimum of 20
euro to reimburse travel and other expenses related to participa-
tion. Depending on their performance in the learning tasks, they
could increase this sum (see below).

Procedure
After completion of the IQ and working memory tasks, three tests
of associative learning were administered. The verbal paired as-
sociates subtest of the Wechsler Memory Scale (Wechsler 1987)
was conducted to assess declarative learning associated with MTL
function. Eight word pairs are read to the subject. The first word
of each pair is then read, and the subject has to reproduce the
corresponding second word from memory. There are four easy
pairs (e.g., metal/iron) and four hard pairs (e.g., salad/pencil),
and learning is repeated twice. Following paired associates learn-
ing, the reward-based learning tasks were administered. The first
task was preceded by a short practice session, in which subjects
could familiarize themselves with the procedure. Stimuli were
presented on an Eizo FlexScan F56 color monitor using Presen-
tation 9.90. The testing session lasted for ∼2 h.
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Stimulus–reward learning: Acquisition, reversal,
and single symbol reversal
Details of the task are depicted in Figure 1. Subjects had to learn
the association between four Asian symbols (Fig. 1B) and two
colors (red and green) on the basis of feedback provided after
each trial. Before the start of the experiment, it was made sure
that participants could easily distinguish between the colors.
Each of the symbols was associated with a particular color, that is,
the choice of one color (e.g., red) led to reward, whereas the
choice of the other color (e.g., green) led to no reward. Feedback
was given in form of an icon of monetary reward, and subjects
were informed before the start of the experiment that the sum of
their gains would be paid out to them after completion of the
tasks.

The learning task consisted of three phases (see Fig. 1B). In
the first phase (acquisition), two of the Asian symbols were as-
sociated with “red,” the remaining two symbols with “green.”
These symbol–color associations were inverted in the second
phase (reversal) so that the formerly “red”-associated symbols
now predicted that “green” was the response leading to reward,
and vice versa. Acquisition and reversal consisted of 120 trials
each (three blocks of 40 trials each).

At the beginning of the third phase (single symbol reversal),
the symbol–color associations were changed back to the initial
contingencies of the acquisition phase. However, during learn-
ing, only two of the symbols were used (one associated with
“red,” one with “green;” learned symbols). In the subsequent
trials (test stage), all four initial symbols were used again, that is,
subjects needed to transfer the reversal of contingencies to the
symbols not used for new learning (transfer symbols). There was
no trial-by-trial feedback in the test stage. Correct responding to
all four symbols was thus achieved, if the subject had learned
that (1) two symbols had consistently been paired with one color
or (2) that the symbol–color associations had been switched back
to the contingencies of the acquisition phase. Single symbol ac-
quisition ended after correct responses on five successive trials
(minimum of 15 trials) or if this criterion was not reached after
50 trials. The subsequent test stage involved 40 trials. For moti-
vational purposes, subjects were informed about their cumula-
tive gains every five trials.

As illustrated in Figure 1A, each trial started with the pre-
sentation of a fixation cross in the center of the screen for 1 sec,
followed by the display of one of the Asian symbols for 2.5 sec.
The screen then went black for 1 sec, followed by the presenta-
tion of a white, a red, and a green circle horizontally aligned.
While the positions of the red and green circles were randomized
over the trials, the white circle always appeared in the center. The
subject was instructed to select either the red or the green circle
by pressing one of two keys within a time window of 3 sec.
Following the button press, the color of the chosen circle
changed to white to confirm the subject’s selection (0.5 sec).
After presentation of a black screen for 1 sec, feedback about the
choice was provided. Correct choices were followed by the pre-
sentation of an icon of either a 5 or a 20 cent coin on one of three
white circles; incorrect choices led to the display of three empty
white circles.

Throughout the experiment, the same two symbols were
associated with 5 cents, the remaining two symbols with 20
cents. However, because of the probabilistic nature of the task,
the subjects received rewards in only 80% of the trials, that is,
correct choices were not always reinforced by a reward. The re-
ward/non-reward sequence of trials was determined randomly, as
was the sequence of the presentation of the four symbols with
each symbol being used at equal frequency. The symbol–color
pairings and the pairings of symbols and reward magnitudes (5 or
20 cents) were counterbalanced across subjects.

Acquired equivalence
The probabilistic acquired equivalence task involved associations
between four Asian symbols and two colors as in the task de-
scribed above. The structure of each trial was also identical to the
first experiment (see Fig. 1A); the reward magnitude was, how-

ever, always 5 cents, and new Asian symbols (Fig. 1C) and colors
were used. Trials with different symbols were randomized, and
the symbol–color association patterns were counterbalanced
across subjects.

The acquired equivalence task consisted of three phases (see
Fig. 1C). During the initial phase (acquisition phase 1), partici-
pants had to learn based on monetary feedback that two of the
Asian symbols (symbols 1 and 2) were associated with the color
pink and the other two (symbols 3 and 4) were associated with
the color brown. Thus, symbols 1 and 2 were equivalent with
respect to the associated color, as were symbols 3 and 4. The
reward probability was 80%. Acquisition was completed when
the subjects either reached a criterion of eight successive correct
responses (minimum of 38 trials) or after 80 trials. In the subse-
quent acquisition phase 2, the colors changed (blue and yellow),
and only two of the four symbols (symbols 1 and 3) were used.
Symbol 1, which had previously been associated with the color
pink, now predicted that “blue” was the correct response; symbol
3, which had previously been associated with the color brown,
now indicated that “yellow” was the correct response. In the
third phase (test phase), the newly learned associations between
the new colors and symbols 1 and 3 had to be transferred to the
other two symbols. The test phase started after five correct re-
sponses in a row (minimum of 15 trials) or after 80 trials, if this
criterion was not reached. The 40 trials of the test phase involved
all four symbols, and there was no trial-by-trial feedback. Subjects
were, however, informed about their cumulative gains every five
trials. Hence, correct responses to all symbols could be achieved
if the subjects had learned the equivalence of symbols 1 and 2
and symbols 3 and 4, respectively, during acquisition.

Statistical analysis
Statistical analyses were performed using SPSS 15.0. Repeated
measures data sets were analyzed by means of analysis of vari-
ance or t-tests, where appropriate. The significance level was set
at 0.05 (two-tailed). All trials, in which the correct color was
chosen, whether they were rewarded or not owing to the proba-
bilistic setup, were considered as correct trials and included in
the analyses. Trials following rewarded correct trials were treated
the same way as trials following non-rewarded correct trials.
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