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In our daily lives, we continuously evaluate feedback information, update our knowledge,

and adapt our behavior in order to reach desired goals. This ability to learn from feedback

information, however, declines with age. Previous research has indicated that certain

higher-level learning processes, such as feedback evaluation, integration of feedback

information, and updating of knowledge, seem to be affected by age, and recent studies

have shown how the adaption of choice behavior following feedback can differ with age.

The neural mechanisms underlying this age-related change in choice behavior during

learning, however, remain unclear. The aim of this study is therefore to investigate the

relation between learning-related neural processes and choice behavior during feedback

learning in two age groups. Behavioral and fMRI data were collected, while a group of

young (age 18–30) and older (age 60–75) adults performed a probabilistic learning task

consisting of 10 blocks of 20 trials each. On each trial, the participants chose between

a house and a face, after which they received visual feedback (loss vs. gain). In each

block, either the house or the face image had a higher probability of yielding a reward

(62.5 vs. 37.5%). Participants were instructed to try to maximize their gains. Our results

showed that less successful learning in older adults, as indicated by a lower learning

rate, corresponded with a higher tendency to switch to the other stimulus option, and

with a reduced adaptation of this switch choice behavior following positive feedback. At

the neural level, activation following positive and negative feedback was found to be less

distinctive in the older adults, due to a smaller feedback-evaluation response to positive

feedback in this group. Furthermore, whereas young adults displayed increased levels

of knowledge updating prior to adapting choice behavior, we did not find this effect in

older adults. Together, our results suggest that diminished learning performance with age

corresponds with diminished evaluation of positive feedback and reduced knowledge

updating related to changes in choice behavior, indicating how such differences in

feedback processing at the trial level in older adults might lead to reduced learning

performance across trials.
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INTRODUCTION

In order to successfully interact with our environment and reach

desired goals, we continuously learn from the outcomes of our

actions and choices. These outcomes (feedback information) are
evaluated in the light of the goals we aim to achieve and are

integrated with the outcomes from prior experiences. In addition,
based on choice-outcome contingencies, knowledge will be

updated, enabling future behavior to be adapted accordingly.
Although learning is crucial at all ages, research has shown

that the ability to learn from feedback and adjust behavior
accordingly declines with age (Marschner et al., 2005; Mell et al.,

2005; Eppinger et al., 2011; Hämmerer et al., 2011; Ferdinand,
2019). However, the neural mechanisms underlying age-related

chances in choice behavior during learning remain unclear. The
present study was aimed at elucidating the relation between
learning-related neural processes and changes in behavior during
probabilistic learning.

Processes that occur during learning, such as feedback
evaluation, integration of feedback information, and updating of
knowledge, seem to be affected by age [for a review see Ferdinand
and Czernochowski (2018)]. For example, neural activity related
to the difference between expected and actual feedback after an
action or choice (reward prediction error) is less distinct in older
compared to younger adults (Mata et al., 2011; Samanez-Larkin
et al., 2014; Ferdinand and Czernochowski, 2018). However,
these changes do not seem to be driven by reductions in the
sensitivity to reward. For instance, studies using functional
magnetic resonance imaging (fMRI) have indicated that the same
set of brain areas appear to be activated following positive and
negative feedback in young and older adults, and the fronto-
striatal response to positive feedback remains intact for older
individuals (e.g., Schott et al., 2007; Cox et al., 2008; Samanez-
Larkin et al., 2014). In sum, age-related learning differences do
not seem to hinge on reward sensitivity, but rather on processes
during feedback evaluation and knowledge updating.

Medial prefrontal cortical brain areas have been shown to
play a pivotal role in learning-related processes, and the medial
prefrontal anterior cingulate cortices (ACC) are thought to be
especially important, as they have been shown to be active
during the evaluation and integration of feedback information
(Alexander and Brown, 2011; Cohen et al., 2011; Samanez-Larkin
et al., 2014; Kolling et al., 2016). Furthermore, ACC activity
during learning has been shown to depend on age, with older
adults displaying less distinct neural patterns in these brain
regions compared to young adults when evaluating feedback
(Eppinger et al., 2008; Hämmerer et al., 2011; Samanez-Larkin
et al., 2014).

The fact that the neural processes involved in feedback
evaluation change with age can have implications for the ability to
learn from feedback. For instance, behaviorally, older adults have
been shown to develop a preference for processing either positive
or negative feedback, depending on task demands (Eppinger
et al., 2011). In a task where feedback does not have to be used
for learning, for example when stimulus-reward associations are
known in advance, older adults seem to focus less on negative
feedback compared to young adults, as illustrated by reduced

neural activity in older adults when anticipating negative but
not positive feedback. In contrast, if successful performance in
the future depends on feedback processing (e.g., in probabilistic
learning tasks), negative feedback has a stronger impact on
learning-related choice behavior of older adults compared to
positive feedback. Ferdinand (2019), for example, showed that
reducing the information value of negative feedback hindered
older adults’ learning performance more than reducing the
information value of positive feedback, supporting the view
that older adults rely more the negative feedback to learn in a
probabilistic learning task.

Following the evaluation of feedback information, that
information then needs to be used to update knowledge so it
can potentially be used to guide the adjustment of subsequent
behavior. Processes of knowledge updating have been linked
to neural activity in fronto-parietal brain areas (Borst and
Anderson, 2013). In addition, EEG studies have found neural
evidence for increased knowledge updating prior to behavioral
adaptation in the form of switching to a different response on
the next trial (Polich, 2007; Chase et al., 2011; San Martin et al.,
2013; Correa et al., 2018). The impact of age on this switch-choice
behavior has been only sparsely studied, but the available studies
show that both young and older adults adapt their switch choice
on the next trial based on the feedback information received
(Frank and Kong, 2008; Hämmerer et al., 2011). In addition,
older adults displayed a bias toward negative feedback in that
they modified their behavior to a lesser extent following positive
feedback, a bias not found in young adults, further supporting the
view that learning from positive feedback is diminished with age
in probabilistic learning tasks (Frank and Kong, 2008; Hämmerer
et al., 2011). Importantly, although older adults have been shown
to evaluate feedback differently and adapt their choice behavior
differently following feedback, the neural underpinnings of these
effects remain unknown.

In order to gain more insight into the neural basis of
age-related differences in feedback evaluation and knowledge
updating during feedback learning, a group of younger and older
participants performed a probabilistic learning task during which
functional MRI measures of their brain activity were collected.
The probabilistic learning task, which was based on a previous
paradigm developed by our group (van den Berg et al., 2019),
entailed participants choosing between houses and faces on
each trial, after which they received either positive or negative
feedback that was later converted into money. To gain money,
participants had to actively learn which out of two stimulus types
was more likely to yield a positive feedback for each of the 10
blocks of 20 trials.

In our study, older adults were expected to perform worse
on the learning task compared to younger adults, and this
diminished performance was expected to be paralleled by
decreased neural activity related to feedback evaluation following
positive feedback. In addition, we expected effects related to
knowledge updating, which we investigated by contrasting neural
activity related to switch behavior on the next trial. Given that
we expected diminished knowledge updating in older adults,
we predicted a smaller difference in neural activity related
to making a switch vs. not making a switch on the next
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trial, in the older adult group compared to young adults.
Furthermore, these differences in feedback evaluation and
knowledge updating were expected to result in different choice
behavior in older adults related to learning performance. If
decreased learning performance in older adults is related to
different feedback evaluation and knowledge updating, as we
expected, the difference in choice behavior between the age
groups would be most prominent following positive feedback. In
contrast, if only knowledge updating is affected, we expected the
difference in choice behavior to not depend on the valence of the
feedback received.

MATERIALS AND METHODS

Participants
There were 29 young and 27 older adults in this study.
Participants were recruited by means of local advertisements
and advertisements on social media. All participants were right-
handed, had normal or correct-to-normal vision, and did not
report taking any psychoactive medications. The study was
conducted according to protocols approved by the Medical
Ethical Committee of the University Medical Center Groningen,
and all participants gave prior written informed consent.
Four participants did not perform the task according to task
instructions (three younger and one older adult, all female) and
were therefore excluded from the final analysis. In addition, two
older participants (one female) were excluded due to technical
problems. Accordingly, the data from 26 young [13 female; 18–27
years; mean age (SD)= 22.2 (2.7)] and 24 older [11 female; 60–73
years; mean age (SD) = 65.5 (4.0)] participants were included in
the analysis. Participants received 16 euros in compensation for
their time, plus reimbursement of travel expenses and a variable
monetary reward depending on their task performance [mean
(SD): 5.50euro (4.40)].

Experimental Tasks and Stimuli
Materials
MRI data were acquired on a Siemens 3T scanner at
the University Medical Center Groningen. The probabilistic
learning task was programmed using the Presentation R©

software package (Neurobehavioral Systems, Inc., Berkeley, CA,
www.neurobs.com) and presented on an MRI-compatible IPS
LCD monitor (BOLDscreen 24, Cambridge Research Systems,
resolution 1920 × 1200) that was made visible to the participant
through a mirror (viewing distance ∼100 cm). Responses were
made using two buttons positioned above each other on an MRI-
compatible response box. The stimulus base set of 20 male face
images and 20 house images (135 × 180 pixels) was identical to
the one used by our group in van den Berg et al. (2019).

Probabilistic Learning Task
Participants performed a probabilistic learning task (Figure 1) in
which they were asked to maximize their gains by learning which
of two stimulus types (houses or faces) was more likely to yield
a gain. The task was very similar to the task used in the EEG
study of van den Berg et al. (2019), with slight adaptations of
the stimulus presentation and response times. The task consisted

of 10 blocks of 20 trials each. In each 20-trial block, choosing
either the face images or the house images was more likely to
lead to a gain (62.5 vs. 37.5%). This stimulus type will be called
the “block winner.” Each trial started with a pair of images, one
of a face and one of a house, with one image presented to the
left and the other to the right of a central fixation (Figure 1). The
stimuli for this image-pair choice stimulus were randomly drawn
from the base set (see materials section) and randomly assigned
to be presented to the left and right locations. After 1,200ms, two
arrows appeared just above and below the fixation, each pointing
to one of the two stimuli on the left and the right. The mapping
of the arrow locations (above and below) to the direction the
arrows pointed was randomly assigned on each trial. Participants
indicated their choice using the response box by selecting the
arrow pointing to the image they thought was more likely to
yield a gain in that block. The selected arrow was highlighted for
300ms, which was followed by a jittered interval (500–5,500ms)
during which a blank screen with fixation was shown. Following
this interval, the feedback for that trial appeared on the screen for
500ms. Feedback could either be a loss of eight points or a gain
of eight points, presented as “−8” or “+8” printed in an orange
or blue square (100 × 100 pixels) for a duration of 500ms. The
combination of square color and gain/loss was counterbalanced
over participants. If participants did not respond within 2,000ms
following the presentation of the image pair at the beginning of
the trial, the text “No response” appeared on the screen, which
was then followed by a loss of eight points. The feedback stimulus
was followed by a jittered presentation (1,500 – 7,000ms) of a
blank screen with a fixation cross, before the next image-pair
choice stimulus appeared. Participants were instructed to try to
maximize their gains by learning which of the two images was
more likely to lead to a gain on the trials of a block. They were
also informed about the probabilities of winning after choosing
the block-winner (62.5%) vs. winning after choosing the block-
loser (37.5%). In addition, participants were informed before the
experiment started that their total score would be converted into
a monetary reward at the end of the study. After each block, a
short summary was shown that indicated the points that had been
earned in that block and the total number of points accumulated
up to that point in the session.

Procedure
Prior to the experimental session, participants filled out the
Apathy Evaluation Scale (Marin et al., 1991; Reijnders et al.,
2010), as varying degrees of apathy can affect reward processing,
especially in older adults. None of the participants scored above
the cut-off for clinically relevant apathetic symptoms (cut-off =

37/38; Max. AES-scoreyoung = 22; Max. AES-scoreold = 25), and
the average apathy scores did not differ between the two age
groups [average AES-scoreyoung = 16.1 (SD= 3.5); average AES-
scoreold = 16.0 (SD= 4.6); t(41.1) = 0.1, p= 0.92]. Before entering
the MRI scanner, participants received task instructions and
practiced one block of the probabilistic learning task on a laptop.
MRI acquisition started with a T1-weighted anatomical image,
after which the participants performed a short classification task
(which is not relevant for this paper), followed by two sessions of
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FIGURE 1 | Probabilistic learning task: on each trial an image pair of a house and a face were shown (left/right location randomized over trials), with the task to

choose one or the other. After the arrow stimuli appeared, participants indicated their choice by selecting the appropriate arrow. Following a jittered interval, feedback

as to whether they won or loss was presented. Each experimental block consisted of 20 of these trials, during which participants learned which of the two image

types was more likely to lead to a gain in that block. The human image in this figure is one of the stimuli we used in our experiment, which is part of an image-dataset

that is publicly available and free for academic use. The source of the image-dataset is: http://www2.ece.ohio-state.edu/~aleix/ARdatabase.html (Martinez and

Benavente, 1998).

the probabilistic learning task, each consisting of five blocks. A
short break was given between the two five-block sessions.

Behavioral Analysis
Behavioral analyses were performed using R (R Core Team,
2020). A mixed modeling approach was used to model two
types of learning behavior (choosing the block winner and
switching between stimulus categories) as a function of both trial
position (1–20) and age group. All models included a random
intercept per participant to account for individual variation
in average learning performance and switch rate. A second-
degree polynomial of trial number was added if it improved
the model fit significantly to account for non-linear associations
(which was the case for the learning rate model). A random
slope for trial number per participant was found to improve
the model fit of all models significantly and was therefore
added to account for individual differences in learning rate and
switch behavior. In addition, we also modeled switch behavior
based on feedback history (effect of feedback on trialn−1 and
trialn−2 on switch choice behavior on trialn), to assess the
impact of feedback integration effects on switch behavior. Again,
a random intercept per participant was added to account for
individual variation in average feedback integration effects, and
random slopes for feedback (trialn−1 and trialn−2) per participant
were considered to account for individual differences in the
impact of each feedback position. Lastly, in an exploratory
analysis, switch behavior was modeled based on a combination
of feedback (trialn−1), trial position in the block (1–20), age
group, and learning rate, to examine whether the impact of
feedback on switch behavior changed across the 20-trial block.
In addition to the random intercept per participant to account
for individual variation in switch behavior, two random slopes
were added to account for individual differences in the impact of
feedback on switch behavior and the impact of trial position on
switch behavior.

Models were estimated using the lme4 and AFEX package in
R (Bates et al., 2015; Singmann et al., 2020), using likelihood

ratio tests for fitting. Model comparison was performed using
the Akaike information criterion (AIC) (Akaike, 1973), with a
delta AIC-threshold of 2 (lower value indicating a better model
fit). Data was pulled over all blocks, and statistical tests were
considered significant at p < 0.05. Less than one percent of the
data consisted of no responses [mean (SD): 0.9% (1.1%); min:
0% max: 5%]; these trials were not included in the analysis. No-
response trials, trials preceded by a no-response trial, and the
first trial of each block were excluded from the switch analyses,
as these could not be classified as a switch or no-switch trial.

MRI Acquisition
A high resolution T1-weighted anatomical image was collected
using a 64-channel head coil. Functional data were acquired
with an echo-planar imaging (EPI) sequence (TR = 1.25 s, TE =

30ms, 60 axial slices, 2.0× 2.0× 3.0mm voxel size).

MRI Analysis
Preprocessing
All MRI analyses were performed using SPM12 toolbox (http://
www.fil.ion.ucl.ac.uk/spm/). Before preprocessing the data were
checked for excessive movements that could not be corrected for.
No participants were excluded from further analysis. Functional
data were corrected for slice acquisition time, and realignment
was applied to correct for headmovements. Then the images were
registered to the corresponding anatomical image, and all images
were spatially normalized to the ICBM space template. The data
were spatially smoothed using a 6mm Gaussian kernel.

General Linear Model Analysis
Three general linear models (GLM’s) were fitted on the individual
subject data to examine different learning-related processes
(feedback evaluation, feedback integration, and knowledge
updating). For the feedback evaluation model, gain trials and loss
trials were added to the design matrix as predictors of interest.
On the individual subject level, beta-estimates were calculated
for gains (ßgain) and losses (ßloss) that were subsequently used to
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compare the two age groups using second-level contrasts (e.g.,
Young ßgain – ßloss – Old ßgain – ßloss).

For the feedback integration model, four predictors were
constructed based on the possible feedback combinations on the
previous and current trial (e.g., gain-loss, loss-loss, etc.). The
individual beta estimates of the different feedback sequences were
used in second-level analyses to assess the effects of integration
across trials. More specifically, we examined whether neural
activation following feedback presentation of a loss or gain
depended on whether it was preceded by a gain or loss on
the previous trial. For example, neural differences identified
when comparing gain-loss vs. loss-loss would be indicative of
previous-trial feedback (gain vs. loss) impacting the processing
of current loss feedback, which would imply feedback integration
over trials. Similarly, we compared neural activity following a
gain on the current trial depending on whether it was preceded
by a gain or a loss (loss-gain vs. gain-gain). These effects
were subsequently compared between the age groups [e.g.,
Young (ßgain−loss − ßloss−loss) − Old (ßgain−loss − ßloss−loss) and
Young (ßloss−gain − ßgain−gain)− Old (ßloss−gain − ßgain−gain)].

Finally, to examine brain activation related to knowledge
updating, two predictors reflecting switch and no-switch choice
behavior on the next trial were constructed and added to the
GLM model. The switch predictor contained all trials where the
participants would switch their choice between stimulus types
(i.e., choose face vs. choose house) on the next trial. The no-
switch predictor consisted of all trials where the participant
would choose the same stimulus type on the next trial. On
the individual subject level, beta-estimates were calculated for
switch trials (ßswitch) and no-switch trials (ßnoswitch), which
were subsequently used in second-level analyses to assess
group differences.

All models contained six movement covariates to account
for head movements during the task, and all regressors were
convolved with a canonical hemodynamic response function
(HRF). The GLM analyses modeled the BOLD activity for
a period of 2,000ms starting at the moment of feedback
presentation, based on previous EEG-work showing that the
processes of feedback evaluation and knowledge updating last
approximately this long (van den Berg et al., 2019). A high-
pass filter with a 128-s time constant was used to remove
low frequency drifts. All second-level contrasts were evaluated
by whole-brain voxel-wise t-tests with a p-value threshold of
0.001 (uncorrected) and a minimal cluster-size of five voxels.
Furthermore, FWE-corrections at the cluster level were applied
(pFWE < 0.05).

RESULTS

Behavioral Results
Learning Rate
Analyses of task performance showed that the probability of
choosing the block winner increased across the block for both
young and older participants, indicating the ability to learn
which stimulus was more likely to yield a gain within the
block [χ2(2) = 151.75, p < 0.01] (Figure 2A). Post-hoc tests
revealed that, at the start of the block (i.e., on the 1st trial),
both younger and older participants chose the block winner

around chance level (younger adults: p(choose block winner) = 0.52
vs. older adults: p(choose block winner) = 0.53; odds ratio = 0.06, SE
= 0.21, n.s.). At the end of the block (i.e., on the 20th trial), the
probability of choosing the block winner was higher in both age
groups, but was higher in younger participants compared to older
participants [p(choose block winner) = 0.88 vs. p(choose block winner)

= 0.77, respectively; odds ratio = 0.80, SE = 2.06, p < 0.01],
reflecting a higher learning level for the younger group.

On average, younger participants had a steeper learning
curve than older adults [χ2(2) = 16.78, p < 0.01; average
learning rateyoung = 0.11 (SD = 0.07); average learning rateold
= 0.07 (SD = 0.07)]. However, we also observed large individual
differences in learning rate (Figure 2B). Hence, to further
investigate if differences in brain activity in subsequent analysis
of the fMRI BOLD signal can be explained by general age-
related differences or by differences in learning rate, we took into
consideration learning rate as a potential confounding factor in
these analyses.

Switch Behavior
Switch probability (i.e., choosing a different stimulus category
[houses or faces] on the current trial than on the previous trial)
decreased over the course of a 20-trial block [χ2(1) = 24.16, p <

0.01]. Although on average the older group switched more often
than younger participants [mean number of switches (SD): young
= 29 (19), old= 46 (26); χ2(1)= 8.52, p < 0.01], the decrease in
switch probability over the block was not significantly different
between the two age groups [χ2(1) = 0.18, n.s.]. When taking
into account the individual differences in learning performance
in the mixed model, we found that higher learning rates were
associated with a lower average switch probability [χ2(1)= 12.40,
p < 0.01]. These effects were found to be dependent on an
interaction between age and trial number [Age × Trial number
× Learning rate: χ2(1)= 6.52, p= 0.01]. Post-hoc testing showed
that switch probability during the block was similar for young
adults with low learning rates and older adults with high learning
rates. Young adults with high learning rates had a lower switch
probability compared to the other groups and older adults with
low learning rates had significantly higher switch probabilities
compared to the other three groups (Figure 3A).

Effects of Feedback Information
In a further analysis we examined whether switch behavior was
modulated by feedback history. More specifically, we inspected
the impact of feedback valence (gain or loss) on the probability
to make a switch by taking into account in the model both
feedback on the previous trial (feedbackn−1) and feedback on
the trial before that (feedbackn−2). Switch probability was higher
following a loss compared to a gain [Feedbackn−1: χ

2(1) =

110.68, p < 0.01]. In addition, feedback on the trial two trials
back also influenced the switch probability [Feedbackn−2: χ

2(1)
= 42.68, p < 0.01]; however, this effect was dependent on
feedbackn−1 [Feedbackn−1 × Feedbackn−2: χ

2(1) = 16.57, p
< 0.01]. As reflected through post-hoc tests, the probability to
make a switch was highest if both feedbackn−1 and feedbackn−2

were losses, and lowest after receiving two gains or a loss
followed by a gain [p(switch)loss−loss = 0.36, p(switch)gain−loss

= 0.18, p(switch)loss−gain = 0.08, p(switch)gain−gain = 0.06].
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FIGURE 2 | Learning rate data (lines depict the logistic model fit with a 95% CI in gray, raw data represented as separate points). (A) Probability of choosing the block

winner on the different trials across the block for young and older adults; (B) estimated individual learning rates, gray diamonds represent the average learning rate per

group.

Feedback history effects were found not to differ between the
two age groups in the model without the individual learning
slopes [Feedbackn−2 × Feedbackn−1 × Age: χ2(1) = 0.02, n.s.]
(Figure 3B), but the higher switch rate in older compared to
young adults wasmore pronounced following a gain as compared
to a loss [Age × Feedbackn−1, χ

2(1) = 4.59, p = 0.03]. After
adding individual learning slopes to the model, the age effects
were no longer significant [main effect of Age: χ

2(1) = 2.28,
n.s.; Age× Feedbackn−1 interaction: χ

2(1)= 2.98, n.s.]. Instead,
learning rate was predictive of the switch probability, with higher
learning rates being related to a lower overall switch probability
[χ2(1)= 5.73, p= 0.02]. After accounting for individual learning
slopes, no interactions between feedback history and age or
learning rate remained.

Lastly, in addition to our planned analyses we examined
whether the relation between feedback and switch probability
changed over the course of the 20-trial block. An interaction
was found [Feedbackn−1 × Trial position: χ

2(1) = 3.85, p =

0.05], indicating that whereas the switch probability following
a gain remained the same over the course of the block, switch
probability following a loss decreased over the block (Figure 3C).
This effect was found not to differ with age [Feedbackn−1 × Trial
position× Age: χ2(1)= 2.95, n.s.] or learning rate [Feedbackn−1

× Trial position × Age: χ
2(1) = 1.36, n.s.]. Hence, overall we

found that older adults switchedmore compared to young adults,
but we found no evidence for different learning behavior between
the two groups.

fMRI Results
Feedback Evaluation
We found clusters with higher levels of BOLD activity following
gains compared to losses throughout the brain, in frontal,

parietal, temporal, occipital, and subcortical regions, in line with
previous research (e.g., Cohen et al., 2008; Drueke et al., 2015;
Andreou et al., 2017) (See Supplementary Table S1 for a full
overview of clusters). Conversely, we also found a trend toward
higher activity following a loss compared to a gain in a small
part of the frontal operculum, a part of the superior frontal
gyrus, and in a part of the supplementary motor area and middle
and anterior cingulate cortex (more superior compared to the
gain activity effect), areas previously reported as being more
active following negative feedback (Cohen et al., 2008; Bischoff-
Grethe et al., 2009; Amiez et al., 2016). In addition to the
general effects of feedback valence, we also found differences
in feedback-related BOLD activity between the two age groups
(contrast: younggain>loss > oldgain>loss), especially in parts of
the middle frontal gyrus, anterior cingulate cortex, and angular
gyrus. The involvement of these areas in feedback evaluation
(Cox et al., 2005; Cohen et al., 2008; Mies et al., 2011; Jahn
et al., 2014; Lee and Kim, 2014; Drueke et al., 2015) and
the diminished increase in activity following gains in older
compared to younger adults observed here (Figure 4A), suggest
that especially the processing of positive feedback is reduced with
age. Although previous studies have reported a stronger ventral
striatal response to positive feedback in older adults (Schott et al.,
2007; Widmer et al., 2017), we did not find an effect of age
in this area. In addition to the age effects, our results showed
that activity following feedback was also different for participants
with a low versus a high learning rate. More specifically, the
difference between gains and losses was more pronounced for
the participants with a high learning rate in three frontal lobe
clusters covering areas related to executive functioning, such as
the supplementary motor cortex, middle cingulate gyrus and the
postcentral gyrus.
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FIGURE 3 | Switch behavior [lines depict the logistic model fit with a 95% CI in gray, raw data (indicating the proportion of switch) are depicted as separate points].

(A) switch probability across the block for young and older participants with high and low learning rates (median split per age group); (B) switch probability per

feedback sequence for young and older adults; (C) switch probability across the block per feedback type and age group.

Switch-Related Activity
In order to examine knowledge-updating effects, we compared
levels of BOLD activity following feedback presentation on trials
preceding a trial on which participants switched to the other
stimulus category (switch trials), relative to trials preceding a
no-switch trial. Of particular interest were the frontal and centro-
pariatal brain areas, given that they are thought to be the origin
of the LPC component linked to switch behavior by EEG research
(Chase et al., 2011; San Martin et al., 2013). In the visualization
(Figure 4B) we focused on the anterior cingulate cortex given
its role in the processing of feedback and the updating of beliefs
(Shenhav et al., 2013).

We found higher levels of activity preceding switch trials
in frontal and parietal brain areas, the cerebellum, and the
insular cortices (for a full overview of significant clusters see
Supplementary Table S2). A direct comparison between the
two age groups showed that switch-specific activity was more
pronounced in young compared to older participants in three
clusters, one covering parts of the anterior and middle cingulate
cortex, the superior frontal gyrus, and the supplementary motor

cortex, one covering parts of the precentral and postcentral
gyrus, and one covering parts of the middle and superior frontal
gyrus (Figure 4B). These results suggest enhanced knowledge
updating in young adults prior tomaking a switch. Switch-related
enhancement of activity was not observed in the older group,
suggesting a less pronounced link between knowledge updating
and choice behavior in this group. Besides the age-related effects,
the increase in activity preceding switch compared to no-switch
trials was found to be more pronounced in the group with high
learning rates compared to low learning rates in parts of the
middle frontal gyrus, medial superior frontal gyrus, and anterior
cingulate cortex related to executive functioning.

Feedback History
The integration of feedback information over trials was examined
by comparing neural activity following different feedback
sequences to investigate if activity following current feedback
depended on feedback on the previous trial (e.g., comparing
a gain-loss sequence to a loss-loss one). Our results showed
that neural activity after receiving gains and losses depended
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FIGURE 4 | fMRI results (p < 0.001 uncorrected voxel level, pFWE−cluster < 0.05) (A) Cluster covering the anterior cingulate cortex where the difference in brain activity

between gains and losses was bigger in young compared to older participants. Bar graph was based on a 5mm sphere ROI centered around the approximate center

of the ACC cluster (MNI −4, 40, 8); (B) Clusters where the difference in BOLD activity preceding a switch on the next trial compared to a no-switch is bigger in young

as compared to older participants. Bar graph is based on a 5mm sphere ROI centered around the peak voxel in the left anterior cingulate gyrus (MNI −6, 28, 29).

on the feedback received on the previous trial. When a gain
was preceded by a loss as compared to a gain, more activity
was found in areas related to reward processing, including the
superior frontal gyrus, the supramarginal gyrus, and the anterior
insula, suggesting that receiving negative feedback enhances
reward processing of positive feedback on the next trial (see
Supplementary Table S3 for full results). No significant clusters
were found where activity was higher when the gain was preceded
by a gain as compared to when it was preceded by a loss. With
regard to receiving negative feedback, we found enhanced activity
in the inferior temporal gyrus and fusiform gyrus when a loss was

preceded by a gain compared to a loss. When a loss was preceded
by another loss we found higher levels of activity in areas involved

in feedback evaluation and decision making, including like the

medial superior frontal gyrus and anterior insula, suggesting
that receiving negative feedback enhances processing of the
subsequent loss.

Taken together, these results suggest that feedback processing
is impacted by preceding feedback, and especially by negative
feedback. Direct group comparisons did not reveal any
significant differences in the effect of feedback history between
young and older participants. In participants with a high learning
rate compared to a low learning rate, however, we did find
a larger enhancement of activity in the right anterior insula
and frontal operculum when a loss was preceded by another

loss compared to a gain, suggesting a more prominent effect of
previous feedback in participants with high learning rates when
receiving negative feedback.

DISCUSSION

In this study, we aimed to elucidate age-related differences in
the neural mechanisms underlying learning. Older and younger
adults performed a probabilistic learning task in which they were
asked to learn which one out of two stimulus types was more
likely to lead to a gain. The behavioral results indicate that over
the course of a block of 20 trials, participants increasingly chose
the option that was more likely to yield a gain, showing that
they were able to learn from the feedback. However, in line with
previous research, we also found that older participants hadmore
difficulty learning from the probabilistic feedback compared to
young participants, as indicated by a lower learning rate (Mell
et al., 2005; Hämmerer et al., 2011). This diminished performance
in older adults coincided with altered choice behavior, as well as
in differences in feedback evaluation and knowledge updating at
the neural level.

In order to gain more insight in how differences in learning
performance arise, it is valuable to examine the choice behavior
leading up to this performance in more detail. During our task,
participants were given feedback on each trial, and based on this
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information they could decide whether or not to switch their
choice from one stimulus to the other on the next trial. Our
results show that participants indeed used feedback information
to adapt their choice behavior, switching more often following a
loss compared to a gain. However, because of the probabilistic
nature of the feedback, participants knew to expect a loss
occasionally even when choosing the correct stimulus (i.e., block
winner). Therefore, feedback information should not be used
only at a trial level, but it should also be integrated over trials
in order to learn which of the two choice options was more
likely to be the block winner and to choose that option more
and more often. In line with this, the probability to switch to the
other stimulus was found to not only depend on the most recent
feedback, but also on feedback history. Furthermore, switch
behavior was shown to be related to learning performance, with
the making of fewer switches in general being associated with a
higher learning rate. Together these results indicate that switch
choice behavior was guided by feedback information and linked
to learning performance, underlining its relevance in the study of
feedback related learning.

As feedback information was accumulated over the course
of each 20-trial block, participants were expected to become
more certain about which stimulus was the block winner and,
as a result, become more consistent in their choices. This was
reflected in the decreasing number of switches across the block,
in combination with the increasing chance of choosing the block
winner. At the same time, this growing bias toward choosing the
block winner across the block can be expected to coincide with
requiring more conflicting evidence before switching to the other
stimulus. In other words, because of the probabilistic feedback,
participants will be more likely to accept more losses when they
are more convinced their choice is right. As certainty about the
identity of the block winner is higher at the end of the block
compared to the beginning, participants are expected to accept
more losses at the end of the block before adapting their choice
behavior. We indeed showed that switch probability following a
loss decreased across the block, indicating that the information
value of the feedback decreased as participants became more
certain of the block winner. These results show how choice
behavior was not only adapted based on feedback information
received, but also as participants learned the right choice (e.g.,
with time on task).

Importantly, switch choice behavior and its modulation
depended on age. First of all, older adults were found to switch
more in general compared to younger adults, regardless of
feedback valence or trial number within the block. One of the
factors that might be related to this difference in switch tendency
is the uncertainty of probabilistic feedback. It could be argued
that older adults are less able to use relative uncertainty to guide
learning (Nassar et al., 2016). Given that the value of feedback
at the start of the 20-trial block is more uncertain compared
to the end of the block when the participant has learned the
stimulus reward associations, optimal use of uncertainty in the
learning process would implicate a decreasing switch tendency
following negative feedback across the block associated with the
declining level of uncertainty. Suboptimal use of uncertainty
in older adults would therefore imply a reduced adaptation of

switch tendency across the block, which is not in line with our
findings of a comparable modulation of the probability that
participants shift between the choice options across the block in
the two age groups following negative feedback, suggesting that
the higher switch rate in older adults is most likely not driven
by a less efficient use of uncertainty during learning. However,
the higher general switch rate in older adults in combination
with the fact that this higher tendency was more pronounced
following positive compared to negative feedback, might also
suggest that older adults adhere to a different learning strategy
that results in alternative choice behavior and less successful
learning. Our findings are in line with findings of Hämmerer
et al. (2011), who also reported a larger age-related difference
in switch rate following positive feedback. They argued that this
suggests that switch choice behavior is affected less strongly by
positive feedback in older compared to younger adults, meaning
that that older adults learn less from positive feedback compared
to negative feedback. Taken together, our results suggest that age
impacts learning-related behavior at the trial level, both with
regard to the magnitude of switch choice tendency and how it
is affected by feedback valence.

In line with the fact that the influence of positive feedback
on subsequent choice behavior was different between the two
age groups, our fMRI analysis showed age-related differences
related to the processing of positive feedback. More specifically,
we found that even though neural activity levels following gains
were higher compared to losses in both age groups, older adults
demonstrated a less differential BOLD response to gains and
losses in brain areas that have been associated with, amongst
other things, feedback evaluation (e.g., ACC, Alexander and
Brown, 2011; Neubert et al., 2015; Kolling et al., 2016; Bradley
et al., 2017; Wiseman et al., 2018). ROI visualizations indicate
that this smaller differential response to gains and losses was
due to a diminished neural response to positive feedback (i.e.,
because BOLD activity increased less compared to baseline
following positive feedback in the older adults, the activity levels
following gains and losses were more similar in this group).
A less differential neural response to feedback valence in older
adults has also been reported in EEG-studies in which smaller
differences in the feedback related negativity (FRN) component
were found (Mathewson et al., 2008; Hämmerer et al., 2011),
which has been argued to reflect a reduced ability to discriminate
feedback valence in light of the task goal (Hämmerer et al.,
2011). Our results show that age effects were specifically driven
by a smaller increase in activity in brain areas following positive
feedback in older compared to younger adults. In combination
with our behavioral results, this suggests that positive feedback
is processed differently in the older group, potentially altering
its contribution to the learning process, and resulting in a
diminished ability to make optimal behavioral changes. We did
not replicate previous findings of a stronger ventral striatal
response to the rewarding feedback in older as compared to
younger adults (Schott et al., 2007; Widmer et al., 2017),
which might be related to differences in task characteristics
between our study and previous research. In the probabilistic
learning task that we used, participants had to continuously
learn which stimulus type was associated with a higher chance
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of winning, while the stimulus-reward associations in these
previous studies were known beforehand, thereby reducing the
degree of uncertainty in a task. This difference might have an
impact on the information value of feedback information and the
influences of feedback on subsequent behavior.

When comparing neural activity related to the different
feedback sequences, higher levels of activity were found in
the inferior temporal gyrus and fusiform gyrus when negative
feedback was preceded by positive versus negative feedback. As
these brain areas have been associated with the processing of
faces and houses, it could be that these results reflect cortical
(re)activation of stimulus processing areas as part of establishing,
updating and storage of stimulus-reward associations, as we
reported earlier in van den Berg et al. (2019). However, our
dataset does not lend itself for a more detailed analysis of this
effect, and thus this interpretation remains speculative and would
need to be confirmed by future research.

In addition to feedback evaluation, we examined the neural
processes related to switch choice behavior in order to investigate
potential age-related differences in knowledge updating. Previous
EEG-research showed that making a switch on the next trial
was accompanied by a larger Late Positive Complex (LPC)
component from 300 to 600ms post feedback stimulus, which
was thought to reflect enhanced brain activity in frontal and
centro-parietal brain areas prior to a switch (Fischer and
Ullsperger, 2013; San Martin et al., 2013). One of the potentially
contributing brain areas of particular interest is the anterior
cingulate cortex (ACC), which is thought to be serving as
a central hub in the allocation of cognitive control and is
involved in processing of feedback and updating of beliefs
(Shenhav et al., 2013).

In line with the EEG-studies (Chase et al., 2011; San Martin
et al., 2013; Correa et al., 2018), our results indeed showed
increased activity in the ACC following feedback presentation
on the trial prior to a switch in young adults, which might
reflect increased levels of knowledge updating prior to behavioral
adjustment. In older adults, however, no evidence was found
for increased ACC activity on the trial prior to a switch,
suggesting that updating of knowledge was less effective in this
group. Based on the results of the present study, we cannot
be certain whether the equivalent levels of switch- and no-
switch related neural activity in older adults specifically reflected
relatively diminished knowledge updating prior to a behavioral
switch or relatively enhanced knowledge updating prior to
not switching in comparison to young adults. In addition,
as switch choice behavior is inherently linked to feedback
valence (higher switch tendencies following negative compared
to positive feedback), and fMRI has limited temporal resolution,
distinguishing between feedback evaluation and knowledge
updating processes is limited with this method. The low temporal

resolution of fMRI does not allow us to temporally distinguish
processes related to feedback evaluation feedback integration
and knowledge updating, thus restricting us to interpreting our
results based on the specific contrasts showing the differences in
activation. This however does not guarantee that the activation
patterns are exclusive for these processes. Nevertheless, the
distinct spatial locations of the reported feedback-evaluation and
knowledge-updating effects, corresponding to diminished brain
activity in feedback-evaluation areas following positive feedback
in older adults, and a less prominent increase of activity in areas
involved in the updating of beliefs prior to adaptations in choice
behavior in this group, seem to indicate that age impacts both
feedback processing and knowledge updating during learning.

In conclusion, successful learning requires the evaluation of
feedback, updating of knowledge, and adaptation of behavior.
We provided evidence showing that diminished learning
performance in older adults corresponded with making more
switch choices. In addition, older adults were shown to process
positive feedback to a lesser extend compared to young adults,
which might have led to the reduced knowledge updating we
found in this group. Together our findings showed how learning-
related processes are impacted by age both at the behavioral and
neural levels, and how different feedback-evaluation processes
could lead to reduced learning performance across trials.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on reasonable
request. Requests to access the datasets should be directed to
Berry van den Berg, berry.van.den.berg@rug.nl.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by The University Medical Center Groningen medical
ethics committee. The participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

BB, MW, and ML: study design. TH and BB: data acquisition
and data processing. TH, BB, MW, AA, and ML: manuscript
writing. All authors contributed to the article and approved the
submitted version.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnhum.
2021.635996/full#supplementary-material

REFERENCES

Akaike, H. (1973). Information theory and an extension of the maximum

likelihood principle. Proc. Second Int. Symp. Inform. Theory. 1973, 267–281.

Alexander, W. H., and Brown, J. W. (2011). Medial prefrontal cortex as an

action-outcome predictor. Nat. Neurosci. 14, 1338–1344. doi: 10.1038/nn.2921

Amiez, C., Wutte, M. G., Faillenot, I., Petrides, M., Burle, B., and Procyk,

E. (2016). Single subject analyses reveal consistent recruitment of frontal

Frontiers in Human Neuroscience | www.frontiersin.org 10 March 2021 | Volume 15 | Article 635996

mailto:berry.van.den.berg@rug.nl
https://www.frontiersin.org/articles/10.3389/fnhum.2021.635996/full#supplementary-material
https://doi.org/10.1038/nn.2921
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


de Haan et al. Aging and Probabilistic Feedback Learning

operculum in performance monitoring. NeuroImage 133, 266–278.

doi: 10.1016/j.neuroimage.2016.03.003

Andreou, C., Frielinghaus, H., Rauh, J., Mußmann, M., Vauth, S., Braun, P.,

et al. (2017). Theta and high-beta networks for feedback processing: a

simultaneous EEG-fMRI study in healthy male subjects. Transl. Psychiatry

7:e1016. doi: 10.1038/tp.2016.287

Bates, D., Mächler, M., Bolker, B., and Walker, S. (2015). Fitting linear mixed-

effects models using lme4. J. Statist. Softw. 67, 1–48. doi: 10.18637/jss.v067.i01

Bischoff-Grethe, A., Hazeltine, E., Bergren, L., Ivry, R., and Grafton, S. (2009). The

influence of feedback valence in associative learning. NeuroImage 44, 243–251.

doi: 10.1016/j.neuroimage.2008.08.038

Borst, J. P., and Anderson, J. R. (2013). Using model-based functional MRI

to locate working memory updates and declarative memory retrievals in

the fronto-parietal network. Proc. Natl. Acad. Sci. U. S. A. 110, 1628–1633.

doi: 10.1073/pnas.1221572110

Bradley, K. A. L., Case, J. A. C., Freed, R. D., Stern, E. R., and Gabbay, V. (2017).

Neural correlates of RDoC reward constructs in adolescents with diverse

psychiatric symptoms: a Reward Flanker Task pilot study. J. Affect. Disord. 216,

36–45. doi: 10.1016/j.jad.2016.11.042

Chase, H. W., Swainson, R., Durham, L., Benham, L., and Cools, R. (2011).

Feedback-related negativity codes prediction error but not behavioral

adjustment during probabilistic reversal learning. J. Cogn. Neurosci. 23,

936–946. doi: 10.1162/jocn.2010.21456

Cohen, M. X., Elger, C. E., and Weber, B. (2008). Amygdala tractography predicts

functional connectivity and learning during feedback-guided decision-making.

NeuroImage 39, 1396–1407. doi: 10.1016/j.neuroimage.2007.10.004

Cohen, M. X., Wilmes, K. A., and van de Vijver, I. (2011). Cortical

electrophysiological network dynamics of feedback learning. Trends Cogn. Sci.

15, 558–566. doi: 10.1016/j.tics.2011.10.004

Correa, C. M. C., Noorman, S., Jiang, J., Palminteri, S., Cohen, M. X., Lebreton,

M., et al. (2018). How the level of reward awareness changes the computational

and electrophysiological signatures of reinforcement learning. J. Neurosci. 38,

10338–10348. doi: 10.1523/JNEUROSCI.0457-18.2018

Cox, K. M., Aizenstein, H. J., and Fiez, J. A. (2008). Striatal outcome

processing in healthy aging. Cogn. Affect. Behav. Neurosci. 8, 304–317.

doi: 10.3758/CABN.8.3.304

Cox, S. M. L., Andrade, A., and Johnsrude, I. S. (2005). Learning to like: a role for

human orbitofrontal cortex in conditioned reward. J. Neurosci. 25, 2733–2740.

doi: 10.1523/JNEUROSCI.3360-04.2005

Drueke, B., Weichert, L., Forkmann, T., Mainz, V., Gauggel, S., and Boecker,

M. (2015). Neural correlates of positive and negative performance

feedback in younger and older adults. Behav. Brain Funct. 11:17.

doi: 10.1186/s12993-015-0062-z

Eppinger, B., Hämmerer, D., and Li, S. C. (2011). Neuromodulation of reward-

based learning and decisionmaking in human aging.Ann. N. Y. Acad. Sci. 1235,

1–17. doi: 10.1111/j.1749-6632.2011.06230.x

Eppinger, B., Kray, J., Mock, B., and Mecklinger, A. (2008). Better or

worse than expected? Aging Learn. ERN Neuropsychol. 46, 521–539.

doi: 10.1016/j.neuropsychologia.2007.09.001

Ferdinand, N. K. (2019). The influence of task complexity and information value

on feedback processing in younger and older adults: no evidence for a positivity

bias during feedback-induced learning in older adults. Brain Res. 1717, 74–85.

doi: 10.1016/j.brainres.2019.04.011

Ferdinand, N. K., and Czernochowski, D. (2018). Motivational influences on

performance monitoring and cognitive control across the adult lifespan. Front.

Psychol. 9:1018. doi: 10.3389/fpsyg.2018.01018

Fischer, A. G., and Ullsperger, M. (2013). Real and fictive outcomes are processed

differently but converge on a common adaptive mechanism. Neuron 79,

1243–1255. doi: 10.1016/j.neuron.2013.07.006

Frank, M. J., and Kong, L. (2008). Learning to avoid in older age. Psychol. Aging 23,

392–398. doi: 10.1037/0882-7974.23.2.392

Hämmerer, D., Li, S.-C., Müller, V., and Lindenberger, U. (2011). Life span

differences in electrophysiological correlates of monitoring gains and losses

during probabilistic reinforcement learning. J. Cogn. Neurosci. 23, 579–592.

doi: 10.1162/jocn.2010.21475

Jahn, A., Nee, D. E., Alexander, W. H., and Brown, J. W. (2014). Distinct

regions of anterior cingulate cortex signal prediction and outcome

evaluation. NeuroImage 95, 80–89. doi: 10.1016/j.neuroimage.201

4.03.050

Kolling, N., Behrens, T. E. J., Wittmann, M. K., and Rushworth, M. F. S. (2016).

Multiple signals in anterior cingulate cortex. Curr. Opin. Neurobiol. 37, 36–43.

doi: 10.1016/j.conb.2015.12.007

Lee, W., and Kim, S. Il. (2014). Effects of achievement goals on challenge seeking

and feedback processing: behavioral and fMRI evidence. PLoS ONE 14, 1–12.

doi: 10.1371/journal.pone.0107254

Marin, R. S., Biedrzycki, R. C., and Firinciogullari, S. (1991). Reliability

and validity of the apathy evaluation scale. Psychiatry Res. 38, 143–162.

doi: 10.1016/0165-1781(91)90040-V

Marschner, A., Mell, T., Wartenburger, I., Villringer, A., Reischies, F. M., and

Heekeren, H. R. (2005). Reward-based decision-making and aging. Brain Res.

Bull. 67, 382–390. doi: 10.1016/j.brainresbull.2005.06.010

Martinez, A., and Benavente, R. (1998). The AR Face Database. Technical Report-

24. Barcelona: Computer Vision Center (CVC).

Mata, R., Josef, A. K., Samanez-Larkin, G. R., and Hertwig, R. (2011). Age

differences in risky choice: a meta-analysis. Ann. N. Y. Acad. Sci. 1235, 18–29.

doi: 10.1111/j.1749-6632.2011.06200.x

Mathewson, K. J., Dywan, J., Snyder, P. J., Tays, W. J., and Segalowitz, S. J. (2008).

Aging and electrocortical response to error feedback during a spatial learning

task. Psychophysiology 45, 936–948. doi: 10.1111/j.1469-8986.2008.00699.x

Mell, T., Heekeren, H. R., Marschner, A., Wartenburger, I., Villringer, A., and

Reischies, F. M. (2005). Effect of aging on stimulus-reward association learning.

Neuropsychologia 43, 554–563. doi: 10.1016/j.neuropsychologia.2004.07.010

Mies, G. W., van der Molen, M. W., Smits, M., Hengeveld, M. W., and Van der

Veen, F. M. (2011). The anterior cingulate cortex responds differently to the

validity and valence of feedback in a time-estimation task. NeuroImage 56,

2321–2328. doi: 10.1016/j.neuroimage.2011.04.015

Nassar, M. R., Bruckner, R., Gold, J. I., Li, S. C., Heekeren, H. R., and

Eppinger, B. (2016). Age differences in learning emerge from an insufficient

representation of uncertainty in older adults. Nat. Commun. 7, 1–13.

doi: 10.1038/ncomms11609

Neubert, F. X., Mars, R. B., Sallet, J., and Rushworth, M. F. S. (2015). Connectivity

reveals relationship of brain areas for reward-guided learning and decision

making in human and monkey frontal cortex. Proc. Natl. Acad. Sci. U. S. A.

112, 2695–2704. doi: 10.1073/pnas.1410767112

Polich, J. (2007). Updating P300: an integrative theory of P3a and P3b. Clin.

Neurophysiol. 118, 2128–2148. doi: 10.1016/j.clinph.2007.04.019

R Core Team (2020). R: a language and environment for statistical computing.

R Foundation for Statistical Computing. Available online at: https://www.r-

project.org/ (accessed November 28, 2020).

Reijnders, J. S. A.M., Scholtissen, B.,Weber,W. E. J., Aalten, P., Verhey, F. R. J., and

Leentjens, A. F. G. (2010). Neuroanatomical correlates of apathy in Parkinson’s

disease: a magnetic resonance imaging study using voxel-based morphometry.

Mov. Disord. 25, 2318–2325. doi: 10.1002/mds.23268

Samanez-Larkin, G. R., Worthy, D. A., Mata, R., McClure, S. M., and Knutson,

B. (2014). Adult age differences in frontostriatal representation of prediction

error but not reward outcome. Cogn. Affect. Behav. Neurosci. 14, 672–682.

doi: 10.3758/s13415-014-0297-4

San Martin, R., Appelbaum, L. G., Pearson, J. M., Huettel, S. A., and Woldorff,

M. G. (2013). Rapid brain responses independently predict gain maximization

and loss minimization during economic decision making. J. Neurosci. 33,

7011–7019. doi: 10.1523/JNEUROSCI.4242-12.2013

Schott, B. H., Niehaus, L.,Wittmann, B. C., Schütze, H., Seidenbecher, C. I., Heinze,

H. J., et al. (2007). Ageing and early-stage Parkinson’s disease affect separable

neural mechanisms of mesolimbic reward processing. Brain 130, 2412–2424.

doi: 10.1093/brain/awm147

Shenhav, A., Botvinick, M. M., and Cohen, J. D. (2013). The expected value of

control: an integrative theory of anterior cingulate cortex function. Neuron 79,

217–240. doi: 10.1016/j.neuron.2013.07.007

Singmann, H., Bolker, B., Westfall, J., Aust, F., and Ben-Shachar, M. S. (2020). afex:

Analysis of Factorial Experiments (R package version 0.28-0). Available online

at: https://cran.r-project.org/package=afex (accessed November 28, 2020).

van den Berg, B., Geib, B. R., Martín, R. S., and Woldorff, M. G. (2019). A

key role for stimulus-specific updating of the sensory cortices in the learning

of stimulus–reward associations. Social Cogn. Affect. Neurosci. 14, 173–187.

doi: 10.1093/scan/nsy116

Widmer, M., Stulz, S., Luft, A. R., and Lutz, K. (2017). Elderly adults show higher

ventral striatal activation in response to motor performance related rewards

than young adults. Neurosci. Lett. 661, 18–22. doi: 10.1016/j.neulet.2017.09.038

Frontiers in Human Neuroscience | www.frontiersin.org 11 March 2021 | Volume 15 | Article 635996

https://doi.org/10.1016/j.neuroimage.2016.03.003
https://doi.org/10.1038/tp.2016.287
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.neuroimage.2008.08.038
https://doi.org/10.1073/pnas.1221572110
https://doi.org/10.1016/j.jad.2016.11.042
https://doi.org/10.1162/jocn.2010.21456
https://doi.org/10.1016/j.neuroimage.2007.10.004
https://doi.org/10.1016/j.tics.2011.10.004
https://doi.org/10.1523/JNEUROSCI.0457-18.2018
https://doi.org/10.3758/CABN.8.3.304
https://doi.org/10.1523/JNEUROSCI.3360-04.2005
https://doi.org/10.1186/s12993-015-0062-z
https://doi.org/10.1111/j.1749-6632.2011.06230.x
https://doi.org/10.1016/j.neuropsychologia.2007.09.001
https://doi.org/10.1016/j.brainres.2019.04.011
https://doi.org/10.3389/fpsyg.2018.01018
https://doi.org/10.1016/j.neuron.2013.07.006
https://doi.org/10.1037/0882-7974.23.2.392
https://doi.org/10.1162/jocn.2010.21475
https://doi.org/10.1016/j.neuroimage.2014.03.050
https://doi.org/10.1016/j.conb.2015.12.007
https://doi.org/10.1371/journal.pone.0107254
https://doi.org/10.1016/0165-1781(91)90040-V
https://doi.org/10.1016/j.brainresbull.2005.06.010
https://doi.org/10.1111/j.1749-6632.2011.06200.x
https://doi.org/10.1111/j.1469-8986.2008.00699.x
https://doi.org/10.1016/j.neuropsychologia.2004.07.010
https://doi.org/10.1016/j.neuroimage.2011.04.015
https://doi.org/10.1038/ncomms11609
https://doi.org/10.1073/pnas.1410767112
https://doi.org/10.1016/j.clinph.2007.04.019
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1002/mds.23268
https://doi.org/10.3758/s13415-014-0297-4
https://doi.org/10.1523/JNEUROSCI.4242-12.2013
https://doi.org/10.1093/brain/awm147
https://doi.org/10.1016/j.neuron.2013.07.007
https://cran.r-project.org/package=afex
https://doi.org/10.1093/scan/nsy116
https://doi.org/10.1016/j.neulet.2017.09.038
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


de Haan et al. Aging and Probabilistic Feedback Learning

Wiseman, S. J., Booth, T., Ritchie, S. J., Cox, S. R., Muñoz Maniega, S.,

Valdés Hernández, M., et al. (2018). Cognitive abilities, brain white matter

hyperintensity volume, and structural network connectivity in older age. Hum.

Brain Map. 39, 622–632. doi: 10.1002/hbm.23857

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 de Haan, van den Berg, Woldorff, Aleman and Lorist.

This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction

in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Human Neuroscience | www.frontiersin.org 12 March 2021 | Volume 15 | Article 635996

https://doi.org/10.1002/hbm.23857
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

	Diminished Feedback Evaluation and Knowledge Updating Underlying Age-Related Differences in Choice Behavior During Feedback Learning
	Introduction
	Materials and Methods
	Participants
	Experimental Tasks and Stimuli
	Materials
	Probabilistic Learning Task

	Procedure
	Behavioral Analysis
	MRI Acquisition
	MRI Analysis
	Preprocessing
	General Linear Model Analysis


	Results
	Behavioral Results
	Learning Rate
	Switch Behavior
	Effects of Feedback Information

	fMRI Results
	Feedback Evaluation
	Switch-Related Activity
	Feedback History


	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material
	References


