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Chapter 4

Decomposing Developmental 
Differences in Probabilistic Feedback 
Learning: Indices of Heart rate and 
Behavior

This chapter is based on:

Van Duijvenvoorde, A.C.K., Jansen, B.R.J., Griffioen, E., Van der Molen, M.W., & Huizenga, 
H.M. (2013). Decomposing Developmental Differences in Probabilistic Feedback 
Learning: Indices of Heart rate and Behavior. Biological Psychology, 93, 175-183.
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Abstract

Learning on the basis of outcome feedback shows pronounced developmental changes, however, much is 

still unknown about its underlying processes. In the current study, we aimed at decomposing how value 

updating, feedback monitoring and executing behavioral control contribute to children’s probabilistic 

feedback learning. Children (ages 8-9), young adolescents (ages 11-13) and young adults (ages 18-24), 

performed two probabilistic feedback tasks: one required building a value representation on the basis 

of feedback (noninformed task), while in the other value representations were explicitly presented (in-

formed task). Heart-rate was recorded to augment performance measures of feedback processing. We 

observed substantial developmental differences in heart-rate responses toward feedback in the nonin-

formed task. Adult’s heart-rate slowed more to negative compared to positive feedback relative to the 

children and young adolescents. In contrast, in the informed task all age groups showed larger heart-rate 

slowing toward negative compared to positive feedback. These results indicate that children are not im-

paired in monitoring probabilistic feedback per se, but have a specific deficit in building a task-appropri-

ate value representation on the basis of probabilistic feedback.
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4.1 Introduction 

Learning based on performance feedback is a hallmark of adaptive behavior. To optimize 
behavior (i.e., learn effectively), one needs to be able to compare feedback from the environ-
ment toward an expected outcome of the intended action. A discrepancy between the actual 
and the expected outcome would result in a prediction error: one that is either positive, if 
outcomes are better than expected, or negative, if outcomes are worse than expected. Such 
expectancy violations have been linked to the Anterior Cingulate Cortex (ACC) (Holroyd et 
al., 2004; Ridderinkhof et al., 2004). The ACC is shown to be important for generating nega-
tive prediction errors (error processing) that are thought to be modulated by activity in dopa-
minergic midbrain neurons (Holroyd & Coles, 2002; Holroyd et al., 2009). Prediction errors 
would advance learning by signaling a modification of ongoing behavior, either by executing 
behavioral control or through changes in attention. A primary site for this would be the lateral 
prefrontal cortex (PFC), which is implicated in executing control to regulate actions and at-
tention in accordance with internal goals (Kerns et al., 2004; Miller & Cohen, 2001).

Substantial structural and functional changes in regions of the ACC and (lateral) PFC have 
been reported across childhood and into adolescence (Giedd, 2008; Gogtay et al., 2004; Shaw 
et al., 2008). Developmental studies accordingly found shallower learning curves and lower 
performance levels in children’s feedback learning in both deterministic and probabilistic 
feedback tasks (Crone et al., 2004; Eppinger et al., 2009; Hämmerer et al., 2011). In contrast 
to deterministic feedback, probabilistic feedback is only partly informative. For example, a 
correct response is rewarded with positive feedback in only 70% of the cases. Recently it 
has been suggested that learning from probabilistic feedback poses specific difficulties for 
children and youths (Eppinger et al., 2009; Van den Bos et al., 2009), which may be due to 
interference of partly informative feedback with processes of feedback learning. 

Learning on the basis of feedback is a complex skill and can be decomposed into a set 
of sub-processes. In order to make an accurate comparison between expected and observed 
feedback, a correct value representation needs to be built (and maintained), and ongoing out-
come feedback needs to be monitored accurately. Furthermore, behavior should be adjusted 
adaptively in accordance with internal goals. Developmental changes in feedback learning 
may thus be attributed to several of these underlying processes. It has been suggested that 
children’s deficit in feedback learning is not due to an inability to construct prediction errors 
(Hämmerer & Eppinger, 2012), but may arise either from an impaired monitoring of feedback 
from the environment, from impairments in updating a task-appropriate value representa-
tion, from immature behavioral control, or from a combination of these processes. These 
sub-processes of feedback learning bear high resemblance to executive functions as working 
memory and inhibition. Working memory implies the maintenance and updating of informa-
tion, whereas inhibition primarily implies the ability to inhibit prepotent responses (Garon 
et al., 2008; Huizinga et al., 2006; Miyake et al., 2000). Working memory is shown to improve 
into early adulthood, whereas inhibitory control is shown to mature somewhat earlier into 
adolescence (Huizinga et al., 2006). Both working memory and inhibitory control over prepo-
tent response tendencies may represent component processes that are required for successful 
feedback learning. 

Most feedback learning tasks are not designed to distinguish sub-processes of feedback 
learning. In probabilistic and deterministic feedback tasks, for example, indices of feedback 
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monitoring and value updating are usually assessed intertwined. The primary focus of this 
study is therefore to decompose the different processes of probabilistic feedback learning 
across development, in which we specifically aim to disentangle whether children show im-
pairments in feedback monitoring or impairments in updating a value representation in a 
probabilistic feedback environment. Secondly, we investigate whether immature behavioral 
control is related to feedback learning deficits in younger children. Finally, we include meas-
ures of working memory and inhibition to investigate their relation with feedback learning 
across development. To these ends, we used two versions of a probabilistic feedback task in 
combination with evoked heart-rate measurements. Psychophysiological measurements such 
as evoked heart rate can provide insight into feedback processing that cannot be obtained by 
using performance measures alone. 

Several studies have successfully used heart rate as an informative index to study feedback 
processing (Jennings & Van der Molen, 2002; Somsen et al., 2000). Regions within the ACC 
that are sensitive to evaluating feedback and are implicated in the signaling of prediction er-
rors, are also involved in the control of autonomic functioning (Critchley, 2005; Critchley et 
al., 2000; 2003; Hajcak et al., 2003). This link is evidenced in studies showing that feedback 
processing is reflected in changes in heart rate (Crone, Van der Veen et al., 2003; Groen et al., 
2007; Mies et al., 2011; Van der Veen et al., 2004), in which heart rate is shown to decelerate 
in anticipation of upcoming sensory information or actions. Negative feedback elicits a pro-
longed heart-rate deceleration (i.e., a heart-rate slowing), whereas positive feedback immedi-
ately elicits an acceleratory recovery (Jennings & Van der Molen, 2002). 

In deterministic learning tasks, heart rate is shown to slow down to negative feedback in-
formative to performance, such as to negative feedback that unexpectedly signals a behavioral 
rule change (Crone, Zanolie et al., 2006; Somsen et al., 2000). Heart rate does not slow when 
negative feedback is unrelated to performance, for example when feedback is presented ran-
domly (Crone, Van der Veen et al., 2003; Crone et al., 2004; Groen et al., 2007). Also, when 
a correct response is learned, heart-rate slowing after an incorrect response starts before the 
onset of feedback, indicating a shift from dependency on external feedback signals, toward 
internal error detection (Groen et al., 2007). The amount of heart-rate slowing after nega-
tive feedback has been related to corrective behavior. That is, a positive correlation has been 
reported between heart-rate slowing after negative feedback and accuracy on task (Crone et 
al., 2004; Crone, Zanolie et al., 2006). Taken together, these findings indicate that heart-rate 
slowing after negative feedback signals an expectancy violation that subsequently guides re-
medial actions. 

Developmental studies indicated that heart-rate slowing after deterministic negative feed-
back is smaller for 8–10-year-olds compared to 12 year-olds and young adults (Crone et al., 
2004; Crone, Zanolie et al., 2006). Also, when feedback is presented randomly, 8–10-year-
olds, in contrast to 12-year-olds and young adults, show additional heart rate slowing to nega-
tive feedback (Crone et al., 2004). The latter result has been taken to suggest that children 
are overly sensitive to negative feedback, and monitor irrelevant feedback for subsequent be-
havioral adjustments (Crone & Van der Molen, 2008). Also, psychophysiological studies using 
event related potentials (ERPs) to investigate external/internal error processing, indicated a 
heightened feedback-related negativity (FRN) in children (Eppinger et al., 2009), but also less 
differentiation between positive and negative feedback (Hämmerer et al., 2011). Moreover, 
in contrast to adults, children showed a smaller error-related negativity (ERN) specifically in 
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probabilistic feedback situations (Eppinger et al., 2009). These latter results were thought to 
indicate that children experience difficulty with building a task-appropriate value representa-
tion under conditions of probabilistic feedback. 

Continuing on these findings, the current study aims to further disentangle the processes 
of feedback monitoring, value updating and behavioral control. Therefore we assess behav-
ioral performance and heart-rate slowing in two probabilistic feedback tasks: one in which 
a representation of the correct response had to be learned (noninformed task) and another 
with the correct response explicitly presented (informed task) (Van Duijvenvoorde et al., 
2012). Both tasks present a two-choice situation, in which feedback is given after each choice. 
In the noninformed task, participants need to build a task-appropriate representation of the 
correct response by using trial-to-trial feedback. In contrast, in the informed condition, feed-
back is not necessary for building a value representation. By comparing heart rate indices 
after feedback presentation, we investigate expectancy violations when this feedback is neces-
sary for value updating (noninformed task) and when this feedback is not necessary for up-
dating a value representation of the correct response (informed task). Thus, in contrast to the 
noninformed task, the informed task isolates feedback monitoring. We argue that although 
feedback is not necessary for learning in the informed task, it will still be monitored as it has 
motivational relevance, i.e., it indexes whether points were gained or lost. In addition to heart 
rate responses, we investigated task performance – task accuracy and response switches after 
feedback – to determine the extent of successful behavioral control in both conditions. 

In the current study, we investigated a group of children (8-9-year-olds), young adoles-
cents (11-13-year-olds) and young adults (18-24-year-olds). These age ranges were chosen 
based on previous studies that indicated pronounced changes in feedback-based learning be-
tween ages 8 and 13 (Van den Bos et al., 2009; Van Duijvenvoorde et al., 2008). Our main 
focus is on the effects of feedback, condition and age group on heart-rate responses, task ac-
curacy, and response switches. First, if children are specifically impaired in updating a value 
representation of the correct response, we would expect no developmental differences in 
heart-rate slowing after negative feedback in the informed condition, but large developmental 
differences in heart-rate slowing in the noninformed condition. However, if feedback moni-
toring is problematic for children, we would expect large developmental differences in heart-
rate slowing after negative feedback in both conditions. Second, we combine insights of heart 
rate and behavioral indices. Developmental changes in accuracy and response switches in the 
informed condition, without developmental changes in heart-rate slowing, would indicate a 
specific deficit in implementing behavioral control for younger age groups. 

Finally, we expected working memory to be associated with updating a task-appropriate 
value representation (Bunge & Wright, 2007; Van Duijvenvoorde et al., 2012), which would 
be specifically related to performance in the noninformed task. In addition, we expected in-
hibitory control to be important for regulating behavioral responses, which would be related 
to performance in both the informed and the noninformed task. 
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4.2 Methods

Participants 
Participants were 35 8-9 year-olds (Mean Age = 8.6 years, SD = 0.40, 19 females), 35 11-13-year-
olds (Mean Age = 11.8 years, SD = 0.50, 14 females) and 32 18-24-year-olds (Mean Age = 20.7 
years, SD = 1.8, 16 females). Children were recruited from two different primary schools. 
Young adults were students on vocational tracks or university education and were given pay-
ment or course credits for their participation. All participants provided written informed con-
sent for the study (parental consent for children and young adolescents). Procedures were 
approved by the local ethics committee. All participants were informed beforehand that de-
pendent on performance, they could win a prize, which eventually all participants received. 

Because of technical artifacts, noise or an inability to complete the task, four 8-9-year-olds 
(two females) and five 11–13-year-olds (two females) were excluded from further analyses. 
Thus, our final sample consisted of 31 8-9-year-olds (Mean Age = 8.2 years, SD = 0.42, 17 
females), 30 11-13-year-olds (Mean Age = 11.3 years, SD = 0.53, 12 females) and 32 young 
adults (Mean Age = 20.3 years, SD = 1.9, 16 females). The proportion of males did not differ 
significantly across age groups, χ²(2) = 1.4, p = .5. 

Materials and procedure 
Raven’s Standard Progressive Matrices (SPM) test (Raven et al., 1985) was administered to 
account for possible differences in intelligence between age groups. A speeded version of 
the task was used in which participants were given 20 min to answer as many problems as 
possible (Hamel & Schmittmann, 2006). An ANCOVA indicated no differences in raw Raven 
scores between age groups, when age was entered as a covariate (p = .1). 

The Erikson Flanker task (Huizinga et al., 2006) and the Chessboard Task (Dovis et al., 
2012) were administered to test influences of inhibition and working memory on feedback 
learning. In the Erikson Flankers task participants respond to a left or right pointing arrow 
presented in the center. The arrow can be flanked by four arrows pointing in the same direc-
tion (congruent condition) or by four arrows pointing in the opposite direction (incongruent 
condition), in which case these flanking arrows should be ignored or inhibited. Fifty practice 
trials and 50 experimental trials were administered. The two dependent variables used to as-
sess inhibitory capacity were reaction time and accuracy differences between congruent and 
incongruent trials.

The Chessboard Task is a newly developed working-memory measure based on the Cor-
si Block Tapping Test and the subtest Letter–Number sequencing from the Wechsler Adult 
Intelligence Scales (WAIS). The task assesses the ability to maintain and manipulate visuo-
spatial information (see for an extensive description Dovis et al., 2012). Participants are pre-
sented with a checkerboard of four by four blue and green squares and are asked to reproduce 
a mixed sequence of highlighted blue and green squares. Participants were instructed to first 
reproduce the sequence of green squares and then the sequence of blue squares, both in the 
same order as they were presented. The difficulty level of the task was adaptive. After two 
consecutive correct reproductions, the sequence was increased by one stimulus and after 
two consecutive incorrect reproductions; the sequence was shortened by one stimulus. The 
starting (minimum) sequence length consisted of two stimuli and there was no maximum 
sequence length. Participants were given visual and auditory feedback on accuracy of the re-
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produced sequence. Forty experimental trials were administered. The main measure of inter-
est was the average length of correctly reproduced sequences from trial 15 onwards. Earlier 
trials were omitted to eliminate initial adjustments toward this adaptive procedure (Dovis et 
al., 2012). 

Probabilistic feedback tasks 
Participants were presented repeatedly with a pair of choice options displayed in the form of 
gambling machines (see Figure 1). Each gambling machine contained 10 balls, which were 
either green (winning balls) or red (losing balls). Upon choosing one of the machines, the 
balls were shuffled and one ball was drawn (semi-randomly) from the machine, with loss-
probability controlled for within 10 trial blocks. Drawing a red ball resulted in a loss of one 
point, whereas a green ball led to a gain of one point. The outcome (gain or loss) of each 
choice was displayed in a winning or losing coin and was accompanied by a brief sound indi-
cating a gain or loss. 

Within a pair, the machines differed in profitability. That is, one machine contained three 
red balls out of ten balls (30% chance of negative feedback), whereas the other machine con-

Figure 1. Trial structure in the informed and the noninformed probabilistic feedback task. During inter-trial intervals 
a fixation cross was presented for 1500 ms.
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tained seven red balls out of ten balls (70% chance of negative feedback). Both machines 
had a start button in the shape of a common attribute (banana, shoe, sun etc.). Two pairs of 
machines (A–B; C–D) were presented in each task block. Choosing machine A and C led to 
negative feedback on 30% of AB and CD trials, whereas choosing machine B or D led to nega-
tive feedback on 70% of these trials. Note that the pairs of machines were signaled by the dif-
ferent pairs of starting buttons, for example: banana (A)—sun (B); bike (C)—flower (D). Pairs 
of machines were randomly presented on the right and left sides to prevent response biases. 

Participants played two conditions of the probabilistic feedback task: the informed and the 
noninformed condition. In the informed condition, machines in the game were ‘open’ (see 
Figure 1). Therefore, the amounts of green and red balls were known to the participants. In 
the noninformed condition, the machines in the game were ‘closed’, so participants could not 
see the amount of red and green balls in the machines. In both conditions, immediate feed-
back (gain/loss) was provided after each choice. The participants in the noninformed condi-
tion thus had to use this feedback to learn the contingencies of the different options, whereas 
this was not necessary for participants in the informed condition.

A schematic outline of the trial structure is presented in Figure 1. On each trial, a pair of 
gambling machines was presented. There was a delay of 500 ms before participants could 
make a response, which was signaled by a change of color of the machines. The response initi-
ated a delay period in which the pair of gambling machines was closed (500 ms) after which 
a fixation cross was shown (500, 1500 or 2000 ms, equiprobable). Subsequently a feedback 
screen (1500 ms) indicated a winning (positive feedback) or losing (negative feedback) coin. 
The inter-trial interval presented a fixation cross for 1500 ms. Participants were required to 
respond within 1 s by pressing the “A” or the “L” key on the computer keyboard, associated 
with left and right machine respectively. If participants did not respond before the deadline, 
a feedback screen appeared, showing that they had lost two points. The average proportion of 
missed responses in the informed condition was .06 (8-9-year-olds), .05 (11-13-year-olds), 
and .04 (18-23-year-olds). In the noninformed condition the average proportion was .08 
(8–9-year-olds), .06 (11–13-year-olds), and .03 (18-23-year-olds). A Condition (2) × Age 
Group (3) repeated measures ANOVA on the proportion missed responses showed a main 
effect of Age Group, F(1, 90) = 6.8, p < .01, in which the two youngest age groups had more 
missed responses than the young adults (p < .05), but did not differ from each other (p = .3). 
Moreover, there was a trend toward a main effect for Condition, F(1, 90) = 3.4, p = .05, which 
was qualified by a Condition × Age Group interaction, F(2, 90) = 5.7, p < .01. This interaction 
indicated that only the youngest age group had more missed responses in the noninformed 
compared to the informed condition. Trials with missed responses were deleted from further 
analyses. 

Experimental design 
The experimental task was administered in three blocks, consisting of 40 trials per block (120 
trials total) in the informed condition and 60 trials per block (180 trials total) in the nonin-
formed condition. Blocks of informed and noninformed conditions were alternated and the 
first block was counterbalanced: Half of the participants started with the informed, and the 
other half with the noninformed condition. On each block, two new pairs of machines (A—B; 
C—D) were presented. An initial repeated measures ANOVA was performed to check whether 
accuracy across age groups was affected by block and the order in which conditions were pre-
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sented. In the noninformed condition, no significant main effects of Order and Block or any 
significant interactions with Age Group were found (all p’s > .05). For the informed condition 
no significant main effect of Order or any interaction between Order, Block and Age Group 
were found (all p’s > .05). However, Block showed a significant main effect, F(1.4, 119.1) = 
18.8, p < .001, which was qualified by a Block × Age Group interaction, F(2.7, 119.1) = 3.6, p < 
.05. Follow-up tests indicated that only the 8–9-year-olds showed a change in accuracy across 
blocks, F(1.6, 47.1) = 9.3, p < .002, in which accuracy was slightly lower in the first compared 
to the latter two blocks (Mean block 1 = 75%; Mean block 2 = 82%; Mean block 3 = 86%). Since 
performance changes were relatively minor, we decided to average across blocks for all age 
groups and conditions for further analyses. 

Procedure 
The feedback task was administered individually, in a quiet laboratory or room in the partici-
pants’ schools. Each session began with a verbal instruction on the feedback task, after which 
participants were familiarized with both task conditions for a total of 20 practice trials. Before 
starting the experimental tasks, a 5 min rest-period was included for measures of heart-rate 
variability1. Generally, participants needed approximately 45 min to complete the task. Total 
score was displayed on screen at the end of each block. Participants were encouraged to win 
as many points as possible by choosing the best machine. 

The speeded Raven SPM, the Flanker task, and the Chessboard Task were administered on 
a different day than the feedback tasks for the youngest age groups. For children and young 
adolescents the Raven SPM was administered in class and took 20 min to complete. The Flank-
er task and the Chessboard Task were administered in small groups of children. Order of the 
latter tasks was counterbalanced. Completion of these tasks took approximately 20 min. 

Data recording and analysis 
During the probabilistic feedback task, the electrocardiogram (ECG) was recorded from three 
Ag–AgCl electrodes that were placed at the right side of the thorax between the collarbone 
and the sternum and at the left side between the two lower ribs. The ECG was recorded with a 
sampling rate of 600 Hz. R-peaks were detected with VSRRP 98 v7.0 (developed by Technical 
Support Group UvA Psychology). The interbeat intervals (IBIs) were all visually inspected. 
Sequential inter-beat intervals (IBIs) were extracted around the feedback stimulus in accor-
dance with Crone et al. (2004), Groen et al. (2007) and Somsen et al. (2000). The interval 
during which feedback was presented was labeled IBI0, which was followed by two successive 
intervals: IBI1 and IBI2. The other two intervals were those preceding the feedback stimu-
lus: IBI-2 and IBI-1. An initial analysis on IBI-2 showed no differences between positive and 
negative feedback or any interactions with age group and condition (all p’s > .3). To obtain 
a sensitive index of heart rate change, IBI difference scores were referenced to IBI-2. The 
focus of the present study was on feedback processing, therefore our IBIs of interest in subse-
quent analyses were IBI0, IBI1 and IBI2 (all referenced to IBI-2). Heart-rate responses were 
evaluated statistically using repeated measures ANOVA’s with sequential IBI difference scores 
(IBI0 to IBI2). Greenhouse–Geisser corrections for violations of the assumptions of spheric-

1 Heart-rate variability is not included as a variable in the current study and is reported in a separate 
paper. 
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ity were used when necessary. Follow-up tests between task bins (see below) and age groups 
were Bonferroni corrected. 

4.3 Results 

Accuracy 
In each condition, we averaged accuracy in four separate bins, with an equal number of trials. 
First, we expected greater accuracy changes across task bins in the noninformed as compared 
to the informed condition (Bin × Condition). Second, we expected this effect to differ across 
age groups, that is, we expected bin-related accuracy changes to be more prominent in the 
older age groups (Bin × Condition × Age Group). 

We performed a Bin (4) × Condition (2) × Age Group (3) repeated measures ANOVA on 
accuracy scores. Results showed the expected interaction between Bin × Condition, F(2.53, 
228.01) = 34.01, p < .001, ƞ2

p
 = .27. Moreover, results also indicated an interaction between 

Condition × Age Group, F(2, 90) = 5.8, p < .005, ƞ2
p
 = .11, and the expected three-way interac-

tion between Bin × Condition × Age Group, F(5.1, 228.01) = 7.3, p < .001, , ƞ2
p
 = .14 (see Figure 

2). To further investigate these interactions we performed follow-up tests per condition2.
In the noninformed condition, a Bin (4) × Age Group (3) ANOVA revealed a main effect 

of Bin, F(2.4, 212.9) = 69, p < .001, ƞ2
p
 = .43. Follow-up tests showed that performance in Bin 

1 and Bin 2 was lower compared to all other bins (all p’s < .02), whereas performance did not 
increase from Bin 3 to Bin 4. There was a main effect of Age Group, F(2, 90) = 37.2, p < .001, 

2 We repeated the follow-up analyses with the number of encountered timeouts as a covariate to control 
for a possible effect of the increased number of timeouts in the younger age groups. All reported results 
in both conditions remained the same. This excludes confounding effects of opportunity to learn from 
feedback and/or potential frustration about opportunity costs.

Figure 2. Mean proportion of accuracy as a function of Bin, Age Group, and Condition. Error bars indicate +1/-1 
standard error around the mean.
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ƞ2
p
 = .45, with the 8–9-year-olds performing worse than the 11-13-year-olds and young adults. 

The 11-13-year-olds also performed worse than the young adults (all p’s < .01). Performance 
changes across bins differed between age groups (Bin × Age Group interaction, F(4.7, 212.9) = 
8.9, p < .001, ƞ2

p
 = .17), in which young adults showed steeper improvement between the first 

bins than the younger age groups. 
In the informed condition a similar ANOVA also showed a main effect of Bin, F(2.4, 218.9) 

= 4, p < .05, ƞ2
p
 = .04, in which performance in Bin 1 was lower than in Bin 4 (p < .05), whereas 

all other bins did not differ significantly. Performance also increased with age (main effect 
Age Group, F(2, 90) = 14.7, p < .001, ƞ2

p
 = .25), in which the 8–9-year-olds performed worse 

than the 11–13-year-olds and young adults (p < .05). However, the 11–13-year-olds and the 
young adults did not differ significantly (p = .11). Crucially, performance change across bins 
did not differ between age groups (Bin × Age Group interaction: p = .5). 

These results show two main findings: First, accuracy changes across bins are more promi-
nent in the noninformed than in the informed condition, which is consistent with a greater 

Figure 3. Mean proportion of response switches as a function of Bin, Age Group, and Condition. Error bars indicate 
+1/-1 standard error around the mean.
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need for updating. Second, performance in the noninformed condition continues to improve 
into early adulthood, whereas in the informed condition developmental differences are only 
observed between ages 8 and 12. Thus, developmental changes in task performance are large-
ly, but not fully, annihilated if no updating is required. 

Response switches 
We further tested whether effects on accuracy were paralleled by effects on response switch-
es. Percentage of response switches was defined as the percentage of trials in which response 
on a stimulus pair was switched as compared to the previous occurrence of that pair. We 
computed this percentage separately for trials in which the previous pair received positive or 
negative feedback (factor Valence). An omnibus repeated measures ANOVA with Bin (4) × 
Valence (2) × Condition (2) × Age Group (3) showed a three-way interaction between Bin × 
Valence × Condition, F(3, 270) = 3.2, p < .05, ƞ2

p
 = .04, and a trend toward a three-way interac-

tion between Valence × Condition × Age Group, F(2, 90) = 2.7, p = .07, ƞ2
p
 = .06 (see Figure 3). 

To further investigate these interactions we performed follow-up tests per condition. 
In the noninformed condition, a Bin (4) × Valence (2) × Age Group (3) ANOVA showed 

a main effect of Valence, F(1, 90) = 233.3, p < .001, ƞ2
p
 = .71, indicating more switches after 

negative compared to positive feedback; a main effect of Bin, F(2.7, 242.7) = 22.7, p < .001, 
ƞ2

p
 = .2, indicating a decrease in switches across bins; and a main effect of Age Group, F(2, 

90) = 40.8, p < .001, ƞ2
p
 = .48, indicating more switches in the 8-9-year-olds compared to the 

11-13-year-olds and young adults, and more switches in the 11-13-year-olds compared to the 
young adults (all p’s < .05). Two-way interactions between Bin × Age Group, F(5.4, 242.7) = 
2.3, p < .05, ƞ2

p
 = .05, and Bin × Valence, F(3, 270) = 13.5, p < .001, ƞ2

p
 = .13, were qualified 

by a three-way interaction between Bin × Valence × Age Group, F(5.8, 260.5) = 2.9, p < .02, 
ƞ2

p
 = .06. Follow-up tests indicated that young adults, compared to the younger age groups, 

switched more after negative compared to positive feedback specifically in the first bin of the 
task. 

In the informed condition, a Bin (4) × Valence (2) × Age Group (3) ANOVA showed simi-
lar main effects of Valence, F(1, 90) = 46.2, p < .001, ƞ2

p
 = .34; Bin, F(3, 270) = 3.6, p < .02, ƞ2

p
 

= .04; and Age Group, F(2, 90) = 15.3, p < .001, ƞ2
p
 = .25. Additionally, results showed a trend 

toward a two-way interaction between Valence × Age Group, F(2, 90) = 2.6, p = .077, ƞ2
p
 = .06, 

suggesting that switches after negative compared to positive feedback were more prominent 
in the younger age groups compared to young adults. There were no further interactions with 
Bin (all p’s > .1). 

Together, response switch results show that if updating is not required (i.e., informed 
task) children and young adolescents tend to switch more, specifically after occasional nega-
tive feedback. However, these results also show that if feedback is necessary for learning (i.e., 
noninformed task), young adults switch relatively more after negative, compared to positive, 
feedback in the first part of the task. This is consistent with a greater need for updating in the 
noninformed task, in which adults seem to use negative feedback to a larger extent for suc-
cessful behavioral adjustments. 

Inter-beat-intervals 
The IBIs of interest range from IBI0 to IBI2, representing the IBI in which the feedback was 
presented (IBI0), up to two consecutive IBIs after feedback presentation (see Figure 4). We 
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expected a main effect of valence, with heart-rate slowing being larger after negative than 
after positive feedback in both conditions. Our developmental hypotheses were twofold: We 
expected either a similar IBI × Valence × Age Group interaction in both conditions if children 
show a general deficit in feedback-monitoring. However, if children show a specific deficit in 
updating a value representation, we would expect a four way-interaction between Condition 
× IBI × Valence × Age Group, indicating larger developmental changes in heart rate slowing 
after feedback in the noninformed compared to the informed condition. 

An omnibus repeated measures ANOVA showed that the crucial four-way interaction was 
present, F(3.6, 162.8) = 3.3, p < .02, ƞ2

p
 = .07. In order to describe this interaction, we per-

formed an IBI (3) × Valence (2) × Age Group (3) for each condition separately. We specifi-
cally report the main and interaction effects with valence, since our interest was in the dif-
ferential sensitivity to negative as compared to positive feedback. 

In the noninformed condition the repeated measures ANOVA showed a main effect of 
Valence, F(1, 90) = 10.4, p < .005, ƞ2

p
 = .1, in which negative feedback resulted in more heart-

rate slowing than positive feedback. Moreover, there was an IBI × Valence interaction, F(1.4, 
125.6) = 24.5, p < .001, ƞ2

p
 = .21, indicating that positive and negative feedback differentiation 

Figure 4. Heart-rate responses per age group to positive and negative feedback in the informed and noninformed con-
ditions using IBI-2 as baseline. IBI0 represents the onset of feedback presentation. Error bars indicate +1/-1 standard 
error around the mean.
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was larger in later IBIs. Results also revealed a Valence × Age Group interaction, F(2, 90) = 4, 
p < .05, ƞ2

p
 = .08, with the differentiation between positive and negative feedback being larger 

in the oldest age group. Crucially, there was a three-way interaction between IBI × Valence × 
Age Group, F(2.8, 125.6) = 4, p < .02, ƞ2

p
 = .08. 

In order to describe this three way interaction, we performed a follow-up analysis per IBI. 
A Valence (2) × Age Group (3) repeated measures ANOVA for IBI0 showed no main effect 
of Valence (p = .4), but did reveal a Valence × Age Group interaction, F(2, 90) = 5.4, p < .01, 
ƞ2

p
 = .11, in which only the 11–13-year-olds showed more heart-rate slowing after positive 

compared to negative feedback. A similar analysis on IBI1 revealed a main effect of Valence, 
F(1, 90) = 29, p < .001, ƞ2

p
 = .25, in which negative feedback led to more heart-rate slowing 

than positive feedback. This effect did not differ significantly across age groups (p = .1). Im-
portantly, the analysis on IBI2 revealed a similar main effect of Valence, F(1, 90) = 15.4, p < 
.001, ƞ2

p
 = .15. Moreover, there was a Valence × Age Group interaction, F(2, 90) = 4, p < .05, 

ƞ2
p
 = .08, in which only the young adults showed heart-rate slowing after negative compared 

to positive feedback, F(1, 31) = 20.4, p < .001, ƞ2
p
 = .4. 

The repeated measures ANOVA in the informed condition showed a main effect of Va-
lence, F(1, 90) = 22, p < .001, ƞ2

p
 = .2, in which negative feedback resulted in more heart-rate 

slowing than positive feedback. Moreover, results revealed an IBI × Valence interaction, F(1.8, 
169) = 20, p < .001, ƞ2

p
 = .18, in which the valence effect was larger in later IBIs. No signifi-

cant interactions were found between Valence × Age Group (p = .28) and crucially, an IBI × 
Valence × Age Group interaction was absent (p = .21)3. This indicated that in the informed 
condition, all age groups showed a similar heart-rate slowing after negative compared to posi-
tive feedback. 

First, these results showed the expected effect of valence, in which heart rate slowed more 
after negative compared to positive feedback in both the informed and the noninformed con-
dition. Second, these results showed considerable developmental differences in the nonin-
formed condition, in which heart-rate slowing after negative compared to positive feedback 
was mostly absent for the youngest age groups (8-13-year-olds). In the informed condition 
we observed, however, no developmental differences: Heart-rate slowing after negative com-
pared to positive feedback was present for all age groups on all IBIs. Together, these results 
are consistent with the hypothesis that children up to age 12 are not impaired in feedback 
monitoring but that they are specifically impaired in updating a value representation on the 
basis of probabilistic feedback. 

Heart-rate and behavior 
To test whether task performance was related to heart-rate slowing, we performed a linear 
regression with the difference score of heart-rate slowing after negative versus positive feed-
back as an independent variable and task accuracy as a dependent variable. In the nonin-
formed condition, at IBI1, heart-rate slowing after negative compared to positive feedback, 
was not significantly related to task performance (p = .17). In contrast, at IBI2, greater slowing 
after negative compared to positive feedback was positively related to task performance (B = 
.21, p < .05). However, when age was included as an additional independent variable, heart-
rate slowing at both IBIs was not significantly related to task performance (all p’s > .1). 

3 All significant main and interaction effects as described here were maintained when only negative and 
positive feedback after correct responses were included.
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In the informed condition, greater heart-rate slowing after negative compared to positive 
feedback tended to be positively related to task performance at IBI1 (B = .19, p = .067), which 
was not the case at IBI2 (p = .7). When age was included, however, heart-rate slowing at both 
IBIs was not significantly related to performance on task (all p’s > .1). 

Working memory and inhibition 
Finally, for each task, we performed a linear regression (backward selection) to investigate 
whether indices of working memory and inhibitory control were, over and above age, related 
to task accuracy. The independent variables were age, working memory score, flanker accu-
racy difference and flanker response time difference. 

In the noninformed condition, the final model consisted of working memory score, B = .35, 
t(89) = 3.2, p < .005, and age, B = .38, t(89) = 3.6, p < .005, but no indices of inhibition (p’s > 
.1). In the informed condition, the final model consisted of working memory score, B = .26, 
t(88) = 2.1, p < .05, flanker accuracy difference, B = −.23, t(88) = −2.3, p < .05, and an effect of 
age, B = .28, t(88) = 2, p < .05. These results thus show that over and above age, higher working 
memory scores were associated with better performance in both conditions. Moreover, only 
in the informed condition higher accuracy in the flanker task (incongruent-congruent trials) 
was associated with better task performance.

4.4 Discussion 

Successful feedback learning requires that feedback from the environment is accurately moni-
tored, that a task-appropriate value representation is updated correctly, and that subsequent 
behavioral control is implemented successfully. In the current study we aimed at disentan-
gling these processes by behavioral and heart-rate measures in an informed and noninformed 
probabilistic feedback task. If children are specifically impaired in updating a value represen-
tation on the basis of probabilistic feedback, we would expect no developmental differences 
in heart-rate slowing after negative feedback in the informed task, but large developmental 
differences in heart rate slowing in the noninformed task. However, if feedback monitoring in 
itself is impaired in children, we would expect developmental differences in heart-rate slow-
ing after negative feedback in both tasks. 

In the noninformed task, heart-rate slowing after negative feedback showed pronounced 
developmental differences. That is, children and young adolescents showed limited heart-
rate slowing after negative compared to positive feedback, whereas adults demonstrated pro-
nounced heart-rate slowing. In contrast, in the informed task all age groups showed larger 
heart-rate slowing after negative compared to positive feedback. These results therefore indi-
cate that children up to age 12 are specifically impaired in constructing a value representation 
on the basis of probabilistic feedback and do not experience difficulty in monitoring proba-
bilistic negative feedback per se. 

Furthermore, we reasoned that developmental changes in accuracy and response switches 
in the informed condition, without developmental changes in heart-rate slowing, would in-
dicate a specific deficit in implementing behavioral control for younger age groups. In the 
informed task, older age groups consistently chose the better option, whereas the youngest 
age group leveled out on an accuracy rate of approximately 80%. These age-related changes in 
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accuracy were paralleled by age-related changes in response switches. That is, the youngest 
age groups, as compared to the young adults, tended to show more reactive responding in the 
informed task, i.e., switched more often, after occasional negative feedback. Combining heart 
rate and behavioral measurements thus suggests that children up to 12 years are not impaired 
in monitoring negative feedback but have a specific deficit in implementing behavioral con-
trol. 

Finally, we expected that in the noninformed task, performance would be associated with 
working memory and inhibition, whereas in the informed task, performance would specifical-
ly be associated with inhibition. This hypothesis was partially supported since performance in 
the noninformed task was associated with working memory only, whereas performance in the 
informed task was associated both with working memory and inhibition. Working memory 
may already explain most of the variation in performance in the noninformed task, leading 
to the absence of an effect of response inhibition. Additionally, working memory may repre-
sent some control component that also affects performance in the informed task. Executive 
functions such as working memory and inhibition thus seem to influence successful feedback 
learning across age groups, although further clarification of their relation with different com-
ponents of feedback learning is needed (see also Schmittmann et al., 2012). 

In addition to these main findings, several other findings are worth mentioning. First, al-
though in the informed task, feedback was not required for updating the value representation 
of the chosen action or for subsequent remedial actions, we observed pronounced heart-rate 
slowing after negative as compared to positive feedback. This suggests that in the current 
task participants do monitor this feedback, as it carries motivational relevance. Second, this 
slowing was observed in all age groups, indicating mature monitoring of probabilistic negative 
feedback from age 8. This is consistent with the finding that an attention-grabbing effect of 
negative feedback is present from early childhood (Somsen, 2007). Third, when controlled 
for age, heart-rate slowing after negative, compared to positive, feedback was not related to 
performance in the noninformed or informed task. Clarifying the relation between behavio-
ral and heart-rate responses may require larger samples to delineate age versus performance 
differences.

Adaptive feedback learning in probabilistic feedback tasks relies on a balance between 
adjusting versus continuing actions after performance feedback. This requires the ability to, 
respectively, overcome the tendency to continue ongoing behavior and the ability to control 
the impulsive tendency to change behavior after negative feedback. Tasks as the Wisconsin 
Card Sorting Task assess the ability to flexibly adjusting behavior after negative feedback and 
depend on the ability to inhibit responding to a sorting rule that is no longer correct. Perse-
verative errors in such tasks are also shown to decrease into early adolescence (Crone, Zanolie 
et al., 2006; Huizinga et al., 2006; Somsen, 2007). As evidenced by response switch analyses in 
the current task, it seems that the younger age groups have difficulty in adjusting ongoing be-
havior on the basis of negative feedback (as in the noninformed task), but also in controlling 
impulsive responses toward negative feedback (as in the informed task) (Van Duijvenvoorde 
et al., 2012). Future studies may be able to determine whether these two inhibitory control 
processes, inhibiting rules that were previously correct and inhibiting response switches to 
uninformative negative feedback, are related to the same or different (developing) underlying 
mechanisms. 
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The current study focused primarily on the processing of probabilistic negative feedback. 
A current debate in the literature is whether sensitivity toward negative versus positive feed-
back changes across development. Some neural studies indicated children and young ado-
lescents to be more responsive to positive feedback (Van den Bos et al., 2009; Van Duijven-
voorde et al., 2008), whereas others indicated a heightened sensitivity in children toward 
negative feedback (Crone et al., 2004; Hämmerer et al., 2011; Van Leijenhorst et al., 2006). 
Heart-rate indices in the current study do not support a developmental difference in negative 
feedback sensitivity. We did find that, unexpectedly, adolescents showed a short-lived larger 
heart-rate slowing toward positive compared to negative feedback. This effect was, however, 
small and only seen in the noninformed task. Further studies could test feedback biases more 
thoroughly by using saliency manipulations of positive and negative feedback (Eppinger & 
Kray, 2011; Herbert et al., 2011). 

The results that emerged from the current study are consistent with recent views that at-
tribute developmental differences in probabilistic feedback learning primarily to regional and 
connectivity changes of the prefrontal cortex (Hämmerer & Eppinger, 2012). Although this 
study does not include direct tests of underlying neural mechanisms, prefrontal regions are 
shown to be specifically important for updating value representations and maintaining these 
representations in working and long term memory (Crone, Wendelken et al., 2006; Donohue 
et al., 2005; Geier et al., 2009), and in executing behavioral control (Bunge et al., 2002; Casey 
et al., 2005; Crone, 2009). Our results indicate that specifically these two processes are imma-
ture in children and young adolescents, consistent with neurobiological changes in prefrontal 
regions and their connections. 

The current study adds to the growing body of literature on children’s probabilistic feed-
back learning. Our results indicate that children’s performance in probabilistic feedback con-
texts is not constrained by a deficit in monitoring feedback, but by deficits in updating value 
representations and executing behavioral control. These findings support recent views that 
the development of feedback learning is related to underlying neural developments of the 
prefrontal cortex.
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