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Abstract

Objective: The current study examined instrumental learning in ADHD. Method: A total of 58 children with ADHD
and 58 typically developing (TD) children performed a probabilistic learning task using three reward probability conditions
(100%, 85%, 70% reward). After a learning phase, application of what was learned was assessed in a test phase. Results:
Results showed that children with ADHD performed less accurate compared with TD children during the learning phase,
particularly in the 100% and 85% reward probability conditions. These findings were accompanied by a blunted learning
rate in the first few task trials. Furthermore, children with ADHD showed poorer application of what was learned.
Conclusion: To conclude, children with ADHD show initial learning problems, but increased performance in a similar
manner as TD children independent of the probability of reward, although they fail to apply their knowledge. Findings are
of clinical relevance as the application of knowledge is important to successfully adapt to daily challenges in life. (J. of Att.

Dis. 2021; 25(10) 1406-1416)
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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a highly
prevalent neurodevelopmental disorder characterized by
symptoms of inattention, hyperactivity, and impulsivity
(American Psychiatric Association [APA],2013). Instrumental
learning, also referred to as reinforcement learning, is the abil-
ity to change behavior in response to positive and negative
feedback, which is essential for adaptive functioning
(Rushworth & Behrens, 2008). Difficulties with instrumental
learning may result in a number of problems in daily life func-
tioning that are associated with ADHD such as the inability to
learn to exhibit “appropriate” behavioral responses (e.g.,
withhold impulses, await turns) and inability to act according
to social rules (Hoza, 2007).

Neurobiological models of ADHD suggest a deficiency
in instrumental learning due to diminished dopamine signal
in anticipation of, or following, a reinforcer (Frank et al.,
2007; Sagvolden et al., 2005; Tripp & Wickens, 2008).
Although these models differ in the level of explanation
(Luman et al., 2010), they agree on the prediction that chil-
dren with ADHD show poor instrumental learning com-
pared with controls, particularly when reinforcement is not
delivered consistently and frequently. This may be caused
by diminished dopamine signal following a reinforcer
(Frank et al., 2007; Sagvolden et al., 2005) or because of
diminished dopamine signal in anticipation of a reinforcer

(Tripp & Wickens, 2008). However, experimental studies
that manipulated the consistency of reinforcement delivery
to investigate this prediction for individuals with ADHD
showed inconsistent results (De Meyer et al., 2019; Frank
et al., 2007; Hauser et al., 2014; Luman et al., 2009, 2015).

Two studies focused on instrumental learning using
consistent performance feedback (100% reward probabil-
ity) in ADHD compared with typically developing (TD)
children. In a study of Luman et al. (2009), children were
required to match four stimuli with two responses using
consistent performance feedback under four reward condi-
tions that differed in reward frequency and magnitude
(coins on screen that could be exchanged for a present). In
a study of Groen et al. (2008), children were presented with
two stimulus pairs. One stimulus pair was coupled with
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consistent performance feedback (points) while the other
stimulus pair was coupled with feedback that was indepen-
dent of performance. In both studies, children were
instructed to win as many points or coins as possible. The
two studies found comparable results demonstrating that
children with ADHD displayed similar learning rates com-
pared with TD children when learning was required from
consistent feedback that was dependent on performance.
However, despite similar learning rates, in both studies,
children with ADHD stayed behind typical controls in
terms of overall performance levels.

In many daily life situations, a child is assumed to adapt
behavior by learning from inconsistent or probabilistic feed-
back (Frank et al., 2004; Van Duijvenvoorde et al., 2013).
Learning from probabilistic feedback is considered more
difficult compared with learning from consistent perfor-
mance feedback (Eppinger et al., 2009). Studies that com-
pared individuals with ADHD and controls on their
performance on probabilistic learning tasks found mixed
results (De Meyer et al., 2019; Frank et al., 2007; Hauser
et al., 2014; Luman et al., 2015). Frank and colleagues
(2007) compared a group of adults with ADHD and controls
on a probabilistic reinforcement learning task using three
stimulus pairs (Chinese characters) with the following prob-
ability rates for the stimuli within a pair: 80%/20% reward,
70%/30% reward, and 60%/40% reward (word “correct!”
being presented on screen). Results showed that participants
with ADHD showed impaired reinforcement learning, as
reflected in reduced performance on the task (Frank et al.,
2007). However, that study did not take learning rate into
account. In a study by Luman et al. (2015), four stimuli
(simple objects) had to be mapped onto two responses using
either consistent performance feedback (reward probability
100%) or probabilistic feedback (reward probability of 88%)
(thumbs up with monetary reward). They found that children
with ADHD were as accurate as TD children and showed
similar learning rates. Hauser et al. (2014) examined learn-
ing behavior in a probabilistic reversal learning task in ado-
lescents with ADHD and controls. In this task, adolescents
were presented with one stimulus pair using a probability
rate of 80%/20% reward. Reinforcement probabilities were
reversed after six to 10 rewards obtained (money that was
paid at the end of the study). Adolescents with ADHD earned
less money during the task compared with controls, indicat-
ing less efficient learning, although this difference just
escaped conventional level significance. In addition, Hauser
et al. (2014) found learning rates to be intact. De Meyer and
colleagues (2019) compared performance of children with
ADHD to that of controls using a probabilistic learning task
in which children received a reward (a small candy) when
choosing one (out of 10) circles using a probability rate of
either 100% or 20% reward. Children with ADHD showed
intact acquisition of behavior, but learning rates were not
investigated.

The finding of intact learning rates in ADHD in studies
using consistent performance feedback (100% reward prob-
ability) (Groen et al., 2008; Luman et al., 2009) and studies
using a relatively simple task with a low number of stimuli
(De Meyer et al., 2019; Hauser et al., 2014; Luman et al.,
2015) suggest that individuals with ADHD may suffer spe-
cifically from instrumental learning problems when feed-
back is probabilistic (i.e., less predictable) and the task
requires considerable effort, in line with the predictions by
some of the theoretical models (Frank et al.,, 2007,
Sagvolden et al., 2005; Tripp & Wickens, 2008).

Finally, after response acquisition, it is essential to main-
tain performance when feedback is omitted and to be able to
transfer information from the learning context to a novel
situation. Both the models of Sagvolden et al. (2005) and
Tripp and Wickens (2008) predict that behavioral extinction
is altered in ADHD. While Sagvolden et al. (2005) pre-
dicted slower extinction of behavior, Tripp and Wickens
(2008) (and also Frank et al., 2007) predicted faster extinc-
tion of behavior. However, studies evaluating the perfor-
mance of children with ADHD when feedback is omitted
and the application of knowledge is required are scarce.
One study by De Meyer et al. (2019) looked at extinction
effects in children with ADHD and controls using a proba-
bilistic reinforcement learning task and showed no group
differences in exploratory behavior in a 2-min period where
reward delivery was omitted.

The aim of the current study was to test whether children
with ADHD are impaired in instrumental learning, particu-
larly when feedback is probabilistic (Frank et al., 2007;
Sagvolden et al., 2005; Tripp & Wickens, 2008). To this
end, we used an adapted, child-friendly version of the prob-
abilistic learning task developed by Frank et al. (2004), in a
large and well-defined group of children with ADHD. We
improved upon previous studies (De Meyer et al., 2019;
Frank et al., 2007; Luman et al., 2015) on the following
aspects. First, we examined response acquisition in children
in a task where they had to select one stimulus from a pair,
using three probability conditions consisting of 85%/15%,
70%/30%, and 100%/0% reward rates (i.c., reflecting con-
sistent feedback). Instead of evaluating learning rate by
analyzing bins of trials (Frank et al., 2007; Luman et al.,
2015), we performed trial-by-trial analysis to improve the
sensitivity in detecting differences between groups in learn-
ing from divergent feedback contingencies over the course
of the task. Furthermore, in contrast to earlier studies, we
investigated the ability to reproduce and apply what had
been learned to a new context. We predicted that children
with ADHD, compared with their age-matched peers, would
show more difficulty in instrumental learning (Frank et al.,
2007; Nigg & Casey, 2005; Sagvolden et al., 2005; Tripp &
Wickens, 2008; Williams & Dayan, 2005), especially when
the reward probability rate was relatively low and thus rein-
forcement delivery was less continuous (Frank et al., 2007;
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Table I. Group Characteristics.
ADHD TD children
(n = 58) (n = 58) Group
Characteristics M SD M SD F p
Sex, % male 67 67
Age (years) 9.7 1.3 9.9 1.2 0.44 .508
Estimated Full-Scale 1Q 99.3 12.4 108.0 1.1 15.79 <.001
DBDRS parent
Inattention 16.0 53 33 3.0 249.69 <.001
Hyperactivity/impulsivity 13.8 5.6 2.8 2.6 181.12 <.001
DBDRS teacher
Inattention 16.1 53 2.1 3.6 276.24 <.001
Hyperactivity/impulsivity 13.1 83 1.6 29 99.48 <.001

Note. TD = typically developing group; DBDRS = Disruptive Behavior Disorder Rating Scale.

Sagvolden et al., 2005; Tripp & Wickens, 2008). In addi-
tion, after learning, we examined the application of what
was learned when feedback is omitted. We predicted that
children with ADHD would show poorer application of
what was learned compared with their peers (Frank et al.,
2007; Tripp & Wickens, 2008).

Method

Participants and Selection Procedure

Participants were 58 children with ADHD and 58 TD chil-
dren, aged 7 to 13 years. Because previous studies showed
developmental improvements in feedback-based learning
between the ages of 8 and 13 years (Van den Bos et al.,
2009; Van Duijvenvoorde et al., 2013), children from the
two groups were closely matched on age (<6 months dif-
ference). All children were required to have 1Q scores
>80 as estimated by four subtests of the Wechsler
Intelligence Scale of Children—II1 (WISC-III): Vocabulary,
Arithmetic, Block Design, and Picture Arrangement
(Kaufman et al., 1996). In addition, all children were free
of neurological impairments. Children with ADHD were
recruited from 15 psychiatric outpatient clinics in the west
part of the Netherlands. Inclusion criteria for the ADHD
group were as follows: (a) a primary diagnosis of ADHD
as established by a child psychiatrist using the Diagnostic
and Statistical Manual of Mental Disorders (4th ed., text
rev.; DSM-IV-TR; APA, 2000) criteria; (b) elevated parent
and teacher ratings on the Disruptive Behavior Disorders
Rating Scale (DBDRS; Pelham et al., 1992) with at least
one of the scores on the Inattention or Hyperactivity/
Impulsivity scale above the 90th percentile for one infor-
mant and above the 70th percentile for the other infor-
mant; (¢) being free of stimulant medication for at least 1
month prior to inclusion in the study. No restrictions were
set on other comorbidities. Comorbid disorders were

diagnosed according to DSM-IV-TR and retrieved from the
medical records. Comorbid disorders in the ADHD group
included learning disorders (n = 5), autism spectrum dis-
orders (n = 6), anxiety disorders (n = 2), and mood disor-
der (n = 1).

TD children were recruited from primary schools, after
school programs and sport clubs. TD children were required
to obtain parent and teacher ratings <70th percentile on
both scales of the DBD to rule out the presence of signifi-
cant ADHD symptoms. Table 1 gives an overview of the
group characteristics.

Measures

Probabilistic learning task. We used a child-friendly version
of the extensively validated Probabilistic Learning Test
(PLT; Frank et al., 2004) to measure instrumental learning,
which has successfully been used in typical developing
children (Van den Bos et al., 2012). The PLT consisted of a
learning phase and a test phase. In the learning phase, chil-
dren were presented two stimuli in each trial and were
instructed to select the stimulus with the greatest probabil-
ity of reward (Figure 1A). Correctness was defined as
selecting the overall most rewarding alternative (Frank
et al., 2004). Three fixed pairs (AB, CD, and EF) were pre-
sented in a random order, and children had to learn to
choose the stimulus that was associated most strongly with
reward. Stimuli were represented by randomly chosen char-
acters from the Greek alphabet. Reward delivery was con-
sistent (100% reward probability) in the AB pair (A: 100%
reward, B: 100% penalty), and reward delivery was slightly
inconsistent (85% reward probability) in the CD pair (C:
85% reward and 15% penalty, D: 15% reward and 85%
penalty) and also inconsistent (70% reward probability) in
the EF pair (E: 70% reward and 30% penalty, F: 30%
reward and 70% penalty). Consequently, A, C, and E are
net positive stimuli and B, D, and F are net negative stimuli,
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Figure |. Probabilistic learning task. (A) In the learning phase,
children were presented with two stimuli and instructed to
select the stimuli with the highest reward probability. During
the learning phase stimulus pairs were presented one by one
and children had to choose one of both stimuli by pressing ‘I’
or ‘0’ on the keyboard. Reward and penalty were provided

as shown in parentheses for each stimulus pair. In stimulus

pair AB, A always led to reward whereas B always resulted in
penalty. In stimulus pair CD, selecting C led to reward in 85%
of trials, whereas selecting D led to reward in only 15% of
trials. In stimulus pair EF, selecting E led to reward in 70% of
trials, whereas selecting F led to reward in only 30% of trials.
(B) In the test phase, novel stimulus pairs were presented to
evaluate what was learned in the learning phase. Stimulus pairs
were grouped into three categories (original-, easy-, and difficult
pairs) according discriminability of the reinforcement values for
the two stimuli in a pair during the learning phase (see main
text). The difference between the reward probability rates in
the learning phase for the easy pairs ranged between 55%-85%,
while for the difficult pairs, the difference were smaller ranging
between 15%-30%.

and it is more difficult for E than for C and for A to learn
that these stimuli are associated with reward more fre-
quently than B, D, and F. Reward consisted of a “thumbs
up” symbol and a €0.20 gain, and penalty consisted of a
“thumbs down” symbol with a €0.20 loss. All children were
aware that they would not receive any of the gained money
after they completed the task; however, they were provided
with a small present after finishing the task. Each stimulus
pair was presented for 1000ms, followed by a response

window of 4,000ms maximum. The feedback screen
appeared for 1500 ms. When no response was given within
4,000ms, a “too late” message appeared on screen for
1500 ms. The learning phase consisted of learning blocks of
60 trials each (20 trials per feedback condition) with a max-
imum of five blocks. Children who reached above chance-
level performance in any given learning block (AB, CD,
and EF pair = 70%, 65%, and 60%, respectively; see Frank
et al., 2004) entered the test phase.

In the test phase, no feedback was provided, and children
had to select the stimulus most frequently associated with
reward in the learning phase from all possible pair configura-
tions of stimuli. The test phase consisted of both easy and dif-
ficult pairs. Easy pairs (AD, AF, BC, BE, CF, and DE in 60
trials) consisted of one stimulus that was most frequently asso-
ciated with reward (and thus selected) in the training phase and
one stimulus that was most frequently associated with penalty
(and thus rejected) in the training phase. The difficult pairs
(AC, AE, CE, BD, BF, and DF in 60 trials) in the test phase
consisted of stimuli that were either both most frequently asso-
ciated with reward (and should thus be selected) or both most
frequently associated with penalty (and thus rejected) in the
training phase. During the test phase, eight blocks were pre-
sented, with each block containing all 15 possible stimulus
pairs presented in random order (each pair was presented eight
times). Task duration ranged between 16 and 42 min.

Dependent variables in the learning phase were as fol-
lows: (a) the number of learning blocks required to reach the
entry criterion for the test phase and (b) learning in the first
learning block across trials (2—20) for the three reward prob-
ability conditions (reward probability 100%, 85%, and
70%). We removed the first trial of each stimulus pair (guess
trials, resulting in 19 trials per condition) and excluded trials
with reaction times <200 ms (anticipatory responses;
0.68%) and trials without a response (omissions; 0.36%).
We only examined the first learning block as we were inter-
ested in response acquisition. Dependent variables in the test
phase were the overall percentage correct and percentage
correct of original, easy, and difficult pairs (Figure 1B). In
the test phase, trials with reaction times <200 ms (0.47%)
were excluded from the analysis and omissions (0.79%)
were interpreted as incorrect responses.

Procedure

The PLT was part of a larger assessment battery that was used
aspartofatreatment trial for ADHD (Ref. No. NCT01363544,
https://clinicaltrials.gov/show/NCT01363544). The study
was approved by the national medical ethics committee (NL
31641.029.10 CCMO). All children verbally agreed to par-
ticipate, and written informed consent was obtained before
participation from all parents and children aged 11 years and
older. Children received a small gift to thank them for partici-
pating in the study.
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Table 2. Accuracy in the Fist Block of the Learning Phase for Children With ADHD and TD children.
ADHD TD children
(n = 58) (n = 58)
Measure M SD M SD
Learning blocks to enter test phase 22 1.5 1.7 1.0
Percentage correct
Across conditions 714 21.0 81.2 19.9
100%/0% (consistent) reward condition (AB) 78.2 20.3 90.4 12.9
85%/15% (slightly inconsistent) reward condition (CD) 72.6 220 87.9 12.6
70%/30% (inconsistent) reward condition (EF) 63.3 18.1 65.3 21.9

Note. TD = typically developing group.

Statistical Analysis

Analyses were performed with Statistical Package for the
Social Sciences version 18 (SPSS 18; IBM Corporation,
Armonk, NY, USA). Group comparability in terms of back-
ground characteristics was analyzed using a chi-square (y?)
test or analyses of variance (ANOVAs).

Learning phase. To investigate group differences (ADHD
vs. TD children) in learning performance, we compared (a)
the number of learning blocks required to reach the entry
criterion for the test phase using ANOVA and (b) accuracy
and learning rate in the first block of trials (2-20) for the
three reward probability conditions using generalized esti-
mating equations (GEE) with an identity link function and
an autoregressive, AR(1), working correlation matrix. Main
effects were group, trial, and condition. Possible significant
interactions of group X trial were followed-up by post hoc
analysis to check in which part of the task the interaction
took place; significant interactions of group X condition
were followed-up by post hoc analyses including pairwise
comparisons to examine possible group differences within
each condition and to examine possible differences between
conditions within groups (ADHD and TD).

Test phase. If children did not reach the performance crite-
rion to proceed to the test phase for all three stimulus pairs
after a maximum of five learning blocks (300 trials), their
test phase results were omitted from the statistical analysis.
We evaluated group differences in the ability to reproduce
and apply what had been learned during the learning phase,
using data derived from the test phase. In the test phase, we
compared groups on the overall percentage correct for the
original pairs (AB, CD, and EF) using analysis of covari-
ance (ANCOVA). Results on new (i.e., easy and difficult)
pairs (Figure 1B) were examined using a repeated measures
(RM) ANCOVA with pairs (easy and difficult pairs) as
within-subject factor and group (ADHD and TD) as
between-subject factor. Because we assumed that the over-
all percentage correct in the test phase would be influenced

by the learning phase, percentage correct for the last block
of the learning phase was used as a covariate in the analysis
to control for possible group differences in accuracy during
the learning phase.

Results

Group characteristics are summarized in Table 1. As a result
of the selection procedure, children with ADHD obtained
higher scores on all the ADHD symptom measures (Table
1). Children with ADHD had lower 1Q scores than TD chil-
dren, but did not differ in age or sex. To investigate whether
IQ influenced the results, sensitivity analyses were per-
formed (see below).

Learning Phase

The prediction that children with ADHD would show more
difficulty in reinforcement learning compared with their
age-matched peers was confirmed by the finding that chil-
dren with ADHD needed on average a half learning block
extra compared with TD children to reach the entry crite-
rion for the test phase, F(1, 114) = 4.71, p = .032 (see
Table 2). Next, we examined performance rates in the first
learning block (see Figure 2 and Table 2). Across trials and
conditions, children with ADHD achieved a lower learning
performance than TD children, Wald x*(1) = 19.54, p <
.001. We performed a trial-by-trial analysis to analyze pos-
sible group differences in learning rate. The interaction
between group and trial was significant, Wald (1) = 3.97,
p = .046, indicating that across conditions the learning rate
differed between groups (Figure 2A, upper left panel).
Performance increased over the course of the first block as
indicated by a significant main effect of trial, Wald ¥*(1) =
41.93, p < .001. Post hoc tests, in which we consecutively
removed trials, showed that the group X trial interaction
was no longer significant after removal of the first 7 trials,
Wald %2(1) = 0.001, p = .98, indicating that the interaction
effect was attributable to the first few trials. Whereas per-
formance of the TD and ADHD group did not differ overall
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Figure 2. Learning curves based on performance in the first learning block administered to children with ADHD and TD with
performance data collapsed over probability conditions (A) and for the 100% reward probability condition (B), the 85% reward
probability condition (C), and the 70% reward probability condition (D). Raw data represents the actual data while modelled data
shows data as modelled by the generalized estimating equations (GEE) analyses that were used to compare the learning curves
between groups over trials and conditions. The upper left graph represents the learning curves of children with ADHD and TD
children across conditions, showing a significant interaction between group and trial which seems to driven by the shallower learning
curve of children with ADHD at the first few trials of the learning phase. Please note that because we omitted the first (guess) trial

from our analyses, the learning curve starts at trial 2.

during trials 2-7, Wald y*(1) = 0.227, p = .634, the TD
group showed superior performance compared with the
ADHD group during the subsequent trials, Wald (1) =
6.52,p = .011.

To test whether group differences in performance and
learning rate were more pronounced when reward probability
rates were lower, we examined interactions between group,

trial, and condition. We found a significant interaction
between group and reward probability condition, Wald y*(2)
= 20.40, p < .001. Overall, performance differed between
reward probability conditions, Wald ¥*(2) = 103.68, p <
.001: children achieved a higher performance rate in the
100% reward probability condition compared with the 85%
reward probability condition, Wald ¥*(1) = 7.69, p = .006,
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Table 3. Accuracy in Test Phase for children With ADHD and
TD children.

ADHD TD children

(n = 53) (n = 56)
Measure M SD M SD
Overall % correct 723 10.6 77.3 8.5
Original % correct 80.8 15.4 88.2 12.1
Easy % correct 80.8 14.7 87.1 12.2
Difficult % correct 593 13.3 62.1 12.3

Note. Stimulus pairs were grouped into three categories (original, easy,
and difficult pairs) according to the discriminability of the reinforcement
values for the two stimuli in a pair during the learning phase. TD = typi-
cally developing group.

and the 70% reward probability condition, Wald 3*(1) =
91.69, p < .001. Learning performance in the 85% reward
probability condition was higher compared with the 70%
reward probability condition, Wald (1) = 56.10, p < .001.
However, pairwise comparisons between groups showed that
children with ADHD achieved a lower learning performance
in the 100% reward probability condition, F(1, 114) = 15.04,
p <.001, and 85% reward probability condition, F(1, 114) =
21.25, p < .001, than TD children. No group differences
were observed in the 70% reward probability condition, F(1,
114) = 0.27, p = .604. The three-way interaction of
group X trial X condition was not significant, Wald *(2) =
1.89, p = .388.

We tested whether the results found in the learning phase
may be explained by lower 1Q scores observed in the ADHD
group (see Table 1). Therefore, we conducted a sensitivity
analysis adding IQ as a covariate. Sensitivity analyses includ-
ing 1Q as covariate did not change our main findings.

Test Phase

In the test phase, we examined whether children with ADHD
are impaired in applying what was learned when feedback is
omitted. Data of seven children (ADHD, n = 5; TD, n = 2)
were not included in these analyses, because these children
did not reach the performance criterion, leaving a total of 53
children with ADHD and 56 TD children for analysis.
Attrition analyses showed no differences in group character-
istics between the initial sample (ADHD, n = 58; TD, n =
58) and the sample that reached the performance criterion of
the learning phase (ADHD, n = 53; TD, n = 56) (p values
> .762). Compared with TD children, children with ADHD
were less able to apply what was learned in the learning
phase (see Table 3), by showing a lower accuracy rate in the
test phase when adjusting for their performance in the learn-
ing phase, F(1, 106) = 5.72, p = .018, nf, =0.05 . Further
we tested whether the type of stimulus pair influenced group
differences in task performance. Children with ADHD

obtained lower percentage correct on the original pairs (AB,
CD, and EF) compared with TD children, (1, 106) = 4.94,
p = .028, ni =0.05 . Groups also differed on the new pairs,
F(1, 106) = 5.00, p = .027, n; =0.05 , indicating that chil-
dren with ADHD performed less accurately compared with
TD children, but there was no significant interaction between
easy and difficult pairs and group, F(1, 106) = 0.33, p =
565, n7 <0.01.

Discussion

In the present study, we investigated whether children with
ADHD showed difficulties in instrumental learning com-
pared with age-matched TD children using a probabilistic
learning task with relatively difficult stimuli. We expected
the largest group differences in the probabilistic reward
conditions. Our findings indicated that, compared with TD
controls, children with ADHD needed more learning blocks
to achieve the performance criterion to enter the test phase
(above chance-level performance). Analyses of learning
performance in the first learning block, revealed a slower
learning rate in the first few trials in children with ADHD
compared with TD children, resulting in overall poorer per-
formance of the ADHD group in this block. In addition,
children with ADHD achieved significantly lower learning
performance in the 100% and 85% reward probability con-
ditions, but not in the 70% reward probability condition.
Finally, in the test phase, children with ADHD performed
less accurate than TD children in applying what they had
learned to a novel context. Findings were unrelated to esti-
mated IQ scores.

The increase in performance over the course of the first
learning block (main effect of trial) validated the assump-
tion that learning took place. As expected, children reached
highest levels of accuracy in the 100% reward probability
condition, followed by the 85% and 70% reward probability
conditions, respectively. These results confirmed that learn-
ing is more difficult when the reward probability rate
decreased (see also Eppinger et al., 2009; Luman et al.,
2015). Overall, like adults with ADHD (Frank et al., 2007),
compared with TD children, children with ADHD needed
more learning blocks to achieve the performance criterion
to enter the test phase, supporting the hypothesis of impair-
ments in response acquisition in ADHD. To provide more
insight in group differences in terms of learning curves
within and between reward probability conditions, we ana-
lyzed trial-by-trial learning performance in the first learning
block.

In the first learning block and regardless of condition,
learning rate was lower in children with ADHD than their
TD peers. Post hoc analyses showed that this difference was
driven by the first few trials within the block. Within an
instrumental learning task, the first few trials are essential
to map the stimulus—response relation. Visual inspection of
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Figure 2A, displaying the learning curves across the reward
probability conditions, indicates a similar learning rate in
the first few trials after the guess trial. However, after trial
3, differences in performance appeared as TD children
showed a faster learning rate compared with children with
ADHD. In the subsequent trials, performance of children
with ADHD stayed behind that of TD children, as learning
curves in both groups increased at a similar rate. Note that
previous studies only detected lower accuracy levels in
children with ADHD compared with TD children and found
no group differences in learning rates (Groen et al., 2008;
Hauser et al., 2014; Luman et al., 2009, 2015). We speculate
that impaired learning rates in ADHD may only be present
when memory load is high, for example, when relatively
difficult stimuli are used (Greek letters in our study as com-
pared with simple concrete visual stimuli in other studies:
De Meyer et al., 2019; Groen et al., 2008; Luman et al.,
2009) or more than two stimulus pairs are involved in the
task (three stimulus pairs in our study as compared with
either one or two stimulus pairs in previous work: Groen
et al., 2008; Hauser et al., 2014; Luman et al., 2015). Under
these conditions, one might speculate that impaired funda-
mental processes, such as attention and working memory,
known to be disturbed in ADHD, possibly contribute to the
explanation of impaired performance on the initial learning
trials in children with ADHD (van Duijvenvoorde et al.,
2013).

In the current study, children with ADHD achieved a
lower learning performance in the 100% and 85% reward
probability conditions compared with TD children. Visual
inspection of Figure 2B and 2C, displaying the learning
curves for these more consistent reward conditions, shows
that children with ADHD started at a lower learning perfor-
mance after the guess trial. In subsequent trials, both groups
showed parallel learning curves and children with ADHD
did not catch up with TD children. This finding supports our
hypothesis of children with ADHD being impaired in instru-
mental learning. However, learning performance in the 70%
reward probability condition did not differ between groups.
The lack of a group difference in the 70% reward probabil-
ity condition is in line with Frank et al. (2007), who found
no group differences in learning from 60% reward probabil-
ity in sample of adults with ADHD. Possibly, this result is
caused by a floor effect in the initial learning trials of the
probabilistic reward condition (which cannot be lower than
chance level). We speculate that because of the inconsistent
feedback (70% reward probability) in this condition, it took
children in both groups long to choose the stimulus with the
greatest probability of positive feedback.

An interesting alternative explanation of the lower accu-
racy of the ADHD group in the learning phase is that indi-
viduals with ADHD may show a greater “exploration rate”
(or greater choice stochasticity) rather than a slower learn-
ing rate (Hauser et al., 2014, 2016). Using computational

modeling, Hauser et al. (2014, 2016), and also alternative
studies by Williams and Dayan (2005), showed that instru-
mental learning performance in ADHD is characterized by
more exploratory behavior meaning that individuals with
ADHD would examine the alternative options more fre-
quently than controls. Although exploratory behavior is
necessary to detect changes in reinforcement delivery,
according to the computational model of Hauser et al., indi-
viduals with ADHD show too much exploratory behavior
causing them to underachieve compared with healthy con-
trols. To disentangle reduced learning from increased choice
stochasticity, future studies should incorporate computa-
tional modeling to examine mechanisms behind the
increased exploratory behavior in ADHD, which was
beyond the scope of the current study.

The application of learned behavior is an important skill
to successfully adapt behavior to daily challenges in life
(Gershman & Niv, 2015). In the test phase, we examined
the application of what was learned when feedback is omit-
ted. We found that children with ADHD had more difficulty
in applying what they had learned to novel stimulus—pair
combinations, independent of whether stimulus pairs were
easy or difficult, controlling for impairments in response
acquisition. Our findings are in accordance with predictions
of neurobiological models of ADHD that suggest impaired
dopamine signaling in ADHD involved in instrumental
learning (Frank et al., 2007; Tripp & Wickens, 2008) may
lead to faster extinction of behavior (Tripp & Wickens,
2008).

The present study carries some limitations that should be
addressed. First, children with ADHD had lower IQ scores
compared with TD children that may have influenced learn-
ing performance. However, we found performance in both
groups independent of IQ, making it unlikely that the
observed group differences might be related to the differ-
ences in 1Q. Second, in the learning phase, we used a per-
formance criterion to enter the test phase. However,
performance of children with ADHD (M = 85.7% SD =
7.6%) was worse compared with TD children (M = 89.3%
SD = 5.4%) in the last block of the learning phase: F(1,
107) = 8.29, p = .005. Therefore, one may argue that not
every child had the chance to get equally familiar with the
stimulus—response couplings before entering the test phase.
To control for this group difference, the analyses on the data
of the test phase were adjusted for performance on the last
block of the learning phase. Third, children in the current
study were aware that they would not receive any of the
gained money. Instead, they would only receive a small gift
after they completed the task. In children with ADHD, this
might have affected their motivation to learn (Sagvolden
et al., 2005; Sonuga-Barke, 2003) and may have drawn
their attention away from making an effort. However, the
modest feedback contributes to the ecological validity of
the paradigm.
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Summary and Clinical Implications

Results in the current study indicate that children with ADHD
are capable of learning using probabilistic feedback, although
they need more trials to reach the performance criterion com-
pared with TD children. Analyses of the first learning block
showed slower learning rates in children with ADHD com-
pared with TD children, and subsequent post hoc analyses
revealed that this result is driven by impaired performance on
initial trials. Children with ADHD stayed behind controls
after these “start-up problems,” followed by a parallel learn-
ing curve. This confirms that children with ADHD are able to
adjust their behavior to meet task demands (Fosco et al,,
2016). The prediction of specific impairments in learning
when feedback is probabilistic was not supported. More spe-
cifically, our results did not demonstrate a difference in learn-
ing between groups when feedback was highly inconsistent
(70% reward probability). We did find that children with
ADHD, compared with TD children, show a poorer ability to
apply what was learned to a new situation when rewards are
omitted, in line with the prediction of two important neuro-
biological models of instrumental learning in ADHD (Frank
et al., 2007; Tripp & Wickens, 2008). Although effects were
small, the latter finding might add to an explanation of, for
example, impaired school performance in children with
ADHD. However, more research on the application of what
is learned when feedback is omitted is necessary to offer
practical recommendations to enhance learning performance
in children with ADHD.
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