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related to timing, but only in children with ASD and symp-
toms of ADHD. Ultimately, such neurobiological changes 
in children with ADHD symptoms may relate to a failure to 
build or monitor expectations and thereby hinder the effi-
ciency of their interaction with the environment.
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Introduction

The observation that the behavior of children with atten-
tion-deficit/hyperactivity disorder (ADHD) is inappropriate 
only in certain contexts has led to suggestions that children 
with ADHD may be particularly impaired in their ability 
to build expectations about future events [1]. Indeed both 
cognitive control, associated with expecting what events 
will occur, and timing, associated with expecting when 
they will occur, are involved in ADHD [2, 3]. However, it is 
unclear if these psychological processes are specific to the 
diagnosis of ADHD or whether they are related to ADHD 
symptoms in a more general, trans-diagnostic way. In this 
study, we analyzed cognitive control and timing in concert, 
using a single child-friendly fMRI paradigm in children 
with ASD and symptoms of ADHD, children with ADHD 
and typically developing children.

Nigg and Casey integrated both these neuropsychologi-
cal characteristics by proposing that ADHD may be char-
acterized by a deficient ability to build expectations about 
what (cognitive control) and when (timing) events will hap-
pen [1]. This ties in with theories of attention that propose 
that predictive models about the environment, and related 
anticipatory brain activity, form the foundation of attention 
processes [4]. From a clinical perspective, such a failure 

Abstract  Changes in cognitive control and timing have 
both been implicated in ADHD. Both are involved in 
building and monitoring expectations about the environ-
ment, and altering behavior if those expectations are vio-
lated. In ADHD, problems with expectations about future 
events have high face validity, as this would be associ-
ated with behavior that is inappropriate only given a cer-
tain context, similar to symptoms of the disorder. In this 
fMRI study, we used a timing manipulated go/nogo task 
to assess brain activity related to expectations about what 
(cognitive control) and when (timing) events would occur. 
We hypothesized that problems in building expectations 
about the environment are a more general, trans-diagnostic 
characteristic of children with hyperactive, impulsive and 
inattentive symptoms. To address this, we included chil-
dren with ASD and symptoms of ADHD, in addition to 
children with ADHD and typically developing children. We 
found between-group differences in brain activity related 
to expectations about when (timing), but not what events 
will occur (cognitive control). Specifically, we found tim-
ing-related hypo-activity that was in part unique to children 
with a primary diagnosis of ADHD (left pallidum) and in 
part shared by children with similar levels of ADHD symp-
toms and a primary diagnosis of ASD (left subthalamic 
nucleus). Moreover, we found poorer task performance 
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to build or monitor contextual expectations could explain 
behavior that is inappropriate only given a certain context, 
as is seen in ADHD [1], for example when a child with 
ADHD has trouble sitting still in the class room. From a 
neurobiological perspective, this theory could have a cellu-
lar basis in an existing model of reduced anticipatory dopa-
mine signaling in ADHD [5, 6].

Cognitive control is defined as ‘the ability to override an 
inappropriate response in favor of another, appropriate one’ 
[7] and encompasses a variety of closely related constructs 
such as behavioral inhibition, response inhibition and inhib-
itory control [8]. Deficits in cognitive control have been sug-
gested to be one of multiple, partially separable pathways to 
ADHD [9–12]. Neuropsychological studies of ADHD have 
shown deficits in cognitive control with relatively high con-
sistency [13, 14], although it has also been estimated that 
at least 50% of children with ADHD do not show any defi-
cits in this ability [9]. Moreover, neuroimaging studies have 
found evidence of hypo-activity in a fronto-striatal network 
involved in cognitive control at the group level [15–17].

Analogous to cognitive control, timing is an overarching 
term that encompasses different aspects of temporal process-
ing. A wide variety of timing-related constructs have been 
assessed in ADHD [18] and both theoretical and empirical 
papers have implicated timing as a candidate neuropsycho-
logical pathway to ADHD symptoms [2, 19–21]. Moreover, 
a meta-analysis showed deficits in timing across multiple 
domains (e.g., motor timing, perceptual timing) and timescales 
(e.g., sub-second, supra-second timescale) in ADHD [22].

Neuropsychological changes found in children with 
ADHD are not necessarily specific to the diagnosis [23] 
and deficits in cognitive control and timing have been 
reported across multiple disorders [3, 24, 25]. We assessed 
ADHD symptoms in a trans-diagnostic way by including 
a third group of participants: children with a similar level 
of parent-rated ADHD symptoms, but a different primary 
diagnosis [autism spectrum disorder (ASD)]. Using a tim-
ing manipulated go/nogo task, we hypothesized that we 
would find changes in brain activity in fronto-striatal net-
works involved in motor control. We expected to find these 
changes in children with symptoms of ADHD, irrespec-
tive of their primary diagnosis (i.e., trans-diagnostically) 
and that they would be related to unexpected stimulus type 
and unexpected stimulus timing. Moreover, we expected 
that changes in brain activity would correlate more with 
trait ADHD symptoms than diagnosis per se. In addition, 
we expected that an impaired ability to build expectations 
in children with ADHD symptoms, would translate to less 
benefit from the expected timing of trials. This in turn 
should then translate to less speeding of response times on 
expected trials, compared to response times on unexpected 
trials (i.e. less response time benefit), as has been previ-
ously shown [26, 27].

Methods

Participants

A total of 108 right-handed boys, aged 8–12  years were 
included in the study: 33 typically developing boys and 
75 boys with ADHD symptoms. Children with ADHD 
symptoms were recruited in two groups: 38 with a primary 
diagnosis of ADHD (all presentations) and 37 with a pri-
mary autism spectrum disorder (ASD) diagnosis. Typi-
cally developing children were recruited through schools 
in the wider Utrecht area. Children with ADHD symptoms 
were recruited through schools for special education and 
the University Medical Center Utrecht (UMCU) outpatient 
clinic for developmental disorders. Only children using no 
medication or short-acting psychostimulants (e.g., methyl-
phenidate) were included; all parents were instructed not 
to administer medication in the 24  h prior to testing. All 
children completed a timing manipulated go/nogo para-
digm [26]. After screening data quality, 29 participants 
were excluded on the basis of excessive head motion and 
three participants were excluded due to anatomical abnor-
malities (for details see Online Resource 1, supplementary 
text S1). High quality data from 76 participants were avail-
able for final analyses. Participants were matched at the 
group level for age and IQ. Demographics are provided in 
Table 1.

In‑ and exclusion criteria

Inclusion criteria for typically developing children were: no 
psychiatric diagnoses on the Diagnostic Interview Sched-
ule for Children, Fourth Edition (DISC-IV), interview [28] 
(with an exception of specific phobia and enuresis) and no 
scores in the clinical range on any scale of the Child Behav-
ior Checklist (CBCL) [29], as reported by one of the par-
ents. Inclusion criteria for children with ADHD symptoms 
were either a clinical DSM-IV diagnosis of ADHD, which 
was confirmed using the DISC-IV, or a clinical DSM-IV 
ASD diagnosis and a score in the (sub)clinical range of the 
CBCL subscale of Attention Problems. All clinical diagno-
ses were given by expert child and adolescent psychiatrists, 
ASD diagnoses were not otherwise confirmed. For all par-
ticipants, major illness, present or past neurological illness, 
IQ below 70 and presence of metal objects in or around the 
body that would preclude MRI, were grounds for exclusion.

Questionnaires

Parents completed the Strengths and Weaknesses of 
ADHD and Normal Behavior (SWAN) questionnaire [30]. 
This questionnaire assesses symptoms listed in the DSM-
IV definition of ADHD across the complete spectrum of 
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functioning (behavior that is below and behavior that is 
above that of typically developing peers is quantified).

Timing manipulated go/nogo paradigm

We used a timing manipulated go/nogo task [26]. Partici-
pants were instructed to help a mouse collect cheese. In 
a majority of trials (82%), a picture of a door was shown 
for 3500  ms (resulting in expected timing of the ensuing 
stimulus), in a minority of trials (18%) the door was shown 
for 1500 ms (resulting in unexpected timing of the ensuing 
stimulus). Subsequently, either a piece of cheese (go trials; 
82% of 264 trials) or a cat (nogo trials; 18% of 264 trials) 
was shown for 500 ms. Subjects were asked to press a but-
ton as fast as possible when a piece of cheese was shown 
and to withhold their response when a cat was shown. 
These two manipulations created four types of trials: go tri-
als with expected timing, go trials with unexpected timing, 
nogo trials with expected timing and nogo trials with unex-
pected timing. Participants included in this study performed 
two different tasks in a single scan session, interrupted by a 
short (15-min) break. Results from the other task (a child-
friendly monetary incentive delay paradigm) were analyzed 
separately (van Hulst et al., submitted for publication).

fMRI acquisition

The study was run on a 3.0-T Achieva MRI scanner (Philips 
Medical Systems, Best, the Netherlands) using an eight-
channel sensitivity-encoding (SENSE) parallel imaging 
head coil. For anatomical reference, we acquired a whole-
brain three-dimensional fast field echo T1-weighted scan 
(200 slices; repetition time = 10 ms; echo time = 4.6 ms; 
flip angle = 8°; field of view, 240 × 240 × 160 mm; voxel 
size: 0.75  ×  0.8  ×  0.75  mm isotropic). In addition, we 
acquired whole-brain T2*-weighted echo planar images 
(EPI) with blood-oxygen level-dependent (BOLD) contrast 
(4 sessions; 135 volumes per session; 36 slices per volume; 
interleaved acquisition; TR =  2.02  s; TE =  35  ms; field 

of view = 232 × 123 × 256 mm; flip angle = 70°; voxel 
size =  2.67 ×  2.67 ×  3.43  mm) oriented in a transverse 
plane. We collected six dummy scans to allow for T1 equi-
libration effects.

Preprocessing of fMRI data

We analyzed FMRI data using SPM8 (r4290) (http://www.
fil.ion.ucl.ac.uk/spm/software/spm8) as implemented in 
Matlab 7.12 (Mathworks Inc., Natick, MA, USA). To cor-
rect for between-scan head motion, we realigned all images 
to the first volume using rigid body transformations. Next, 
the anatomical image was co-registered to the first fMRI 
image using the mutual information criteria method and 
subsequently normalized to Montreal Neurological Institute 
(MNI) space using unified segmentation. We then resliced 
the image at a voxel size of 1.0 ×  1.0 ×  1.0  mm. Func-
tional images were normalized using the normalization 
parameters generated in this step, the images were resliced 
at a voxel size of 3.0 × 3.0 × 3.0 mm. Finally, we spatially 
smoothed the fMRI images using a Gaussian kernel with 
a full width at half maximum (FWHM) of 6 mm. In addi-
tion, we assessed scan-to-scan movement using ArtRepair 
[31]. Scans with more than 1.0 mm scan-to-scan movement 
or more than 1.5% deviation from the average global sig-
nal, were replaced using a linear interpolation of the val-
ues of neighboring scans. Participants with more than 30% 
corrected scans were excluded from further analyses (for 
details, see Online Resource 1, supplementary text S1).

Statistical analyses—task performance

We tested for an effect of diagnosis on five measures of task 
performance: baseline mean response times (MRTexpected-

go), baseline standard deviation of response times (SDRT-

expected-go); percentage of correct go trials (accuracygo), per-
centage of correct nogo trials (accuracynogo) and response 
time benefit (RTbenefit). RTbenefit denotes the difference 
in MRT between expected and unexpected go trials. This 

Table 1   Demographics per 
group

ADHD attention-deficit/hyperactivity disorder, ASD autism spectrum disorder, SD standard deviation, 
SWAN-hyp strengths and weaknesses of ADHD and normal behavior hyperactivity/impulsivity subscale, 
SWAN-att strengths and weaknesses of ADHD and normal behavior inattention subscale

* Significant overall group difference. ** Significant post hoc group difference from controls, for post hoc 
statistics see “Results” section

Control (SD) ADHD (SD) ASD (SD) F value p value

N (76) 26 24 26

Age 10.5 (1.0) 11.2 (1.1) 10.8 (1.4) (2,73) 1.76 0.179

IQ 117.3 (18.5) 105.6 (15.9) 109.6 (17.7) (2,72) 2.92 0.060

SWAN-hyp 0.43 (0.75) −1.07 (0.63)** −1.01 (0.61)** (2,70) 40.63 <0.001*

SWAN-att 0.40 (0.63) −1.22 (0.64)** −1.50 (0.46)** (2,70) 79.48 <0.001*

http://www.fil.ion.ucl.ac.uk/spm/software/spm8
http://www.fil.ion.ucl.ac.uk/spm/software/spm8
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difference is expressed in the number of standard devia-
tions of MRTexpected-go (MRTexpected-go  −  MRTunexpected-go)/
SDRTexpected-go. After testing for normality (Shapiro–Wilk 
test) and homogeneity of variances (Levene’s test), analysis 
of covariance (ANCOVA) was conducted with diagnosis as 
factor. If age or IQ significantly covaried with a measure 
of task performance, analyses were run, reported and inter-
preted both with and without the covariate for additional 
insight. If they did not, the covariates were left out of the 
final model. Where group differences were found, we per-
formed post hoc testing using Fisher’s least significant dif-
ference (LSD). Moreover, we followed up with dimensional 
analyses by testing for an effect of attention problems (i.e., 
SWAN-inattention subscores) or hyperactivity/impulsivity 
(i.e., SWAN-hyperactivity/impulsivity subscores) on these 
performance measures, within the combined clinical group 
and the control group separately. Where no group differ-
ences were found, correlational analyses were run on the 
entire sample. Results were corrected for multiple compari-
sons using False Discovery Rate (FDR) correction on the 
separate ANCOVA results (per task performance measure) 
using the Benjamini-Hoghberg method [32].

Statistical analyses—fMRI

Statistical analyses of fMRI data were performed in a two-
level procedure within the framework of the general linear 
model. First, for each subject, we modeled the blood oxy-
genation level dependent (BOLD) activation invoked by task 
cues as conditions of interest, and realignment parameters 
as potential confounders (condition of no interest). We mod-
eled cue onset of four different cues as conditions of interest: 
expected go trials, unexpected go trials, expected nogo trials 
and unexpected nogo trials. Regressors were created by con-
volving delta functions coding for cue onset with a canonical 
hemodynamic response function (as implemented in SPM8) 
for each cueing category separately. The estimated regres-
sion coefficients for the different cues were then contrasted, 
resulting in two first-level contrast images for each subject: 
go versus nogo trials and expected versus unexpected trials. 
Data were high-pass filtered using discrete cosine basis func-
tions with a 128-s cut-off. The analysis focused on average 
activity in a priori specified regions of interests (ROIs). We 
used regions that are considered part of fronto-striato-cer-
ebellar loops involved in motor control and, more specifi-
cally, in response inhibition and temporal processing [17, 22]. 
ROIs were created using different atlases provided in the FSL 
software package (the Harvard-Oxford cortical and subcor-
tical structural atlases, the Probabilistic cerebellar atlas and 
the Subthalamic nucleus atlas). Six fronto-striatal regions 
putatively involved in response inhibition or motor timing 
were selected per hemisphere: anterior cingulate, inferior 
frontal gyrus, putamen, pallidum, supramarginal gyrus and 

subthalamic nucleus. In addition, a cerebellar vermis ROI 
was created, adding up to a total of 13 ROIs. If results were 
found in a given ROI, a supplementary figure of the map is 
provided, see Online Resource 1, supplementary Figures S1 
and S2. Average activity per ROI was operationalized as aver-
age β values of the contrast image and extracted using Mars-
bar (http://marsbar.sourceforge.net/). Main effects of expec-
tancy and inhibition were analyzed in typically developing 
children using a single-factor analysis of variance (ANOVA). 
For all ROIs, we performed a two-factor repeated measures 
ANOVA using activity related to the four different conditions 
of interest separately to test for two- and three-way interac-
tions between group status, expectancy and inhibition. To 
test for group differences in brain activity we conducted an 
ANCOVA per ROI with diagnosis as factor. Where age and 
IQ significantly covaried with activity in an ROI, analyses 
were run, reported and interpreted both with and without the 
covariate for- additional insight. If not, the covariates were 
left out of the final model. Where group differences were 
found we performed post hoc testing using Fisher’s least sig-
nificant difference (LSD) to compare the three groups. In a 
follow-up analysis, nogo accuracy and RTbenefit were included 
as an additional performance-related covariate. In further fol-
low-up analyses, we tested for effects of ADHD symptoms 
(i.e., scores on two separate SWAN subscales) on brain activ-
ity (using ANCOVA) within the combined clinical group and 
control group separately. If group differences were not found, 
correlational analyses were run on the entire sample. Results 
were corrected for multiple comparisons using False Discov-
ery Rate (FDR) correction on the separate ANCOVA results 
(per ROI) using the Benjamini-Hoghberg method [32]. In 
addition, we ran exploratory, post hoc, whole-brain analyses 
(see Online Resource 1: Supplementary Text S2, Supplemen-
tary Table S4 and S5).

Results

Questionnaires

ANOVA showed group differences on the inattention scale 
of the SWAN and the hyperactivity/impulsivity scale of the 
SWAN (see Table 1). Post hoc testing indicated that both 
clinical groups had lower scores on the two SWAN sub-
scales than typically developing children, corresponding 
to more symptoms of ADHD. No differences were found 
between children with ADHD and children with ASD and 
ADHD symptoms.

Task performance

ANOVA showed between-group differences on mean 
response times (MRTexpectedgo), standard deviation of 

http://marsbar.sourceforge.net/
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response times (SDRTexpectedgo), percentage of correct 
go trials (Accuracygo) and response time benefit (RTben-

efit) (see Table  2). No effects of age or IQ were found, 
and accordingly, we left those out of the final model. As 
SDRTexpectedgo and Accuracygo were not normally distrib-
uted, we confirmed these results using a Kruskal–Wallis 
test (SDRTexpectedgo: H(2) = 13.23, p = 0.001; Accuracygo: 
H(2) = 8.73, p = 0.13). Post hoc testing showed that com-
pared to typically developing children, both clinical groups 
had longer response times (high MRTexpectedgo); higher 
variability of response times (SDRTexpectedgo) and lower 
go-trial accuracy (Accuracygo). Furthermore, children with 

combined ASD and ADHD symptoms benefitted less from 
trials with expected timing than controls and children with 
ADHD (lower RTbenefit).

Brain activity

Typically developing children showed a main effect of tem-
poral expectancy in all ROIs except cerebellar vermis and 
right inferior frontal gyrus, (for details of main effects see 
Online Resource 1, supplementary Table S1a and S1b). A 
main effect of stimulus type was found in bilateral supra-
marginal gyrus, bilateral anterior cingulate, bilateral vermis 
and right pallidum. We found an inhibition by expectancy 
interaction for activity in bilateral pallidum and putamen 
(left pallidum: F(1,73) = 5.07, p = 0.027; right pallidum: 
F(1,73) = 10.65, p = 0.002; left putamen: F(1,73) = 8.41, 
p = 0.005; right putamen: F(1,73) = 7.83, p = 0.007). We 
found no three-way (inhibition by expectancy by group) 
interactions for activity in any of the ROIs.

We found between-group differences in brain activation 
related to temporal expectancy in left STN (F(2,73) = 5.72, 
p = 0.005) and left pallidum (F(2,73) = 5.36, p = 0.007) 
(see Fig. 1, for activation in all ROIs see Online Resource 
1, supplementary Table S2a and S2b). We found no effects 
of age or IQ and accordingly they were left out of the final 
model. Post hoc analyses showed that in left STN, both 
clinical groups (ADHD: M  =  −0.23, SD  =  0.81; ASD: 
M =  0.06, SD =  0.76) had less activation than typically 
developing children (M =  0.49, SD =  0.69). Notably, in 
left pallidum, we found a dissociation between the clinical 
groups, with children with ADHD showing less activation 
(M = 0.04, SD = 0.72) than both typically developing chil-
dren (M =  0.65, SD =  0.81) and children with ASD and 
ADHD symptoms (M = 0.56, SD = 0.59). Because there 

Table 2   Task performance measures per group

ADHD attention-deficit/hyperactivity disorder, ASD autism spectrum 
disorder, SD standard deviation, MRTexpgo mean response time on go 
trials with expected timing, SDRTexpgo standard deviation of response 
times on go trials with expected timing, Goaccuracy percentage of cor-
rect go trials, Nogoaccuracy percentage of correct nogo trials, RTbenefit 
response time benefit

* Significant group difference. ** Significant post hoc group differ-
ence from controls, for post hoc statistics see “Results” section

Variable Control 
(SD)

ADHD 
(SD)

ASD (SD) F value p value

MRTexpgo 433.0 
(38.0)

471.3 
(48.1)**

470.0 
(55.1)**

(2,73) 
5.37

0.007*

SDRTexpgo 96.9 
(23.0)

128.6 
(44.3)**

122.9 
(47.7)**

(2,73) 
4.61

0.013*

Goaccuracy 94.4 (6.5) 86.2 
(11.3)**

89.1 
(9.6)**

(2,73) 
5.04

0.009*

Nogoac-

curacy

48.8 
(15.1)

52.7 
(16.4)

45.7 
(18.1)

(2,73) 
1.13

0.329

RTbenefit 0.84 
(0.36)

0.77 
(0.40)

0.51 
(0.31)**

(2,73) 
5.94

0.004*

Fig. 1   Timing-related brain 
activity in left pallidum and 
left subthalamic nucleus. STN 
subthalamic nucleus; ADHD 
attention-deficit/hyperactivity 
disorder, ASD+ autism spectrum 
disorder and symptoms of 
ADHD. Timing-related brain 
activity per group is shown for 
two regions of interest: left pal-
lidum (a) and left subthalamic 
nucleus (b). For both regions of 
interest, ANOVA results were 
significant after FDR correc-
tion for multiple comparisons. 
*Significant post hoc group 
difference
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was an interaction between inhibition and expectancy 
in pallidum, we also tested for an effect of expectancy in 
go and nogo conditions separately. The group difference 
in brain activity related to expectancy, only retained sig-
nificance for the nogo condition, again with children with 
ADHD showing less activation (M = −0.13, SD =  0.59) 
than both typically developing children (M  =  0.33, 
SD = 0.52) and children with ASD and ADHD symptoms 
(M = 0.18, SD = 0.50).

We found no associations between any of the question-
naire measures and any of the brain activity measures. In 
a follow-up analysis, we found that task performance (i.e. 

RTbenefit) significantly covaried with activity in left pal-
lidum and left putamen (see Online Resource 1, supple-
mentary Table S3). We found that with RTbenefit as covari-
ate in the model, between-group differences in left STN 
and left pallidum retained significance and an additional 
between-group difference was found in left putamen 
(F(2,73) = 5.67, p = 0.005).

Discussion

We used task-based fMRI to investigate how children with 
symptoms of ADHD build and monitor expectations about 
what events will occur (cognitive control) and when events 
will occur (timing). We found that two brain regions in 
children with ADHD showed hypo-activity related to the 
timing of events. Children with ADHD and children with 
ASD and ADHD symptoms both showed timing-related 
hypo-activity in the left subthalamic nucleus. However, 
timing-related hypo-activity in left pallidum was only 
found in children with a primary diagnosis of ADHD. Chil-
dren with ASD and ADHD symptoms benefitted less in 
terms of their response time from trials with expected tim-
ing, than typically developing children and children with 
ADHD. We found no between-group differences in brain 
activity or task performance related to expectations about 
what events will occur.

Nigg and Casey have hypothesized that children with 
ADHD may show a context-dependent deficit in generating 
or monitoring predictions [1]. Indeed, we found that chil-
dren with ADHD showed reduced brain activity related to 
the temporal predictability of events. This timing-related 
hypo-activity was found in left subthalamic nucleus and 
left pallidum, in line with studies that have proposed a role 
for the basal ganglia in timing deficits in ADHD [2, 18, 
33], but contradicting meta-analytical findings [22]. How-
ever, [22] noted that a further differentiation of results in 
separate timing domains could prove pivotal to find spe-
cific temporal processing deficits in ADHD. Remarkably, 
both subthalamic nucleus and pallidum have a prominent 
role in the striatal beat frequency theory of interval timing 

in which these structures act as a coincidence detector, 
signaling patterns of oscillatory activity matching a previ-
ously learned time interval [24, 34]. As such, the subtha-
lamic nucleus and pallidum are considered key areas in the 
temporal monitoring of predictive models. Our finding of 
timing-related striatal hypo-activity links the striatal beat 
frequency theory [34] with theories on dopamine signaling 
in ADHD [e.g. 5], as in both theories reduced striatal dopa-
mine signaling leads to reduced anticipatory brain activity.

We hypothesized that any deficits found would not be spe-
cific to children with ADHD, but would be apparent in both 
groups of children with ADHD symptoms. Indeed, we found 
subthalamic hypo-activity in children with ASD and ADHD 
symptoms and in children with ADHD. However, hypo-
activity in left putamen was only found in children with a 
primary diagnosis of ADHD. We did not expect to find such 
a clear categorical difference in brain activity between two 
groups with similar levels of ADHD symptoms. Notably, 
this finding is in line with reasoning that was made explicit 
in DSM-IV, where it states that, although symptoms of inat-
tention, hyperactivity and impulsivity may appear alike in 
children with ADHD and children with ASD, they stem from 
different neuropsychological problems and should thus be 
approached differentially. In addition, similar hypo-activity 
in subthalamic nucleus in children with ADHD and in chil-
dren with ASD and ADHD symptoms could not be explained 
in a trans-diagnostic way (i.e., by ADHD symptoms alone) 
and was not reflected in task performance. This suggests that 
the mechanisms underlying subthalamic hypo-activity might 
differ between children with ASD and children with ADHD. 
Deficient temporal processing in ASD has been found in 
several studies [e.g. 35, 36] and has been related to atypical 
sensory processing [37, 38]. Reduced benefit from expected 
timing of trials could be related to enhanced sensory process-
ing of less relevant stimuli [39]. This way, in children with 
ASD, cues with expected and unexpected timing may be 
judged equally relevant and processed equally fast.

We did not find differences in inhibitory performance 
or brain activity related to the ‘what’ component of expec-
tancy in children with ADHD symptoms (i.e., cognitive 
control). This is unexpected, as several meta-analyses have 
reported hypo-activity during response inhibition tasks in 
children with ADHD [15–17]. Our task had a relatively low 
event rate (four second inter-trial interval), and as such it 
is possible that it overtaxed attentional control, especially 
in this age-range. This explanation is supported by lower 
go accuracy (86%) and slower response times (471 ms) for 
children with ADHD than for typically developing children 
(respectively, 94%, 433 ms). Both metrics have been linked 
to attentional lapses [40, 41] and could explain why we did 
not find differences in cognitive control.

Problems in building and monitoring expectations about 
future environmental events have high face validity for 
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children with ADHD symptoms, as they would be expected 
to lead to behavior that is inappropriate only given a certain 
context, similar to what is seen in the disorder. An exam-
ple of this contextual deficit is the class room environment, 
in which simple actions such as moving and talking are 
allowed only under strict (temporal and spatial) conditions. 
If neurobiological changes in children with ADHD symp-
toms indeed relate to problems with building or monitoring 
predictive models, this could provide an impulse for behav-
ioral interventions to directly target expectation building or 
predictability.

Limitations

In this study, we focused on thirteen a priori regions of 
interest. In the cerebellum, we chose to analyze only the 
cerebellar vermis, as meta-analytical studies have found 
this region to be smaller [42] and less active [22] in individ-
uals with ADHD. However, previous studies using a similar 
task design reported decreased activity in inferior cerebel-
lum related to stimulus timing [26, 27]. This region was not 
fully included in our field of view and accordingly we can-
not make any (post hoc) statements about this region.
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