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Abstract Attention deficit hyperactivity  disorder
(ADHD) is thought to involve an executive inhibitory
control (IC) deficit, yet it is not clear if this is a general
deficit affecting both cold and hot EC, and if methylphe-
nidate (MPH) affects both systems in treated children.
We explored this by using a Stroop-like task in children
with ADHD as compared to controls, containing different
types of emotional stimuli (six levels), and we investigated
the role of intervention with MPH on IC as compared to
placebo. Children with ADHD and controls (N = 40;
7-13 years old) were tested with a hot and cold Stroop-like
task. This was followed by a double-blind placebo-con-
trolled crossover trial of the effect of MPH on these skills.
Children with ADHD showed a specific difficulty inhibiting
their responses, particularly to hot, angry and frustration-
inducing stimuli. Further, treatment with MPH was effec-
tive in reducing errors toward frustration-inducing stimuli
as compared to placebo (p < .05, n> = .347), particularly
with repeated exposure to the stimuli. Results indicate that
children with ADHD experience executive control difficul-
ties, particularly in hot negative emotional contexts. These
emotion regulation difficulties are amenable to stimulant
intervention.
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Introduction

Theories about attention deficit hyperactivity disorder
(ADHD) emphasize a neonatal origin [1] that compromises
information processes [2], with an evolving role for execu-
tive dysfunctions in children [3, 4]. Specifically, neurocog-
nitive models of ADHD posit that executive control (EC) is
a core deficit [5-7], while others point to deficits in emo-
tional control and motivational processes [8, 9]. The rela-
tionship between executive attention and emotional control
in ADHD may have pervasive effects on patients’ well-
being in manners that have not yet been fully elucidated.
Difficulties processing information have been suggested
as an explanation for the impulsivity that is characteristic
of ADHD [10]. Research has shown that information pro-
cessing, regardless of load type, is impaired in children
with ADHD [7], providing possible insight into the origin
of executive dysfunction in this population. One such exec-
utive deficit is inhibitory control (IC), a person’s ability to
inhibit a dominant response in order to activate a different,
more appropriate one [11]. IC is thought to play an impor-
tant role in self-regulation [6], adapting to environmental
changes, learning, planning and decision-making [12—14].
Recent studies exploring IC impairments in ADHD yielded
varied results, with some reporting no difference between
ADHD and controls [15], and others highlighting ADHD
IC deficits [16]. It is plausible that the discrepancies noted
may be explained in part by differences in emotional
valence embedded in various inhibitory tasks, and by dif-
ferences in task demands in their degree of activation of the
emotional regulation system. That is, some tasks activate
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emotional responses, such as a happy, sad, or anger—frus-
tration more so than others, as a function of their content
and the level of success or failure experienced while per-
forming each task.

Indeed, neuropsychological literature and recent neu-
roscience data point to at least two distinct executive net-
works that are active already in early development [17,
18]; one that is sensitive to conceptual rules and symbolic
target-oriented behavior, the “cold executive network”; and
the other, a motivational system that is more dependent on
social-affective information and reward, the “hot executive
network” [19]. These two networks have been thought to
involve some shared and distinct neural structures [20] and
to have differential developmental pathways [21-23].

Neural network differences in this regard are such that
the cold system, responsible for updating, inhibition and
flexibility, seems to activate the dorsolateral prefrontal cor-
tex (DLPFC), along with mid-superior frontal gyrus, supe-
rior and inferior temporal gyrus and inferior parietal cortex
network. The hot system on the other hand, enabling self-
regulation, decision-making and emotion perception, acti-
vates more ventromedial and orbital prefrontal cortex areas
[24, 25], along with some shared activity in the DLPFC,
mid-superior frontal gyrus, anterior and mid-posterior cin-
gulate, and temporal and fusiform gyrus [20].

Research concentrating on the interrelations between
these networks suggests that hot and cool EF rely on some
shared and some different, yet interconnected prefron-
tal circuitry, with hot EF tasks involving moderation and
interference from affective and reward processing regions,
mostly through thalamic-limbic ventral striatum circuitry
[19, 26]. The literature has largely concentrated on differ-
ent tasks to probe each network discretely [26]. It may be
useful to probe both components using the same task, to
better target the specific EF deficit experienced by children
with ADHD.

Imaging data in children with ADHD suggest the
involvement of both DLPFC and ventromedial prefron-
tal cortex (vinPFC) networks, along with these networks’
subcortical structures [27]. It has also been suggested that
the vmPFC is associated with impulse control, risk-taking
[28, 29], emotional regulation and emotional reward-driven
motivation [30, 31], pointing to the potential for a marked
involvement of this network in ADHD. Indeed, adolescents
with ADHD showed increased medial prefrontal cortex
reactivity during an emotional processing task as com-
pared to controls, while no differences were noted between
ADHD and controls in response to a cold task [32]. This
possibly points to an ADHD-related difference in the hot
system as compared to the cold one.

The idea that the hot system is affected in ADHD is fur-
ther supported by reports that explore this relationship on
a behavioral level. Children and adolescents with ADHD
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experience deficits in processing emotional content [33—
38], particularly stimuli with angry valence [39, 40]. Fur-
ther, childhood hot EF is considered a fairly stable trait [41]
that has been related to long-term deficits in interpersonal
relations [42] and stress mismanagement [43].

Integration of the above literature seems to point to the
notion that executive control differences in ADHD may
be particularly susceptible to tasks with hot content, pos-
sibly more so with negative valence, at school-age years.
To examine this notion, and yet limit task impurity con-
cerns [44], the current study incorporated emotional con-
text in one inhibitory task in preadolescent participants
with ADHD [21]. Expectations were such that school-aged
children with ADHD would experience more difficulties in
response to hot valenced stimuli as compared to an equiva-
lent cold EC using a simple Stroop-like task with non-
emotionally loaded stimuli, as well as stimuli with added
neutral and emotional facial expressions [45]. To examine
this notion further, we then explored the efficacy of MPH
as a function of emotional valence in children with ADHD
using a placebo-controlled crossover design.

Effect of methylphenidate (MPH) on EC to emotionally
loaded stimuli

MPH, the most common treatment for ADHD, operates by
blocking dopamine-active reuptake transporter and increas-
ing extracellular dopamine proportionally to the level of
blockade and to the rate of dopamine release [46]. This
process is associated with a boost in the noradrenergic sys-
tem, evident by increased activity in the frontal lobe, an
enhanced perception of the external stimuli in patients with
ADHD [47], and improved arousal alertness and normali-
zation of otherwise immature intracortical inhibition [48,
49].

MPH has been shown to improve fine motor coordina-
tion, reaction time, memory, response inhibition, vigilance,
impulse control, attention, concentration [50], as well as to
support social cognitive and academic functioning in chil-
dren with ADHD [51-53], though its efficacy on execu-
tive control in healthy cohorts yields small yet significant
results [54], while effects in children with ADHD are
inconclusive [55] and non-uniform [56, 57]. These find-
ings may be partially due to differential activation of hot
and cold networks in different executive attention tasks.
That is, MPH was found to be effective in treating emo-
tional processing and reward-driven deficits in children
with ADHD [58-60], suggesting that stimulant treatment
would be more effective in IC tasks that elicit frustration or
emotional responses.

Comparisons of cold and hot executive effects in
ADHD are often limited by task impurity (i.e., the use of
different tasks to evaluate different EC constructs [44]),
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making it particularly difficult to compare cold and hot
functions [8, 9, 21, 22]. Thus, it has been difficult to dis-
tinguish whether noted differences stem from EC type,
or rather differences are due to task variability. The cur-
rent study therefore examined cold and hot EC in 7- to
13-year-old children with ADHD with and without phar-
macological intervention (none, placebo, MPH), as com-
pared to controls, using the same simple Stroop-like
inhibitory task [61] with and without added emotional
conditions [45].

The paradigm enabled the investigation of two hypoth-
eses: First, in 7- to 13-year-old children, the hot EC task,
especially angry or frustration-inducing emotions, would
be demanding for children with ADHD, as compared to the
cold task.

Second, MPH, as compared to no intervention and pla-
cebo, would moderate IC deficits more effectively, particu-
larly in regulating responses that probe the hot network, by
affecting arousal regulation, with an emphasis on negative
valence.

Methods

The current research explored ADHD effects on cold
and hot EC in children with ADHD as compared to age-
matched controls, and then employed a double-blind pla-
cebo-controlled crossover study investigating the effect of
MPH on children with ADHD who underwent the same
task.

Participants

Forty 7- to 13-year-old participants (mean age =
11.2 £ 1.4 years; 42 % female) were enrolled in the
study and classified into ADHD (N = 20) and non-ADHD
(N = 20) groups. All ADHD participants were referred by
their community pediatricians for evaluation as required
by the ministry of health guidelines. ADHD diagnosis was
made by a pediatric neurologist specializing in ADHD
in the child psychiatric department unit at the hospital
according to the protocol employed in the clinic. Protocol
included clinical evaluations, the Child Behavior Check
List [62] and the DSM-IV-TR symptom questionnaire
[63]. Control participants were randomly recruited from
mainstream public schools in the same (central) district of
Israel via word-of-mouth (snowball recruitment) and were
exposed to the same educational curriculum. Their past
medical history, as reported by their parents, was typical.
All participants came from middle socioeconomic two-
parent families. Exclusion criteria included: history of
chronic mental illness other than attention or organization
dysfunctions, diagnosed neurological disorders, learning

disorders, social/emotional difficulties not characteris-
tic of ADHD according to the DSM-IV, and intelligence
within one standard deviation from the mean for chron-
ological age. Given its known comorbidity in ADHD,
conduct disorder was not selected as an excluding factor
among the ADHD group; however, in the current sample,
only one case scored in the clinical range of aggression on
the CBCL questionnaire. This child’s data were explored
due to a potential outlier concern, but he did not show a
unique profile on the task. No gender differences were
seen across groups, and distribution replicated ADHD in
the general population (female gender ADHD = 35 %,
non-ADHD = 65 %, p = .200). Age differences between
groups were nearly significant (ADHD = 11.25 £ 1.5,
non-ADHD = 11.6 + 1.2, p = .077); thus, participant age
was held as a covariate throughout analysis. All children
included in the placebo-controlled crossover design were
candidates for intervention with MPH and were medica-
tion naive.

Procedure

The study was approved by the Helsinki review boards at
Bnei Zion Hospital and at Bar Ilan University. All parents
of participants signed written informed consent, and chil-
dren expressed oral consent prior to participation.

Intervention procedure

The ADHD group was presented with the experimental task
three times, first without medication, followed by two ran-
domly ordered intervention conditions: (1) MPH (10 mg,
Ritalin); and (2) placebo look a-like capsules, prepared by
the pharmacy at Bnei Zion hospital. MPH or placebo pills
were administered at the Pediatric Neurology clinic by a
medical team member who was blind to the pill content.
Time lags between sessions were about a week (between
sessions one and two, mean 9.6, SE 2.2 days; and between
sessions two and three, mean 6.6, SE 1.1, paired samples
T=1.362,p=.190, NS).

The emotional day night task (EDN)

The emotional day night (EDN) [45] is a computerized
Stroop-like task adapted from the day-night inhibitory
response task (DN) [64], modified to incorporate soci-
oemotional blocks. Strong test—retest reliability was previ-
ously reported for the day—night task in a study conducted
on 7- to 12-year-old participants [65], and the EDN adapta-
tion was reported to be effective in probing IC in typical
young adults [45].

A survey was conducted to ensure validity of emotional
stimuli using an open-answer format questionnaire in
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Fig.1 EDN stimuli set

which typically developing participants (N = 34) noted the
emotion expressed in each stimulus. Results yielded high
agreement for all stimuli.'

The first block of the EDN consists of 16 practice tri-
als in which participants are asked to click a “sun” or a
“moon” mouse key corresponding to an image that appears
on screen. The second block activates an inhibitory con-
trol component, during which participants are instructed
to choose the opposite image to what appears on screen,
and in addition to the no-load sun and moon images, added
socioemotional stimuli are incorporated within the stimuli.
This block consists of 112 randomized trials of no-load,
neutral, happy, sad, angry and disorganized stimuli (Fig. 1).
Each emotion type is presented 16 times (8 moons and 8
suns). The trial procedure consists of a fixation cross pre-
sented for 800 ms, a 100-ms pause, and 120 ms of stim-
ulus presentation, followed by an additional 1000 ms for
response.

! Validity survey results note high agreement rates per stimuli as fol-
lows: Happy, 100 %; Sad, 97 %; Angry, 94 %; Disorganized, 93 %
reported unclear, confused or negative, or eliciting frustration in
unknowing what the stimuli represent; Neutral 62 % reported neutral,
20 % rated unspecified emotion and the remaining were equally dis-
tributed between negative (12 %) and positive emotions (8 %).
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Data analysis

Descriptive statistics were analyzed to ensure task diffi-
culty. Next, a repeated-measures analysis was conducted
to compare error rate differences in ADHD and control
groups toward no-load, neutral, happy, sad, angry and dis-
organized stimuli. Finally, to explore intervention effects,
differences between no intervention and intervention condi-
tions were calculated and a repeated-measures analysis was
run comparing error rate differences in the two intervention
conditions (MPH, placebo) and presentation order was held
as a between-subjects variable. Age and aggressive behav-
ior were held as covariates throughout analysis due to near-
significant group differences for age and propensity for
increased conduct disorder in children with ADHD [66].
Analysis was conducted using IBM SPSS statistics pack-
age 20.

Results

Results were first analyzed to ensure task difficulty was
appropriate for all participants. Descriptive statistics
showed that overall all children did err to some degree on
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this task. Average percent errors for the participants were
23 + 14, suggesting the task was effective for the popula-
tion and for the research aims.

ADHD effect on hot and cold EC

To explore ADHD differences in response to each stimulus
type, repeated-measures analysis was conducted comparing
cold, neutral, happy, sad, angry and disorganized stimuli
as a function of ADHD, with age and aggression held as
covariates. Results yielded an emotional valence by ADHD
group interaction effect [F; 36, = 3.292, p <.05, n? = .340]
(Fig. 2), such that as the content became emotional, par-
ticularly negatively loaded, group differences increased.
Post hoc analysis shows specific effects for stimuli with
angry and disorganized valence [angry F(, ;5 = 10.884,
p <.002, 172 = .232; disorganized F(1,36) = 9.330, p < .004,
n? = .206].

Intervention x stimulus effect on EC

To assess overall intervention effects, repeated-measures
analyses were run comparing total error rate as a func-
tion of intervention type. Results showed increased errors
in the non-intervention condition, as compared to both
MPH [F, ;9 = 12.621, p < .01, n* = .399] and placebo
[F(1,19) =12.758, p < .01, n2 = .415] conditions. In order to
account for potential learning affects, we computed differ-
ences between errors made in the non-medication condition
administered first, and the intervention conditions.

In assessing differences between MPH and placebo
interventions, a repeated-measures analysis was conducted
with valence (none, neutral, happy, sad, angry and disor-
ganized) and intervention difference score (MPH-none,
placebo-none) as within-subject variables, and presentation
order as a between-subjects variable. Age and aggression

Neutral

Happy Sad Angry Disorganized

Emotional Valence

e N One-MPH

[N
> O

e NONE-Placebo

IR
o N

% Error difference

o N B OO

1st intervention 2nd intervention
Order

Fig. 3 Error differences (%) as a function of intervention type and
intervention order

scores were held as covariates. Results indicated an inter-
vention by order effect [F(; ;o) = 5.474, p < .05, n* = .267]
(Fig. 3), and no main effects. The interaction was such that
increased differences in error rates were noted among MPH
intervention conditions as exposure to stimuli increased,
while an opposite trend occurred in response to placebo.
Additionally, a moderate-strong emotional valence X
intervention interaction effect was noted [F; ;5 = 3.521,
p < .05, 772 = .615] (Fig. 4), with a general trend of
increased percent error reductions in MPH as compared to
placebo. Post hoc analysis indicates that this intervention
effect amounts to a significant level specifically in response
to disorganized stimuli [F{; ;5) = 9.708, p < .01, n* =.393].
Finally, the same model as above was applied to evalu-
ate response times (RT) to correct answers in the task. The
model included age and aggression as covariates. Results
yielded group differences in responding to the happy con-
dition [mean + SD, for ADHD 605.88 + 197.68, controls
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679.87 & 228.73; F () 37y = 4.384, p < .05, n? = .114], with
children in the ADHD group responding more quickly than
in the controls in this condition. Further intervention effect
analyses, controlling for intervention order, along with the
above covariates, yielded null results.

Discussion

This study examined the notion that children with ADHD
have more difficulty exerting inhibition in hot contexts,
specifically those that induce anger and frustration. We
explored this by investigating EF in a non-emotional and
emotionally loaded inhibition task in 7- to 13-year-old
children with ADHD as compared to controls, and further
validated the notion by exploring MPH intervention effects
using a double-blind placebo-controlled crossover design.

In this fairly simple Stroop-like task, no ADHD main
effect was noted in response to the cold stimuli. Results in
the current report, with a simple low-frustration go task,
show that cold IC in children with ADHD is preserved, yet
when confronted with specific emotional valence, perfor-
mance is compromised. Indeed, previous studies with 6- to
13-year-old children found no differences between ADHD
and controls in response to a Stroop task [15] that included
non-emotional stimuli, as was seen in the current paradigm
in response to the cold stimuli.

By using one task to explore both cold and emotional
stimuli, differences emerged between ADHD and controls
in their error rates to angry and disorganized expressions,
and in their response rates to the happy stimuli. Two poten-
tial interpretations may be considered with regard to this
finding. The first may point to a particular deficit in the
hot as compared to the cold EF system, activated by highly
arousing negative stimuli. A specific deficit in hot EF has
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been noted in children with susceptible attention networks
[17, 67]. Integrating current findings with the latter litera-
ture may suggest that the hot EF system is more susceptible
in populations whose attention skills and or their self-regu-
lation abilities are deficient.

A somewhat different account may rely on the inter-
dependence between the two EF networks. Cunningham
and Zelazo’s neurological iterative reprocessing model
[68, 69] suggests that hot and cold EF encompass a con-
tinuum in which relatively hot and cool aspects interact
with one another sequentially. This enables initial thal-
amus—amygdala-driven basic hot approach—avoidance
motivational trends, which are then reprocessed, prefron-
tally by the OFC and the vmPFC, enabling reflection and
behavior regulation according to a more cool complex
hierarchy of rules, with the latter shown to be deficient in
ADHD [27].

Research has suggested that high arousing negative
stimuli are particularly potent in activating initial avoid-
ance, while sad and happy stimuli promote a less clear
approach/avoidance pattern [70]. Taken together, current
results suggest that children with ADHD show difficulty
regulating EF in anger and frustration contexts. These data
extend the current focus on inhibitory control deficits in
ADHD by underscoring an ADHD compromise in exerting
EF in contexts that require management of initial avoidance
motivation in “go” tasks.

The current difficulties in angry and frustration-induc-
ing stimuli may contribute to the framework that suggests
a unitary EF [71], with negative and ambiguous affective
content possibly signaling a greater challenge in suppress-
ing “go” drives. This account seems to fit well with the
data, particularly since the task did not involve a demand
for delay of gratification, but rather a “go” task as theoreti-
cally postulated [71, 72].
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Findings also resonate with reports from ecological set-
tings of children with ADHD. Research notes deficits in
emotional processing in children with ADHD [32] with
regard to negative angry stimulation [37]. This pattern has
been credited to preattentive processing [73] and/or an
attentional bias during IC tasks. According to this notion,
emotional processing acts as a distraction and consumes
mental resources [32, 74]. Such an overload may poten-
tially result in a blunted intracellular dopamine response
that prevents an organized appropriate response that is
needed for the IC challenge [75, 76].

Current findings may also pertain to emotional regula-
tion issues in ADHD. Previous work found that children
with ADHD have greater difficulty identifying emotional
stimuli, especially negative ones [37, 39, 77]. The cur-
rent findings may shed light onto the notion that inhibitory
control in children with ADHD is particularly susceptible
in negatively loaded circumstances. Indeed, frustration-
inducing paradigms were shown to elicit behaviors associ-
ated with emotional dysregulation in children with ADHD
[78].

This deficit may be relevant in understanding social
relationships of children with ADHD. Their relationships
are often characterized by impulsive responses, increased
aggression and conflicts, as compared to children without
ADHD [5, 36, 79-81]. This aggressive characteristic has
been associated with emotional regulation deficits [78].
Current results, controlling for aggression, suggest that
the IC deficits in response to negative emotional contexts
are deficient in ADHD irrespective of the ability to inhibit
aggressive tendencies. The IC deficit in negative emotional
contexts may play a role in social encounters of children
with ADHD with their peers, as well as with adults [82],
thus perpetuating a cycle of poorly regulated social interac-
tions [33, 82, 83].

The difficulty in executive control toward emotional
stimuli seems compatible with imaging reports that sug-
gest disturbances in ventromedial/orbital fronto-amygdala
connections in ADHD [84]. Specifically, when participants
with ADHD were presented with facial expressions of
anger, reduced electrocortical early parieto—occipital activ-
ity was documented in children [73] and late right parietal
positivity was documented in male adults [85]. These path-
ways, which are thought to play a key role in orienting and
processing emotional stimuli, possibly set a deficient start-
ing point for later phases of executive control while regu-
lating emotional arousal [86] in children with ADHD, defi-
cits which were behaviorally probed in the current study.

These results were also complimented in the cur-
rent study with pharmacological intervention data. Cur-
rent data point to an MPH effect when comparing error
rates in response to stimuli loaded with different emo-
tions. Responses indicated that children with ADHD

benefit from MPH intervention, especially in regulat-
ing responses to disorganized stimuli (which were most
affected as compared to controls), more so than placebo
intervention. This finding further supports the notion that
noradrenergic pathways in children with ADHD provide
a more optimal base for regulating arousal and recruiting
mental resources needed for executive control, particu-
larly in negatively charged [87] or ambiguous conditions
[88].

The literature so far has concentrated on repeated
exposure to MPH and has understudied the interaction
of intervention with repeated exposure of the stimuli,
leading to greater levels of familiarity in order to reduce
ambiguity aversion [89]. Current results point to MPH’s
increased efficacy in such conditions of repetition, which
may be relevant in learning environments. These results
seem to resonate with the literature in showing that
repeated stimulus exposure with MPH may be a promis-
ing venue to pursue in providing support for emotional
EC difficulties in children with ADHD [78]. Previous
literature regarding children with ADHD, particularly in
the contexts of learning academic tasks, has documented
intervention by order effects in ADHD [90, 91], while
others have not [87]. This discrepancy may point to a
contextual factor, possibly an emotional one. That is, the
effect may be particularly useful in ADHD when stimu-
lus familiarity interacts with negative emotions, which is
at the forefront of the executive regulatory challenge for
children with ADHD.

Indeed, it has been suggested that efficacy of self-regu-
lation in social interactions of children and young adoles-
cents with ADHD is highly dependent upon contextual fac-
tors, and on the micro-sequence of events that proceed the
response, particularly when events are negatively loaded
[82]. Current data show that stimuli familiarity, particularly
negative disorganized ones, is most responsive to stimulant
medication, through supporting self-regulation and execu-
tive control in children with ADHD [91].

Future work may explore further the influences of dif-
ferent dosages and different exposure durations, and their
interaction with negative emotional valence and level of
familiarity. This can further deepen our understanding of
intervention type by valence interaction of executive regu-
lation in children with ADHD.

Acknowledgments The authors thank the teams at the Devel-
opmental Neuropsychology Lab, Bar Ilan University, The Brain
Research Center, Bar Ilan University and at Bnei Zion hospital, as
well as the participating families. The study was supported by Infra-
structure of the Science, Space and Technology office awarded to
Prof. Ronny Geva.

Compliance with ethical standards

Conflict of interest The authors declare no conflicts of interest.

@ Springer



80

Eur Arch Psychiatry Clin Neurosci (2017) 267:73-82

Open Access

This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

10.

11.

13.

14.

15.

16.

Gurevitz M, Geva R, Varon M, Leitner Y (2014) Early markers
in infants and toddlers for development of ADHD. J Atten Dis-
ord 18:14-22

Geva R, Yaron H, Kuint J (2016) Neonatal sleep predicts atten-
tion orienting and distractibility. J Atten Disord 20:138-150
Sergeant JA, Geurts H, Huijbregts S, Scheres A, Oosterlaan J
(2003) The top and the bottom of ADHD: a neuropsychological
perspective. Neurosci Biobehav Rev 27:583-592

Willcutt EG, Doyle AE, Nigg JT, Faraone SV, Pennington BF
(2005) Validity of the executive function theory of attention-def-
icit/hyperactivity disorder: a meta-analytic review. Biol Psychia-
try 57:1336-1346

Barkley RA (1997) Behavioral inhibition, sustained atten-
tion, and executive functions: constructing a unifying theory of
ADHD. Psychol Bull 121:65

Barkley RA (2010) Differential diagnosis of adults with ADHD:
the role of executive function and self-regulation. J Clin Psychia-
try 71:el7

Metin B, Roeyers H, Wiersema JR, van der Meere JJ, Thomp-
son M, Sonuga-Barke E (2013) ADHD performance reflects
inefficient but not impulsive information processing: a diffusion
model analysis. Neuropsychology 27:193-200

Nigg JT, Casey B (2005) An integrative theory of attention-def-
icit/hyperactivity disorder based on the cognitive and affective
neurosciences. Dev Psychopathol 17:785-806

Sonuga-Barke EJ (2005) Causal models of attention-deficit/
hyperactivity disorder: from common simple deficits to multiple
developmental pathways. Biol Psychiatry 57:1231-1238

Raiker J, Rapport M, Kofler M, Sarver D (2012) Objectively-
measured impulsivity and attention-deficit/hyperactivity disorder
(ADHD): testing competing predictions from the working mem-
ory and behavioral inhibition models of ADHD. J Abnorm Child
Psychol 40:699-713

Diamond A (2002) Normal development of prefrontal cortex
from birth to young adulthood: cognitive functions, anatomy,
and biochemistry. In: Knight DTSRT (ed) Principles of frontal
lobe function. Oxford University Press, New York, pp 466-503
Geva R, Feldman R (2008) A neurobiological model for the
effects of early brainstem functioning on the development of
behavior and emotion regulation in infants: implications for pre-
natal and perinatal risk. J Child Psychol Psychiatry 49:1031-1041
Geva R, Gardner JM, Karmel BZ (2010) Load and order in rapid
automatized naming: a large-scale prospective study of toddlers
with brain injury. J Cognit Educ Psychol 9:166—182

Riggs NR, Jahromi LB, Razza RP, Dillworth-Bart JE, Mueller
U (2006) Executive function and the promotion of social-emo-
tional competence. J Appl Dev Psychol 27:300-309
Brackenridge R, McKenzie K, Murray GC, Quigley A (2011) An
examination of the effects of stimulant medication on response
inhibition: a comparison between children with and without atten-
tion deficit hyperactivity disorder. Res Dev Disabil 32:2797-2804
Hart H, Radua J, Nakao T, Mataix-Cols D, Rubia K (2013)
Meta-analysis of functional magnetic resonance imaging stud-
ies of inhibition and attention in attention-deficit/hyperactivity

@ Springer

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

disorder: exploring task-specific, stimulant medication, and age
effects. JAMA Psychiatry 70:185-198

Hodel AS, Brumbaugh JE, Morris AR, Thomas KM (2016) Hot
executive function following moderate-to-late preterm birth:
altered delay discounting at 4 years of age. Dev Sci 19:221-234
Zelazo PD, Carlson SM (2012) Hot and cool executive function
in childhood and adolescence: development and plasticity. Child
Dev Perspect 6:354-360

Metcalfe J, Mischel W (1999) A hot/cool-system analysis of delay
of gratification: dynamics of willpower. Psychol Rev 106:3-19
Moreno-Lopez L, Stamatakis EA, Fernandez-Serrano MJ,
Gomez-Rio M, Rodriguez-Fernandez A, Perez-Garcia M, Ver-
dejo-Garcia A (2012) Neural correlates of hot and cold execu-
tive functions in polysubstance addiction: association between
neuropsychological performance and resting brain metabolism
as measured by positron emission tomography. Psychiatry Res
203:214-221

Skogli EW, Andersen PN, Hovik KT, @ie M (2014) Devel-
opment of hot and cold executive function in boys and girls
with ADHD: a 2-year longitudinal study. J Atten Disord.
doi:10.1177/1087054714524984

Hongwanishkul D, Happaney KR, Lee WS, Zelazo PD (2005)
Assessment of hot and cool executive function in young chil-
dren: age-related changes and individual differences. Dev Neu-
ropsychol 28:617-644

Carlson SM, White RE, Davis-Unger AC (2014) Evidence for a
relation between executive function and pretense representation
in preschool children. Cognit Dev 29:1-16

Winecoff A, Clithero JA, Carter RM, Bergman SR, Wang L,
Huettel SA (2013) Ventromedial prefrontal cortex encodes emo-
tional value. J Neurosci 33:11032-11039

Happaney K, Zelazo PD, Stuss DT (2004) Development of orbit-
ofrontal function: current themes and future directions. Brain
Cognit 55:1-10

Prencipe A, Kesek A, Cohen J, Lamm C, Lewis MD, Zelazo PD
(2011) Development of hot and cool executive function during
the transition to adolescence. J Exp Child Psychol 108:621-637
Cubillo A, Halari R, Smith A, Taylor E, Rubia K (2012) A
review of fronto-striatal and fronto-cortical brain abnormalities
in children and adults with attention deficit hyperactivity disor-
der (ADHD) and new evidence for dysfunction in adults with
ADHD during motivation and attention. Cortex 48:194-215
Boes AD, Bechara A, Tranel D, Anderson SW, Richman L, Nop-
oulos P (2009) Right ventromedial prefrontal cortex: a neuroana-
tomical correlate of impulse control in boys. Soc Cognit Affect
Neurosci 4:1-9

Studer B, Manes F, Humphreys G, Robbins TW, Clark L (2013)
Risk-sensitive decision-making in patients with posterior pari-
etal and ventromedial prefrontal cortex injury. Cereb Cortex
25(1):1-9

Monosov IE, Hikosaka O (2012) Regionally distinct processing
of rewards and punishments by the primate ventromedial pre-
frontal cortex. J Neurosci 32:10318-10330

Kim H, Shimojo S, O’Doherty JP (2011) Overlapping responses
for the expectation of juice and money rewards in human ventro-
medial prefrontal cortex. Cereb Cortex 21:769-776

Posner J, Maia TV, Fair D, Peterson BS, Sonuga-Barke EJ,
Nagel BJ (2011) The attenuation of dysfunctional emotional pro-
cessing with stimulant medication: an fMRI study of adolescents
with ADHD. Psychiatry Res Neuroimaging 193:151-160

Da Fonseca D, Seguier V, Santos A, Poinso F, Deruelle C (2009)
Emotion understanding in children with ADHD. Child Psychia-
try Hum Dev 40:111-121

Corbett B, Glidden H (2000) Processing affective stimuli in
children with attention-deficit hyperactivity disorder. Child Neu-
ropsychol 6:144-155


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1177/1087054714524984

Eur Arch Psychiatry Clin Neurosci (2017) 267:73-82

81

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Casey RJ (1996) Emotional competence in children with exter-
nalizing and internalizing disorders. In: Sullivan MLMW (ed)
Emotional development in atypical children. Lawrence Erlbaum
Associates Inc, Hillsdale, pp 161-183

Whalen CK, Henker B (1992) The social profile of attention-def-
icit hyperactivity disorder: five fundamental facets. Child Ado-
lesc Psychiatr Clin N Am 1:395-410

Pelc K, Kornreich C, Foisy M-L, Dan B (2006) Recognition of
emotional facial expressions in attention-deficit hyperactivity
disorder. Pediatr Neurol 35:93-97

Rapport LJ, Friedman SL, Tzelepis A, Van Voorhis A (2002)
Experienced emotion and affect recognition in adult attention-
deficit hyperactivity disorder. Neuropsychology 16:102

Ichikawa H, Nakato E, Kanazawa S, Shimamura K, Sakuta
Y, Sakuta R, Yamaguchi MK, Kakigi R (2014) Hemodynamic
response of children with attention-deficit and hyperactive disor-
der (ADHD) to emotional facial expressions. Neuropsychologia
63:51-58

Kochel A, Leutgeb V, Schienle A (2014) Disrupted response
inhibition toward facial anger cues in children with attention-def-
icit hyperactivity disorder (ADHD). An event-related potential
study. J Child Neurol 29:459-468

Casey BJ, Somerville LH, Gotlib IH, Ayduk O, Franklin NT,
Askren MK, Jonides J, Berman MG, Wilson NL, Teslovich T,
Glover G, Zayas V, Mischel W, Shoda'Y (2011) Behavioral and
neural correlates of delay of gratification 40 years later. Proc
Natl Acad Sci 108:14998-15003

Ayduk O, Mendoza-Denton R, Mischel W, Downey G, Peake
PK, Rodriguez M (2000) Regulating the interpersonal self: stra-
tegic self-regulation for coping with rejection sensitivity. J Per-
sonal Soc Psychol 79:776-792

Shoda Y, Mischel W, Peake PK (1990) Predicting adolescent
cognitive and self-regulatory competencies from preschool delay
of gratification: identifying diagnostic conditions. Dev Psychol
26:978-986

Miyake A, Friedman NP, Emerson MJ, Witzki AH, Howerter A,
Wager TD (2000) The unity and diversity of executive functions
and their contributions to complex “frontal lobe” tasks: a latent
variable analysis. Cognit Psychol 41:49-100

Ramon D, Geva R, Goldstein A (2011) Trait and state nega-
tive affect interactions moderate inhibitory control performance
in emotionally loaded conditions. Personal Individ Differ
51:95-101

Curatolo P, Paloscia C, D’Agati E, Moavero R, Pasini A (2009)
The neurobiology of attention deficit/hyperactivity disorder. Eur
J Paediatr Neurol 13:299-304

Volkow ND, Wang G-J, Fowler JS, Ding Y-S (2005) Imaging the
effects of methylphenidate on brain dopamine: new model on its
therapeutic actions for attention-deficit/hyperactivity disorder.
Biol Psychiatry 57:1410-1415

Moll GH, Heinrich H, Trott G-E, Wirth S, Rothenberger A
(2000) Deficient intracortical inhibition in drug-naive children
with attention-deficit hyperactivity disorder is enhanced by
methylphenidate. Neurosci Lett 284:121-125

Buchmann J, Gierow W, Weber S, Hoeppner J, Klauer T,
Benecke R, Haessler F, Wolters A (2007) Restoration of dis-
turbed intracortical motor inhibition and facilitation in attention
deficit hyperactivity disorder children by methylphenidate. Biol
Psychiatry 62:963-969

Homer C, Baltz R, Hickson G, Miles P, Newman T, Shook J,
Zurhellen W, Lowe B, Schwalenstocker E, Goldberg M (2000)
Clinical practice guideline: diagnosis and evaluation of the
child with attention-deficit/hyperactivity disorder. Pediatrics
105:1158-1170

Hechtman L, Abikoft H, Klein RG, Weiss G, Respitz C, Kouri
J, Blum C, Greenfield B, Etcovitch J, Fleiss K (2004) Academic

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

achievement and emotional status of children with ADHD treated
with long-term methylphenidate and multimodal psychosocial
treatment. J Am Acad Child Adolesc Psychiatry 43:812-819
DeVito EE, Blackwell AD, Kent L, Ersche KD, Clark L, Sal-
mond CH, Dezsery AM, Sahakian BJ (2008) The effects of
methylphenidate on decision making in attention-deficit/hyper-
activity disorder. Biol Psychiatry 64:636—-639

Ashman A, Schroeder SR (1986) Hyperactivity, methylpheni-
date, and complex human cognition. Adv Learn Behav Disabil
5:295-316

Ilieva IP, Hook CJ, Farah MJ (2015) Prescription stimulants’
effects on healthy inhibitory control, working memory, and epi-
sodic memory: a meta-analysis. J Cognit Neurosci 27:1069-1089
Matsuura N, Ishitobi M, Arai S, Kawamura K, Asano M, Inohara
K, Fujioka T, Narimoto T, Wada Y, Hiratani M, Kosaka H (2014)
Effects of methylphenidate in children with attention deficit
hyperactivity disorder: a near-infrared spectroscopy study with
CANTAB®. Child Adolesc Psychiatry Mental Health 8:273
Bedard AC, Stein MA, Halperin JM, Krone B, Rajwan E, New-
corn JH (2015) Differential impact of methylphenidate and ato-
moxetine on sustained attention in youth with attention-deficit/
hyperactivity disorder. J Child Psychol Psychiatry 56:40-48

Ni HC, Shang CY, Gau SS, Lin YJ, Huang HC, Yang LK (2013)
A head-to-head randomized clinical trial of methylphenidate
and atomoxetine treatment for executive function in adults with
attention-deficit hyperactivity disorder. Int J Neuropsychophar-
macol 16:1959-1973

Conzelmann A, Woidich E, Mucha RF, Weyers P, Jacob CP,
Lesch K-P, Pauli P (2011) Methylphenidate normalizes emo-
tional processing in adult patients with attention-deficit/hyperac-
tivity disorder: preliminary findings. Brain Res 1381:159-166
Groen Y, Tucha O, Wijers AA, Althaus M (2013) Processing of
continuously provided punishment and reward in children with
ADHD and the modulating effects of stimulant medication: an
erp study. PLoS ONE 8:59240

Rubia K, Halari R, Cubillo A, Mohammad A-M, Brammer M,
Taylor E (2009) Methylphenidate normalises activation and func-
tional connectivity deficits in attention and motivation networks
in medication-naive children with ADHD during a rewarded con-
tinuous performance task. Neuropharmacology 57:640-652
Cragg L, Nation K (2008) Go or no-go? Developmental improve-
ments in the efficiency of response inhibition in mid-childhood.
Dev Sci 11:819-827

McConaughy SH (1993) Evaluating behavioral and emotional
disorders with the CBCL, TRF, and YSR cross-informant scales.
J Emot Behav Disord 1:40-52

First MB, Frances A, Pincus HA (2002) DSM-IV-TR handbook
of differential diagnosis. American Psychiatric Publishing Inc.,
Arlington

Diamond A, Kirkham N, Amso D (2002) Conditions under
which young children can hold two rules in mind and inhibit a
prepotent response. Dev Psychol 38:352-362

Archibald SJ, Kerns KA (1999) Identification and description of
new tests of executive functioning in children. Child Neuropsy-
chol 5:115-129

Pliszka SR (1998) Comorbidity of attention-deficit/hyperactivity
disorder with psychiatric disorder: an overview. J Clin Psychia-
try 59:50-58

Jefferies LN, Smilek D, Eich E, Enns JT (2008) Emotional
valence and arousal interact in attentional control. Psychol Sci
19:290-295

Zelazo PD, Qu L, Kesek AC (2010) Hot executive function: emo-
tion and the development of cognitive control. In: Bell SDCMA
(ed) Child development at the intersection of emotion and
cognition. American Psychological Association, Washington,
pp 97-111

@ Springer



82

Eur Arch Psychiatry Clin Neurosci (2017) 267:73-82

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

Cunningham WA, Zelazo PD (2007) Attitudes and evaluations:
a social cognitive neuroscience perspective. Trends Cognit Sci
11:97-104

Robinson MD, Storbeck J, Meier BP, Kirkeby BS (2004) Watch
out! That could be dangerous: valence-arousal interactions in
evaluative processing. Personal Soc Psychol Bull 30:1472-1484
Stuss TD, Alexander PM (2000) Executive functions and the
frontal lobes: a conceptual view. Psychol Res 63:289-298
Diamond A (2013) Executive functions. Annu Rev Psychol
64:135-168

Chronaki G, Benikos N, Fairchild G, Sonuga-Barke EJS (2015)
Atypical neural responses to vocal anger in attention-deficit/
hyperactivity disorder. J Child Psychol Psychiatry 56:477-487
Williams JMG, Mathews A, MacLeod C (1996) The emotional
stroop task and psychopathology. Psychol Bull 120:3-24

Clark C, Geffen G, Geffen L (1989) Catecholamines and the
covert orientation of attention in humans. Neuropsychologia
27:131-139

Lakatos K, Toth I, Nemoda Z, Ney K, Sasvari-Szekely M, Gervai
J (2000) Dopamine D4 receptor (DRD4) gene polymorphism is
associated with attachment disorganization in infants. Mol Psy-
chiatry 5:633-637

Smith JL, Johnstone SJ, Barry RJ (2004) Inhibitory process-
ing during the Go/NoGo task: an ERP analysis of children
with attention-deficit/hyperactivity disorder. Clin Neurophysiol
115:1320-1331

Shaw P, Stringaris A, Nigg J, Leibenluft E (2014) Emotion dys-
regulation in attention deficit hyperactivity disorder. Am J Psy-
chiatry 171:276-293

Biederman J, Faraone S, Milberger S, Guite J, Mick E, Chen L,
Mennin D, Marrs A, Ouellette C, Moore P (1996) A prospec-
tive 4-year follow-up study of attention-deficit hyperactivity and
related disorders. Arch Gen Psychiatry 53:437

Guevremont DC, Dumas MC (1994) Peer relationship prob-
lems and disruptive behavior disorders. J Emot Behav Disord
2:164-172

Nixon E (2001) The social competence of children with attention
deficit hyperactivity disorder: a review of the literature. Child
Adolesc Ment Health 6:172-180

@ Springer

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Fletcher K, Fischer M, Barkley R, Smallish L (1996) A sequen-
tial analysis of the mother-adolescent interactions of ADHD,
ADHD/ODD, and normal teenagers during neutral and conflict
discussions. J Abnorm Child Psychol 24:271-297

Cadesky EB, Mota VL, Schachar RJ (2000) Beyond words: how
do children with ADHD and/or conduct problems process non-
verbal information about affect? J Am Acad Child Adolesc Psy-
chiatry 39:1160-1167

Plessen KJ, Bansal R, Zhu H, Whiteman R, Amat J, Quacken-
bush GA, Martin L, Durkin K, Blair C, Royal J (2006) Hip-
pocampus and amygdala morphology in attention-deficit/hyper-
activity disorder. Arch Gen Psychiatry 63:795-807

Kochel A, Leutgeb V, Schienle A (2012) Affective inhibitory
control in adults with attention deficit hyperactivity disorder:
abnormalities in electrocortical late positivity. Neurosci Lett
530:47-52

Corvin AP, Reilly R, Gill M, Kelly S, Morris D, Fahey C, Dono-
hoe GJ (2014) Effects of MIR137 on fronto-amygdala functional
connectivity. Neuroimage 15:189-195

Spencer T, Biederman J, Wilens T, Prince J, Hatch M, Jones J,
Harding M, Faraone SV, Seidman L (1998) Effectiveness and
tolerability of tomoxetine in adults with attention deficit hyper-
activity disorder. Am J Psychiatry 155:693-695

Rothbart MK, Ellis LK, Rosario Rueda M, Posner MI (2003)
Developing mechanisms of temperamental effortful control. J
Personal 71:1113-1144

Chew SH, Ebstein RP, Zhong S (2011) Ambiguity aversion and
familiarity bias: evidence from behavioral and gene association
studies. J Risk Uncertain 44:1-18

Abikoff H, Courtney ME, Szeibel PJ, Koplewicz HS (1996) The
effects of auditory stimulation on the arithmetic performance of
children with ADHD and nondisabled children. J Learn Disabil
29:238-246

Klein C, Fischer B Jr, Fischer B, Hartnegg K (2002) Effects of
methylphenidate on saccadic responses in patients with ADHD.
Exp Brain Res 145:121-125



	Hot executive control and response to a stimulant in a double-blind randomized trial in children with ADHD
	Abstract 
	Introduction
	Effect of methylphenidate (MPH) on EC to emotionally loaded stimuli

	Methods
	Participants
	Procedure
	Intervention procedure
	The emotional day night task (EDN)
	Data analysis

	Results
	ADHD effect on hot and cold EC
	Intervention × stimulus effect on EC

	Discussion
	Acknowledgments 
	References




