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Background: There are suggestions that patients with attention-deficit/hyperactivity disorder (ADHD) show im-
pairment in executive attention control and emotion regulation. This study investigated emotion regulation as a
function of the recruitment of executive attention in patients with ADHD.
Methods: Thirty-five healthy children/adolescents (mean age=13.91) and twenty-six children/adolescentswith
ADHD (mean age = 14.53) participated in this fMRI study. They completed the affective Stroop paradigm
viewing positive, neutral and negative images under varying cognitive loads. A 3-way ANOVA (diagnosis-
by-condition-by-emotion) was conducted on the BOLD response data. Following this, 2 3-way ANOVAs
(diagnosis-by-condition-by-emotion) were applied to context-dependent psychophysiological interaction
(gPPI) analyses generated from a dorsomedial frontal cortex and an amygdala seed (identified from the
BOLD response ANOVA main effects of condition and emotion respectively).
Results: A diagnosis-by-condition interaction within dorsomedial frontal cortex revealed reduced recruit-
ment of dorsomedial frontal cortex as a function of increased task demands in the children/adolescents
with ADHD relative to healthy children/adolescents. The level of reduction in recruitment of dorsomedial
frontal cortex was significantly correlated with symptom severity (total and hyperactivity) measured by
Conner's Parent Report Scale in the children/adolescents with ADHD. In addition, analysis of gPPI data
from a dorsomedial frontal cortex seed revealed significant diagnosis-by-condition interactions within lat-
eral frontal cortex; connectivity between dorsomedial frontal cortex and lateral frontal cortex was reduced
in the patients with ADHD relative to comparison youth during congruent and incongruent task trials rela-
tive to view trials. There were no interactions of group, or main effect of group, within the amygdala in the
BOLD response ANOVA (though children/adolescents with ADHD showed increased responses to positive
images within temporal cortical regions during task trials; identified by the diagnosis-by-condition-
by-emotion interaction). However, analysis of gPPI data from an amygdala seed revealed decreased connectivity
between amygdala and lentiform nucleus in the presence of emotional stimuli in children/adolescents with
ADHD (diagnosis-by-emotion interaction).
Conclusion: The current study demonstrated disrupted recruitment of regions implicated in executive function and
impaired connectivity within those regions in children/adolescents with ADHD. There were also indications of
heightened representation of emotional stimuli in patients with ADHD. However, as the findings were specific for
positive stimuli, the suggestion of a general failure in emotion regulation in ADHD was not supported.

Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Attention deficit hyperactivity disorder (ADHD) involves a persis-
tent pattern of inattention and/or hyperactivity–impulsivity that is as-
sociated with impairment in at least two domains of functioning, such
as at school and in the home (American Psychiatric Association, 2013).
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Considerable work in patients with ADHD has focused on the cognitive
domains of attention, working memory and executive function (De La
Fuente et al., 2013; Hart et al., 2013; Rapport et al., 2013; Schulz et al.,
2000; Sonuga-Barke et al., 2008). However, recently there has also
been a growing interest in potential emotional dysfunction in ADHD
(Herrmann et al., 2010; Maier et al., 2013; Posner et al., 2011, 2013;
Shaw et al., 2014). There have been suggestions that ADHD is marked
by emotion dysregulation and/or poor emotion regulation (Barkley
and Fischer, 2010; Reimherr et al., 2005; Shaw et al., 2014; Sobanski
et al., 2010). Recent data indicates that patients with ADHD may have
nse (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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increased difficulty in regulating positive emotions relative to healthy
individuals (Musser et al., 2013). Moreover, there are suggestions that
difficulties in top-down executive functioning and increased bottom-
up emotional reactivity were associated in ADHD, and this contributes
to more significant symptom severity of aggression, difficulty in behav-
ioral inhibition, and internalizing symptoms (Graziano et al., 2013).
Consistent with those suggestions, patients with ADHD show heightened
amygdala responses during aversive conditioning (Maier et al., 2013) and
when rating fear in neutral facial expressions (Brotmanet al., 2010).How-
ever, amygdala responses to fearful expressions have not been consis-
tently reported as increased in patients with ADHD (Marsh et al.,
2008; Passarotti et al., 2010b; Posner et al., 2011).

Emotion regulation is a broad term that subsumes at least two main
sets of control processes (Gyurak et al., 2011; Ochsner and Gross, 2005;
Phillips et al., 2003). The first type of emotion regulation involves ven-
tral prefrontal system that represents emotional value and/or a form
of emotional conflict adaptation and can be indexed through emotional
Stroop paradigms (Etkin et al., 2010). Sonuga-Barke and colleagues
have argued that this form of emotion regulatory circuitry is disrupted
in at least some patients with ADHD (Posner et al., 2013; Sonuga-Barke,
2002; Sonuga-Barke et al., 2008). In addition to this, recent work using
emotional Stroop task variants has reported atypical responses to emo-
tional distractors in patientswith ADHD. For example, two groups report-
ed that patients with ADHD showed reduced activity within right orbital/
ventromedial and inferior frontal cortices when identifying the hue of
negative relative to neutral valenced words (Passarotti et al., 2010a) or
the number of negative or neutral words presented on the screen
(Posner et al., 2011). Patients with ADHD showed greater responses
than healthy controls within vmPFC (Posner et al., 2011) and subgenual
ACC (Passarotti et al., 2010a) when the contrast was positive vs. neutral.

The second type of emotion regulation involves prefrontal (both
dorsomedial and lateral frontal) regions. Executive attention allows
the priming of relevant representations at the expense of irrelevant
ones, thereby resolving representational competition (Desimone and
Duncan, 1995). Such control processes can be recruited explicitlywithin
cognitive reappraisal paradigms, where subjects willfully attempt to
alter stimulus representations by priming non-emotional features (see
Kalisch for reviews; Kalisch, 2009; Ochsner et al., 2002; Ochsner and
Gross, 2005). It is argued that these processes are recruited implicitly
through emotion distraction paradigms (Blair et al., 2007; Erthal et al.,
2005; Mitchell et al., 2006; Pessoa, Padmala, and Morland, 2005;
Pessoa et al., 2002). On the basis of a recent influential neurocognitive
model of ADHD (the dual pathway model; Sonuga-Barke, 2002;
Sonuga-Barke et al., 2008), onemight expect both types of emotion reg-
ulation to be dysfunctional in ADHD.

In the current study, we implemented one such emotion distraction
task, the affective Stroop task (AST) (Blair et al., 2007). In the AST,
participants are required to determine the number of digits presented
on the screen. These numbers are temporally bracketed by emotional
or neutral distracters. A body of studies with the AST and its variants
has demonstrated that task performance is associated with increased
activity within regions implicated in executive attention and decreased
emotional responding (Blair et al., 2007;Mitchell et al., 2007, 2008). Im-
portantly, the recruitment of the executive attention system by task de-
mands (“count the numbers”) is not thought to directly inhibit the
amygdala. Rather, executive attention will prime task relevant repre-
sentations (representations of the number stimuli) within temporal
cortex. This in turnwill suppress representation of emotional distractors
following representational competition (Desimone and Duncan, 1995).
The reduced representation of the emotional distracters results in re-
duced amygdala response to these distracters.

Given the previous findings of executive attention dysfunction and
emotion dys-regulation in ADHD (Arnsten and Rubia, 2012; Banich
et al., 2009; Bush et al., 1999; Christakou et al., 2013; Posner et al.,
2011; Rubia et al., 2009; Schneider et al., 2010), and previous findings
from the studies using various versions of AST on ADHD population
(Passarotti et al., 2010a; Posner et al., 2011), we hypothesized that
this process of representation-priming is impaired in ADHD. As such,
we predicted that children and adolescents with ADHD would show:
(i) reduced recruitment of, and functional connectivity between, execu-
tive attention regions (dorsomedial and lateral frontal cortices); (ii) in-
creased recruitment of regions implicated in emotional responding
(amygdala) relative to healthy comparison youth during task condi-
tions, due to disruption in priming of representation of task-relevant
stimuli by executive attention areas.

2. Methods and materials

2.1. Participants

Sixty-seven children and adolescents participated: 36 healthy and
31 with ADHD. Children and adolescents were recruited from the com-
munity through newspaper ads, fliers, and referrals from area mental
health practitioners. All children and adolescents and parents complet-
ed the Kiddie Schedule for Affective Disorders and Schizophrenia
(K-SADS) (Kaufman et al., 1997). The diagnoses of ADHD were made
by expert child and adolescent psychiatrists on the basis of the
K-SADS (including the ADHD module) done by a doctoral-level clinical
psychologist. Healthy children/adolescents were determined by having
no current or past psychiatric diagnoses including ADHD by K-SADS.
Exclusion criteria for both healthy children/adolescents and children/
adolescents with ADHD were autism spectrum disorders, Tourette
syndrome, lifetime history of psychosis, depression, bipolar disorder,
generalized, social or separation anxiety disorder, posttraumatic stress
disorder (PTSD), neurologic disorder including seizure or epilepsy, history
of major head trauma including skull fracture, substance dependence,
major medical illness, and IQ of b80. The parents of 23 children/
adolescents with ADHD as well as 31 healthy children/adolescents
completed the Conner's Parent Rating Scale for ADHD, version 2
(Conners et al., 1998). IQ was assessed with the Wechsler Abbrevi-
ated Scale of Intelligence (2-subtest form) (Wechsler, 1999).

Six participants (1 healthy, 5 with ADHD) were excluded due to
performance artifacts during the functional MRI scanning procedure
(for example, too much movement; i.e., more than 10% of TRs were
discarded due to movement above study limits (1.0 cm)). The five sub-
jectswith ADHDwhowere excluded did not showany significant differ-
ence on their behavioral data from the subjects with ADHD who were
included [reaction time (RT): F(1,29) = 0.016, p = 0.901; accuracy:
F(1,29) = 0.797, p = 0.379]. Five children/adolescents with ADHD
who were excluded did not differ on their age, IQ, or Conners Parent
Rating for ADHD total score from the children/adolescents with ADHD
who were included [t(29) = 1.651, t(29) = 0.275, t(25) = 0.375, &
p = 0.110, 0.786, 0.711, respectively]. Thus, data from 35 healthy (17
female, 18 male, average age = 14.53) and 26 ADHD (9 female, 17
male, average age = 13.91, 11 inattentive type, 3 hyperactive-
impulsive type, 9 combined type, and 3 ADHD Not otherwise speci-
fied) children and adolescents were analyzed. There was no differ-
ence in age, IQ, and gender distribution between the healthy and
ADHD children/adolescents. Eleven out of 26 children and adoles-
cents with ADHD (42.3%) were currently on stimulant medications;
see Table 1. Parents who were on stimulant medications were asked
to withhold them at least 24 h prior to scanning.

2.2. Experimental task

We used an adapted version of the affective Stroop task (AST)
described previously (Blair et al., 2007); see Fig. 1. On each trial, partic-
ipants saw a central fixation point (400 milliseconds [ms]), a positive,
neutral, or negative image (400 ms), either a numerical array on task
trials, or a blank screen on view trials (400 ms), the same image previ-
ously displayed (400 ms), and a second blank screen (1300 ms). For
task trials, the subjects pressed buttons corresponding to number



Table 1
Characteristics of healthy children/adolescents and children/adolescents with ADHD.

Healthy children/
adolescents
(N = 35)

Children/adolescents
with ADHD
(N = 26)

P value
(df)

Demographics
Age 13.91 (2.13) 14.53 (2.00) 0.482 (1)
IQ 105.06 (12.67) 106.42 (13.03) 0.682 (1)
Gender 18 male, 17 female 17 male, 9 female 0.276 (1)
Handedness 9 left, 26 right 4 left, 22 right 0.330 (1)
ADHD 0 26
Inattentive 11
H–I 3
Combined 9
NOS 3
ODD 0 1
SA 0 2

Conner's Parenting Score
2.26 (3.16)a 31.35 (8.38)b 0.000 (52)

Range 0–4 17–53

Medication
0 11c

ADHD: attention-deficit/hyperactivity disorder; inattentive: predominantly inattentive
type; H–I: predominantly hyperactive–impulsive type; combined: combined type; NOS:
not otherwise specified type; ODD: comorbidity of oppositional defiant disorder; SA:
comorbidity of substance abuse (cannabinoid).

a 31 subjects.
b 23 subjects.
c 8: methylphenidate; 2: amphetamine; 1: risperidone
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numerosity; i.e., the number of numbers on the screen. Two to five
numbers are presented on the screen during the numerical array. On
congruent trials, numerositymatched the actual number values displayed
(e.g. three 3 s). On incongruent trials, numerosity did notmatch the num-
ber values displayed (e.g. four 3 s). Participants were asked to respond
Fig. 1. Experiment design. Example trial sequences: (a) positive view
as quickly as possible, but were free to respond at any time between
the initial numerical presentation and the end of the blank screen dis-
play (response window: 1700 ms). The participants made no response
for view trials (they saw a blank screen temporally bracketed by the
emotional stimuli; see Fig. 1).

The images of emotional stimuli that were presented before and
after the numerical arrays (see Fig. 1) consisted of 48 positive, 48 nega-
tive, and 48 neutral pictures selected from the International Affective
Picture System (Lang et al., 2005). Normative mean image valence and
arousal values on a 9-point scale were 3.35 (SD: 0.77) and 5.97
(SD: 1.07) for negative pictures, 7.43 (SD: 0.52) and 4.99 (SD: 1.10)
for positive pictures, and 4.87 (SD: 0.28) and 2.66 (SD: 0.54) for neutral
pictures.

Subjects completed two runs. Each involved 288 trials (32 in each of
9 categories [3 image type x 3 condition type]) and 96 fixation presen-
tations (each of 2500 ms length to generate a baseline). Trial order
was randomized across participants. Participants were asked to with-
draw from their current stimulant medications at least 24 h prior to
scanning.
2.3. Image acquisition and analysis

Whole-brain blood oxygen level-dependent (BOLD) fMRI data were
acquired using a 3-T GE MRI scanner. Following sagittal localization,
functional T2*-weighted images were acquired using an echo-planar
single-shot gradient echo pulse sequence with a matrix of 64 × 64 mm,
repetition time (TR) of 3000 ms, echo time (TE) of 30 ms, field of view
(FOV) of 240 mm, and voxels of 3.75 × 3.75 × 4 mm. Images were ac-
quired in 30 continuous 4 mm axial slices per brain volume across two
runs. The duration of each run was 8 min 13 s. In the same session, a
high-resolution T1-weighed anatomical image was acquired to aid with
spatial normalization (three-dimensional Spoiled GRASS; TR = 8.1 ms;
trial; (b) positive congruent trial; (c) positive incongruent trial.



Table 2
Behavioral data (standard deviations in brackets).

Healthy
children/adolescents

Children/adolescents
with ADHD

RT (milliseconds)
Negative congruent 774.24 (35.27) 942.84 (40.92)
Negative incongruent 865.41 (35.76) 1006.93 (41.48)
Neutral congruent 764.60 (35.14) 923.83 (40.77)
Neutral incongruent 860.64 (34.60) 984.01 (40.22)
Positive congruent 777.72 (35.09) 931.90 (40.71)
Positive incongruent 854.14 (33.83) 999.13 (39.25)
All congruent 772.18 (34.65) 932.81 (40.20)a

All incongruent 860.06 (34.15) 996.69 (39.62)b

All negativec 819.82 (34.84) 974.88 (40.43)
All neutralc 815.93 (34.05) 953.93 (39.82)
All positive 812.61 (34.32) 965.51 (39.51)
Group⁎ 816.12 (34.11) 964.78 (39.58)d

Accuracy (percent)
Negative congruent 71.3 (2.8) 69.6 (3.2)
Negative incongruent 66.3 (2.9) 64.8 (3.4)
Neutral congruent 72.3 (2.3) 70.1 (2.6)
Neutral incongruent 67.8 (2.9) 69.2 (3.4)
Positive congruent 73.2 (2.8) 69.5 (3.3)
Positive incongruent 65.5 (2.8) 66.0 (3.2)
All congruent 72.3 (2.3) 69.7 (2.7)
All incongruent 66.5 (2.6) 66.7 (3.0)
All negative 68.8 (2.6) 67.2 (3.0)
All neutral 70.0 (2.4) 69.7 (2.7)
All positive 69.4 (2.4) 67.7 (2.8)
Group 69.4 (2.3) 68.2 (2.6)

Groups differed (p b 0.05) in RT for both congruent and incongruent trials (a and b respec-
tively). In addition, participants were slower for negative relative to neutral trials (c). Also
there was overall significance group difference in RT between healthy children/adolescents
and children/adolescents with ADHD (d).
⁎ p b 0.05 (difference between a and b, c and d).
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TE = 3.2 ms, flip angle 20°; field of view = 240 mm, 128 axial slices,
thickness = 1.0 mm; 256 × 256 acquisition matrix).

2.4. Behavioral data analysis

Behavioral data were analyzed via two 2 (diagnosis: healthy chil-
dren/adolescents, children/adolescents with ADHD) by 2 (task: congru-
ent, incongruent) by 3 (emotion: negative, positive, neutral) between-
group repeated measures ANOVAs that were applied to the reaction
time (RT) and accuracy data respectively.

2.5. Functional MRI analysis

Data were analyzed within the framework of a random effects gen-
eral linear model using Analysis of Functional Neuroimages (AFNI).
Both individual and group-level analyses were conducted. The first 5
volumes in each scan series, collected before equilibriummagnetization
was reached, were discarded. EPI datasets were de-spiked and slice-
time corrected. Motion correction was performed by registering all vol-
umes in the EPI dataset to the last volume of the EPI dataset, which was
collected shortly before acquisition of the high-resolution anatomical
dataset. TRs were censored if the motion was above the motion limit
(1 mm). EPI datasets and anatomical were coregistered using a Local-
ized Pearson Correlation cost function.

The EPI datasets for each subject were spatially smoothed (using an
isotropic 6 mm Gaussian kernel) to reduce the influence of anatomical
variability among the individual maps in generating group maps. Next,
the time series data were normalized by dividing the signal intensity
of a voxel at each time point by the mean signal intensity of that voxel
for each run andmultiplying the result by 100. Resultant regression co-
efficients represented a percent signal change from the mean. The
model involved six motion regressors and the following 9 condition re-
gressors (each modeled as a single event from the presentation of the
first image): negative congruent, negative incongruent, negative view,
neutral congruent, neutral incongruent, neutral view, positive congru-
ent, positive incongruent and positive view. A regressormodeling incor-
rect responses was also included. All regressors were convolved with a
canonical hemodynamic response function (HRF) to account for the
slow hemodynamic response (with time point commencing at time of
first image onset). There was no significant regressor collinearity.

The participants' anatomical scans were individually registered to
the Talairach and Tournoux atlas (Talairach and Tournoux, 1988). The
individuals' functional EPI data were then registered to their Talairach
anatomical scan within AFNI. Linear regression modeling was per-
formed using the 10 regressors (9 condition plus incorrect responses)
described earlier, plus regressors to model a first-order baseline drift
function. This produced β coefficients and associated t statistics for
each voxel and regressor.

The BOLD data were analyzed via a 2 (diagnosis: healthy children/
adolescents, children/adolescents with ADHD) by 3 (condition: congru-
ent, incongruent, view) by 3 (emotion: negative, positive, neutral)
between-group repeated measure ANOVA. Statistical maps were creat-
ed for each main effect and interaction by thresh-holding at a single-
voxel p value of p b 0.005. To correct for multiple comparisons, we
performed a spatial clustering operation using ClustSim with 10,000
Monte Carlo stimulations taking into account the EPI matrix covering
the gray matter. This procedure yielded a minimum cluster size
(19 voxels) with a map-wise false-positive probability of p b 0.05,
corrected for multiple comparisons.

2.6. Context-dependent psychophysiological interaction (gPPI) analysis

Context-dependent psychophysiological interaction (gPPI) analyses
were conducted to examine group differences in functional connectivity
following the method described by McLaren and colleagues (McLaren
et al., 2012). Our main goal was to examine group differences in
functional connectivity within the executive attention network. As
such, we took as a seed the strongest activated region showing a main
effect to condition from the main ANOVA conducted on the BOLD re-
sponse data (see Supplement Data Table 1); dorsomedial frontal cortex
(coordinates: −4.5, −4.5, 47.5). This seed was formed by choosing
the entire cluster (119 voxels) at a very conservative p-value (p =
7.0x10-13). This seed can be considered relatively unbiased by group
membership as it was identified by the main effect of condition
(i.e., significant activity was seen within it in both groups) rather than
by the group-by-condition interaction. In addition, we took a right
amygdala seed determined by the amygdala region showing a main
effect of emotion (peak coordinates: 19.5, −4.5, −9.5). This allowed
us to examine group differences in functional connectivity within the
amygdala (for this area, BOLD responses were greater for emotional
(negative and positive) relative to neutral stimuli; t = 3.864 & 3,997,
p = 0.000). The average activation from these seed regions was
extracted across the time series. Interaction regressors were created
by multiplying each of these average time series with nine condition
time course vectors (one for each task and emotion condition) which
were coded 1 or 0 for condition and emotion present or absent. The
average activation for the seeds was entered into a linear regression
model along with the nine interaction regressors and 6 motion regres-
sors. A 2 (diagnosis) by 3 (condition) x 3 (emotion) whole-brain
repeated measures ANOVA was then applied to the data.

3. Results

3.1. Behavioral data

Two 2 (diagnosis: healthy children/adolescents, children/adolescents
with ADHD) by 2 (task: congruent, incongruent) by 3 (emotion: negative,
positive, neutral) ANOVAswere applied to the reaction time (RT) and ac-
curacy data respectively; see Table 2. With respect to the RT data, there
was a significant main effect of diagnosis [F(1, 59) = 8.09, p = 0.006];
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RTswere significantly longer for children/adolescentswith ADHD relative
to healthy children/adolescents. There was also a significant main effects
of task [F(1, 59)=125.94, p=0.000] and a trend for emotion [F(2,58)=
2.82, p= 0.064]; RTs were significantly longer for incongruent relative to
congruent trials [t(60)=11.41, p=b0.001] andwere longer for negative
trials relative to neutral trials [t(60)= 2.28, p= 0.026; all other emotion
contrasts ns]. There were no significant interactions.

With respect to accuracy data, there was a significant main effect of
task [F(1, 59) = 9.03, p = 0.004]; accuracy was significantly lower for
incongruent relative to congruent trials [t(60)=3.18, p=0.002]. How-
ever, no other main effects or interactions were significant.
3.2. Movement data

There were no significant group differences between healthy chil-
dren/adolescents and children/adolescents with ADHD in movement
parameters (average movement across each time point) including
delta-roll, delta-pitch, delta-yaw, delta-ds, delta-dp, and delta-dl;
[t(58) = 0.697–1.931, p N 0.05].
3.3. MRI data

A whole-brain 2(diagnosis)-by-3(condition)-by-3(emotion) ANOVA
was applied to the BOLD data. This revealed regions, corrected for
multiple comparisons, showing significant diagnosis-by-condition and
diagnosis-by-condition-by-emotion interactions. Regions showing main
effects of diagnosis, condition, and emotion, and condition-by-emotion
interactions are presented in the Supplemental Information Section 1.
No regions showed a diagnosis-by-emotion interaction that survived
multiple comparison correction
3.4. Diagnosis-by-condition interaction

Therewere diagnosis-by-condition interactions in right dorsomedial
frontal gyrus and left cerebellar tonsil; see Table 3. Within both regions,
children/adolescents with ADHD showed significantly decreased BOLD
responses to incongruent trials relative to both congruent and view tri-
als compared to healthy children/adolescents [t(59) = 3.622/3.121 &
2.62.892, p = 0.001–0.02 respectively], but not for congruent relative
to view trials [t(59) = 0.287 & 0.350, p = 0.776 & 0.727, respectively];
see Fig. 2.
Table 3
Brain regions showing a significant interaction in comparison between healthy children/
adolescents and children/adolescents with ADHD. All regions are corrected for multiple
comparisons.

Coordinates of peak activation

Regiona Left/Right BA x y z F Voxels

Diagnosis-by-condition
Dorsomedial frontal gyrus Right 6 1.5 1.5 53.5 8.46 42
Cerebellar tonsil Left −10.5 −52.5 −33.5 7.33 36

Diagnosis-by-condition-by-emotion
Superior temporal gyrus Left 22 −49.5 −55.5 17.5 5.65 33
Middle temporal gyrus Left 22 −55.5 −37.5 5.5 6.68 102
Middle temporal gyrus Left 19 −40.5 −79.5 20.5 6.47 31
Fusiform gyrus Left 37 −37.5 −58.5 −12.5 6.78 65
Fusiform gyrus Left 19 −22.5 −55.5 −6.5 5.46 51
Lingual gyrus Right 18 19.5 −88.5 −9.5 5.12 35
Cuneus Left 18 −7.5 −91.5 11.5 5.01 26
Culmen Left 20 −31.5 −34.5 −18.5 6.41 25
Culmen Right 10.5 −52.5 −15.5 6.18 23

a According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon).
3.5. Diagnosis-by-condition-by-emotion interaction

No regions showed a diagnosis-by-emotion interaction that sur-
vived multiple comparison correction (k = 22). However, there were
regions that showed significant diagnosis-by-condition-by-emotion in-
teractions including left superior temporal gyrus, left middle temporal
gyri, left fusiform gyri, right lingual gyrus, left cuneus, and bilateral
culmen; see Table 3. Within all these regions, children/adolescents
with ADHD showed significantly greater responses to positive stimuli
relative to neutral stimuli during incongruent task trials relative to
healthy children [t(59) = 2.206–3.866, p = 0.000–0.031]; see Fig. 2.

The significant interactions identified above suggested that group
differences were most pronounced during incongruent trials. However,
it could be argued that incongruent trials should only be contrasted
with congruent trials as only these trials control for motor responses.
As such, we conducted a 2(diagnosis)-by-2(task: incongruent and
congruent)-by-3(emotion) ANOVA (i.e., the view trials were ex-
cluded). This revealed very similar results to the first; i.e., regions,
corrected for multiple comparisons, showing significant diagnosis-
by-task and diagnosis-by-task-by-emotion interactions (and re-
gions showing main effects of diagnosis, task, and emotion, and
task-by-emotion interactions — presented in the Supplemental In-
formation Section 2).

3.6. MRI results: gPPI results

Two 2 (diagnosis)-by-3(condition)-by-3(emotion) ANOVAs were
conducted on the gPPI data using the seeds identified from the BOLD re-
sponse ANOVA via themain effect of condition (left dorsomedial frontal
cortex seed) and emotion (right amygdala). We focused on regions
showing significant interactions of diagnosis with condition and diag-
nosis with emotion respectively.

Left dorsomedial frontal cortex seed: regions showing a significant
diagnosis-by-condition interaction included right lateral frontal gyrus
and left posterior insula; see Table 4. Children/adolescents with ADHD
showed significantly reduced connectivity between left dorsomedial
frontal gyrus and right lateral frontal gyrus relative to healthy chil-
dren/adolescents during task (incongruent and congruent) relative to
view trials [t = 3.498 & 3.782, p = 0.001 & 0.000, respectively]; see
Fig. 3. Children and adolescents with ADHD also showed significantly
increased connectivity between left dorsomedial frontal gyrus and left
posterior insula relative to healthy children/adolescents during task (in-
congruent and congruent) relative to view trials [t= 2.715& 2.330, p=
0.009 & 0.023].

Right amygdala seed: regions showing significant diagnosis-by-emo-
tion interaction included right middle occipital gyrus and left lentiform
nucleus; see Table 4. For both regions, children/adolescents with ADHD
showed significantly decreased connectivity with the right amygdala
seed compared to healthy children/adolescents in response to positive
relative to neutral stimuli [t= 3.275& 3.581, p=0.002 & 0.000, respec-
tively], but not in response to negative relative to neutral stimuli [t =
1.072 & 0.599, p N 0.05]; see Fig. 3. Regions showing significant
diagnosis-by-condition-by-emotion interaction included bilateral
postcentral gyri; see Table 4. For both regions, children and adolescents
with ADHD showed significantly decreased connectivity with right
amygdala compared to healthy children/adolescents in response to pos-
itive relative to neutral stimuli during incongruent trials [t = 2.430 &
2.726, p = 0.018 & 0.008].

3.7. Correlation between BOLD response parameters and symptom severity

Six correlations were conducted to examine the relationship be-
tween BOLD responses within right dorsomedial frontal gyrus and left
cerebellar tonsil to incongruent trials relative to view trials and severity
of the patient's ADHD as measured by the Conner's Parent Scale for
ADHD, version 2 (Conners et al., 1998). BOLD response to incongruent
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Fig. 2. Dorsomedial frontal cortex region showing a significant diagnosis-by-condition interaction and fusiform gyri showing significant diagnosis-by-condition-by-emotion interactions.
(A) Right dorsomedial frontal gyrus (coordinates: 1.5, 1.5, 53.5) showing a significant group-by-condition interaction; (B) parameter estimates for right dorsomedial frontal gyrus;
(C) negative correlation between symptom severity as measured by Conner parent report scale and BOLD response to incongruent-view trials right dorsomedial frontal gyrus in patients
with ADHD; (D) and (F) left fusiform gyri (coordinates:−37.5,−58.5,−12.5 and−22.5,−55.5,−6.5, respectively) showing a significant group-by-condition-by-emotion interaction;
(E) and (G) parameter estimates for left fusiform gyri. *: regressor contrasts showing significant group differences. (B), (E), (G) Y axis— parameter estimates. Incong_View: incongruent
trials — view trials; Cong_View: congruent trials — view trials; Neg_Neu_Incong: negative incongruent trials — neutral incongruent trials; Neg_Neu_Cong: negative congruent trials —
neutral congruent trials; Neg_Neu_View: negative view trials — neutral view trials; Pos_Neu_Incong: positive incongruent trials — neutral incongruent trials; Pos_Neu_Cong: positive
congruent trials — neutral congruent trials; Pos_Neu_View: positive view trials — neutral view trials.
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trials relative to view trials within dorsomedial frontal cortex correlated
with both total Conner Scale score [r=−0.480, p= 0.002] and level of
hyperactivity symptoms [r = −0.548, p = 0.007] but not with
Table 4
Brain regions showing a significant interaction of connectivity in comparison between
healthy children/adolescents and children/adolescents with ADHD. All regions are
corrected for multiple comparisons except those marked with an * that were below the
ClusterSim cluster size (19 voxels).

Coordinates of peak activation

Regiona Left/right BA x y z F Voxels

(A)
Left lateral frontal gyrus seed
Diagnosis-by-condition
Lateral frontal gyrus Right 9 46.5 16.5 35.5 9.50 14*
Claustrum Left −34.5 −22.5 2.5 12.12 36

(B)
Right amygdala seed
Diagnosis-by-emotion
Middle occipital gyrus Right 18 40.5 −79.5 −6.5 12.53 21
Lentiform nucleus Left −22.5 −7.5 −0.5 8.37 31

a According to the Talairach Daemon Atlas (http://www.nitrc.org/projects/tal-daemon).
inattention. Also there was no correlation between BOLD response
and symptom severity in cerebellar tonsil; see Fig. 2.

3.8. Effect of medication and comorbidity

Participants were asked to withdraw from their current stimulant
medications at least 24 h prior to scanning. However, we could not rule
out the long term effect of stimulant medications, as well as comorbidity
with other psychiatric diagnoses. Thus, we conducted analyses excluding
children/adolescents on psychotropic medications (10 stimulant cases
and 1 antipsychotic) and comorbidity of substance abuse and opposition-
al defiant disorder (2 substance abuse cases with a very mild degree of
cannabinoid exposure and 1 oppositional defiant disorder). These analy-
ses revealed similar results to the main analysis reported above; see the
Supplemental Information Sections 3 and 4.

4. Discussion

The current study investigated the dysfunction of regions implicated
in executive attention control and emotional responding in children and
adolescents with ADHD. There were four main results: First, compared
to healthy controls, children and adolescents with ADHD showed
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Fig. 3. GPPI connectivity data: (A) lateral frontal gyrus (coordinates: 46.5, 16.5, 35.5) showed a significant diagnosis-by-task interaction in connectivity with right dorsomedial frontal
gyrus seed; (B) parameter estimates for lateral frontal gyrus. (C) left lentiform nucleus (coordinates: −22.5, −7.5, −0.5) showing a significant diagnosis-by-emotion interaction in
connectivity with right amygdala seed and; (D) parameter estimates for left lentiform nucleus. (B), (D) Y axis: parameter estimates. Incong_View: incongruent trials — view trials;
Cong_View: congruent trials — view trials; Neg_Neu: negative trials — neutral trials; Pos_Neu: positive trials— neutral trials.
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decreased recruitment of right dorsomedial frontal gyrus under high
cognitive demand (incongruent trials but not congruent trials relative
to view trials). This BOLD signal decrease significantly correlated with
symptom severity (total and hyperactivity) measured by Conner's Par-
ent Report Scale in the children/adolescents with ADHD. Second, chil-
dren and adolescents with ADHD showed significantly decreased
connectivity between dorsomedial frontal cortex and lateral frontal
gyrus under increased cognitive demand (incongruent and congruent
trials relative to view trials) compared to healthy children/adolescents.
Third, children/adolescents with ADHD showed increased responses to
positive stimuli during incongruent task trials within temporal cortical
regions. Fourth, compared to healthy children and adolescents, patients
with ADHD showed decreased connectivity between the amygdala and
striatum during positive relative to neutral trials.

In line with predictions, patients with ADHD showed reduced
recruitment of dorsomedial frontal cortex relative to the comparison
group during incongruent task trials. These data support suggestions
that the neural circuitry underlying executive attention is disrupted in
ADHD (De La Fuente et al., 2013; Rapport et al., 2013; Sonuga-Barke
et al., 2008). Moreover, they are consistent with previous studies of
ADHD that have reported decreased activity in patients with ADHD
within this area (Schneider et al., 2010). Indeed, recent meta-analyses
of the literature on ADHD revealed consistent hypo-activation within
proximal regions in patients with ADHD relative to comparison individ-
uals (Cortese et al., 2012-peak coordinates: −0.35, 15.56, 48.61;
McCarthy et al., 2013-peak coordinates: −10, 4, 54; coordinates in
current study: 1.5, 1.5, 53.5). Notably, the extent of the BOLD signal de-
crease in response to incongruent trials in dorsomedial frontal gyrus
correlated with both total symptom and hyperactivity scores measured
by theConner's Parent Scale. These data support suggestions that the re-
duced ability to recruit this region relates to the development of ADHD.

On the basis of the executive attention dysfunction account (De La
Fuente et al., 2013; Rapport et al., 2013; Sonuga-Barke et al., 2008),
we additionally predicted that the patients with ADHDwould show re-
duced recruitment of lateral frontal cortex. Previous work has reported
that patients with ADHD show decreased activity in lateral PFC in the
context of executive or sustained attention tasks (Banich et al., 2009;
Christakou et al., 2013; Rubia et al., 2009; Schneider et al., 2010). This
was not seen in the current study (though task performance shows con-
siderable recruitment of lateral PFC; see Supplemental Information
Table 1). However, it is notable that our gPPI analysis indicated reduced
connectivity between dorsomedial frontal cortex and right lateral PFC
during task trials in the patients with ADHD relative to the healthy
youth. Moreover, recent meta-analyses revealed consistent hypo-
activation in patients with ADHD within proximal regions relative to
comparison individuals (Cortese et al., 2012-coordinates: 42.23, 9.52,
29.36; McCarthy et al., 2013-coordinates: 46, 22, 30; coordinates in cur-
rent study: 46.5, 16.5, 35.5). These data indicate a relative failure during
task performance in the integrated functioning of these regions impli-
cated in executive attention in the patients with ADHD.

On the assumption that patients with ADHD would show deficient
recruitment of regions implicated in executive attention and conse-
quent failure of priming of representation of task-relevant stimuli,
we predicted that the patients with ADHD would show heightened
responding to emotional stimuli during task trials (i.e., reduced emotion
regulation). This was partly affirmed by increased BOLD responses to
positive (though not negative) stimuli relative to neutral stimuli during
task (incongruent) trials in areas implicated in stimulus representation
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(Desimone and Duncan, 1995); e.g., middle temporal gyri, fusiform gyri
and lingual gyrus. Of course, it should be noted that the heightened ac-
tivity within these regions during incongruent trials was only seen for
positive stimuli. This was unpredicted. There have been previous re-
ports of increased responses to positive (but not negative) stimuli in pa-
tients with ADHD (Posner et al., 2011). Moreover, patients with ADHD
may have increased difficulty relative to comparison individuals regu-
lating positive emotions (Musser et al., 2013). However, our finding of
a valence specific increased responsiveness is inconsistent with
general problems in emotion regulation. General problems in emotion
regulation should result in increased responsiveness to positive and
negative stimuli.

There are several previous studies suggesting that ADHD is uniquely
associated with disruptions in positive emotion or approach systems
(Karalunas et al., 2014; Martel, 2009; Musser et al., 2011; Nigg, 2006).
It should also be noted that the patients with ADHD showed decreased
connectivity between the amygdala and striatum (lentiform nucleus).
This result is also unlikely to be a secondary consequence of executive
attention dysfunction, considering this was observed as a diagnosis-
by-emotion interaction; i.e., the result reflects heightened integration
of response to emotional stimuli generally rather than only under task
trials (as would be predicted by a failure of executive attention related
emotion regulation). In short, the current results did not support the
suggestion of reduced emotion regulation in patients with ADHD at
least with respect to emotion regulation via executive attention.

Striatum has been a main focus of interest regarding the pathophys-
iology of ADHD for some time (Del Campo et al., 2013; Plichta and
Scheres, 2014; Valera, Faraone, Murray, and Seidman, 2007). Previous
studies have reported reduced lentiform nucleus volume in patients
with ADHD relative to comparison youth (Nakao et al., 2011), as well
as decreased activity in regard to motor response inhibition (Durston
et al., 2003; Rubia et al., 1999), or selective sustained attention (Rubia
et al., 2009); (see also recent meta-analyses; Cortese et al., 2012;
McCarthy et al., 2013). The current data also indicate atypical striatal
functioning in patients with ADHD, specifically with respect to its inter-
actions with the amygdala in response to positive emotional stimuli.

Finally, we found both amain effect of emotionwithin the amygdala
(all participants showed greater responses to emotional relative to neu-
tral stimuli) and many regions showed a main effect of emotion for the
gPPI connectivity data (there was only a group-by-emotion interaction
within lentiform nucleus; see Supplemental Information Section 5).
These data also suggest that despite evidence of impaired recruitment
and functioning of systems involved in executive attention, emotion
regulation in this task was not disrupted.

The results of the current study can be contrasted with those of
Passarotti et al. (2010a) and Posner et al. (2011) who used variants of
the superficially similar emotional Stroop task. Distracting emotional in-
formation in the emotional Stroop task is a component of the task rele-
vant stimulus (the words to be counted are emotional or the word
whose hue is to be named is emotional). In contrast, in the affective
Stroop task the emotional distracters serve as representational compet-
itors for the target stimulus; they are images that are temporally distinct
from the target stimulus. Emotional Stroop tasks have been associated
with activity inmore rostral and ventral regions ofmedial frontal cortex
(Bush, 2010) and Passarotti et al. (2010a) and Posner et al. (2011) re-
ported dysfunction in patients with ADHD in these more ventromedial
regions (decreased activity relative to controls in response to negative
distracters and increased in response to positive distracters). In contrast,
performance on the affective Stroop task is reliant on more dorsal re-
gions of medial frontal cortex (Blair et al., 2007). It was dysfunction in
these regions in the patients with ADHD that was seen here.

There are several potential reasons for the differences in results be-
tween the current study and those of Passarotti et al. (2010a) and
Posner et al. (2011). First, it is possible that the stimulus properties of
the emotional Stroop (where the emotional distracters are also the tar-
get stimuli) recruit ventral prefrontal emotion regulation systemswhile
those of the affective Stroop (where the emotional distracters are tem-
porally separated from the target stimuli) rely onmore dorsal prefrontal
(both dorsomedial and lateral frontal) regions. If the tasks recruit differ-
ent regions, it is to be expected that they would reveal different results
as a function of diagnosis. Second, and perhaps more usefully, it can be
noted that a critical contrast for the affective Stroop task concerned the
differential recruitment of dorsomedial frontal cortex during incongru-
ent and congruent trials. In contrast, the critical contrast in the emotion-
al Stroop studies has concerned the differential recruitment of regions
in the presence of negative (and in an additional contrast positive) rel-
ative to neutral distracters (Passarotti et al., 2010a; Posner et al., 2011).
Importantly, in the current task incongruent trials involved distracters
that were response competitors for the target stimuli; i.e., three 4 s in-
volved the representation of 4 which might be the target stimulus on
the next trial. In contrast, the emotional distracters in the emotional
Stroop task (or in the affective Stroop task) arenot response competitors—
they are not associatedwith responses on the tasks themselves. Consider-
able fMRI work with the Stroop task attests to dorsomedial frontal cortex
in mediating the interference effect induced by distractors (Mayer et al.,
2012; Song andHakoda, 2015;Weissman andCarp, 2013) and, consistent
with the current study, the disrupted recruitment of this region in chil-
dren/adolescents with ADHD when performing classic Stroop tasks
(Cortese et al., 2012).

In this regard, the contrasts examined by Passarotti et al. (2010a)
and Posner et al. (2011) are more similar to our group-by-emotion
and group-by-condition-by-emotion interactions. And here there is
some loose similarity between our findings and the previous two stud-
ies. Both of these studies report increased responses in vmPFC to posi-
tive stimuli and decreased responses within vmPFC to negative stimuli
in patients with ADHD relative to comparison youth. Both studies
interpreted these findings in terms of deficient emotion regulation.
However, this is a reverse inference; no direct evidence was provided
that the recruitment seen reflected emotion regulation (and indeed it
is unclear why patients with ADHD should show increased/deficient
regulation as a function of stimulus valence). Instead, it is plausible
that it reflected representation of the value of the emotional distracters.
There is considerable evidence that vmPFC is involved in the represen-
tation of stimulus value showing increased responses for positive stim-
uli and decreased responses for negative stimuli (for a recent review,
see; Clithero and Rangel, 2014). From this view, the Passarotti et al.
(2010a) and Posner et al. (2011) findings would reflect enhanced re-
sponses to positive and negative stimuli in the patients with ADHD. In
the current study, we also found evidence of enhanced responses to
positive stimuli in the patients with ADHD (albeit during task trials
and within temportal and fusiform gyri). As such, the findings of these
three studies may be somewhat more similar than initially appears.

Seven caveats should be consideredwith respect to the current data.
First, 11 of our 26 participants with ADHD were receiving medication.
While participants were instructed to withhold their stimulant medica-
tions for at least one day prior to scanning, medication status could have
influenced the current data. Mitigating this concern are our results for
the treatment naïve patients with ADHD. These individuals showed
comparable results to the group of children and adolescents with
ADHDas awhole (see the Supplemental Information Section 3). Second,
2 of our participants with ADHD were comorbid for substance abuse
disorder, and 1 for oppositional defiant disorder. However, it should
be noted that a re-analysis of the data excluding these three participants
had a minimal impact of the results (see the Supplemental Information
Section 4). In short, the current results do not appear to be a product of
comorbid substance abuse disorder. Third, our careful exclusion of pa-
tientswhowere comorbid for both other externalizing and internalizing
conditions means that the current results may not generalize to the en-
tire population of individuals diagnosed with ADHD (where such co-
morbidities are common) (American Psychiatric Association, 2013).
However, importantly, these data identify pathology that is specifically
associated with ADHD symptomatology and not related to the other
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diagnoses of behavior disorders (such as Conduct Disorder or Opposi-
tional Defiant Disorder). Fourth,while the diagnostic groups did not sig-
nificantly differ on gender, it is possible that gender differences had an
impact. Mitigating this concern, followupANCOVA analyses of the func-
tional data with gender as a covariate revealed no significant in-
teractions of gender with group on BOLD response within any of the
regions under consideration. In addition, we conducted a gender (fe-
male and male)-by-condition-by-emotion ANOVA on the BOLD re-
sponse data. This revealed regions showing a main effect of gender
and significant gender-by-emotion interactions (see Supplemental In-
formation Section 6). However, none of the regions identified over-
lapped with those identified as relevant to ADHD in this paper. As
such, gender does not to appear to have a significant impact on the re-
sults reported here. Fifth, it is possible that the significant group differ-
ences in RT might relate to the group differences in BOLD response
within dorsomedial frontal cortex. To address this issue, we conducted
an additional diagnosis-by-condition-by-emotion ANCOVA using the
participant's average reaction time as a covariate (see Supplemental In-
formation Section 7). This ANCOVA revealed a very similar region of
dorosomedial frontal gyrus (coordinates: 1.5, 1.5, 53.5, 46 voxels)
showing a group-by-condition interaction. In short, it is unlikely that
the obtained result within dorsomedial frontal cortex can be attributed
to reactive time differences between the groups. Sixth, the valence rat-
ings of the images were based on established norms (Lang et al., 2005)
rather than the participant's self-reports. There might be group differ-
ences in level of experienced emotion. Of course, this might reflect the
patient's pathology; i.e., as such controlling for self-reported levels of
valence would control for level of pathology. Seventh, it is important
to note that while the current data indicate that patients with ADHD
as a group do not show impairment in the form of emotion regulation
studied here, this does not mean that all patients with ADHD do not
show this impairment. Recent work has argued that patients with
ADHD can be subtyped into three different forms according to their
emotional responsiveness (Karalunas et al., 2014). It is possible that,
for example, the irritable subtype identified in the Karalunas et al.
(2014) studymight show executive attention based emotion regulation
impairment.

In conclusion, the current results support suggestions of disrupted
recruitment of regions implicated in executive attention (dorsomedial
and lateral frontal cortices) in children and adolescentswith ADHD, par-
ticularly in the presence of more difficult task demands (incongruent
trials). Moreover, they support suggestions of exaggerated emotional
responses in patients with ADHD at least to positive stimuli. Future
study is warranted to further elucidate the interaction between execu-
tive function and emotion dysregulation in ADHD.
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