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Functional neuroimaging studies of attention-deficit/hyperactivity disorder (ADHD) have focused on the
neural correlates of cognitive control. However, for many youths with ADHD, emotional lability is an
important clinical feature of the disorder. We aimed to identify the neural substrates associated with
emotional lability that were distinct from impairments in cognitive control and to assess the effects that
stimulants have on those substrates. We used functional magnetic resonance imaging (fMRI) to assess neural
activity in adolescents with (N=15) and without (N=15) ADHD while they performed cognitive and
emotional versions of the Stroop task that engage cognitive control and emotional processing, respectively.
The participants with ADHDwere scanned both on and off stimulant medication in a counterbalanced fashion.
Controlling for differences in cognitive control, we found that during the emotional Stroop task, adolescents
with ADHD as compared with controls demonstrated atypical activity in the medial prefrontal cortex (mPFC).
Stimulants attenuated activity in the mPFC to levels comparable with controls.
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1. Introduction

Attention-deficit/hyperactivity disorder (ADHD) is among the most
common diagnoses in pediatric psychiatry with 3–10% of school age
children affected by the disorder (Barkley, 2005). Although ADHD is
characterized by inattention, hyperactivity, and impulsivity, one of the
most challenging aspects of the disorder is the heightened emotional
lability (EL) that is highly prevalent in children with ADHD (Barkley,
1997a). Emotional lability indicates a tendency for intense, or strong,
emotional reactions (Maedgen and Carlson, 2000; Conners, 2008;
Sobanski et al., 2010) and has been described in youths with ADHD in
both the clinical and research literature (Barkley and Fischer, 2010) for
several decades, beginning as early as 1798 with Alexander Crichton's
description of hyperactive children demonstrating a “morbid exagger-
ation of emotional excitability” (Crichton, 1798). In addition, epidemi-
ological studies demonstrate that youths with ADHD have rates of
depression and anxiety disorders far beyond those expected by chance
alone (Biederman et al., 1991).
Despite the clinical significance of EL in ADHD, its neurobiological
substrates are unknown. There are two main, competing hypotheses.
The first maintains that EL in ADHD patients stems primarily from
impairments in cognitive control and this manifests itself as an im-
paired capacity to suppress responses elicited by emotional stimuli
(Barkley, 1997b). The competing hypothesis maintains that it is emo-
tional processing itself that is dysfunctional with emotional stimuli
generating unusually, strong emotional responses in youthwith ADHD
(Sonuga-Barke et al., 1992). Neuroimaging studies that have examined
emotional processing in ADHD subjects have not fully tested these two
hypotheses because they did not attempt to disentangle emotional
processing from more general deficits in cognitive control (Peterson,
2003). To overcome this, we used functional magnetic resonance
imaging (fMRI) to examine whether adolescents with ADHD have
altered task-related activation during an emotional processing task
and whether these atypical task-related activations could be dissoci-
ated from activations associated with cognitive control.

To examine emotional processing, we used an emotional Stroop
task (Whalen et al., 2006; Passarotti et al., 2009). In this task, we
presented participants with neutral and emotionally salient words
(i.e., words such as ‘month’ and ‘death,’ respectively). The emotionally
salient words had either positive or negative valence (e.g., ‘happy’ or
‘hate,’ respectively). On each trial, the same word was written several
times (Fig. 1A). The task was to indicate on a keypad the number of
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Fig. 1. Examples of the trial types for the emotional and cognitive Stroop tasks. (A) In
the emotional Stroop, there were 3 conditions: neutral words, negatively valenced
words, and positively valenced words. During the neutral word trials, subjects were
presented with words lacking emotional content; during the negatively and positively
valenced word trials, subjects were presented with words associated with high
emotional valence. The subject's task was to indicate on a keypad the number of times
that the word was written. For each of the examples provided, the correct response is
“3.” (B) In the cognitive Stroop, there were 2 conditions: neutral words and number
words. During the neutral word trials, subjects were presented with words describing
an article of clothing; during the number word trials, subjects were presented with
number words that were incongruent with the number of times the word was
presented (e.g., “two” written 3 times, in which the correct response would be “3”). As
with the emotional Stroop, the subject's task was to indicate on a keypad the number of
times that the word was written.

Table 1
Demographic and clinical characteristics of the study sample. CDI, Children's Depression
Inventory; STAI, Spielberger State Anxiety Inventory; FSIQ, Full Scale Intelligence
Quotient estimated from theWechsler Abbreviated Scale of Intelligence. Socioeconomic
status was assessed with the Hollingshead Index of Social Position. Pubertal status was
assessed with the Puberty Development Scale (PDS). *Indicates a statistically significant
difference between the ADHD and control participants. The ± indicate standard
deviations.

ADHD Healthy
controls

Test
statistic

P value

Age in years 13.5±1.2 13.4±1.2 t=0.3 0.8
Gender 13 males;

2 females
13 males;
2 females

χ2=0 1.0

Hollingshead Index
of Social Position

32.4±13.9 31±11.8 t=0.3 0.8

FSIQ 111.4±16 114.1±10 t=0.5 0.6
Pubertal status 2.5±0.8 2.7±0.7 Mann–Whitney

U=98
0.5

STAI 45.2±7.3 39.5±7.4 t=2.1 0.04*
CDI 46.4±7.0 39.5±0.9 t=3.4 0.003*
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times the word was written. Participants are often slower and less
accurate in counting the number of times that a word is presented
during trials with emotion-denoting words than during the neutral
trials (i.e. trials with words without emotional salience) (Williams
et al., 1996). This effect of emotion-denoting words on task per-
formance is referred to as an attentional bias, or distraction, and it is
thought to reflect participants' difficulty in diverting attention away
from the emotion evoked by the emotional words.

To dissociate emotional processing from cognitive control, we also
used a cognitive Stroop task (Bush et al., 2006) that was analogous to
the emotional Stroop. As in the emotional Stroop, the subject's task
was to indicate the number of times that a word was written. The
difference, however, was that with the cognitive Stroop, the distracter
trials consisted of number words that conflicted with the number of
presentations (e.g., the word “two” presented three times, in which
case the correct answer is three; Fig. 1B). Conversely, during neutral
trials, participants were shown words denoting an article of clothing.
Like other cognitive versions of the Stroop, this task requires cognitive
control, because during the distracter trials participants automatically
read the number word and then have to inhibit the tendency to
answer with the number indicated by the word (MacLeod, 1991; Bush
et al., 2006).

By using both cognitive and emotional versions of the Stroop, we
aimed to test the following hypotheses: During the cognitive Stroop,
we hypothesized that activation would be detected in the neural
substrates associated with cognitive control. These substrates include
the dorsal striatum, dorsal anterior cingulate, lateral prefrontal cortex
(PFC), and thalamus (Casey et al., 2007). (Prior research has
addressed group level differences between ADHD subjects and
controls during the cognitive Stroop; this was not a focus of this
study.) Having identified brain region associated with cognitive
control, we then aimed to covary for the effects of cognitive control
and identify brain regions that differed between ADHD participants
and controls in their responses during the emotional Stroop. In doing
so, we intended to tease apart the effects of cognitive control (as
determined by the cognitive Stroop) from the effects of emotional
processing (as determined by the emotional Stroop). We hypothe-
sized that the ADHD participants would differ from controls in
emotional processing even after covarying for their impaired
cognitive control. More specifically, we predicted different patterns
of activation, depending on the mechanism by which ADHD subjects
differed from controls in emotional processing. If ADHD participants
differed from controls in the processing of positive emotions, we
expected to find increased activation in the ADHD participants in
regions that are most typically associated with positive affect (e.g.
ventral striatum) (Posner et al., 2005) during the presentation of
positively valenced words. Likewise, if ADHD participants differed
from controls in the processing of negative emotions, we expected
increased activation in regions associated with negative affect (e.g.
insular cortex) (Phan et al., 2002) during the presentation of
negatively valenced words. Alternatively, if the ADHD participants
differed from controls in emotion regulation, we should find altered
activation during the presentation of either positively or negatively
valenced words because emotion regulation should be engaged to
modulate emotional processing regardless of the valence (i.e., positive
or negative) of the words presented. Moreover, the task-related
activations should be detected in brain regions associated with the
regulation of emotion (e.g. medial PFC and hippocampus) (Davidson
et al., 2000; Posner et al., 2009). Lastly, we scanned the ADHD
participants while they were on and off stimulant medication. We
hypothesized that stimulants would attenuate the atypical emotional
processing that we expected to find in the unmedicated ADHD youth.

2. Methods

The Institutional Review Board of the Oregon Health & Science
University (OHSU)approved the studyprocedures. All childparticipants
provided informed assent and a legal guardian provided informed
consent.

2.1. Subjects

Participants were 15 adolescents with ADHD and 15 healthy control
adolescents. Controls were age- and gender-matched to the ADHD
subjects (Table 1). Controls were screened for psychiatric disorders
using the Diagnostic Interview Schedule for Children (DISC) —

Predictive Scales (Lucas et al., 2001) and were excluded if they had
any probable, active Axis I disorder. ADHD subjects, and at least one
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parent,were interviewedbya childpsychiatrist and completed the child
and parent versions of the DISC (Shaffer et al., 1993). ADHD subjects
were excluded if they had any active, Axis I disorder in addition to
ADHD, other than oppositional defiant disorder (ODD), or conduct
disorder (CD). All ADHD subjects were taking stimulantmedication as a
normalpart of their clinicalmanagement. ADHDsubjectswere excluded
if they were taking any non-stimulant psychotropic medication (e.g.
atomoxetine); control subjects were medication free. Additional
exclusion criteria for both groups included: (1) age b11 or N16 years;
(2) neurological illness or significant head trauma (loss of conscious-
nessN2 min); (3) seriousmedical problems; (4) pregnancy; (5) IQb80;
(6) left-handedness; (7) non-native English speakers; and (8) MRI
contraindications (e.g. braces).

Parents completed the Conners' Parent Rating Scales (Conners
et al., 1998) and Child Behavior Checklist (Achenbach and Rescorla,
2001). All subjects were administered the Edinburgh Handedness
Inventory (Oldfield, 1971), Hollingshead Index of Social Position
(Hollingshead, 1975), Children's Depression Inventory (CDI) (Kovacs,
1985), Spielberger State Anxiety Inventory (STAI) (Spielberger and
Gorsuch, 1970), and Puberty Development Scale (PDS) (Petersen
et al., 1988). ADHD subjects completed the Wechsler Abbreviated
Scale of Intelligence (WASI) (Wechsler, 1999); controls completed
the short form of the WASI, which consists of the Matrix Reasoning
and Vocabulary subtests. Because the ADHD subjects were to
complete two MRI scans and because ratings on the CDI and STAI
could, in theory, change between the first and second scan, the ADHD
subjects completed these measures twice — once at the time of their
first MRI scan and again at their second MRI scan. Scores on these
measures did not differ significantly at these two time points (CDI:
P=0.36; STAI: P=0.38), and thus we used only the scores obtained
with the first MRI scan. ADHD and control subjects did not differ
significantly in age, estimated IQ, socioeconomic status, or pubertal
stage (Table 1). ADHD subjects had significantly higher levels of
depressive symptoms (CDI t-scores for ADHD subjects: 46.4±7.0;
Controls: 39.5±0.9; comparison of ADHD subjects and controls:
t=3.4; d.f.=28, P=0.003) and anxiety (STAI t-scores for ADHD
subjects: 45.2±7.3 Controls: 39.5±7.4; t=2.1; d.f.=28, P=0.04).
(The depressive and anxiety levels in both groups were well below
levels indicative of clinical significance.) These differences in
depressive and anxiety symptoms were controlled for in subsequent
analyses. Within the ADHD sample, 13 participants were classified as
ADHD-combined type and two were classified as ADHD-predomi-
nantly inattentive type.

2.2. fMRI paradigms

ADHD subjects completed two scanning sessions: one while on
their normally prescribed stimulant and another after abstaining from
the stimulant for at least 48 h (i.e., exceeding at least 4 half-lives for
available stimulant formulations). The order of the scanning sessions
was counterbalanced across ADHD subjects to control for medication
status. (Seven ADHD participants completed their first scan while
unmedicated and eight completed it while medicated.) Control par-
ticipants completed a single scanning session.

We used two distinct fMRI tasks: a cognitive Stroop and an emo-
tional Stroop (Bush et al., 2006; Whalen et al., 2006). Each scanning
session included one run of the cognitive Stroop and two runs of the
emotional Stroop. (The rationale for using one run of the cognitive
Stroop and two runs of the emotional Stroop is discussed in the Sup-
plemental material.) Task order was counterbalanced across partici-
pants. For both tasks, each run consisted of 8 blocks, with 20 trials per
block and 15 s of fixation at the beginning and end of the run. Trials
consisted of 1.5 s of stimulus presentation, during which time subjects
responded by indicating the number of times the word was presented
(Fig. 1A and B). The total scan time per runwas 4 min, 30 s. The order of
presentation consisted of alternating neutral and number word blocks
for the cognitive Stroop and alternating neutral and valenced (positive
ornegative)wordblocks for the emotional Stroop (i.e., neutral, negative,
neutral, positive, etc.). After the scanning sessions, subjects provided
valence ratings (1=very unpleasant; 3=neutral; and 5=very pleas-
ant) for thewords, to confirm that thewordswere properly categorized
as neutral, negative, and positive. The words selected for the emotional
Stroopwerematchedbyword length and frequencyof use. Tomatch the
number words used in the cognitive Stroop, the neutral words were
selected from a single linguistic category — articles of clothing. The
words used during the tasks and their valence ratings are presented in
the Supplemental material.

The fMRI paradigmswereprogrammed inE-Prime (v. 1.0; Psychology
Software Tools, Pittsburgh, PA) running on aDell desktop computer (Dell
Computer Corp., Austin, TX).Weback-projected the stimuli onto a screen
that subjects viewed via a mirror attached to theMRI head coil. Reaction
times and responses were collected in the scanner using an MRI
compatible button box along with E-prime software.

2.3. Image acquisition

Images were acquired using a 3.0 T Siemens Magnetom Tim Trio
scanner with a 12-channel head-coil at the OHSU Advanced Imaging
Research Center. The scanning protocol startedwith a high-resolution,
whole-brain structural image series collected in the sagittal plane
using a T1-weighted Magnetization Prepared Rapid Gradient Echo
sequence (TI=900 ms, flip angle=10°, TE=3.58 ms, TR=2300 ms,
bandwidth=180 Hz/Px, 256×240 matrix, slice thickness=1 mm).
BOLD-weighted functional images were collected in an oblique plane
(parallel to the AC–PC line) using T2*-weighted echo-planar imaging
(TR=2000 ms, TE=30 ms, flip angle=90°, FOV=240 mm, in-plane
resolution=3.8×3.8 mm, 33 slices covering the whole brain, slice
thickness=3.8 mm).

2.4. Behavioral data analyses

We calculatedmean reaction times and error rates for the positive,
negative, and neutral words in the emotional Stroop and for the
number and neutral words in the cognitive Stroop. If no response was
provided for a trial, the trial was not included in the reaction time
average, but was included as an incorrect response when calculating
error rates. Difference scores between distracter and neutral trials
provide a more accurate reflection of attentional biases than do raw
scores (van Mourik et al., 2005) and thus we calculated distracter
effects as follows — reaction time distraction was calculated as the
difference in mean reaction times (MRT) between the distracter trials
and neutral trials:

Negatively valenced distraction=MRT negative word trials−MRT
neutral word trials.

Positively valenced distraction=MRT positive word trials−MRT
neutral word trials.

Cognitive distraction=MRT number word trials−MRT neutral
word trials.

A similar approach was used to calculate the distraction effects on
the basis of error rates:

Negatively valenced distraction=percent error negative word
trials−percent error neutral word trials.

Positively valenced distraction=percent error positive word
trials−percent error neutral word trials.

Cognitive distraction=percent error number word trials−percent
error neutral word trials.

Within-group analyses were conducted using single-sample t-tests.
Between group analyses compared the magnitude of the distraction
(a) in patients when they were medicated versus unmedicated (paired
t-tests), (b) between unmedicated patients and controls (independent-
sample t-tests), and (c) between medicated patients and controls
(independent-sample t-tests).
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2.5. fMRI data analyses

Images were analyzed using SPM5 (Wellcome Department of
Imaging Neuroscience). Images were slice-time andmotion corrected,
coregistered with each subject's T1-weighted scan, normalized into
theMontreal Neurological Institute (MNI) space, resampled at 2 mm3,
and smoothed with a Gaussian kernel of 6 mm3 FWHM (Friston et
al., 1995). A 128-second temporal high-pass filter removed low-
frequency noise. For each subject, linear models were constructed
using regressors indexing the duration of each block type (neutral and
number word blocks for the cognitive Stroop; neutral, negative, and
positive word blocks for the emotional Stroop) convolved with the
canonical hemodynamic response function. For the emotional Stroop,
we generated two contrasts: a) positive blocks vs. neutral blocks
(henceforth referred to as neural: positively valenced distraction), and
b) negative blocks vs. neutral blocks (henceforth referred to as neural:
negatively valenced distraction). For the cognitive Stroop, we genera-
ted a single contrast: number blocks vs. neutral blocks (henceforth
referred to as neural: cognitive distraction). Within-group analyses
were conducted on a) neural: negatively valenced, b) neural: positively
valenced, and, c) neural: cognitive distraction by entering the respec-
tive contrast images into single-sample t-tests.

2.6. Hypothesis testing

Group level differenceswere tested by entering the contrast images
for each distracter effect (i.e., neural: positively valenced distraction,
neural: negatively valenced distraction, and neural: cognitive distraction)
into two-way factorial models that incorporated random effects
and covaried for task performance, levels of anxiety and depression,
Table 2
Distraction effects of the emotional and cognitive Stroops. (A) Mean reaction time (in milli
words). (B) Within-group analyses of distraction effects on the basis of mean reaction time a
time and error rate. S.D. = standard deviation. *Indicates a statistically significant effect.

A

Neutral words Positive

Reaction time (RT)±S.D. % Error rate (ER)±S.D. RT±S.D

Unmedicated ADHD 790.9±85.1 14.1±14.7 842.9±
Medicated ADHD 780.4±87.7 11.2±8.7 800.3±
Controls 772.5±66.8 6.7±6.1 790.4±
B

Group Interference Reaction time interference effects±S.D. t(d

Unmedicated ADHD Negative 35.7±56.4 2.5
Positive 40.9±44.5 3.6
Cognitive 47.5±53.0 3.5

Medicated ADHD Negative 52.2±52 6.6
Positive 30.2±29.7 3.9
Cognitive 57.0±49.9 4.4

Controls Negative 57.2±41.2 5.3
Positive 17.9±27.4 2.5
Cognitive 70.2±47.5 5.7

C

Comparison Interference

Unmedicated ADHD vs. Controls Negative
Positive
Cognitive

Medicated ADHD vs. Controls Negative
Positive
Cognitive

Unmedicated ADHD vs. Medicated ADHD Negative
Positive
Cognitive
and the presence of comorbid oppositional defiant disorder/conduct
disorder (ODD/CD). We used a within-subject factor, distraction, with
three levels (positively valenced, negatively valenced, and cognitive
distraction).We treated the second factor, group, as a between-subject
factor when comparing ADHD patients with controls, and as a within-
subjects factor when comparing medicated and unmedicated ADHD
participants. To identify brain regions that differed in their response to
positively valenced distracters between groups, we isolated group×
neural: positively valenced distraction interactions within this these
larger models. Group×neural: negatively valenced distraction interac-
tions similarly identified brain regions that differed in their response
to negatively valenced distracters between groups. Finally, in order to
disentangle the effects of emotional processing from more general
cognitive control, we included the neural: cognitive distraction contrast
as a covariate. The results from the interaction analyses thus indicate
brain regions that differ across the groups in their response to nega-
tively or positively valenced distracters, while controlling for variance
associated with the effects of cognitive distracters.

To safeguard against identifying false-positive activations (i.e.,
Type I errors), we conducted 10,000 Monte-Carlo simulations and
determined that a minimum volume of 1600 ml with a connectivity
radius of 3.0 mm was needed to ensure that a voxel-wise alpha 0.01
would result in a corrected cluster-wise activation probability of
b0.0001. The Monte Carlo simulations were conducted using a ver-
sion of AlphaSim (Cox, 1996) adapted to run on a Matlab platform
(http://restfmri.net/forum). Regarding head motion during scanning,
we calculated the root mean square (RMS) values of the adjustments
needed to realign each subject's head position into the position that
it was in at the beginning of each scanning run. Only runs with
less than 2 mm RMS of motion were used in these analyses. There
seconds) and error rate for each trial type (i.e., neutral, positive, negative, and number
nd error rate. (C) Between-group analyses of distraction effects on the basis of reaction

words Negative words Number words

. ER±S.D. RT±S.D. ER±S.D. RT±S.D. ER±S.D.

93.7 16.3±17.1 839.5±93.0 17.1±16.4 877.0±79.3 24.4±18.1
81.3 11.2±9.3 830.4±97.0 12.8±8.8 874.8±67.7 17.6±13.4
81.2 5.5±7.7 829.2±79.3 5.8±6.9 859.1±68.5 9.4±4.7

.f.) p % Error rate interference effects±S.D. t(d.f.) p

(14) 0.03* 3.0±3.6 3.2(14) 0.006*
(14) 0.003* 2.3±5.9 1.5(14) 0.2
(14) 0.004* 8.7±6.6 5.1(14) 0.001*
(14) 0.001* 1.7±5.0 1.3(14) 0.2
(14) 0.001* 0.002±5.7 0.001(14) 0.9
(14) 0.001* 4.7±6.3 2.9(14) 0.01*
(14) 0.001* −0.9±2.6 1.4(14) 0.2
(14) 0.02* −1.2±4.3 1.1(14) 0.3
(14) 0.001* 4.0±5.0 3.1(14) 0.008*

Reaction time interference effects % Error rates interference effects

t(d.f.) p t(d.f.) p

1.2(28) 0.3 3.6(28) 0.002*
1.7(28) 0.1 1.8(28) 0.08
1.2(28) 0.2 2.2(28) 0.04*
0.4(28) 0.7 1.8(28) 0.08
1.2(28) 0.3 0.7(28) 0.5
0.7(28) 0.5 0.3(28) 0.8
1.3(14) 0.2 0.8(14) 0.5
0.7(14) 0.5 1.3(14) 0.2
0.5(14) 0.6 1.7(14) 0.1

http://restfmri.net/forum
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were no statistically significant differences in motion across the
three groups (data are provided with the Supplemental material),
but there was a non-significant trend (p=0.06) for greater motion
in unmedicated ADHD subjects than controls. We therefore incor-
porated into each subject's linear model six nuisance regressors
reflecting motion parameters in three translational directions and
rotations.

We localized the regions of activation by first obtaining in SPM
theMNI coordinates of the voxel with the peak signal intensity within
each area of activation. We translated the MNI coordinates into
Talairach coordinates using mni2tal (http://imaging.mrc-cbu.cam.ac.
uk/imaging/MniTalairach). Lastly, we used the Talairach deamon
(http://www.talairach.org/daemon.html) to localize the coordinates
Table 3
Group activation during the cognitive and emotional Stroop tasks. The coordinates and t-val
statistical significance. One voxel=2mm3.

Talairach coordinates Regi

Region of activation x y z

Unmedicated ADHD
Neural: positively valenced distraction (emotional Stroop)

Positive wordsNNeutral words −55 −1 −12 Mid
−10 46 −4 Med

Neutral wordsNPositive words NA
Neural: negatively valenced distraction (emotional Stroop)

Negative wordsNNeutral words NA
Neutral wordsNNegative words 14 54 −6 Med

Neural: cognitive distraction (cognitive Stroop)
Number wordsNNeutral words −46 19 34 Mid

2 29 39 Mid
−16 −73 53 Prec
32 −50 41 Supe
51 26 28 Mid

Neutral wordsNNumber words 46 −13 58 Prec
−24 −35 −7 Para
−10 48 −6 Med
57 1 −15 Mid
24 −39 −3 Para

Medicated ADHD
Neural: positively valenced distraction (emotional Stroop)

Positive wordsNNeutral words −46 39 −5 Mid
Neutral wordsNPositive words NA

Neural: negatively valenced distraction (emotional Stroop)
Negative wordsNNeutral words NA
Neutral wordsNNegative words NA

Neural: cognitive distraction (cognitive Stroop)
Number wordsNNeutral words −46 13 36 Mid

−4 −65 57 Supe
42 16 23 Mid
8 25 36 Cing

Neutral wordsNNumber words −2 54 −6 Med

Healthy controls
Neural: positively valenced distraction (emotional Stroop)

Positive wordsNNeutral words −22 −82 −8 Ling
−26 −15 43 Prec
32 −13 47 Prec
−12 −27 −5 Cere
−8 54 25 Supe

Neutral wordsNPositive words NA
Neural: negatively valenced distraction (emotional Stroop)

Negative wordsNNeutral words −10 56 36 Supe
−16 −100 10 Cun

Neutral wordsNNegative words NA
Neural: cognitive distraction (cognitive Stroop)

Number wordsNNeutral words −44 −56 54 Supe
−48 34 24 Mid
50 36 28 Mid
52 −48 47 Infer
−6 22 43 Med

Neutral wordsNNumber words −6 50 −8 Med
and obtain an anatomical label. The anatomical labels were confirmed
by visual inspection.

2.7. Additional confounds

Practice effects were a potential confound because the ADHD par-
ticipants completed the scanning procedures twice, whereas the
controls completed the procedures only once. To rule out the pos-
sibility that practice effects drove our findings, two steps were taken.
First, the scan order for the ADHD participants was counterbalanced
by medication status (i.e. half of the ADHD participants completed
their first MRI scan while on stimulant medication, whereas the other
half completed their first MRI scan unmedicated). Second, subgroup
ues are reported at the peak voxels in each cluster. L, left. R, right. NA, no cluster meets

on R/L Brodmann
area

Cluster
size

t-value

dle temporal gyrus L 21 371 3.6
ial prefrontal cortex L 10 248 3.4

ial prefrontal cortex R 10 5957 4.5

dle frontal gyrus L 8 2712 4.4
dle frontal gyrus R 8 349 4.0
uneus L 7 1774 3.9
rior parietal lobule R 7 586 3.8
dle frontal gyrus R 9 544 3.6
entral gyrus R 6 3126 4.3
hippocampal gyrus L 36 620 4.3
ial frontal gyrus L 10 689 4.3
dle temporal gyrus R 21 646 3.8
hippocampal gyrus R 36 365 3.7

dle frontal gyrus L 47 362 3.9

dle frontal gyrus L 8 4593 5.7
rior parietal lobule L 7 3049 4.8
dle frontal gyrus R 46 802 4.3
ulate gyrus R 32 569 3.9
ial frontal gyrus L 10 1361 4.3

ual gyrus L 19 2952 5.3
entral gyrus L 4 2847 5
entral gyrus R 4 764 4.3
bullum, anterior lobe L NA 493 4.3
rior frontal gyrus L 9 409 3.9

rior frontal gyrus L 8 578 4.7
eus L 18 342 4.5

rior parietal lobule L 7 1410 4.9
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analyses were conducted such that a) the seven ADHD subjects who
completed their first scan while unmedicated were compared to
controls and b) the eight ADHD subjects who completed their first
scan while taking stimulant medication were compared to controls.
These subgroup analyses did not differ appreciably from the reported
findings.

2.8. Behavioral correlates

To examine the clinical correlates of emotion-related activation, bi-
variate correlationswere calculated between the task-related activation
during the emotional Stroop and clinicalmeasures of symptoms derived
from theConners' ADHDParent Rating Scale. Task related activationwas
calculated for each subject as the sum of the absolute values of the
contrast estimates obtained from neural: positively valenced distraction
Fig. 2. Group×neural: positively valenced distraction interactions. The figures show axial s
deactivations in purple/blue. The color bars indicate the voxel-wise t statistic. Neural: cognit
controls, a group×neural: positively valenced distraction interaction was detected in the le
driven by greater activation in the left mPFC in the unmedicated ADHD sample as compared
identified when examining the medicated and unmedicated ADHD samples. (C) No group×n
medicated ADHD sample and controls.
andneural: negatively valenced distraction. For convenience,we term this
neural reactivity as it reflects both increases and decreases in activation.

3. Results

3.1. Behavioral results

Mean reaction times and error rates for the neutral, positive,
negative, and number words are presented in Table 2A. All three types
of distracters (negatively valenced, positively valenced, and cogni-
tive) were significant in each of the three groups (controls, medicated
patients, and unmedicated patients) on the basis of reaction times
(Table 2B). On the basis of error rates, cognitive distraction was
significant in each of the three groups, negatively valenced distraction
was significant only in unmedicated ADHD subjects, and positively
lices through the Talairach z-coordinate −4. Activations are shown in red/orange and
ive distraction was included as a covariate. (A) For the unmedicated ADHD sample and
ft medial prefrontal cortex (mPFC) as indicated by the blue circle. This interaction was
with controls. (B) No group×neural: positively valenced distraction interactions were
eural: positively valenced distraction interactions were identified when examining the

image of Fig.�2
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valenced distraction was not significant in any of the groups
(Table 2B). Between-group comparisons based on reaction times
detected no significant differences in distraction effects between the
groups (Table 2C). On the basis of error rates, however, the
unmedicated ADHD subjects had greater negatively valenced and
cognitive distraction than control participants (Table 2C).

3.2. Imaging results

In Table 3, we present the task-related activations for each group
(i.e., unmedicated ADHD, medicated ADHD, and controls) during the
contrasts— neural: positively valenced, neural: negatively valenced, and
neural: cognitive distraction. As presented in Table 3, during the cog-
Fig. 3. Group×neural: negatively valenced distraction interactions. The figures show axial s
deactivations in purple/blue. The color bars indicate the voxel-wise t statistic. Neural: cognit
controls, a group×neural: negatively valence distraction interaction was detected in the righ
driven by greater deactivation in the right mPFC in the unmedicated ADHD sample as comp
identified in the mPFC bilaterally when examining the medicated and unmedicated ADHD
unmedicated as compared to mediated ADHD sample. (C) No group×neural: negatively v
sample and controls.
nitive Stroop, the controls and ADHD participants demonstrated in
the neural: cognitive distraction contrast (i.e., Number wordsNNeutral
words and Neutral wordsNNumberwords) a pattern of activation that
is typically associated with cognitive control (Durston et al., 2003;
Casey et al., 2007; Passarotti et al., 2010b). This underscores that the
cognitive Stroop task engaged the frontostriatal neural systems that
are typically associatedwith cognitive control (Marsh et al., 2006) and
can thus serve as a control condition for the effects of cognitive
control. In the text below, we focus on the group×distraction
interactions, as these are the results most pertinent to our primary
hypotheses. The interaction analyses for a) group×neural: positively
valenced distraction and b) group×neural: negatively valenced distrac-
tion covaried for the effects of cognitive distraction.
lices through the Talairach z-coordinate −6. Activations are shown in red/orange and
ive distraction was included as a covariate. (A) For the unmedicated ADHD sample and
t medial prefrontal cortex (mPFC) as indicated by the yellow circle. This interaction was
ared with controls. (B) Group×neural: negatively valence distraction interactions were
samples. These interactions were driven by greater deactivation in the mPFC in the

alence distraction interactions were identified when examining the medicated ADHD

image of Fig.�3


Fig. 4.Medial prefrontal cortex (mPFC) activity. (A) Parameter estimates for the activity
in the left mPFC (MNI coordinates: x=−10, y=50, z=−2, Brodmann area (BA) 10).
The green bars indicate that during neural: positively valenced distraction, there is
greater activation in the left mPFC in the unmedicated ADHD sample as compared with
the controls (t=4.1; Pb0.001). The yellow bars indicate that during neural: cognitive
distraction activation in the left mPFC does not differ across the three groups.
(B) Parameter estimates for the activity in the right mPFC (MNI coordinates x=12,
y=54, z=−6, BA10). The red bars indicate that during neural: negatively valenced
distraction, there is greater deactivation of the right mPFC in the unmedicated ADHD
sample as compared with the controls (t=3.4, P=0.001) and in the unmedicated as
compared with medicated ADHD sample (t=4.0, Pb0.001). The yellow bars indicate
that during neural: cognitive distraction, activation in the right mPFC does not differ
across the three groups.

158 J. Posner et al. / Psychiatry Research: Neuroimaging 193 (2011) 151–160
3.2.1. Group×neural: positively valenced distraction
In regard to the unmedicated ADHD and control participants, we

found a significant group×neural: positively valenced distraction inter-
action in the left mPFC (t=4.1, Pb0.001, Talairach coordinates: x=
−10, y=48, z=−4, Brodmann area (BA) 10). This interaction was
driven by significantly greater activation in the left mPFC in the
unmedicated ADHD subjects as compared with the control subjects
(Figs. 2A and 4A). No significant interactions were found when com-
paring themedicated and unmedicated AHDHparticipants (Fig. 2B) or
when comparing controls andmedicated ADHD participants (Fig. 2C).
Independent sample t-test confirmed that activation within the left
Fig. 5. Bivariate correlations were calculated between reactivity of the mPFC during the e
cognitive problems (blue diamonds), derived from the Conners' ADHD Parent Rating Scale. R
the contrast estimates obtained from neural: positively valenced distraction and neural: neg
Hyperactivity subscale: r=0.47, P=0.02; and the Inattention/Cognitive Problems subscale
mPFC was comparable for medicated ADHD participants and controls
(Figs. 2C and 4A).

3.2.2. Group×neural: negatively valenced distraction
We found a group×neural: negatively valenced distraction interac-

tion in the right mPFC when examining the unmedicated ADHD and
control participants (t=3.4, P=0.001, Talairach coordinates: x=12,
y=52, z=−8, BA10). This interaction was driven by greater de-
activation (i.e., greater activation during the neutral words blocks vs.
negative words blocks) in the ADHD participants as compared with
controls (Figs. 3A and 4B). When examining medicated and un-
mediated ADHD participants, we found a group×neural: negatively
valenced distraction interaction in the mPFC bilaterally (right mPFC:
t=4.0, Pb0.001, Talairach coordinates: x=16, y=46, z=−12,
BA10; left mPFC: t=3.8, Pb0.001, Talairach coordinates: x=−22,
y=42, z=−11, BA10). These interactions were driven by greater
deactivation in unmedicated as compared to medicated ADHD par-
ticipants in medial prefrontal cortex bilaterally (Figs. 3B and 4B).
Group×neural: negatively valenced distraction interactions were not
detected when examining medicated ADHD participants and controls
(Fig. 3C). Independent sample t-tests confirmed that activation within
the right mPFC was comparable for medicated ADHD participants and
controls (Fig. 4B).

3.3. Clinical correlates

Task-related activation was calculated for each subject as the sum of
the absolute values of the contrast estimates obtained from a) neural:
positively valenced distraction and b) neural: negatively valenced distrac-
tion. For convenience,we termthisneural reactivity as it reflects increases
and decreases in activation. Greater reactivity in the mPFC during the
emotional Stroopwas associated with greater levels of hyperactivity and
inattention/cognitive problems, as measured by Conners' ADHD Parent
Rating Scale (Conners, 2008) (Fig. 5A, Hyperactivity subscale: r=0.47,
P=0.02; Fig. 5B, Inattention/Cognitive Problems subscale: r=0.41,
P=0.04). Reactivity of the mPFC did not correlate with depressive or
anxiety symptoms as measure by the CDI and STAI, respectively. The
depressive and anxiety symptoms score, however, were well below the
clinical range.

4. Discussion

This fMRI study employed both an emotional processing task and
a cognitive control task in a population of adolescents with ADHD.
We used these two tasks to disentangle task-related activations as-
sociated with emotional processing from more general deficits in cog-
nitive control. The study had five importantfindings. First, unmedicated
motional Stroop and symptoms of a) hyperactivity (red squares) and b) inattention/
eactivity of themPFC was calculated for each subject as the sum of the absolute values of
atively valenced distraction. Reactivity of the mPFC correlated with the Conners' ADHD
: r=0.41, P=0.04.

image of Fig.�4
image of Fig.�5
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ADHD participants demonstrated increased reactivity in the mPFC
relative to healthy controls in the emotional processing task, consistent
with their increased EL in clinical presentations (Barkley, 2005) and in
laboratory tasks (Sonuga-Barke et al., 1992). Second, this increased
reactivity of the mPFC in the adolescents with ADHD was specific to
emotional processing and was detected even after controlling for
differences in cognitive control. EL is a well-known clinical feature of
ADHD, but argument persists over whether it stems from a reduced
ability to inhibit behavioral responses to emotional stimuli (Barkley,
2005) or from an actual disturbance in emotional processing (Sonuga-
Barke et al., 1992; Passarotti et al., 2010a). By comparing performance
on tasks that engage cognitive control and emotional processing, we
were able to demonstrate that dysfunctional emotional processing in
ADHD seems to beunderpinnedbyneural alterations independent from
those associated with impaired cognitive control. Fourth, stimulants
reduced the reactivity of the mPFC toward levels similar to those of
healthy controls, consistent with the clinical efficacy of stimulants in
reducing EL (Kratochvil et al., 2007). Fifth, reactivity of the mPFC
correlated with symptoms of both hyperactivity and inattention. This is
consistent with recent neuropsychological models of ADHD that stress
motivational factors such as an aversion to delay and underscore that
ADHD symptoms can be driven by altered emotional processing
(Sonuga-Barke, 2002).

The function of the mPFC remains an area of debate with some
research suggesting that activity within the mPFC indexes changes in
emotional valence (Anderson et al., 2003;Dolcos et al., 2004) and others
maintaining that the mPFC is involved in the regulation of emotion
(Drevets et al., 2008).We found that activity in themPFC of unmediated
ADHD adolescents paralleled the valence of the emotion words
presented (i.e., activity increased in the left mPFC for positive words
and decreased in the right mPFC for negative words). Consistent with
this observation are animal models of emotional processing that
demonstrate that mPFC lesions result in apathetic, emotionless
behaviors (Ongur and Price, 2000; Fuster, 2001). Such findings suggest
that the mPFCmay not regulate emotion, but conversely, may facilitate
emotional responses (Damasio et al., 1996). Similarly, anatomical
studies demonstrate abundant reciprocal connections between the
mPFC and limbic structures including the nucleus accumbens and
amygdala — structures associated with positive and negative valence
(Rempel-Clower and Barbas, 1998; Ongur and Price, 2000). Together
with its connections to the visceromotor cortex, the mPFC is thus
anatomically well situated to subserve emotional valence (Ongur
and Price, 2000). Nevertheless, several neuroimaging studies suggest
that activation within the mPFC may also serve to regulate emotion
(Drevets et al., 2008). One interpretation of our findings is that the
normal regulatory function of the mPFC is altered in youth with ADHD.
That is, instead of down-regulating affective experiences, the mPFC in
ADHD youth may augment, or facilitate, affective responses. Develop-
mental factors are alsoworth considering as developmental factorsmay
play an important role in shaping the functionality of the mPFC. For
example, regional interactions of the mPFC change significantly over
development (Fair et al., 2008; Fair et al., 2009), which may lead to
functional modifications of this region with maturation. In regard to
ADHD, developmental factors may be particularly salient given the
suggestion that ADHD is associated with a delayed neuro-maturational
course (Shaw et al., 2007). Lastly, the mPFC is an important component
of the defaultmode network (DMN)— a neural circuit found to bemore
active during internally focused states (Raichle and Snyder, 2007).
Deactivations in theDMNare detectedwhen attention shifts to external
stimuli. Abnormal DMN processing has frequently been implicated in
ADHD (Fassbender et al., 2009; Peterson et al., 2009). Our findings may
reflect abnormal DMN processing in the unmedicated ADHD partici-
pants with the emotional valence of the words indexing the degree of
introspection. That is, more negatively valenced words may draw
attention to external stimuli to a greater extent than neutral words. For
example, a negatively valenceword, suchas “Kill,”maydrawattentional
resources toward external threats; this is less likely given a neutral
word, such as “Month.” Conversely, a positively valenced word, such as
“Happy,” may induce self-reflection to a greater extent than neutral
words. Follow-up study is necessary to determine if an interaction exist
for ADHD youth between introspection and emotional valence.
Nevertheless, Peterson et al. (2009) recently demonstrated that for
ADHD youth, stimulant medication normalizes DMN processing.

Imaging studies investigating stimulants have largely focused on
the frontostriatal circuits associated with inhibitory control (Volkow
et al., 2005; Peterson et al., 2009). Our findings, however, suggest
that stimulantsmayhave important effects on emotional processing as
well.Microdialysis studies suggest that the functionality of themPFC is
highly sensitive to intrasynaptic dopamine levels, consistent with our
findings that stimulants (i.e., medications that act on dopamine
transmission) markedly altered activation in the mPFC (Moghaddam
et al., 1990; Karreman and Moghaddam, 1996). Clinically, stimulants
appear to improve EL for some ADHD youth, while making it worse for
others (Smucker and Hedayat, 2001). Although our findings demon-
strate an attenuation of abnormal emotional processing with sti-
mulants, it should be noted that our study was not a randomized
controlled trial. The ADHD participants were taking stimulants with
good results at the time of recruitment, so our ADHD sample might
have beenbiased towards youth forwhomstimulants have a beneficial
effect on emotional processing. Nevertheless, ourfindings suggest that
stimulants may reduce EL by attenuating atypical responses of
affective circuits to emotional stimuli.

Several limitations of the study should be considered. To begin, the
ADHD subjects were previously exposed to stimulants and therefore
the differential activation that we foundmay have been the product of
medication exposure rather than ADHD itself. This is unlikely because
instead of causing deviation from the controls, stimulants seemed to
attenuate abnormal task-related signal change. Second, significant
task performance differences were detected between the unmedicat-
ed ADHD and control participants, with the unmedicated ADHD
participants generally demonstrating greater distraction effects. This
raises the possibility that some of the differences in the imaging
results could be attributable to behavioral differences between the
groups (Peterson, 2003). Our inclusion of reaction times and error
rates as covariates in the imaging analyses should attenuate that
concern. Lastly, although all of the ADHD participants began the study
on a stimulant medication, they were not all taking the same sti-
mulant. It is possible that different stimulants may have different
effects on emotional processing; a larger, follow-up study would be
necessary to examine this possibility.

In conclusion, by demonstrating that dysfunctional emotional
processing in ADHD has neural correlates that are distinct from im-
paired inhibitory control, our studyaddressed an importantandongoing
debate about the underlying mechanisms that produce emotional
reactivity in ADHD youth. Our findings also suggest that in addition to
stimulants' well-known effects on inhibitory control and associated
frontostriatal circuitry (Volkow et al., 2005), stimulants also affect
emotional processing by attenuating abnormal activity within affective
circuits. In sum, our findings reinforce the growing literature suggesting
that ADHD is a disorder not only of cognition but of emotion as well
(Sonuga-Barke et al., 1992).

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.pscychresns.2011.02.005.
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