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Objective: The authors examined the ef-
fect of psychostimulants on brain activity
in children and adolescents with ADHD
performing the Stroop Color and Word
Test.

Method: The authors acquired 52 func-
tional MRI scans in 16 youths with ADHD
who were known responders to stimu-
lant medication and 20 healthy com-
parison youths. Participants with ADHD
were scanned on and off medication in
a counterbalanced design, and compari-
son subjects were scanned once without
medication.

Results: Stimulant medication signifi-
cantly improved suppression of default-
mode activity in the ventral anterior cin-
gulate cortex in the ADHD group. When
off medication, youths with ADHD were
unable to suppress default-mode activ-
ity to the same degree as comparison
subjects, whereas when on medication,
they suppressed this activity to compari-
son group levels. Greater activation of the
lateral prefrontal cortex when off medi-

cation predicted a greater reduction in
ADHD symptoms when on medication.
Granger causality analyses demonstrated
that activity in the lateral prefrontal and
ventral anterior cingulate cortices mutu-
ally influenced one another but that the
influence of the ventral anterior cingulate
cortex on the lateral prefrontal cortex
was significantly reduced in youths with
ADHD off medication relative to compari-
son subjects and increased significantly to
normal levels when ADHD youths were
on medication.

Conclusions: Psychostimulants in youths
with ADHD improved suppression of de-
fault-mode activity in the ventral anterior
cingulate and posterior cingulate cortices,
components of a circuit in which activ-
ity has been shown to correlate with the
degree of mind-wandering during atten-
tional tasks. Stimulants seem to improve
symptoms in youths with ADHD by nor-
malizing activity within this circuit and
improving its functional interactions with
the lateral prefrontal cortex.

(Am J Psychiatry 2009; 166:1286-1294)

Attention-deﬁcit/ hyperactivity disorder (ADHD) is
one of the most common psychiatric disorders in chil-
dren. Although psychostimulant medications have robust
clinical efficacy in treating ADHD, knowledge of the neural
basis for this efficacy is limited. The knowledge we have
derives mainly from animal models and positron emission
tomography studies in adults, both of which are of limit-
ed relevance for children with ADHD. Brain regions that
have been shown with fair consistency to activate less in
children with ADHD compared with healthy comparison
subjects during performance of tasks that require atten-
tion and inhibitory control include the striatum (1-3), the
anterior cingulate cortex (4), the prefrontal cortex (3, 5, 6),
and the inferior frontal gyrus (5, 7).

Several studies have examined changes in brain activ-
ity associated with improved performance on attentional
and inhibitory tasks following administration of stimulant
medication in both children (1, 8-12) and adults (13-15)
with ADHD. These studies have varied considerably in
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design, sample characteristics, and behavioral paradigm
used during scanning. They have typically studied small
numbers of children with ADHD, and their findings have
been highly variable, involving multiple regions across the
brain, including the cerebellar vermis (11), the basal gan-
glia (1, 8), and the cerebral cortex (1, 11).

A better understanding of the neural mechanisms un-
derlying the therapeutic actions of these medications may
provide important insight into the pathogenesis of ADHD
and promote the development of improved treatments.
Clarifying the effects of stimulants on brain functioning in
ADHD requires identifying the brain regions that function
abnormally without medication and change in response
to the medication. The degree to which brain functioning
changes in response to medication, along with the degree
to which activation correlates with medication-induced
improvements in symptom severity, should help in iden-
tifying the neural systems that mediate the therapeutic ef-
fects of stimulants.
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TABLE 1. Demographic Characteristics of Youths With ADHD and Comparison Subjects in an fMRI Study of the Effects of
Psychostimulants on Default-Mode Processing During Stroop Task Performance

Variable ADHD Group (N=16) Comparison Group (N=20) Test Statistic df p
N % N %
Male 13 81.3 12 60.0 x2=1.89 1, 34 0.18
Right-handed 15 93.8 20 100.0 X2=1.26 1, 34 0.27
Caucasian 14 87.5 20 100.0 xZ=2‘70 1, 34 0.11
Mean SD Mean SD
Age (years) 141 2.5 13.4 341 t=0.45 1, 34 0.51
Hollingshead Index of 39.8 13.0 50.0 12.9 t=5.46 1,31° 0.03
Social Position
Full-scale 1Q 101.2 18.6 118.5 13.0 t=10.46 1,33 <0.01

?Data missing for two participants with ADHD and one comparison subject.

®Data missing for one comparison subject.

ADHD symptoms involve primarily disturbances in
attention and impulse control. We used functional MRI
(fMRI) to examine the therapeutic effects of stimulants
in stimulant-responsive youths with ADHD as they per-
formed a task requiring selective attention and inhibi-
tory control, both when they were taking and not taking
stimulant medication. We hypothesized that brain activ-
ity in youths with ADHD off stimulants would differ from
activity in healthy comparison subjects (3, 6, 12, 15) and
that stimulants would induce changes in activation levels
in youths with ADHD in the direction of those observed in
comparison subjects (1, 15).

Method

Study Design

We studied youths with ADHD who were documented robust
responders to stimulant medication so as to enhance our ability to
detect changes in brain activation that likely mediated the thera-
peutic effects of stimulants. We scanned these youths twice, once
each when they were medicated and unmedicated, randomizing
and counterbalancing the order of scanning in the medicated and
unmedicated states to ensure the absence of practice or habitu-
ation effects on our findings. Healthy comparison subjects were
scanned once, enabling us to determine whether the directions of
medication-induced changes in brain functioning in youths with
ADHD were toward or away from normal levels of activity.

Several interrelated considerations led to selection of the
Stroop Color and Word Test (16) as the preferred paradigm to
probe changes in neural activity associated with stimulant use
in this study. First, ADHD has been regarded by some as a dis-
order of self-regulatory control (17) in which the individual has
difficulty inhibiting more automatic behavioral tendencies in or-
der to perform the less automatic behaviors that are required of
them in a social or an experimental setting. These are in fact the
requirements of the Stroop task—to inhibit the more automatic
tendency to read a written word while performing the less auto-
matic task of naming the color of ink in which the word is written
(18). Second, the color and word stimuli are perfectly counter-
balanced across the active and control conditions (see the data
supplement that accompanies the online edition of this article),
thereby isolating neural activity associated with self-regulating
response tendencies during the task. Third, youths with ADHD
have been shown in meta-analyses to perform more poorly on
the Stroop task than do comparison subjects (19, 20), especially
in their speed of response, indicating the possible presence of
impaired self-regulatory control on this task. Fourth, the neural
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basis of ADHD is generally believed to involve disturbances in
the cortical-subcortical circuits that support the capacity for self-
regulatory control (17, 19), and the Stroop task produces robust
activation of both the cortical and subcortical portions of these
circuits (18). Finally, stimulant medications are believed to alter
activity in these circuits (21), making use of the Stroop task a logi-
cal choice to study the effects of stimulant medications in ADHD.

Details of the behavioral assessments, MRI pulse sequence,
image processing, and Stroop paradigm are described in the on-
line data supplement.

Participants

Participants were 16 children and adolescents with ADHD,
ages 7-18 years, and 20 healthy comparison subjects in the same
age group (Table 1). Assessments included the Schedule for Affec-
tive Disorders and Schizophrenia for School-Age Children—Pres-
ent and Lifetime Version (K-SADS-PL) (22), the DuPaul-Barkley
ADHD Rating Scale (23), Conners’ Parent Rating Scale (24), the
Hollingshead Index of Social Position, and the Wechsler Abbrevi-
ated Scale of Intelligence. All participants in the ADHD group met
criteria for combined-type ADHD, tolerated stimulant medica-
tion well, and were documented responders to stimulant medi-
cation (which we defined as having had a statistically significant
change in score on the Conners’ Parent Rating Scale before and
after medication use). We tested this change by dividing the
change score associated with stimulant use (pretreatment score
minus posttreatment score) by the standard error of the change
scores (estimated by the standard error of test-retest differences
identified during instrument validation). A statistically significant
change on this measure was defined as >1.96 standard deviations
above the mean (i.e., p<0.05).

Exclusion criteria for all participants included history of sei-
zure, head trauma, substance abuse, or medication other than
stimulants. Comparison subjects had no current or lifetime psy-
chiatric disorders and took no medications; they were recruited
through phone calls to randomly selected households on a tele-
marketing list. The institutional review boards of Yale and Colum-
bia Universities approved the study. After a complete description
of the study was provided to the participants and their parents,
written informed consent and assent were obtained.

JFMRI Paradigm

Participants performed two runs, each lasting 3 minutes and
44 seconds, and each consisting of four blocks of 16 congruent or
incongruent colored word stimuli. Stimulus and interstimulus du-
rations were 1,300 and 350 msec, respectively. Participants named
the color of each stimulus, regardless of the meaning of the written
word, quietly and with minimal mouth movement. The on- and
off-medication scanning sessions for participants in the ADHD
group were conducted an average of 24.5 days apart (range=7-63
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TABLE 2. Effects of Stimulant Medications on Behavioral Measures in Youths With ADHD and Comparison Subjects in an
fMRI Study of the Effects of Psychostimulants on Default-Mode Processing During Stroop Task Performance

ADHD Group Off ADHD Group On ADHD Group Off

ADHD Group  ADHD Group  Comparison  Medication Vs. Com-  Medication Vs. Com-  Medication Vs. ADHD
Off Medication On Medication Group parison Group parison Group Group On Medication
Wilcoxon Wilcoxon Wilcoxon
Rank Sum Rank Sum Rank Sum
Variable Mean SD Mean SD Mean  SD Test p Test p Test p
ADHD Scale®
Total 41.8 8.7 19.1 9.5 5.2 5.8 456.0 <0.0001 420.0 <0.0001 -68.0 <0.0001
Inattention 221 4.9 10.6 5.5 3.4 4.35 456.0 <0.0001 402.0 <0.0001 -68.0 <0.0001
Hyperactivity 19.7 4.9 8.6 4.9 1.7 191  456.0 <0.0001 433.5 <0.0001 —68.0 <0.0001
Conners’ Parent
Rating Scale”
Total 70.2 14.6 51.6 119 43.4 6.8 375.0 <0.0001 277.5 0.0042 —43.5 0.001
Hyperactivity 14.0 5.5 6.3 4.9 2.6 2.7 374.0 <0.0001 274.5 0.0064 —43.5 0.001
Stroop task®
Color name (msec) 82.2 26.2 79.8 139 785 14.7 273.0 0.98 206.5 0.84 -0.5 0.99
Word read (msec) 72.7 20.5 703 16.6 62.7 133 312.5 0.15 235.0 0.16 -13.0 0.33
Color word name
(msec) 167.8 529 1532 328 1415 438 310.0 0.18 224.0 0.36 -14.5 0.27
Interference ratio  143.7 489 129.0 303 118.5 45.6 309.0 0.19 221.0 0.43 -16.5 0.27

? ADHD Scale data missing for one comparison subject.

® The Conners’ Parent Rating Scale provides subscale scores only for hyperactivity, not for inattention, which is found in the teacher-rated

Conners’ scale.

¢ Stroop data missing for three participants with ADHD on stimulants and three comparison subjects. Interference Ratio was calculated as
CW—(R*C)/(CW+C), where CW represents the time to name the color in the incongruent (Stroop) condition, R represents the time to read the

word, and C represents the time to name the color.

days, SD=17.3 days). For the on-medication scans, the most recent
clinically effective dose of medication was given 45-60 minutes
before scanning to generate peak blood levels during the scan. For
off-stimulant scans, participants in the ADHD group were medi-
cation-free for at least 3 days, during medication holidays over the
weekend or during school vacations. Given their short half-life, all
stimulants should have cleared before the scans were conducted.

Hypothesis Testing

fMRI data were analyzed statistically using SPM99 (Wellcome
Trust Centre for Neuroimaging, London). Stimulus blocks were
entered into the design matrix and convolved with the canoni-
cal hemodynamic response function. Individual contrast images
were created for each participant within each condition. Those
contrast images were intensity-normalized using the respective
last beta images in each run of the fMRI time series. A conjunc-
tion mask was applied to these individual contrast images to en-
sure that only voxels without signal voids were analyzed. These
spatially smoothed images were entered into a random-effects
analysis to eliminate highly discrepant variances between and
within participants in constructing appropriate error terms for
hypothesis testing and to enhance population generalizability.
The multisubject group analysis required input of one scan per
subject for each condition within a mixed-model analysis to ac-
count for both random effects (of scan) and fixed effects (of task
condition). Centered age (the mean age of the group subtracted
from the age of each participant) was entered as a covariate in
all second-level analyses. The statistical contrast of interest was
incongruent versus congruent colored word stimuli. Paired t-
statistics compared this contrast across medication conditions
within the ADHD group. We report voxels identified using a p
threshold of 0.05 together with the requirement that the activa-
tion occurred in a spatial cluster of at least 25 adjacent pixels, a
conjoint requirement which, based on an approximation formula
(25), yielded an effective p threshold of 0.000005, which reduced
substantially the false positive identification of activated pixels.
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Exploratory Analyses

A post hoc analysis using unpaired t-statistics compared brain
activity in the incongruent versus congruent contrast across
the ADHD and comparison groups to determine whether the
stimulant-induced changes in brain activity in the children with
ADHD represented a change either toward or away from activity
in healthy children. A second post hoc analysis assessed whether
activation in the ADHD group when off medication correlated
with the change in total symptom severity following medica-
tion (medicated minus unmedicated severity). Finally, we used
Granger causality analysis (26) to assess whether activity in the
inferolateral prefrontal cortex and ventral anterior cingulate cor-
tex significantly influenced one another and whether these causal
influences changed significantly in response to stimulant medi-
cation (see the online data supplement).

Results

Participants’ demographic characteristics are sum-
marized in Table 1. Five of the youths with ADHD also
had diagnoses of current comorbid disorders (one with
depression and oppositional defiant disorder, two with
specific phobias, and one each with separation or general-
ized anxiety disorders). Lifetime disorders were diagnosed
in 11 youths with ADHD (four with depression, one with
separation anxiety disorder, three with specific phobia,
one with conduct disorder, and five with learning disor-
der, with all except the learning disorders resolving by
the time of the study). The clinically effective stimulants
taken most recently by participants in the ADHD group in-
cluded methylphenidate (N=11; dosage: mean=24.8 mg/
day [SD=12.1, range=10-50]), dextroamphetamine (N=4;
dosage: mean=21.3 [SD=7.5, range=15-30]), and dextro-
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FIGURE 1. Activation Maps in Youths With ADHD and Healthy Comparison Subjects During Stroop Task?

i

?

ADHD ADHD Contrast ADHD Healthy Contrast ADHD  Healthy Contrast Change in
On Med Off Med (On - Off) Off Med (Off — Healthy) On Med (On - Healthy) Symptom
Severity

?These are transaxial views, with Talairach z-coordinates shown to the left of the corresponding slices. The left side of the brain is displayed
on the right side of the image. Voxels represent a p value threshold of 0.05 together and a spatial cluster of >25 adjacent pixels, a conjoint
requirement that yields a conservative uncorrected p threshold of 0.000005. The color bars depict p values for the threshold of the respec-
tive statistical contrast, without adjustment for the conjoint requirement of the spatial cluster. Section A shows activations in children with
ADHD compared across the medicated and unmedicated states. The red box indicates images that are testing the a priori hypothesis that
medication would produce changes in brain activation within regions that subserve performance of this task, which requires attention and
impulse control. Section B shows activations in the unmedicated children with ADHD compared with healthy comparison subjects, and sec-
tion C shows activations in medicated children with ADHD compared with the comparison group. Column D shows the correlation of activa-
tion in the ADHD group off stimulant medication with the change in ADHD symptoms produced by administration of stimulant medication
(calculated as unmedicated minus medicated scores on the Conners’ Parent Rating Scale) while covarying for age. For column D, blue and
purple voxels indicate an inverse correlation of activation when off medication with the medication-induced changes in symptom severity in
youths with ADHD, in which greater activation when off medication predicts a greater medication-induced reduction in symptoms. Red and
yellow voxels indicate a positive correlation, with less activation when off medication predicting a greater medication-induced reduction in
symptoms. Activation of the left lateral prefrontal cortex at baseline strongly predicted medication responsiveness (r=—0.73, df=16, p<0.001).
Solid arrow: ventral anterior cingulate (BA 25). Open block arrow: anterior cingulate (BA 24). Solid block arrow: posterior cingulate cortex (BA
23 and 31). Rounded arrow: left lateral prefrontal cortex (BA 46).

amphetamine/amphetamine (N=1; dosage, 30 mg/day), sures of inattention and hyperactivity, and when on stim-
all standard, immediate-release, oral preparations. ulants their scores ranged between their own scores off
stimulants and the scores of the comparison group. A sim-
ilar pattern was observed for performance on the Stroop
Youths in the ADHD group on and off stimulants scored  task, including a nonsignificant lessening of interference
significantly higher than comparison subjects on mea- scores in youths with ADHD on medication (Table 2).

Behavioral Effects
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TABLE 3. Granger Causality Analyses for the Lateral Prefrontal Cortex (LPFC) and the Ventral Anterior Cingulate Cortex
(VACQ) in Youths With ADHD and Comparison Subjects in an fMRI Study of the Effects of Psychostimulants on Default-Mode

Processing During Stroop Task Performance?

A. LPFC=VACC

B. VACC—LPFC Comparison of Aand B

Granger Granger

Causality Causality
Group® Index SD Index SD p t df p
Comparison subjects 0.030 0.020 1.4x10-6 0.036 0.025 3.8x10-6 1.25 38 0.23
Participants with ADHD on medication 0.041 0.025 8.2x10-6 0.040 0.023  3.56%10-6 0.20 30 0.84
Participants with ADHD off medication 0.030 0.015  8.7x10-7 0.019 0.015 9.1x10-5 2.4 30 <0.03

¢ Arrows indicate direction of Granger causal influence. The Granger Causality Index values were all highly significant, indicating that the
LPFC and VACC strongly and mutually influenced one another’s activity. The influence of LPFC on VACC in the ADHD group when not taking
medication, however, was significantly stronger than the reciprocal influence of VACC on LPFC. The influence of VACC on LPFC strengthened
significantly in the ADHD group when on medication, to levels comparable to those in comparison subjects.

® Comparison of ADHD group off medication and comparison subjects for VACC—LPFC: t=—2.34, p<0.03. Comparison of ADHD group on

versus off medication for VACC—LPFC: t=2.80, p<0.02.

Stimulant Effects on Brain Activation

Participants in the ADHD and comparison groups both
activated prefrontal, anterior cingulate, and parietal cor-
tices, basal ganglia, and thalamus (Figure 1). All analyses
were unaffected when covarying for IQ or lifetime pres-
ence of depression or learning disorder (not shown).

A priori hypothesis testing. When the ADHD group was
onstimulant medications, more prominent deactivations
were observed in the ventral anterior cingulate cortex
(Brodmann’s area [BA] 24: Talairach coordinates x, vy,
7=5.95, 25.38, 20; z-statistic=—2.98; BA 25:, y, z=0.85, 7.88, 0;
z-statistic=—2.70) and the posterior cingulate cortex (BA 23
and 31:x, y, z=7.65, -39.79, 50; z-statistic=—3.71) than when
not on stimulants (Figure 1A). Comparing activations in
the first and second scans within the ADHD group revealed
no significant effects of scan order (not shown).

Post hoc analyses. Comparing brain activation in
unmedicated youths with ADHD and comparison subjects
revealed significantly less prominent deactivation in the
ADHD group than in the comparison group in the ventral
anterior cingulate cortex (BA 25: x, y, z=—-7.65, 42.88, 0;
z-statistic=2.50). These abnormalities were not detected in
the ADHD group when they were on stimulants (Figure 1).

Activation of the left lateral prefrontal cortex (BA 46:
X, y, z=—23.75, -0.43, 10; z-statistic=2.73) also tended to
normalize in the ADHD group relative to the comparison
group when medication was administered, although this
increased activation in the medicated compared with the
unmedicated condition did not reach statistical signifi-
cance (Figure 1A). Greater activation of the same left lat-
eral prefrontal cortex in the ADHD group when off medi-
cation predicted a larger reduction in symptom severity
when on medication (r=—0.73, df=16, p<0.001) (Figure 1D).
Granger causality analyses indicated that the lateral pre-
frontal cortex and ventral anterior cingulate cortex each
significantly influenced activity in the other, but with the
influence from ventral anterior cingulate cortex to later-
al prefrontal cortex weaker in the ADHD group when off
medication compared with when they were on medica-
tion and weaker than in the comparison group, and then
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increasing significantly to comparison group levels when
taking medication (Table 3).

Discussion

Administration of psychostimulants in youths with
ADHD significantly improved the symptoms of hyperac-
tivity and inattention. A similar but less pronounced effect
was observed for measures of Stroop task performance.
Stimulants also made task-related deactivations in the
ventral anterior cingulate cortex and posterior cingu-
late cortex significantly more prominent in youths with
ADHD, producing levels similar to those in healthy com-
parison subjects, and increased activation of the lateral
prefrontal cortex to comparison group levels, although
the change did not reach statistical significance. Greater
activation of the lateral prefrontal cortex when off stimu-
lants predicted a greater reduction in ADHD symptom
severity when on stimulants. Causality analyses indicated
that functional interactions between the ventral anterior
cingulate cortex and the lateral prefrontal cortex were re-
duced in the ADHD group when off medication compared
with interactions in comparison subjects and that these
interactions in the ADHD group increased to normal lev-
els when on stimulant medication. These findings suggest
that stimulants improve symptoms in youths with ADHD
by normalizing activity within a distributed network of
brain regions in the anterior cingulate cortex and poste-
rior cingulate cortex and by improving the functional in-
teractions of that circuit with the lateral prefrontal cortex.

Numerous studies have reported deactivations in the
ventral anterior cingulate cortex and posterior cingulate
cortex across a wide range of tasks in both children and
adults (27, 28). Deactivation reflects either increased ac-
tivity during the less challenging control blocks of stimuli
or the suppression of this activity during the more chal-
lenging active task condition. Which of these alternatives
produces deactivation cannot be determined without
absolute measures of brain activity in the resting condi-
tion, and our study, similar to most studies reporting de-
activations, did not include these measures. Nevertheless,
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greater neural activity in these regions during an easier
baseline condition is thought to represent a greater de-
gree of non-task-related mental activity (termed “default-
mode” activity) during the baseline condition, activity that
must be suppressed during the more challenging active
task for optimal performance. Indeed, the magnitude of
deactivation in these regions correlates inversely with the
frequency of interruptions by task-unrelated thoughts (29,
30), which suggests that mind-wandering during the easier
baseline task and its suppression during the active task
produces more prominent deactivation. Deactivations
are more prominent in healthy adults than in healthy chil-
dren performing the Stroop task (28), which suggests that
adults may more effectively suppress default-mode activ-
ity during the more difficult task condition. The absence
of deactivations in children with ADHD when not taking
stimulant medication suggests either that they did not
generate default-mode activity during the easier baseline
condition or that they did not successfully suppress it dur-
ing the attentionally more challenging active task. Greater
deactivation in default-mode circuits during the adminis-
tration of stimulant medications, when ADHD symptoms
were improved, suggests that the most parsimonious inter-
pretation of the absence of deactivation when not taking
medication is a failure to suppress default-mode process-
ing during performance of the more difficult active task.

The ventral anterior cingulate cortex interconnects the
orbitofrontal cortex, temporal pole, amygdala, ventral
striatum, and hypothalamus. It is an anatomical cross-
roads that contributes to the motivational processes re-
quired for goal-directed behaviors. Lesions of this area
produce premature, or “impulsive,” responding in rats,
impaired social valuation in macaques, and distractibility,
inattention, and emotional unconcern in humans (17).
Thus, default-mode activity in the ventral anterior cingu-
late cortex may reflect the motivational, affective, and re-
warding properties of mind-wandering during the easier
baseline task (31). Activity in the ventral anterior cingulate
cortex, and therefore these associated subjective experi-
ences, presumably must be suppressed to reduce distrac-
tion and improve performance during the more difficult
attention-demanding task.

Previous anatomical and functional imaging studies
support involvement of the default-mode circuit or re-
lated, anatomically connected brain regions in the patho-
genesis of ADHD. Reduced volumes and cortical thinning
in the ventral anterior cingulate cortex have been demon-
strated in both cross-sectional and longitudinal imaging
studies of ADHD (32, 33). Reduced gray matter volumes
(34) and reduced activation in proportion to symptom se-
verity during inhibitory tasks (3, 5, 6) have also been de-
tected in the posterior cingulate cortex. The sizes of the
lateral prefrontal cortex and anterior temporal cortices
bilaterally are reduced in children with ADHD (35), both
of which are densely connected with the ventral anterior
cingulate cortex (36). Disturbances in resting-state activ-
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ity of the ventral anterior cingulate cortex and posterior
cingulate cortex have been reported in adults with ADHD
(37). Finally, methylphenidate decreases blood flow to the
ventral anterior cingulate cortex, posterior cingulate cor-
tex, and inferior parietal cortex in adults with ADHD in
direct proportion to improved performance on cognitive
tasks, which has been attributed to an improved efficien-
cy of neural processing in these regions and the reduced
mind-wandering induced by stimulants (38).

Several considerations suggest that stimulants may
have produced greater suppression of default-mode ac-
tivity in the ventral anterior cingulate cortex in our study
by increasing activation of the lateral prefrontal cortex
and strengthening the interactions of the lateral prefron-
tal cortex with the ventral anterior cingulate cortex. First,
the lateral prefrontal cortex is known to regulate activity
in multiple brain regions and neural systems (39), and its
anatomical connections with the ventral anterior cingu-
late cortex and posterior cingulate cortex (36) suggest that
the lateral prefrontal cortex may regulate activity in the
default-mode system as well. Second, a stronger inverse
coupling of activity in the lateral prefrontal cortex with de-
fault-mode activity in the ventral anterior cingulate cortex
predicts improved behavioral performance on Stroop-like
tasks in healthy persons (40). Moreover, causality analy-
ses have provided compelling evidence that activity in the
lateral prefrontal cortex plays a crucial role in controlling
default-mode activity in the ventral anterior cingulate cor-
tex across a wide range of tasks (41). Consistent with these
prior findings, our Granger causality analyses indicated
that activity in the lateral prefrontal cortex and ventral an-
terior cingulate cortex mutually influence one another but
that the influence of the ventral anterior cingulate cortex
on the lateral prefrontal cortex is significantly reduced in
youths with ADHD off medication relative to comparison
subjects and that it increases significantly to normal levels
when youths with ADHD are on stimulants. Third, pre-
vious studies have reported that stimulant medications
increase activation of the lateral prefrontal cortex in chil-
dren with ADHD during performance of cognitive control
tasks (1, 11). Consistent with this prior finding, activation
of the lateral prefrontal cortex increased to normal levels
in our ADHD participants when they were on stimulants.
Finally, greater lateral prefrontal cortex activation in our
ADHD group off medication predicted a greater reduc-
tion in symptoms following medication. Together with
our finding of increased functional interactions with the
ventral anterior cingulate cortex while on stimulants and
the prior evidence that activity in the anterior cingulate
cortex indexes mind-wandering (29, 30), this finding sug-
gests that greater activation of the lateral prefrontal cortex
off medication may indicate a greater capacity to respond
to stimulants by increasing functional interactions with
the ventral anterior cingulate cortex and that this greater
functional interaction is required to suppress default-
mode activity and the mind-wandering that it indexes.
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The findings and interpretations of this study should be
considered in light of its limitations. First, our findings of
differing brain activation across diagnostic groups could
reflect the use of differing strategies to perform the task,
rather than differences in the degree of suppression of
default-mode activity. Normalization of this activity in re-
sponse to stimulant medication, however, speaks against
this possibility, as stimulants would be unlikely to alter
task strategies. Second, subvocalization was selected as
the response modality because it reduces fMRI artifacts
caused by overt speech, it produces more robust Stroop
interference than does a manual response, and use of a
button press instead of a vocal response introduces a com-
plex mapping of color names to finger response that fun-
damentally changes the nature of the task. Subvocaliza-
tion, however, required measurement of task performance
after the scan rather than during it, and therefore differen-
tial practice or habituation effects may have contributed
to group differences in behavioral performance. Weighing
against this possibility is that performance did not change
with time during repeated behavioral testing in the ADHD
group. Moreover, previous studies have shown similar per-
formance and brain activation using either overt or covert
verbal responses during the Stroop task (42). Third, in-
cluding both correct and incorrect responses in our block-
design fMRI analyses may have allowed the effects of er-
ror processing to contaminate activation maps. Previous
event-related Stroop studies, however, have demonstrated
error rates of 3% in the scanner (43), which is consistent
with error rates noted outside of the scanner in this study;,
and inclusion of erroneous trials at these low rates would
have a negligible effect on activation maps. Fourth, differ-
ences in reading proficiency could cause group differenc-
es in brain activation, but given comparable performance
across groups on the word-reading subtest of the Stroop
task, this potential confounder is unlikely. Fifth, the pres-
ence of comorbid illnesses and lower I1Qs in the ADHD
group could have contributed to our results, although
statistical covariation for these factors did not change any
findings. Moreover, comorbidities would not invalidate
within-subject analyses comparing brain activation on
and off stimulants. Sixth, our findings cannot be gener-
alized to youths with ADHD who are medication-naive,
as our study included by design only children who were
known robust responders to stimulant medication. Nev-
ertheless, our findings do generalize to the vast number
of children who take and benefit from stimulant medica-
tions. Seventh, we did not rescan youths in the compari-
son group, which would have helped to estimate the ef-
fects of habituation across all youths in the study, but at a
substantial financial cost. The counterbalanced random-
ization adequately controlled for habituation effects in the
ADHD group, however, and permitted us to address the
central scientific question of the study, which was whether
stimulants alter brain functioning during a selective at-
tention task in youths with ADHD, and not whether res-
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canning produces habituation during the task in healthy
youths. Finally, this study did not include a placebo arm
in the ADHD group, and therefore we cannot exclude
the possibility that the findings may also reflect placebo
effects. The ADHD youths, however, were highly robust
and enduring responders to stimulant medications, and
stimulant effects in general are highly robust compared
to placebo in this population, which suggests that a pla-
cebo response is an unlikely cause of their symptomatic
improvement and changes in brain activity.

Despite its limitations, this study is, to our knowledge,
the first to demonstrate explicitly that stimulant medi-
cations improve suppression of default-mode process-
ing during an attentional task in youths with ADHD. Our
findings support the previously stated hypothesis that
the failure to suppress mental processes associated with
default-mode neural processing in the ventral anterior
cingulate cortex and posterior cingulate cortex may con-
tribute to the symptoms of ADHD (37, 44). Stimulants
improved suppression of this activity in known robust
responders to stimulant medication. With improvement
in this suppressive activity, brain activation generally
normalized and parent-reported symptoms of ADHD im-
proved, as did objective measures of performance during
attentional tasks.
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