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Methylphenidate Normalizes Frontocingulate
Underactivation During Error Processing in
Attention-Deficit/Hyperactivity Disorder

Katya Rubia, Rozmin Halari, Abdul-Majeed Mohammad, Eric Taylor, and Michael Brammer

Background: Children with attention-deficit/hyperactivity disorder (ADHD) have deficits in performance monitoring often improved with
the indirect catecholamine agonist methylphenidate (MPH). We used functional magnetic resonance imaging to investigate the effects of
single-dose MPH on activation of error processing brain areas in medication-naive boys with ADHD during a stop task that elicits 50% error
rates.

Methods: Twelve medication-naive boys with ADHD were scanned twice, under either a single clinical dose of MPH or placebo, in a
randomized, double-blind design while they performed an individually adjusted tracking stop task, designed to elicit 50% failures. Brain
activation was compared within patients under either drug condition. To test for potential normalization effects of MPH, brain activation in
ADHD patients under either drug condition was compared with that of 13 healthy age-matched boys.

Results: During failed inhibition, boys with ADHD under placebo relative to control subjects showed reduced brain activation in perfor-
mance monitoring areas of dorsomedial and left ventrolateral prefrontal cortices, thalamus, cingulate, and parietal regions. MPH, relative to
placebo, upregulated activation in these brain regions within patients and normalized all activation differences between patients and
control subjects. During successful inhibition, MPH normalized reduced activation observed in patients under placebo compared with
control subjects in parietotemporal and cerebellar regions.

Conclusions: MPH normalized brain dysfunction in medication-naive ADHD boys relative to control subjects in typical brain areas of
performance monitoring, comprising left ventrolateral and dorsomedial frontal and parietal cortices. This could underlie the amelioration of

MPH of attention and academic performance in ADHD.

Key Words: Attention-deficit/hyperactivity disorder (ADHD), error
processing, methylphenidate, motor response inhibition, perfor-
mance monitoring, stop task

age-inappropriate inattention, impulsiveness, and hyperac-

tivity (DSM-IV) (1). Children with ADHD have deficits in tasks
of cognitive control (2,3) concomitant with reduced activation in
inferior frontostriatal, cingulate, and parieto-temporal regions (4 -
11). Psychostimulants, such as methylphenidate (MPH), are the
most effective, first-choice treatment for ADHD, improving symp-
tomsin 70% of patients (12,13). Nevertheless, little is known on their
mechanism of action. MPH is a catecholamine reuptake inhibitor
with stronger dopaminergic effects subcortically and catechol-
amine effects in cortical regions (12,14). The behavioral and cogni-
tive features of ADHD are thought to be mediated at least in part by
a catecholamine dysfunction, with evidence for abnormal striatal
dopamine transporter (DAT) levels and dopamine availability (15). It
has been argued that poor inhibitory control in ADHD children may
be related to poor performance monitoring, given that ADHD chil-
dren, unlike control subjects, do not slow down after errors (16 -18).
MPH has been shown to improve inhibitory performance as well as
error monitoring in ADHD children (17,19) and to upregulate abnor-
mally low error-related evoked potentials, presumably reflecting
anterior cingulate/medial frontal activity (20,21). Surprisingly, how-
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ever, only two previous functional magnetic resonance imaging
(fMRI) studies have investigated the acute effects of MPH on neuro-
functional networks of motor response inhibition in previously
medicated children with ADHD, finding reduced upregulation with
MPH in defined regions of interest of caudate, anterior cingulate
and frontal brain regions (22,23). Using whole-brain analyses, single
doses of MPH have shown to upregulate and normalize frontal,
striatal and cingulate activation in children with ADHD during di-
vided attention (24), interference inhibition (25), sustained atten-
tion (26) and time estimation (27). No fMRI study, however, has
tested for MPH effects on motor response inhibition in medication-
naive children with ADHD nor on neural networks of error process-
ing.

In this study, we investigated the effect of MPH on neural pro-
cesses of error monitoring in medication-naive children with ADHD
by use of a challenging tracking stop task, optimally suited to test
for error detection networks because it ensures 50% of inhibition
failures in every subject.

To overcome the limitations of previous ADHD fMRI studies of
inhibition of regions of interest analyses and/or a medication his-
tory in patients (22,23,28), we conducted a double-blind, random-
ized, placebo-controlled pharmacologic fMRI experiment of the
effects of a single acute clinical dose of MPH in 12 medication-naive
boys with ADHD. Furthermore, we compared brain activation in
ADHD patients at baseline and after MPH with that of a healthy
age-matched group of control children to test for potential amelio-
ration or normalization effects of MPH on error-related and inhibi-
tory brain dysfunctions during the placebo condition. Given our
previous findings of upregulation and normalization of frontostria-
tal brain activation in medication-naive children with ADHD during
sustained attention, interference inhibition and time estimation
(25-27), we hypothesized that MPH would upregulate and normal-
ize typically underactivated areas of error detection in ADHD pa-
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tients relative to control subjects in ventromedial and lateral pre-
frontal, posterior cingulate, and parietal regions (5,6,8,29). We
furthermore hypothesized that MPH would normalize typical right
inferior prefrontal and caudate underactivation during inhibition in
ADHD compared with healthy children (5-8,29).

Methods and Materials

Subjects

Twelve medication-naive, right-handed boys aged 10 to 15
years (mean age = 13, SD = 1) who met clinical diagnostic criteria
for the combined (inattentive/hyperactive) subtype of ADHD (DSM-
IV) were recruited through clinics. Clinical diagnosis of ADHD was
established through interviews with an experienced child psychia-
trist (A-MM) using the standardized Maudsley Diagnostic Interview
to check for presence or absence of diagnostic criteria for any
mental disorder as set out by DSM-IV (30). Exclusion criteria were
lifetime comorbidity with any other psychiatric disorder, except for
conduct/oppositional defiant disorder (present in one patient), as
well as learning disability and specific reading disorder, neurologi-
cal abnormalities, epilepsy, drug or substance abuse, and previous
exposure to stimulant medication. Patients with ADHD also had to
score above cutoff for hyperactive/inattentive symptoms on the
Strengths and Difficulties Questionnaire for Parents (SDQ) (31). Pa-
tients were scanned twice, in a randomized, counterbalanced fash-
ion, 1 week apart, 1 hour after either .3 mg/kg of MPH administra-
tion or placebo (vitamin C, 100 mg).

Thirteen male right-handed adolescent boys in the age range of
11 to 16 years (mean age = 13, SD = 1) were recruited through
advertisements in the same geographic areas of South London to
ensure similar socioeconomic status and were scanned once. They
scored below cutoff for behavioral problems in the SDQ and had no
history of psychiatric disorder.

All participants were above the fifth percentile on the Raven
progressive matrices performance 1Q (32) (IQ mean estimate con-
trols = 100, SD = 14; ADHD = 91, SD = 9) and paid £30 for
participation. Parental and child informed consent/assent and ap-
proval from the local ethical committee was obtained.

Univariate analyses of variance (ANOVAs) showed no group dif-
ferences between boys with and without ADHD for age [F(1,25) = 2,
p = .2] but did for 1Q [F(1,25) = 8, p < .009]. IQ is associated with
ADHD in the general population (33,34). We purposely did not
match groups for IQ because matching ADHD and control groups
for IQ would have created unrepresentative groups and therefore
be misguided (35). Furthermore, 1Q was significantly negatively
correlated with the SDQ scores for inattention and hyperactivity
(r=—.5,p <.001). We did not covary for IQ because when groups
are not randomly selected, covarying for a variable that differs
between groups violates the standard assumptions for analysis of
covariance. When the covariate is intrinsic to the condition, it be-
comes meaningless to “adjust” group effects for differences in the
covariate because it would alter the group effect in potentially
problematic ways, leading to spurious results (35,36).

fMRI Paradigm: Stop Task

The rapid, mixed-trial, event-related fMRI design was practiced
by subjects once before scanning. The visual tracking stop task
requires withholding of a motor response to a go stimulus wheniitis
followed unpredictably by a stop signal (8,37,38). The basic task is a
choice reaction time task (left and right pointing arrows: go signals)
with a mean intertrial-interval of 1.8 sec (156 go trials). In 20% of
trials, pseudo-randomly interspersed, the go signals are followed
(about 250 ms later) by arrows pointing upwards (stop signals), and
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subjects have to inhibit their motor responses (40 stop trials). A
tracking algorithm changes the time interval between go-signal
and stop-signal onsets according to each subject’s inhibitory per-
formance to ensure that the task is equally challenging for each
individual and to provide 50% successful and 50% unsuccessful
inhibition trials at every moment of the task.

fMRI Image Acquisition

Gradient-echo echoplanar magnetic resonance imaging data
were acquired on a GE Signa 1.5-T Horizon LX System (General
Electric, Milwaukee, Wisconsin) at the Maudsley Hospital, London. A
quadrature birdcage head coil was used for radio-frequency trans-
mission and reception. During the 6-min run of the stop task, in
each of 16 noncontiguous planes parallel to the anterior-posterior
commissural, 196 T,*-weighted magnetic resonance images de-
picting blood oxygen-level dependent (BOLD) contrast covering
the whole brain were acquired with echo time = 40 msec, repeti-
tion time = 1.8 sec, flip angle = 90°, in-plane resolution = 3.1 mm,
slice thickness = 7 mm, slice skip = .7 mm, providing complete
brain coverage.

fMRI Image Analysis

At the individual subject level, a standard general linear model-
ing approach was used to obtain estimates of the response size
(beta) to each of the two stop task conditions (successful and un-
successful stop trials) against an implicit baseline (go trials). Follow-
ing transformation of the fMRI data for each individual into stan-
dard space and smoothing with a three-dimensional 7-mm full
width at half maximum Gaussian filter, the experimental model was
convolved for each condition with gamma variate functions having
peak responses at 4 and 8 sec following stimulus onset to accom-
modate variability in BOLD response timing. By fitting these con-
volved model components to the time series at each voxel, beta
estimates were obtained for each effect of interest. The standard
errors of these beta estimates were computed nonparametrically
using a bootstrap procedure designed to operate on time series
data, containing serial dependencies, with repeated deterministic
(experimentally determined) effects. This method is outlined in
detail in a previous work (39). Two hundred bootstraps at each
voxel were used to estimate parameter standard errors. Using the
combined parameter estimates over all conditions, the mean fitted
time series was also computed and, from the combined bootstrap
parameter estimates for each bootstrap, the 95% confidence limits
on the fitted time series was computed.

The second-level analysis proceeded by computing either the
group differences (patients and controls) or the drug condition
differences (placebo, MPH) within patients at each voxel and the
standard error of this difference (using the bootstrap estimates
derived earlier). The significance of these differences was then
tested in three ways: 1) a simple parametric random effects (paired
t) test, using only the group difference/placebo-MPH effect size
differences; 2) a permutation test of the same random effects t
statistic in which the null distribution was estimated by randomly
swapping the signs of the differences (we used 40,000 permuta-
tions per voxel to obtain a confidence limit of .0007-.0013 for p
value of .001); and 3) a mixed-effects test using both the effect size
differences and their subject-level standard errors to accommodate
first (subject) level heteroscedasticity (40). This was also conducted
using 40,000 permutations per voxel.

In addition to voxelwise maps, cluster-level inference on the
contrast (beta) values was performed at a family-wise error cor-
rected threshold of p < .05 using the Threshold-Free Cluster En-
hancement method proposed by Smith and Nichols (41). This clus-
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Table 1. Main Variables of the Stop Task by Group

Healthy ADHD ADHD
Performance Controls Placebo MPH
Measure (n=13) (n=12) (n=12)
Pl (in %) 49 (6) 47 (5) 52(10)
MRT go trials (msec) 772 (118) 719 (104) 821 (154)
SD go trials (msec) 202 (52) 254 (63) 295 (103)
SSRT (msec) 205 (147) 143 (216) 166 (214)
Post-error go MRT 756 (98) 695 (123) 783 (129)

ADHD, attention-deficit/hyperactivity disorder; MPH, methylphenidate;
MRT, mean reaction time to go trials; SSRT, stop signal reaction time, calcu-
lated by subtracting the mean stop signal delay (the average time between
go and stop signal, at which the subject managed to inhibit to 50% of trials)
from the MRT to go trials.

ter-level inference was also used for the within-group maps for each
experimental condition.

Results

Performance

The probability of inhibition was about 50% in all subjects with
no significant group differences, showing that the task algorithm
worked [F(1,38) = 1; p < .3; Table 11.

A multivariate ANOVA between control subjects and ADHD pa-
tients under either drug condition showed a trend for a significant
group effect [F(8,62) = 2, p < .09] due to a significant univariate
group effect in the standard deviation to go trials [F(2,34) = 5,p <
.02], which were higher in patients under either medication condi-
tion compared with control subjects (p < .05). Post hoc tests fur-
thermore revealed a trend for MPH compared with placebo to slow
down reaction times within ADHD patients to both go (p <.06) and
post-error go trials (both p < .07) (Table 1).

Brain Activation

Motion

Multivariate ANOVA showed no significant group differences
between control subjects and ADHD patients under either drug
condition in mean or maximum rotation or translation parameters
in the x, y, or zdimensions [F(2,38) = .9, p < .5].

Within-Group Brain Activations

Failed Stop-Go Contrast. Control subjects activated relatively
large clusters in left and right inferior frontal cortex (IFC)/anterior
insula, medial frontal/anterior cingulate cortex (MFC/ACC), precen-
tral, inferior parietal, middle and superior temporal areas, posterior
thalamus and caudate, parahippocampal gyri, precuneus/posterior
cingulate, occipital, and cerebellar areas.
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Activation in ADHD patients under placebo was in MFC and
superior temporal cortex reaching into anterior and posterior in-
sula, caudate, and inferior parietal and occipital cortex.

Activation in ADHD patients under MPH was in a large cluster of
ACC and MFC, in left and right IFC/anterior insula, left premotor
cortex, right basal ganglia, bilateral middle and superior temporal,
inferior parietal and occipital areas, hippocampal gyri, posterior
cingulate, precuneus, and cerebellum (Figure S1in Supplement 1).

Successful Stop-Go Contrast. Activation in healthy control
boys was in a large cluster comprising left and right orbital and IFC,
dorsolateral and MFC, insula, basal ganglia, hippocampus, posterior
thalamic regions, pre- and postcentral gyri, inferior and superior
parietal, temporal and occipital cortices, precuneus, and posterior
cingulate.

Activation in ADHD patients under placebo was in small clusters
in right MFC, supplementary motor area (SMA), right superior tem-
poral, postcentral, left inferior and superior parietal, and occipital
cortices.

Activation in ADHD patients under the MPH condition was in
superior and MFC/ACC, right globus pallidus and putamen, right
superior temporal and superior and inferior parietal cortex, poste-
rior insula, and left cerebellum (Figure S1 in Supplement 1).

ANOVA Within-Patient Comparisons in Brain Activation
Between the Placebo and the MPH Conditions

Failed Stop-Go Contrast. MPH contrasted with placebo elic-
ited enhanced activation in left IFC, reaching into insula and puta-
men; in right IFC reaching into insula, putamen, and caudate; in left
medial frontal lobe; and in left inferior parietal, precuneus, and
occipital regions (Figure 1, Table 2). The placebo condition elicited
no enhanced activation over MPH.

To investigate whether brain regions that differed with MPH
were associated with task performance, statistical measures of the
BOLD response were extracted for each subject in each ANOVA
cluster and then correlated with performance variables. There was a
significant positive correlation in patients between post-error reac-
tion times and left and right IFC activation (r = .7, p < .02) and
between go reaction times and right IFC activation (r = .6, p < .05)
and a negative correlation between response variability and right
inferior parietal activation (r = —.7, p <.02).

Successful Stop-Go Contrast. No significant activation differ-
ences were observed between medication conditions.

ANOVA Between-Group Comparisons in Brain Activation
Between Control Subjects and Boys with ADHD Under Either
the Placebo or the MPH Conditions

Failed Stop-Go Contrast. Relative to control subjects, ADHD
patients under the placebo condition showed underactivation in
left IFC and dorsomedial prefrontal cortices (dMFC) (including pre-

Figure 1. Increased brain activation with the single dose of methylphenidate compared with placebo in patients with attention-deficit/hyperactivity disorder
during inhibition failures. Within-group analysis of variance in boys with attention-deficit/hyperactivity disorder comparing methylphenidate and placebo for
the inhibition failure condition at family-wise error-corrected cluster-level contrast of p < .05. Methylphenidate compared with placebo enhanced activation
in leftinferior prefrontal cortex reaching into putamen, in rightinferior frontal cortex/insula, reaching into caudate and putamen, in left dorsolateral prefrontal
cortex, and in right inferior parietal lobe and precuneus. No brain regions were enhanced under placebo compared with methylphenidate. No within-group
activation differences between drug conditions were observed for the successful inhibition contrast. The right side of the figure corresponds to the right side

of the brain.
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Table 2. Within-Group Analysis of Variance Differences in Brain Activation in Boys with the Attention-Deficit/Hyperactivity Disorder Between Placebo and

Methylphenidate for the Inhibition Failure Condition

Brain Region Brodmann Area Talairach Coordinates (x,y,z) Number of Voxels Cluster p Value
Inhibition Failure Methylphenidate > Placebo
L Inferior Frontal Cortex/Insula/Putamen/Caudate 47 —32,15, -2 43 .001
R Inferior Prefrontal Cortex/Insula/Putamen 47 25,14, —12 36 .0008
R Caudate 7,4,7 15 .0007
L Medial Frontal Gyrus 46 —32,33,25 11 .0005
R Inferior Parietal Lobe/Precuneus 40/7 28,59, 42 111 .0005
R Occipital Cortex 19 25,92, —13 27 .001
R Occipital Cortex 19 43, —78, =7 46 .0006
Placebo > Methylphenidate: No Effect
L, left; R, right.

SMA), right premotor, superior and inferior parietal cortices, poste-
rior cingulate/precuneus, posterior thalamus, and bilateral inferior
temporo-occipital areas (Figure 2A, Table 3).

Under the MPH condition, ADHD patients did not differ from
controls in any of these regions.

Post-error slowing in ADHD patients under placebo, but not in
control subjects, was significantly positively correlated with activa-
tion in left IFC, premotor, dMFC, and thalamic underactivation clus-
ters (r > .6 for all clusters, p < .05) as well as with superior parietal,
occipital, and cerebellar activation (r < .4, p < .05). Standard devia-
tion of reaction times was correlated with dMFC activation in con-
trols (r = .6, p < .02).

Successful Stop-Go Contrast. Relative to control subjects,
ADHD patients under the placebo condition showed underactiva-
tion in a right hemispheric network of medial temporal and inferior
parietal lobes, precuneus/posterior cingulate and cerebellum (Fig-
ure 2B, Table 3). To test our hypothesis of IFC underactivation, we
reanalyzed the data at a more lenient p value of p < .002 for
voxelwise comparison. This elicited additional underactivation in
right IFC, left and right subthalamic nuclei, and the pre-SMA (Table
3 and Figure S2 in Supplement 1).

Under the MPH condition, ADHD patients did not differ from
control subjects in any of these regions.

Activation in posterior cingulate and lingual gyrus correlated
significantly positively with post-error go reaction times in ADHD
boys under placebo (r > .6, p < .3).

All group difference findings for both contrasts remained essen-
tially unchanged when 1Q was covaried.

Conjunction Analysis Between Within-Group and
Between-Group ANOVAs

To test whether brain regions that were upregulated with MPH
relative to placebo within patients overlapped with brain regions

A. Inhibition failure
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that were reduced in patients under placebo relative to controls
and then normalized with MPH, we performed a conjunction anal-
ysis by determining the voxels where the within-group ANOVA
(MPH > placebo in ADHD) and the between-group ANOVA (control
subjects > ADHD placebo) were both significant (42). Three clusters
emerged, in left IFC (Talairach coordinates: —43, 7, 4), right SMA
(Talairach coordinates: 7, 4, 59) and right inferior parietal lobe (Ta-
lairach coordinates: 32, —63, 42). Overlapping clusters are also indi-
cated in bold in Table 3 and shown in Figure 3.

Discussion

During error trials, ADHD boys under placebo compared with
healthy control subjects showed significant underactivation in a
typical error processing and performance monitoring network
comprising dMFC, left IFC, thalamus, posterior cingulate/precu-
neus, and inferior temporoparietal regions. Among patients, MPH
compared with placebo significantly upregulated activation in
overlapping medial frontal, IFC, and parietal regions as well as the
lenticular nucleus. Under MPH, brain activation differences be-
tween control subjects and ADHD patients were no longer ob-
served. Reduced fronto-thalamo-parietal activation that was nor-
malized with MPH was, furthermore, negatively associated with
faster post-error reaction times in patients, which were trendwise
slowed with MPH.

During successful stop trials, ADHD boys showed underactiva-
tion in a right hemispheric network of medial temporal and inferior
parietal brain regions and, at a more lenient threshold, in small
clusters of bilateral IFC, thalamus, and pre-SMA. Although within-
patient comparison between MPH and placebo did not show sig-
nificant activation differences, all underactivations in patients rela-
tive to control subjects under placebo were normalized with a
single dose of MPH.

Figure 2. Between-group analysis of variance compari-
son between healthy control boys and boys with atten-
tion-deficit/hyperactivity disorder (ADHD) under the pla-
cebo condition. Significantly reduced activation in boys
with ADHD under placebo compared with healthy com-
parison boys at family-wise error-corrected cluster-level
contrast of p <.05 for (A) failed stop trials and (B) success-
ful stop trials. No increased activation was observed in
ADHD boys compared with healthy control boys. Under
the methylphenidate condition, brain activation differ-
ences between groups were no longer observed in any of
the two task conditions. The right side of the image corre-
sponds to the right side of the brain.
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Table 3. Between-Group ANOVA Differences in Brain Activation Between Control and ADHD Boys Under Either the Placebo or the Methylphenidate

Condition for the Contrast of Inhibition Failure and Successful Inhibition

Brain Region Brodmann Area

Talairach Coordinates (x,y,z)

Number of Voxels Cluster p Value

Inhibition Failure
Controls > ADHD under Placebo

L Inferior Frontal® 45/44
Dorsomedial Frontal Cortex/Pre-SMA? 6/8
R Premotor Cortex 6
L Thalamus (Pulvinar)

R Thalamus (Pulvinar)

R Inferior Parietal Lobe“ 40
R Superior Parietal Lobe 7

L Posterior Cingulate 23

L Precuneus 23/7
L Precuneus/Superior Parietal Lobe 27
R Inferior Temporal/Occipital Lobe 19/39
L Occipital Gyrus 19

R Cerebellum

—47,11,9 78 .002
0,11,53 74 .001
40, 4, 31 35 .002
—7,—26, -2 9 .002
10,30, =7 9 .002
32,59,42 93 .005
22,48, 59 8 .01
—4, —48, 26 181 .005
—26, —52,42 56 .002
—14, —44, 64 41 .005
43,63, —2 73 .002
—43,-70, =7 8 .002
29, —85, —18 39 .004

Successful Inhibition
Controls > ADHD Under Placebo

R Medial Temporal Lobe 21/22
R medial temporal lobe/occipital 39/19
R Lingual Gyrus 18
R Inferior Parietal Lobe 7
R Precuneus/Posterior Cingulate 7/31
Cerebellum Hemisphere

R Inferior Frontal Gyrus/Insula® 47
L Insula/Inferior Frontal® 44
L and R Anterior Cingulate® 32

L Thalamus (Pulvinar)®

R Thalamus (Pulvinar)®

R pre-SMA® 6/8
L pre-SMA® 6/8

43. Forty-one, 4 40 .0004
47, —63, =7 104 .0005
18, —85,3 47 .001
32, —59,48 27 .0007
11, =59, 31 88 .002
40, —59, —29 8 .003
34,18,0 5 .002

=50, 11, 11 5 .002
—4,42,18 9 .002
—3,-25,3 10 .002

6,—16,3 8 .002
14,11, 53 12 .001
—3,11,53 12 .001

p value for ANOVA at family-wise error-corrected cluster-level contrast of p < .05. No differences were observed between boys with ADHD under

methylphenidate and healthy control children.

ADHD, attention-deficit/hyperactivity disorder; ANOVA, analysis of variance; L, left; R, right; SMA, supplementary motor area.
“Regions that overlapped in the conjunction analysis between this ANOVA analysis and the within-patients ANOVA for areas that showed greater

activation under methylphenidate than for placebo.

bClusters only observed at a more lenient voxel-wise p value of p < .002. Boys with ADHD under placebo had no increased activation compared with

control boys for either condition.

The dMFC, comprising Brodmann areas 8, 6, and 32, including
pre-SMA and ACC, is a typical region of error processing and perfor-
mance monitoring in adults (37,43-48) and children (29,38,49). We
have previously found this region to be underactivated in children
with ADHD during oddball (50) and switch tasks (4). Errors indicate
violation of a reward prediction (i.e., positive performance) and
have been linked to midbrain dopamine (51). Normalization with
MPH of underfunctioning of this region in ADHD is in line with the
notion that phasic dopamine response modulates error-related
mesial frontal activation (52,53). These findings extend evidence for
upregulation with acute and chronic doses of MPH in previously

medicated patients with ADHD in a more rostral ACC location dur-
ing tasks of cognitive control (22,28,54).

Activationin dMFC during errors triggers additional activation in
functionally interconnected left IFC, as well as striatal, premotor,
and parietal components of the error monitoring system, leading to
post-error performance adjustments (43-45,48). IFC underactiva-
tion is one of the most consistent findings in fMRI studies in patients
with ADHD, with right IFC dysfunction typically observed during
inhibitory performance (7,8,11,55), in line with its role in inhibition
(37,56), and left IFC during stop errors (4,29) as well as during
flexible, selective, or sustained attention (4,9,26,50,57), in line with

Figure 3. Conjunction analysis for the stop failure condition: common brain activation clusters that were significantly upregulated with methylphenidate
within the attention-deficit/hyperactivity disorder group and which in addition were underactivated in attention-deficit/hyperactivity disorder patients
relative to control subjects and then normalized with methylphenidate. The right side of the image corresponds to the right side of the brain.
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its role for performance monitoring (44,45,48,49) and saliency pro-
cessing (58,59). IFC dysfunction is furthermore a disorder-specific
neurofunctional deficit compared with patients with conduct
(6,50,57,60) and obsessive compulsive (4) disorders. MPH thus ap-
pears to modulate an important neurofunctional biomarker of
ADHD. The more predominantly left-hemispheric upregulation ef-
fect during errors may suggest a stronger effect of MPH on perfor-
mance monitoring than inhibitory function in ADHD. Left IFC up-
regulation has previously been observed in ADHD patients in the
context of an attention-demanding time discrimination task after
acute (27) and 6 weeks of MPH treatment during interference inhi-
bition (54). Structural studies have shown more normal cortical
thinning in left IFC in psychostimulant-medicated compared with
unmedicated ADHD children (61). Together, this raises the specula-
tion that MPH may have a lateralized upregulating effect on left IFC
structure and function.

Posterior thalamic regions have been associated both with mo-
tor response inhibition (62) and performance monitoring
(48,63,64). The finding that MPH normalizes activation in this region
is in line with speculation of this region’s involvement in the mod-
ulation of the dopaminergic error signal (63,65,66).

The fact that lower dMFC, IFC, and thalamic activation in ADHD
patients was associated with faster post-error slowing, both of
which were enhanced by MPH, reinforces the role of this network
for abnormal error monitoring in ADHD. Posterior cingulate and
precuneus are connected with MFC and parietal areas and form
part of the performance monitoring network (47,49,67,68), mediat-
ing visual spatial attention to saliency (69,70) and the integration of
performance outcome with attentional modulation (48). The fact
that these regions were underactivated during both inhibition and
its failure is in line with a generic attention role of these areas. In line
with this, we and others have previously observed underactivation
in ADHD patients in these regions during inhibition errors (4,6,8,60),
as well as during other salient stimuli such as oddball, novel or
incongruent targets (10,26,50,71,72).

Normalization with MPH of reduced activation in typical fronto-
parietal regions of saliency processing and performance monitor-
ing is consistent with the dopamine-deficiency hypothesis of ADHD
given that dopamine agonists enhance stimulus salience (73). It is
also in line with our previous findings of upregulation with MPH of
posterior cingulate/precuneus in the same group of medication
naive boys with ADHD during a target detection task, resulting in
improved attention (26), and during an attention demanding time
discrimination task (27). To our knowledge, normalization of infe-
rior parietal activation with MPH has only recently been observed in
ADHD patients, in the context of sustained attention (26) and inter-
ference inhibition (54).

During successful stop trials, MPH also normalized underactiva-
tion in the cerebellum, which, together with subthalamic nucleus,
caudate, and IFG, forms a neurofunctional network of motor re-
sponse inhibition (38). These findings extend previous evidence for
cerebellum upregulation with MPH in ADHD patients during inter-
ference inhibition (54) and time estimation (27).

Within patients, MPH also enhanced activation of caudate and
putamen. This is in line with previous fMRI findings of caudate
upregulation in ADHD patients after acute and chronic doses of
MPH during inhibition and attention tasks (22,24,54) and is likely
associated with the known effect of MPH on striatal dopamine
transporter blockage (14,15).

The findings of more pronounced normalization effects of MPH
on abnormal performance monitoring than inhibition networks
could suggest that MPH enhances generic attention and perfor-
mance monitoring functions more than inhibitory capacity. This
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would bein line with the behavioral effect of MPH of modulating go
and post-error reaction times, but not inhibition speed, which, fur-
thermore were correlated with the reduced frontothalamic error-
processing activation that was normalized with MPH. Relative to
control subjects, patients only significantly differed in intrasubject
response variability. Small subject numbers, a relatively older child
group, and fMRI task design restrictions may have been responsible
for minor behavior differences. The findings of brain dysfunctionsin
boys with ADHD and their normalization under the clinical dose of
MPH despite minor performance differences and only trend-level
improvements with MPH show that brain activation is more sensi-
tive than performance to detect both abnormalities and pharmaco-
logic effects. This is in line with previous findings of marked brain
dysfunctionsin ADHD adolescents despite no stop taskimpairment
(7,8,50) and higher sensitivity of brain activation than behavior to
show pharmacologic effects of MPH in ADHD (24,26 -28,54,74).

MPH prevents the reuptake of catecholamines from the synaptic
cleft by blocking dopamine and norepinephrine transporters (DAT/
NET) (75,76), with higher affinity for the former (77,78). In healthy
adults, MPH blocks 60% to 70% of striatal DAT in a dose-dependent
manner, increasing extracellular levels of dopamine in striatum
(75,79-82), as well as in frontal, thalamic, and temporal regions
(83). The upregulating effects on basal ganglia, thalamic, and ante-
rior cingulate activation were therefore likely mediated by mesolimbic
striatocingulate dopaminergic pathways known to modulate error
monitoring systems (63,64). In frontal regions, however, MPH upregu-
lates noradrenaline to the same or greater extent than dopamine
(84-86), via reuptake inhibition of NET that clear up both dopamine
and noradrenaline (85,87-89). The upregulating effects on frontal ac-
tivation, therefore, may have been mediated by enhanced catechol-
amine neurotransmission, in line with recent evidence that noradren-
aline also plays a role in error monitoring (66,90).

A limitation of the study is that patients were tested twice,
whereas control subjects were only scanned once, for ethical and
financial reasons. Practice effects, however, were overcome by the
counterbalanced design. Another limitation is the relatively small
sample size. Minimum numbers of 15 to 20 participants have been
suggested for fMRI studies (91). Repeated-measures designs, how-
ever, are statistically more powerful than independent data sets,
which makes the within-subject ANOVA more robust.

To ourknowledge, this is the first study to show that a single dose of
MPH in ADHD upregulates and normalizes the underfunctioning of
dMFC, left IFC, posterior cingulate, and parietal regions that in concert
play an important role in error processing. The normalization findings
of these key regions of both performance monitoring and ADHD dys-
function reinforce the association between dopaminergic neurotrans-
mission abnormalities, ADHD, and poor performance monitoring and
may underlie the behavioral effects of improving attention and school
performance in boys with ADHD.

This research was funded by grants from the Medical Research
Council (Grant No. G9900839). RH was supported by a grant from the
PPP Healthcare UK (Grant No. 1206/1140).

KR has received funding from Eli Lilly for another research project
and speakers honoraria from Eli Lilly, Shire, and Medice. The other
authors reported no biomedical financial interests or potential con-
flicts of interest.

Supplementary material cited in this article is available online.
1. American Psychiatric Association (1994): Diagnostic and Statistical Man-

ual of Mental Disorders. 4th ed. Washington, DC: American Psychiatric
Association.



K. Rubia et al.

2.

20.

21.

22.

23.

Rubia K, Smith A, Brammer M, Taylor E (2007): Performance of children
with attention deficit hyperactivity disorder (ADHD) on a test battery for
impulsiveness. Child Neuropsychol 30:659-695.

. Willcutt EG, Doyle AE, Nigg JT, Faraone SV, Pennington BF (2005): Valid-

ity of the executive function theory of attention-deficit/hyperactivity
disorder: A meta-analytic review. Biol Psychiatry 57:1336 -1346.

. Rubia K, Cubillo A, Smith AB, Woolley J, Heyman |, Brammer MJ, et al. (2010):

Disorder-specific dysfunction in right inferior prefrontal cortex during two inhi-
bition tasks in boys with attention-deficit hyperactivity disorder compared to
boys with obsessive-compulsive disorder. Hum Brain Mapp 31:287-299.

. Rubia K, Cubillo A, Woolley J, Brammer MJ, Smith AB (2010): Disorder-specific

dysfunctions in patients with attention-deficit/hyperactivity disorder com-
pared to patients with Obsessive-compulsive disorder during interference in-
hibition and attention allocation. Hum Brain Mapp 32:601-611.

. Rubia K, Halari R, Smith AB, Mohammed M, Scott S, Giampietro V, et al.

(2008): Dissociated functional brain abnormalities of inhibition in boys
with pure conduct disorder and in boys with pure attention deficit
hyperactivity disorder. Am J Psychiatry 165:889-897.

. Rubia K, Overmeyer S, Taylor E, Brammer M, Williams SC, Simmons A, et al.

(1999): Hypofrontality in attention deficit hyperactivity disorder during higher-
order motor control: A study with functional MRI. AmJ Psychiatry 156:891-896.

. Rubia K, Smith AB, Brammer MJ, Toone B, Taylor E (2005): Abnormal

brain activation during inhibition and error detection in medication-
naive adolescents with ADHD. Am J Psychiatry 162:1067-1075.

. Smith AB, Taylor E, Brammer M, Toone B, Rubia K (2006): Task-specific

hypoactivation in prefrontal and temporoparietal brain regions during
motor inhibition and task switching in medication-naive children and
adolescents with attention deficit hyperactivity disorder. Am J Psychia-
try 163:1044-1051.

. Tamm L, Menon V, Reiss AL (2006): Parietal attentional system aberrations dur-

ing target detection in adolescents with attention deficit hyperactivity disorder:
Event-related fMRI evidence. Am J Psychiatry 163:1033-1043.

. Rubia K (2010): “Cool” inferior frontostriatal dysfunction in attention

deficit hyperactivity disorder (ADHD) versus “hot” ventromedial orbito-
fronto-limbic dysfunction in conduct disorder: A review [published on-
line ahead of print November 20]. Biol Psychiatry.

. Arnsten AF (2006): Fundamentals of attention-deficit/hyperactivity dis-

order: Circuits and pathways. J Clin Psychiatry 67(suppl 8):7-12.

. Wilens TE (2008): Effects of methylphenidate on the catecholaminergic

system in attention-deficit/hyperactivity disorder. J Clin Psychopharma-
col 28:546 -S53.

. Volkow ND, Wang GJ, Kollins SH, Wigal TL, Newcorn JH, Telang F, et al.

(2009): Evaluating dopamine reward pathway in ADHD: Clinical impli-
cations. JAMA 302:1084-1091.

. Krause J (2008): SPECT and PET of the dopamine transporter in atten-

tion-deficit/hyperactivity disorder. Expert Review Neurother 8:611-625.

. Schachar RJ, Chen S, Logan GD, Ornstein TJ, Crosbie J, Ickowicz A,

Pakulak A (2004): Evidence for an error monitoring deficit in attention
deficit hyperactivity disorder. J Abnorm Child Psychol 32:285-293.

. Krusch DA, Klorman R, Brumaghim JT, Fitzpatrick PA, Borgstedt AD,

Strauss J, et al. (1996): Methylphenidate slows reactions of children with
attention deficit disorder during and after an error. J Abnorm Child
Psychol 24:633-650.

. Sergeant JA, Vandermeere J (1988): What happens after a hyperactive-

child commits an error. Psychiatry Res 24:157-164.

. Groen Y, Mulder LJM, Wijers AA, Minderaa RB, Althaus M (2009): Meth-

ylphenidate improves diminished error and feedback sensitivity in
ADHD: An evoked heart rate analysis. Biol Psychol 82:45-53.

Berman T, Douglas VI, Barr RG (1999): Effects of methylphenidate on
complex cognitive processing in attention-deficit hyperactivity disor-
der.J Abnorm Psychol 108:90-105.

Jonkman LM, van Melis JJM, Kemner C, Markus CR (2007): Methylpheni-
date improves deficient error evaluation in children with ADHD: An
event-related brain potential study. Biol Psychol 76:217-229.

Vaidya CJ, Austin G, Kirkorian G, Ridlehuber HW, Desmond JE, Glover GH,
et al. (1998): Selective effects of methylphenidate in attention deficit
hyperactivity disorder: A functional magnetic resonance study. Proc
Natl Acad Sci U S A 95:14494 -14499.

Epstein JN, Casey BJ, Tonev ST, Davidson MC, Reiss AL, Garrett A, et al.
(2007): ADHD- and medication-related brain activation effects in con-
cordantly affected parent-child dyads with ADHD. J Child Psychol Psy-
chiatry 48:899-913.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

BIOL PSYCHIATRY 2011;70:255-262 261

Shafritz KM, Marchione KE, Gore JC, Shaywitz SE, Shaywitz BA (2004):
The effects of methylphenidate on neural systems of attention in atten-
tion deficit hyperactivity disorder. Am J Psychiatry 161:1990-1997.
Rubia K, Halari R, Cubillo A, Smith A, Mohammad MA, Brammer M, et al.
(2011): Methylphenidate normalises fronto-striatal underactivation
during interference inhibition in medication-naive boys [published on-
line ahead of print March 30]. Neuropsychopharmacology.

Rubia K, Halari R, Cubillo A, Mohammad M, Taylor E, et al. (2009): Meth-
ylphenidate normalises activation and functional connectivity deficits
in attention and motivation networks in medication-naive children with
ADHD during a rewarded continuous performance task. Neuropharma-
cology 57:640-652.

Rubia K, HalariR, Christakou A, Taylor E (2009): Impulsiveness as a timing
disturbance: Neurocognitive abnormalities in attention-deficit hyper-
activity disorder during temporal processes and normalization with
methylphenidate. Philos Trans R Soc Lond B Biol Sci 364:1919-1931.
Peterson BS, Potenza MN, Wang ZS, Zhu HT, Martin A, Marsh R, et al.
(2009): An fMRI Study of the Effects of psychostimulants on Default-
Mode processing during Stroop Task Performance in Youths with
ADHD. Am J Psychiatry 166:1286-1294.

Pliszka SR, Glahn DC, Semrud-Clikeman M, Franklin C, Perez R, Xiong JJ,
et al. (2006): Neuroimaging of inhibitory control areas in children with
attention-deficit/hyperactivity disorder who were treatment naive or in
long-term treatment. Am J Psychiatry 163:1052-1060.

Goldberg D, Murray R (2002): Maudsley Handbook of Practical Psychiatry.
Oxford: Oxford University Press.

Goodman R, Scott S (1999): Comparing the strengths and difficulties
questionnaire and the child behavior checklist: Is small beautiful? J
Abnorm Child Psychol 27:17-24.

Raven J (1960): Guide to the Standard Progressive Matrices. London: HK
Lewis.

Rucklidge JJ, Tannock R (2001): Psychiatric, psychosocial, and cognitive
functioning of female adolescents with ADHD. J Am Acad Child Adolesc
Psychiatry 40:530-540.

Goodman R, Simonoff E, Stevenson J (1995): The impact of child 1Q,
parent 1Q and sibling IQ on child behavioural-deviance scores. J Child
Psychol Psychiatry Allied Discip 36:409 - 425.

Dennis M, Francis DJ, Cirino PT, Schachar R, Barnes MA, Fletcher JM, et al.
(2009): Why 1Q is not a covariate in cognitive studies of neurodevelop-
mental disorders. J Int Neuropsychol Soc 15:331-343.

Miller G, Chapman J (2001): Misunderstanding analysis of covariance. J
Abnorm Psychol 110:40-48.

Rubia K, Smith AB, Brammer MJ, Taylor E (2003): Right inferior prefrontal
cortex mediates response inhibition while mesial prefrontal cortex is
responsible for error detection. Neuroimage 20:351-358.

Rubia K, Smith AB, Taylor E, Brammer M (2007): Linear age-correlated
functional development of right inferior fronto-striato-cerebellar net-
works during response inhibition and anterior cingulate during error-
related processes. Hum Brain Mapp 28:1163-1177.

Politis DN (2003): The impact of bootstrap methods on time series
analysis. Stat Sci 18:219-230.

Thirion B, Pinel P, Meriaux S, Roche A, Dehaene S, Poline JB, et al. (2007):
Analysis of a large fMRI cohort: Statistical and methodological issues for
group analyses. Neuroimage 35:105-120.

Smith SM, TEN (2009): Threshold-free cluster enhancement: Addressing
problems of smoothing, threshold dependence and localisation in clus-
ter inference. Neuroimage 44:83-98.

Nichols T, Brett M, Andersson J, Wager T, Poline JB (2005): Valid conjunc-
tion inference with the minimum statistic. Neuroimage 25:653-660.
Ridderinkhof KR, Ullsperger M, Crone EA, Nieuwenhuiss S (2004): The role of
the medial frontal cortex in cognitive control. Science 306:443-447.

Kerns JG (2006): Anterior cingulate and prefrontal cortex activity in an
fMRI study of trial-to-trial adjustments on the Simon task. Neuroimage
33:399-405.

Kerns JG, Cohen JD, MacDonald AW 3rd, Cho RY, Stenger VA, Carter CS,
et al. (2004): Anterior cingulate conflict monitoring and adjustments in
control. Science 303:1023-1026.

van Schie HT, Mars RB, Coles MGH, Bekkering H (2004): Modulation of
activity in medial frontal and motor cortices during error observation.
Nat Neurosci 7:549 -554.

Li CSR, Huang G, Yan PS, Paliwal P, Constable RT, Sinha R, et al. (2008): Neural
correlates of post-error slowing during a stop signal task: A functional magnetic
resonance imaging study. J Cogn Neurosci 20:1021-1029.

www.sobp.org/journal



262 BIOL PSYCHIATRY 2011;70:255-262

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Li CSR, Yan P, Chao HHA, Sinha R, Paliwal P, Constable RT, et al. (2008):
Error-specific medial cortical and subcortical activity during the stop
signal task: A functional magnetic resonance imaging study. Neurosci-
ence 155:1142-1151.

Stevens MC, Kiehl KA, Pearlson GD, Calhoun VD (2009): Brain network
dynamics during error commission. Hum Brain Mapp 30:24-37.

Rubia K, Halari R, Smith AB, Mohammad M, Scott S, Brammer MJ, et al.
(2009): Shared and disorder-specific prefrontal abnormalities in boys
with pure attention-deficit/hyperactivity disorder compared to boys
with pure CD during interference inhibition and attention allocation.
J Child Psychol Psychiatry 50:669-678.

Waelti P, Dickinson A, Schultz W (2001): Dopamine responses comply
with basic assumptions of formal learning theory. Nature 412:43-48.
Holroyd CB, Coles MGH (2008): Dorsal anterior cingulate cortex inte-
grates reinforcement history to guide voluntary behaviour. Cortex 44:
548-559.

Holroyd CB, Coles MGH (2002): The neural basis of human error process-
ing: Reinforcement learning, dopamine, and the error-related negativ-
ity. Psychol Review 109:679-709.

Bush G, Spencer TJ, Holmes J, Shin LM, Valera EM, Seidman LJ, et al.
(2008): Functional magnetic resonance imaging of methylphenidate
and placebo in attention-deficit/hyperactivity disorder during the
multi-source interference task. Arch Gen Psychiatry 65:102-114.
Durston S, Mulder M, Casey BJ, Ziermans T, van Engeland H (2006): Activation in
ventral prefrontal cortex s sensitive to genetic vulnerability for attention-deficit
hyperactivity disorder. Biol Psychiatry 60:1062—-1070.

Rubia K (2007): Neuro-anatomic evidence for the maturational delay
hypothesis of ADHD. Proc Natl Acad Sci U S A 104:19663-19664.

Rubia K, Smith A, Halari R, Matukura F, Mohammad M, Taylor E, et al.
(2009): Disorder-specific dissociation of orbitofrontal dysfunction in
boys with pure conduct disorder during reward and ventrolateral pre-
frontal dysfunction in boys with pure attention-deficit/hyperactivity
disorder during sustained attention. Am J Psychiatry 166:83-94.
Derrfuss J, Brass M, Neumann J, von Cramon DY (2005): Involvement of
the inferior frontal junction in cognitive control: Meta-analyses of
switching and Stroop studies. Hum Brain Mapp 25:22-34.

Rubia K, Hyde Z, Giampietro V, Smith A, Smith A (2010): Effects of age
and sex on developmental neural networks of visual-spatial attention
allocation. Neuroimage 51:817-827.

Rubia K, Halari R, Cubillo A, Mohammad A, Scott S, Brammer M, et al.
(2010): Disorder-specific inferior frontal dysfunction in boys with pure
attention-deficit/hyperactivity disorder compared to boys with pure CD
during cogpnitive flexibility. Hum Brain Mapp 31:1823-1833.

Shaw P, Sharp WS, Morrison M, Eckstrand K, Greenstein DK, Clasen LS, et
al. (2009): Psychostimulant treatment and the developing cortex in
attention deficit hyperactivity disorder. Am J Psychiatry 166:58 - 63.
Aron AR, Poldrack RA (2006): Cortical and subcortical contributions to
stop signal response inhibition: Role of the subthalamic nucleus. J Neu-
rosci 26:2424-2433.

Ullsperger M, von Cramon DY (2003): Error monitoring using external
feedback: Specific roles of the habenular complex, the reward system,
and the cingulate motor area revealed by functional magnetic reso-
nance imaging. J Neurosci 23:4308-4314.

Ullsperger M, von Cramon DY (2004): Decision making, performance and
outcome monitoring in frontal cortical areas. Nat Neurosci 7:1173-1174.
Ullsperger M, von Cramon DY (2004): Neuroimaging of performance
monitoring: Error detection and beyond. Cortex 40:593-604.

Jocham G, Ullsperger U (2009): Neuropharmacology of performance
monitoring. Neuroscience Biobehavioural Rev 33:48 - 60.

Carter CS, Macdonald AM, Botvinick M, Ross LL, Stenger VA, Noll D, et al.
(2000): Parsing executive processes: Strategic vs. evaluative functions of
the anterior cingulate cortex. Proc Natl Acad Sci U S A 97:1944-1948.
FiehlerK, Ullsperger M, von Cramon DY (2004): Neural correlates of error
detection and error correction: Is there a common neuroanatomical
substrate? Eur J Neurosci 19:3081-3087.

Mesulam MM, Nobre AC, Kim YH, Parrish TB, Gitelman DR (2001): Heter-
ogeneity of cingulate contributions to spatial attention. Neuroimage
13:1065-1072.

Small DM, Gitelman DR, Gregory MD, Nobre AC, Parrish TB, Mesulam
MM, et al. (2003): The posterior cingulate and medial prefrontal cortex
mediate the anticipatory allocation of spatial attention. Neuroimage
18:633-641.

www.sobp.org/journal

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

K. Rubia et al.

. Rubia K, Smith AB, Brammer MJ, Taylor E (2007): Temporal lobe dysfunc-

tion in medication-naive boys with attention-deficit/hyperactivity dis-
order during attention allocation and its relation to response variability.
Biol Psychiatry 62:999-1006.

Stevens MC, Pearlson GD, Kiehl KA (2007): An FMRI auditory oddball
study of combined-subtype attention deficit hyperactivity disorder.
Am J Psychiatry 164:1737-1749.

Volkow ND, Wang GJ, Ma YM, Fowler JS, Wong C, Jayne M, et al. (2006):
Effects of expectation on the brain metabolic responses to methyl-
phenidate and to its placebo in non-drug abusing subjects. Neuroimage
32:1782-1792.

Konrad K, Neufang S, Hanisch C, Fink GR, Herpertz-Dahlmann B (2006):
Dysfunctional attentional networks in children with attention deficit/
hyperactivity disorder: Evidence from an event-related functional mag-
netic resonance imaging study. Biol Psychiatry 59:643-651.

Volkow N, Wang G, Fowler J, Logan J, Angrist B, Hitzemann R, et al.
(1997): Effects of methylphenidate on Regional brain glucose metabo-
lismin humans: Relationship to dopamine D2 Receptors. AmJ Psychiatry
154:50-55.

Volkow N, Ding Y-S, Fowler J, Wang G, Logan J, Gatly J, et al. (1995): Is
methyphenidate like cocaine? Studies on their phamacokinetics and
distribution in the human brain. Arch Gen Psychiatry 52:456 - 463.
Gatley SJ, Pan D, Chen R, Chaturvedi G, Ding YS (1996): Affinities of
methylphenidate derivatives for dopamine, norepinephrine and sero-
tonin transporters. Life Sci 58:231-239.

Bymaster FP, Katner JS, Nelson DL, Hemrick-Luecke SK, Threlkeld PG,
Heiligenstein JH, et al. (2002): Atomoxetine increases extracellular levels
of norepinephrine and dopamine in prefrontal cortex of rat: A potential
mechanism for efficacy in attention deficit/hyperactivity disorder. Neu-
ropsychopharmacology 27:699-711.

Volkow ND, Fowler JS, Wang GJ, Ding YS, Gatley SJ (2002): Role of
dopamine in the therapeutic and reinforcing effects of methylpheni-
date in humans: Results from imaging studies. Eur Neuropsychopharma-
col 12:557-566.

Volkow ND, Wang GJ, Newcorn J, Fowler JS, Telang F, Solanto MV, et al.
(2007): Brain dopamine transporter levels in treatment and drug naive
adults with ADHD. Neuroimage 34:1182-1190.

Schiffer WK, Volkow ND, Fowler JS, Alexoff DL, Logan J, Dewey SL, et al. (2006):
Therapeutic doses of amphetamine or methylphenidate differentially increase
synaptic and extracellular dopamine. Synapse 59:243-251.

Volkow ND, Fowler JS, Wang G, Ding Y, Gatley SJ (2002): Mechanism of
action of methylphenidate: Insights from PET imaging studies. J Atten
Disord 6(suppl 1):531-543.

Montgomery AJ, Asselin MC, Farde L, Grasby PM (2007): Measurement
of methylphenidate-induced change in extrastriatal dopamine concen-
tration using [C-11]FLB 457 PET. J Cereb Blood Flow Metab 27:369-377.
Balcioglu A, Ren JQ, McCarthy D, Spencer TJ, Biederman J, Bhide PG, et
al. (2009): Plasma and brain concentrations of oral therapeutic doses of
methylphenidate and their impact on brain monoamine content in
mice. Neuropharmacology 57:687-693.

Berridge CW, Devilbiss DM, Andrzejewski ME, Arnsten AF, Kelley AE,
Schmeichel B, et al. (2006): Methylphenidate preferentially increases
catecholamine neurotransmission within the prefrontal cortex at low
doses that enhance cognitive function. Biol Psychiatry 60:1111-1120.
Hannestad J, Gallezot JD, Planeta-Wilson B, Lin SF, Williams WA, van
Dyck CH, et al. (2010): Clinically relevant doses of methylphenidate
significantly occupy norepinephrine transporters in humans in vivo. Biol
Psychiatry 68:854 - 860.

Arnsten AFT (2006): Stimulants: Therapeutic actions in ADHD. Neuropsy-
chopharmacology 31:2376-2383.

Staller JA, Faraone SV (2007): Targeting the dopamine system in the
treatment of attention-deficit/hyperactivity disorder. Expert Rev Neu-
rother 7:351-362.

Arnsten AF, Dudley AG (2005): Methylphenidate improves prefrontal
cortical cognitive function through alpha2 adrenoceptor and dopa-
mine D1 receptor actions: Relevance to therapeutic effects in attention
deficit hyperactivity disorder. Behav Brain Funct 1:2.

Riba J, Rodriguez-Fornells A, Morte A, Munte TF, Barbanoj MJ (2005):
Noradrenergic stimulation enhances human action monitoring. J Neu-
rosci 25:4370-4374.

Carter CS, Heckers S, Nichols T, Pine DS, Strother S (2008): Optimizing
the design and analysis of clinical functional magnetic resonance imag-
ing research studies. Biol Psychiatry 64:842—-849.



	Methylphenidate Normalizes Frontocingulate Underactivation During Error Processing in Attention- ...
	Methods and Materials
	Subjects
	fMRI Paradigm: Stop Task
	fMRI Image Acquisition
	fMRI Image Analysis

	Results
	Performance

	Brain Activation
	Motion
	Within-Group Brain Activations
	Failed Stop–Go Contrast
	Successful Stop–Go Contrast

	ANOVA Within-Patient Comparisons in Brain Activation Between the Placebo and the MPH Conditions
	Failed Stop–Go Contrast
	Successful Stop–Go Contrast

	ANOVA Between-Group Comparisons in Brain Activation Between Control Subjects and Boys with ADHD  ...
	Failed Stop–Go Contrast
	Successful Stop–Go Contrast

	Conjunction Analysis Between Within-Group and Between-Group ANOVAs

	Discussion
	References


