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ARCHIVAL REPORTS

Methylphenidate Effects on Prefrontal Functioning
During Attentional-Capture and Response Inhibition
Astrid M. Pauls, Owen G. O’Daly, Katya Rubia, Wim J. Riedel, Steven C.R. Williams, and Mitul A. Mehta

Background: Methylphenidate improves motor response inhibition, typically assessed with the stop-signal task. The exact underlying
mechanism for this, however, remains unknown. In addition, recent studies highlight that stop signals can have a confounding attentional-
capture effect because of their low frequency in the task. In the current study, we assessed the effects of methylphenidate on neural
networks of inhibitory control and attentional-capture within the context of two inhibitory control tasks.

Methods: The effects of methylphenidate (40 mg) were assessed using functional magnetic resonance imaging in 16 healthy volunteers in
a within-subject, double-blind, placebo-controlled design.

Results: Methylphenidate significantly reduced activation of different regions within the right inferior frontal gyrus/insula to infrequent
stimuli associated with successful inhibition, failed inhibition, and attentional capture. These inferior frontal gyrus regions showed different
interregional connections with inhibitory and attention networks. For failed inhibitions, methylphenidate increased activation within
performance-monitoring regions, including the superior frontal, anterior cingulate, and parietal-occipital cortices, but only after controlling
for attentional capture.

Conclusions: Our findings suggest that the improvement of response inhibition seen following methylphenidate administration is due to
its influence on underlying attentional mechanisms linked to response control requirements.
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Key Words: Attentional-capture, fMRI, methylphenidate, motor re-
sponse inhibition, right inferior frontal gyrus, stop-signal task

M ethylphenidate, is the most frequently prescribed medica-
tion for attention-deficit/hyperactivity disorder (ADHD),
improving symptoms of inattention, hyperactivity, and

impulsiveness (1,2). These symptoms have been attributed to a
dysfunctional frontostriatal catecholaminergic system (1,2). Meth-
ylphenidate is an indirect catecholamine agonist that blocks cate-
cholamine transporters, thereby enhancing striatal dopamine lev-
els, with catecholamine upregulation effects in extrastriatal brain
regions (3,4). Functional magnetic resonance imaging (fMRI) has
shown that methylphenidate enhances cognitive functions by
modulating frontostriatal activation in healthy and ADHD popula-
tions (5–12).

Methylphenidate has particularly beneficial effects on response
inhibition (13–15), typically assessed with the stop-signal task (SST)
(16), during which participants are required to inhibit a motor re-
sponse to a “go” signal, if followed by an infrequent and unpredict-
able “stop” signal. Along with other regions (i.e., presupplementary
motor area [SMA], subthalamic and caudate nucleus), the right
inferior frontal gyrus (IFG) is considered a key area associated with
inhibitory function (17–19).

A common confound of the SST, however, is that stop signals
are, by necessity of the task design, infrequent and hence capture
attentional resources. Furthermore, activation in the right IFG and
striato-parieto-temporal regions has been associated with atten-
tion allocation to infrequent stimuli (20 –23), adults with ADHD
show an abnormal magnetoencephalographic signature in the
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entral attentional system (24), and methylphenidate has been
ound to upregulate and normalize front-parietal activation during
elective attention for infrequent stimuli in children with ADHD
25). The low frequency of stop signals is consequently a potential
onfound in understanding the underlying function of the pharma-
ologic modulation of the right IFG using SSTs (25–28).

This study is the first to attempt to understand the modulatory
ffects of methylphenidate on neural networks of motor response

nhibition and error detection in healthy volunteers controlling for
he attentional-capture effect. We used a traditional (18) and a

odified SST that contained additional attentional-capturing trials,
ot significantly affecting the outcome measures typically assessed
ith the SST (28). We hypothesized that the effect of methylpheni-
ate on right IFG activation would be associated with attentional-
apture, and would hence be observed during both successful

nhibition and attentional capture trials. We also tested methyl-
henidate effects on successful inhibition after controlling for at-

entional capture. Additionally, in line with previous evidence for
odulating effects of methylphenidate on performance monitor-

ng (29,30) and its underlying neural networks in ADHD patients (5),
e expected methylphenidate to modulate performance-monitor-

ng networks during failed inhibition.

ethods and Materials

articipants
Nineteen right-handed male adults were recruited via circulars

ithin King’s College London. Participants provided written in-
ormed consent, and the study was approved by the Joint South
ondon and Maudsley/Institute of Psychiatry Research Ethics Com-
ittee (No. 08/H0807/105). Participants were reimbursed for their

ime and inconvenience. Participants underwent a screening pro-
edure including a medical history, physical examination, hematol-
gy check, and a biochemistry blood and substance of abuse screen
erformed as a urine test (cocaine, cannabinoids, opiates, benzodi-
zepines, and amphetamines; SureScreen Diagnostics, Derby,
nited Kingdom). Exclusion criteria were 1) prior diagnosis of any
sychiatric or neurologic disorder; 2) current prescription or non-

rescription medication use; 3) previous (�5 occasions) or current

BIOL PSYCHIATRY 2012;72:142–149
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(within the past 3 months) illicit drug use; 4) alcohol intake of �30
units per week, use of nicotine-containing products (�5 cigarettes
per day), or caffeine (�6 drinks per day); 5) a body mass index �30

g/m2 or total body weight �100 kg; and 6) magnetic resonance
maging (MRI) contraindications (e.g., metallic implants, claustro-
hobia).

Participants were screened for possible ADHD using the
dult ADHD Self-Report Scale (ASRS) Symptom Checklist with a
utoff score of 17 (out of 36) points for each subscale (31), except
or one participant who scored 20 on subscale A. IQ was pre-
icted using the National Adult Reading Test (NART) (32). Partic-

pants were native speakers or fluent in English. Three partici-
ants were not included in the data analysis because of

nadequate task performance (i.e., �40% or �60% correctly in-
ibited trials). We replaced one participant after experiencing
gitation and an increase in heart rate following drug adminis-
ration. The final sample comprised 16 participants aged 19 to 30
mean � SD � 23.6 � 3.6); ASRS subscale A: 11.8 � 3.3; ASRS
ubscale B: 10.4 � 2.9; NART full scale IQ � 118.3 � 4.8.

esign
A double-blind, placebo-controlled, crossover design was used,

omprising two scanning sessions. During a prior screening visit
articipants received instructions and training on the tasks and
ere familiarized with the scanner environment (Section S5 in Sup-
lement 1). For each scanning visit, participants were required to
bstain from alcohol; caffeine- (i.e., any drink containing caffeine
uch as coffee, tea, soft-drinks), grapefruit-, tobacco-, or nicotine-
ontaining products; any over-the-counter medication; and stren-
ous exercise from 24 hours before and after dosing. Scans were
eparated by at least 5 days to allow adequate washout of methyl-
henidate. During the first scanning session, participants received
ither a single oral dose of immediate-release methylphenidate

Ritalin, Novartis, Basel, Switzerland; 40 mg) or an ascorbic acid
lacebo (50 mg) presented in identical capsules, counterbalanced

or the second session. The methylphenidate dose was chosen to
alance the known cognitive and side effects (10,33).

rocedure
Peak plasma levels of methylphenidate are reached after 1 to

hours, and plasma half-life is 2 to 4 hours (34). To maximize
ethylphenidate effects, scanning commenced 1.5 hours after

osing (35). Visual analogue scales (VAS) were completed pre-
ose, 1 hour postdose (Sections S10 and S11 in Supplement 1),
nd before discharge to measure methylphenidate effects on
ubjective feelings (36).

top-Signal Tasks
Participants performed two versions of the SST both with an

nterstimulus interval of 1.65 seconds and comprising 220 trials.
articipants had to respond to a go signal, an arrow pointing left or
ight (shown for 300 msec in the center of the field of view) with the
orresponding hand, unless a stop signal (a red circle shown for 300
sec) followed indicating that participants had to inhibit their on-

oing response. Both versions comprised 44 stop signals (i.e., 20%
f all trials). The delay between the go and the stop signal (SSD) was

nitially 150 msec and changed dynamically according to a tracking
rocedure (16) in increments or decrements of 50 msec (range
0 –900 msec) to maintain participants’ performance at 50% suc-
essfully inhibited trials.

The original task (oSST) was similar to previously used event-
elated fMRI versions (18,37,38). In the attentional-capture version

f the task (cSST), an attention-capturing signal was added in form i
f a green circle that required the go response to continue (28) and
omprised 44 trials (i.e., 20% of all trials), and the delay between go
nd attentional-capture trials varied according to the SSD. To make
he stop and attentional-capture signals distinctive from one an-
ther, one appeared just above and one below the screen center,
ounterbalanced between participants. Responses were recorded
ith two sphygmomanometer inflation bulbs (“squeeze balls”), one
laced in each hand. A response force greater or equal to 30% of the

ndividual baseline response force, defined as the mean force ex-
rted earlier in 20 choice reaction time trials, counted as response
ecause this clearly delineated intended responses from nonre-
ponses in pilot testing (Section S5 in Supplement 1). Paradigms
ere programmed using Visual Basic (VB.net; Microsoft, Redmond,
ashington) implemented on a PC running Windows XP Profes-

ional (Microsoft).

ata Acquisition
MRI data were obtained using a 3T GE Signa HDx System (Gen-

ral Electric, Milwaukee, Wisconsin) with an eight-channel head
oil. Stimulus images were projected on a screen, clearly visible
hrough mirrors placed in front of participants’ eyes. One hundred
ighty-four T2*-weighted images were acquired for each task ver-
ion using a gradient echo planar imaging sequence with repetition
ime/echo time � 2000/30 msec, flip angle � 75°, 38 slices (sequen-
ial, top-bottom), slice thickness/gap � 3/.3 mm, in-plane resolu-
ion � 3.3 mm2, and field of view 21.1 cm. A high-resolution gradi-
nt echo planar image was also obtained for accurate spatial
ormalization (repetition time/echo time � 3000/30 msec, flip an-
le � 90°, 43 slices, slice thickness/gap � 3/.3 mm, and in-plane

esolution of 1.875 mm2).

ehavioral Data Analysis
Mean reaction times and mean response forces were analyzed

ith repeated-measures analysis of variance using SPSS 15.0 for
indows (IBM SPSS Inc., Chicago, Illinois). The stop signal reaction

ime (SSRT) was estimated using the integration method: the mean
SD is subtracted from the nth reaction time (RT), where n is deter-
ined by multiplying the number of RTs in the go RT distribution by

he overall probability of a correct response [i.e., p(respond|signal)]
16,38).

euroimaging Data Analysis
Image preprocessing and whole-brain analysis were carried out

sing Statistical Parametric Mapping software developed by the
unctional Imaging Laboratory, University College London, (SPM5,
ww.fil.ion.ucl.ac.uk/spm), running in Matlab 7.0.1 (MathWorks,
atick, Massachusetts), on a UNIX platform (Solaris, Redwood City,
alifornia). The data were slice-time corrected to account for inter-
lice differences in blood oxygen level– dependent (BOLD) signal
ampling and realigned to correct for subject movement. No sub-
ect had displacement values greater than 2mm (translation) or 3.5°
rotation; Section S9 in Supplement 1). The data were coregistered
o a high-resolution echo planar image, which was then used to
stimate the parameters for spatially normalizing the data into a
tandard anatomical space (Montreal Neurological Institute). The
esulting normalized volume time series was spatially smoothed
sing a Gaussian kernel of 8-mm full width at half maximum. Data
ere analyzed within the framework of the general linear model. A

ingle-subject (first-level) model was created for each session for
ach participant, including regressors encoding go trials (sepa-
ately for left- and right-hand responses), successful and failed stop
rials, and for the cSST attentional-capture trials as regressors of

nterest. Weighted linear contrasts were used to create maps of

www.sobp.org/journal
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activation for each session, which were used in a group (second
level) analysis. Statistical significance was defined following correc-
tion across the whole brain for multiple comparisons (p � .05) on
he basis of cluster extent (voxel threshold p � .001). If no drug
ffects were shown at this threshold, the effects of the drug were
lso assessed using small volume correction limited to an anatomic
ask including the bilateral IFG, defined a priori in the WFU Pickat-

as (Wake Forest University, Winston-Salem, North Carolina). Statis-
ical significance was defined at the voxel level (p � .05) corrected
or multiple comparisons. This region of interest analysis is based on
he prediction that methylphenidate will modulate right IFG activa-
ion during inhibition (17,18,39) and during attentional-capture
rials (20 –23). For regions showing a significant effect of methyl-
henidate on activation, correlations were performed between

hese activation clusters and performance changes. Data were ex-
racted using MARSBAR (40), and regions were defined using spher-
cal masks with a radius of 10 mm around the peak coordinates.

Unexpectedly, methylphenidate modulated different clusters
ithin the IFG in a context-dependent manner (see Results). To test
hether the differentially localized changes within the IFG reflect

he recruitment of separate nodes within separate functional net-
orks, we performed a seed-based functional connectivity analysis

n an independent resting BOLD data set from 18 healthy volun-
eers (Section S7 in Supplement 1). For this analysis, SPM maps were
hresholded at p � .05 after family wise error correction for multiple
omparisons. Brodmann areas (BA) and brain regions were defined
sing the templates from MRIcron (www.cabiatl.com/mricro/
ricron).

Results

Behavioral Results
Mean performance values are reported in Table 1. The SSRT was

shorter following methylphenidate compared with placebo admin-
istration for both tasks but reached significance only for the cSST
(t15 � �2.37, p � .03); oSST (t15 � �.36, p � .72). This result supports
previous findings in ADHD and healthy volunteers (13,14). Methyl-
phenidate did not significantly influence reaction times or accuracy
(ps � .1). For the cSST, mean reaction time of successful attentional-
capture trials was, as expected (28), slower than mean reaction time
to go trials [F (1,15) � 38.5, p � .001; Section S8 in Supplement 1].

Neuroimaging Results
Methylphenidate Effects on Stop and Attentional-Capture

Versus Go Trials. Successful stopping (SS � Go) activated a net-
work of brain regions consistent with the previous literature in both
tasks (Section S1 in Supplement 1). The effects of methylphenidate
are shown in Figure 1. Compared with placebo, methylphenidate

Table 1. Behavioral Results (N � 16)

Reaction Times

Original Vers

Methylphenida

Stop-Signal Reaction Time 240 (40)
Mean Correct Go Trials 399 (47)
SD for Correct Go Trials 58 (25)
Mean Successful Continue Trials NA
Mean Failed Stop Trials 389 (55)
No. Failed Stop Trials 22 (2.1)
No. Successful Stop Trials 21 (1.8)

Mean reaction times are given in milliseconds. Numb
NA, not applicable.
reduced activation in the right IFG close to the anterior insula dur-

www.sobp.org/journal
ng successful stop versus go trials both on the oSST (BA 47; x, y, z �
4, 28, �2; 350 voxels; Z � 4.8; pcor � .001) and the cSST (BA 47; x, y,
� 32, 26, �14; 101 voxels, Z � 4.05; pcor � .04; corrected for
ultiple comparisons within the bilateral IFG a priori– defined re-

ion of interest; Section S3 in Supplement 1).
To assess attentional-capturing effects in the cSST, we con-

rasted correct attentional-capture with go trials (Cont � Go),
hich controlled for the motor response. We found a significantly
ecreased activation following methylphenidate administration
ompared with placebo in the right orbital inferior frontal cortex
orbIFG; BA 47; x, y, z � 30, 20, �22, 41 voxels; Z � 4.38; pcor � .02;
orrection for bilateral IFG).

In both tasks the failed stops contrast (Failed Stops � Go trial;
S � Go) identified brain regions previously associated with failed
topping (Section S1 in Supplement 1). Methylphenidate adminis-
ration reduced FS � Go activation compared with placebo in the
ight anterior insula cortex on the oSST (BA 48; x, y, z � 36, 14, �4,
04 voxels; Z � 4.47; pcor � .002) proximal to the region modulated
uring successful stopping. The same region also showed reduced
ctivity for the cSST, although this was not statistically significant

Z � 2.62). Methylphenidate also significantly increased activation
n the cSST in the left paracentral lobule when compared with
lacebo for failed stop versus go trials (BA 4/6; x, y, z � �16, �28, 58,
11 voxels; Z � 4.70; pcor � .018).

Methylphenidate effects for Successful and Failed Stop Tri-
ls Versus Attentional-Capture Trials. The cSST has the advan-
age that the attentional-capture trials themselves can be used as
he control condition because, unlike the go trials, they are

atched in frequency and temporal structure with the stop trials
28). Furthermore, the use by others of failed stop trials as a control
ondition has been questioned, because failed stop trials also acti-
ate inhibitory processes (41). Using the attentional-capture trials
s control condition (SS � Cont), successful stop trials were not
ssociated with any significant modulation of brain activation by
ethylphenidate compared to placebo in an analysis of variance
odel (Section S2 in Supplement 1). For failed stop versus atten-

ional-capture trials (FS � Cont) methylphenidate significantly in-
reased activation in seven clusters compared with placebo: the left
edial frontal cortex, anterior cingulate cortex, bilateral angular

yrus, left postcentral gyrus, and left inferior occipital cortex; see
able 2, and Sections S1 and S4 in Supplement 1. The mean signal
hange per treatment condition is shown in Figure 2.

All drug effects remained significant when we controlled for
rder of drug administration.

Correlations with Performance. There were no statistically
ignificant correlations between brain activations changes with

ethylphenidate and performance changes.

f the Task Continue Version of the Task

Placebo Methylphenidate Placebo

245 (53) 224 (66) 263 (70)
403 (39) 404 (56) 401 (48)

69 (24) 53 (19) 56 (16)
NA 432 (53) 423 (39)

392 (41) 404 (61) 395 (50)
22 (2.1) 22 (3.4) 23 (3.5)
22 (1.2) 21 (2.3) 20 (2.4)

parentheses are standard deviations (SD) of the means.
ion o

te

ers in
Functional Connectivity Analysis in an Independent Data

http://www.cabiatl.com/mricro/mricron
http://www.cabiatl.com/mricro/mricron
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Group. Methylphenidate modulated brain activation in both stop
and attentional-capture trials in the right IFG with the former lo-
cated in the posterior medial IFG (pmIFG)/insula and the latter in
the orbIFG. To determine whether these are functionally distinct
regions, a seed-based functional connectivity analysis was carried
out on independent resting state data. Because this functional con-
nectivity analysis does not assess whether methylphenidate alters
functional coupling, but the more fundamental question of
whether the right pmIFG and orbIFG are functionally separable
regions, it was preferable to analyze resting state data from an
independent group of 18 healthy volunteers (Section S7 in Supple-
ment 1). Right pmIFG BOLD signal (x, y, z � 32, 26, �14) was

Figure 1. (A) The effects of methylphenidate on stop and attentional-captu
Neurological Institute space. Methylphenidate attenuated brain activation fo
failed stop � go in the right insula/IFG (red) and continue � go in the right
of cluster extent. Numbers refer to z coordinates. (B) The graphs show the pe
average volume-to-volume change in blood oxygen level– dependent [BO
during successful continue trials, the right insula during failed stops, and the
solid line shows the BOLD response for placebo, the dotted line shows the B

he graphs show the peristimulus time histograms of the cluster peaks (for
orrespond to the columns in Panel A. The solid line shows the BOLD respons
nit for time since stimulus (TR) � 2 seconds. L, left.

Table 2. Failed Stop � Continue (N � 16)

x y z BA Voxels Z Pcor

rontal Superior L �14 54 22 32 406 5.29 �.005
ingulum Anterior R 16 46 6 32 325 4.16 �.005
ingulum Anterior L �4 22 20 24 205 4.08 �.05

Post Central L �20 �38 66 3 218 4.35 �.05
Angular L �50 �66 32 39 295 4.23 �.005
Angular R 48 �54 38 39 288 3.76 �.005
Occipital Inferior L �48 �58 �14 37 444 4.04 �.001

The effect of methylphenidate for the continue version of the task,
contrast failed stop � continue. See also Section S4 in Supplement 1.
t
BA, Brodmann area; L, left; pcor, p value corrected for multiple compari-

sons on the basis of cluster extent R, right.
unctionally coupled with an extensive network of regions includ-
ng the inferior and medial frontal cortices, insula, anterior cingulate
ortex, temporal cortex, SMA, pre-SMA, basal ganglia, and temporal
nd occipital, cortices (Figure 3). The right orbIFG signal (x, y, z � 30,
0, �22) significantly correlated with overlapping areas mainly en-
ompassing components of a ventral attentional system (41), in-
luding the inferior and medial frontal cortices, insula, temporal

obes, thalamus, and hippocampus. When the two connectivity
aps were contrasted against each other, the right pmIFG connec-

ivity pattern was significantly more extensive compared with the
rbIFG connectivity pattern with differences in the cingulate cor-

ex, SMA/pre-SMA, insula and amygdala, and superior, medial, and
rbital frontal cortices (Figure 3).

iscussion

The main findings of this study are that a single dose of methyl-
henidate improved inhibitory performance and concomitantly re-
uced activation within distinct regions of the right IFG/insula in

esponse to successful and failed inhibition as well as attentional
apture. Methylphenidate increased activation within the medial
rontal and the anterior cingulate, on error trials, but not successful
nhibition when controlling for attentional capture. This suggests
pregulation of neural systems of attention allocation to errors by
ethylphenidate different from the modulatory effects on inhibi-

rsus go trials overlaid on a high resolution T1-weighted image in Montreal
contrasts successful stop � go in the right inferior frontal gyrus (R IFG, blue),
l IFG (yellow). Clusters are corrected for multiple comparisons on the basis
ulus time histograms of the cluster peaks (sphere � 5 mm; representing the
ignal in response to the stimulus-type presented) for the right orbital IFG
IFG during successful stops. The colors correspond to those in panel A. The

esponse for methylphenidate. Units for time since stimulus (TR) � 2 sec. (C)
orbital [Orb] IFG, the R insula, and the R IFG) during go trials. The columns
lacebo, and the dotted line shows the BOLD response for methylphenidate.
re ve
r the

orbita
ristim
LD] s
right

OLD r
the R
e for p
ion and attentional-capture trials.

www.sobp.org/journal
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Methylphenidate Effects on Stop and Attentional-Capture
Trials

Methylphenidate, relative to placebo, modulated distinct parts
of the right IFG/insula when we contrasted successful stop, failed
stop, or attentional-capture trials against go trials. It is possible that

Figure 2. The significant mean signal changes (i.e., model fit statistic for a
specific contrast) per treatment condition. Mean values were extracted from
the clusters of interest of each contrast. (A) Original version of the task
(oSST); right (R) inferior frontal gyrus (IFG; successful stop � go) and R insula
(failed stop � go). (B) Continue version of the task (cSST); R inferior frontal
gyrus (successful stop � go) and R orbital (orb) IFG (continue � go). (C) Left
(L)/R anterior cingulate cortex (ACC) and L superior frontal cortex (Sup Front;
failed stop�continue). Error bars indicate the standard error of mean. MPH,
methylphenidate.
this reduction reflects a generalized response to low-frequency D

www.sobp.org/journal
topping cues, with subtle variations within the medial prefrontal
tructures depending on whether they were successfully or unsuc-
essfully inhibited. During successful stops, pmIFG activity was re-
uced by methylphenidate, which overlapped closely with the re-
uced activity on failed stops (centered in the anterior insula
ortex). Further studies are required to determine whether these
wo effects are dissociable. During attentional-capture trials, meth-
lphenidate reduced activation in a more orbital part of the right

FG. It is conceivable that attentional-capture trials may have
voked some degree of inhibitory control, albeit less than stop trials

43), slowing down the reaction time of participants. Attentional-
apturing stimuli in the absence of inhibitory requirements typi-
ally have a slowing effect on reaction time, even if they are not task
elevant (44,45), and in a study conducted by Sharp et al. (28),
esponse slowing was associated with activation within the pre-
MA but not the IFG. In line with these findings, we have found that
esponse slowing on attentional-capture trials did not explain the
ffects in the IFG (Section S6 in Supplement 1). The IFG downregu-

ation under methylphenidate was no longer observed when stop
rials were contrasted with attentional-capture trials. Exploring po-
ential modulatory effects, we found an indication of an increased
ctivation in a small, nonsignificant cluster (six voxels) in the orbIFG
ollowing methylphenidate (Section S2 in Supplement 1). This may
eflect restricted statistical power for the contrast, although using a
imilar number of trials, the failed stop versus attentional-capture
omparison showed significant differences in activation. We there-
ore propose that the reduction of activation in the right IFG follow-
ng methylphenidate during successful inhibition may be due to
ontext-dependent effects on underlying neurofunctional atten-
ion systems associated with the presentation of infrequent stimuli
ignaling altered response control, which help to improve inhibi-
ion performance. The right IFG has been found to be involved in
he processing of infrequent stimuli and suggested to be part of a
entral attentional system (21,27,28,42,46). However, we should be
autious about drawing firm conclusions without further investiga-
ion in larger samples.

Our data suggest that the modulation of attentional-capture by
ethylphenidate is context-dependent because of the modulation

f different IFG locations. Methylphenidate-related reduction in
ttentional-capture activity in the orbital IFG likely reflects modu-

ated processing of an unexpected, but behaviorally irrelevant cue
n the context of a response inhibition paradigm (28). The connec-
ivity of this orbIFG region with a network encompassing elements
f the ventral attentional system (42) further supports the notion

hat methylphenidate modulates shifts of attention to unexpected/
ow-frequency stimuli. Confirmation of this role requires a task that

anipulates the frequency of unexpected stimuli. In contrast, the
mIFG region, that was downregulated by methylphenidate during

he successful stop trials was functionally interconnected with
ore superior brain regions, including the anterior cingulate and

MA/pre-SMA, as well as basal ganglia areas. These regions are key
omponents of inhibitory networks (17–19), suggesting that meth-
lphenidate modulated networks that mediate shifts of attention
o low-frequency stimuli that require altered action. Thus, an ac-
ount of methylphenidate’s effects on IFG function may require
onsideration of both attentional processing and response control.
he presence of distinct regions modulated during attentional-
apture trials and stop trials further suggests a fractionation of IFG
unction that may be related to catecholaminergic innervations.

Research in experimental animals has shown that prefrontal
opamine D1 and alpha-2 noradrenergic receptors may underpin

he effects of methylphenidate and that the balance of dopamine

1 and D2 receptor stimulation is important for the signal-to-noise
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ratio of prefrontal activity (47). This leads to the prediction that
methylphenidate may be fine-tuning prefrontal activity in line with
the inverted-U hypotheses. However, the relationship between
these receptor effects shown in animals and brain activity in hu-
mans is poorly elucidated. We can speculate that the reductions in
prefrontal activity relate to an altered balance of signal-to-noise
ratio mediated by dopamine and noradrenaline receptors and that
this translates to reductions in fMRI signal. The reduction is consis-
tent with a previous positron emission tomography study in
healthy volunteers in which the same dose of methylphenidate
reduced activity in dorsolateral prefrontal cortex accompanied by
improved working memory performance (10).

In contrast, in two recent studies, response inhibition was asso-
iated with the upregulation of IFG activity following atomoxetine
dministration (39,48). In one study atomoxetine was associated
ith an impaired inhibitory performance (48), and in the other,

nhibitory performance improved (39). This conflicting effect may
e explained by differences in doses (80 versus 40 mg, respectively).
evertheless, the differential effects on activation of methylpheni-
ate and atomoxetine suggest opposite effects on right IFG activity,
otentially attributable to the different pharmacologic mecha-
isms (49). Performance on both tasks in this study was numerically
etter on methylphenidate but significantly only on one version.
lthough differences in performance have previously been found

o affect fMRI findings (50), in our study methylphenidate consis-
ently decreased right IFG activation during successful inhibition
cross both tasks. Further work is needed to determine more pre-
isely the mechanisms through which these BOLD signal changes
elate to neuronal activity.

ethylphenidate Effects on Failed Stop Versus Attentional-
apture Trials

During failed stop versus attentional-capture trials, methyl-
henidate relative to placebo elicited increased BOLD signal in a
umber of regions. These included the dorsomedial frontal cortex,
omprising BAs 8, 6, and 32, including pre-SMA and anterior cingu-

ate, a typical region involved in error processing and performance-

Figure 3. Significant correlations in an independent (nondrug) group betwe
inferior frontal gyrus (red) with other brain regions overlaid on a high resolu
All correlations were positive. The lower panel shows the difference between
right inferior frontal gyrus). Slices refer to the y coordinates of the Montre
multiple comparisons on the basis of cluster extent: p � .05. L, left.
onitoring in adults (51–53). The BOLD responses in these regions c
eflected clear increases in event-related activity (Section S4 in Sup-
lement 1). Also upregulated was the parietal cortex, associated
ith visual attention (54) and attention modulation (55), although

he BOLD response did not clearly follow the typical hemodynamic
ime course, and this finding should be interpreted with caution. No
ffect of methylphenidate on post-error slowing was found. In-
reased inhibitory errors following atomoxetine has previously
een associated with increased activation of the bilateral IFG and
re-SMA (48). However, given the link of the modulated regions
ith processing failed inhibition and error detection (18,38,51–

3,56) and the notion that phasic dopamine response modulates
rror-related mesial frontal activation (57), we speculate that meth-
lphenidate enhances attention allocation to trial errors (51,58),
resumably leading to a more conscious processing of errors

29,30,59,60). Importantly, this effect was only detected when con-
rolling for attentional capture.

elevance to ADHD
Although there have been some findings of decreases of activa-

ion with methylphenidate, the majority of studies in ADHD pa-
ients found that methylphenidate enhanced or normalized brain
ctivation that is typically underactivated in patients (5,61). These
ndings are largely in line with the upregulation of medial frontal
reas in this study during failed inhibitions and suggest that up-
egulation of performance-monitoring networks may be a shared

echanism of action of methylphenidate in healthy adults and
DHD patients.

However, during successful inhibition and attention functions,
ethylphenidate appears to have a differential effect of IFG down-

egulation in healthy adults and IFG upregulation in ADHD patients,
ikely because of different baseline dopamine levels, age, gender
ffects, or differences in task design. Nevertheless, our findings in
ealthy subjects have implications for the mechanisms of action of
ethylphenidate in ADHD patients, suggesting that the IFG mod-

lation observed in ADHD during inhibition (5,9,11,62) may be due
o effects on underlying attention mechanisms linked to response

e right (R) posterior medial inferior frontal gyrus (blue) and the right orbital
1-weighted image in Montreal Neurological Institute space (upper panel).

wo connectivity maps (right posterior medial inferior frontal gyrus � orbital
urological Institute standard anatomical space. Clusters are corrected for
en th
tion T
the t
ontrol.
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Conclusion

Overall, this study showed clear modulation of the right IFG by
methylphenidate in healthy adults during two SST tasks, although
the precise regions modulated differed for inhibition, attentional-
capture, and error trials. Specifically, methylphenidate modulated a
more posterior region of the IFG functionally connected with corti-
cal and subcortical regions associated with motor control during
infrequent stimuli signaling the requirement for inhibition. During
infrequent but behaviorally irrelevant stimuli, methylphenidate
modulated an orbital region of the IFG, functionally connected with
cortical areas associated with the ventral attention system (63).
When we controlled for the attentional-capture effect, methyl-
phenidate also modulated performance-monitoring networks dur-
ing failed inhibition. Our findings show that methylphenidate ef-
fects on response inhibition are likely due to its influence on
attentional mechanisms linked to action.
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