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Introduction

Response inhibition is a critical component of executive
control. In general, there are two components to response
inhibition. Reactive inhibition is involved when one tries
to urgently cancel an ongoing action as a result of chang-
ing intentions, external circumstances or errors (Verbrug-
gen and Logan 2008a). Reactive inhibition is akin to
slamming on the breaks when a light suddenly turns red.
Alternatively, one can withhold the initiation of an action
until further information is available about whether the
response should be executed or not and is referred to as
prospective inhibition. Therefore, prospective inhibition
can be viewed as being prepared to break at a stop sign at

an upcoming intersection.

Abstract

Background: Deficient response inhibition in situations involving a trade-off
between response execution and response stopping is a hallmark of attention
deficit hyperactive disorder (ADHD). There are two key components of
response inhibition; reactive inhibition where one attempts to cancel an ongo-
ing response and prospective inhibition is when one withholds a response pend-
ing a signal to stop. Prospective inhibition comes into play prior to the
presentation of the stop signal and reactive inhibition follows the presentation
of a signal to stop a particular action. The aim of this study is to investigate
the neural activity evoked by prospective and reactive inhibition in adolescents
with and without ADHD. Methods: Twelve adolescents with ADHD and 12
age-matched healthy controls (age range 9-18) were imaged while performing
the stop signal task (SST). Results: Reactive inhibition activated right inferior
frontal gyrus (IFG) in both groups. ADHD subjects activated IFG bilaterally. In
controls, prospective inhibition invoked preactivation of the same part of right
IFG that activated during reactive inhibition. In ADHD subjects, prospective
inhibition was associated with deactivation in this region. Controls also deacti-
vated the medial prefrontal cortex (MPFC) during prospective inhibition,
whereas ADHD subjects activated the same area. Discussion: This pattern of
activity changes in the same structures, but in opposite directions, was also evi-
dent across all phases of the task in various task-specific areas like the superior
and middle temporal gyrus and other frontal areas. Conclusion: Differences
between ADHD and control participants in task-specific and default mode
structures (IFG and MPFC) were evident during prospective, but not during
reactive inhibition.

The interplay between prospective and reactive inhibi-
tion plays a crucial role in the control of movement (Band
and van Boxtel 1999), in normal development (Harnishfe-
ger and Pope 1996; Williams et al. 1999) and in the
etiology of several psychiatric disorders such as attention
deficit hyperactive disorder (ADHD) (Willcutt et al. 2005).

Reactive and prospective inhibition are both replicated
deficits in ADHD (Barkley 1997; Schachar et al. 2000;
Nigg et al. 2002; Lipszyc and Schachar 2010). Moreover,
prospective inhibition is known to facilitate reactive inhi-
bition; we stop faster when we know we might need to.
However, the speed and efficiency of going and of stop-
ping are believed to be independent in inhibitory control
tasks (Band et al. 2003). People who go more slowly do
not necessarily stop more efficiently than those who
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respond more quickly. Therefore, the interplay between
prospective and reactive inhibition is not observable from
behavioral data alone (Chevrier et al. 2007).

Separating the neural correlates of prospective inhibition
from reactive inhibition would enhance our understanding
of the nature of inhibitory control and the etiology of
disorders marked by inhibitory control deficits. In this
study, we use an established fMRI approach to separate
neural activity during prospective inhibition from those
during reactive inhibition in ADHD, a disorder character-
ized by poor inhibitory control (Schachar et al. 2005).

The stop signal task (SST) (Logan et al. 1984; Verbrug-
gen and Logan 2008a) presents a laboratory analog of a
real-life situation that can be used to investigate both
prospective and reactive inhibition (Chikazoe et al. 2009;
Verbruggen and Logan 2009). Trials in the SST consist of
a warning signal followed by choice-response cue
(respond with left hand to the letter X or right hand to
0), here referred to as the “go task.” The “go phase” of
the task refers to the period of time within a trial that fol-
lows the presentation of the go cue, but which precedes
the appearance of any stop cues. The go phase contains
neural activity associated with prospective inhibition that
arises prior to presentation of the stop signal by defini-
tion. Occasionally (e.g., 33%), a stop signal follows the
imperative stimulus, indicating that the subject should
not respond on that trial (“stop task”). The “stop phase”
of the task hence refers to this period of time that follows
the presentation of a stop cue on successful stop trials.
The stop phase contains neural activity associated with
reactive inhibition. In the SST, delay between the presenta-
tion of the go stimulus and presentation of the stop signal
(stop-signal delay) is dynamically adjusted so that responses
can be successfully interrupted approximately half of the
time. Responses on the other half of the trials are already
too far underway to be canceled, and therefore constitute
inhibition errors (Logan et al. 1984; Logan 1994).

The latency of the stopping process known as stop-sig-
nal reaction time (SSRT) is estimated by subtracting the
mean stop-signal delay from the mean go reaction time
(RT) (Logan et al. 1984, 1997) on trials that do not
involve a stop signal (Logan et al. 1997). Shorter SSRT
indicates better response inhibition (Logan et al. 1984;
Band et al. 2003; Verbruggen and Logan 2008a). SSRT is
a stable (Soreni et al. 2009) and heritable trait (Friedman
and Miyake 2004; Schachar et al. 2005; Goos et al. 2007;
Crosbie et al. 2013) that is highly associated with ADHD
traits (Crosbie et al. 2013). Individuals with a diagnosis
of ADHD have significantly longer SSRT than age-
matched healthy controls. This is indicative of deficient
response inhibition in patients with ADHD (Schachar
et al. 2000) and also in individuals with a diagnosis of
obsessive-compulsive disorder and schizophrenia (Lipszyc
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and Schachar 2010). Moreover, SSRT also appears to be a
stable marker of genetic risk in ADHD (Bellgrove and
Mattingley 2008; Crosbie et al. 2013).

The relative contributions of prospective and reactive
inhibition, however, have not been studied in ADHD and
may contribute to the understanding of the distinctive
neurobiology of ADHD and other conditions (Bilder
et al. 2009).

Previously, we developed a novel approach for imaging
the sequence of prospective inhibition (which occurs on all
trials in the SST) followed by reactive inhibition (which
occurs only on successful stop trials). We isolated prospec-
tive inhibition from motor activities during the go phase
of the task by contrasting right- and left-hand responses in
order to preferentially conserve common cognitive activi-
ties while suppressing those specific to the handedness of
the response. The resulting estimate of prospective inhibi-
tion activities that precede the appearance of stop signals
could then be used to isolate activities underlying reactive
inhibition that occurs after the presentation of stop signals.
Using this approach in a group of healthy adults (Chevrier
et al. 2007), we found that go-phase activity involved right
prefrontal and midline regions, which we interpreted as
being involved in the prospective inhibition of responses
and monitoring for the potential need to stop, respectively.
Reactive inhibition on successful stop trials activated the
right IFG and basal ganglia (caudate) but did not activate
midline regions implicated in prospective inhibition.

Several studies have investigated the role of prospective
inhibition either by manipulating stop-signal probability
(Vink et al. 2005; Chikazoe et al. 2009; Zandbelt and Vink
2010) or by examining the intertrial variability between
groups (Hughes et al. 2013). In this study, we differentiate
activity that occurs prior to the presentation of the stop sig-
nal from activity that follows the stop signal. Separating
these phases of activity as done here can reveal group
differences in prospective and reactive inhibition that
otherwise would be masked as a result of averaging out the
processes.

We apply this approach for the first time in adolescents
with a diagnosis of ADHD and in age-matched healthy
controls. We predict atypical prospective inhibition activity
in ADHD based on existing evidence of difficulty withhold-
ing prepotent responses during neuropsychological tests
(Firestone et al. 1998; Wright et al. 2014; in press), event
related potential (ERP) studies which show delayed P300,
an index of preparation (O’Connell et al. 2004; Liotti et al.
2010) and atypical default mode activity in ADHD during
the transition from a resting state to a state of preparedness
for task-related activity (Castellanos et al. 2006; Sonuga-
Barke and Castellanos 2007). We also predict atypical reac-
tive inhibition activity in the IFG based on considerable
behavioral data (Lipszyc and Schachar 2010) and the results
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of previous fMRI studies (Rubia et al. 1999, 2003b, 2005;
Schulz et al. 2004, 2005a,b; Smith et al. 2006).

Method

Participants

Data were acquired for 24 subjects (12 adolescents diag-
nosed with ADHD and 12 normal healthy control sub-
jects) between the ages of 9-18 years. Participants gave
informed, written consent and the Hospital for Sick Chil-
dren institutional research ethics board approved the
study. ADHD participants (# = 12) who had been taking
stimulant medication were asked to stop 24 h prior to
the scan in order to eliminate drug-induced BOLD
changes (Dodds et al. 2008). Their past and present medi-
cation history was recorded as part of the diagnostic
assessment protocol. Participants who were using medica-
tion other than stimulants were excluded from participat-
ing because certain medications like SSRI’s and
atomoxatine cannot be discontinued briefly for research.
Current and previous use of stimulant medication was
documented for evaluation of any possible treatment
effect on performance or neural activity.

Participants and their parents were interviewed sepa-
rately and together using the PICS-IV (Ickowicz et al
2006). Intelligence was assessed using WISC-IV. In order
to be included, ADHD subjects were required to meet the
DSM -1V criteria for ADHD defined as having at least six
of nine inattentive, six of nine hyperactive-impulsive
symptoms or both according to at least two of three infor-
mants (parents, teacher, and patient self-report). ADHD
subjects also had to show moderate to severe impairment
at home and at school (Global Assessment Scale (Shaffer
et al. 1983) score of less than 60). Participants were
excluded if they had any comorbid psychiatric or neuro-
logical disorder other than oppositional defiant disorder
or learning disability within the previous 12 months (e.g.,
obsessive compulsive disorder, Tourette syndrome, major
depressive, anxiety or pervasive developmental disorder),
an IQ score of below 80 on both verbal and performance
scales or any medical problem that would impact fMRI
participation. Subjects with metal braces or metal frag-
ments in their body were also excluded due to contraindi-
cations in the MRI environment.

Nine ADHD participants were diagnosed with ADHD
combined subtype and three met the criteria for the inat-
tentive subtype. Two participants also met DSM-IV crite-
ria for oppositional defiant disorder (ODD). Control
subjects were assessed in a comparable manner and
reported no psychiatric or medical disorders. All subjects
were right-handed and had normal vision and hearing.
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The stop-signal task

The stop-signal task (SST) involves a primary choice reac-
tion time task and a secondary stop task. Each trial began
with a fixation point which appeared in the center of a
black screen for 500 ms, followed by the go stimulus for
1000 ms. Participants were instructed to respond as quickly
and as accurately as possible with their left thumb using a
fMRI-compatible response box when the letter “X”
appears on the screen or with their right thumb when the
letter “O” appeared. In 33% of the trials, a stop signal
(background color change from black to red) followed
the go stimulus by some delay. Participants were told to
stop their response if they saw the stop signal. They were
told not to wait for stop signals. The initial stop-signal
delay was 250 ms and was dynamically adjusted following
each stop signal. When subjects successfully inhibited a
response, the delay was increased by 50 ms on the next
stop trial and when they failed to stop a response, the
delay was decreased by 50 ms. Dynamic adjustment tracks
to the delay and on average, individuals can stop 50% of
responses when a stop signal is presented. Intertrial inter-
val (ITI) was jittered such that trials were either 2.5 or
3.5 sec to ensure no multicollinearity of event types. The
trials were jittered using random combinations of spread-
spectrum binary coding sequences to maximize the
number of independent equations in the deconvolution
analysis, which enhances the separation of the event types
in the experimental design. In order to establish a well-
defined baseline of neural activity, every fourteenth trial
was followed by a 17.5 sec rest period in which no stimuli
were presented. This also ensured consistency with the
bounds established by Ollinger et al. (2001) for the
optimal separation of sequences in within-trial activities.

Trial order was pseudorandomized so that the current
type of trial did not predict the subsequent kind of trial.
The task involved 224 trials, requiring a total scan time of
15 min. The mean go response time (RT) was observable
from the 67% of trials in which no stop signal appeared.
The stop-signal reaction time (SSRT) was estimated by
subtracting the mean delay on stop-signal trials from the
mean go RT on no-signal trials.

Analysis of behavioral data

All behavioral data were analyzed using SPSS (version 18,
SPSS Inc., Chicago, Illinois). We assessed group differ-
ences in behavioral measures (SSRT, go reaction time,
percentage of correct response (PCR), and percentage of
successful inhibition (PSI). For adequate performance, the
PSI was required to be approximately in the 50th percen-
tile and PCR was required to be above 95 percent.
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Scanning parameters and data analysis

Imaging was done with a GE LX 1.5T MRI scanner
(General Electric, Milwaukee). Anatomical data were
acquired with a standard high-quality SPGR sequence
(120 slices, 1.5-mm thick, FOV 24 cm, 256 x 256
matrix). Functional data were collected using a GRE-EPI
sequence with a custom 8-channel head coil (TE = 40;
TR = 2000; Flip angle = 90°; 24 slices; 6-mm thick; FOV
24 cm; 100-kHz readout bandwidth). These images were
reconstructed to a 64 x 64 pixel resolution and final vo-
xel size of 3.75 x 3.75 x 6 mm’. Behavioral data were
collected using a Lumitouch fibre-optic button box
(Lightwave Medical, Burnaby, BC, Canada) interfaced to
a laptop running the stop task paradigm.

Functional data were analyzed using AFNI (Cox 1996).
Images were motion corrected using a standard coregis-
tration algorithm. Estimated motion parameters were
inspected to ensure that the amount of absolute motion
did not exceed 2 mm and angular displacement was not
greater than 2°. We used a general linear model of stimu-
lus vectors convolved with the hemodynamic response
function (HRF) using AFNI’s 3dDeconvolve program.
Estimates of baseline and linear drift were generated along
with 6-point HRF’s (12-s duration, 4 sec delay) for each
event type: fixate; X (left-hand response); O (right-hand
response); stop (successful inhibition); and, error (failed
inhibition).

Prospective inhibition activity common to both left-
and right-hand responses was isolated using the contrast
['2(X + O)]. This contrast suppresses activity specific to
left- and right-hand responses, which only occur on a
subset of trials trial, while enhancing neural activity that
reflects common prospective inhibition, which is present
in every trial of the SST. Activity associated with reactive
inhibition on successful stop trials could then be esti-
mated by removing the prospective inhibitory activity
from successful stop trials contrast
[stop—4(X + O)].

Intensity maps for the relevant contrasts (prospec-
tive inhibition = [%(X + O)] and reactive inhibition =
[stop—Y4(X + O)]) were generated for individual subjects
by taking the area under the HRF, warped into Talairach
space, Gaussian blurred (6-mm FWHM), and resampled at
1 mm® resolution. The single subject activation maps were
passed on to a random effects ANOVA analysis that was
conducted separately for the ADHD and healthy control
groups in order to identify the general pattern of whole

using  the

brain corrected activity for each group. Maps for ADHD
and healthy controls were examined to identify qualitative
differences in their patterns of activity.

Group difference maps were generated using a nested
repeated-measures 3-factor ANOVA (participants, diagnos-
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tic status, and event types) in order to identify significantly
different activities between healthy and ADHD adolescents.
Group difference (Control-ADHD) for prospective and
reactive inhibition activities from the ANOVA output were
distributed as a t* statistic with 138° of freedom due to
the number of regressors and subjects in the study.

Output from all the analyses (ADHD, control, and
control-ADHD) were converted to raw Z scores and cor-
rected for multiple comparisons using AFNI’s AlphaSim
program as in Chevrier et al. (2007). AlphaSim estimates
the overall significance or the probability of a false detec-
tion (type 1 error) through a combination of voxel inten-
sity thresholding and minimum cluster size thresholding,
which enhances the power of the statistical test. AlphaSim
can be considered a family-wise error rate procedure and
provide a more stringent control over false discovery in
comparison to false discovery rate (FDR) controls (Xiong
et al.1995).This analysis required significant voxels to be
part of a larger cluster of at least 6 original contiguous
voxels (540 mm?®) with a minimum Z score of 2.32, for
an overall « of 0.046.

Behavioral results

The ADHD and control groups differed marginally in age
(P =0.06) and Go RT (P = 0.08). There was no differ-
ence in IQ or in Stop Task performance as indexed by
percentage correct response (PCR) (P = 0.42) and per-
centage of successful inhibition (PSI) (P = 0.38). Behav-
ioral data confirmed that there were no differences in
either the performance of the task or in the speed of the
going process other than in the latency of the response
inhibition process or SSRT (see Table 1). SSRT differed
significantly between groups [t (22) = —2.217, P = 0.03]
even after controlling for nonsignificant differences in age
via hierarchical regression.

Table 1. Comparisons between controls and ADHD participants on
age and other relevant psychometric indices.

ADHD (N = 12) Controls (N = 12)

Mean SD Mean SD Sig.
Age 13.8 2.3 15.4 1.7 0.06
SSRT 238.0 53.3 198.1 34.8 0.03*
Go RT 636.2 145.2 542.2 105.7 0.08
PSI 51.9 3.7 50.8 2.3 0.38

SSRT, stop signal reaction time; Go RT, Go reaction time; PSI, proba-
bility of successful inhibition; PCR, percent correct response; SD, stan-
dard deviation.

Lists the means and standard deviations for the variables of interest.
Significance is based on two-tailed t-test of significance.

* indicates statistical significance.
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Controls

During prospective inhibition, the control group exhib-
ited positive activity in the right IFG (x = 31, y = 36,
z = 10; Z score = 4.30, P < 0.00001, 747 mm°) and deac-
tivation in the right medial prefrontal cortex (MPFC)
(x=1, y=49, z= —3; Z score = —13.00, P < 0.00001,
7327 mm’). We also observed positive activation in the
right middle frontal gyri (x = 33, y = 26, z = 20; Z score=
3.39, P =0.0006, 745 mm®), left superior frontal gyrus
(x=—19, y =064, z=19; Z score =12.99, P < 0.0001,
749 mm’®), right superior temporal gyrus (x = 64,
y = —45, z = 13; Z score = 3.76, P = 0.0002, 610 mmS),
and inferior parietal lobe (IPL) (x = —42, y = —32,
z =54; Z score 3.50, P =0.0005, 560 mm?>). Deactiva-
tions were observed in the anterior temporal lobe
(x=751, y=3, z=—=3; Z score = —4.40, P < 0.0001,
4867 mm®), Dbilateral posterior insula (right: x = 37,
y = —17, z = 3; Z score —3.48, P = 0.0005, 585 mm°; left:
x=—43, y=11, z= —4; Z score = —4.82, P < 0.0001,

2483 mm’), left supramarginal/post central  gyrus
(x = =52, y = —42, z = 33; V4 score = —4.00,
P < 0.00001, 965 mm?), left precuneus (x = —1, y = —52,

z=39; Z score = —3.51, P=0.0004, 659 mm>), and
various cerebellar areas.

During reactive inhibition, the control group elicited
positive activity in the right inferior frontal gyrus (IFG)
(x=42, y=20, z=10; Z score=3.06, P =0.002,
636 mm’), in addition to positive activity in left IPL
(x = =55, y = —48, z = 30, Z score = 4.04, P < 0.00001,
627 mm°), left fusiform (x = —31, y=-23,z=-11 Z
score = 3.14, P = 0.001, 940 mm?), right posterior cingu-
late cortex (PCC) (x=1, y=-81, z=35 Z
score = 5.89, P < 0.00001, 783 mm?>), and left cerebellum
(x=—=31, y = =75, z= —49; Z score = 3.73, P = 0.0002,
958 mm®). They also showed a deactivation in the right
cingulate gyrus (x =5, y =19, z = 40; Z score = —4.17,
P < 0.0001, 888 mm?’).

For a complete list of regions, please refer to Table S1,
provided in the Supporting Information.

Attention deficit hyperactive disorder

During prospective inhibition, the ADHD group exhibited
deactivation in the right IFG (x =37, y =33, z=13; Z
score = —4.36, P < 0.00001, 653 mm?>) as well as a deac-
tivation in the right superior frontal (x =20, y = 67,
z =10; Z scores = —4.09, P < 0.00001, 1008 mm?), left
presupplementary area (x=—6, y= -5 z=61; Z
score = —4.71, P < 0.00001, 818 mm?>), left superior tem-
poral gyrus (x = —59, y = —30, z = 19; Z score= —4.54,
P <0.0001, 684 mm®), right middle temporal gyrus
(x =52, y=—46, z=8; Z score = —4.47, P < 0.00001
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569 mm®), posterior insula (right: x = 41, y = 23, z = 12;
7 score 3.36, P < 0.00001, 1520 mm?> left: x = —36
y = —14, z = 16; Z score= —3.58, P = 0.0003, 624 mm3),
PCC (x=7, y=-57, z=7; Z score= —43l,
P <0.0001, 542 mm®, and precuneus areas (x =7,
y=-81, =z=11; Z score= —4.88, P <0.00001,
3015 mm’). ADHD subjects also showed positive activa-
tion in the inferior temporal gyrus (x = —43, y = —11,
z = 33; Z score = 3.36, P < 0.0001, 624 mm°) and right
cingulate gyrus (x =20, y =12, z=25; Z score 3.18,
P < 0.00001 1932 mm?).

During reactive inhibition, the ADHD group exhibited
positive activity in the right IFG (x = 43, y = 12, z = 13,
7 score = 3.36, P < 0.00001, 624 mm?>), right superior
frontal (x =31, y=—54, z=28 Z score= 471,
P < 0.00001, 650 mm®, right middle frontal (x = 46,
y =20, z=39; Z score 4.24, P < 0.00001, 669 mm?),
right (x=9, y=4, z=15 Z score 3.87, P = 0.0001,
786 mm’) and left caudate (x = —6, y=—11,z=13; Z
score 3.36, P =0.0007, 614 mm’), right IPL (x =57,
y = —41, z=24; Z score 3.85, P =0.0001, 669 mm?),
and cuneus (x=0, y=-78, z=8;, Z score 5.12,
P < 0.00004, 1975 mm?) There were no significant nega-
tive activations in this map (Table 2).

Neural activity differences between controls
and ADHD participants

Consistent with our prediction, a significant difference in
activity between ADHD and control groups during the go
phase was present in right IFG as a result of normal con-
trols pre-activating this region prior to the onset of stop
cues, whereas ADHD subjects were de-activating this
region (Fig. 1). Also consistent with our prediction, a sig-
nificant difference between ADHD and controls during
prospective withholding was evident in the medial pre-
frontal frontal cortex (MPFC), an area associated with
default mode function (Fig. 1). Normal control subjects
de-activated the MPFC, whereas ADHD subjects pre-acti-
vated this region. Therefore, differences in IFG and MPFC
between ADHD and controls were not a result of over or
under-activation of a region, but rather as a result of acti-
vation in one group and negative activation in the other.
We observed the same pattern for every other significant
difference during prospective inhibition. Significant differ-
ences were either the result of controls activating and
ADHD subjects de-activating a given region as seen in the
right IFG, superior and middle temporal lobes, right IPL
and anterior insula or controls de-activating and ADHD
subjects activating as observed in the right MPFC and left
post central gyrus (see Table 3).

Contrary to our predictions, the ADHD and control
groups did not differ in IFG activity during reactive
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Table 2. Activation foci during prospective and reactive inhibition in
the ADHD group.

Region BA Coordinates Z score

Prospective inhibition
Left medial frontal 6 -6, =5, 61 —4.71
Left Inferior frontal 45 —52, 13, 22 4.54
Right inferior frontal gyrus 46 54, 32,10 —3.59
Right inferior frontal gyrus 46 37,33, 13 —4.26
Right precentral gyrus 6 41,8, =50 -3.82
Right superior frontal 10 20, 67, 10 —4.09
Left superior frontal 8 —19, 28, 54 —4.41
Right cingulate gyrus 24/32 20, 12, 25 3.18
Left posterior insula 13 —36, —14, 16 —3.58
Right posterior insula 13 41, 23,12 —4.14
Left superior temporal gyrus 42 -59, —30, 19 —4.54
Right middle temporal gyrus 22 52, —46, 8 —4.47
Left inferior temporal gyrus 20 —43, =11, 33 3.36
Left parahippocampal gyrus -5, 40, 6 —5.06
Left posterior cingulate 30 -6, —67, 10 —-5.13
Right posterior cingulate 30 7, -57,7 —4.31
Left precuneus 7 —22, —76, 45 —4.91
Right cuneus 17 7, =81, 11 —4.88
Left cuneus 18 -2, =97, 17 —5.03
Left cuneus 18 -12, =99, 10 —4.42
Right lingual 19 33, =57, 10 —3.64
Right middle occipital gyrus 39 -39, 74,17 —4.58
Left middle occipital gyrus 39 —26, —89, 15 —4.51
Left lateral cerebellum -1, =37, =35 -5.50

Reactive inhibition
Right superior frontal gyrus 9/10 31, 54, 28 4.71
Right inferior frontal gyrus 44/13 43,12, 13 3.36
Right middle/inferior frontal gyrus 9 48, 12, 30 3.73
Right middle frontal gyrus 8/9 46, 20, 39 4.24
Right caudate head 9,4,15 3.87
Left caudate head -6, —11, 13 3.36
Right inferior parietal lobe 40 57, —41, 24 3.85
Right cuneus 19 7, =79, 37 5.17
Left cuneus 18 -0, -78, 8 5.12

inhibition; both groups activated this region to a similar
extent when stop signals actually appeared and subjects
successfully stopped their response. However, significant
differences were present in several other regions. As with
prospective inhibition, group differences during reactive
inhibition were also primarily the result of opposite
departures from baseline activity. Significant differences
in the right superior and middle frontal, middle temporal,
and left cerebellum during reactive inhibition were either
the result of activation in healthy control subjects and
negative activation in ADHD subjects or negative activa-
tion in healthy control subjects and activation in ADHD
subjects (see Table 3). We also conducted additional
Pearson correlation analysis to assess the relationship
between SSRT and activation in the right IFG and there
were no significant associations to report in either group.

© 2014 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.
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Medial prefrontal cortex and IFG activities in normal
controls and ADHD groups during prospective withhold-
ing are plotted in Figure 2 as proxies for task-specific and
default mode network activity (Fig. 2). Healthy control
subjects were clustered in the upper left quadrant, associ-
ated with activation of the task-specific IFG, and de-activa-
tion of default mode MPFC. By contrast, ADHD subjects,
while less clustered than healthy control subjects, were
generally distributed in the bottom right quadrant of this
plot, associated with de-activation of the task-specific IFG
and activation of default mode-related ACC. Post hoc qua-
dratic discriminant functional analysis (DFA) on this plot
(in SPSS) was capable of classifying subjects based on their
prospective withholding activity in these two regions
alone. The discriminant analysis assigns a posterior proba-
bility of being in a particular group. A loading factor for
the variates above 0.30 is generally considered to be a
meaningful contributor to the discriminant score. In our
study, the two discriminants, that is, IFG and MPFC activ-
ities had loadings of -0.59 and 0.76, respectively.

Discussion

We used the stop-signal task to separate neural activity
related to prospective inhibition of a response from activ-
ity associated with reactive inhibition in adolescents with
and without ADHD. The approach provided an estimate
of prospective inhibition-related activity during the go
phase of the stop task by explicitly accounting for the
handedness of responses in the deconvolution analysis
and by using a statistical contrast that enhanced cognitive
activities common to left- and right-hand responses while
suppressing activities specific to the lateralized motor
response. This contrast also provides an optimal baseline
from which to estimate activity attributable to reactive
inhibition. Stop trials involve prospective inhibition activ-
ity that is similar to that on go trials, but do not actually
contain an overt motor response. Therefore, estimating
go-phase activity on stop trials using a contrast that sup-
presses hand-specific response-related activity is preferable
to using a single regressor for all go trials because com-
mon and hand-specific go-phase activities are not statisti-
cally independent and should be accounted for in a
simultaneous regression analysis. Therefore, both theoreti-
cal and empirical evidence support the use of the current
method for separating prospective inhibition from reac-
tive inhibition (Chevrier et al. 2007).

Previous analytical approaches were not designed to dis-
tinguish prospective from reactive forms of inhibition
within the same task. More specifically, subtracting go trial
activity from stop trial activity is a method that is routinely
employed to isolate inhibition (Paloyelis et al. 2007; Li
et al. 2008). This approach is based on the assumption that
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Figure 1. Differences between ADHD and
control groups in the IFG and MPFC during
prospective inhibition. Thresholded contrast
map showing the differences between
controls and ADHD (CTL-ADHD) in the IFG
and MPF (Talairach z: 10). Red denotes
activation while blue signifies deactivation.
These contrasts indicate activation in the
controls and deactivation in the ADHD
group in the IFG and deactivation in the
MPFC in controls and activation in the
ADHD group. (A) Denote activity
differences in the IFG. (B) Show activity
differences in the MPFC. All images have
been corrected for an overall « < 0.05. R/L:
right/left.

Table 3. Between-group differences during prospective and reactive inhibition.

Area BA Coordinates

Group intensity Control intensity ADHD intensity

Prospective inhibition

Right medial prefrontal cortex 32 2,47, -3
Right inferior frontal gyrus 47 33,36, 6
Left postcentral gyrus 3 —42, =20, 58
Right inferior parietal lobe 40 —30, —36, 40
Right superior temporal lobe 22 49, —18, -8
Right Middle temporal lobe 39 —54, —-59, 26
Left middle temporal lobe 39 —42, -49, 14
Left insula 13 —36, 6, 17
Right insula 13 44, -23, 15
Reactive inhibition
Right medial frontal gyrus 8 3,45, 39
Right middle frontal gyrus 6 26, =2, 52
Right superior frontal gyrus 10 22, 66, 18
Right middle temporal gyrus 21 —53, -9, —-12
Left cerebellum —7, —68, —28

—22.2 —20.53 1.70
7.80 3.39 —6.91
4.40 —6.12 —2.68
4.57 2.52 -2.38
8.07 2.50 —5.57
5.28 2.44 —2.84
6.50 2.90 —3.60
6.38 1.08 —5.24
9.02 1.07 —7.93

—9.68 —4.51 5.17
4.17 3.68 —0.49

—10.57 —2.39 8.18
6.55 2.53 —4.02
6.19 4.01 —2.18

inhibition-related activity is evident only during the stop
phase and that subtraction of go-phase activity from stop
activity would isolate neural activity involved in “stopping”
a response. However, these approaches do not separate the
prospective inhibition that precedes stop signals from
response-related activity. Alternatively, failed inhibition
has been subtracted from successful inhibition in order to
capture the neural substrates of inhibition while control-
ling for stop stimuli that are common to both failed and
successful stop trials, but may in fact be identifying regions
that are more associated with error detection than process-
ing the sensory properties of the stop cues (Li et al. 2008).
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We observed right IFG activity during reactive inhibi-
tion in healthy controls replicating the results of previous
studies of inhibition in healthy adolescents and in adults
(Rubia et al. 2003a; Aron et al. 2004, 2007; Aron and
Poldrack 2006; Chevrier et al. 2007). We also observed
IFG activation and MPFC negative activation in healthy
controls during inhibition. IFG activation prior to the
appearance of the stop signal has been reported previ-
ously by Chikazoe et al. (2009) and indicates that pro-
spective inhibition activates task-specific areas of IFG
pending information about whether the current trial will
be a go or a stop trial. (Cf. please refer to Vink et al.
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Figure 2. Quadratic Discriminant Analysis (QDA) using IFG and MPFC
activity in the ADHD and Control Participants. QDA revealed that the
ADHD group congregated to the bottom quadrant (with negative
activity in the IFG and positive in the MPFC) and the control group
were mostly located in the top quadrant (positive activity in the IFG
and negative in the MPFC) during prospective withholding. Each point
signifies the activity in the IFG and MPFC for a single subject. ADHD
subjects are in blue and Controls are in red.

2005; Zanbelt and Vink 2010, for the role of the striatum
in response inhibition).

Inferior frontal gyrus activation in prospective inhibi-
tion indicates a broader role for IFG as suggested by
Hampshire et al. (2010). The right IFG in particular has
been implicated in the selection of task-specific informa-
tion, sustained attention and vigilance (Fassbender et al.
2004; Fassbender and Schweitzer 2006; Shallice et al.
2008) and suppression of noncritical information (Dun-
can and Owen 2000; Cole and Schneider 2007). It appears
that IFG activity during prospective inhibition could
reflect a readiness to respond to changing conditions by
shifting attention to sudden salient events during the stop
phases (e.g., reacting to the sudden appearance of a stop
signal while a motor response is already underway)
(Corbetta and Shulman 2002; Downar et al. 2002; Duann
et al. 2009). The right IFG may, therefore, be instrumen-
tal in prospective inhibition via its role in attentional
control (Duncan and Owen 2000), which is operational-
ized as an ability to rapidly adapt to changing salient
stimuli (Corbetta and Shulman 2002; Hampshire et al.
2010; Sharp et al. 2010).

Participants with ADHD had significantly longer SSRT,
which indicated deficient inhibitory control (Verbruggen
and Logan 2008b) when compared to controls. They also
did not differ in the latency of their go responses that
suggested that their longer SSRT were not related to
longer latencies of the go response (Logan et al. 1984).

© 2014 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.
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Additionally, there was no association between SSRT
scores and neural activity in the IFG. However, the lack
of association between two variables does not preclude
the possibility of a functional dependence between the
IFG and impaired inhibition process.

Attention deficit participants
showed negative activation in the IFG and activation in
the MPFC during inhibition but comparable activity to
controls in IFG during inhibition. This pattern is in

hyperactive disorder

contrast to previous studies that consistently report neg-
ative activation in the IFG during inhibition (Pliszka
et al. 2000; Durston et al. 2003, 2004, 2011; Booth et al.
2005; Rubia et al. 2005, 2008, 2009, 2011; Schulz et al.
2005b; Cubillo et al. 2010; Dibbets et al. 2010; Passarotti
et al. 2010). Prior studies did not differentiate between
the reactive and prospective phases of response inhibi-
tion. Consequently, their results combined negative
activity during prospective inhibition and positive activ-
ity during reactive inhibition, which looked like a simple
hypoactivation when compared to controls (Chevrier
et al. 2007).

Negative activation in the MPFC in control groups dur-
ing prospective inhibition supports the role of the ACC in
default mode network processing (Gusnard et al. 2001b;
Raichle et al. 2001; Greicius et al. 2007; Raichle and Snyder
2007). Failure to suppress the default mode network while
performing the stop task appears to be associated with
poor stopping ability (Congdon et al. 2010) and has previ-
ously been observed in an ADHD population (Sonuga-
Barke and Castellanos 2007; Fassbender et al. 2009).

Studies of default mode network support the hypothe-
sis of atypical preparation in ADHD. The default mode
network is associated with spontaneous attentional fluctu-
ations (Sonuga-Barke and Castellanos 2007) and is
involved in monitoring internal states in resting condi-
tions (Gusnard et al. 2001b). It is believed that crucial
nodes in the default network such as MPFC disengage at
moments when we need to react to changing external
conditions (Raichle et al. 2001). Failure to suppress the
default mode can interfere with the ability of task-specific
networks to effectively regulate goal-directed behavior
(Gusnard et al. 2001a; Raichle et al. 2001; Fair et al.
2007) such as the ability to stop a response (Congdon
et al. 2010). Moreover, the magnitude of negative activa-
tion in the MPFC appears to be associated with greater
attention and preparation in healthy adolescents when
compared to individuals with ADHD (Fassbender et al.
2009).

Consistent with previous findings, our results indicate a
failure to transition from the default mode to task-
oriented networks in the ADHD group which in turn
may affect their ability to inhibit a motor response. In
fact, our results not only show a failure to properly
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disengage default mode networks and engage task-related
networks during prospective inhibition, but further dem-
onstrate that the ADHD subjects are in fact doing the
opposite during prospective inhibition: namely, disengaging
task-related circuits while engaging default mode circuits
more intensely.

This interpretation is supported by the observation that
in our sample, the ADHD group showed negative activity
and controls showed positive activity in areas that are
critical for efficient task completion. For example, during
the go phase, the control group exhibited positive activity
and the ADHD group displayed negative activity in the
superior and middle temporal regions and anterior insula.
Superior and middle temporal regions are involved in
mental preparation (Kounios et al. 2006; Tian et al. 2011)
recalling semantic rules necessary for task completion
(Simmons and Martin 2009; Simmons et al. 2010). Posi-
tive activity in the temporal lobes is also associated with
lower intraindividual variability in reaction time (Spinelli
et al. 2011); which is believed to be a marker for prepara-
tion and alertness (Fassbender et al. 2009). The insula, in
conjunction with temporal areas are critical nodes in the
salience network (Seeley et al. 2007) that mediates a
switch to relevant stimuli and recruits task appropriate
regions. Deactivation in the ADHD group and positive
activity in the controls were also evident in multiple fron-
tal areas and the IPL that are critical for vigilance and
ensuring flexibility in the decision-making process (Stuss
and Alexander 2000).

In short, the pattern of preparatory activity in the right
structures, but in the wrong direction compared to base-
line, suggests that the inhibitory control deficit in ADHD
could be associated with inappropriate tuning of networks
involved in preparedness and attention to the task at
hand.

These activity differences between ADHD and controls,
consistently being the result of activity changes in opposite
directions with respect to baseline, can perhaps be
explained through the dysfunctional dopamine modulation
in ADHD. Several studies have identified abnormalities in
dopaminergic neurotransmission systems in an ADHD
population (Rowe et al. 1998; Waldman et al. 1998; Swan-
son et al. 2000; Sonuga-Barke 2003; Sagvolden et al. 2005;
Tripp and Wickens 2008; Bellgrove et al. 2009). Therefore,
there is a reasonable possibility that abnormal dopaminer-
gic functioning may be an important factor contributing to
the inhibitory impairments evident in ADHD.

Conclusion

This is the first study to differentiate neural activity dur-
ing reactive inhibition and prospective inhibition in
ADHD and normal control adolescents. We adopted a
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methodology that makes it possible to investigate these
cognitive processes during inhibition within the confines
of a single task.

It should be noted that while the current approach sepa-
rates prospective from reactive inhibition, it is currently
not possible to distinguish between prospective inhibition,
monitoring, and the wave of various simultaneous cogni-
tive processes and central response activations that precede
the lateralization of the motor response that also resides in
the go phase. We chose to focus on one aspect of the
cognitive activity that lives in the go phase and future
advancements in analytical techniques may make it
possible to extricate the influence of events that occur
almost simultaneously in time.

The next step in our research is to investigate the rein-
forcement-learning signals that arise following errors in
an ADHD sample. The aim is to provide a clearer view of
how processes like error detection and the subsequent
modification after failed stop trials affect inhibitory con-
trol in normal and ADHD groups and the role of dopa-
mine-regulated activities in models of stop-signal task
performance in health and disease.

Acknowledgments

The authors would like to thank CIHR for their continual
support and Jason Lerch, Donald Mabbott and Leah
Wright for their critical feedback and encouragement.

Conflict of Interest

The authors have no conflicts of interest to report.

References

Aron, A. R, and R. A. Poldrack. 2006. Cortical and subcortical
contributions to Stop signal response inhibition: role of the
subthalamic nucleus. J. Neurosci. 26:2424-2433.

Aron, A. R,, T. W. Robbins, and R. A. Poldrack. 2004.
Inhibition and the right inferior frontal cortex. Trends
Cogn. Sci. 8:170-177.

Aron, A. R,, S. Durston, D. M. Eagle, G. D. Logan, C. M.
Stinear, and V. Stuphorn. 2007. Converging evidence for a
fronto-basal-ganglia network for inhibitory control of action
and cognition. J. Neurosci. 27:11860-11864.

Band, G. P., and G. J. van Boxtel. 1999. Inhibitory motor
control in stop paradigms: review and reinterpretation of
neural mechanisms. Acta Psychol. (Amst) 101:179-211.

Band, G. P., M. W. van der Molen, and G. D. Logan. 2003.
Horse-race model simulations of the stop-signal procedure.
Acta Psychol. (Amst) 112:105-142.

Barkley, R. A. 1997. Behavioral inhibition, sustained attention,
and executive functions: constructing a unifying theory of
ADHD. Psychol. Bull. 121:65-94.

© 2014 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.



M. Bhaijiwala et al.

Bellgrove, M. A., and J. B. Mattingley. 2008. Molecular
genetics of attention. Ann. N. Y. Acad. Sci. 1129:200-212.

Bellgrove, M. A., K. A. Johnson, E. Barry, A. Mulligan, Z.
Hawi, M. Gill, et al. 2009. Dopaminergic haplotype as a
predictor of spatial inattention in children with
attention-deficit/hyperactivity disorder. Arch. Gen.
Psychiatry 66:1135-1142.

Bilder, R. M., F. W. Sabb, D. S. Parker, D. Kalar, W. W. Chu,
J. Fox, et al. 2009. Cognitive ontologies for neuropsychiatric
phenomics research. Cogn. Neuropsychiatry 14:419-450.

Booth, J., D. D. Burman, and J. R. Meyer. 2005. larger deficits
in brain networks for response inhibition than for visual
selective attention in attention deficit hyperactive disorder
(ADHD). J. Child Psychol. Psychiatry 46:94-111.

Castellanos, F. X., P. E. Glaser, and G. A. Gerhardt. 2006.
Towards a neuroscience of attention-deficit/hyperactivity
disorder: fractionating the phenotype. J. Neurosci. Methods
151:1-4.

Chevrier, A. D., M. D. Noseworthy, and R. Schachar. 2007.
Dissociation of response inhibition and performance
monitoring in the stop signal task using event-related fMRI.
Hum. Brain Mapp. 28:1347-1358.

Chikazoe, J., K. Jimura, S. Hirose, K. Yamashita, Y. Miyashita,
and S. Konishi. 2009. Preparation to inhibit a response
complements response inhibition during performance of a
stop-signal task. J. Neurosci. 29:15870-15877.

Cole, M. W., and W. Schneider. 2007. The cognitive control
network: integrated cortical regions with dissociable
functions. Neuroimage 37:343-360.

Congdon, E., J. A. Mumford, J. R. Cohen, A. Galvan,

A. R. Aron, G. Xue, et al. 2010. Engagement of large-scale
networks is related to individual differences in inhibitory
control. Neuroimage 53:653—663.

Corbetta, M., and G. L. Shulman. 2002. Control of
goal-directed and stimulus-driven attention in the brain.
Nat. Rev. Neurosci. 3:201-215.

Cox, R. W. 1996. AENTI: software for analysis and visualization
of functional magnetic resonance neuroimages. Comput.
Biomed. Res. 29:162-173.

Crosbie, J., P. Arnold, A. Paterson, J. Swanson, A. Dupuis,

X. Li, et al. 2013. Response inhibition and ADHD traits:
correlates and heritability in a community sample. J.
Abnorm. Child Psychol. 41:497-507.

Cubillo, A., R. Halari, C. Ecker, V. Giampietro, E. Taylor, and
K. Rubia. 2010. Reduced activation and inter-regional
functional connectivity of fronto-striatal networks in adults
with childhood Attention-Deficit Hyperactivity Disorder
(ADHD) and persisting symptoms during tasks of motor
inhibition and cognitive switching. J. Psychiatr. Res.
44:629-639.

Dibbets, P., E. A. Evers, P. P. Hurks, K. Bakker, and J. Jolles.
2010. Differential brain activation patterns in adult
attention-deficit hyperactivity disorder (ADHD) associated
with task switching. Neuropsychology 24:413-423.

© 2014 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.

Response Inhibition in ADHD

Dodds, C. M., U. Muller, L. Clark, A. van Loon, R. Cools, and
T. W. Robbins. 2008. Methylphenidate has differential
effects on blood oxygenation level-dependent signal related
to cognitive subprocesses of reversal learning. J. Neurosci.
28:5976-5982.

Downar, J., A. P. Crawley, D. J. Mikulis, and K. D. Davis.
2002. A cortical network sensitive to stimulus salience in a
neutral behavioral context across multiple sensory
modalities. J. Neurophysiol. 87:615-620.

Duann, J. R, J. S. Ide, X. Luo, and C. S. Li. 2009. Functional
connectivity delineates distinct roles of the inferior frontal
cortex and presupplementary motor area in stop signal
inhibition. J. Neurosci. 29:10171-10179.

Duncan, J., and A. M. Owen. 2000. Common regions of the
human frontal lobe recruited by diverse cognitive demands.
Trends Neurosci. 23:475-483.

Durston, S., N. T. Tottenham, K. M. Thomas, M. C.
Davidson, I. M. Eigsti, Y. Yang, et al. 2003. Differential
patterns of striatal activation in young children with and
without ADHD. Biol. Psychiatry 53:871-878.

Durston, S., H. E. Hulshoff Pol, H. G. Schnack, J. K. Buitelaar,
M. P. Steenhuis, R. B. Minderaa, et al. 2004. Magnetic
resonance imaging of boys with attention-deficit/
hyperactivity disorder and their unaffected siblings. J. Am.
Acad. Child Adolesc. Psychiatry 43:332—340.

Durston, S., J. van Belle, and P. de Zeeuw. 2011.
Differentiating frontostriatal and fronto-cerebellar circuits in
attention-deficit/hyperactivity disorder. Biol. Psychiatry
69:1178-1184.

Fair, D. A., N. U. Dosenbach, J. A. Church, A. L. Cohen,

S. Brahmbhatt, F. M. Miezin, et al. 2007. Development of
distinct control networks through segregation and
integration. Proc. Natl Acad. Sci. USA 104:13507-13512.

Fassbender, C., and J. B. Schweitzer. 2006. Is there evidence
for neural compensation in attention deficit hyperactivity
disorder? A review of the functional neuroimaging literature.
Clin. Psychol. Rev. 26:445-465.

Fassbender, C., K. Murphy, J. J. Foxe, G. R. Wylie, D. C.
Javitt, I. H. Robertson, et al. 2004. A topography of
executive functions and their interactions revealed by
functional magnetic resonance imaging. Brain Res. Cogn.
Brain Res. 20:132—143.

Fassbender, C., H. Zhang, W. M. Buzy, C. R. Cortes, D.
Mizuiri, L. Beckett, et al. 2009. A lack of default network
suppression is linked to increased distractibility in ADHD.
Brain Res. 1273:114-128.

Firestone, P., L. M. Musten, S. Pisterman, J. Mercer, and
S. Bennett. 1998. Short-term side effects of stimulant
medication are increased in preschool children with
attention-deficit/hyperactivity disorder: a double-blind
placebo-controlled study. J. Child Adolesc.
Psychopharmacol. 8:13-25.

Friedman, N. P., and A. Miyake. 2004. The relations
among inhibition and interference control functions:

611



Response Inhibition in ADHD

a latent-variable analysis. J. Exp. Psychol. Gen.
133:101-135.

Goos, L. M., P. Ezzatian, and R. Schachar. 2007.
Parent-of-origin effects in attention-deficit hyperactivity
disorder. Psychiatry Res. 149:1-9.

Greicius, M. D., B. H. Flores, V. Menon, G. H. Glover,

H. B. Solvason, H. Kenna, et al. 2007. Resting-state
functional connectivity in major depression: abnormally
increased contributions from subgenual cingulate cortex and
thalamus. Biol. Psychiatry 62:429-437.

Gusnard, D. A., E. Akbudak, G. L. Shulman, and M. E.
Raichle. 2001a. Medial prefrontal cortex and self-referential

mental activity: relation to a default mode of brain function.

Proc. Natl Acad. Sci. USA 98:4259—4264.

Gusnard, D. A., M. E. Raichle, and M. E. Raichle. 2001b.
Searching for a baseline: functional imaging and the resting
human brain. Nat. Rev. Neurosci. 2:685-694.

Hampshire, A., S. R. Chamberlain, M. M. Monti, J. Duncan,
and A. M. Owen. 2010. The role of the right inferior frontal
gyrus: inhibition and attentional control. Neuroimage
50:1313-1319.

Harnishfeger, K. K., and R. S. Pope. 1996. Intending to forget:
the development of cognitive inhibition in directed
forgetting. J. Exp. Child Psychol. 62:292-315.

Hughes, M. E., P. J. Johnston, W. R. Fulham, T. W. Budd,
and P. T. Michie. 2013. Stop-signal task difficulty and the
right inferior frontal gyrus. Behav. Brain Res. 256:205-213.
doi:10.1016/j.bbr.2013.08.026.

Ickowicz, A., R. J. Schachar, R. Sugarman, S. X. Chen, C.
Millette, and L. Cook. 2006. The parent interview for child
symptoms: a situation-specific clinical research interview for
attention-deficit hyperactivity and related disorders. Can. J.
Psychiatry 51:325-328.

Kounios, J., J. L. Frymiare, E. M. Bowden, J. I. Fleck, K.
Subramaniam, T. B. Parrish, et al. 2006. The prepared
mind: neural activity prior to problem presentation predicts
subsequent solution by sudden insight. Psychol. Sci.
17:882-890.

Li, C. S., P. Yan, H. H. Chao, R. Sinha, P. Paliwal, R. T.
Constable, et al. 2008. Error-specific medial cortical and
subcortical activity during the stop signal task: a functional
magnetic resonance imaging study. Neuroscience 155:1142—
1151.

Liotti, M., S. R. Pliszka, K. Higgins, R. 3rd Perez, and M.
Semrud-Clikeman. 2010. Evidence for specificity of ERP
abnormalities during response inhibition in ADHD children:
a comparison with reading disorder children without
ADHD. Brain Cogn. 72:228-237.

Lipszyc, J., and R. Schachar. 2010. Inhibitory control and
psychopathology: a meta-analysis of studies using the stop
signal task. J. Int. Neuropsychol. Soc. 16:1064—1076.

Logan, G. D. 1994. On an ability to inhibit thoughts and
action: A user’s guide to the Stop Signal Paradigm.
Academic Press, San Diego. 189-239 p.

612

M. Bhaijiwala et al.

Logan, G. D., W. B. Cowan, and K. A. Davis. 1984. On the
ability to inhibit simple and choice reaction time responses:
a model and a method. J. Exp. Psychol. Hum. Percept.
Perform. 10:276-291.

Logan, G. D., R. J. Schachar, and R. Tannock. 1997.
Impulsivity and inhibitory control. Psychol. Sci. 8:60-64.

Nigg, J. T., L. G. Blaskey, C. L. Huang-Pollock, and M. D.
Rappley. 2002. Neuropsychological executive functions and
DSM-IV ADHD subtypes. J. Am. Acad. Child Adolesc.
Psychiatry 41:59-66.

O’Connell, R. G., M. A. Bellgrove, P. M. Dockree, and 1. H.
Robertson. 2004. Reduced electrodermal response to errors
predicts poor sustained attention performance in
attention deficit hyperactivity disorder. NeuroReport
15:2535-2538.

Ollinger, J. M., G. L. Shulman, and M. Corbetta. 2001.
Separating processes within a trial in event-related
functional MRI. Neuroimage 13:210-217.

Paloyelis, Y., M. A. Mehta, J. Kuntsi, and P. Asherson. 2007.
Functional MRI in ADHD: a systematic literature review.
Expert Rev. Neurother. 7:1337-1356.

Passarotti, A. M., J. A. Sweeney, and M. N. Pavuluri. 2010.
Neural correlates of response inhibition in pediatric bipolar
disorder and attention deficit hyperactivity disorder.
Psychiatry Res. 181:36-43.

Pliszka, S. R., M. Liotti, and M. G. Woldorft. 2000. Inhibitory
control in children with attention-deficit/hyperactivity
disorder: event-related potentials identify the processing
component and timing of an impaired right-frontal
response-inhibition mechanism. Biol. Psychiatry 48:238-246.

Raichle, M. E., and A. Z. Snyder. 2007. A default mode of
brain function: a brief history of an evolving idea.
Neuroimage 37:1083-1090; discussion 1097-9.

Raichle, M. E., A. M. MacLeod, A. Z. Snyder, W. J. Powers,
D. A. Gusnard, and G. L. Shulman. 2001. A default mode of
brain function. Proc. Natl Acad. Sci. USA 98:676—682.

Rowe, D. C,, C. Stever, L. N. Giedinghagen, J. M. Gard, H. H.
Cleveland, S. T. Terris, et al. 1998. Dopamine DRD4
receptor polymorphism and attention deficit hyperactivity
disorder. Mol. Psychiatry 3:419-426.

Rubia, K., S. Overmeyer, E. Taylor, M. Brammer, S. C.
Williams, A. Simmons, et al. 1999. Hypofrontality in
attention deficit hyperactivity disorder during higher-order
motor control: a study with functional MRI. Am. J.
Psychiatry 156:891-896.

Rubia, K., J. Noorloos, A. Smith, B. Gunning, and J. Sergeant.
2003a. Motor timing deficits in community and clinical
boys with hyperactive behavior: the effect of
methylphenidate on motor timing. J. Abnorm. Child
Psychol. 31:301-313.

Rubia, K., A. B. Smith, M. J. Brammer, and E. Taylor. 2003b.
Right inferior prefrontal cortex mediates response inhibition
while mesial prefrontal cortex is responsible for error
detection. Neuroimage 20:351-358.

© 2014 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.



M. Bhaijiwala et al.

Rubia, K., A. B. Smith, M. J. Brammer, B. Toone, and
E. Taylor. 2005. Abnormal brain activation during
inhibition and error detection in medication-naive
adolescents with ADHD. Am. J. Psychiatry 162:

1067-1075.

Rubia, K., R. Halari, A. B. Smith, M. Mohammed, S. Scott,
V. Giampietro, 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., R. Halari, A. Cubillo, A. M. Mohammad, M.
Brammer, and E. Taylor. 2009. Methylphenidate normalises
activation and functional connectivity deficits in attention
and motivation networks in medication-naive children with
ADHD during a rewarded continuous performance task.
Neuropharmacology 57:640—652.

Rubia, K., R. Halari, A. Cubillo, A. B. Smith, A. M.
Mohammad, M. Brammer, et al. 2011. Methylphenidate
normalizes fronto-striatal underactivation during
interference inhibition in medication-naive boys with
attention-deficit hyperactivity disorder.
Neuropsychopharmacology 36:1575-1586.

Sagvolden, T., E. B. Johansen, H. Aase, and V. A. Russell.
2005. A dynamic developmental theory of attention-deficit/
hyperactivity disorder (ADHD) predominantly hyperactive/
impulsive and combined subtypes. Behav. Brain Sci. 28:397—
419; discussion 419-68.

Schachar, R., V. L. Mota, G. D. Logan, R. Tannock, and P.
Klim. 2000. Confirmation of an inhibitory control deficit in
attention-deficit/hyperactivity disorder. J. Abnorm. Child
Psychol. 28:227-235.

Schachar, R. J., J. Crosbie, C. L. Barr, T. J. Ornstein, J.
Kennedy, M. Malone, et al. 2005. Inhibition of motor
responses in siblings concordant and discordant for
attention deficit hyperactivity disorder. Am. J. Psychiatry
162:1076-1082.

Schulz, K. P., J. Fan, C. Y. Tang, J. H. Newcorn, M. S.
Buchsbaum, A. M. Cheung, et al. 2004. Response inhibition
in adolescents diagnosed with attention deficit hyperactivity
disorder during childhood: an event-related FMRI study.
Am. J. Psychiatry 161:1650-1657.

Schulz, K. P., J. H. Newcorn, J. Fan, C. Y. Tang, and J. M.
Halperin. 2005a. Brain activation gradients in ventrolateral
prefrontal cortex related to persistence of ADHD in adolescent
boys. J. Am. Acad. Child Adolesc. Psychiatry 44:47-54.

Schulz, K. P., C. Y. Tang, J. Fan, D. J. Marks, J. H. Newcorn,
A. M. Cheung, et al. 2005b. Differential prefrontal cortex
activation during inhibitory control in adolescents with and
without childhood attention-deficit/hyperactivity disorder.
Neuropsychology 19:390—402.

Seeley, W. W., V. Menon, A. F. Schatzberg, J. Keller, G. H.
Glover, H. Kenna, et al. 2007. Dissociable intrinsic
connectivity networks for salience processing and executive
control. J. Neurosci. 27:2349-2356.

© 2014 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.

Response Inhibition in ADHD

Shaffer, D., M. S. Gould, J. Brasic, P. Ambrosini, P. Fisher,

H. Bird, et al. 1983. A children’s global assessment scale
(CGAS). Arch. Gen. Psychiatry 40:1228—-1231.

Shallice, T., D. T. Stuss, T. W. Picton, M. P. Alexander, and
S. Gillingham. 2008. Mapping task switching in frontal
cortex through neuropsychological group studies. Front.
Neurosci. 2:79-85.

Sharp, D. J., V. Bonnelle, X. De Boissezon, C. F. Beckmann,
S. G. James, M. C. Patel, et al. 2010. Distinct frontal systems
for response inhibition, attentional capture, and error
processing. Proc. Natl Acad. Sci. USA 107:6106-6111.

Simmons, W. K., and A. Martin. 2009. The anterior temporal
lobes and the functional architecture of semantic memory.
J. Int. Neuropsychol. Soc. 15:645-649.

Simmons, W. K., M. Reddish, P. S. Bellgowan, and A. Martin.
2010. The selectivity and functional connectivity of the
anterior temporal lobes. Cereb. Cortex 20:813-825.

Smith, A. B., E. Taylor, M. Brammer, B. Toone, and K. Rubia.
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.
Psychiatry 163:1044-1051.

Sonuga-Barke, E. J. 2003. The dual pathway model of AD/HD:
an elaboration of neuro-developmental characteristics.
Neurosci. Biobehav. Rev. 27:593-604.

Sonuga-Barke, E. J., and F. X. Castellanos. 2007. Spontaneous
attentional fluctuations in impaired states and pathological
conditions: a neurobiological hypothesis. Neurosci.
Biobehav. Rev. 31:977-986.

Soreni, N., J. Crosbie, A. Ickowicz, and R. Schachar. 2009.
Stop signal and Conners’ continuous performance tasks:
test—retest reliability of two inhibition measures in ADHD
children. J. Atten. Disord. 13:137-143.

Spinelli, S., R. A. Vasa, S. Joel, T. E. Nelson, J. J. Pekar, and
S. H. Mostofsky. 2011. Variability in post-error behavioral
adjustment is associated with functional abnormalities in the
temporal cortex in children with ADHD. J. Child Psychol.
Psychiatry 52:808-816.

Stuss, D. T., and M. P. Alexander. 2000. Executive functions
and the frontal lobes: a conceptual view. Psychol. Res.
63:289-298.

Swanson, J., J. Oosterlaan, M. Murias, S. Schuck, P. Flodman,
M. A. Spence, et al. 2000. Attention deficit/hyperactivity
disorder children with a 7-repeat allele of the dopamine
receptor D4 gene have extreme behavior but normal
performance on critical neuropsychological tests of
attention. Proc. Natl Acad. Sci. USA 97:4754—4759.

Tian, F., S. Tu, J. Qiu, J. Y. Lv, D. T. Wei, Y. H. Su, and
Q. L. Zhang. 2011. Neural correlates of mental preparation
for successful finish problem solving. Behavior Brain Res.
216:626-630.

Tripp, G., and J. R. Wickens. 2008. Research review: dopamine
transfer deficit: a neurobiological theory of altered

613



Response Inhibition in ADHD

reinforcement mechanisms in ADHD. J. Child Psychol.
Psychiatry 49:691-704.

Verbruggen, F., and G. D. Logan. 2008a. Automatic and
controlled response inhibition: associative learning in the
go/no-go and stop-signal paradigms. J. Exp. Psychol. Gen.
137:649-672.

Verbruggen, F., and G. D. Logan. 2008b. Response inhibition
in the stop-signal paradigm. Trends Cogn. Sci. 12:418-424.

Verbruggen, F., and G. D. Logan. 2009. Proactive adjustments
of response strategies in the stop-signal paradigm. J. Exp.
Psychol. Hum. Percept. Perform. 35:835-854.

Vink, M., R. S. Kahn, M. Raemaekers, M. van den Heuvel,
M. Boersma, and N. F. Ramsey. 2005. Function of striatum
beyond inhibition and execution of motor responses. Hum.
Brain Mapp. 25:336-344.

Waldman, I. D., D. C. Rowe, A. Abramowitz, S. T. Kozel,

J. H. Mohr, S. L. Sherman, et al. 1998. Association and
linkage of the dopamine transporter gene and
attention-deficit hyperactivity disorder in children:

heterogeneity owing to diagnostic subtype and severity. Am.

J. Hum. Genet. 63:1767—-1776.

Willeutt, E. G., B. F. Pennington, R. K. Olson, N. Chhabildas,
and J. Hulslander. 2005. Neuropsychological analyses of
comorbidity between reading disability and attention deficit

614

M. Bhaijiwala et al.

hyperactivity disorder: in search of the common deficit.
Dev. Neuropsychol. 27:35-78.

Williams, B. R., J. S. Ponesse, R. J. Schachar, G. D. Logan, and
R. Tannock. 1999. Development of inhibitory control across
the life span. Dev. Psychol. 35:205-213.

Wright, L., J. Lipszyc, A. Dupuis, S. W. Thayapararajah,
and R. Schachar. 2014. Response inhibition and
psychopathology: a meta-analysis of Go/No-Go Task
Performance. J. Abnorm. Psychol. 123:429-439.

Xiong, J., J. Gao, J. L. Lancaster, and P. T. Fox. 1995.
Clustered pixels analysis for functional MRI activation
studies of the human brain. Hum. Brain Mapp. 3:287-301.

Zandbelt, B. B., and M. Vink. 2010. On the role of the
striatum in response inhibition. PLoS ONE 5:e13848.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Table S1. List of activations during prospective and reac-
tive inhibition in the Control Group.

Figure S1. Whole-brain activity in the IFG and MPFC in
controls and ADHD.

© 2014 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.



