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The right inferior frontal cortex (rIFC) and the right anterior insula (rAI) have been implicated consistently in inhibitory control, but their
differential roles are poorly understood. Here we use multiple quantitative techniques to dissociate the functional organization and roles
of the rAI and rIFC. We first conducted a meta-analysis of 70 published inhibitory control studies to generate a commonly activated right
fronto-opercular cortex volume of interest (VOI). We then segmented this VOI using two types of features: (1) intrinsic brain activity; and
(2) stop-signal task-evoked hemodynamic response profiles. In both cases, segmentation algorithms identified two stable and distinct
clusters encompassing the rAI and rIFC. The rAI and rIFC clusters exhibited several distinct functional characteristics. First, the rAI
showed stronger intrinsic and task-evoked functional connectivity with the anterior cingulate cortex, whereas the rIFC had stronger
intrinsic and task-evoked functional connectivity with dorsomedial prefrontal and lateral fronto-parietal cortices. Second, the rAI
showed greater activation than the rIFC during Unsuccessful, but not Successful, Stop trials, and multivoxel response profiles in the
rAI, but not the rIFC, accurately differentiated between Successful and Unsuccessful Stop trials. Third, activation in the rIFC, but not rAI,
predicted individual differences in inhibitory control abilities. Crucially, these findings were replicated in two independent cohorts of
human participants. Together, our findings provide novel quantitative evidence for the dissociable roles of the rAI and rIFC in inhibitory
control. We suggest that the rAI is particularly important for detecting behaviorally salient events, whereas the rIFC is more involved in
implementing inhibitory control.
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Introduction
Inhibitory control, defined as the ability to withhold or override
an automatic, habitual, or prepotent process, is critical for many
adaptive behaviors (Aron, 2011). More than a decade of neuro-
imaging research has ascribed an important role in inhibitory
control to the right inferior frontal cortex (rIFC; Levy and Wag-

ner, 2011; Swick et al., 2011). In contrast, little is known about the
role of the right anterior insula (rAI), a region adjacent to the
rIFC that is almost ubiquitously coactivated with the rIFC during
inhibitory control. This is particularly surprising because, within
the right fronto-opercular cortex, encompassing both rAI and
rIFC, peak activation has often been detected in the rAI rather
than the rIFC in many studies (Aron and Poldrack, 2006; Chika-
zoe et al., 2009; Boehler et al., 2010; Cai et al., 2014). Knowledge
of the functional organization of the fronto-opercular cortex and
the dissociable roles of the rAI and rIFC is a crucial next step for
understanding the neurobiology of inhibitory control.

Disentangling the functional subdivisions of the fronto-
opercular cortex and their interconnected circuits is a challenging
problem because these regions are often coactivated during a
wide range of cognitive tasks. We address this problem using two
complementary quantitative approaches. First, we use inter-
regional variability in intrinsic brain activity to parcellate the
fronto-opercular cortex and examine the unique functional cir-

Received July 23, 2014; revised Sept. 12, 2014; accepted Sept. 18, 2014.
Author contributions: W.C. designed research; W.C. performed research; W.C., S.R., T.C., and C.-S.R.L. contributed

unpublished reagents/analytic tools; W.C. analyzed data; W.C., S.R., T.C., C.-S.R.L., and V.M. wrote the paper.
This work was supported by National Institutes of Health Grants NS071221 (V.M.), NS086085 (V.M.), DA026990

(C.-S.R.L.), DA023248 (C.-S.R.L.), AA021449 (C.-S.R.L.), and K25HD074652 (S.R.) and National Science Foundation
Grant BCS1309260 (C-.S.R.L.). We are grateful to Dr. Russell Poldrack and colleagues for sharing their data via
OpenfMRI.org and to Dr. Sheng Zhang for assistance with data acquired at the Yale University School of Medicine.

The authors declare no competing financial interests.
Correspondence should be addressed to Drs. Weidong Cai and Vinod Menon, Department of Psychiatry and

Behavioral Sciences, 1070 Arastradero Road, Suite 220, Stanford University School of Medicine, Palo Alto, CA 94304.
E-mail: wdcai@stanford.edu and menon@stanford.edu.

DOI:10.1523/JNEUROSCI.3048-14.2014
Copyright © 2014 the authors 0270-6474/14/3414652-16$15.00/0

14652 • The Journal of Neuroscience, October 29, 2014 • 34(44):14652–14667



cuits associated with each subdivision (Cohen et al., 2008; Deen
et al., 2011). Second, we leverage variability in the temporal pro-
file of task-evoked response during stop-signal tasks (SST) to
parcellate the functional subdivisions of the fronto-opercular cor-
tex, taking advantage of recent findings that such variability can pro-
vide informative multivoxel features for demarcating functional
clusters within coactivated brain regions (Gonzalez-Castillo et al.,
2012; Orban et al., 2014).

Here we deploy multiple quantitative approaches to disentan-
gle the functional organization of the fronto-opercular cortex
and dissociate the functional roles of the rAI and rIFC in inhibi-
tory control. Our approach involved the following steps. First, we
conducted a meta-analysis of extant literature to identify fronto-
opercular regions that are consistently activated in inhibitory
control tasks. Second, we applied a novel consensus-based clus-
tering algorithm (Fred and Jain, 2005; Bellec et al., 2010) (S. Ryali,
T. Chen, A. Padmanabhan, W. Cai, and V. Menon, unpublished
observations under the title “Development and validation of con-
sensus clustering-based framework for brain segmentation using
regional resting fMRI”) to identify functional subdivisions within
the fronto-opercular cortex using intrinsic brain activity during
resting-state fMRI. Third, we examined the convergence of these
clusters with those parcellated using spatial patterns of task-
evoked hemodynamic responses in two independent SST data-
sets (Xue et al., 2008; Zhang and Li, 2012). In each case, the
clustering procedures produced two highly stable subdivisions,
encompassing the rAI and rIFC, respectively. Fourth, we exam-
ined the intrinsic and SST-evoked functional connectivity of the
rAI and rIFC. Fifth, we examined hemodynamic response char-
acteristics of the task-evoked activation and their relation to in-
hibitory control in each subdivision. We demonstrate that the rAI
and rIFC have different task-evoked response patterns, intrinsic
and task-evoked functional connectivity and relation to behav-
ior, and highlight new findings related to their distinct circuits
and functions in inhibitory control.

Materials and Methods
Ethics statement
All datasets used in the current study were approved by their local insti-
tutional review boards.

Overview of data analysis strategy and datasets
Figures 1–3 summarize the analysis strategy and datasets used in our
study. First, a meta-analysis was conducted to generate a volume of in-
terest (VOI) reflecting the right fronto-opercular regions commonly ac-

tivated during inhibitory control (Fig. 1). The
studies included in the meta-analysis were col-
lected from the BrainMap database (www.
brainmap.org) and Pubmed (www.ncbi.nlm.
nih.gov/pubmed). Second, this VOI was seg-
mented using features derived from two differ-
ent types of data. For resting-state fMRI, two
different features were used in parcellation sep-
arately: (1) voxelwise time series within the
VOI; and (2) intrinsic functional connectivity
(Fig. 2). For task fMRI, regional profiles of
task-evoked hemodynamic response elicited
during an SST were used as features for parcel-
lation (Fig. 3). In both cases, our parcellation
algorithm produced two stable and distinct
clusters encompassing the rAI and rIFC. Third,
we examined distinct functional characteristics
of the rAI and rIFC clusters, including the fol-
lowing: (1) their intrinsic and task-evoked
functional connectivity; (2) task-evoked acti-
vation patterns during Go and Successful and
Unsuccessful Stop trials; (3) their performance

in identifying Stop trial outcomes as multivariate classifiers; and (4)
brain– behavior relationships (Figs. 2, 3). Three datasets were used in this
study: (1) resting-state fMRI data acquired at Stanford University; (2) an
event-related task fMRI dataset acquired from the open-source OpenfM-
RI.org database; and (3) a second event-related task fMRI dataset ac-
quired at Yale University. Details are described below.

Meta-analysis of published studies involving inhibitory control
To identify right fronto-opercular regions that are consistently involved
in inhibitory control, we first conducted an activation likelihood estima-
tion (ALE) (Eickhoff et al., 2009, 2012) of the relevant published litera-
ture (Table 1). Studies included in the meta-analysis were required to
meet the following criteria: (1) study included healthy adults (aged
�18years) and activations were reported for healthy adults, distinct from
developmental or clinical groups if any; (2) study used the SST or the
go/no-go task (GNGT); (3) subjects made responses by hand; (4) study
included activation contrast analysis that directly probed inhibitory con-
trol; (5) study reported activations using whole-brain analysis; and (6)
the activations were reported in either Montreal Neurological Institute
(MNI) or Talairach space.

GNGT studies were identified using Sleuth 2.2 (http://www.brainmap.
org/sleuth/) and the BrainMap database (www.brainmap.org). The
search key indices included the following: “Experiments¡ Imaging Mo-
dality ¡ is ¡ fMRI,” “Subjects ¡ Diagnosis ¡ is ¡ Normal,” “Exper-
iments ¡ Paradigm Class ¡ is ¡ Go/No-Go,” and “Experiments ¡
Behavioral Domain ¡ is ¡ Action ¡ Inhibition.” By early March 2014,
Sleuth returned 81 studies matching the search criteria. These studies
were then screened using inclusion criteria noted above, and 36 GNGT
studies were included in the meta-analysis. Because SST studies were
not labeled as such in BrainMap, we used PubMed (w w w . n c b i . n
l m . n i h . g o v / p u b m e d /) and identified 158 manuscripts (as of
March 2014) using the key words “fMRI AND Stop-signal.” Using the
inclusion criteria noted above, 34 SST studies were selected for inclu-
sion in the meta-analysis.

Meta-analysis of the 36 GNGT and 34 SST studies was conducted
using GingerALE (http://www.brainmap.org/ale/). First, we selected all
the contrasts that could probe inhibitory control in each study entered in
the meta-analysis (Table 1). Activation coordinates from all selected con-
trasts were converted into MNI space. Each coordinate was modeled by a 3D
Gaussian distribution, and the ALE value for each voxel in the brain was
calculated. Next, a permutation procedure was applied to create a null dis-
tribution of the ALE value at each voxel from which the p value of ALE at
each voxel was computed. Last, an activation threshold was applied to gen-
erate an output map [p � 0.05, false discovery rate (FDR) corrected].

To obtain the final activation VOI of the right frontal opercular
regions, a logical “AND” operation was applied to the ALE output
map and the combined anatomical templates from the Harvard–Ox-

Figure 1. Flow chart of key steps in the meta-analysis used to generate a VOI reflecting commonly activated right fronto-
opercular regions involved in inhibitory control.
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ford 25% Probabilistic Cortical Atlas, in-
cluding the right insula cortex, right fronto-
operculum cortex, right inferior frontal gyrus
(IFG), pars opercularis, and pars triangularis
(http://www.cma.mgh.harvard.edu/).

fMRI data acquisition
We used three fMRI datasets in this study: two
involved participants performing inhibitory
control tasks in the scanner and the third in-
volved resting-state fMRI. All participants
were normal healthy adults.

Inhibitory control tasks. Two previously pub-
lished open-source SST datasets were used in
this study. The SST dataset 1 (SST1; Xue et al.,
2008) was obtained from a public fMRI data-
base, OpenfMRI (http://openfmri.org, Texas
Advanced Computing Center, University of
Texas at Austin). The SST dataset 2 (SST2;
Zhang and Li, 2012) was acquired at Yale Uni-
versity. To control the effect of outlier behav-
ior, we screened subjects’ performance:
response accuracy in Go and Stop trials in SST1
and SST2. An outlier is defined as a data point
whose value is �1.5 times the interquartile
range (IQR) above the third quartile or �1.5
times IQR below the first quartile. Among 21
subjects in the SST1, one subject was excluded
because of behavioral outliers and two subjects
were excluded for violating head-movement
criteria (see below). Among 59 subjects in the
SST2, seven subjects were excluded because of
behavioral outliers. In the final analysis, 18
subjects (6 males, 12 females) were included in the SST1, and 52 subjects
(26 males, 26 females) were included in the SST2. Both studies used
fast-jittered event-related task design, and TR of 2000 ms in fMRI data
acquisition. Details of task design and data acquisition for the SST1 and
SST2 can be found in the original publications (Xue et al., 2008; Zhang
and Li, 2012). Here we summarize key aspects of the experimental design.

In SST1 (Xue et al., 2008), subjects (aged 18 –39 years) made button-
press responses to a letter “T” or “D” (Go signal). In 25% of trials, the

letter was followed by a beep (Stop signal) and subjects attempted to stop
their responses. The stop-signal delay (SSD) in the practice session was
determined using a stepwise procedure. Eight SSDs were generated based
on the average SSD in the practice session � 60/20 ms and used in the
fMRI session.

In SST2 (Zhang and Li, 2012), subjects (aged 22– 42 years) made
button-press responses to a circle (Go signal), which was occasionally
(�25% of trials) followed by an “X” (Stop signal). If the Stop signal was

Figure 2. Flow chart of key steps in clustering and subsequent analyses of resting-state fMRI data. a, Clustering using VOI time series as features. b, Clustering using intrinsic functional
connectivity as features.

Figure 3. Flow chart of key steps in clustering and subsequent analyses of two open-source stop-signal fMRI task datasets.
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Table 1. Studies and contrasts included in the meta-analysis

Year First author Journal Task Contrasts Foci (n)

1998 Konishi European Journal of Neuroscience GNGT 1. No– go dominant foci 19
1999 Garavan Proceedings of the National Academy of Sciences USA GNGT 1. Response inhibition 14
2000 de Zubicaray Neuropsychologia GNGT 1. Linear increases 26

2. Linear increases with number of trials equated per block
2000 Kiehl Psychophysiology GNGT 1. Task 1, correct rejects 8
2001 Braver Cerebral Cortex GNGT 1. Disjunction analysis 19
2001 Liddle Human Brain Mapping GNGT 1. Correct no-go � baseline 42

2. Correct no-go � go
2001 Menon Human Brain Mapping GNGT 1. Go/no– go � go 13
2001 Rubia NeuroImage GNGT, SST 1. Generic go/no-go activation 27

2. Generic stop activation
3. Activation common to all go/no-go and stop task versions

2002 Garavan NeuroImage GNGT 1. Successful no-gos 16
2002 Watanabe NeuroImage GNGT 1. Areas activated during no-go phase 9

2. Specific activation areas during no-go phase
2003 Garavan NeuroImage GNGT 1. Event-related stops 7
2003 Horn Neuropsychologia GNGT 1. Go/no-go � go 14
2003 Maguire NeuroImage GNGT 1. Go/no-go versus fixation 16

2. Go/no-go versus go
2003 Mostofsky Cognitive Brain Research GNGT 1. Primary no-go effects 6

2. Primary counting no-go effects
2003 Rubia NeuroImage SST 1. Successful inhibition � unsuccessful inhibition 2
2004 Asahi European Archives of Psychiatry and Clinical Neuroscience GNGT 1. Response inhibition 11
2004 Bellgrove Neuropsychologia GNGT 1. Response inhibition 19
2004 Fassbender Cognitive Brain Research GNGT 1. Activations for correct inhibitions 8
2004 Hester Journal of Cognitive Neuroscience GNGT 1. Cued and uncued successful response inhibition 21
2004 Kelly European Journal of Neuroscience GNGT 1. Fast and slow successful response inhibitions 23
2005 Altshuler Biological Psychiatry GNGT 1. No-go � go, normals 4
2005 Maltby NeuroImage GNGT 1. Correct inhibition, normals 5
2005 Ramautar Brain Research SST 1. SST versus NST 7
2005 Vink Human Brain Mapping SST 1. Go/stop � go only 6

2. Correct � incorrect stop
2006 Aron Journal of Neuroscience SST 1. Stop inhibit � go 48

2. Stop inhibit � stop respond
2006 Li Journal of Neuroscience SST 1. Successful compared with failed inhibition 9
2006 Li NeuroImage SST 1. Successful stop � failed stop, men 18

2. successful stop � failed stop, women
2006 Rubia Human Brain Mapping GNGT 1. Go/no-go task, adults 11
2007 Aron Journal of Neuroscience SST 1. Critical stop inhibit versus critical go 38
2007 Chevrier Human Brain Mapping SST 1. Successful stop-phase activities 3
2007 Kaladjian Schizophrenia Research GNGT 1. Correct no-go trials versus correct go trials, healthy controls 11
2007 Langenecker Biological Psychiatry GNGT 1. Activation in response to correct rejections, healthy controls 8
2007 Leung Journal of Neuroscience SST 1. Conjunction stop– go 7
2007 Roth Biological Psychiatry GNGT 1. Response inhibition, normals 13
2008 Falconer Journal of Psychiatry and Neuroscience GNGT 1. No-go � go, normals 6
2008 Marco-Pallares Journal of Cognitive Neuroscience SST 1. Inhibited trials versus correct responses 10
2008 McNab Neuropsychologia GNGT 1. No-go � oddball (go/no-go) 65

2. No-go � go
3. Stop � oddball (stop task)
4. Stop � go

2008 Xue Cerebral Cortex SST 1. Stop Inhibit– go, manual 13
2008 Zheng Journal of Cognitive Neuroscience GNGT, SST 1. No-go � go (go/no-go) 18

2. Stop � go (stop signal)
2009 Baglio Neurobiology of Aging GNGT 1. No-go versus fixation, healthy controls 5
2009 Cai Brain Research SST 1. Color SS– go 22

2. Orientation SS– go
2009 Chikazoe Cerebral Cortex GNGT 1. No-go versus frequent– go 104

2. No-go versus infrequent– go
2009 Chikazoe Journal of Neuroscience SST 1. Stop versus uncertain– go 73

2. Stop versus uncertain– go but not uncertain– go versus certain– go
2009 Kaladjian Bipolar Disorders GNGT 1. No-go versus go, healthy controls, T1 20

2. No-go versus go, healthy controls, T2
2009 Kaladjian Psychiatry Research GNGT 1. No-go � go, correct responses, healthy controls 16
2009 Mazzola-Pomietto Journal of Psychiatric Research GNGT 1. Significant with-group activation during response inhibition in

healthy comparison subjects
7

(Tabel Continues)
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presented, subjects needed to stop their responses. The SSD varied dynami-
cally in a staircase procedure. If the subject successfully stopped on a Stop
trial, the SSD increased by 67 ms on the next Stop trial. If the subject failed to
stop on a Stop trial, the SSD decreased by 67 ms on the next Stop trial.

Resting state fMRI. Resting-state MRI data were acquired from 21 par-
ticipants (aged 19 –22 years) from Stanford University and neighboring
community colleges. Participants were instructed to keep their eyes
closed and not move for the duration of the 8 min scan. Before scanning,
the experimenter emphasized the importance of staying awake while
keeping eyes closed. Participants were monitored during scanning and
after scanning, they were asked whether they fell asleep during the scan.
All participants confirmed having stayed awake. Functional images were
acquired on a 3 T GE Signa scanner (GE Healthcare) using a custom-built
head coil. Head movement was minimized during scanning by a com-
fortable custom-built restraint. A total of 29 axial slices (4.0 mm thick-
ness, 0.5 mm skip) parallel to the anterior commissure–posterior
commissure line and covering the whole brain were imaged with a tem-
poral resolution of 2 s using a T2*-weighted gradient echo spiral in– out
pulse sequence (Glover and Law, 2001), with the following parameters:
TR, 2000 ms; TE, 30 ms; flip angle, 80 o; FOV, 20 cm; matrix, 64 � 64; and
interleaved. To reduce blurring and signal loss arising from field inho-
mogeneities, an automated high-order shimming method based on spi-
ral acquisitions was used before fMRI acquisition.

Preprocessing of fMRI data
fMRI data were processed using SPM8 (http://www.fil.ion.ucl.ac.
uk/spm/software/spm8). Similar preprocessing steps were applied to
both task and resting-state fMRI data. The preprocessing includes re-
alignment, slice-timing correction, normalization to the MNI space, and
smoothing performed using a 5 mm full-width half-maximum Gaussian
kernel to decrease spatial noise. Subjects whose maximum displacement

in any run is �1 voxel were excluded from data analysis. The time series
at each voxel from resting-state fMRI data were filtered using a bandpass
filter (0.008 Hz � f � 0.1 Hz). Linear trend, temporal, and global mean
were regressed out of each voxel time series.

Task fMRI general linear model and task-evoked
hemodynamic response
A general linear model (GLM) analysis was conducted in SST1 and SST2.
Six motion parameters were entered as covariates of no interest. To cap-
ture regional variation in hemodynamic response shape, we modeled
task-evoked hemodynamic response at each voxel using the canonical
hemodynamic response function (HRF), as well as its temporal and dis-
persion derivatives (Friston et al., 1998) for the four tasks of interest, i.e.,
Go, Go error, and Successful and Unsuccessful Stop trials. We then esti-
mated the three � values corresponding to the basis functions (�1, ca-
nonical HRF; �2, temporal derivative; �3, dispersion derivative) for each
task. Finally, task-evoked hemodynamic response profiles were derived
for each voxel in the VOI for each subject, for each trial type using the
three estimated � values combined with the corresponding basis func-
tions. To combine the three estimated � values to characterize the hemo-
dynamic response, we used the three hemodynamic basis functions
implemented in SPM (�1, canonical HRF; �2, temporal derivative; �3,
dispersion derivative), multiplied each basis function with its corre-
sponding (estimated) � weight, and then summed them.

Functional parcellation of fronto-opercular cortex using resting-
state fMRI
We used a novel consensus clustering evidence accumulation (CC-EAC)
method to find stable and robust clusters in a given brain region using
intrinsic brain activity as features. Conventional clustering methods,
such as K-means and spectral clustering, are sensitive to (1) their initial-

Table 1. Continued

Year First author Journal Task Contrasts Foci (n)

1998 Konishi European Journal of Neuroscience GNGT 1. No– go dominant foci 19
2009 Padmala Neuropsychologia SST 1. Successful � Unsuccessful 14
2009 Welander-Vatn Bipolar Disorders GNGT 1. Go/no-go � fixation, healthy controls 12
2010 Boecker Human Brain Mapping SST 1. Successful inhibit– go 13
2010 Boehler NeuroImage SST 1. SST SR � GT SR 33

2. SST SR � UST SR
2010 Hendrick PLoS onE SST 1. Stop compared with go trials 18
2010 Passarotti Psychiatry Research SST 1. Stop � go, healthy controls 5
2010 Sharp Proceedings of the National Academy of Sciences USA SST 1. Stop correct against go 16

2. Stop correct against continue
2010 Simoes-Franklin Human Brain Mapping GNGT 1. Neutral go/no-go versus punishment go/no-go, successful Inhibitions 17
2011 Cai PLoS One SST 1. SST–all stop � SST– go 63

2. SST–successful stop � SST– go
3. SST–successful stop � SST– unsuccessful stop

2011 Jahfari Journal of Neuroscience SST 1. Successful stop versus go none 7
2011 Sagaspe NeuroImage SST 1. (Stop inhibit � stop respond) � go 39

2. Stop inhibit � stop respond
2012 de Wit American Journal of Psychiatry SST 1. Main effect of inhibition, comparison subjects 10
2012 Hendrick Obesity SST 1. Stop compared with go trials for lean subjects 23
2012 Hughes Biological Psychiatry SST 1. Stops � baseline, controls 5
2012 Sebastian Psychiatry Research: NeuroImaging GNGT, SST 1. No-go/go, control group 47

2. Stop– go, control group
2012 Swann NeuroImage SST 1. MS–SS versus MS– go 18
2012 Townsend Bipolar Disorders GNGT 1. No-go � go, healthy controls 24
2013 Cai Human Brain Mapping SST 1. Conjunction stop– go 33

2. Conjunction successful stop–Go
2013 Hughes Behavioural Brain Research SST 1. Stop inhibit � baseline 6

2. Stop inhibit � stop respond
2013 Montojo Cerebral Cortex SST 1. Successful stopping, controls 5
2013 Tabu NeuroImage SST 1. Stop success versus go in hand 15
2014 Berkman Journal of Neuroscience SST 1. Stop � go at T1 31
2014 Congdon Psychiatry Research: NeuroImaging SST 1. Stop inhibit– go, control 4
2014 Schel Frontiers in Human Neuroscience SST 1. Stop successful � go successful 13

NST, Not-Stop task; SS, Successful Stop; T1, Time point 1; T2, Time point 2; SST_SR, Successful Stop trial in Stop-relevant block; GT_SR, Go trial in Stop-relevant block; UST_SR, Unsuccessful Stop trial in Stop-relevant block; MS, Maybe Stop.
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ization, (2) the choice of the method-specific parameters, and (3) the
number of clusters sought from the method. CC-EAC identifies the sta-
ble and optimal number of clusters that are robust to these parameters.
Let Ys � 	yi

s}i
1
M be the features of voxels with the ROI, where M is the

number of voxels in the ROI, and yi
s is the feature vector. For resting-state

fMRI, we used two types of features in parcellation separately to examine
stability and similarity of parcellation, including (1) voxelwise time series
within the VOI (termed here as VOI time series) and (2) intrinsic functional
connectivity between each voxel in the VOI and each voxel in the brain but
outside the VOI (Fig. 2). yi

s consists of T observations at each voxel in the
mask for a given subject s, and S is the total number of subjects. In step 1, we
generated 100 different partitions of data Ys from each subject for each k
ranging from 2 to 10 using different initializations of K-means. In step 2, we
computed a coassociation matrix C, for each k and S that finds similarities
between these 100 different partitions. The coassociation matrix C is a M �
M matrix with (i, j)-th entry defined as follows:

C�i, j� �
nij

N
,

where, nij is the number of times the pair of voxels i and j are clustered
together in N 
 100 partitions of the data for a given k and S. An entry in
C(i, j) close to 1 indicates that these pairs of voxels are clustered together
consistently across the N partitions, and the opposite is true when C(i, j)
is close to 0. In step 3, we applied hierarchical clustering with average
linkage using C as the similarity matrix for each k and S. In step 4, we
computed two cluster similarity metrics—probability rand index (PRI)
(Carpineto and Romano, 2012) and modified silhouette (Bellec et al.,
2010)—to quantify the similarity of the clusters across all the subjects S for a
given k. We chose the optimal number of clusters (k*) for which the cluster
similarity measure is the maximum. In step 5, we computed the group-level
average coassociation matrix by averaging the coassociation matrices, corre-
sponding to k 
 k*, across all the S subjects. We then obtained the k* stable
clusters at the group level by applying the hierarchical clustering method
with average linkage using this coassociation as on the similarity matrix. We
then computed the stability of each voxel belonging to a cluster using the
method suggested previously (Bellec et al., 2010).

Functional parcellation of fronto-opercular cortex using task-
evoked fMRI response profiles
To conduct parcellation on task fMRI, task-evoked hemodynamic re-
sponse profiles during Successful Stop trials were used as features in the
analysis (Fig. 3). All other procedures were similar to those used for
parcellation in resting-state fMRI.

Stability-thresholded clusters within fronto-opercular clusters
The rAI and rIFC clusters obtained from parcellation have different sizes.
To facilitate comparisons between them, the rAI and rIFC clusters were
thresholded based on the stability maps. As mentioned in the previous
section, CC-EAC computes stability maps for each cluster that quantifies
the stability of the voxel being assigned to a cluster. A thresholded cluster
was then obtained by only including the top 10, 20, 30, or 40% stable
voxels in the VOI for being in that cluster.

Because the 40% stability-thresholded clusters had the highest simi-
larity among parcellation based on different features and datasets, we
used this threshold to investigate the functional characteristics of each
cluster. For task fMRI analyses, the clusters were thresholded based on
stability maps obtained from parcellation in the corresponding task fMRI
datasets. For resting-state fMRI analysis, the clusters were thresholded
based on stability maps obtained from parcellation using intrinsic func-
tional connectivity in the resting-state fMRI dataset.

Intrinsic functional connectivity of fronto-opercular clusters
To investigate the functional circuits associated with individual fronto-
opercular clusters, we conducted seed-based functional connectivity
analysis (Habas et al., 2009; Uddin et al., 2010). First, time series across all
the voxels within the thresholded cluster was extracted and averaged. The
resulting averaged time series was then used as a covariate of interest in a
linear regression of the whole-brain analysis. A global time series, com-
puted across all brain voxels, along with six motion parameters were used

as additional covariates to remove confounding effects of physiological
noise and participant movement. Linear regression was conducted at the
individual subject level. A group map was generated using one-sample t
tests [p � 0.05, familywise error (FWE) corrected]. Last, a paired t test
was applied at the group-level analysis to examine which brain region is
more correlated with one cluster than the other, at an FDR-corrected
threshold of p � 0.05.

Task-evoked functional connectivity of fronto-opercular clusters
Task-evoked functional connectivity of each fronto-opercular cluster
obtained from the parcellation analysis was examined using a �-series
correlation approach (Gazzaley et al., 2004; Rissman et al., 2004; Pa et al.,
2014). The same analyses were conducted for Successful and Unsuccess-
ful Stop trials in both the SST1 and SST2 datasets. The �-series correla-
tion method examines functional correlation between two brain regions
in terms of their trial-by-trial activation variability. In contrast to the
conventional GLM that models the averaged task-evoked hemodynamic
response across all trials of interest, in �-series correlation analysis, we
included a unique canonical HRF regressor for each trial of interest in the
GLM. As a result, we obtained a series of � estimates for each voxel in the
brain corresponding to all trials under each task (i.e., Successful and
Unsuccessful Stop). The whole-brain correlation map for each subject
was then obtained by calculating the correlation between the averaged
�-series in each cluster and the �-series in all voxels in the brain, followed
by a Fisher’s r-to-z transformation. Last, a paired t test was applied to
examine differences of the functional connectivity patterns of the two
clusters on both Successful and Unsuccessful, using an FDR-corrected
threshold of p � 0.05.

Comparison of intrinsic and task-evoked functional connectivity
To examine whether functional connectivity pattern differences between
the rAI and rIFC are similar between resting and task states, we computed
a Pearson correlation between intrinsic functional connectivity differ-
ences of the two clusters and task-evoked functional connectivity differ-
ences of the two clusters.

Task-evoked response profiles of fronto-opercular clusters
To further investigate the functional characteristics of each cluster, we
computed the task-evoked hemodynamic responses on Go and Success-
ful and Unsuccessful Stop trials and examined the change of �1 (corre-
sponding to the amplitude of canonical HRF profiles) on Successful and
Unsuccessful Stop relative to Go trials. A 2 (rAI vs. rIFC) � 2 (Successful
vs. Unsuccessful Stop) ANOVA and t tests were conducted to examine
distinct task-evoked response profiles in the rAI and rIFC.

Classification and cross-validation of rAI and rIFC
response profiles
We examined whether response profiles in each cluster could differenti-
ate between Successful and Unsuccessful Stop trials. To do so, we applied
multivariate classification using the linear support vector machine algo-
rithm (C 
 1) from an open-source library, LIBSVM (for Library for
Support Vector Machines; http://www.csie.ntu.edu.tw/�cjlin/libsvm/)
as the classification tool. The contrast images of Successful and Unsuc-
cessful Stop in SST1 and SST2 were used as features in the classification
analysis. The performance of classification was evaluated using leave-
one-subject-out cross-validation procedure. In this procedure, a pair of
Successful and Unsuccessful Stop images from one subject was selected as
a test set. The rest of the data was used to train a classifier, which was then
applied to the test set to predict whether the images are Successful or
Unsuccessful Stop. This procedure was repeated N times (N is the num-
ber of subjects in each dataset), with each subject’s data used exactly once
as a test set. The average prediction accuracy across all test sets is termed
as the cross-validation accuracy. A permutation procedure was used to
infer statistical significance of the cross-validation accuracy for each clus-
ter and the accuracy difference between clusters in each dataset. Specifi-
cally, in each permutation, data labels (Successful vs. Unsuccessful Stop)
were randomly switched. Cross-validation accuracies for each cluster
and accuracy differences between clusters from 1000 permutations were
used to construct the empirical null distribution in each dataset from
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which p values for each cluster’s cross-
validation accuracy and accuracy difference
between clusters were obtained.

Relating task-evoked response profiles to
individual abilities in inhibitory control
To investigate brain– behavior relationships,
we applied multivariate regression analysis
with robust machine learning-based cross-
validation techniques to predict individual in-
hibitory control ability (Uddin et al., 2013).
Activation level on Stop trials in voxels in each
cluster was used as the predictor variable. In-
hibitory control ability was measured with the
stop-signal reaction time (SSRT), which was
estimated based on the race model (Logan et
al., 1984; Verbruggen and Logan, 2008). We
used Lasso and elastic-net regularized GLMs
(Glmnet), a state-of-the-art sparse regression
algorithm (http://web.stanford.edu/~hastie/
glmnet_matlab). We used Glmnet approach
because features in the input matrix (number
of voxels in each cluster) outnumber the obser-
vation in the response vector (number of sub-
jects) and conventional methods for regression
would result in overfitting. The Glmnet algo-
rithm used here overcomes this problem by us-
ing regularization (Hastie et al., 2009). The
performance of multivariate regression analysis
was evaluated using a leave-one-out cross-
validation procedure. Data were divided into N
folds (e.g., N
18 for SST1 and N
52 for SST2).
One fold was selected as a test set. The rest of the
folds were used to train a classifier, which was
then applied to the test set to predict SSRTs. This
procedure was repeated N times, with each sub-
ject’s data used exactly once as a test set. R2 was
calculated based on predicted and observed
SSRTs. A permutation procedure was used for
statistical inference. In each permutation, the ob-
servations were randomly shuffled, and predic-
tions were made based on shuffled observations
and selected regression models. R2 from 1000
permutations were used to construct the empiri-
cal null distributions from which p values for the
R2 of each cluster and R2 difference between
clusters were obtained.

Results
Meta-analysis of 70 published
inhibitory control tasks
We used meta-analysis to identify the
right fronto-opercular regions that are
consistently activated in inhibitory con-
trol. To do so, we first identified 70 pub-
lished fMRI studies of the GNGT and SST.
Meta-analyses of these studies using ALE
(Eickhoff et al., 2009, 2012) revealed sig-
nificant clusters in the anterior insula
(AI), inferior frontal cortex (IFC), dorsal
lateral prefrontal cortex (PFC), dorsome-
dial PFC, anterior cingulate cortex (ACC),
posterior parietal cortex (PPC), and basal ganglia during inhibi-
tory control (p � 0.05, FDR corrected; Fig. 4a). The most significant
activation peak was found in the rAI (Table 2). ALE clusters in the
IFC was right hemisphere dominant, consistent with its highlighted
role in inhibitory control (Garavan et al., 1999; Levy and Wagner,

2011; Aron et al., 2014). A VOI encompassing the right fronto-
opercular cortex was created by applying a logical “AND”
operation between an anatomical mask encompassing the
right insula cortex, right fronto-operculum cortex, right IFG,
pars opercularis, and pars triangularis (Fig. 4b) and the

Figure 4. Meta-analysis results, anatomical mask, and fronto-opercular cortex VOI. a, ALE map of significant activation during
inhibitory control ( p � 0.05, FDR corrected). b, Mask based on anatomical templates of insular cortex, opercular cortex, IFG–pars
opercularis (IFG-POP) and IFG–pars triangularis (IFG-PTR). c, Right fronto-opercular cortex VOI generated by applying a logical
“AND” operation on the ALE map and anatomical templates. The VOI is shown in cyan.
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thresholded ALE map. The final VOI consisted of 1648 voxels
(the VOI is shown in cyan in Fig. 4c).

Note that the rAI cluster encompasses the anterior– dorsal
cognitive subdivision of the insula as opposed to its anterior–
ventral and posterior subdivisions, which have been implicated

in arousal, affective, and interoceptive processes (Critchley et al.,
2005; Craig, 2009; Menon and Uddin, 2010; Cocchi et al., 2012;
Chang et al., 2013).

Functional parcellation of right fronto-opercular cortex using
resting-state fMRI
To examine whether the VOI in the right fronto-opercular cortex
contains multiple functionally heterogeneous subdivisions, we
conducted parcellation analyses using the novel consensus cluster-
ing technique. The parcellation was first conducted on resting-state
fMRI data from the Stanford cohort. In this case, resting-state time
series was extracted from the VOI identified above. Clustering was
performed using voxelwise time series profiles, and the optimal
number of clusters was determined using PRI and modified sil-
houette measures (Fred and Jain, 2005; Bellec et al., 2010). (S.
Ryali, T. Chen, A. Padmanabhan, W. Cai, and V. Menon, unpub-
lished observations under the title “Development and validation
of consensus clustering-based framework for brain segmentation
using regional resting fMRI”). We also conducted parcellation
using intrinsic connectivity as features. We found that the opti-
mal number of clusters is two for both parcellations based on VOI
time series and intrinsic functional connectivity (Fig. 5a,b).

We also examined the effects of additional preprocessing steps
on this parcellation. Time series at each voxel were regressed
against white matter signals and six head-movement alignment
parameters and their first derivatives. We found highly similar
parcellation results, with a consistency of 94% and above.

Functional parcellation of right fronto-opercular cortex using
task-evoked fMRI response profiles
To examine whether task-evoked hemodynamic responses can be
used for functional parcellation, we used the same consensus
clustering method to demarcate the functional subdivisions of
the right fronto-opercular cortex on two task fMRI datasets
(SST1 and SST2) from two independent cohorts of participants.
In this case, task-evoked, stimulus-specific, response profiles ob-
tained from the SST1 and SST2 cohorts were analyzed indepen-
dently using the VOI identified above. Clustering was performed
using voxelwise profiles of stimulus-evoked hemodynamic re-
sponses on Successful Stop trial, and the optimal number of
clusters was determined using PRI and modified silhouette
measures. These measures consistently identified the optimal
number of clusters to be two in both the SST1 and SST2 data-
sets (Fig. 5c,d).

Comparison of functional clusters identified using task-
evoked and resting-state fMRI
The left panels of Figure 6 show the two clusters obtained by our
consensus clustering analysis (k 
 2) on the resting-state fMRI
dataset using VOI time series (Figs. 6a) and intrinsic connectivity
(Fig. 6b) as features and the task fMRI dataset SST1 (Fig. 6c) and
SST2 (Fig. 6d) using task-evoked hemodynamic response as fea-
tures. The middle panel shows the histograms of stability values
across voxels. The right panels of Figure 4 show the stability-
thresholded clusters (see Materials and Methods and below). Par-
cellation based on different features and datasets identified two
clusters with a similar spatial layout (Fig. 6). One cluster is mainly
composed of voxels in the rAI (color coded with green), whereas
the other is composed predominantly of voxels in the rIFC (color
coded with red).

To evaluate whether different feature-based parcellations
converge, we examined the similarity of the functional subdivi-
sions through visual inspection and quantitative analysis. Two

Table 2. Meta-analysis results ( p < 0.05, FDR corrected)

MNI coordinates

Cluster Region Volume (mm 3) Extreme value x y Z

1 Right insular cortex 31,992 0.084 38 20 �4
Right insular cortex 0.084 34 22 �6
Right precentral gyrus 0.056 46 10 30
Right IFG 0.053 50 16 18
Right frontal pole 0.050 42 38 20
Right frontal pole 0.047 28 50 30
Right MFG 0.043 50 24 28
Right frontal pole 0.023 48 44 2

2 Right paracingulate gyrus 17,128 0.058 4 18 46
Right superior frontal gyrus 0.058 10 14 60
Right paracingulate gyrus 0.057 4 28 36
Left superior frontal gyrus 0.040 �2 4 60
Right MFG 0.037 28 2 50
Right superior frontal gyrus 0.033 24 �4 60
Right superior frontal gyrus 0.021 22 6 60

3 Right SMG 15,288 0.061 52 �42 38
Right SMG 0.044 62 �42 24
Right SMG 0.041 40 �44 46
Right superior occipital gyrus 0.038 38 �58 46
Right superior occipital gyrus 0.037 26 �66 48
Right AG 0.034 52 �48 14
Right superior occipital gyrus 0.031 30 �70 34
Right superior occipital gyrus 0.029 14 �70 52
Right middle temporal gyrus 0.026 58 �54 2

4 Left insular cortex 11,304 0.074 �40 16 �6
Left insular cortex 0.064 �32 20 2
Left pallidum 0.047 �14 4 6

5 Right caudate 9120 0.048 14 8 6
Right thalamus 0.048 10 �10 2
Right putamen 0.042 20 10 �2
Right thalamus 0.037 4 �20 �4
Left thalamus 0.033 �6 �16 �6

6 Left SMG 6904 0.039 �58 �48 28
Left SMG 0.031 �48 �40 46
Left SPL 0.029 �42 �48 52
Left SMG 0.029 �56 �44 20
Left AG 0.027 �46 �60 50
Left SMG 0.027 �54 �44 14
Left SMG 0.026 �62 �48 10

7 Right STG 3816 0.036 62 �32 2
Right STG 0.035 62 �18 0
Right STG 0.034 52 �26 �2

8 Left fusiform gyrus 2400 0.045 �40 �64 �10
Left inferior occipital gyrus 0.023 �44 �78 �10

9 Right posterior cingulate cortex 1528 0.037 2 �24 32
10 Left frontal pole 1440 0.025 �36 38 34

Left MFG 0.025 �46 32 20
Left MFG 0.024 �38 36 24
Left frontal pole 0.024 �50 38 14
Left frontal pole 0.022 �44 44 22

11 Left superior occipital gyrus 888 0.029 �28 �62 42
Left superior occipital gyrus 0.028 �26 �64 48

12 Left inferior occipital gyrus 800 0.034 �28 �94 �10
13 Right inferior occipital gyrus 560 0.026 48 �74 �12
14 Left MFG 552 0.033 �26 �4 54
15 Left frontal pole 432 0.026 �40 52 �4
16 Left IFG 384 0.027 �44 12 28
17 Right occipital pole 280 0.027 30 �96 �4
18 Right frontal pole 232 0.024 34 56 �2
19 Right MFG 232 0.025 38 20 48
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parcellated clusters obtained using differ-
ent features from independent datasets
were similar, but some differences existed
(Fig. 6, left panels). For example, the an-
terior part of rIFC–pars triangularis was
parcellated into the rIFC cluster on the
basis of task-evoked hemodynamic re-
sponse on Successful Stop trials in SST2
and VOI time series and intrinsic connec-
tivity in resting-state fMRI but not in the
parcellation obtained using task-evoked he-
modynamic response on Successful Stop
trials in SST1. This could be attributable to
the small sample size in SST1 relative to
SST2. We also observed similar stability-
thresholded clusters from parcellation ob-
tained using different features from
independent datasets (Fig. 6, two right
panels).

We quantified the similarity of clusters
obtained using different features and
datasets. First, parcellation based on dif-
ferent features and datasets produced
clusters with similar sizes. The rAI clusters
parcellated from task-evoked hemody-
namic response on Successful Stop trials
in SST1 and SST2, as well as VOI time
series and intrinsic connectivity in resting-
state fMRI, each comprising 48, 48, 46, and
46% of total voxels in the VOI. Second, we
defined the similarity as the proportion of
overlapping voxels in the rAI or rIFC clus-
ters produced from parcellations using
different features from different datasets.
We examined the similarity between par-
cellations obtained using the same type of
feature from different datasets (i.e., task-
evoked hemodynamic response on Suc-
cessful Stop trials in SST1 and SST2),
between parcellations obtained using dif-
ferent features from the same dataset (i.e.,
VOI time series and intrinsic connectivity
from resting-state fMRI), and among all
the four parcellations. We found that the
similarity is �76% between clusters ob-
tained using task-evoked hemodynamic
response on Successful Stop trials from
SST1 and SST2, �96% between the clus-
ters obtained using VOI time series and
intrinsic connectivity in resting-state
fMRI, and �70% among all the four par-
cellations for both the rAI and rIFC (Fig.
7a). Third, we further examined similarity
between the stability-thresholded clus-
ters. We observed an increase in similarity
between different parcellations as the
thresholds for stability were decreased.
At the threshold of top 40% stability, the
similarities between parcellations ob-
tained using VOI time series and intrin-
sic connectivity from resting-state fMRI
were 89% for the rAI and 98% for the
rIFC, the similarity between the func-

Figure 5. Similarity of clusters as a function of number of clusters across four different features. Two stable clusters were
identified in each case. The four features used in the clustering procedure were as follows: a, VOI time series; b, intrinsic connec-
tivity; and c, task-evoked hemodynamic response on Successful Stop (SuccStop) trials in SST1; and d, task-evoked hemodynamic
response on SuccStop trials in SST2. Similarity of clusters was determined using PRI and modified silhouette for k 
 2–10 clusters.
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tional subdivisions obtained using task-evoked hemodynamic
response on Successful Stop trials in SST1 and SST2 were 83%
for the rAI and 77% for the rIFC, and the similarities across all
parcellations were 68% for the rAI and 70% for the rIFC (Fig.
7b).

Intrinsic functional connectivity of the rAI and rIFC
Intrinsic connectivity analysis revealed that the rAI cluster had
significant positive correlation with bilateral insulae, ACC ex-
tending to the supplementary motor area, frontal pole, supra-
marginal gyrus (SMG), caudate, putamen, and thalamus,
whereas the rIFC cluster had significantly positive correlation
with bilateral IFG, middle frontal gyrus (MFG), frontal pole,
pre-SMA (preSMA), SMG, superior parietal lobule (SPL),
caudate, putamen, and thalamus (all p values �0.05, FWE
corrected; Fig. 8a). Importantly, the rAI cluster had signifi-
cantly greater correlation with the bilateral insulae, ACC, cau-
date, and putamen than the rIFC cluster, whereas the rIFC
cluster had significantly greater correlation with the IFG,
MFG, preSMA, SMG, angular gyrus (AG), and SPL than the

rAI cluster (all p values �0.05, FDR corrected). The patterns
of intrinsic connectivity were similar regardless of features or
datasets used for parcellation and stability thresholds used for
generating clusters.

Task-evoked functional connectivity of the rAI and rIFC
To examine whether the rAI and rIFC clusters interact with dif-
ferent brain networks during inhibitory control, we conducted
�-series correlation analysis to examine task-evoked functional
connectivity. Figure 8b shows task-evoked functional connectiv-
ity on Successful and Unsuccessful Stop trials in SST1 and SST2.
On Successful Stop trials, the rAI had significantly greater con-
nectivity with insular cortex and ACC than the rIFC, whereas the
rIFC had significantly greater functional connectivity with IFG,
MFG, preSMA, SMG, and AG than the rAI in both the SST1 and
SST2 (p � 0.05, FDR corrected). A similar pattern was observed
on Unsuccessful Stop trials.

Interestingly, the intrinsic connectivity pattern of resting-
state fMRI and the task-evoked functional connectivity pattern
from SST1 and SST2 were similar. Figure 8c displays the relation

Figure 6. Functional parcellation of fronto-opercular cortex VOI into rAI and rIFC clusters using four different features. The four features used in the clustering procedure were as follows: a, VOI
time series; b, intrinsic connectivity; c, task-evoked hemodynamic response on Successful Stop (SuccStop) trials in SST1; and d, task-evoked hemodynamic response on SuccStop trials in SST2. The
two leftmost columns display volume and surface rendering of the two clusters encompassing the rAI and rIFC. The middle column shows histograms demonstrating the stability of voxel assignment
to each cluster within the VOI. The two rightmost columns display two thresholded clusters obtained by including voxels in the VOI that have the top 10, 20, 30, or 40% stability for assignment into
each cluster.
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between intrinsic connectivity difference between two clusters
and task-evoked functional connectivity difference between two
clusters. Intrinsic connectivity difference between two clusters
was correlated with task-evoked functional connectivity differ-
ence between two clusters in SST1 [Successful (r 
 0.61, p �
0.001) and Unsuccessful (r 
 0.52, p � 0.001) Stop trials] and
SST2 [Successful (r 
 0.59, p � 0.001) and Unsuccessful (r 

0.39, p � 0.001) Stop trials]. Additionally, task-evoked functional
connectivity difference between two clusters in SST1 was corre-
lated with that in SST2 on Successful (r 
 0.82, p � 0.001) and
Unsuccessful (r 
 0.45, p � 0.001) Stop trials. These results
suggest a highly similar intrinsic and task-related functional
connectivity.

Finally, we examined the similarity between intrinsic connec-
tivity and task-evoked functional connectivity for each cluster
separately. Intrinsic connectivity was correlated with task-evoked
functional connectivity of the rAI in SST1 [Successful (r 
 0.79,
p � 0.001) and Unsuccessful (r 
 0.74, p � 0.001) Stop trials] and
in SST2 [Successful (r 
 0.79, p � 0.001) and Unsuccessful (r 

0.32, p � 0.001) Stop trials]. Intrinsic connectivity was correlated
with task-evoked functional connectivity of the rIFC in SST1
[Successful (r 
 0.60, p � 0.001) and Unsuccessful (r 
 0.57, p �

0.001) Stop trials] and in SST2 [Successful (r 
 0.60, p � 0.001)
and Unsuccessful (r 
 0.26, p � 0.001) Stop trials].

Distinct task-evoked fMRI response profiles in rAI and rIFC
We used the functional subdivisions identified in the rAI and
rIFC to investigate response profiles associated with Go and Suc-
cessful and Unsuccessful Stop trials in SST1 and SST2 datasets.
Figure 9 illustrates the fitted task-evoked response profiles of each
cluster for Go and Successful and Unsuccessful Stop trials in SST1
and SST2. The rIFC clusters showed equivalent amplitude on
Successful and Unsuccessful Stop trials in SST1 and SST2,
whereas the rAI clusters showed higher amplitude elicited by
Unsuccessful compared with Successful Stop in SST1 and SST2.
This indicates that the rAI and rIFC clusters have dissociable
task-evoked, stimulus-specific responses across different types of
trials.

To quantify differences in task-evoked response between the
rAI and rIFC, we compared �1 weights, corresponding to the
canonical HRF basis, and contrasted Successful Stop versus Go
trials, as well as Unsuccessful Stop versus Go trials in the two
clusters in SST1 and SST2 (Fig. 10a). There were marginally sig-
nificant interaction between clusters and trial type in SST1 (F(1,17)


 4.00, p 
 0.06) and significant interaction in SST2 (F(1,51) 

33.38, p � 0.001). Post hoc paired t tests confirmed that the rAI
cluster had significantly greater activation for Unsuccessful Stop
versus Go trials than Successful Stop versus Go trials (SST1, t(17)


 2.40, p 
 0.028; SST2, t(51) 
 4.40, p � 0.001). No such differ-
ences were detected in the rIFC cluster (SST1, p � 0.3; SST2, p �
0.6). The activation in the contrast of Successful Stop versus Go
was not different between two clusters (SST1, p � 0.3; SST2, p �
0.25), and the activation in the contrast of Unsuccessful Stop
versus Go was significantly different between two clusters (SST1,
t(17) 
 2.78, p 
 0.013; SST2, t(51) 
 4.28, p � 0.001). This
indicates that the rAI had greater elevated activation, relative to
Go trials, on Unsuccessful than Successful Stop trials compared
with the rIFC, but the extent of elevated activation on Successful
Stop trials relative to Go trials was non-differentiable between
two clusters.

Machine learning-based multivariate classification of stop-
trial outcome distinguishes rAI and rIFC
To further dissociate the functional roles of the rAI and rIFC,
we used a multivariate classification approach to distinguish
between response patterns associated with Successful and Un-
successful Stop trials. Figure 10b summarizes the performance
of the classification procedures in differentiating Successful
versus Unsuccessful Stop trials. In the SST1, the cross-
validation accuracies for the rAI and rIFC were 66.7% ( p 

0.031) and 50% ( p 
 0.29), respectively. The cross-validation
accuracy for the rAI was significantly greater than that for the
rIFC ( p 
 0.029). In the SST2, the cross-validation accuracies
for the rAI and rIFC were 67.3% ( p 
 0.001) and 50% ( p 

0.27), respectively. Cross-validation accuracy in the rAI, com-
pared with the rIFC, was significantly higher ( p � 0.001).
These results suggest that the rAI responses distinguish Suc-
cessful and Unsuccessful Stop trials and that the rAI is more
sensitive to Stop trial outcome than the rIFC.

Distinct brain– behavior relations with inhibitory control
ability in the rAI and rIFC
We then examined whether activation in the rAI and rIFC can
predict individual differences in inhibitory control. Sparse mul-

Figure 7. Overlap in clusters obtained using different features. a, Proportion of voxels that
showed overlap between clusters obtained using VOI time series and intrinsic connectivity from
resting-state fMRI (i), task-evoked hemodynamic response on Successful Stop (SuccStop) trials
in SST1 and SST2 (ii), and both resting-state and task-evoked measures (iii). b, Proportion of
overlapped voxels between clusters as a function of stability threshold to parcellation features
as in a.
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tivariate regression analysis with cross-validation revealed that
activation in the rIFC but not the rAI could significantly predict
individual inhibitory control ability (SST1: rAI, p 
 0.11 and
rIFC, p 
 0.005; SST2: rAI, p 
 0.11 and rIFC, p � 0.001).
Additional analyses revealed that a prediction model based on the
rIFC cluster was significantly better than that based on the rAI
cluster in both the SST1 and SST2 datasets (SST1, p 
 0.005;
SST2, p 
 0.007). These results indicate that the rIFC is more
closely associated with the inhibitory control process.

Discussion
We used several novel quantitative analyses to identify and
differentiate functional subdivisions within the fronto-
opercular cortex and clarify their functional roles in inhibitory
control. Using consensus clustering, we demonstrate that
right fronto-opercular regions involved in inhibitory control
can be reliably parcellated into two highly stable and distinct
clusters encompassing the rAI and rIFC. Importantly, parcel-
lations obtained using the SST-evoked profile of hemody-

Figure 8. Intrinsic and task-evoked functional connectivity of the rAI and rIFC. a, Intrinsic connectivity of the rAI and rIFC clusters ( p � 0.05, FWE corrected) and difference in
connectivity between the two clusters ( p � 0.05, FDR corrected). b, Difference in task-evoked functional connectivity between the rAI and rIFC clusters during Successful Stop (SuccStop)
and Unsuccessful Stop (UnsuccStop) trials in the SST1 and SST2 datasets ( p � 0.05, FDR corrected). Clusters were obtained using Successful Stop trials and thresholded using the top 40%
stability values, separately in each dataset (see Fig. 7). c, Similarity of intrinsic and task-evoked functional connectivity, quantified by the correlation between whole-brain connectivity
differences between the rAI and rIFC clusters.
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namic responses from the two independent inhibitory control
fMRI datasets were not only highly consistent with each other
but also convergent with parcellations obtained using intrinsic
connectivity analysis of resting-state fMRI data. Furthermore,
as discussed below, multivoxel analysis of task-evoked re-
sponses revealed several distinct functional characteristics as-
sociated with Successful and Unsuccessful Stop and Go events
in the rAI and rIFC.

Meta-analysis and identification of right fronto-opercular
cortex

The engagement of the right fronto-opercular cortex during in-
hibitory control has been reported consistently in a large body of
lesion, transcranial magnetic stimulation, electrocorticography,
and neuroimaging studies (Aron et al., 2003; Chambers et al.,
2006; Swann et al., 2012; Cai et al., 2014). Despite their common

Figure 9. Task-evoked hemodynamic response in the rAI and rIFC clusters. a, Response profiles for Go and Successful Stop and Unsuccessful Stop trials in the SST1 dataset. b, Response profiles
for Go and Successful Stop (SuccStop) and Unsuccessful Stop (UnsuccStop) trials in the SST2 dataset. Clusters were thresholded at the top 40% stability on Successful Stop trials, separately in each
dataset. Shaded area represents standard error.

Figure 10. Task-evoked activation and classification in rAI and rIFC clusters. a, Activation-level measures using �1 weights for Successful Stop (SuccStop) versus Go and Unsuccessful
Stop (UnsuccStop) versus Go in the SST1 and SST2 datasets. b, Cross-validation accuracies of classifiers trained using �1 weights of the rAI or rIFC clusters in SuccStop and UnsuccStop
trials in SST1 and SST2 datasets. Clusters were obtained using Successful Stop trials and thresholded using the top 40% stability values, separately in each dataset. *p � 0.05; ***p �
0.001.

14664 • J. Neurosci., October 29, 2014 • 34(44):14652–14667 Cai et al. • Fronto-Opercular Cortex in Inhibitory Control



coactivation of the rAI and rIFC during inhibitory control across
a wide range of studies, few have attempted to differentiate their
functional organization. To address this, we first conducted a
meta-analysis of 70 published GNGT and SST studies. This anal-
ysis revealed a large right fronto-opercular cortex encompassing
the rIFC and rAI that was consistently activated during inhibitory
control. Notably, the most significant activation peak was found
in the rAI and not the rIFC (Table 2), which replicates findings
from a previous meta-analysis of SST and GNGT studies (Swick
et al., 2011) and further highlights the involvement of the rAI in
tasks involving inhibitory control.

Intrinsic and task-evoked responses reveal two distinct
fronto-opercular cortex subdivisions encompassing the rAI
and rIFC
Building on these convergent findings, we conducted a novel
clustering analysis to demarcate the functional boundaries of the
rAI and rIFC. Using features of intrinsic brain activity from
resting-state fMRI data, we found that the right fronto-opercular
cortex could be reliably segmented into two dissociable clusters
encompassing the rAI and rIFC. Importantly, clusters obtained
from the resting-state and two independent task fMRI datasets
shared several common features. Both produced two stable clus-
ters that showed high similarity in size and a high proportion of
overlapping voxels. These results point to a novel and distinct
pattern of organization in the fronto-opercular cortex and dem-
onstrate for the first time that the functional demarcation of this
region into two stable clusters is preserved in both the intrinsic
and task-evoked states.

rAI and rIFC have dissociable intrinsic and task-evoked
functional connectivity
Next, analysis of temporal correlations in fMRI time series re-
vealed that the rAI and rIFC have distinct patterns of intrinsic
functional connectivity. Consistent with previous resting-state
fMRI (Seeley et al., 2007; Sridharan et al., 2008; Smith et al., 2009)
and structural connectivity (van den Heuvel et al., 2009; Allman
et al., 2010) studies, we found that the rAI has stronger intrinsic
functional connectivity with the ACC. Compared with the rAI,
the rIFC showed stronger connectivity with key nodes of the
dorsolateral frontoparietal network, including the MFG and
SMG (Greicius et al., 2004; Seeley et al., 2007; Sridharan et al.,
2008). This pattern of differential connectivity is in agreement
with anatomical tracer analyses of corticocortical connections in
nonhuman primates (Petrides and Pandya, 2002) and diffusion-
weighted imaging studies in humans (Aron et al., 2007; Neubert
et al., 2010). The dorsolateral frontoparietal network is part of a
“central executive” network (Dosenbach et al., 2007; Menon and
Uddin, 2010) implicated in allocating attentional resources for
selectively enhancing task-relevant information, maintaining in-
formation online, and facilitating appropriate behavioral re-
sponses (Goldman-Rakic, 1995; Smith and Jonides, 1998; Fuster,
2000; Miller and Cohen, 2001; D’Esposito, 2007). In contrast, the
AI and ACC constitute key nodes of the salience network, a sys-
tem that facilitates detection of, and attention to, salient events,
such as stop signals and errors (Seeley et al., 2007; Menon and
Uddin, 2010).

Crucially, this differential pattern of connectivity was also ob-
served in the task-evoked state. In both the SST1 and SST2 data-
sets, the rAI showed stronger connectivity with the ACC than the
rIFC and the rIFC showed stronger connectivity with the lateral
PFC and PPC than the rAI during Stop trials. This finding of

similar intrinsic and task-evoked functional connectivity is con-
sistent with, and extends, previous analyses of other brain sys-
tems (Smith et al., 2009; Cole et al., 2014) to the rAI and rIFC.
Together, these results demonstrate that the rAI and rIFC interact
with distinct intrinsically connected brain systems during inhib-
itory control and, furthermore, suggests that these two regions
play different roles in implementing this process.

Distinct functional response profiles of the rAI and IFC in
inhibitory control
Our analysis further revealed that the rAI and rIFC clusters have
different task-evoked response profiles across the three experi-
mental conditions in the SST. Although the rAI and rIFC showed
similar levels of elevated activation during Successful Stop versus
Go trials, they differed in response to Unsuccessful Stop trials.
The rAI showed greater activation than the rIFC during Unsuc-
cessful Stop versus Go trials; furthermore, multivoxel response
profiles in the rAI distinguished between Successful and Unsuc-
cessful Stop trials with high cross-validation accuracy. Because
stop signals occur late and unexpectedly during Unsuccessful
Stop trials (Logan et al., 1984), greater activation of the rAI dur-
ing Unsuccessful Stop trials is likely related to detection of these
highly unexpected and salient stop signals (Ide et al., 2013). rAI
responses are known to increase with stimulus saliency (Menon
and Uddin, 2010), and this region has been shown to be causally
involved in the detection of infrequent, unexpected, events em-
bedded in a stream of frequent events (Sridharan et al., 2008). An
alternative explanation is that rAI responses during Unsuccessful
Stop trials are related to error processing. However, this account
cannot explain the high levels of rAI activation to Successful Stop
trials. Together, these results suggest that the rAI cluster plays an
important and dissociable role in detection and processing of
behaviorally relevant salient stop signals, an essential process in
inhibitory control.

In contrast, SSRT, a measure of how fast one can stop, was
associated with activation in the rIFC but not in the rAI. How-
ever, it is noteworthy that rIFC responses did not distinguish
between Successful and Unsuccessful Stop trials, suggesting that
this region does not determine stopping outcome per se. Rather,
our results suggest that the rIFC is more involved in the early,
initiation stages of implementing the stop process (Chao et al.,
2009; Duann et al., 2009; Cai and Leung, 2011). Crucially, we
replicated this pattern of double dissociation in two independent
datasets, further highlighting the significant and differential roles
of the rAI and rIFC in inhibitory control.

Dissociating the functional roles of the rAI and rIFC in
inhibitory control: synthesis and conclusions
Our study provides convergent and replicable evidence for func-
tional dissociation of the role of the rAI and rIFC in inhibitory
control. Multiple quantitative analyses revealed, for the first time,
that the rAI and rIFC exhibit distinct context-dependent task-
evoked responses, heterogeneous patterns of intrinsic and task-
evoked functional connectivity, and different brain– behavior
relations to inhibitory control ability. Our results demonstrate
that right fronto-opercular subregions play different roles in im-
plementing inhibitory control and inform the ongoing debate
about the mechanistic nature of the rIFC in inhibition versus
attentional control (Hampshire et al., 2010; Sharp et al., 2010;
Aron et al., 2014). Previous studies have reported that the fronto-
opercular cortex responds to infrequent stimuli even when inhi-
bition is not required and argued for its involvement in
attentional rather than inhibitory control (Hampshire et al.,
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2010; Sharp et al., 2010; Erika-Florence et al., 2014). Our findings
suggest that right fronto-opercular cortex responses can be dis-
sociated into two key functional subdivisions implementing dif-
ferent aspects of control processes. Crucially, we show that the
rIFC is more tightly linked to the SSRT but not accuracy per se,
suggesting its involvement in the early stages of inhibitory control
processes. In this view, the rIFC helps initiate a stop process in
both Successful and Unsuccessful Stop trials but does not deter-
mine the outcome. In contrast, the rAI is sensitive to stimulus-
related saliency. Together, these findings provide robust evidence
for distinct functional organization, circuits, and brain– behavior
relations associated with the rAI and rIFC, two brain regions that
are coactivated across a broad range of inhibitory control tasks.

In conclusion, our study overcomes the problematic, vague,
and often inaccurate characterization of individual functional
subdivisions of the fronto-opercular cortex and their involve-
ment in inhibitory control. The quantitative analyses presented
here highlight the significant amount of useful information asso-
ciated with the temporal profile of task-evoked responses, which
reveals features of functional brain organization that are difficult
to disentangle using conventional analyses (Gonzalez-Castillo et
al., 2012; Orban et al., 2014). More broadly, our findings provide
critical new information for enhancing our understanding of the
functional architecture of neurocognitive systems involved in
adaptive control. Our multipronged quantitative approach and
methods are likely to be useful for other related studies that re-
quire careful disentangling of brain organization, circuits, and
function.
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