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Dorsal anterior cingulate cortex (dACC) is composed of functionally distinct subregions that may contribute to
the top-down control of response selection and preparation. Multiple motor areas have been identified in
dACC, including an anterior zone implicated in conflict monitoring and a caudal zone involved in movement
execution. This study tested the involvement of a third cingulate area, the posterior zone of dACC, in the top-
down control of response selection and preparation. Sixteen healthy young adults were scanned with event-
related functional magnetic resonance imaging while performing a cued go/no-go task that was designed to
minimize response conflicts. The activation and functional connectivity of dACC were tested with standard
convolution models and psychophysiological interaction analyses, respectively. Ready cues that informed the
direction of the impending response triggered preparatory neural activity in the posterior zone of dACC and
strengthened functional connectivity with the anterior and caudal zones of dACC, as well as perigenual
anterior cingulate cortex, frontal operculum, dorsolateral prefrontal cortex, sensory association cortices, and
extra-pyramidal motor areas. The preparatory cues activated dACC above and beyond the general arousing
effects common to cues despite negligible conflict in the go/no-go task. The integration of cognitive,
sensorimotor, and incentive signals in dACC places the region in an ideal position to select and prepare
appropriate behavioral responses to achieve higher-level goals.
f Health Grant K01MH070892
ka for assistance during data
interests or potential conflicts

ox 1230, TheMount Sinai School
29, USA. Fax:+1 212 849 2690.
.

l rights reserved.
© 2011 Elsevier Inc. All rights reserved.
Introduction

Dorsal anterior cingulate cortex (dACC) has long been implicated
in the brain mechanisms that coordinate and integrate the myriad
sensorimotor inputs and outputs with neural representations of
internal drives and goals to guide behavior in the multitude of
contexts encountered in daily life (e.g., Pardo et al., 1990; Posner and
Petersen, 1990). These cognitive control processes comprise a broad
set of mental operations, including performance or response moni-
toring, selection of context-appropriate responses, and inhibition of
prepotent but context-irrelevant responses, which have ramifications
for multiple cognitive domains (Miyake et al., 2000; Allain et al., 2009;
Verwoerd et al., 2009), decision-making (Moore et al., 2008), and
daily functions like driving motor vehicles (Fischer et al., 2007).
Consequently, increases in dACC activation have been reported on a
variety of cognitive tasks, ranging from the Stroop, Simon, and other
conflict tasks to go/no-go tests of response inhibition (Buchsbaum
et al., 2005; Laird et al., 2005; Nee et al., 2007; Simmonds et al., 2008).

Meta-analytic reviews have consistently found activation of dACC
on go/no-go tests (Buchsbaum et al., 2005; Nee et al., 2007; Simmonds
et al., 2008). Yet, there is consensus in the literature that this dACC
activation is not specifically related to the inhibition of prepotent
responses on the task (Garavan et al., 1999; Braver et al., 2001; Liddle
et al., 2001). Instead, dACC activation on go/no-go tasks has been
attributed to the occurrence of competing response options, specif-
ically between the prepotent response tendency and the need to
inhibit this tendency (Braver et al., 2001; Botvinick et al., 2004; Carter
and van Veen, 2007; Banich, 2009). However, conflict cannot fully
account for dACC activity during go/no-go tests (Simmonds et al.,
2008), the simplest of which involve minimal competition between
response options (Picard and Strick, 2001). Rather, dACC activation on
no-go trials has been ascribed to such basic response-related
processes as the selection of context-appropriate no-go responses
(‘no button press’) (Picard and Strick, 2001) or alternatively, selecting
to withhold (inhibit) context-inappropriate go responses (‘button
press’) (Mostofsky and Simmonds, 2008). Further, differential dACC
responses to the presence or absence of conflict on the same task
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Fig. 1. Schematic of the cued go/no-go task used to elicit response preparation and
response inhibition. Each trial started with a cue presented for 250 ms, followed by a
2250 ms interval, after which the target was presented for 250 ms. The inter-trial
interval was jittered from 3000 to 3500 ms. There were two cue conditions: relax cue
and ready cue, including right and left cues. There were also two target conditions: no-
target and target, including go and no-go targets. The trial configuration ensured a 2:1
ratio of go:no-go targets. Participants had to prepare to respond in the direction of the
arrow cue and press the appropriate button as rapidly as possible for the green circles
and withhold responses for the red circles.
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point to the existence of distinct functional regions (Milham et al.,
2002; Milham and Banich, 2005).

Convergent lines of evidence support the functional differentiation
of dACC into distinct subdivisions that subserve conflict-related and
more basic response-related processes (Picard and Strick, 2001).
Dorsal ACC contains three distinct motor areas, including a caudal
cingulate zone (CCZ) located adjacent to the primary motor cortex
that has been linked to movement execution and a rostral cingulate
zone that can be subdivided into anterior and posterior divisions
(Picard and Strick, 2001; Fan et al., 2008). The anterior rostral
cingulate zone (RCZa), which lies medial to and is interconnected
with dorsolateral prefrontal cortex (DLPFC) (Barbas and Pandya,
1989), is the site of most conflict-specific dACC activation (Laird et al.,
2005; Nee et al., 2007). In contrast, response-related activation has
been reported in the posterior rostral cingulate zone (RCZp)
regardless of the presence or absence of conflict (Milham and Banich,
2005; Brown, 2009) and even in anticipation of the actual response
(Fan et al., 2007; Aarts et al., 2008; Clerkin et al., 2009). The RCZp is
ideally positioned to exert top-down control over response processes
through extensive reciprocal connections with adjacent premotor and
supplementary motor areas (Bates and Goldman-Rakic, 1993), as well
as through direct cingulospinal and cingulostriatal tracts (Dum and
Strick, 1991; Kunishio and Haber, 1994). Thus, no-go activation of
dACC likely reflects the top-down control that RCZp exerts over pre-
response or preparatory processes that precede response inhibition.

The nature of go/no-go tasks has complicated the effort to more
precisely define the cognitive control functions of dACC. The rapid,
continuous presentation of go and no-go targets entails that distinct
preparatory and response-related processes occur virtually simulta-
neously and cannot be separated using standard neuroimaging
techniques. We therefore designed a cued go/no-go paradigm that
temporally segregated preparatory motor programming and the
selection to execute or inhibit responses. Ready cues informed the
direction of the impending response (left or right) and after a brief
interval go and no-go targets signaled whether to execute or inhibit
the prepared response. The task used simple, invariant stimulus–
response associations for cues and targets to minimize response
conflicts. Event-related functional magnetic resonance imaging
(fMRI) was conducted to test the involvement of dACC in the top-
down control of response selection and preparation in healthy adults.
Standard convolution models and psychophysiological interaction
(PPI) analyses were conducted to test both the activation and
functional connectivity of dACC during response preparation. It was
hypothesized that ready cues that informed the direction of the
impending response would recruit the RCZp to exert top-down
control over pre-response or preparatory processes, which would
enhance the functional connections with afferent and efferent regions
in DLPFC, premotor and supplementary motor areas, and striatum.

Methods

Participants

Participants were 16 healthy, right-handed adults (8 males, mean
age=23.6±4.1 years, range=18–35 years) with normal or corrected-
to-normal vision. All participants were screened for psychiatric,
neurological, or systemic medical illness and completed the Conners
Adult ADHD Rating Scale-Self-Report: Long Version (CAARS) (Conners,
1997) and the Symptom Checklist-90— Revised (SCL-90-R) (Derogatis,
1977). A T-score of one standard deviation above age and/or gender
means (i.e., N60) on the SCL-90-R Global Severity Index or the CAARS
Total ADHDSymptoms indexwasused to screen for clinically significant
psychiatric and attention problems thatmight impact taskperformance.
Themean±SEMT-scorewas56.5±2.7 for the SCL-90-RGlobal Severity
Index and 47.4±2.7 for the CAARS Total ADHD Symptoms. The sample
was 43.8% Caucasian, 31.3% Asian, 18.8% Hispanic, and 12.5% African-
American. All participants provided written informed consent for
participation. The study was approved by the Institutional Review
Board of The Mount Sinai School of Medicine.
Cued go/no-go paradigm

The cued go/no-go task was designed as an event-related paradigm
that was compiled and run using E-Prime software (Psychology
Software Tools, Inc., Pittsburgh, PA). The cues and targets used in the
cued go/no-go task are illustrated in Fig. 1. There were two cue
conditions: relax cue and ready cue, with the ready condition divided
into right and left cues. Ready cues were always followed by targets,
with the target condition subdivided into go and no-go signals. No
targets followed relax cues. Relax cues were depicted by straight lines,
ready cues were denoted by right- and left-pointing arrows, and go and
no-go signals were depicted by green and red circles, respectively.
These simple, over-learned stimulus–response associations (e.g., right-
pointing arrow for “right”, green for “go”)were invariant across the task
to prevent the introduction of motor conflicts. There were four trial
types that were presented in equal ratios: (1) relax cue, no target;
(2) ready cue (left or right), no-go target; (3) ready cue (left), go target;
and (4) ready cue (right), go target. This trial configuration ensured that
there was a 2:1 ratio of go:no-go targets across the task to enhance the
tendency to respond. The trial combinations were pseudorandomized
across the 4 runs of 32 trials so that each trial type had an equal
probability of preceding and following every other type. The four 252 s
runs each beganand endedwith30 s offixation. Each trial startedwith a
cue presented above and below fixation for 250 ms, followed by a fixed
2250 ms interval, after which the target was presented at fixation
for 250 ms. A fixed cue-target interval was used to maximize the
coherence of the cues and targets. The inter-trial interval was jittered
from 3000 to 3500ms (mean per block=3250 ms). The average trial
duration was 6 s.

Participants were instructed to get ready to respond in the
direction of the arrow cue and to press the appropriate button as
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rapidly as possible for the green circles and to withhold responses for
the red circles. Participants responded with the right and left index
fingers using the BrainLogics fiber optic button system (Psychology
Software Tools, Inc., Pittsburgh, PA). Responses were recorded on a
desktop computer and provided measures of reaction time and
accuracy.

Image acquisition

All participants were scanned on the same 3.0 Tesla Siemens Allegra
(Siemens, Erlangen, Germany) head-dedicated MRI scanner. Functional
T2*-weighted images depicting the blood oxygenation level-dependent
(BOLD) signal were obtained in 4 runs of 101 volumes each using
gradient-echo echo-planar images (TR=2500 ms, TE=27 ms, flip
angle=82°, FOV=240mm, matrix=64×64, slice thickness=4mm
contiguous, in-plane resolution=3.75 mm2). A high-resolution T2-
weighted anatomical image was acquired at the same 40 slice locations
with a turbo spin-echo (TSE) pulse sequence (TR=4050ms, TE=99 ms,
flip angle=170°, FOV=240mm, matrix=512×336, 40 slices, slice
thickness=4 mm contiguous, in-plane resolution=0.47 mm2). All
images were acquired in the axial plane with slices positioned parallel
to the anterior commissure–posterior commissure line.

Standard convolution model for fMRI analysis

Event-related analyses of the functional imaging data were
conducted using SPM8 software (Wellcome Department of Imaging
Neuroscience, London, UK). The four functional time series for each
participant were corrected for slice time acquisition, realigned to the
first volume in each series to correct for motion, co-registered to the
T2 image, normalized to a standard template (Montreal Neurological
Institute), and spatially smoothed with an 8×8×8 mm full-width at
half-maximum (FWHM) Gaussian kernel.

First level analyses were conducted individually for each participant
with a general linear model (GLM) to determine the relationship
between the observed event-related BOLD signals and regressors that
represented expected neural responses to trial events. Regressors were
created by convolving a train of delta functions that represented the
individual trial events with the default SPM basis function, which
consisted of a synthetic hemodynamic response function, composed of
two gamma functions (Friston et al., 1998). Five orthogonal regressors
were included in a multiple regression model by convolving basis
functionwith delta functions for: (1) all cues, representing the variance
shared by ready and relax cues, including visual stimulation, arousal,
etc.; (2) ready cues, reflecting variance unique to the preparation of
responses; (3) all targets, representing the variance shared by go
and no-go targets, including visual stimulation, motor activation, etc.;
(4) no-go targets, denoting variance unique to the inhibition of
responses; and (5) errors, including no-go targets for false alarms and
go targets for misses or incorrect responses. The first and third
regressors were supersets that included all conditions in the second
regressor and the fourth and fifth regressors, respectively. The six
parameters created during motion correction were entered as covari-
ates of no interest in the GLM (Johnstone et al., 2006). Low frequency
driftingwasfilteredwith a cut-off period of 128 s and serial correlations
were corrected using a first-order autoregressive model.

The specific brain responses were tested by applying appropriate
linear contrasts to the parameter estimates for each regressor versus
baseline, resulting in four contrast maps (excluding the error contrast)
for each participant. The four contrast maps for all participants were
entered into second-level random-effects group analyses. The resultant
voxel-wise statistical maps were thresholded for significance using a
cluster-size algorithm that protects against false-positive results
(Hayasaka et al., 2004). The height (intensity) threshold of each voxel
was set at pb0.001 and the extent (cluster) threshold was fixed at
pb0.01. A Monte Carlo simulation that took into account the image
resolution parameters and the 8 mm FWHM smoothing parameter
established that a cluster extent of 100 contiguous resampled voxels
(2×2×2 mm3)wasnecessary to correct formultiple voxel comparisons
atpb0.001. The simulationmethod is described in Slotnick and Schacter
(2004).
Psychophysiological interaction (PPI) analysis

Volumes of interest (VOI)were extracted from the peaks ofmaximal
activation in right dACC for the response preparation contrast (x=16,
y=8, z=38). Specifically, the seed dACC VOI was defined as a 6-mm
radius sphere at the local peak nearest to the relevant coordinates
individually for each participant. The mean coordinates of the center
of the dACC VOI were x=14.5±3.8 mm, y=8.4±1.7 mm, and
z=36.5±2.8 mm. The time series of the first eigenvariate of the
dACCVOI BOLD signal, adjusted for the effects of interest,was calculated
from the time-series of voxels passing significance in the response
preparation contrast within this region. Mean volume of the dACC
VOI was 704±238 mm3.

Psychophysiological interaction (PPI) is a regression-based method
of functional connectivity that tests for differences in the regression
slope of activation between brain regions due to the differential
response to the signal from one region (seed) under the influence of
different experimental contexts (Friston et al., 1997; Gitelman et al.,
2003). The method computes whole-brain connectivity between
the time series of the seed VOI and the time series of all other
voxels. Separate PPI analyses were conducted for each participant to
determine the functional interactions of the dACC VOI during response
preparation.

The time-series data of the first eigenvariate of the seed VOI were
temporally filtered and mean corrected as in conventional SPM
analysis. Bayesian estimation was used to deconvolve the time series
of the BOLD signal to generate the time series of the neuronal signal
for the VOI. The time series of the neuronal signal for response
preparation was then created, generating a PPI regressor that
represented the interaction between the psychological and physio-
logical factors, as well as separate regressors representing the main
effect of the response preparation contrast (P regressor) and the
baseline dACC time course (Y regressor). These regressors were
forward-convolved with the hemodynamic response function, and
then entered into a regression model along with effects of no interest,
including the six motion correction parameters and sessions.

The resultant images of contrast estimates for each participant
were entered into a random effect group analysis that tested for
significant differential connectivity to the dACC VOI due to the context
manipulations. The significance level for each voxel was set at 0.001,
with an extent (cluster) threshold of pb0.01, which was determined
as described above.
Post-hoc analysis of directionality in response preparation

Post-hoc analyses were conducted to test for differences in
preparatory activity for right and left ready cues (i.e., preparation of
right and left button presses). Separate regressors were created for
right and left ready cues, as well as for go and no-go targets preceded
by right and left ready cues, which along with regressors for all cues
and errors were entered into a multiple regression model. Specific
brain responses were tested by separately contrasting right and left
ready cues versus baseline, resulting in two contrast maps for each
participant, which were entered into separate group analyses. The
height and extent thresholds were both set at pb0.01 for these
exploratory analyses due to the lower power to detect effects. VOI
were extracted from peaks of activation identified in dACC and PPI
was analyzed using the procedures described above.



Table 1
Mean±SEM performance on the cued go/no-go task (n=16).

Left button Right button

Go trials
Correct responses (%) 97.7±1.0 96.3±1.5
Incorrect responses (%) 0.2±0.2 1.7±1.4
Omission errors (%) 2.1±1.0 2.0±0.9
RT (ms)⁎⁎ 414.7±23.4 483.3±27.3

No-go trials
Commission errors (%)⁎ 3.5±1.4 0.8±0.5

⁎ pb0.05.
⁎⁎ pb0.001.

Table 2
BOLD signal increases common to all cues and specific to response preparation elicited
by ready cues.

Peak Side BA MNI coordinates Cluster
size (κ)

T-value

x y z

General cue effects
Frontal operculum R 44 46 12 28 183 4.77
Ventral premotor cortex L 6 −40 2 30 564 7.63
Inferior parietal lobule R 40 36 −62 38 915 7.12
Inferior parietal lobule L 40 −30 −58 52 1637 8.16
Middle temporal gyrus R 21 56 −56 2 1724 7.80
Fusiform gyrus L 19 −42 −64 −14 2016 6.94

Response preparation
Dorsal anterior cingulate
cortex

R 24/32 16 8 38 1110 4.58

Anterior insula cortex L – −30 26 14 133 3.94
Middle occipital gyrus R 19 38 −76 −2 4058 8.20
Middle occipital gyrus L 19 −34 −76 −2 7643 6.61
Cerebellum (vermis) B – 8 −62 −28 392 4.39
Brainstem (red nucleus) B – 6 −22 −12 583 5.27

Note: BA = Brodmann area; B = bilateral; L = left; R = right; MNI = Montreal
Neurological Institute.
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Results

Behavioral results

Performance measures on the go/no-go task are presented in
Table 1. Task performance was near-perfect. Responses on go trials
were faster with the left hand than right hand (t15=7.98, pb0.001).
Participants also mademore impulsive errors of commission on no-go
trials with the left than right hand (t15=2.15, pb0.05). There were no
hand differences for accuracy and omission errors (both pN0.10).
Imaging results

General cue effects
The ready and relax cues had a general activating effect on a

distributed fronto-temporo-parietal network that is shown in the top
panel of Fig. 2 and detailed in Table 2. This network included right
frontal operculum, left ventral premotor cortex, and bilateral inferior
parietal lobule, which extended dorsally and superiorly to superior
parietal lobule in both hemispheres. In addition, cues produced robust
BOLD signal increases in right middle temporal gyrus and left fusiform
gyrus.
Fig. 2. Blood oxygen level-dependent (BOLD) signal increases common to all cues (top pane
general activating effects on the frontal operculum (FOp), premotor cortex, inferior parietal
gyrus and middle temporal gyrus (MTG). Ready cues uniquely generated preparatory activi
insula cortex, middle occipital gyrus (MOG), cerebellum, and red nucleus (RN). Values at the b
represents t values. The figures were thresholded at pb0.001, k=100.
Response preparation
The response preparation contrast revealed BOLD signal increases

unique to ready cues in several regions depicted in the bottom panel of
Fig. 2 and listed in Table 2. Specifically, preparatory activity was seen in
the RCZp of right dACC, with the peak centered at y-coordinate=9 mm
and the cluster extending dorsally to the vertical plane passing through
the anterior commissure (VCA). Preparatory activity was also found in
left anterior insular cortex, as well as bilaterally in visual association
areas in middle occipital gyrus, cerebellar vermis, and in the brainstem,
at the level of the red nucleus.

PPI analyses revealed that response preparation also produced
significant changes in the functional interaction between the RCZp VOI
and several known afferent and efferent brain regions shown in Fig. 3
l) and specific to response preparation elicited by ready cues (bottom panel). Cues had
lobule (IPL) extending to the superior parietal lobule (SPL), as well as on the fusiform
ty in the posterior rostral cingulate zone (RCZp) of the dorsal anterior cingulate cortex,
ottom of the sections refer toMontreal Neurological Institute coordinates. The color bar

image of Fig.�2


Fig. 3. Positive and negative psychophysiological interaction (PPI) with the dorsal anterior cingulate cortex during response preparation shown on sagittal (top row) and axial
sections (bottom row). The posterior rostral cingulate zone (RCZp) volume of interest (VOI) showed increased preparation-dependent connectivity with the anterior rostral (RCZa),
proximal and contralateral RCZp, and caudal cingulate zones (CCZ), as well as the perigenual anterior cingulate cortex (pACC), dorsolateral prefrontal cortex (DLPFC), caudate
nucleus, middle temporal gyrus (MTG), and cerebellum (CBM). In contrast, response preparation increased the negative correlations between activity in RCZp and the posterior
cingulate cortex (PCC), pre-supplementary motor area (Pre-SMA), ventral premotor cortex (PMC), lingual gyrus, and thalamus. The green dot depicts the mean coordinates of the
RCZp VOI as described in the Methods section. Values at the bottom of the sections refer to Montreal Neurological Institute coordinates. The color bars represent t values. The figures
were thresholded at pb0.001, k=100.
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and Table 3. The RCZp VOI showed increased preparation-dependent
interactions intrinsically with several anterior cingulate regions, includ-
ing the RCZa, proximal and contralateral RCZp, and CCZ. Preparatory cues
also enhanced extrinsic RCZp connectivity with right frontal operculum
and left DLPFC, as well as with bilateral caudate nucleus, left cerebellum,
and sensory association cortex in right middle temporal gyrus. In
contrast, response preparation increased the negative correlation
Table 3
Significant positive and negative psychophysiological interaction (PPI) with the dorsal
anterior cingulate cortex (dACC) during response preparation.

Peak Side BA MNI coordinates Cluster
size (κ)

T-value

x y z

Positive
Perigenual anterior cingulate
cortex

R 32 18 42 0 159 7.42

Anterior rostral cingulate zone
(dACC)

B 32 16 34 18 358 9.47

Posterior rostral cingulate
zone (dACC)

R 32 14 14 44 773 9.70

Posterior rostral cingulate
zone (dACC)

L 32 −14 2 34 625 8.42

Caudal cingulate zone (dACC) R 32 18 −28 46 251 7.24
Dorsolateral prefrontal cortex L 46 −32 34 18 301 6.46
Frontal operculum R 44 60 10 24 126 5.96
Middle temporal gyrus R 21 42 −54 0 1269 6.70
Cerebellum L – −18 −62 −30 475 6.15
Caudate nucleus B – 12 2 16 721 4.08

Negative
Posterior cingulate cortex R 23 4 −50 16 369 4.61
Pre-supplementary
motor area

L 6 0 16 66 175 4.01

Ventral premotor cortex L 6 −42 4 56 111 5.06
Lingual gyrus R 18 12 −84 −18 890 5.00
Thalamus L – −2 −8 8 169 3.90

Note: BA = Brodmann area; B = bilateral; L = left; R = right; MNI = Montreal
Neurological Institute.
between activity in the RCZp VOI and right posterior cingulate cortex
(PCC), left ventral premotor cortex, bilateral pre-supplementary motor
area, bilateral lingual gyrus, and bilateral thalamus.

Post-hoc analyses identified differences in preparatory activity and
functional connectivity elicited by right and left ready cues in dACC. As
shown in Fig. 4, ready cues elicited dACC activation contralateral to
the cued side/response, with left cues recruiting right dACC and right
cues engaging left dACC. The peaks of both clusters were centered at
y-coordinate=12 mm, within the RCZp area of dACC. Otherwise,
right and left ready cues generated similar patterns of preparatory
activity in bilateral inferior frontal gyrus, premotor cortex, and
fusiform gyrus (Table 4). Further, the two ready cues also elicited
differences in functional connectivity between the left and right RCZp
clusters and prefrontal (i.e., dorsolateral vs. ventrolateral), sensory
association (i.e., inferior parietal vs. inferior temporal), and subcor-
tical areas (i.e., caudate vs. cerebellum) (Table 5).
Fig. 4. Differential blood oxygen level-dependent (BOLD) signal in dorsal anterior
cingulate cortex for left and right ready cues. Ready cues elicited dACC activation
contralateral to the cued side/response, with the peaks of both clusters centered at y-
coordinate=12 mm, within the RCZp area of dACC. Values at the bottom of the sections
refer to Montreal Neurological Institute coordinates. The color bar represents t values.
The figures were thresholded at pb0.01, k=100.

image of Fig.�3
image of Fig.�4


Table 4
BOLD signal increases for response preparation elicited by left and right ready cues.

Peak Side BA MNI coordinates Cluster
size (κ)

T-value

x y z

Left ready cues
Dorsal anterior cingulate
cortex (dACC)

R 32 10 12 38 523 4.32

Inferior frontal gyrus R 9/44 44 12 30 954 5.21
Premotor cortex L 6 −36 −2 36 1014 5.99
Superior parietal lobule R 7 34 −68 30 1056 7.81
Fusiform gyrus R 19 40 −64 −14 1155 8.00
Fusiform gyrus L 18 −24 −86 4 2585 6.95

Right ready cues
Dorsal anterior cingulate
cortex (dACC)

L 32 −8 12 38 114 4.24

Premotor cortex/inferior
frontal gyrus

R 6/44 32 −2 52 886 4.75

Premotor cortex L 6 −36 −6 52 652 3.70
Fusiform gyrus R 37 −46 −62 −10 4338 7.12
Fusiform gyrus L 37 −36 −58 −10 4260 6.80

Note: BA=Brodmann area; L= left; R= right; MNI=Montreal Neurological Institute.
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General response effects
Targets had a general activating effect on a distributed fronto-

parieto-subcortical circuit shown in the top panel of Fig. 5 and listed
in Table 6. The general effects of targets only partially overlappedwith
the general effects of cues. Response-related BOLD signal increases
were seen in left frontal operculum, right anterior insula cortex,
bilateral primary motor cortex and supplementary motor area (SMA),
as well as bilaterally in inferior parietal lobule. This circuit also
extended subcortically to cerebellum bilaterally and to left thalamus.

Response inhibition
The response inhibition contrast identified no-go-unique BOLD

signal increases in the frequently described frontoparietal network
depicted in the bottom panel of Fig. 5 and listed in Table 6. In
particular, inhibition-related activation was seen in the pars orbitalis
of left inferior frontal gyrus and the pars triangularis of right inferior
frontal gyrus, right middle frontal gyrus (MFG) extending rostrally to
pre-SMA, and left ventral premotor cortex. No-go targets also had
unique effects on attention regions along the temporoparietal cortical
Table 5
Significant psychophysiological interaction (PPI) with the right and left dorsal anterior
cingulate cortex (dACC) for response preparation elicited by left and right ready cues
respectively.

Peak Side BA MNI coordinates Cluster
size (κ)

T-value

x y z

Left ready cues (right dACC)
Dorsolateral prefrontal
cortex (DLPFC)

L 46 −36 40 14 472 7.26

Premotor cortex R 6 36 −4 52 535 6.14
Supplementary motor area R 6 10 6 50 1774 7.93
Anterior insula R – 36 16 2 927 4.86
Posterior insula L – −44 −6 4 647 5.53
Inferior parietal lobule R 40 52 −32 50 2472 6.14
Inferior parietal lobule L 40 −64 −30 36 1240 4.86
Middle temporal gyrus R 21 46 −52 2 123 4.22
Caudate nucleus L – −8 16 4 101 4.30

Right ready cues (left dACC)
Ventrolateral prefrontal cortex L 10 −40 52 12 677 4.53
Frontal operculum/DLPFC R 44 40 6 38 3340 6.35
Supplementary motor area L 6 −8 10 48 4356 8.81
Anterior insula L – −42 2 4 424 5.88
Middle occipital gyrus R 19 34 −78 24 6432 5.40
Inferior temporal gyrus R 37 50 −46 −14 638 5.04
Inferior temporal gyrus L 37 −42 −62 −12 625 4.71
Cerebellum R – 4 −72 −22 312 5.25
Cerebellum L – −42 −58 −32 206 3.73

Note: BA=Brodmann area; L= left; R= right; MNI=Montreal Neurological Institute.
junction and on visual association areas in anterior middle temporal
gyrus and more dorsally in right middle occipital gyrus.

Discussion

The current results provide evidence that dACC contributes to the
top-down control of pre-response or preparatory processes. Ready
cues that informed the direction of the impending response triggered
preparatory neural activity in the RCZp area of right dACC and
strengthened functional connections intrinsically with RCZa and
all three motor areas in dACC, as well as extrinsically with DLPFC,
frontal operculum, cerebellum, sensory association cortices, and
extra-pyramidal motor areas. Further, the preparatory activation
varied uniquely in RCZp according to the direction of the response
cued, with left cues recruiting right dACC and right cues engaging left
dACC. Interestingly, an accuracy-for-speed trade-off for left-handed
responses may account for the predominance of right dACC activation.
RCZp activation was unique to preparatory cues, above and beyond
the general arousing or activating properties common to cues
(Hackley and Valle-Inclan, 2003), and was not seen for target-related
response execution and inhibition processes that have previously
been linked to dACC function (Laird et al., 2005; Nee et al., 2007). The
cue-triggered dACC activation is particularly revealing regarding the
role of dACC in cognitive control since the go/no-go task involved
negligible conflict; each cue and target was associated with a single
response option and each response option was associated with a
single cue or target. These findings confirm that activation of dACC
during cued go/no-go tasks reflects the preparatory selection and
motor programming of context-appropriate responses rather than the
later selection to execute or inhibit responses.

The absence of any dACC activation associated with response
inhibition in the current study is surprising and provides clues about
the nature of this cognitive control mechanism. Meta-analyses have
consistently reported dACC activation associated with response inhibi-
tion onno-go trials of go/no-go tasks (Buchsbaumet al., 2005; Nee et al.,
2007; Simmonds et al., 2008), which has been presumed to reflect
response selectionprocesses, specifically selecting tonot respondonno-
go trials (Picard and Strick, 2001; Mostofsky and Simmonds, 2008).

However, the current results argue for a slight modification of this
view of dACC function during response inhibition. The activation of
dACC during the cue-triggered selection of right and left responses
rather thanduring the later selection of responding or not responding to
targets implicates dACC in pre-response or preparatory motor pro-
gramming, regardless of whether the response is made or inhibited.
These distinct response selection processes, which transpire on the
order of hundreds of milliseconds, and occur virtually simultaneously
in response to go andno-go targets during a traditional go/no-go task,will
be indexed by the same fMRI-BOLD signal, making the processes
indistinguishable in most studies.

The pattern of activation and connectivity in the RCZp area of dACC
is consistent with theories that postulate its involvement in response
selection (Picard and Strick, 2001) and the control of volitional action
(Paus, 2001). This region of dACC, along with anterior insular cortex
that was also activated by preparatory cues and frontal operculum
with which it is functionally connected, comprise a network that has
been implicated in the cued implementation of task-sets in down-
stream sensorimotor processors (Dosenbach et al., 2006, 2007). This is
reflected in the current study in the cue-triggered functional connec-
tivity between dACC and temporal sensory association cortices,
cerebellum, and extra-pyramidal motor areas in caudate nuclei, which
correspond to known cingulotemporal (Pandya et al., 1981) and
cingulostriatal pathways (Kunishio and Haber, 1994). In particular,
functional interactions with frontal operculum provide dACC with
access to motor representations of goal-directed hand actions (i.e.,
button presses) (Iacoboni and Wilson, 2006) and indirect influence on
the primary motor cortex (Miyachi et al., 2005). Moreover, the



Fig. 5. Blood oxygen level-dependent (BOLD) signal increases common to go and no-go signals (top panel) and specific to response inhibition elicited by no-go signals (bottom
panel). Go and no go signals had general activating effects on the frontal operculum (FOp), anterior insula cortex, primary motor cortex, supplementary motor area (SMA), inferior
parietal lobule (IPL), cerebellum, and thalamus. No-go signals produced unique inhibition-related activation in the inferior frontal gyrus (IFG), middle frontal gyrus (MFG) extending
to the pre-supplementary motor area (pre-SMA), premotor cortex, temporoparietal cortical junction (TPJ), middle temporal gyrus (MTG), and middle occipital gyrus (MOG). Values
at the bottom of the sections refer to Montreal Neurological Institute coordinates. The color bar represents t values. The figures were thresholded at pb0.001, k=100.
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interaction between RCZp and downstream sensorimotor processors
depends on the nature of the response being prepared. Thus, RCZpmay
interact with supplementary motor area during involuntary, non-
conscious sensorimotor processes (Boy et al., 2010). Conversely,
negative correlations in activity between dACC and afferent regions in
pre-supplementary motor area, premotor cortex, and primary visual
cortex may reflect the inhibition of potentially intrusive sensorimotor
input during the preparatory period. These functional interactions may
underlie the effects of the contingent negative variation event-related
potential that is generated in dACC and adjacent regions (Nagai et al.,
Table 6
BOLD signal increases for general response effects and specific to response inhibition.

Peak Side BA MNI coordinates Cluster
size (κ)

T-value

x y z

General response effects
Frontal operculum L 44 −56 6 26 1238 10.12
Supplementary motor area B 6 6 −2 66 2195 10.31
Anterior insula cortex R – 34 18 6 1749 8.56
Primary motor cortex R 4 30 −26 62 103 4.79
Primary motor cortex L 4 −36 −10 62 121 4.96
Inferior parietal lobule R 40 40 −46 54 2558 7.85
Inferior parietal lobule L 40 −44 −34 48 2326 11.87
Cerebellum B – 36 −42 −26 5091 10.15
Thalamus L – −12 −14 6 652 7.53

Response inhibition
Inferior frontal gyrus
(pars orbitalis)

L 47 −34 34 −16 219 8.10

Inferior frontal gyrus
(pars triangularis)

R 45 48 22 8 249 7.32

Middle frontal gyrus R 8 32 24 56 2176 8.98
Ventral premotor cortex L 6 −38 10 56 4040 9.39
Temporoparietal cortical
junction

R 40 52 −54 28 1235 8.86

Temporoparietal cortical
junction

L 22 −64 −42 2 2098 7.82

Middle temporal gyrus R 21 54 2 −20 645 10.51
Middle occipital gyrus R 19 42 −76 −6 508 7.00

Note: BA = Brodmann area; B = bilateral; L = left; R = right; MNI = Montreal
Neurological Institute.
2004; Fan et al., 2007), which primes task-relevant cortical regions to
process targets more efficiently (Gomez et al., 2004).

Functional interactions between dACC and DLPFC are a central
component of most cognitive control models (Carter et al., 1998; Paus,
2001; Botvinick et al., 2004; Carter and van Veen, 2007; Banich, 2009).
The strengthened connectivity between RCZp and DLPFC during
response preparation in the current study is consistent with a previous
meta-analysis that found a greater-than-chance frequency of concom-
itant activation of the two regions acrossmultiple tasks (Koski and Paus,
2000). The current finding is also comparable to a previous report of
increased dACC–DLPFC connectivity during conflict processing (Fan
et al., 2008). The conflict-dependent interactions may signal either
DLPFC to increase top-down control (Kerns et al., 2004) or dACC to
resolve response-related conflicts (Silton et al., 2010). However, the
separate brain networks that mediate response anticipation and
conflict processing have been found to overlap at the cusp of the
anterior and posterior rostral cingulate zones of dACC (Fan et al., 2007).
Thus, the strengthening of dACC–DLPFC connectivity might facilitate
response selection and preparation in amanner similar to that reported
for conflict processing, by increasing the top-down control of response
processes (Kerns et al., 2004; Fan et al., 2008, 2011) or facilitating
response selection and task-set implementation (Silton et al., 2010).
These data clearly demonstrate that top-control cognitive control is
engaged during response selection and preparation. However, this
engagement may be transient and task-dependent since an influential
meta-analysis found no functional connectivity between dACC and
DLPFC during the resting state (Dosenbach et al., 2007).

The cue-triggered functional connectivity between the various
subdivisions of dACC in the current study is partially consistent with
a previous report of dACC functional integration during conflict
processing (Fan et al., 2008). Response conflict was found to increase
the functional connectivity from RCZa to CCZ of dACC. In contrast,
response preparation was associated with increased functional in-
teractions between RCZp and both RCZa and CCZ of dACC in the current
study. RCZp was also found to have robust preparation-dependent
interactions with the perigenual affective division of anterior cingulate
cortex (Bush et al., 2000). This perigenual anterior cingulate region

image of Fig.�5
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receives extensive limbic input (Kunishio and Haber, 1994) and has
been implicated in the evaluation of the salience of emotional and
motivational information (Vogt et al., 1992). Reports of negative con-
nectivity between dACC and rostral anterior cingulate cortex during the
resting state (e.g., Margulies et al., 2007) suggest that the current
findings of preparation-dependent connectivitymay provide dACCwith
transient, task-dependent input on the reinforcing properties of
response options. Theobserved integrationof the cognitive andaffective
divisions of the anterior cingulate cortex may reflect the networks
that facilitate response selection and preparation.

The integration of cognitive, sensorimotor, and incentive signals in
dACC places this region in an ideal position to monitor context and
select and prepare appropriate behavioral responses to achieve any
number of higher-level goals. In fact, dACC has been proposed to be
part of a core “task-mode” network that supports performance during
attention-demanding tasks in opposition to a “default-mode” net-
work that is non-goal directed and more metabolically active during
the resting state (Greicius et al., 2003; Fox et al., 2005). The anti-
correlated activity in these two networks is reflected in the current
finding of negatively correlated activity in dACC and PCC, which
together with precuneus and medial prefrontal cortex/rostral cingu-
late cortex comprise the default-mode network (Fox et al., 2005).
Reduced activity in dACC and a failure to suppress activity in the
default-mode network have been associated with transient lapses in
attention (Weissman et al., 2006) and errors on a conflict task (Fan et al.,
2008). The low error rate in the current study regrettably precluded
testing the association between dACC and default-mode activation
and performance on the go/no-go task. Nonetheless, the anti-correlated
activity in dACC and PCC further confirms that response preparation
engages top-down cognitive control mechanisms in dACC.

These findings must be considered in the context of a methodolog-
ical limitation imposed by the cued go/no-go task. The cued go/no-go
task was designed with a fixed rather than a jittered cue-target interval
in order tomaximize the coherence of the cues and targets. The jittered
interval and partial trials (i.e., cue only) that have traditionally been
used to deconvolve the actual hemodynamic response functions for
cues and targets change the cue-target relationship and attenuate the
effect of cues on neural activity. We instead used a 2250 ms cue-target
interval, which together with the default SPM8 hemodynamic response
function, should have been long enough to detect the cue-target
differences and to model the corresponding neuronal signals (Buckner,
1998). We have previously used this analytic approach to successfully
isolate preparatory and motor signals associated with cues and targets
(Clerkin et al., 2009).

In summary, the current results provide evidence that activation of
dACC during a cued go/no-go task reflects the preparatory selection
and motor programming of context-appropriate responses rather
than the later selection to execute or inhibit responses. Ready cues
that informed the direction of the impending response on the go/no-
go task recruited RCZp to exert top-down control over preparatory
processes, which enhanced the functional connections with afferent
and efferent regions in DLPFC, premotor and supplementary motor
areas, and striatum. Thus, dACC is ideally positioned to monitor
context and select and prepare appropriate behavioral responses to
achieve any number of higher-level goals.
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