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ARTICLE INFO ABSTRACT
Am'd? history: Cocaine dependence is associated with increased impulsivity in humans. Both cocaine dependence and impulsive
Received 23 January 2015 behavior are under the regulatory control of cortico-striatal networks. One behavioral laboratory measure of im-
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pulsivity is response inhibition (ability to withhold a prepotent response) in which altered patterns of regional
brain activation during executive tasks in service of normal performance are frequently found in cocaine depen-
dent (CD) subjects studied with functional magnetic resonance imaging (fMRI). However, little is known about
aberrations in specific directional neuronal connectivity in CD subjects. The present study employed fMRI-

Keywords: . . R R . .. .
Dynamic casual modeling based dynamic causal modeling (DCM) to study the effective (directional) neuronal connectivity associated
Impulsivity with response inhibition in CD subjects, elicited under performance of a Go/NoGo task with two levels of NoGo

difficulty (Easy and Hard). The performance on the Go/NoGo task was not significantly different between CD sub-
jects and controls. The DCM analysis revealed that prefrontal-striatal connectivity was modulated (influenced)
during the NoGo conditions for both groups. The effective connectivity from left (L) anterior cingulate cortex
(ACC) to L caudate was similarly modulated during the Easy NoGo condition for both groups. During the Hard
NoGo condition in controls, the effective connectivity from right (R) dorsolateral prefrontal cortex (DLPFC) to L
caudate became more positive, and the effective connectivity from R ventrolateral prefrontal cortex (VLPFC) to
L caudate became more negative. In CD subjects, the effective connectivity from L ACC to L caudate became
more negative during the Hard NoGo conditions. These results indicate that during Hard NoGo trials in CD sub-

jects, the ACC rather than DLPFC or VLPFC influenced caudate during response inhibition.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Inhibitory control
Cocaine dependence

1. Introduction

Cocaine dependence is associated with increased impulsivity
(Chamberlain and Sahakian, 2007; Moeller et al., 2001a) in humans
(Colzato et al., 2007; Feil et al.,, 2010; Fillmore and Rush, 2002;
Kaufman et al., 2003; Lane et al., 2007; Li et al., 2006b; Verdejo-Garcia
et al., 2007) and animals (Anastasio et al., 2011; Anker et al., 2009;

* Corresponding author at: Institute for Drug and Alcohol Studies, Department of
Radiology, Virginia Commonwealth University, Suite 202, 203 East Cary Street,
Richmond, VA 23219, USA. Tel.: +1 804 828 2871; fax: +1 804 827 2565.

E-mail address: Ima@vcu.edu (L. Ma).

http://dx.doi.org/10.1016/j.nicl.2015.03.015

Paine et al., 2003; Paine and Olmstead, 2004; Winstanley et al., 2010).
Impulsivity may serve as a premorbid trait that confers vulnerability to
cocaine dependence (Buckholtz et al., 2010; Cunningham and Anastasio,
2014; Verdejo-Garcia et al., 2008; Winstanley et al., 2010). In addition, co-
caine dependent (CD) subjects with higher baseline impulsivity predict
reduced retention in outpatient treatment trials for cocaine dependence
than CD subjects with lower baseline impulsivity (Moeller et al., 2001b).
Both cocaine dependence and impulsive behavior are under the regulato-
ry control of cortico-striatal networks (Aron, 2011; Cunningham and
Anastasio, 2014; Dalley et al., 2011; Ersche et al., 2011; Fineberg et al.,
2010; Ghahremani et al.,, 2012; Robbins et al.,, 2012; Volkow et al., 2011;
Winstanley, 2007) with the theories of addiction (Bickel et al., 2007)

2213-1582/© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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positing that impulsivity and maladaptive drug-taking result from insuf-
ficient communication between frontocortical behavioral control centers
and subcortical (striatal) incentive-motivational circuitry. However, there
is no direct evidence for this putative disruption of directional information
flow in cortico-striatal networks in humans, either in cocaine use disorder
research or impulsivity research.

Response inhibition (ability to withhold a prepotent response) is one
main measure of impulsivity (Moeller et al., 2001a). Most neuroimaging
analyses of response inhibition have used either a Go/NoGo task or a
Stop-Signal task (Colzato et al., 2007; Fillmore et al., 2002; Fillmore and
Rush, 2002; Li et al, 2006a; 2006b, 2008a; 2008b). Meta-analyses
(e.g., Buchsbaum et al., 2005; Simmonds et al., 2008; Swick et al., 2011)
of Go/NoGo neuroimaging studies have shown activation of frontal,
subcortical, parietal, and insular regions with right hemispheric
dominance during response inhibition under the NoGo condition. It has
been hypothesized that the dorsolateral prefrontal cortex (DLPFC), ven-
trolateral prefrontal cortex (VLPFC), and pre-supplementary motor area
are particularly important for response inhibition during NoGo conditions
(Chikazoe, 2010).

The Go/NoGo task has revealed altered patterns of cortical recruit-
ment under acute demands to curtail a prepotent response in subjects
with cocaine dependence. For example, Kaufman et al. (2003) conduct-
ed a functional magnetic resonance imaging (fMRI) study with a Go/
NoGo task and found poorer behavioral performance and lower activa-
tion in the cingulate, pre-supplementary motor cortex, and insula dur-
ing response inhibition in active cocaine users compared to cocaine-
naive controls. In another fMRI study using a Go/NoGo task, Connolly
et al. (2012) found that although there was no group difference in
behavioral performance, cocaine users with short-term abstinence had
greater inhibition-elicited activation than controls in the right middle
frontal gyrus (MFG), right precentral gyrus, right superior frontal gyrus,
and right middle temporal region. In addition, cocaine users with long-
term abstinence had greater activation than controls in the right inferior
frontal gyrus (IFG), right MFG, right precentral gyrus, left superior tempo-
ral gyrus, and cerebellar tonsils.

These studies collectively suggest an altered neural network under-
lying response inhibition in cocaine dependence. However, traditional
regional activation fMRI studies have been unable to answer questions
about effective neuronal connectivity and directional relationships
among functionally-related brain regions, i.e., whether a particular
neuronal region (“Region 1”) directionally influences another region
(“Region 2"), whether Region 2 directionally influences Region 1, or
whether the regions reciprocally influence each other. In the present
study, we addressed this limitation. We employed dynamic causal
modeling (DCM) (Friston et al., 2003; Li et al., 2011) to test whether
CD subjects have altered directional neuronal connectivity underlying
their inhibitory behavioral control. We measured response inhibition
using the Go/NoGo task (Lane et al., 2007), in which the subject was
instructed to respond (Go) when a target stimulus was presented and
to withhold responding (NoGo) when a non-target stimulus was pre-
sented. Unique from other analytic techniques, effective (directional)
connectivity in DCM is modeled at the neuronal level rather than the ob-
served blood oxygen level dependent (BOLD) signal level (Friston et al.,
2003). This is important for fMRI studies of individuals with substance
use disorders because it is known that the BOLD signal could be con-
founded by disruption from disease (i.e., Alzheimer’s) or drug effects
on neurovascular coupling and/or hemodynamic responses (lannetti
and Wise, 2007). In addition, DCM can measure effective connectivity
specific to certain experimental conditions. This is attractive because
sometimes disease-related impaired cognitive functions can only be ob-
served during special experimental conditions. For example, Lane et al.
(2007) used a Go/NoGo task with two-level NoGo difficulty (Easy and
Hard, in terms of similarity between targets and non-targets), and
found that CD subjects showed poorer behavioral performance than
controls only during Hard NoGo trials rather than Easy NoGo trials.
The DCM analysis in this study was conducted on fMRI data acquired

from 13 CD subjects and 10 normal healthy cocaine naive controls
while they performed a Go/NoGo task as used in Lane et al. (2007).
Based on the hypothesis that cocaine use disorder and inhibitory behav-
ior are regulated through top-down control of the prefrontal cortex re-
flective system over an amygdala-striatum impulsive system (Aron,
2011; Bechara, 2005; Cunningham and Anastasio, 2014; Dalley et al.,
2011; Ersche et al.,, 2011; Fineberg et al., 2010; Ghahremani et al.,
2012; Heatherton and Wagner, 2011; Noél et al., 2013; Robbins et al.,
2012; Volkow et al., 2011; Winstanley, 2007), we hypothesized that
the effective connectivity from prefrontal regions to sub-cortical regions
would be altered in CD subjects compared to controls during successful
response inhibition.

2. Methods
2.1. Subjects

The study was officially approved by the Committee for the Protec-
tion of Human Subjects (CPHS) in University of Texas Health Science
Center, Houston, TX and University of Texas Medical Branch, Galveston,
TX, and was performed in accordance with the Code of Ethics of the
World Medical Association (Declaration of Helsinki). Subjects with co-
caine dependence and normal healthy controls were recruited through
advertisements. Informed consent was obtained from each subject.

The subjects included in this study were from two separate projects
that assessed the acute effects of medication versus placebo on brain ac-
tivation and brain connectivity. Subjects received placebo or medication
prior to the MRI scan. The functional MRI scans analyzed in this study
were only on placebo days. Four subjects participated in both projects.
Among the 23 subjects included in the final analyses, 15 subjects (five
CD subjects and 10 controls) were from the first project, and eight sub-
jects (all CD subjects) were from the second project.

All subjects were screened using the Structured Clinical Interview for
DSM-IV (SCID) (First et al., 1996). All subjects underwent physical exam-
ination and medical history. The Addiction Severity Index (McLellan et al.,
1992) was obtained to document lifetime drug and alcohol use. Female
subjects were screened with a urine pregnancy test immediately prior
to MRI scanning. Each subject’s urine was screened for tetrahydrocannab-
inol, opiates, cocaine, amphetamines, and benzodiazepines (Syva Compa-
ny, Deerfield, IL), and each subject was screened for alcohol with an
Intoximeter Alco-Sensor III breathalyzer (Intoximeters, Inc., St. Louis,
MO) immediately prior to MRI scanning.

Subject inclusion criteria were: (1) 18-55 years old; (2) right-
handed; (3) free of alcohol at the time of MRI scanning; (4) CD subjects
met Diagnostic and Statistical Manual Fourth Edition (American Psychi-
atric Association, 2000) criteria for current cocaine dependence as de-
termined by Structured Clinical Interview for DSM-IV (SCID) (First
et al,, 1996), and (5) normal control subjects had no current or lifetime
history of any DSM-IV substance use or psychiatric disorder. Exclusion
criteria were: (1) CD subjects who met current or past DSM-IV Axis |
disorder other than substance abuse or substance dependence; (2) med-
ical disorders or taking medication that may affect the central nervous
system; (3) claustrophobia experienced during MRI simulator sessions;
(4) any definite or suspected clinically significant abnormalities of the
brain on Fluid-Attenuated Inversion Recovery (FLAIR) MRI scans, as
read prior to data analysis by a board-certified radiologist; (5) positive
urine drug screen for control subjects; and (6) positive pregnancy test
result.

In addition to the 10 completed control subjects analyzed in this
report, seven other control subjects were excluded for the following
reasons: taking medications that may affect the central nervous system
(one subject); behavioral performance (percentage of correct responses
<50%) (two subjects); and unmatched age (younger than 23 years old)
(four subjects). In addition to the 13 completed CD subjects, 13 addi-
tional CD subjects were excluded for the following reasons: behavioral
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Fig. 1. Flow chart showing subject inclusion/exclusion, and which project (Project 1 and Project 2) the subjects come from. CTL denotes control subject, and CD denotes cocaine dependent

subject.

performance (percentage of correct response <50%) (one subject);
excessive head motion during the fMRI scan (two subjects); clinically
significant abnormal results on FLAIR scan of the brain (four subjects);
subject’s request to terminate the scanning (three subjects); and cur-
rent alcohol dependence (three subjects). See Fig. 1 for the flow chart
showing subject inclusion/exclusion.

Based on the inclusion and exclusion criteria, 13 CD subjects (CD
group) and 10 controls (control group) were included for final analysis.
None of the control subjects had a DSM-IV diagnosis of any present or
past drug abuse or dependence. All CD subjects had DSM-IV diagnoses
of both current and past cocaine dependence. Please see Supplementary
materials for additional diagnoses. The CD group was composed of one
female and 12 males; their mean age was 37.4 4 5.3 years (mean +
standard deviation), ranging from 27.5 to 44.1 years. The control
group had three females and seven males; the mean age was 35.2 +
7.3 years, ranging from 23.3 to 43.6 years. The educational duration of
CD group was 11.8 4 2.0 years, ranging from 7 to 15 years; and the ed-
ucational duration of the control group was 13.8 4 2.0 years, ranging
from 11 to 17 years.

Fisher’s exact test revealed that there was no significant difference in
proportion of female and male subjects between groups (p = 0.281,
two tail). There was no significant group difference in age (t = 0.837,
degree of freedom [df] = 21, p = 0.412). The CD group had significantly
lower educational durations than the control group (t = -2.220, df =
21, p = 0.038), with a 2-year difference in means.

2.2. Go/NoGo response inhibition task

A rapid-presentation event-related Go/NoGo task (Lane et al., 2007;
Ma et al., 2014b) was used for analyses of response inhibition during
fMRI. For all subjects, there were two Go/NoGo fMRI runs. The Go/
NoGo task has been described in detail elsewhere (Lane et al., 2007;
Ma et al., 2014b). In brief, during each fMRI run, 208 visual stimuli
(including Go, Easy NoGo, or Hard NoGo, please see below) were se-
quentially presented in random order. Each stimulus was displayed
for 500 ms. The neighboring stimuli in time were separated by a blank
screen lasting 1900 ms, 2100 ms, or 2300 ms (jittered randomly).
Each of the stimuli consisted of line segments enclosed within two
boxes that were presented simultaneously side by side on the same

screen. Each subject was instructed to discriminate the direction of the
lines by pressing a button using their right index finger when both
boxes showed parallel diagonal lines in the same direction in both
boxes (Go trial). Each subject was instructed not to press the button
when both boxes showed horizontal lines (“Easy” NoGo trial), or
when one box contained diagonal lines that were in the opposite direc-
tion of the diagonal lines in the other box (“Hard” NoGo trial). For Go tri-
als, a key press, completed greater than 100 ms and less than 600 ms
after the stimulus, was defined as a correct response. For NoGo trials, a
key press, completed within 600 ms after the stimulus, was defined as
an incorrect response. Each fMRI run duration was 10 min 40 s, includ-
ing 156 Go trials (75%), 26 Easy NoGo trials (12.5%), and 26 Hard NoGo
trials (12.5%). There was no “null” (i.e., resting) trial in this event-
related paradigm. Each subject completed a practice Go/NoGo test dur-
ing a mock fMRI session in order to stabilize performance and provide
familiarity with the task prior to actual MRI scanning. The discrimina-
tion accuracy measure (d’) (Forman et al., 2004; Gescheider, 1985;
Lane et al., 2007) was used to measure behavioral performance on the
Go/NoGo task in the scanner.

2.3. fMRI data acquisition

MRI data were acquired on a Philips 3.0 T Intera system (Philips
Medical Systems, Best, Netherlands) with an eight-channel receive
head coil. Single shot spin-echo echoplanar imaging (EPI) was used
for acquiring fMRI data. The spin-echo EPI sequence eliminates signal
losses caused by through-slice dephasing in medial orbitofrontal cortex
(Kruger et al., 2001) and is sensitive (Norris et al., 2002) to blood oxygen
level dependent (BOLD) signal in fMRI. The fMRI acquisition parameters
were as follows: SENSE acceleration factor 2.0, repetition time 2500 ms,
echo time 75 ms, flip angle 90°, field-of-view 240 x 240 mm, in-plane
resolution 3.75 x 3.75 mm, 25 axial slices, slice thickness 3.75 mm,
interslice gap 1.25 mm, 256 repetitions per run after 10 dummy acqui-
sitions. A T1-weighted 3-dimensional Spoiled Gradient Recalled (SPGR)
anatomical scan (in-plane resolution 0.94 x 0.94 mm, slice thickness
1 mm) was acquired for co-registration with the fMRI images. A Fluid
Attenuated Inversion Recovery (FLAIR) scan and T2-weighted spin-
echo scan were acquired, and were read by a board-certified radiologist
in order to rule-out incidental brain abnormalities. Although two fMRI
runs were acquired for each subject, some subjects only had one usable
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fMRI run. Thus we decided to use only one fMRI run for each subject in
order to avoid potential bias effects. The first run was used if a subject
had two usable fMRI runs.

2.4. fMRI preprocessing

During each fMRI run, individual images in which the fMRI signal
exceeded plus or minus four standard deviations from the mean
for the run were considered to be outliers and were replaced by the
mean of the two nearest neighbors using the Analysis of Functional
Neurolmages (AFNI) (Cox, 1996) software command “3dDespike”
(http://afni.nimh.nih.gov/afni/). All remaining preprocessing used
Statistical Parametric Mapping 8 (SPM8) software (http://www.fil.ion.
ucl.ac.uk/spm/) implemented in Matlab R2007b (Mathworks Inc.,
Sherborn, MA, USA). Slice-timing correction was conducted first. Then,
the fMRI series was realigned to the first image to correct for head mo-
tion. Runs with head motion greater than 1 voxel (3.75 mm translation
on any axis) or rotation greater than 3.75° were excluded from the anal-
ysis. As an optional feature of SPM software, the head motion parame-
ters can be regressed out in the SPM Level 1 general linear model
analysis, and if so, the motion parameters can be then be regressed
out from the effects of interest when generating the ROI time series
for the DCM analysis. However, many studies do not enter head motion
parameters as regressors because regressing out task-related head mo-
tion may eliminate much of the true signal when the movement param-
eters are related to the experimental task design (Ashburner and
Friston, 2007). For this reason, we do not routinely include head motion
parameters as regressors in our fMRI studies that involve activation
tasks, including the present study. However, fMRI series with severe
head movement were excluded from this study, and motion correction
was conducted with the SPM8 realignment module for all included fMRI
series. As noted previously, for all subjects, the first run without artifacts
and without excessive motion was included in the analysis. The anatom-
ical image was coregistered to the fMRI images and spatially transformed
to Montreal Neurological Institute (MNI) standard atlas coordinates using
the SPM8 Normalise module with the SPM8 T1 MNI template image. The
transformation parameters were applied to the fMRI images. After that,
the fMRI images were resliced to 2 mm isotropic resolution and spa-
tially smoothed with a Gaussian filter of 8 mm isotropic full width at
half maximum.

2.5. SPM univariate analysis

The univariate statistical analyses of the fMRI data were conducted
using SPMS. After specifying the design matrix, the parameters for the
effects of different conditions were estimated at the first level for all
subjects as an event related design according to the general linear
model at each voxel, using stick functions modeling the onsets of correct
NoGo trials convolved with the SPM8 canonical hemodynamic response
function as a basis function. Standard SPM8 basis functions for temporal
and dispersion derivatives were also included in the model. Incorrect
trials were entered as a separate covariate of no interest so that the
remaining implicit baseline consisted only of the correct Go trials.
A 1/128 Hz high-pass temporal filter was applied. One contrast
image was constructed for all subjects for each of the following con-
trasts of parameter estimates: (1) correct Easy NoGo minus correct
Go; (2) correct Hard NoGo minus correct Go; and (3) correct Hard
NoGo minus correct Easy NoGo. In the remainder of this paper, for
brevity the word “correct” will be omitted, but the NoGo and Go
conditions will be understood to consist of correct responses only.
While incorrect responses merit theoretic and clinical interest,
they were too few to allow valid activation analyses.

In order to determine differences in BOLD activation between
groups, a SPM8 second level Random Effects (Holmes and Friston,
1998) statistical analysis was conducted voxel-wise throughout the
whole brain for each of the contrast images listed in the above

paragraph. For each contrast, the SPM8 second-level two-sample t-
test with the default non-sphericity correction for unequal variance be-
tween groups was used.

According to the practical steps in a typical DCM analysis suggested
by Seghier et al. (2010), random effects group analysis can be used to
determine the DCM nodes. Consistent with Seghier et al.’s recommen-
dation and previous DCM studies (e.g., Bitan et al., 2005; Deserno
et al.,, 2012; Dima et al., 2009; DiQuattro and Geng, 2011; Wang et al.,
2011), we used random effects group analysis to determine the regions
that significantly activated across both groups in this study, after ex-
cluding the brain regions showing group differences. A separate SPM8
second level (Random Effects) statistical analysis was conducted
voxel-wise throughout the whole brain for each of the contrast images
listed above. For each contrast, the SPM8 second-level one-sample
t-test with the default settings was used to determine BOLD activations
significantly different from zero.

For all SPM second level group analyses, statistical significance
was defined as family-wise error (FWE) corrected cluster probability
(p) less than 0.05 (two tail). Uncorrected cluster p less than 0.05 (two
tail) was used as the threshold for the brain activations used for DCM
regions of interest selection. The cluster-defining threshold was t =
2.4. Approximate anatomical labels for regions of activation were
determined using the Anatomical Automatic Labeling (AAL) toolbox
(Tzourio-Mazoyer et al., 2002).

2.6. Stochastic dynamic causal modeling

FMRI based DCM is a biophysical model of the underlying neuronal
connectivity and of how the neuronal connectivity generates the ob-
served BOLD signal (Friston et al., 2003). DCM12, as implemented in
SPM12b, was used for effective connectivity analysis. DCM has been de-
scribed elsewhere (Friston et al., 2003; Ma et al., 2012, 2014a; 2014b). In
brief, the mathematical model of the underlying neuronal connectivity
among an a priori selected set of brain regions (or DCM nodes) is a sys-
tem of bilinear differential state equations with coefficients specified by
three matrices (A matrix, B matrix and C matrix) (Friston et al., 2003). In
this model, experimental conditions (e.g., Go, Easy NoGo, or Hard NoGo)
can serve as inputs to the model as either driving inputs, or modulatory
inputs, or both. The DCM analysis determines which particular nodes in
the model exhibit effective (directional) connectivity with other specific
nodes in the model, which nodes receive driving inputs from experi-
mental conditions into the model, and which specific connectivities
between nodes in the model are modulated during experimental condi-
tions. A node in the model that receives driving inputs, as quantified by
the C matrix parameters, is the brain region among the nodes in the
model which first experiences a change in neuronal activity associated
with experimental conditions. The node that receives the driving
input then influences (“drives”) the connectivity to other nodes in the
model. The endogenous (or fixed) connectivity in DCM is quantified
by the A matrix parameters, which measure the effective connectivity
strengths (in units of Hz) between nodes, regardless of the moment-
to-moment switching on and off of inputs. Experimental conditions
can modulate the endogenous connectivity among nodes. These modu-
lation effects are quantified by the B matrix parameters as increased or
decreased connectivity strength compared to the endogenous connec-
tivity at different times in the experiment that are related to the timing
of changes in the particular experimental conditions. Nonlinear connec-
tivity effects that are gated by other regions in the system can be
modeled by another matrix (D matrix) (Stephan et al., 2007). In the
present study, the nonlinear option was not applied, and thus the
term “modulation effects” in the present paper denotes bilinear modu-
lation effects, where “bilinear” refers to the mathematical form of the
equations determining the B matrix parameters. In addition, the sto-
chastic option for DCM was used in which random fluctuations were
modeled as inputs to the system as well as the driving inputs due to
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experimental conditions (Daunizeau et al., 2009, 2012a, 2012b, 2013; Li
et al., 2011). The random fluctuations in physiological noise may con-
tribute to the system connectivity input (Li et al., 2011) due to stochastic
fluctuations in neuronal and vascular responses (Kruger and Glover,
2001; Li et al,, 2011). Li et al. (2011) have shown that stochastic DCM
can improve parameter estimation over deterministic DCM. In addition,
Daunizeau et al. (2012) have validated stochastic DCM and shown that
stochastic DCM is superior to deterministic DCM in terms of both model
structure inference and model parameter inference.

2.6.1. Regions-of-interest

Following the procedures in Ma et al. (2012, 2014a), the regions
(nodes) for the DCM analysis in the present study were chosen based
on simultaneously meeting the following three criteria: (1) the region
must show activation that is at least significant at the uncorrected
cluster level in the present univariate SPM second-level analysis;
(2) the region must also show activation (NoGo vs. Go or NoGo vs. base-
line) in previous fMRI studies using Go/NoGo tasks (e.g., meta studies,
Buchsbaum et al., 2005; Simmonds et al., 2008; Swick et al., 2011),
and (3) the region must also be regarded to be involved in inhibitory
behavior in the previous literature (e.g., Bechara, 2005; Chikazoe,
2010; Heatherton and Wagner, 2011; Volkow et al,, 2011). Thus, the fol-
lowing seven nodes were used for the DCM analyses in the present
study: (1) left (L) dorsolateral prefrontal cortex (DLPFC); (2) right
(R) DLPFC; (3) L anterior cingulate cortex (ACC); (4) RACC; (5) R ven-
trolateral prefrontal cortex (VLPFC); (6) L caudate (CAU); and (7) R
hippocampus (HIPP). Because of uncertainty about the exact gross ana-
tomical boundaries in humans of the DLPFC (Fuster, 2008), the DLPFC in
the present paper was defined by the middle frontal gyrus, which com-
prises a major portion of the DLPFC in humans (Fuster, 2008). The VLPFC
in the present paper was defined by inferior frontal gyrus, on which the
major part of the VLPFC of the human brain lies (Petrides, 2005).

2.6.2. Volumes of interest and time series extraction

We followed the method that was described in Ma et al. (2012,
2014a; 2014b) to construct the volumes of interest (VOIs). The atlas-
derived binary masks corresponding to the aforementioned seven
nodes were obtained from the Anatomical Automatic Labeling (AAL)
atlas (Tzourio-Mazoyer et al., 2002) which was implemented in the
WFU (Wake Forest University) PickAtlas SPM toolbox (Maldjian et al.,
2003; Maldjian et al., 2004). The binary mask of VLPFC was defined as
the set-theoretic union of the atlas-based binary masks of inferior fron-
tal gyrus (pars opercularis, pars triangularis, and pars orbitalis). Each
VOI was obtained by the set-theoretic intersection of the atlas-based bi-
nary masks and the activation clusters (at least significant at uncorrect-
ed cluster level) that were determined by the second-level random
effects univariate SPM analysis. The standard SPM procedure in which
NoGo and Go conditions were explicitly modeled was conducted by
using the principal eigenvariate of each VOI as a summary of the func-
tional activity time-series in that VOI (Ma et al., 2014a), and each prin-
cipal eigenvariate time series was also adjusted for the F-contrast of
effects of interest (Stephan et al., 2010). The same VOIs were used for
each subject. The number of voxels, volume, and center of mass of the

Table 1
Number of voxels, volume, and center of mass of each of the seven VOIs used as nodes in
the DCM analysis.

VoI Number of voxels ~ Volume (mL) Center of Mass
MNI coordinates [X, y, z] (mm)
L DLPFC 78 0.624 —23,20, 41
RDLPFC 128 1.024 43, 39, 21
L ACC 21 0.168 —0,38,3
R ACC 25 0.200 4,37,0
RVLPFC 185 1.480 46, 16, 29
L CAU 53 0.424 —14, 3,21
R HIPP 253 2.024 24, —18, —21

seven VOIs used as nodes for the DCM analysis are shown in Table 1.
These VOIs did not overlap with the regions showing significant group
difference (See the Results section).

2.6.3. DCM network discovery

DCM structure inference, as applied to task-fMRI experiments such
as this study, searches for a model of the underlying neuronal connec-
tivity among an a priori selected set of brain regions, in which the com-
bined presence of some endogenous connectivities (and/or modulation/
driving input effects) and the absence of some other endogenous con-
nectivities (and/or modulation/driving input effects) best explain the
observed fMRI data. In this study, DCM structure inference was conduct-
ed using DCM Network Discovery (DND) (Friston et al., 2011; Friston
and Penny, 2011). The rationale for us to conduct DCM structure infer-
ence using DND has been described elsewhere (Ma et al., 2014b).

DND was conducted using the post-hoc optimization (spm_dcm_
post_hoc routine) as implemented in the SPM12b software. Before the
DND analysis was conducted, an initial single “full” model (Friston et al,
2011) was specified for all subjects. The term “full” is used here in the
sense that (1) each of the three experimental conditions (i.e., Go, Easy
NoGo, and Hard NoGo conditions) can be a driving input and a modulato-
ry input; (2) each of the putative driving inputs entered all of the seven
nodes; (3) each node was putatively interconnected to all other nodes,
and (4) each of the modulatory inputs putatively modulated all of the
42 interconnectivities between nodes. Only stimuli corresponding to cor-
rect responses were included in the DCM analysis because the incorrect
responses were very few and sporadic for all included subjects. The full
models were inverted (estimated) for all subjects. For each group, group
level post-hoc optimization was conducted by selecting all inverted
“full” models (one per subject). The group level optimal sparse model
was found at the group level, using Bayesian parameter averaging
(BPA), which is integrated in the spm_dcm_post_hoc routine.

2.7. Statistical analyses

Student’s t-test and Fisher’s exact test were used to assess group
differences on continuous and categorical demographic variables,
respectively. Linear mixed models analysis, as implemented in IBM
SPSS Version 22 (Chicago, IL) for Windows (Microsoft Corp., Redmond,
WA), was used to analyze the main effects of the two factors and their
interaction effects on the behavioral performance. The between-
subjects factor in this analysis was group (CD and control groups), and
the within-subjects factor was levels of NoGo difficulty (Easy and
Hard). If main effects or interactions were statistically significant, then
post-hoc analyses were conducted with the Bonferroni correction for
multiple comparisons.

3. Results

3.1. Behavioral results

The mean and standard deviation of the discrimination accuracy
measure (d’) and percentage of correct response in each group during
Easy NoGo and Hard NoGo are shown in Table 2. The SPSS linear
mixed model analysis revealed significant main effects of difficulty
level (Hard or Easy NoGo) (F = 18.810; df = 1, 35.13; p < 0.001).
The main effects of group (F = 0.014; df = 1,35.13; p = 0.905) and

Table 2
Mean and standard deviation of the behavioral performance (discrimination accuracy d’,
and percentage of correct response) in each group during different NoGo trials.

Correct Easy NoGo Correct Hard NoGo

d’ Percentage d’ Percentage
CcD 3.501 4+ 0.767  0.979 +£ 0.030 2275 4 0831 0.778 + 0.149
Control ~ 3.457 4+ 0.604  0.992 + 0.016 2232 4 0.835 0.808 + 0.148
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the interaction of group x difficulty (F = 0.111; df = 1,35.13; p =
0.741) were not statistically significant. Post-hoc comparisons showed
that d’ during Easy NoGo was significantly greater than during Hard
NoGo for both groups (CDs and controls) (p < 0.001), suggesting that
the behavioral performance during Hard NoGo trials was less accurate
than that during Easy NoGo trials.

3.2. Contrast-elicited brain activation

The SPM8 univariate second level GLM analysis of the fMRI data
revealed a statistically significant cluster (p = 0.038, two tail, FWE-
corrected) showing a group difference in activation (CD group less
than control group) for the Easy contrast. This cluster (Fig. 2 and
Table 3) was found in portions of R middle frontal gyrus (g), R
precentral g, R middle cingulate cortex, R superior frontal g, and R
paracentral lobule. No significant cluster was found for the reverse
direction of comparison (control group less than CD group) for the
Easy contrast. No significant cluster was found for the other con-
trasts (Hard and Hard-Easy contrasts).

SPM8 second-level random-effects one-sample t-test analysis across
both groups combined revealed several clusters for Easy, Hard, and
Hard-Easy activations with the cluster level p less than 0.05 (uncorrect-
ed, two tail) in portions of frontal, subcortical, and other brain regions.
These clusters were used to select regions (or nodes) for DCM analysis.
Please see Supplementary materials for the detail of these regions.

3.3. DCM network discovery analysis

Post-hoc optimization found a group-level optimum sparse model
structure for each subject group. For the CD group, R HIPP, L ACC, and
R VLPFC were reliable (posterior probability > 0.9999) driving input lo-
cations for all three driving inputs (Go, Easy NoGo, and Hard NoGo). In
addition, L caudate was a reliable driving input location for Easy NoGo
and Go inputs. Furthermore, R ACC was a reliable driving input location
for the Go input. For the control group, R HIPP, L ACC, L caudate, and R
DLPFC were reliable driving input locations for all three driving inputs
(Go, Easy NoGo, and Hard NoGo). There was no other driving input lo-
cations for the control group. The posterior mean strength of each driv-
ing input effect is shown in Supplementary Table 1.

The group level sparse structure regarding the endogenous connectiv-
ities is shown in Supplementary Table 2, which also shows the posterior
mean strength of each endogenous connectivity. Three connectivities
(R DLPFC to R ACC, R ACC to R DLPFC, and R ACC to L DLPFC) among the
42 connectivities were switched off (posterior probability = 0) by the
post-hoc optimization for the CD group. Two connectivities (R VLPFC to
R ACC, and R ACC to R VLPFC) among the 42 connectivities were switched

off (posterior probability = 0) by the post-hoc optimization for the
control group.

The group level sparse structure regarding the modulation effects is
shown in Supplementary Table 3. The group level optimum sparse
structure regarding NoGo modulation effects is shown in Fig. 3, for
both CD group (left panel) and control group (right panel). The mean
strength of each endogenous connectivity modulated during NoGo
conditions is also shown in Fig. 3. For the CD group, only one (L ACC to
L caudate) of the 42 connectivity was reliably (posterior probability >
0.9999) modulated during NoGo conditions, and this connectivity was
modulated during both Easy (modulation effect = —0.0584 Hz) and
Hard (modulation effect = —0.0822 Hz) NoGo conditions. For the
control group, three of the 42 connectivity were reliably (posterior
probability > 0.9999) modulated during NoGo conditions. One connec-
tivity (L ACC to L caudate) was only modulated during the Easy NoGo
condition (modulation effect = —0.0229 Hz). The other two connectiv-
ity, i.e.,, R DLPFC to L caudate, and R VLPFC to L caudate, were only mod-
ulated during the Hard NoGo condition, with modulation effect =
0.2016 Hz for the DLPFC-caudate connectivity, and modulation
effect = —0.2418 Hz for the VLPFC-caudate connectivity.

A post-hoc analysis (using Student’s t-test) was conducted to deter-
mine whether the two groups were significantly different in the modu-
lation effects exerted by the NoGo conditions. A t-test was conducted
based on the posterior means and posterior standard deviations obtain-
ed from the two groups. There was no group difference (uncorrected
p = 0.3640, 2-tail) in the modulation effects exerted by the Easy
NoGo condition (on the connectivity from L ACC to L caudate). All the
modulation effects exerted by the Hard NoGo condition were signifi-
cantly different between the groups (p < 0.0008, Bonferroni corrected).
These modulation effects were on the connectivities from L ACC to L
caudate (CD group: —0.0822 Hz; control group: 0 Hz), from R DLPFC
to L caudate (CD group: 0 Hz; control group: 0.2016 Hz), and from R
VLPFC to L caudate (CD group: 0 Hz; control group: —0.2418 Hz).

4. Discussion

The present study provides evidence that cortico-striatal circuits
activated in CD subjects during inhibition of a prepotent response are
distinct from those employed by normal healthy controls responding
under the same task with similar performance. When the task demands
were high (Hard NoGo trials), CD subjects demonstrated ACC con-
nectivity to the caudate during successful response inhibition instead
of the control subjects’ DLPFC or VLPFC connectivity to the caudate
which was also during successful response inhibition. These data sup-
port the use of DCM to measure effective connectivity specific to certain
experimental conditions. In the DCM analysis, a single optimum model

Fig. 2. FWE corrected significant cluster detected by the SPM8 second-level random effects analysis. In the cluster, the control group had significantly greater activation (FWE corrected
two-tailed p = 0.038) than the CD group for the E contrast (Easy NoGo BOLD signal minus the Go BOLD signal). The cluster is overlaid in color on axial slices of the MNI brain template
image in gray. The number above each slice indicates slice location (mm) of the MNI z coordinate. Scale on color bar represents voxel t values. The reader’s left (L) side of each slice is the

subjects’ left brain hemisphere.
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Table 3

The SPM8 second-level random effects two-sample t-test analysis result. The CD group had significantly lower activation than the control group for Easy NoGo contrast. X, y, and z = MNI
standard space coordinates (mm). Negative x = Left hemisphere. FWE = family-wise error corrected cluster probability. L = left. R = Right. g = Gyrus. The MNI coordinates and locations
are listed for the five largest t values within the significant cluster (with the exception that small regions with number of voxels <10, or regions that were not labeled by AAL, are not shown
in the table). The number of voxels in each brain region was determined by counting the number of labeled voxels for each region within the intersection of the significant cluster with the

set of labeled voxels in the AAL atlas.

Cluster  Cluster P Relative maximal voxel t values ~ MNI coordinates [X, y, z] of relative =~ Number of voxels in ~ Brain region containing the relative
label [2-tailed FWE-corrected]  within the cluster maximal voxel t locations brain region maximal voxel t location
1 0.038 4,72 36, —10, 52 232 R precentral g

4.46 36, —8, 52 157 R middle frontal g

420 14, —30, 44 90 R middle cingulate cortex

3.95 36, —6,58 66 R superior frontal g

4.14 12, —32,48 21 R paracentral lobule

with reliable driving input effects and modulatory effects was identified
for each group. In the optimum model, endogenous connectivities,
modulatory effects, and driving input effects with high posterior
probability were retained, and those with low posterior probability
were eliminated by the network discovery analysis. A modulation
effect measures increased or decreased effective connectivity strength rel-
ative to the endogenous connectivity at different times in the experiment
that are related to the timing of changes in a particular experimental
condition.

Subjects in both groups performed the Go/NoGo tasks similarly well
and demonstrated several commonalities during the NoGo conditions.
Specifically, only prefrontal-caudate connectivity was modulated dur-
ing the NoGo condition for both groups. This is consistent with the the-
ories of top-down regulation (Bechara, 2005; Heatherton and Wagner,
2011; Noél et al., 2013; Volkow et al.,, 2011) and the involvement of
the caudate (Aron et al., 2003) in response inhibition. Furthermore,
the Easy NoGo condition modulated only L ACC to L caudate effective
connectivity. These modulation effects were not significantly different
between the two groups and support a previous study that reported
similar inhibitory behavioral performance in CD and control groups dur-
ing the Easy NoGo condition (Lane et al., 2007). Interestingly, control
and CD subjects also achieved similar successful response inhibition
during the Hard NoGo condition. This is in contrast to the poorer perfor-
mance by CD subjects during Hard NoGo trials reported previously
(Lane et al., 2007).

We have used DCM to demonstrate differential modulation of ef-
fective cortico-striatal networks during Hard NoGo condition for CD
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vs. control subjects. Specifically, performance during the Hard NoGo
condition was associated with modulation of the effective connectivity
of the R VLPFC to L caudate and R DLPFC to L caudate in control subjects
only, and the L ACC to L caudate in CD subjects only. The DCM analyses
showed negative modulation of the effective connectivity from R VLPFC
to L caudate during the Hard NoGo condition in control subjects. This
supports cumulative evidence suggesting that the R VLPFC functions as
a “brake” during inhibitory responding (Aron et al., 2014). As previously
noted, response inhibition may be driven by reduced striatal activity
and subsequent medial globus pallidus disinhibition and thalamocortical
suppression via the direct pathway of the basal ganglia (Aron et al., 2003;
Beiser et al., 1997). Thus, our results may reflect that normal healthy sub-
jects achieve successful response inhibition during Hard NoGo trials due
to effective “brake” mechanisms afforded by the R VLPFC that appear al-
tered in the CD group.

The DCM analyses further showed positive modulation of the effec-
tive connectivity from R DLPFC to L caudate during the Hard NoGo con-
dition in control subjects. This result may reflect that healthy subjects
achieve executive control through DLPFC activation during the Hard
NoGo condition. While the effective connectivity from the R DLPFC to
L caudate was modulated during the Hard NoGo condition, this pathway
was not modulated during the Easy NoGo condition. This finding is
similar to a previous study showing significant DLPFC activation during
a complex, but not a simple, NoGo task (Mostofsky et al., 2003). The re-
sults are also consistent with a previous study that demonstrated right
hemisphere lateralization during executive control in healthy subjects
(Tranel et al., 2005). Further, the modulation of two inter-hemisphere
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Fig. 3. Schematic diagram representing effective connectivity only modulated by the NoGo conditions. The endogenous connectivities are denoted by line with arrow. The modulation
effects are depicted by lines ending with solid dot. The mean strengths (in units of Hz) of the modulation effects exerted by the Easy (E) or Hard (H) NoGo condition are separately
shown. For clarity, not all nodes or endogenous connectivities are shown in this figure. The modulation effects showing significant group difference are indicated by asterisks. All the
significant group differences in modulation effect occurred during Hard NoGo condition. L = Left. R = right.
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prefrontal-striatal connectivities (R DLPFC to L caudate and R VLPFCto L
caudate) during the Hard NoGo condition in the control group is consis-
tent with the hypothesis that DLPFC and VLPFC are essential for Go/
NoGo response inhibition tasks and that the right PFC dominates the
left PFC during response inhibition in healthy subjects (Chikazoe, 2010).

The present study demonstrates the unique finding that the Hard
NoGo condition modulates different prefrontal-striatal networks in
CD subjects compared to control subjects. Particularly, the effective con-
nectivity from L ACC to L caudate was negatively modulated during the
Hard NoGo condition in the CD group but unaffected in the control
group. The ACC is a critical region for both behavioral monitoring
(Botvinick et al., 1999; MacDonald et al., 2000), an important aspect of
executive control (Garavan and Hester, 2007), and emotional response
inhibition (Albert et al., 2012). Thus, instead of employing the “brake”
functionality of the VLPFC and executive control functionality of the
DLPFC as in control subjects, the CD subjects may complete the task
through the behavior monitoring functionality of the ACC. Alternatively,
the difficulty level of the Hard NoGo trials may arouse frustration and
consequently activate emotion-responsive neural nodes (e.g., ACC;
Albert et al., 2012) during response inhibition, particularly as observed
in the CD subjects. The results also may suggest that CD subjects employ
an intact intra-hemisphere connectivity (L ACC to L caudate) to
compensate for an altered inter-hemisphere connectivity (R VLPFC to
L caudate) to achieve successful response inhibition. While the key
connectivity underlying response inhibition in CD subjects (L ACC to L
caudate) seems inconsistent with a previous study (Kaufman et al.,
2003) that found the ACC to be hypoactive in cocaine users during a
Go/NoGo task, it is important to consider that the current study showed
no group differences in success during the NoGo condition as opposed
to the study that demonstrated ACC hypoactivity concurrent with im-
pairments in behavioral performance in CD subjects (Kaufman et al.,
2003). Nonetheless, the present study shows group differences in mod-
ulation of prefrontal-striatal effective connectivity during Hard NoGo
condition consistent with other studies (e.g., Hanlon et al., 2011;
Wilcox et al., 2011; Ma et al., 2014a) and theories (e.g., Volkow et al.,
2011) in CD subjects.

The groupwise difference in brain signaling that underlies overtly
similar task performance (here discriminability) is in keeping with per-
haps a dominant finding in the task fMRI of addiction (Connolly et al.,
2012; Ma et al., 2014a; Tomasi et al., 2007; Wilkinson and Halligan,
2004). We contend that these altered brain signatures may be indicative
of reduced effective function in real world settings that may be infused
with emotional context or may otherwise lack the vigilance-inducing
conditions of observed behavior in a novel laboratory setting. The inter-
pretive advantage of normative performance is that differences are not
likely due to any differences in experience, perception of task errors, or
frustration.

Normal healthy controls exhibited the ability to adapt dynamic neu-
ronal connectivity dependent upon the difficulty level of the response
inhibition task, while CD subjects demonstrated the same intra-
hemispheric (L ACC to L caudate) connectivity regardless of the difficul-
ty level of the response inhibition task. This pattern of neuronal connec-
tivity could directly result from chronic cocaine use associated with
alterations in functional connectivity (Albein-Urios et al., 2013, 2014;
Bednarski et al., 2011; Cisler et al., 2013; Gu et al., 2010; Hanlon et al.,
2011; Lu et al., 2014; McHugh et al., 2013, 2014; Mitchell et al., 2013;
Murnane et al., 2015; Velez-Hernandez et al., 2014; Verdejo-Garcia
et al.,, 2014; Wilcox et al.,, 2011; Wisner et al., 2013; Worhunsky et al.,
2013; Zhang et al., 2014) and dysregulation within key brain regions
(e.g., prefrontal cortex) involved in cognitive processing (Fuster,
1997). These alterations may be attributable to a combination of perfu-
sion deficits (Holman et al., 1991, 1993; Levin et al., 1994; Strickland
et al.,, 1993; Volkow et al., 1991), altered gray/white matter structure
(Barros-Loscertales et al., 2011; Ma et al., 2009; Moeller et al., 2005),
and/or changes in metabolic activity (Volkow et al.,, 1991). Furthermore,
chronic cocaine use is characterized by a multitude of alterations in

neurotransmitter function, particularly in the dopamine (DA), serotonin
(5-HT), and glutamate systems that may occur consequent to or inde-
pendent of the aforementioned changes (Cunningham and Anastasio,
2014; Volkow et al., 2011). Monoaminergic DA and 5-HT neurons
projecting from the mid-brain regions densely innervate the cortical
and subcortical systems (Kosofsky and Molliver, 1987; Vertes and
Linley, 2008). Both neurotransmitters interact profoundly at strategically
localized receptor proteins (e.g., 5-HT4 receptor (5-HT2AR), 5-HT2CR,
DA D; and D, receptors) within the complex cortico-striatal circuits,
including those localized to the microcircuitry of the frontal cortex and
dorsal striatum (for review, Howell and Cunningham, 2015). Partic-
ularly, the 5-HT2AR and 5-HT2CR abundantly localize to pyramidal
and GABAergic neurons within the frontal and cingulate cortex (Cornea-
Hebert et al., 1999; Liu et al., 2007; Pompeiano et al., 1994; Santana
et al., 2004), dopaminergic and GABAergic neurons of the caudate-puta-
men (Eberle-Wang et al,, 1997; Lopez-Gimenez et al,, 1997), and ascend-
ing dopaminergic mesolimbic neurons innervating the cortico-striatal
networks (Bubar and Cunningham, 2007; Doherty and Pickel, 2000;
Nocjar et al., 2002). Serotonin exerts tonic and phasic neuromodulatory
control over both DA and glutamate neurotransmission through these re-
ceptors in the mesocortical and nigrostriatal pathways (for reviews, Alex
and Pehek, 2007; Howell and Cunningham, 2015) that govern cognitive/
executive processes and motor/inhibitory response behaviors (Carli and
Invernizzi, 2014; Cunningham and Anastasio, 2014). While there is an
extensive body of literature supporting the role of these receptors in
cocaine-related behavioral alterations (Cunningham and Anastasio,
2014; Bubar and Cunningham, 2008), it is unknown whether the altered
top-down control in the CD subjects may be mediated, in part, by com-
promised 5-HT system interactions with DA and glutamate.

Several limitations of the present study do exist. (1) Itis possible that
other neural interconnectivities are similarly important for inhibitory
control but were not identified because the connecting regions were
not included as nodes for the DCM analysis. One reason for the exclusion
of potential nodes was the lack of sufficient statistical power on fMRI
activation due to the small sample size in this study. Future studies
with more subjects will be helpful in providing greater insight into the
altered neuronal effective connectivity underlying inhibitory control in
CD subjects. (2) All subjects in the present study received a placebo cap-
sule as part of two larger studies in which they were enrolled. Although
unlikely, this may have contributed to unknown sources of variability in
both the behavioral and fMRI data. (3) While we have shown modula-
tion of effective connectivity during the NoGo conditions, the present
study was unable to determine which brain regions mechanistically
caused these modulation effects. This question could be answered in fu-
ture studies through the utilization of non-linear DCM (Stephan et al.,
2007). (4) Although the Go/NoGo paradigm has been frequently used
to investigate response inhibition mechanisms, regional brain activation
elicited by Go/NoGo tasks may not be directly related to response inhi-
bition (Criaud and Boulinguez, 2013). To avoid the emergence of trivial
strategies (for example, repeated responses to stimuli resulting in 75%
correct performance), we motivated subjects by setting reward-values
for NoGo trials three times that of Go trials (either in terms of gain or
loss), thereby balancing the relative value of Go and NoGo trials. There-
fore, the connectivity observed in the present study may reflect the en-
gagement of other cognitive processes (e.g., attention, reward, and/or
motivation) in addition to response inhibition, which could confound
our interpretations. (5) The mean education of control subjects was
higher (by about 2 years) than that of CD subjects. Although differences
in education level could theoretically affect the study, it is unlikely since
behavioral performance was the same in both groups. (6) These find-
ings were from a small sample size (23 total subjects). Thus, one should
be cautious when generalizing these findings or interpreting effect sizes
(Button et al., 2013).

In summary, the control and CD subjects had similar levels of perfor-
mance on the Go/NoGo task. Given the nodes in our network model, the
DCM Network Discovery analysis revealed that prefrontal-striatal
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connectivities were modulated during the NoGo conditions for both
groups, consistent with the theory that successful inhibition is related
to top-down control by a prefrontal, reflective system over a subcortical,
impulsive system. While the effective connectivity from L ACC to L cau-
date was similarly modulated during the Easy NoGo condition for both
groups, differences in connectivity were observed during Hard NoGo
trials between groups. In the control group, the effective connectivity
from R VLPFC to L caudate was negatively modulated while the R
DLPFC to L caudate was positively modulated during the Hard NoGo
condition; there were no modulation effects on these two connectivities
during the Hard NoGo condition in the CD group. In the CD group, the
effective connectivity from L ACC to L caudate was negatively modulat-
ed during the Hard NoGo condition; there was no modulation effect on
this network during the Hard NoGo condition in the control group.
These results indicate that CD subjects use different patterns of con-
nectivity to achieve behavioral performance similar to control subjects
during Hard NoGo trials.

Acknowledgements

This work is financially supported by National Institute on Drug
Abuse (NIDA) grant nos. RO1 DA034131 (LM), P50DA033935 (KAC/
FGM/LM/JLS), P20 DA024157 (KAC/FGM/JLS/LM), K05 DA020087
(KAC), P50 DA009262 (FGM/JLS/SDL), and P50 DA018197 (TRK), and
MCRR Shared Instrumentation Grant # 1 S10 RR019186-01 (PAN). We
thank Zahra N. Kamdar, Vipulkumar S. (Vips) Patel, and Edward A.
Zuniga for their excellent technical support.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nicl.2015.03.015.

References

Albein-Urios, N., Verdejo-Roman, ], Asensio, S., Soriano-Mas, C., Martinez-Gonzalez, ].M.,
Verdejo-Garcia, A., 2014. Re-appraisal of negative emotions in cocaine dependence:
dysfunctional corticolimbic activation and connectivity. Addict Biol. 19 (3),
415-426. http://dx.doi.org/10.1111/4.1369-1600.2012.00497.x22978709.

Albein-Urios, N., Verdejo-Roman, J., Soriano-Mas, C., Asensio, S., Martinez-Gonzalez,
J-M., Verdejo-Garcia, A., 2013. Cocaine users with comorbid cluster B personality
disorders show dysfunctional brain activation and connectivity in the emotional
regulation networks during negative emotion maintenance and reappraisal. Eur.
Neuropsychopharmacol. 23 (12), 1698-1707. http://dx.doi.org/10.1016/j.
euroneuro.2013.04.01223712090.

Albert, ]., Lopez-Martin, S., Tapia, M., Montoya, D., Carretié, L., 2012. The role of the
anterior cingulate cortex in emotional response inhibition. Hum. Brain Mapp. 33
(9), 2147-2160. http://dx.doi.org/10.1002/hbm.2134721901794.

Alex, K.D., Pehek, E.A., 2007. Pharmacologic mechanisms of serotonergic regulation of
dopamine neurotransmission. Pharmacol. Ther. 113 (2), 296-320. http://dx.doi.org/
10.1016/j.pharmthera.2006.08.00417049611.

American Psychiatric Association, 2000. Diagnostic and Statistical Manual of Mental
Disorders fourth edition, text revision. Psychiatric Association, Washington, DC,
American.

Anastasio, N.C,, Stoffel, E.C,, Fox, R.G., Bubar, MJ,, Rice, K.C., Moeller, F.G., Cunningham,
K.A., 2011. Serotonin (5-hydroxytryptamine) 5-HT(2A) receptor: association with in-
herent and cocaine-evoked behavioral disinhibition in rats. Behav. Pharmacol. 22 (3),
248-261. http://dx.doi.org/10.1097/FBP.0b013e328345f90d21499079.

Anker, ].J., Zlebnik, N.E., Gliddon, L.A., Carroll, M.E., 2009. Performance under a go/no-
go task in rats selected for high and low impulsivity with a delay-discounting
procedure. Behav. Pharmacol. 20 (5-6), 406-414. http://dx.doi.org/10.1097/
FBP.0b013e3283305ea219696658.

Aron, AR, 2011. From reactive to proactive and selective control: developing a richer
model for stopping inappropriate responses. Biol. Psychiatry 69 (12), e55-ee68.
http://dx.doi.org/10.1016/j.biopsych.2010.07.02420932513.

Aron, AR, Robbins, T.W., Poldrack, R.A., 2014. Inhibition and the right inferior frontal cor-
tex: one decade on. Trends Cogn. Sci. 18 (4), 177-185. http://dx.doi.org/10.1016/j.
tics.2013.12.00324440116.

Aron, AR, Schlaghecken, F., Fletcher, P.C., Bullmore, E.T., Eimer, M., Barker, R., Sahakian,
BJ., Robbins, T.W., 2003. Inhibition of subliminally primed responses is mediated by
the caudate and thalamus: evidence from functional MRI and Huntington’s disease.
Brain 126 (3), 713-723. http://dx.doi.org/10.1093/brain/awg06712566291.

Ashburner, J., Friston, K., Kiebel, S., Nichols, T., Penny, W., 2007. Statistical Parametric
Mapping: The Analysis of Functional Brain Images. Elsevier Ltd, Amsterdam, p. 58.

Barros-Loscertales, A., Garavan, H., Bustamante, ].C., Ventura-Campos, N., Llopis, J.J.,
Belloch, V., Parcet, M.A,, Avila, C., 2011. Reduced striatal volume in cocaine-depen-
dent patients. Neuroimage 56 (3), 1021-1026.

Bechara, A., 2005. Decision making, impulse control and loss of willpower to resist drugs:
a neurocognitive perspective. Nat. Neurosci. 8 (11), 1458-1463. http://dx.doi.org/10.
1038/nn158416251988.

Bednarski, S.R,, Zhang, S., Hong, KL, Sinha, R., Rounsaville, BJ., Li, C.S., 2011. Deficits in de-
fault mode network activity preceding error in cocaine dependent individuals. Drug
Alcohol Depend. 119 (3), e51-ee57. http://dx.doi.org/10.1016/j.drugalcdep.2011.05.
02621703783.

Beiser, D.G., Hua, S.E., Houk, ].C., 1997. Network models of the basal ganglia. Curr. Opin.
Neurobiol. 7 (2), 185-190.

Bickel, WK, Miller, M.L,, Yi, R., Kowal, B.P., Lindquist, D.M., Pitcock, ].A., 2007. Behavioral
and neuroeconomics of drug addiction: competing neural systems and temporal
discounting processes. Drug Alcohol Depend. 90 (Suppl. 1), S85-SS91. http://dx.doi.
org/10.1016/j.drugalcdep.2006.09.01617101239.

Bitan, T., Booth, J.R., Choy, J., Burman, D.D., Gitelman, D.R., Mesulam, M.M., 2005. Shifts
of effective connectivity within a language network during rhyming and spelling.
J. Neurosci. 25 (22), 5397-5403. http://dx.doi.org/10.1523/JNEUROSCI.0864-05.
200515930389.

Botvinick, M., Nystrom, L.E., Fissell, K., Carter, C.S., Cohen, ].D., 1999. Conflict monitoring
versus selection-for-action in anterior cingulate cortex. Nature 402 (6758),
179-181. http://dx.doi.org/10.1038/4603510647008.

Bubar, M.J., Cunningham, K.A., 2007. Distribution of serotonin 5-HT2C receptors in the
ventral tegmental area. Neuroscience 146 (1), 286-297. http://dx.doi.org/10.1016/j.
neuroscience.2006.12.07117367945.

Bubar, M., Cunningham, K.A., 2008. Prospects for serotonin 5-HT2R pharmacotherapy in
psychostimulant abuse. Prog. Brain Res. 172, 319-346. http://dx.doi.org/10.1016/
S0079-6123(08)00916-318772040.

Buchsbaum, B.R,, Greer, S., Chang, W.L,, Berman, K.F., 2005. Meta-analysis of neuroimag-
ing studies of the Wisconsin card-sorting task and component processes. Hum.
Brain Mapp. 25 (1), 35-45. http://dx.doi.org/10.1002/hbm.2012815846821.

Buckholtz, JW., Treadway, M.T., Cowan, R.L, Woodward, N.D., Li, R, Ansari, M.S., Baldwin,
R.M.,, Schwartzman, A.N,, Shelby, E.S., Smith, C.E., Kessler, R M., Zald, D.H., 2010. Dopami-
nergic network differences in human impulsivity. Science 329 (5991), 532. http://dx.
doi.org/10.1126/science.118577820671181.

Button, K.S., loannidis, ].P., Mokrysz, C., Nosek, B.A., Flint, J., Robinson, E.S., Munafo,
M.R., 2013. Power failure: why small sample size undermines the reliability of
neuroscience. Nat. Rev. Neurosci. 14 (5), 365-376. http://dx.doi.org/10.1038/
nrn347523571845.

Carli, M., Invernizzi, RW., 2014. Serotoninergic and dopaminergic modulation of cortico-
striatal circuit in executive and attention deficits induced by NMDA receptor
hypofunction in the 5-choice serial reaction time task. Front. Neural Circuits 8, 58.
http://dx.doi.org/10.3389/fncir.2014.0005824966814.

Chamberlain, S.R,, Sahakian, B.J., 2007. The neuropsychiatry of impulsivity. Curr. Opin. Psy-
chiatry 20 (3), 255-261. http://dx.doi.org/10.1097/YCO.0b013e3280ba498917415079.

Chikazoe, ]., 2010. Localizing performance of go/no-go tasks to prefrontal cortical subre-
gions. Curr. Opin. Psychiatry 23 (3), 267-272. http://dx.doi.org/10.1097/YCO.
0b013e3283387a9f20308899.

Cisler, J.M.,, Elton, A., Kennedy, A.P., Young, ]., Smitherman, S., Andrew James, G, Kilts, C.D.,
2013. Altered functional connectivity of the insular cortex across prefrontal networks
in cocaine addiction. Psychiatry Res. 213 (1), 39-46. http://dx.doi.org/10.1016/j.
pscychresns.2013.02.00723684980.

Colzato, LS., van den Wildenberg, W.P., Hommel, B., 2007. Impaired inhibitory control in
recreational cocaine users. PLOS One 2 (11), e1143. http://dx.doi.org/10.1371/
journal.pone.000114317989775.

Connolly, C.G., Foxe, ].J., Nierenberg, ., Shpaner, M., Garavan, H., 2012. The neuro-
biology of cognitive control in successful cocaine abstinence. Drug Alcohol
Depend. 121 (1-2), 45-53. http://dx.doi.org/10.1016/j.drugalcdep.2011.08.
00721885214.

Cornea-Hébert, V., Riad, M., Wu, C,, Singh, S.K., Descarries, L., 1999. Cellular and subcellu-
lar distribution of the serotonin 5-HT2A receptor in the central nervous system of
adult rat. J. Comp. Neurol. 409 (2), 187-209. http://dx.doi.org/10.1002/(SICI)1096-
9861(19990628)409:2<187::AID-CNE2>3.0.C0O;2-P10379914.

Cox, RW., 1996. AFNI: software for analysis and visualization of functional magnetic res-
onance neuroimages. Comput. Biomed. Res. 29 (3), 162-173. http://dx.doi.org/10.
1006/cbmr.1996.00148812068.

Criaud, M., Boulinguez, P., 2013. Have we been asking the right questions when assessing
response inhibition in go/no-go tasks with fMRI? A meta-analysis and critical review.
Neurosci. Biobehav. Rev. 37 (1), 11-23. http://dx.doi.org/10.1016/j.neubiorev.2012.
11.00323164813.

Cunningham, K.A., Anastasio, N.C., 2014. Serotonin at the nexus of impulsivity and cue re-
activity in cocaine addiction. Neuropharmacology 76 (Pt B), 460-478. http://dx.doi.
org/10.1016/j.neuropharm.2013.06.030 [Pubmed: 23850573].

Dalley, ].W., Everitt, BJ., Robbins, T.W., 2011. Impulsivity, compulsivity, and top-down
cognitive control. Neuron 69 (4), 680-694. http://dx.doi.org/10.1016/j.neuron.2011.
01.02021338879.

Daunizeau, J., Friston, KJ., Kiebel, S.J., 2009. Variational Bayesian identification and predic-
tion of stochastic nonlinear dynamic causal models. Physica D 238, 2089-2118.
http://dx.doi.org/10.1016/j.physd.2009.08.00219862351.

Daunizeau, ]., Lemieux, L., Vaudano, A.E., Friston, K., Stephan, K.E., 2012a. An electro-
physiological validation of stochastic DCM for fMRI. Front. Comput. Neurosci. 6,
103. http://dx.doi.org/10.3389/fncom.2012.0010323346055.

Daunizeau, J., Stephan, K.E., Friston, K.J., 2012b. Stochastic dynamic causal modeling of
fMRI data: should we care about neural noise? Neuroimage 62 (1), 464-481.
http://dx.doi.org/10.1016/j.neuroimage.2012.04.06122579726.


http://dx.doi.org/10.1016/j.nicl.2015.03.015
http://dx.doi.org/10.1016/j.nicl.2015.03.015
http://www.ncbi.nlm.nih.gov/pubmed/22978709
http://dx.doi.org/10.1016/j.euroneuro.2013.04.012
http://www.ncbi.nlm.nih.gov/pubmed/23712090
http://www.ncbi.nlm.nih.gov/pubmed/21901794
http://www.ncbi.nlm.nih.gov/pubmed/17049611
http://refhub.elsevier.com/S2213-1582(15)00057-1/bb5
http://refhub.elsevier.com/S2213-1582(15)00057-1/bb5
http://refhub.elsevier.com/S2213-1582(15)00057-1/bb5
http://www.ncbi.nlm.nih.gov/pubmed/21499079
http://dx.doi.org/10.1097/FBP.0b013e3283305ea2
http://www.ncbi.nlm.nih.gov/pubmed/19696658
http://www.ncbi.nlm.nih.gov/pubmed/20932513
http://dx.doi.org/10.1016/j.tics.2013.12.003
http://www.ncbi.nlm.nih.gov/pubmed/24440116
http://www.ncbi.nlm.nih.gov/pubmed/12566291
http://refhub.elsevier.com/S2213-1582(15)00057-1/bb12
http://refhub.elsevier.com/S2213-1582(15)00057-1/bb12
http://refhub.elsevier.com/S2213-1582(15)00057-1/rf9000
http://refhub.elsevier.com/S2213-1582(15)00057-1/rf9000
http://dx.doi.org/10.1038/nn1584
http://www.ncbi.nlm.nih.gov/pubmed/16251988
http://dx.doi.org/10.1016/j.drugalcdep.2011.05.026
http://www.ncbi.nlm.nih.gov/pubmed/21703783
http://refhub.elsevier.com/S2213-1582(15)00057-1/rf9011
http://refhub.elsevier.com/S2213-1582(15)00057-1/rf9011
http://www.ncbi.nlm.nih.gov/pubmed/17101239
http://dx.doi.org/10.1523/JNEUROSCI.0864-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/15930389
http://www.ncbi.nlm.nih.gov/pubmed/10647008
http://dx.doi.org/10.1016/j.neuroscience.2006.12.071
http://www.ncbi.nlm.nih.gov/pubmed/17367945
http://dx.doi.org/10.1016/S0079-6123(08)00916-3
http://www.ncbi.nlm.nih.gov/pubmed/18772040
http://www.ncbi.nlm.nih.gov/pubmed/15846821
http://www.ncbi.nlm.nih.gov/pubmed/20671181
http://dx.doi.org/10.1038/nrn3475
http://www.ncbi.nlm.nih.gov/pubmed/23571845
http://www.ncbi.nlm.nih.gov/pubmed/24966814
http://www.ncbi.nlm.nih.gov/pubmed/17415079
http://dx.doi.org/10.1097/YCO.0b013e3283387a9f
http://www.ncbi.nlm.nih.gov/pubmed/20308899
http://dx.doi.org/10.1016/j.pscychresns.2013.02.007
http://www.ncbi.nlm.nih.gov/pubmed/23684980
http://dx.doi.org/10.1371/journal.pone.0001143
http://www.ncbi.nlm.nih.gov/pubmed/17989775
http://dx.doi.org/10.1016/j.drugalcdep.2011.08.007
http://www.ncbi.nlm.nih.gov/pubmed/21885214
http://dx.doi.org/10.1002/(SICI)1096-9861(19990628)409:2<187::AID-CNE2&gt/;3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1096-9861(19990628)409:2<187::AID-CNE2&gt/;3.0.CO;2-P
http://dx.doi.org/10.1002/(SICI)1096-9861(19990628)409:2<187::AID-CNE2&gt/;3.0.CO;2-P
http://www.ncbi.nlm.nih.gov/pubmed/10379914
http://dx.doi.org/10.1006/cbmr.1996.0014
http://www.ncbi.nlm.nih.gov/pubmed/8812068
http://dx.doi.org/10.1016/j.neubiorev.2012.11.003
http://www.ncbi.nlm.nih.gov/pubmed/23164813
http://dx.doi.org/10.1016/j.neuropharm.2013.06.030
http://www.ncbi.nlm.nih.gov/pubmed/23850573
http://dx.doi.org/10.1016/j.neuron.2011.01.020
http://www.ncbi.nlm.nih.gov/pubmed/21338879
http://www.ncbi.nlm.nih.gov/pubmed/19862351
http://www.ncbi.nlm.nih.gov/pubmed/23346055
http://www.ncbi.nlm.nih.gov/pubmed/22579726

846 L. Ma et al. / Neurolmage: Clinical 7 (2015) 837-847

Deserno, L., Sterzer, P., Wiistenberg, T., Heinz, A., Schlagenhauf, F., 2012. Reduced prefrontal-
parietal effective connectivity and working memory deficits in schizophrenia.
J. Neurosci. 32 (1), 12-20. http://dx.doi.org/10.1523/JNEUROSCIL.3405-11.
201222219266.

Dima, D., Roiser, ].P., Dietrich, D.E., Bonnemann, C., Lanfermann, H., Emrich, H.M., Dillo, W.,
2009. Understanding why patients with schizophrenia do not perceive the hollow-
mask illusion using dynamic causal modelling. Neuroimage 46 (4), 1180-1186.
http://dx.doi.org/10.1016/j.neuroimage.2009.03.03319327402.

DiQuattro, N.E., Geng, ].J., 2011. Contextual knowledge configures attentional control net-
works. J. Neurosci. 31 (49), 18026-18035. http://dx.doi.org/10.1523/J]NEUROSCI.
4040-11.201122159116.

Doherty, M.D., Pickel, V.M., 2000. Ultrastructural localization of the serotonin 2A receptor
in dopaminergic neurons in the ventral tegmental area. Brain Res. 864 (2), 176-185.
http://dx.doi.org/10.1016/S0006-8993(00)02062-X10802024.

Eberle-Wang, K., Mikeladze, Z., Uryu, K., Chesselet, M.F., 1997. Pattern of expression of the
serotonin2C receptor messenger RNA in the basal ganglia of adult rats. J. Comp.
Neurol. 384 (2), 233-2479215720.

Ersche, K.D., Barnes, A, Jones, P.S., Morein-Zamir, S., Robbins, T.W., Bullmore, E.T., 2011.
Abnormal structure of frontostriatal brain systems is associated with aspects of im-
pulsivity and compulsivity in cocaine dependence. Brain 134 (7), 2013-2024.
http://dx.doi.org/10.1093/brain/awr13821690575.

Feil, ], Sheppard, D., Fitzgerald, P.B.,, Yiicel, M., Lubman, D.I, Bradshaw, J.L., 2010. Addic-
tion, compulsive drug seeking, and the role of frontostriatal mechanisms in regulat-
ing inhibitory control. Neurosci. Biobehav. Rev. 35 (2), 248-275. http://dx.doi.org/
10.1016/j.neubiorev.2010.03.00120223263.

Fillmore, M.T., Rush, CR., 2002. Impaired inhibitory control of behavior in chronic cocaine
users. Drug Alcohol Depend. 66 (3), 265-273. http://dx.doi.org/10.1016/S0376-
8716(01)00206-X12062461.

Fillmore, M.T., Rush, C.R., Hays, L., 2002. Acute effects of oral cocaine on inhibitory control
of behavior in humans. Drug Alcohol Depend. 67 (2), 157-167. http://dx.doi.org/10.
1016/S0376-8716(02)00062-512095665.

Fineberg, N.A., Potenza, M.N., Chamberlain, S.R., Berlin, H.A., Menzies, L., Bechara, A.,
Sahakian, B.J., Robbins, T.W., Bullmore, E.T., Hollander, E., 2010. Probing compulsive
and impulsive behaviors, from animal models to endophenotypes: a narrative re-
view. Neuropsychopharmacology 35 (3), 591-604. http://dx.doi.org/10.1038/npp.
2009.18519940844.

First, M.B., Spitzer, R.L., Gibbon, M., Williams, J.B.W., 1996. Structured Clinical Interview
for DSM-IV Axis I Disorders — Patient Edition (SCID-I/P, Version 2.0). Biometrics Re-
search Department, New York State Psychiatric Institute, New York.

Forman, S.D., Dougherty, G.G., Casey, B]., Siegle, GJ., Braver, T.S., Barch, D.M,, Stenger, V.A,,
Wick-Hull, C,, Pisarov, L.A., Lorensen, E., 2004. Opiate addicts lack error-dependent
activation of rostral anterior cingulate. Biol. Psychiatry 55 (5), 531-537. http://dx.
doi.org/10.1016/j.biopsych.2003.09.01115023582.

Friston, K., Harrison, L., Penny, W., 2003. Dynamic causal modelling. Neuroimage 19 (4),
1273-1302. http://dx.doi.org/10.1016/5S1053-8119(03)00202-712948688.

Friston, K., Li, B., Daunizeau, J., Stephan, K.E., 2011. Network discovery with DCM.
Neuroimage 56 (3), 1202-1221. http://dx.doi.org/10.1016/j.neuroimage.2010.12.
03921182971.

Friston, KJ., Penny, W., 2011. Post hoc Bayesian model selection. Neuroimage 56 (4),
2089-2099. http://dx.doi.org/10.1016/j.neuroimage.2011.03.06221459150.

Fuster, .M., 1997. Network memory. Trends Neurosci. 20 (10), 451-459.

Fuster, ].M., 2008. The Prefrontal Cortex fourth edition. Elsevier Ltd, Amsterdam, pp. 7-58.

Garavan, H., Hester, R., 2007. The role of cognitive control in cocaine dependence.
Neuropsychol. Rev. 17 (3), 337-345. http://dx.doi.org/10.1007/s11065-007-9034-
x17680368.

Gescheider, G.A., 1985. Psychophysics: Method, Theory, and Application. Erlbaum,
Hillsdale, NJ.

Ghahremani, D.G., Lee, B., Robertson, C.L., Tabibnia, G., Morgan, A.T., De Shetler, N., Brown,
ALK, Monterosso, J.R., Aron, A.R., Mandelkern, M.A,, Poldrack, R.A., London, E.D., 2012.
Striatal dopamine D2/D3 receptors mediate response inhibition and related activity
in frontostriatal neural circuitry in humans. J. Neurosci. 32 (21), 7316-7324. http://
dx.doi.org/10.1523/JNEUROSCL4284-11.201222623677.

Gu, H., Salmeron, B.J., Ross, T.J., Geng, X., Zhan, W., Stein, E.A., Yang, Y., 2010.
Mesocorticolimbic circuits are impaired in chronic cocaine users as demonstrated
by resting-state functional connectivity. Neuroimage 53 (2), 593-601.

Hanlon, CA., Wesley, M., Stapleton, J.R., Laurienti, P.J., Porrino, LJ., 2011. The association
between frontal-striatal connectivity and sensorimotor control in cocaine users. Drug
Alcohol Depend. 115 (3), 240-243.

Heatherton, T.F., Wagner, D.D., 2011. Cognitive neuroscience of self-regulation failure. Trends
Cogn. Sci. 15 (3), 132-139. http://dx.doi.org/10.1016/j.tics.2010.12.00521273114.

Holman, B.L, Carvalho, P.A., Mendelson, ]., Teoh, S.K., Nardin, R,, Hallgring, E., Hebben, N.,
Johnson, KA., 1991. Brain perfusion is abnormal in cocaine-dependent polydrug users:
a study using technetium-99m-Hmpao and aspect. J. Nucl. Med. 32 (6), 1206-1210.

Holman, B.L., Mendelson, J., Garada, B., Teoh, S.K., Hallgring, E., Johnson, K.A., Mello, N.K.,
1993. Regional cerebral blood flow improves with treatment in chronic cocaine
polydrug users. J. Nucl. Med. 34 (5), 723-727.

Holmes, A.P., Friston, K., 1998. Generalisability, random effects and population inference.
Neuroimage 7, S754.

Howell, LL., Cunningham, K.A., 2015. Serotonin 5-HT2 receptor interactions with dopa-
mine function: implications for therapeutics in cocaine use disorder. Pharmacol.
Rev. 67 (1), 176-197. http://dx.doi.org/10.1124/pr.114.00951425505168.

lannetti, G.D., Wise, R.G., 2007. Bold functional MRI in disease and pharmacological stud-
ies: room for improvement? Magn. Reson. Imaging 25 (6), 978-988.

Kaufman, J.N,, Ross, T.]., Stein, E.A., Garavan, H., 2003. Cingulate hypoactivity in cocaine
users during a GO-NOGO task as revealed by event-related functional magnetic res-
onance imaging. J. Neurosci. 23 (21), 7839-784312944513.

Kosofsky, B.E., Molliver, M.E., 1987. The serotoninergic innervation of cerebral cortex: dif-
ferent classes of axon terminals arise from dorsal and median raphe nuclei. Synapse 1
(2), 153-168. http://dx.doi.org/10.1002/syn.8900102042463687.

Kriiger, G., Kastrup, A, Glover, G.H., 2001. Neuroimaging at 1.5 T and 3.0 T: comparison of
oxygenation-sensitive magnetic resonance imaging. Magn. Reson. Med. 45 (4),
595-604. http://dx.doi.org/10.1002/mrm.108111283987.

Lane, S.D., Moeller, F.G., Steinberg, J.L., Buzby, M., Kosten, T.R., 2007. Performance of co-
caine dependent individuals and controls on a response inhibition task with varying
levels of difficulty. Am. ]. Drug Alcohol Abus. 33 (5), 717-726. http://dx.doi.org/10.
1080/0095299070152272417891664.

Levin, ].M., Holman, B.L., Mendelson, ].H., Teoh, S.K., Garada, B., Johnson, K.A,, Springer, S.,
1994. Gender differences in cerebral perfusion in cocaine abuse: Technetium-99m-
Hmpao spect study of drug-abusing women. J. Nucl. Med. 35 (12), 1902-1909.

Li, B,, Daunizeau, J., Stephan, K.E., Penny, W., Hu, D., Friston, K., 2011. Generalised filtering
and stochastic DCM for fMRI. Neuroimage 58 (2), 442-457. http://dx.doi.org/10.
1016/j.neuroimage.2011.01.08521310247.

Li, CS., Huang, C., Constable, R.T,, Sinha, R., 2006a. Imaging response inhibition in a stop-
signal task: neural correlates independent of signal monitoring and post-response
processing. J. Neurosci. 26 (1), 186-192. http://dx.doi.org/10.1523/JNEUROSCI.
3741-05.2006.

Li, CS., Huang, C, Yan, P., Bhagwagar, Z., Milivojevic, V., Sinha, R., 2008a. Neural correlates
of impulse control during stop signal inhibition in cocaine-dependent men.
Neuropsychopharmacology 33 (8), 1798-1806. http://dx.doi.org/10.1038/sj.npp.
130156817895916.

Li, C.S., Milivojevic, V., Kemp, K., Hong, K., Sinha, R., 2006b. Performance monitoring
and stop signal inhibition in abstinent patients with cocaine dependence. Drug
Alcohol Depend. 85 (3), 205-212. http://dx.doi.org/10.1016/j.drugalcdep.2006.
04.00816725282.

Li, CS., Yan, P, Sinha, R,, Lee, T.W., 2008b. Subcortical processes of motor response inhibi-
tion during a stop signal task. Neuroimage 41 (4), 1352-1363. http://dx.doi.org/10.
1016/j.neuroimage.2008.04.02318485743.

Liu, S., Bubar, M., Lanfranco, M.F., Hillman, G.R., Cunningham, K.A., 2007. Serotonin2C re-
ceptor localization in GABA neurons of the rat medial prefrontal cortex: implications
for understanding the neurobiology of addiction. Neuroscience 146 (4), 1677-1688.
http://dx.doi.org/10.1016/j.neuroscience.2007.02.06417467185.

L6pez-Giménez, ].F., Mengod, G., Palacios, ].M.,, Vilaré, M.T., 1997. Selective visualization of
rat brain 5-HT2A receptors by autoradiography with [3H]MDL 100,907. Naunyn
Schmiedebergs Arch. Pharmacol. 356 (4), 446-454. http://dx.doi.org/10.1007/
PL000050759349630.

Lu, H,, Zou, Q., Chefer, S., Ross, T.J., Vaupel, D.B., Guillem, K., Rea, W.P., Yang, Y., Peoples,
L.L, Stein, E.A., 2014. Abstinence from cocaine and sucrose self-administration reveals
altered mesocorticolimbic circuit connectivity by resting state MRI. Brain Connectiv-
ity 4 (7), 499-510. http://dx.doi.org/10.1089/brain.2014.026424999822.

Ma, L., Hasan, K.M.,, Steinberg, J.L., Narayana, P.A.,, Lane, S.D., Zuniga, E.A., Kramer, LA.,
Moeller, F.G., 2009. Diffusion tensor imaging in cocaine dependence: regional effects
of cocaine on corpus callosum and effect of cocaine administration route. Drug Alco-
hol Depend. 104 (3), 262-267.

Ma, L, Steinberg, J.L, Cunningham, K.A,, Lane, S.D., Kramer, L.A,, Narayana, P.A,, Kosten, T.R,,
Bechara, A., Moeller, F.G., 2014b. Inhibitory behavioral control: a stochastic dynamic
causal modeling study using network discovery analysis. Brain Connectivity25336321.

Ma, L., Steinberg, J.L., Hasan, K.M., Narayana, P.A., Kramer, L.A., Moeller, F.G., 2012. Work-
ing memory load modulation of parieto-frontal connections: evidence from dynamic
causal modeling. Hum. Brain Mapp. 33 (8), 1850-1867. http://dx.doi.org/10.1002/
hbm.2132921692148.

Ma, L, Steinberg, ].L., Hasan, K.M., Narayana, P.A., Kramer, LA., Moeller, F.G., 2014a. Stochastic
dynamic causal modeling of working memory connections in cocaine dependence.
Hum. Brain Mapp. 35 (3), 760-778. http://dx.doi.org/10.1002/hbm.2221223151990.

MacDonald 3rd, AW., Cohen, ].D., Stenger, V.A., Carter, C.S., 2000. Dissociating the role of
the dorsolateral prefrontal and anterior cingulate cortex in cognitive control. Science
288 (5472), 1835-1838. http://dx.doi.org/10.1126/science.288.5472.183510846167.

Maldjian, J.A., Laurienti, P.J., Burdette, ].H., 2004. Precentral gyrus discrepancy in electronic
versions of the Talairach atlas. Neuroimage 21 (1), 450-455. http://dx.doi.org/10.
1016/j.neuroimage.2003.09.03214741682.

Maldjian, J.A., Laurienti, P.J., Kraft, R.A., Burdette, ].H., 2003. An automated method for
neuroanatomic and cytoarchitectonic atlas-based interrogation of fMRI data sets.
Neuroimage 19 (3), 1233-1239. http://dx.doi.org/10.1016/S1053-8119(03)00169-
112880848.

McHugh, M.J,, Demers, C.H., Braud, J., Briggs, R., Adinoff, B., Stein, E.A., 2013. Striatal-insula
circuits in cocaine addiction: implications for impulsivity and relapse risk. Am.
J. Drug Alcohol Abus. 39 (6), 424-432. http://dx.doi.org/10.3109/00952990.
2013.84744624200212.

McHugh, M.J., Demers, C.H., Salmeron, B.J., Devous Sr., M.D., Stein, E.A., Adinoff, B., 2014.
Cortico-amygdala coupling as a marker of early relapse risk in cocaine-addicted individ-
uals. Front. Psychiatry 5, 16. http://dx.doi.org/10.3389/fpsyt.2014.0001624578695.

McLellan, A.T., Kushner, H., Metzger, D., Peters, R., Smith, I., Grissom, G., Pettinati, H.,
Argeriou, M., 1992. The fifth edition of the addiction severity index. ]. Subst.
Abus. Treat. 9 (3), 199-213. http://dx.doi.org/10.1016/0740-5472(92)90062-
S1334156.

Mitchell, M.R., Balodis, .M., Devito, E.E., Lacadie, C.M., Yeston, J., Scheinost, D., Constable,
R.T., Carroll, KM, Potenza, M.N., 2013. A preliminary investigation of stroop-related
intrinsic connectivity in cocaine dependence: associations with treatment outcomes.
Am. J. Drug Alcohol Abus. 39 (6), 392-402. http://dx.doi.org/10.3109/00952990.
2013.84171124200209.

Moeller, F.G., Barratt, E.S., Dougherty, D.M., Schmitz, ].M., Swann, A.C,, 2001a. Psychiatric
aspects of impulsivity. Am. J. Psychiatry 158 (11), 1783-1793. http://dx.doi.org/10.
1176/appi.ajp.158.11.1783.


http://dx.doi.org/10.1523/JNEUROSCI.3405-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22219266
http://www.ncbi.nlm.nih.gov/pubmed/19327402
http://dx.doi.org/10.1523/JNEUROSCI.4040-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22159116
http://www.ncbi.nlm.nih.gov/pubmed/10802024
http://www.ncbi.nlm.nih.gov/pubmed/9215720
http://www.ncbi.nlm.nih.gov/pubmed/21690575
http://www.ncbi.nlm.nih.gov/pubmed/20223263
http://dx.doi.org/10.1016/S0376-8716(01)00206-X
http://www.ncbi.nlm.nih.gov/pubmed/12062461
http://dx.doi.org/10.1016/S0376-8716(02)00062-5
http://www.ncbi.nlm.nih.gov/pubmed/12095665
http://dx.doi.org/10.1038/npp.2009.185
http://www.ncbi.nlm.nih.gov/pubmed/19940844
http://refhub.elsevier.com/S2213-1582(15)00057-1/bb58
http://refhub.elsevier.com/S2213-1582(15)00057-1/bb58
http://refhub.elsevier.com/S2213-1582(15)00057-1/bb58
http://www.ncbi.nlm.nih.gov/pubmed/15023582
http://www.ncbi.nlm.nih.gov/pubmed/12948688
http://dx.doi.org/10.1016/j.neuroimage.2010.12.039
http://www.ncbi.nlm.nih.gov/pubmed/21182971
http://www.ncbi.nlm.nih.gov/pubmed/21459150
http://refhub.elsevier.com/S2213-1582(15)00057-1/rf9013
http://refhub.elsevier.com/S2213-1582(15)00057-1/bb64
http://dx.doi.org/10.1007/s11065-007-9034-x
http://www.ncbi.nlm.nih.gov/pubmed/17680368
http://refhub.elsevier.com/S2213-1582(15)00057-1/bb66
http://refhub.elsevier.com/S2213-1582(15)00057-1/bb66
http://www.ncbi.nlm.nih.gov/pubmed/22623677
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref68
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref68
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref69
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref69
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref69
http://www.ncbi.nlm.nih.gov/pubmed/21273114
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref71
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref71
http://refhub.elsevier.com/S2213-1582(15)00057-1/rf9014
http://refhub.elsevier.com/S2213-1582(15)00057-1/rf9014
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref72
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref72
http://www.ncbi.nlm.nih.gov/pubmed/25505168
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref49
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref49
http://www.ncbi.nlm.nih.gov/pubmed/12944513
http://www.ncbi.nlm.nih.gov/pubmed/2463687
http://www.ncbi.nlm.nih.gov/pubmed/11283987
http://dx.doi.org/10.1080/00952990701522724
http://www.ncbi.nlm.nih.gov/pubmed/17891664
http://refhub.elsevier.com/S2213-1582(15)00057-1/rf9015
http://refhub.elsevier.com/S2213-1582(15)00057-1/rf9015
http://dx.doi.org/10.1016/j.neuroimage.2011.01.085
http://www.ncbi.nlm.nih.gov/pubmed/21310247
http://dx.doi.org/10.1523/JNEUROSCI.3741-05.2006
http://dx.doi.org/10.1523/JNEUROSCI.3741-05.2006
http://dx.doi.org/10.1038/sj.npp.1301568
http://www.ncbi.nlm.nih.gov/pubmed/17895916
http://dx.doi.org/10.1016/j.drugalcdep.2006.04.008
http://www.ncbi.nlm.nih.gov/pubmed/16725282
http://dx.doi.org/10.1016/j.neuroimage.2008.04.023
http://www.ncbi.nlm.nih.gov/pubmed/18485743
http://www.ncbi.nlm.nih.gov/pubmed/17467185
http://dx.doi.org/10.1007/PL00005075
http://www.ncbi.nlm.nih.gov/pubmed/9349630
http://www.ncbi.nlm.nih.gov/pubmed/24999822
http://refhub.elsevier.com/S2213-1582(15)00057-1/rf9016
http://refhub.elsevier.com/S2213-1582(15)00057-1/rf9016
http://refhub.elsevier.com/S2213-1582(15)00057-1/rf9016
http://www.ncbi.nlm.nih.gov/pubmed/25336321
http://dx.doi.org/10.1002/hbm.21329
http://www.ncbi.nlm.nih.gov/pubmed/21692148
http://www.ncbi.nlm.nih.gov/pubmed/23151990
http://www.ncbi.nlm.nih.gov/pubmed/10846167
http://dx.doi.org/10.1016/j.neuroimage.2003.09.032
http://www.ncbi.nlm.nih.gov/pubmed/14741682
http://dx.doi.org/10.1016/S1053-8119(03)00169-1
http://www.ncbi.nlm.nih.gov/pubmed/12880848
http://dx.doi.org/10.3109/00952990.2013.847446
http://www.ncbi.nlm.nih.gov/pubmed/24200212
http://www.ncbi.nlm.nih.gov/pubmed/24578695
http://dx.doi.org/10.1016/0740-5472(92)90062-S
http://www.ncbi.nlm.nih.gov/pubmed/1334156
http://dx.doi.org/10.3109/00952990.2013.841711
http://www.ncbi.nlm.nih.gov/pubmed/24200209
http://dx.doi.org/10.1176/appi.ajp.158.11.1783
http://dx.doi.org/10.1176/appi.ajp.158.11.1783

L. Ma et al. / Neurolmage: Clinical 7 (2015) 837-847 847

Moeller, F.G., Dougherty, D.M,, Barratt, E.S., Schmitz, ].M., Swann, A.C,, Grabowski, J., 2001b.
The impact of impulsivity on cocaine use and retention in treatment. J. Subst. Abus.
Treat. 21 (4), 193-198. http://dx.doi.org/10.1016/S0740-5472(01)00202-111777668.

Moeller, F.G., Hasan, KM, Steinberg, J.L., Kramer, L.A., Dougherty, D.M., Santos, R.M,, Valdes,
I, Swann, A.C,, Barratt, E.S., Narayana, P.A., 2005. Reduced anterior corpus callosum
white matter integrity is related to increased impulsivity and reduced discriminability
in cocaine-dependent subjects: diffusion tensor imaging. Neuropsychopharmacology
30 (3), 610-617.

Mostofsky, S.H., Schafer, ]J.G., Abrams, M.T., Goldberg, M.C., Flower, A.A., Boyce, A.,
Courtney, S.M., Calhoun, V.D., Kraut, M.A,, Denckla, M.B., Pekar, ].J., 2003. FMRI evi-
dence that the neural basis of response inhibition is task-dependent. Brain Res.
Cogn. Brain Res. 17 (2), 419-430. http://dx.doi.org/10.1016/S0926-6410(03)00144-
712880912.

Murnane, K.S., Gopinath, K.S., Maltbie, E., Daunais, J.B., Telesford, Q.K., Howell, L.L.,
2015. Functional connectivity in frontal-striatal brain networks and cocaine
self-administration in female rhesus monkeys. Psychopharmacology (Berl.)
232, 745-754. http://dx.doi.org/10.1007/s00213-014-3709-925138647.

Nogjar, C., Roth, B.L,, Pehek, E.A., 2002. Localization of 5-HT(2A) receptors on dopamine
cells in subnuclei of the midbrain A10 cell group. Neuroscience 111 (1), 163-176.
http://dx.doi.org/10.1016/S0306-4522(01)00593-011955720.

Noél, X., Brevers, D., Bechara, A., 2013. A neurocognitive approach to understanding the
neurobiology of addiction. Curr. Opin. Neurobiol. 23 (4), 632-638. http://dx.doi.org/
10.1016/j.conb.2013.01.01823395462.

Norris, D.G., Zysset, S., Mildner, T., Wiggins, CJ., 2002. An investigation of the value of
spin-echo-based fMRI using a Stroop color-word matching task and EPI at 3 T.
Neuroimage 15 (3), 719-726. http://dx.doi.org/10.1006/nimg.2001.100511848715.

Paine, T.A., Dringenberg, H.C., Olmstead, M.C., 2003. Effects of chronic cocaine on
impulsivity: relation to cortical serotonin mechanisms. Behav. Brain Res. 147 (1-2),
135-147. http://dx.doi.org/10.1016/S0166-4328(03)00156-614659579.

Paine, T.A., Olmstead, M.C., 2004. Cocaine disrupts both behavioural inhibition and condi-
tional discrimination in rats. Psychopharmacology (Berl.) 175 (4), 443-450. http://
dx.doi.org/10.1007/s00213-004-1845-315064915.

Petrides, M., 2005. Lateral prefrontal cortex: architectonic and functional organization.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 360 (1456), 781-795. http://dx.doi.org/10.
1098/rstb.2005.163115937012.

Pompeiano, M., Palacios, J.M., Mengod, G., 1994. Distribution of the serotonin 5-HT2 receptor
family mRNAs: comparison between 5-HT2A and 5-HT2C receptors. Brain Res.
Mol. Brain Res. 23 (1-2), 163-178. http://dx.doi.org/10.1016/0169-328X(94)90223-
28028479.

Robbins, T.W., Gillan, C.M., Smith, D.G., de Wit, S., Ersche, K.D., 2012. Neurocognitive
endophenotypes of impulsivity and compulsivity: towards dimensional psy-
chiatry. Trends Cogn. Sci. 16 (1), 81-91. http://dx.doi.org/10.1016/j.tics.2011.
11.00922155014.

Santana, N., Bortolozzi, A., Serrats, J., Mengod, G., Artigas, F., 2004. Expression of
serotonin1A and serotonin2A receptors in pyramidal and GABAergic neurons of the
rat prefrontal cortex. Cereb. Cortex 14 (10), 1100-1109. http://dx.doi.org/10.1093/
cercor/bhh07015115744.

Seghier, M.L., Zeidman, P., Neufeld, N.H., Leff, A.P., Price, CJ., 2010. Identifying abnormal
connectivity in patients using dynamic causal modeling of FMRI responses. Front.
Syst. Neurosci. 4. http://dx.doi.org/10.3389/fnsys.2010.0014220838471.

Simmonds, DJ., Pekar, ] J., Mostofsky, S.H., 2008. Meta-analysis of Go/No-go tasks demon-
strating that fMRI activation associated with response inhibition is task-dependent.
Neuropsychologia 46 (1), 224-232. http://dx.doi.org/10.1016/j.neuropsychologia.
2007.07.01517850833.

Stephan, K.E., Marshall, ].C., Penny, W.D., Friston, KJ., Fink, G.R., 2007. Interhemispheric in-
tegration of visual processing during task-driven lateralization. J. Neurosci. 27 (13),
3512-3522. http://dx.doi.org/10.1523/JNEUROSCL4766-06.200717392467.

Stephan, K.E., Penny, W.D., Moran, RJ., den Ouden, H.E., Daunizeau, J., Friston, KJ., 2010.
Ten simple rules for dynamic causal modeling. Neuroimage 49 (4), 3099-3109.
http://dx.doi.org/10.1016/j.neuroimage.2009.11.01519914382.

Strickland, T.L, Mena, I, Villanueva-Meyer, J., Miller, B.L., Cummings, J., Mehringer, C.M,,
Satz, P., Myers, H., 1993. Cerebral perfusion and neuropsychological consequences
of chronic cocaine use. J. Neuropsychiatry Clin. Neurosci. 5 (4), 419-427.

Swick, D., Ashley, V., Turken, U., 2011. Are the neural correlates of stopping and not going
identical? Quantitative meta-analysis of two response inhibition tasks. Neuroimage
56 (3), 1655-1665. http://dx.doi.org/10.1016/j.neuroimage.2011.02.07021376819.

Tomasi, D., Goldstein, R.Z., Telang, F., Maloney, T., Alia-Klein, N., Caparelli, E.C., Volkow,
N.D., 2007. Widespread disruption in brain activation patterns to a working memory
task during cocaine abstinence. Brain Res. 1171, 83-92. http://dx.doi.org/10.1016/j.
brainres.2007.06.10217765877.

Tranel, D., Damasio, H., Denburg, N.L, Bechara, A., 2005. Does gender play a role in func-
tional asymmetry of ventromedial prefrontal cortex? Brain 128 (12), 2872-2881.
http://dx.doi.org/10.1093 /brain/awh64316195242.

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O., Delcroix, N.,
Mazoyer, B., Joliot, M., 2002. Automated anatomical labeling of activations in SPM
using a macroscopic anatomical parcellation of the MNI MRI single-subject brain.
Neuroimage 15 (1), 273-289. http://dx.doi.org/10.1006/nimg.2001.097811771995.

Vélez-Hernandez, M.E., Padilla, E., Gonzalez-Lima, F., Jiménez-Rivera, C.A., 2014. Cocaine
reduces cytochrome oxidase activity in the prefrontal cortex and modifies its func-
tional connectivity with brainstem nuclei. Brain Res. 1542, 56-69. http://dx.doi.org/
10.1016/j.brainres.2013.10.01724505625.

Verdejo-Garcia, A., Contreras-Rodriguez, O., Fonseca, F., Cuenca, A., Soriano-Mas, C.,
Rodriguez, ]., Pardo-Lozano, R., Blanco-Hinojo, L., de Sola Llopis, S., Farré, M.,
Torrens, M., Pujol, J., de la Torre, R., 2014. Functional alteration in frontolimbic sys-
tems relevant to moral judgment in cocaine-dependent subjects. Addict Biol. 19
(2), 272-281. http://dx.doi.org/10.1111/j.1369-1600.2012.00472.x22784032.

Verdejo-Garcia, A., Lawrence, AJ., Clark, L., 2008. Impulsivity as a vulnerability marker for
substance-use disorders: review of findings from high-risk research, problem gam-
blers and genetic association studies. Neurosci. Biobehav. Rev. 32 (4), 777-810.
http://dx.doi.org/10.1016/j.neubiorev.2007.11.00318295884.

Verdejo-Garcia, AJ., Perales, ].C., Pérez-Garcia, M., 2007. Cognitive impulsivity in cocaine
and heroin polysubstance abusers. Addict Behav. 32 (5), 950-966. http://dx.doi.org/
10.1016/j.addbeh.2006.06.03216876962.

Vertes, R.P., Linley, S.B., 2008. Efferent and afferent connections of the dorsal and median
raphe nuclei in the rat. In: Monti, J.M., Pandi-Perumal, S.R., Jacobs, B.L., Nutt, D.]J.
(Eds.), Serotonin and Sleep: Molecular, Functional and Clinical Aspects. Birkhduser,
Basel, pp. 69-102.

Volkow, N.D., Fowler, |.S., Wolf, A.P., Hitzemann, R., Dewey, S., Bendriem, B., Alpert, R.,
Hoff, A, 1991. Changes in brain glucose metabolism in cocaine dependence and with-
drawal. Am. ]. Psychiatry 148 (5), 621-626.

Volkow, N.D., Wang, G,J., Fowler, ].S., Tomasi, D., Telang, F., 2011. Addiction: beyond dopa-
mine reward circuitry. Proc. Natl. Acad. Sci. U. S. A. 108 (37), 15037-15042. http://dx.
doi.org/10.1073/pnas.101065410821402948.

Wang, Y., Ramsey, R., Hamilton, A.F., 2011. The control of mimicry by eye contact is me-
diated by medial prefrontal cortex. J. Neurosci. 31 (33), 12001-12010. http://dx.doi.
org/10.1523/JNEUROSCL0845-11.201121849560.

Wilcox, C.E., Teshiba, T.M., Merideth, F., Ling, ., Mayer, A.R., 2011. Enhanced cue reactivity
and fronto-striatal functional connectivity in cocaine use disorders. Drug Alcohol De-
pend. 115 (1-2), 137-144.

Wilkinson, D., Halligan, P., 2004. The relevance of behavioural measures for functional-
imaging studies of cognition. Nat. Rev. Neurosci. 5 (1), 67-73. http://dx.doi.org/10.
1038/nrn130214708005.

Winstanley, C.A., 2007. The orbitofrontal cortex, impulsivity, and addiction: probing
orbitofrontal dysfunction at the neural, neurochemical, and molecular level. Ann. N.
Y. Acad. Sci. 1121, 639-655. http://dx.doi.org/10.1196/annals.1401.02417846162.

Winstanley, C.A., Olausson, P., Taylor, J.R,, Jentsch, ].D., 2010. Insight into the relationship
between impulsivity and substance abuse from studies using animal models. Alcohol.
Clin. Exp. Res. 34 (8), 1306-1318. http://dx.doi.org/10.1111/j.1530-0277.2010.01215.
x20491734.

Wisner, KM, Patzelt, E.H., Lim, K.O., MacDonald, AW., 2013. An intrinsic connectivity net-
work approach to insula-derived dysfunctions among cocaine users. Am. J. Drug Alcohol
Abus. 39 (6), 403-413. http://dx.doi.org/10.3109/00952990.2013.84821124200210.

Worhunsky, P.D., Stevens, M.C., Carroll, KM., Rounsaville, BJ., Calhoun, V.D., Pearlson,
G.D., Potenza, M.N., 2013. Functional brain networks associated with cognitive
control, cocaine dependence, and treatment outcome. Psychol. Addict Behav. 27
(2), 477-488. http://dx.doi.org/10.1037/a002909222775772.

Zhang, S., Hu, S., Bednarski, S.R., Erdman, E., Li, C.S., 2014. Error-related functional connec-
tivity of the thalamus in cocaine dependence. Neuroimage Clin. 4, 585-592. http://dx.
doi.org/10.1016/j.nicl.2014.01.01524936409.


http://www.ncbi.nlm.nih.gov/pubmed/11777668
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref100
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref100
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref100
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref100
http://dx.doi.org/10.1016/S0926-6410(03)00144-7
http://www.ncbi.nlm.nih.gov/pubmed/12880912
http://www.ncbi.nlm.nih.gov/pubmed/25138647
http://www.ncbi.nlm.nih.gov/pubmed/11955720
http://www.ncbi.nlm.nih.gov/pubmed/23395462
http://www.ncbi.nlm.nih.gov/pubmed/11848715
http://www.ncbi.nlm.nih.gov/pubmed/14659579
http://www.ncbi.nlm.nih.gov/pubmed/15064915
http://dx.doi.org/10.1098/rstb.2005.1631
http://www.ncbi.nlm.nih.gov/pubmed/15937012
http://dx.doi.org/10.1016/0169-328X(94)90223-2
http://www.ncbi.nlm.nih.gov/pubmed/8028479
http://dx.doi.org/10.1016/j.tics.2011.11.009
http://www.ncbi.nlm.nih.gov/pubmed/22155014
http://dx.doi.org/10.1093/cercor/bhh070
http://www.ncbi.nlm.nih.gov/pubmed/15115744
http://www.ncbi.nlm.nih.gov/pubmed/20838471
http://dx.doi.org/10.1016/j.neuropsychologia.2007.07.015
http://www.ncbi.nlm.nih.gov/pubmed/17850833
http://www.ncbi.nlm.nih.gov/pubmed/17392467
http://www.ncbi.nlm.nih.gov/pubmed/19914382
http://refhub.elsevier.com/S2213-1582(15)00057-1/rf9017
http://refhub.elsevier.com/S2213-1582(15)00057-1/rf9017
http://www.ncbi.nlm.nih.gov/pubmed/21376819
http://dx.doi.org/10.1016/j.brainres.2007.06.102
http://www.ncbi.nlm.nih.gov/pubmed/17765877
http://www.ncbi.nlm.nih.gov/pubmed/16195242
http://www.ncbi.nlm.nih.gov/pubmed/11771995
http://www.ncbi.nlm.nih.gov/pubmed/24505625
http://www.ncbi.nlm.nih.gov/pubmed/22784032
http://www.ncbi.nlm.nih.gov/pubmed/18295884
http://www.ncbi.nlm.nih.gov/pubmed/16876962
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref135
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref135
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref135
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref135
http://refhub.elsevier.com/S2213-1582(15)00057-1/rf9018
http://refhub.elsevier.com/S2213-1582(15)00057-1/rf9018
http://www.ncbi.nlm.nih.gov/pubmed/21402948
http://www.ncbi.nlm.nih.gov/pubmed/21849560
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref139
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref139
http://refhub.elsevier.com/S2213-1582(15)00057-1/subref139
http://dx.doi.org/10.1038/nrn1302
http://www.ncbi.nlm.nih.gov/pubmed/14708005
http://www.ncbi.nlm.nih.gov/pubmed/17846162
http://dx.doi.org/10.1111/j.1530-0277.2010.01215.x
http://www.ncbi.nlm.nih.gov/pubmed/20491734
http://www.ncbi.nlm.nih.gov/pubmed/24200210
http://www.ncbi.nlm.nih.gov/pubmed/22775772
http://www.ncbi.nlm.nih.gov/pubmed/24936409

	Virginia Commonwealth University
	VCU Scholars Compass
	2015

	Inhibitory behavioral control: A stochastic dynamic causal modeling study comparing cocaine dependent subjects and controls
	Liangsuo Ma
	Joel L. Steinberg
	Kathryn A. Cunningham
	See next page for additional authors
	Downloaded from
	Authors


	Inhibitory behavioral control: A stochastic dynamic causal modeling study comparing cocaine dependent subjects and controls
	1. Introduction
	2. Methods
	2.1. Subjects
	2.2. Go/NoGo response inhibition task
	2.3. fMRI data acquisition
	2.4. fMRI preprocessing
	2.5. SPM univariate analysis
	2.6. Stochastic dynamic causal modeling
	2.6.1. Regions-of-interest
	2.6.2. Volumes of interest and time series extraction
	2.6.3. DCM network discovery

	2.7. Statistical analyses

	3. Results
	3.1. Behavioral results
	3.2. Contrast-elicited brain activation
	3.3. DCM network discovery analysis

	4. Discussion
	Acknowledgements
	Appendix A. Supplementary data
	References


