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Individual Differences in Attentional Bias Associated with
Cocaine Dependence Are Related to Varying Engagement
of Neural Processing Networks
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Cocaine and other drug dependencies are associated with significant attentional bias for drug use stimuli that represents a candidate
cognitive marker of drug dependence and treatment outcomes. We explored, using fMRI, the role of discrete neural processing
networks in the representation of individual differences in the drug attentional bias effect associated with cocaine dependence (AB-coc)
using a word counting Stroop task with personalized cocaine use stimuli (cocStroop). The cocStroop behavioral and neural responses
were further compared with those associated with a negative emotional word Stroop task (eStroop) and a neutral word counting Stroop
task (cStroop). Brain—behavior correlations were explored using both network-level correlation analysis following independent
component analysis (ICA) and voxel-level, brain-wide univariate correlation analysis. Variation in the attentional bias effect for cocaine
use stimuli among cocaine-dependent men and women was related to the recruitment of two separate neural processing networks
related to stimulus attention and salience attribution (inferior frontal-parietal-ventral insula), and the processing of the negative affective
properties of cocaine stimuli (frontal-temporal—cingulate). Recruitment of a sensory—motor—dorsal insula network was negatively
correlated with AB-coc and suggested a regulatory role related to the sensorimotor processing of cocaine stimuli. The attentional bias
effect for cocaine stimuli and for negative affective word stimuli were significantly correlated across individuals, and both were correlated
with the activity of the frontal-temporal—cingulate network. Functional connectivity for a single prefrontal—striatal-occipital network
correlated with variation in general cognitive control (cStroop) that was unrelated to behavioral or neural network correlates of
cocStroop- or eStroop-related attentional bias. A brain-wide mass univariate analysis demonstrated the significant correlation of
individual attentional bias effect for cocaine stimuli with distributed activations in the frontal, occipitotemporal, parietal, cingulate, and
premotor cortex. These findings support the involvement of multiple processes and brain networks in mediating individual differences in

risk for relapse associated with drug dependence.

component analysis

INTRODUCTION

A pathological motivation for drug use in spite of adverse
consequences is a cardinal feature of drug dependence. The
conditioned association of drug use with people, places, and
things renders these drug-related stimuli as having condi-
tioned incentive motivation. Exposure to such drug stimuli
results in drug craving states and thus represents a major
mechanism of relapse to drug seeking and use behaviors in
drug-dependent individuals (Paliwal et al, 2008; Shadel
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et al, 2011). The conditioned incentive motivation for drug
use stimuli in drug-dependent individuals has been
demonstrated using implicit stimulus processing tasks such
as drug Stroop (Cox et al, 2006) and dot probe (Bradley
et al, 2003) task paradigms as well as stimulus viewing
preference (Moeller et al, 2009). These performance-based
tasks are referred to as measures of attentional bias for drug
use-related stimuli. Drug dependence-related attentional
bias is thought to represent a maladaptive form of value-
driven attentional capture (Anderson et al, 2011) in which
stimuli imbued with value via associative learning capture
attention. Recent research demonstrates that these condi-
tioned motivational responses are associated with momen-
tary temptations to use drugs (Waters et al, 2012), and
predict more temporally extended drug craving, treatment
adherence, and relapse across diverse drugs of abuse,
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including cocaine (Carpenter et al, 2006; Copersino et al,
2004; Hester et al, 2006; Vadhan et al, 2007).

Based on these outcomes, attentional bias for drug-related
stimuli has been proposed to represent a cognitive marker
of drug addiction, although it remains unclear as to whether
attentional bias represents a trait or state marker (Ataya
et al, 2012). Moreover, although little discussed, the magnitude
of attentional bias exhibits marked individual variability
with drug stimuli responses varying between large positive
attentional bias to negative attentional bias in which the
reaction time to drug-neutral trials exceeds that of drug
stimulus trials (Carpenter et al, 2012; Janes et al, 2010). This
variability in incentive salience attribution to drug stimuli
suggests wide individual variation in risk for relapse among
drug-dependent individuals. Recent functional neuroima-
ging studies have sought to characterize the neural pro-
cessing events that underlie attentional bias related to drug
dependence as a means of understanding the mechanisms
of relapse. Such study designs are distinct from those
exploring the neural correlates of drug cue reactivity in the
absence of assessing their cognitive bias properties by task
interference effects (Kilts et al, 2001; Potenza et al, 2012).
For nicotine-dependent individuals, the level of attentional
bias for smoking-related cues was positively correlated with
activation of the limbic, paralimbic, and occipital brain
regions associated with emotional salience, memory recall,
interoceptive states, and visual processing (Janes et al,
2010). Stimulant-dependent individuals exhibited a signifi-
cant attentional bias for drug-related word stimuli that was
significantly correlated with greater activation of the left
ventral prefrontal cortex and cerebellum (Ersche et al,
2010). Moreover, the right dorsal anterior cingulate cortex
response to cocaine use-related stimuli predicted recent
cocaine use at 3-month follow-up in treatment-engaged
cocaine-dependent individuals (Marhe et al, 2013). These
findings support the contention that attentional bias and its
associated neural correlates represent neurocognitive mar-
kers of drug dependence and individual risk for relapse. We
sought to further characterize the neural information
processing related to individual variation in attentional
bias in cocaine-dependent adults at the level of the involved
neural processing networks as this brain state representa-
tion has increased power to describe individual differences
in brain-behavior relationships relative to more traditional
univariate, voxel-wise analyses (Congdon et al, 2010;
Pantazatos et al, 2012).

In the present study, we sought to test a hypothesis that
individual differences in AB-coc are related to the relative
activity across spatially independent networks of activation
and distinct from network activity related to attentional
bias for emotionally negative words (AB-neg). To support
hypothesis testing, an independent component analysis
(ICA) was used to identify spatially independent networks
of activated brain regions to accomplish a goal of reducing
the dimensionality of the highly complex feature space of
fMRI data sets (Calhoun et al, 2001; Beckmann and Smith,
2004). Regression analysis further identified the relation-
ship between component (network) activity and individual
variation in attentional bias for personalized cocaine use
reminders. This relationship was also assessed controlling
for variables of no interest (eg, age, ethnicity, and so on).
We also similarly assessed the relationship of individual
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differences in cocaine attentional bias with neural processing
networks related to general (nondrug) cognitive control as
neural responses to a classical color-word Stroop task
predicted treatment completion among cocaine-dependent
individuals (Brewer et al, 2008). Further comparisons were
made related to network activity and individual variation in
attentional bias for emotionally negative words to char-
acterize dysphoric states as another precipitant of relapse in
drug-dependent individuals (Koob, 2009). The results
obtained support a view that individual variation in
attentional bias task estimates of drug incentive motivation
are related to the variation in the coherence of activation in
discrete large-scale neural processing networks. The ICA-based
analysis further suggested that network activity corresponds
to regulatory, affective, and motivational variation in
responses to cocaine cues.

MATERIALS AND METHODS
Participants

A sample of 42 men and women (26%) who fulfilled DSM-
IV syndromal criteria for cocaine dependence defined by
structured clinical interview (SCID; First et al, 1993)
provided written informed consent to participate in a
clinical trial approved by the UAMS Institutional Review
Board. The presence of current mood, anxiety, or psychotic
disorders were exclusionary for study participation. The
study sample was treatment-seeking with clinical and MRI
assessments collected before randomization to study treat-
ment arms. Demographic and clinical characteristics of the
study participants are described in Table 1.

Tasks

During fMRI, participants completed three variants of a
word counting Stroop task (Bush et al, 1998): a counting
Stroop task (cStroop) using drug-unrelated words to assess
global cognitive control ability, a drug Stroop task (Cox
et al, 2006) involving cocaine use-related words (cocStroop)
to assess cocaine attentional bias, and an emotional Stroop
task (eStroop) involving negative emotional words to assess
the role of negative affect in the cocaine attentional bias
effect. The drug use stimuli corresponded to six words
provided by the participants that were associated with their
drug use, and were thus personalized. Participants rank-
ordered the words based on their perceived significance as
drug use reminders.

Tasks were conducted across three fMRI runs within a
single session, with each run including trials from the three
Stroop task variants. Each trial presented 1-4 identical
words in a vertical array, with participants instructed to
indicate the number of words presented by pressing one of
four preassigned buttons on a MRI-compatible response
device (Current Designs) as quickly as possible. Stimuli
were presented for 2000 ms followed by the presentation of
a fixation cross with an interstimulus interval of 300 ms.
Task training before fMRI acquisition involved repeated
trials of the cStroop task until an accuracy of >95% was
attained. Word stimulus trials representing the cStroop,
eStroop, and cocStroop tasks were presented in a mixed
blocked, event-related design in a pseudorandom order with



Table | Descriptive Clinical, Demographic, and Functional
Characteristics and Task Performance for the Sample of
Cocaine-Dependent Participants

Demographic variables

N 42
Age 440+87
Sex (F/M) 11731
Race (AA/CA/H) 33/8/1
Education (years) 124£20
Handedness (R/L) 39/3
Cocaine use
Route of cocaine use (smoke/snort) 39/3
Age of daily cocaine use 279+69
Cocaine use: days in past 7 days 28+23
Cocaine use: days in past 30 days 135£94
Clinical variables (no. current/past)
Major depression 0/7
Alcohol dependence 9/20
Alcohol abuse 7/10
Marijuana dependence 2/13
Marijuana abuse 717
Nicotine use: daily/> || years 34/32
Addiction severity index (ASI)
Medical 0.19£026
Employment 0.69£0.27
Drug 0.20+0.10
Alcohol 022+027
Legal 0.10£0.15
Psychiatric 0.05+0.20
Family/social 0.15+0.20
Quantitative assessments (total scores)
BIS-11 682+ 11.0
CcTQ 452179

Task performance (RT/accuracy)

Cocaine 1028 + 154/92.1%
Emotional 980 * 148/93.0%
Neutral 955+ 151/92.8%
Incongruent 1015+ 164/90.1%
Congruent 855+ 147/95.3%

Abbreviations: AA, African-American; BIS-1 1, Barratt Impulsiveness Scale; CA,
Caucasian; CTQ, Childhood Trauma Questionnaire; H, Hispanic; RT, reaction
time (ms).

a total run time of ~ 12 min. Each run consisted of 3 blocks
of word counting trials with each block separated by 20's of
fixation cross-presentation. The first and third blocks of
stimulus trials each consisted of 16 eStroop trials, 16
cocStroop trials, and 66 neutral word trials. The second
block consisted of 62 congruent cStroop trials (where the
number of words matched the word shown, such as ‘three’
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printed 3 times) and 34 incongruent cStroop trials (where
the number of words did not match the word displayed,
such as ‘two’ presented 4 times). The fMRI session involved
three runs with a 1-min rest period between each run for a
total on-task scanner time of ~ 38 min. Stroop task-related
fMRI responses and behavioral measures of reaction time
(RT) and response accuracy were collected for each task
trial during the fMRI session.

Drug Use Cue Word Generation

The Cocaine Craving Cue Words Generator was used to
obtain six or more personalized cue words that ‘trigger’ a
craving to use cocaine in the individual being assessed. The
words were generated in an interview format in which the
participants were asked to think of any triggers such as
familiar sights, sounds, smells, or feelings that reminded
them of situations where they used crack cocaine. Once an
image was formed in the mind of the participants, the
interviewer would ask them to try to list at least 6 and up to
12 cocaine-trigger words from those images. Participants
listed an average of 9 words each. If the participants could
not come up with at least 6 words, the interviewer would
guide them toward certain trigger words that were still
personal to the individual. These words typically included
objects used to smoke crack cocaine, first names or nicknames
of their dealers or friends they used cocaine with, places
where they frequently used cocaine, or sensations associated
with using cocaine. After the participants listed 6-12
cocaine trigger words, they were asked to choose the
6 words that were most closely related to their craving of
crack cocaine. As participants chose these words, they were
asked to think about how each individual word affected
their craving for crack cocaine and then rate them with 1
being the strongest trigger word and 6 being the weakest.
Similarly, the negative emotional word list consisted of eight
words with negative affect connotation (eg, painful, hazard)
that were taken from a word list used in prior studies of
implicit emotion processing (Whalen et al, 1998); with the
exclusion of emotional words (eg, jail) that are often asso-
ciated with cocaine use. The neutral word list consisted of
eight words (eg, desk, phone) assessed as unrelated to the
individual’s cocaine use or negative affect word list. The
different word stimuli were not matched for lexical properties
such as length, part of speech, or frequency of use in the
English language.

fMRI Acquisition

fMRI data were acquired 6+ 7 (range 1-29) days following
the generation of cocaine cue words at the Brain Imaging
Research Center (BIRC). Study participants completed the
word counting tasks while undergoing scanning in a Phillips
3T Achieva X-series MRI scanner with an 8-channel head
coil. fMRI data were collected using an echo planar (EPI)
sequence with thin axial slices (3 mm thickness) to minimize
signal loss in susceptible regions of interest (eg, ventral
prefrontal cortex). The EPI sequence used the following
parameters: TR/TE/FA =2000 ms/30 ms/90°, matrix =64
x 64 with FOV =192 x 192mm for final resolution 3 X
3 x3mm, 30 axial slices. Structural scout images were
acquired using a spin-echo, T1-weighted pulse sequence
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(TR/TE/FA =500 ms/20 ms/90°). A magnetization prepared
gradient echo sequence (MPRAGE) was used to acquire 3D
anatomic data to enable activation localization and co-
registration with functional neuroimaging data (matrix =
256 x 256, 160 sagittal slices, TR/TE/FA = 2600 ms/3.02 ms/8°,
final resolution =1 x 1 x 1 mm?> resolution).

fMRI Preprocessing

Image processing and analysis was conducted with SAS,
AFNI (Cox, 1996), and Matlab (The MathWorks). Func-
tional images underwent slice timing correction, deobli-
quing, motion-correction by registration to the tenth image
acquired for each run using a 6-parameter transformation
(Friston et al, 1995), spatial normalization to the Montreal
Neurological Institute (MNI) template via 12-parameter
affine transformation followed by nonlinear warping using
basis functions (Ashburner and Friston, 1999), regression of
mean signal from cerebrospinal fluid (CSF) and white
matter, spatial smoothing with a Gaussian kernel (5mm
FWHM) to enhance signal-to-noise ratios and enable group
comparisons, quadratic detrending, and scaling to percent
signal change.

fMRI artifacts because of head motion were pronounced
among this sample and increasingly prominent throughout
the session. The final preprocessing step used ICA to model
and remove noise due to head movement. Gross head
motion could lead to a shift in the intensity encoding of
brain slices (based upon slice acquisition) that in turn
would manifest in a seed connectivity map as alternating
‘stripes’ of signal intensity. To correct for this artifact, an
ICA was performed for each fMRI data set using the Group
ICA Functional Toolbox (GIFT v1.3) and the following GIFT
options: principal component analysis (PCA) solving for
224 PCA components using expectation maximization, no
further reduction into ICA components, back-reconstruc-
tion using GICA3, and estimation of components with
intensity normalization. (Please see ‘Multivariate fMRI data’
below for further details about GIFT and ICA.) Because
head motion leads to a shift in slice encoding intensity,
components related to head motion manifest spatially as
stripes contributing temporal variance to the overall signal.
As striping patterns of brain activity are not biologically
plausible, a strict threshold was selected to identify
components that correlated with slice acquisition patterns
(r==0.07). These artifact components (if any) were
identified and subtracted from the overall signal using
Remove Components utility of GIFT.

After motion-related artifact removal, functional images
for 9 of 51 participants (18%) still had motion artifacts
(striping) in their seed connectivity maps for run 1. Of the
42 participants with usable data from the first fMRI run,
only 16 (38%) had usable data from all three runs.
Consequently, only data from the first fMRI run were
analyzed, as the larger sample size offered greater general-
izability of results and supported the intended individual
differences research.

fMRI Data Analysis

The brain-behavior relationship underlying individual dif-
ferences in attentional bias for drug use reminders associated
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with cocaine dependence was explored with both ICA-
supported neural processing network analysis and
traditional univariate voxel-wise analysis. Multiple linear
regression was used to assess the extent of variance in the
attentional bias effect explained by variance in the activity
of correlated neural processing networks controlling for
variables of no interest (ie, age, sex, recent cocaine use,
impulsiveness). Stepwise selection criteria were used to
achieve the most parsimonious model that explained
maximum variance.

Multivariate fMRI data. After preprocessing, group-level
ICA of functional image data sets were conducted using
Matlab and the Group ICA of fMRI Toolbox (GIFT v1.3;
http://icatb.sourceforge.net). ICA is an approach for blind-
source separation of a complex mixture of signals and noise
into spatially and temporally distinct components/signals.
The number of components for which to solve was determined
through permutation testing. We ran ICA solving for 20, 30,
40, and 50 components and derived a stability index for
each solution. The stability index was greatest for 30 com-
ponents; solving for fewer components led to overlapping
networks (ie, less compactness of clusters) and solving for
more components led to fragmented components.

ICA was performed using publicly available Matlab
scripts (http://mialab.mrn.org/software/) as follows. First, a
two-step data-reduction approach was performed using
PCA. The first stage reduced each subject’s data set into 50
principal components (using expectation maximization and
stacked data set options), and the second stage reduced
these 42 x50=2100 components into 30 group-level
principal components. Next, the ICASSO toolbox was used
to determine the reliability of these ICA components.
ICASSO was repeated 30 times using the Infomax algorithm
to calculate the stability index (iq) of each component
across iterations. Then, back-reconstruction was performed
using the GICA3 algorithm to identify each component’s
representation within each participant. Finally, all data were
scaled to z-scores. Additional software parameters included
full storage of covariance matrix to double precision, usage
of selective eigenvariate solvers, and intensity normal-
ization, as detailed in the GIFT vl1.3 User Manual.

Multiple regression sorting criteria were used to explain
the temporal sorting components in GIFT and derive fit
regression parameters. Temporal sorting of components
used the canonical hemodynamic response function (with
amplitude modulation by trial RT) to model the expected
neuronal response to each condition of interest (eg, cocaine
vs neutral word trials), and evaluated the fit (f-weights)
within-participant of each ICA-derived components’
weighted activity time course to those conditions. This first
step identified components whose activity (f-weights) was
significantly related to task (p <0.05, uncorrected). Second,
least squares linear regression (SAS 9.3) was performed for
components surviving the first step of analysis to determine
the relationship between components’ f-weights and
behavioral performance on task conditions (eg, cocaine vs
neutral word trials) across participants. This second step
used false discovery rate (FDR) multiple comparison
correction to control for the number of components
surviving the first step. The group means for the averaged
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-weights for each component for each task condition and
planned contrast between conditions are defined in Table 2.

Univariate analyses. Conventional univariate analyses
were also conducted. GLM analyzed the voxel-wise relation-
ship of brain activity to task condition for each participant
as described above, followed by mixed-effects meta-analysis
(MEMA) to determine group-level voxel activity. MEMA
results were thresholded using 3dClustSim of AFNI: an
uncorrected p-value of <0.005 and cluster size of >18
voxels were used to identify clusters significantly activated
by task (pcorr =0.05). Linear regression related their mean
f-weights to behavioral task performance measures across
participants.

Behavioral Data Analysis

Task performance data analyses were conducted with SAS.
Mean participant reaction time was calculated for each
condition (congruent cStroop, incongruent cStroop, coc-
Stroop, eStroop, neutral). Interference effects were calcu-
lated for the cocStroop (mean cocStroop trial RT minus
mean neutral trial RT), eStroop (mean eStroop trial RT
minus mean neutral trial RT), and cStroop (mean incon-
gruent trial RT minus mean congruent trial RT). Differences
in interference effects between conditions were calculated
with ANOVA (or its nonparametric version for variables
lacking a Gaussian distribution), with post hoc tests
determining significant (p <0.05) differences between con-
dition types. Spearman’s correlation analyses assessed the
significance of associations between individual attentional
bias effect for cocaine words and recent cocaine use (past 7
or 30 days) and addiction-related disability (Addiction
Severity Index (ASI) total score).

RESULTS

A total of 42 cocaine-dependent men (n=31) and women
(n=11) participated in the study (Table 1). The sample was
middle aged (44 £ 8.7 years, mean * SD) and racially diverse

Table 2 Component - Weights (Depicted as Group Mean
(SD)) for Each Task Condition and Contrast (N =42)

Comp 6 Comp 12 Comp 19 Comp 21
Cocaine-f8 —0.17 (1.65) —007 (1.70) —0.16 (2.12)  1.80 (1.82)
Neutral-f 047 (1.71) =098 (1.32) —0.17 (1.56)  0.48 (1.60)
Emotional-f§

Incongruent-f3

(

(

0.68 (1.67) —051 (202) —040 (1.94) 045 (2.02)

0.50 (2.26) —0.46 (2.27) —051 (261) 1.44 (2.40)
(

Congruent-f 065 (196) —031 (1.86) —063 (225 097 (2.30)
Coc-f vs Neut-f  —0.64 (1.33) 091 (1.51) 0011 (141) 132 (145)
tvalue — 3k 393kkk 005 5.83%kx
Emo-Bvs Neut-f 021 (1.14) 048 (144) —023 (1.34) —003 (1.21)
tvalue 120 2.14% 112 —0.16
Incon-f vs Con-f —0.16 (120) —0.16 (1.10)  0.12 (093) 047 (096)
tvalue —086 —-093 082 3,135

<005, #p <001, *¥p-value <0.00!.
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(33 African-American, 8 Caucasian, and 1 Hispanic). An
additional 9 participants were recruited, but excessive head
motion precluded the use of their neuroimaging data; their
data are not included in these analyses. Subjects exhibited
an onset of daily cocaine use in early adulthood and self-
reported cocaine use in the past 7 and 30 days. The subjects
were treatment seeking, although over 40% either failed to
enroll (n=12) or discontinued behavioral treatment early
(<2 sessions) (n=26). The participants exhibited functional
drug use-related impairment as assessed by the ASL
Moreover, as a group the participants had histories of
childhood maltreatment (>90th percentile scores; Scher
et al, 2001) and exhibited elevated levels of impulsiveness
similar to previous studies of cocaine-dependent samples
(Stanford et al, 2009). Of the 42 participants, 34 were
positive for cocaine before fMRI whereas 8 were negative for
cocaine by urinalysis. Of the 34 cocaine-positive subjects, 26
were positive for cocaine only, 7 were positive for cocaine
and tetrahydocannabinol (THC), and 1 was positive for
cocaine and benzodiazepines. One cocaine-negative subject
was positive for THC. The subject sample also included
9 individuals who fulfilled DSM-IV criteria for current
alcohol dependence, 7 with current alcohol abuse, 2
with current marijuana dependence, and 7 fulfilled criteria
for current marijuana abuse. Two subjects fulfilled criteria
for current opiate abuse. Although nicotine dependence was
not directly assessed, from the ASI items 34 participants
reported smoking for 21-30 of the past 30 days; 32 reported
smoking for the past 11+ years. Only 5 participants
reported never having smoked.

Cocaine, Emotional, and Counting Stroop Task
Performance

A mean word counting accuracy of 90.1+10.1% (incon-
gruent trials) to 95.3+11.8% (congruent trials) was
observed across the five task conditions (Table 1); response
accuracy did not significantly influence the brain-behavior
relationships (all p’s> 0.05). Box plots (Figure 1) of reaction
time difference for cocaine or emotional word stimuli
relative to neutral words, and for incongruent vs congruent
word stimuli, illustrate a significant group main effect of
word type (F=32.63, df =2, p<0.0001). For all types, the
group response times were greater for the cocaine,
emotional, or incongruent stimuli vs the corresponding
neutral or congruent stimuli. An analysis of word type
indicated a significant attentional bias effect for cocaine use
words (signed-rank test S=365.5, p<0.001) and negative
emotional words (signed-rank test S=224.5, p<0.005), as
well as a significant cognitive interference effect for
incongruent word stimuli (f=12.3, p<0.001). The group
relative interference effect was greatest for the word
counting Stroop task (160 + 84 ms), followed by the cocaine
Stroop task (73 £89ms), and the emotional Stroop task
(25 +55ms). The individual attentional bias effect for the
cocaine and negative emotional word stimuli were highly
correlated (Spearman’s rho=0.67, p<0.0001); neither
attentional bias effect was correlated with the interference
effect for the nondrug-related word counting Stroop task.
The plotted reaction time data also illustrate a wide range of
interindividual variation in the attentional bias effect for
cocaine word stimuli (Figure 1). The attentional bias effect
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Distribution of Reaction Time Differences
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Figure |1 Attentional and cognitive bias effects for cocaine, negative
emotional, and stimulus-incongruent stimuli  for cocaine-dependent

individuals. Box plots illustrating the mean, median, distribution, and outliers
related to the attentional bias effect for cocaine Stroop task (cocStroop,
cocaine—neutral), negative emotional Stroop task (eStroop, emotional—
neutral), and the related cognitive bias effect for the nondrug-related
Stroop task (cStroop, incongruent—congruent) tasks. All Stroop tasks were
performed by the same sample of cocaine-dependent men and women
and based on a word counting Stroop task designed for fMRI environments
(Bush et al, 1998).

across participants did not correlate significantly with
recent cocaine use (past 7 days: r,= —0.171, p=0.28; past
30 days: ry= — 0.225, p =0.15) or level of addiction-related
disability (ASI total score: ry=0.056, p=0.97).

For the cocaine use-related words there was no significant
relationship (p =0.21) between their individual ranking as
triggers for drug use and level of attentional bias. Also, level
of attentional bias did not differ between the participants
who were cocaine positive at fMRI and those who were
cocaine negative. Therefore, these two variables were not
modeled in the fMRI data analysis of the neural processing
correlates of attentional bias for cocaine use stimuli.

fMRI

Independent component analysis. The recruitment (po-
sitive or negative) of independent components to each task
condition and the relative increase or decrease in task-
related activity for each IC for the three condition contrasts
of interest are shown in Table 2. Brain regions that were
identified as being functionally integrated (both positively
and negatively) for each IC and related to cocaine (IC 6, 12,
19), negative emotional (IC 12), or stimulus incongruent (IC
21) conditions are defined in Tables 3 and 4.

Cocaine—neutral word contrast. Of the 30 specified
components, 3 were significantly correlated with individual
attentional bias for cocaine use stimuli (Figure 2 and
Table 3). Attentional bias was positively correlated with
activity for two components and negatively with the third.
Component 6 (IC 6) was negatively correlated with AB-coc
(rtho= —0.417, puncorr = 0.0061, prpr = 0.009; Figure 2) and
consisted of positive contributions from bilateral somato-
sensory, auditory, and premotor cortices, bilateral insulae,
and midline SMA and paracentral lobule as well as negative
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Table 3 Locations of Brain Regions Comprising Spatially
Independent Networks (IC 6, 12, 19) of Activity Associated with
the Contrast of Cocaine-Related and Neutral Cues in Cocaine-
Dependent Individuals®

Region Cluster Peak voxel Peak voxel
(Brodmann area) size t-score MNI
(voxels) coordinates
x 'y z
Component 6
Left postcentral gyrus (I, 2) 515 I1.67 —40 —20 44
Left insula — 818 —40 —18 20
Transverse temporal gyrus (41) — 1062 =56 —14 12
Right insula 159 12.58 38 —17 18
Right postcentral gyrus (43) — 10.19 62 — 11 15
Right precentral gyrus (6) — I'1.40 53 —14 36
Superior temporal gyrus (22) — 6.94 65 —32 6
Left inferior frontal gyrus (47) 50 —780 —46 20 O
Right inferior frontal gyrus (47) 48 —8.10 28 22 -6
Supplementary motor area (6) 45 6.65 2 —11 66
Paracentral lobule (5) 24 7.48 —2 —38 60
Component |2
Left inferior frontal gyrus (45) 2455 1448 =52 22 12
Dorsomedial prefrontal (9) — 12.64 -4 50 38
Left middle frontal gyrus (6) — 1201 —44 10 50
Left middle temporal gyrus (21) 1382 1431 —64 =29 —4
Left superior temporal gyrus (39)  — 1248 —54 —62 26
Right middle frontal gyrus (9) 408 — 1033 40 40 30
Left precuneus (7) 271 9.89 —4 —-52 36
Right superior occipital gyrus (19) 155 —726 22 =74 36
Right inferior frontal gyrus (45) 136 9.46 50 28 —4
Right middle temporal gyrus (21) 133 748 50 —62 24
Component 19
Left inferior frontal gyrus (45) 151 1248 —46 16 2
Left middle frontal gyrus (9) — 712 =32 50 32
Left insula — 1081 —40 —10 =2
Right inferior frontal gyrus (47) 1033 I1.81 40 20 —4
Right insula — 9.07 40 —12 -4
Right supramarginal gyrus (40) 622 1116 58 —44 30
Right middle temporal (22) — 7.88 46 —46 8
Dorsal anterior cingulate cortex (32) 552 9.33 -2 22 42
Left superior frontal gyrus (9) 58 701 =32 50 32

“Components thresholded at [t| >5 and minimum cluster size of 20 contiguous
voxels.

contributions from bilateral inferior frontal cortices
(Table 3). Component 19 (IC 19) positively correlated with
AB-coc  (tho=0.359, puncorr=0.0197,  prpr =0.0197;
Figure 2) and consisted of positive contributions from
bilateral inferior frontal cortices (extending to insula),
dorsal anterior cingulate (dACC), right supramarginal gyrus
extending to middle temporal gyrus, and left dorsolateral



Table 4 Locations of Brain Regions Comprising a Spatially
Independent Network (IC 21) of Activity Associated with the
Contrast of Stimulus-Incongruent and Stimulus-Congruent Trials in
Cocaine-Dependent Individuals®

Region Cluster Peak Peak voxel MNI
(Brodmann area) size voxel coordinates
(voxels) t-score
x y z
Left inferior frontal gyrus (45) 1564 1400 —34 26 8
Left middle frontal gyrus (44) — [1.62 —54 6 30
Right precuneus (7) 1121 12,11 28 —68 36
Right fusiform gyrus (37) — 1123 41 —62 —13
Left precuneus (7) 939 1004 —28 —-70 36
Left fusiform gyrus (37) — 857 —42 —62 —16
Right middle frontal gyrus (9) 839 12.54 46 10 38
Superior frontal gyrus (8) 555 1720 -2 17 54
Right anterior insula 83 [1.21 34 22
Right lingual gyrus (19) 43 6.65 14 —46
Dorsal anterior cingulate cortex (24) 32 8.99 2 8 33
Left lingual gyrus (19) 27 646 —23 —44 -7
Posterior cingulate (23) 27 — 636 4 =50 30

“Components thresholded at [t|>5 and minimum cluster size of 20 contiguous
voxels.

prefrontal cortex (dIPFC; Table 3). Component 12 (IC 12)
was also positively correlated (rtho =0.448, pypcorr = 0.0029,
Prpr = 0.0087; Figure 2) and consisted of positive contribu-
tions from dorsomedial prefrontal cortex (dmPFC), left
inferior and middle frontal cortices, left middle and
superior temporal gyri, right middle temporal gyrus, and
left precuneus, as well as negative contributions from right
middle frontal gyrus and right superior occipital gyrus
(Table 3). IC 6, IC 12, and IC 19 accounted for 17%, 20%,
and 13% respectively, of the uncontrolled variance in
attentional bias effect for the sample. Using multiple
regression and controlling for variables of no interest, IC
6, IC 12, and IC 19 accounted for 32%, 22%, and 15%
respectively of the variance in attentional bias effect for the
sample (Table 5).

Emotional-neutral word contrast. Only 1 of the 30
specified components was significantly correlated with
individual attentional bias for negative emotional stimuli.
Similar to its relationship to attentional bias for cocaine
stimuli, activity for component 12 (IC 12) was also positively
correlated (rho=0.381, p=0.0128; Figure 3) with atten-
tional bias for negative emotional stimuli. IC 12 accounted
for 9% of the uncontrolled variance in the attentional bias
effect for negative emotional word stimuli. However, this
relationship became marginally nonsignificant (f=7.87,
p=0.053) when controlling for variables of no interest.

Incongruent-congruent counting word contrast. Of
the 30 specified, only 1 component was significantly
correlated with the individual Stroop effect for the word
counting Stroop task (Table 4). Component 21 (IC 21) was
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positively correlated (rho=0.399, p = 0.0088; Figure 4) and
consisted of positive contributions from bilateral dIPFC,
dmPFC, bilateral precuneus/occipital cortex extending into
fusiform gyri, bilateral lingual gyri, left inferior frontal
cortex (IFC), and dACC, as well as negative contributions
from posterior cingulate. This component accounted for
16% of the uncontrolled variance in the Stroop interference
effect and 23% of the variance when controlling for
variables of no interest (Table 5). Activity for IC 21 did
not correlate with the attentional bias effect for cocaine
word stimuli (r= — 0.254, p =0.10).

Main effect of task: brain-wide activation and behavioral
correlation

Cocaine-neutral word contrast. Compared with drug
use-neutral word stimuli, the personalized cocaine use
words were associated with significant activation (p <0.05,
corrected) of the dIPFC, dmPFC, and ventromedial (vmPFC)
prefrontal cortex, posterior cingulate cortex (PCC), right
IFC, and right occipitotemporal cortex (Table 6 and Supple-
mentary Figure 1). The results of brain-wide behavioral
correlation analyses indicated that the activity of distributed
brain regions were significantly (p <0.05, corrected) corre-
lated with the individual level of attentional bias effect for
cocaine use-related word stimuli. Positively correlated
regions included the occipitotemporal, frontal, and parietal
cortex, cerebellum, ventral anterior cingulate cortex, and
bilateral premotor cortex, whereas activity within the
superior temporal sulcus and motor cortex were negatively
correlated (Table 7).

Emotional-neutral word contrast. Compared with
emotion-neutral word stimuli, negative emotional words
were associated with significant activation (p<0.05, cor-
rected) of the bilateral fusiform gyrus, hippocampus, and
occipital cortex, and significant relative deactivation of the
middle temporal and supramarginal gyrus (Table 6 and
Supplementary Figure 2). The results of brain-wide beha-
vioral correlation analyses indicated that no brain regions
survived the cluster-level correction (p<0.05, corrected)
threshold for negative emotional word stimuli.

Incongruent-congruent  counting word  contrast.
Compared with congruent word stimuli, task incongruent
words were associated with significant activation (p <0.05,
corrected) of the bilateral precuneus and right middle
occipital cortex, and deactivation of the left parahippocam-
pal gyrus and right middle temporal gyrus (Table 6 and
Supplementary Figure 3).

DISCUSSION

The present study sought a characterization of the brain-
behavior relationships related to the well-recognized, wide
interindividual variation in attentional bias for drug use
cues, focusing on a relatively large sample of cocaine-
dependent men and women. Significant correlation was
observed between the level of attentional bias and activation
for three networks of brain areas identified by the data
dimensionality reduction approach of ICA. Complementary
information was obtained by voxel-wise analyses that
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Figure 2 Brain networks whose engagement correlated with individual variation in the attentional bias effect for cocaine use cues. Three of the ICA-
derived brain networks (IC 6, IC 12, and IC |9) demonstrated task-related activity that significantly correlated with variation in the attentional bias effect for
cocaine use cues among cocaine-dependent men and women. Left: statistical maps depict the neural regions comprising each spatially independent network
of activated brain areas. Right: regression plots demonstrate significant (all p <0.05) linear regressions between activity in each network and attentional bias
for cocaine stimuli relative to neutral stimuli. A negative relationship (indicating less attentional bias with greater brain activity) was observed for IC 6, and
positive relationships were observed for ICs 12 and 19. These relationships were strengthened when controlling for the variables of age, gender, cocaine use
in the past 7 days, and impulsiveness.
Table 5 Multivariate Regression Analysis of the Relationship between Component Activity and Attentional (cocStroop) or Cognitive
(cStroop) Bias, Controlling for the Effects of Variables of No Interest
Variable IC 6 IC 12 IC 19 IC 21
Intercept —2.88 (0.97)** —0.57 (1.33) —0.086 (0.40) —1.38 (092)
RT: cocaine-neutral trials —4.96 (2.04)* 7.84 (2.51)** 4.99 (2.44)* —
RT: incong—cong trials — — — 4.03 (1.67)*
Age 0.06 (0.02)** 0.012 (0.03) — —
Gender — 0.32 (0.50) — —
Cocaine use in past 7 days — — —0.10 (0.10) —0.10 (0.06)
BIS-11: total score — — — 0.021 (0.01)
R? 0.3168 02146 0.1522 0.2299

Abbreviations: BIS, Barratt Impulsiveness Scale; Cong, stimulus-congruent trials; IC, independent component; Incong, stimulus-incongruent trials; RT, reaction times.
*»<0.05, #*p<0.0l.

identified a group of distributed sites of brain activation as  bias effect. These networks conform in spatial topography to
correlated with attentional bias. those frequently identified in resting-state and task-related

The ICA-driven network-level approach identified three fMRI data sets (Calhoun et al, 2008; Smith et al, 2009; Laird
networks as related to individual variation in the attentional et al, 2013) and suggest that attentional bias involves their
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attributed processes of perception and higher cognitive
functioning. The activity of one component (IC 6) exhibited
a significant negative relationship with attentional bias,
suggesting its role as a regulatory network. The brain areas
comprising IC6 were sensory, motor, interoceptive, and
social perceptive in nature and accounted for 17% of the
uncontrolled variance in attentional bias effect across the
sample. Of these areas, the SMA, as a region involved in
controlled action selection (Isoda and Hikosaka, 2007;
Rushworth et al, 2002) and response inhibition (Hsu et al,
2011), would be consistent with the engagement of
deliberative choice behavior in controlling drug motivation
and thus attentional bias. The concordance between IC 6
and an ICA-derived component (‘motor network’) related to
the cognitive control of motor behavior (Zhang and Li,
2012) supports this association. Decreasing attentional bias
for drug cues was related to increasing functional con-
nectivity within somatosensory, premotor, auditory, and
interoceptive cortex, corresponding to a defined posterior
insula network involved in sensorimotor integration (Cauda

6 {[Cbservations 42

Parameters 2
Error DF 40
MSE 1946
R-Square 0.0902

RS
L

Adj R-Square 00675

Brain Activity: Component 12

Fit O 95% Confidence Limits ------ 95% Prediction Limits |

0 100 200
Attentional Bias (ms). Emotional - Neutral

Figure 3 Relationship between network (IC 12) functional connectivity
and the attentional bias effect for negative emotional cues. Component |2
brain activity demonstrated a significant (p =0.012) positive relationship
with the attentional bias effect for negative emotional stimuli relative to
neutral stimuli. However, this relationship became nonsignificant
(p=0.053) when controlling for demographic variables.
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et al, 2011). As an implicit measure of drug motivation,
attentional bias for drug cues is thought to capture
automatic processes occurring below the level of awareness
(Cox et al, 2006; Tiffany, 1990). An interesting, although
speculative, inference is that the regulation of drug-related
attentional bias involves the elevation of sensory, motor,
and interoceptive representations of drug use to conscious
awareness, where they can be acted upon. The negative
contribution of left and right inferior frontal gyri to this
component would thus reflect regions interfering with
conscious processing of these drugs cues. This reliance of
regulation of drug motivation on attentional awareness is
central to recent attempts to use attentional bias modifica-
tion training (Schoenmakers et al, 2010) and attention
control training (Fadardi and Cox, 2009) to reduce drug-
related attentional bias and drug use. Prior studies have
demonstrated that drug-dependent individuals can regulate
their craving and neural responses by the effortful cognitive
regulation of drug cues (Volkow et al, 2010; Kober et al,
2010). This study adds to this literature by demonstrating
that engagement of a sensory-motor-dorsal insula network
is associated with decreases in the attentional bias effect for
implicitly processed cocaine cues.

There is a close association between the processing of
drug use-related and negative affective cues in drug-
dependent individuals (Drobes et al, 2006; Goldstein et al,
2007). This association has been attributed to a major
mechanism of relapse in such individuals related to a
dysphoric response to drug cue exposure (Koob, 2008;
Wheeler et al, 2008). Similar to the findings for smokers
(Drobes et al, 2006), there was a strong observed correlation
between individual variation in attentional bias effects for
drug cue and negative affect stimuli for cocaine-dependent
individuals. The present study provides a neural processing
network explanation of this association as attentional biases
for both cocaine and negative emotional cues were
correlated with level of engagement of a frontal-temporal-
cingulate network (IC 12). Both the middle cingulate and
lateral orbital frontal cortex nodes within this network are
functionally related to the emotional processing and
regulation of aversive states (Singer et al, 2004). The
observed increased functional connectivity within this
network with increasing attentional bias effect for cocaine
cues supports the concept of negative affective responses to
drug cue exposure as a precipitant of relapse to drug
seeking and use behavior via negative reinforcement

[} 10 200

-100 0 4 200
Agrentional Bias (ms): Incongruent - Congruant

Figure 4 Relationship between network (IC 21) functional connectivity and the cognitive bias effect for stimulus-incongruent cues. Component 21 brain
activity demonstrated a significant (p =0.0088) positive relationship with the cognitive bias effect for incongruent stimuli relative to congruent stimuli. This
relationship was significant (p <0.0208) when controlling for both cocaine use in the last 7 days and impulsiveness.
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Table 6 Locations of Brain Regions of Activity Associated with
Univariate Contrast Of Cocaine-Related, Emotion-Related, and
Stimulus-Incongruent Stimuli in Cocaine-Dependent Individuals

Table 7 Locations of Brain Regions of Activity Significantly
(Pror < 0.05) Correlated with Attentional Bias Effects for Cocaine-
Related Stimuli in Cocaine-Dependent Individuals

Region Cluster size Peak Peak voxel Region Cluster size Peak Peak voxel
(Brodmann area) (no. of  voxel MNI (Brodmann area) (no. of  voxel MNI
voxels) coordinates voxels) coordinates
t-score x y z tscore x y z
Cocaine > neutral Cocaine > neutral
Left middle frontal gyrus (8) 694 646 —44 |11 45 Right calcarine gyrus (17) 31 5.56 -8 8
Left temporal pole (38) 538 578 =53 14—-10 Ventromedial prefrontal cortex (10) 247 520 -1 53 4
Left precuneus (19) 283 564 —31 —73 38 Left inferior frontal gyrus (44) 17 496 —46 23 8
Medial superior frontal gyrus (8) 261 511 —4 41 53 Right inferior angular gyrus (39) 15 4.92 47 —49 15
Posterior cingulate cortex (31) 218 512 —-7-55 23 Pre-SMA (8) 13 463 —4 14 65
Right inferior occipital gyrus (18) 98 516 32-88 —4 Left cerebellum 105 508 —31 —-67—-19
Right inferior frontal gyrus (44) 71 588 50 14 12 Right fusiform gyrus 80 4.99 44 —61 — 10
Right inferior frontal gyrus (45) 43 571 53 29 20 Left inferior parietal cortex (7) 59 510 —55-43 38
Right anterior insula 59 503 26 26 -7 Right lateral motor cortex (6) 57 539 35 —1 50
Ventromedial prefrontal cortex (10) 50 543 -7 62 8 Left middle frontal gyrus (45) 53 454 —52 23 29
Right fusiform gyrus (37) 49 450 35-37-19 Left middle temporal gyrus (22) 51 476 —=52-43 2
Right temporal pole (38) 45 448 50 14 —-28 Right temporal pole (38) 31 4.20 35 14-25
Posterior cingulate cortex (31) 44 583 —10—-43 35 Left superior parietal lobule (7) 30 494 —-22-67 38
Right superior parietal lobule (7) 36 386 26 —61 47 Right inferior parietal cortex (7) 28 4.96 56 —40 38
Right middle temporal gyrus (21) 22 409 53-25 -7 Left temporal pole (38) 22 415 =34 17 -22
Subgenual cingulate (25) 21 4.88 5 23 -7
Emotion > neutral
Left hippocampus 68 458 —34 —-38 —5 Neutral > cocaine
Left fusiform gyrus (37) 44 490 —25-79 — 16 Left superior temporal sulcus (43) 38 459 —-53 -7 5
Right middle occipital gyrus (18) 31 467 23 -85 |7 Right superior temporal sulcus (22) 25 5.04 59 —-34 14
Right fusiform gyrus (18) 22 444 14 -85—13 Left primary motor cortex (4) 23 441 56 —10 —|I
Neutral > emotion
Right middle temporal gyrus (21) 8l 40 62— o (including left inferior frontal and right supramarginal
Right supramarginal gyrus (40) 20 —393 5646 32 gyrus) were also captured by the whole-brain univariate
regression analysis, suggesting that their positive associa-
Incongruent > congruent tion with the cocaine attentional bias effect reflects their
Right middle occipital gyrus (19) 126 538 32-8 -7 integrated activation. As to the functional attributes of the
Left precuneus (19) 53 413 —10-70 44 activation of IC 19 with increasing drug cue attentional bias,
Right precuneus (19) 20 451 20-73 4] thits nelt(wqu cl)f'brai?haretas comprisg:sta1 Vgntra;l atte(r%tlioil
. . . networ. mvolvin, € temporoparieta unction
Right middle occipital gyrus (19) 9 397 =37 =855 insula, and inferi%r frontal Ig);yru[s) (CorbeJtta et al, 200]8;
Kucyi et al, 2012). This network is involved in the orienting
Congruent > incongruent of stimulus-driven attention (Chica et al, 2011) and the
Left parahippocampus 28 434 —34-37 —7  detection of salience for behaviorally relevant stimuli
Right middle temporal gyrus (21) 21 416 62 -43 2 (Downar et al, 2002). The direct relationship of activity

mechanisms (Wheeler et al, 2008; Koob, 2009). Whether
this association is because of a direct negative affective
response to drug cues or reflects a response to conflict
between drug craving and drug unavailability in the MRI
setting is not known.

Greater activity within an inferior frontal-parietal-ventral
insula network (IC 19) also predicted greater attentional
bias effect for cocaine cues. Many regions of IC 19
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for this network and increasing cocaine attentional bias
suggests that the varying attribution of salience and
attention to cocaine stimuli resulted in individual variation
in the cocaine attentional bias effect. IC 19 also involved left
dorsolateral prefrontal-anterior cingulate cortex connectiv-
ity that represented activation of a dorsal attention network
(Corbetta et al, 2008). A lesser activation of these regions
relative to those comprising a ventral attention network is
consistent with their interaction in attentional control and
the dampening effect of covert attention on the externally
directed task-related attention (Weissman and Prado, 2012).
The observed increasing attentional bias effect for cocaine



cues with increasing activation of IC 19 is consistent with
the engagement of covert attention to drug-related stimuli
as an ‘interrupt signal’ that interferes with ongoing task-
related attention and performance (Corbetta et al, 2008).

The cognitive bias and neural responses to the classic
drug-neutral Stroop tasks predict treatment outcomes for
cocaine-dependent individuals (Brewer et al, 2008; Streeter
et al, 2008). However, individual variation in the cocaine
attentional bias effect was unrelated to cStroop task
performance or to activity for the cStroop-related neural
processing network (IC 21). Individual differences in
cognitive control defined by the cStroop task also did not
correlate with activity for networks related to the cocaine or
negative emotional Stroop tasks. These results support the
independence of attentional bias for drug stimuli from
general cognitive control ability among cocaine-dependent
adults. For the contrast of incongruent and congruent
stimulus trials for the word counting Stroop task, an ICA-
driven network-level analysis revealed a single network (IC
21) involving the middle, medial and inferior frontal
cortices, precuneus, insula, and inferior parietal cortex
whose activity was associated with greater interference
effects for stimulus incongruent trials. The brain areas
comprising this network resemble closely those identified
by previous whole-brain mass univariate analyses of the
Stroop interference effect in normative subject samples
(Bush et al, 1998; Brewer et al, 2008; Polk et al, 2008).
However, the voxel-level characterization of bilateral
occipital and precuneus activations for cStroop task
performance in this sample of cocaine-dependent indivi-
duals differed from those previously reported for normative
samples. Group comparisons were not the focus of this
study, although this deviation is consistent with an effect of
cocaine dependence on the neural network response to
cognitive control demands posed by Stroop tasks (Barros-
Loscertales et al, 2011; Worhunsky et al, 2013).

The observed interindividual variation in the attentional
bias effect for personalized drug cues is consistent with that
observed for other attentional bias paradigms and drug-
dependent populations (Janes et al, 2010). Such variance is
consistent with wide individual variation in the motiva-
tional properties of cocaine; perhaps attributable to
variation in the propensity to attribute incentive salience
to reward cues in general (Saunders and Robinson, 2011).
This variance probably contributes to the lack of significant
(corrected) activations for drug vs neutral stimuli often
noted for univariate brain-wide or region-of-interest
analyses (Goldstein et al, 2007; Kang et al, 2012; Marhe
et al, 2013). However, the present study was associated with
an unexpectedly robust and distributed pattern of neuro-
activation for the brain-wide contrast of cocaine and neutral
words. The whole-brain analyses identified frontal, cingu-
late, parietal, and temporal cortical activations that
mirrored a subset of the brain areas involved in the
patterns of activation identified by the ICA. The observed
mass univariate whole-brain activations related to cocaine
use words share dorsal, medial and inferior frontal, and
temporal, parietal, and posterior cingulate cortical activa-
tions with that of a previous fMRI study of attentional bias
for drug-related words in stimulant-dependent individuals
(Ersche et al, 2010). The posterior cingulate, medial and
inferior frontal cortex, and cerebellum activations are
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shared by cigarette smokers exposed to smoking cues
(Wilson et al, 2012). These collective findings suggest that
the brain response to drug use reminders among drug-
dependent individuals is associated with common atten-
tional, motivational, and motor responses.

If drug-related attentional bias represents a valid
cognitive marker of relapse risk among a drug-dependent
population, the present study suggests novel neurobiologi-
cal models of interindividual variation in AB-coc and thus
risk for relapse. Therefore, the clinical relevance of the
study findings is dependent on the clinical relevance of AB-
coc and is thus indirect. The study supports a hypothesis
that individual variation in the attentional bias effect for
cocaine stimuli was predicted by the functional activity of
multiple neural processing networks. However, the study
has clear limitations that render its greater value to that of
hypothesis generation rather than testing. Although a rela-
tively large sample size of 42 subjects was studied, research
into individual differences typically demands larger sample
sizes to draw meaningful conclusions. Moreover, head
motion resulted in the loss of nine possible participants
from data analysis and thus diminished the experimental
power of the study. The need to replicate the observed
brain-behavior relationships is of high priority. As a study
of individual differences, the study was based exclusively on
the study of a sample of cocaine-dependent individuals. A
comparison sample of nondrug-abusing individuals would
have provided further useful insights into the comparative
organization of normative neural responses to cognitive
control demands for negative emotional and nondrug-
related cognitive control processing. Moreover, although
cocaine use-related and negative affective stimuli were
compared, other behavioral reinforcers (eg, food, sex) and
drive states (eg, hunger, arousal) were not considered in a
broader characterization of the impact of cocaine addiction
on behavioral reinforcement mechanisms. The studied
subject sample represented a mixed-sex sample (predomi-
nantly male) and therefore was not powered for a
characterization of possible sex-dependent differences in
the neural correlates of drug cue attentional bias associated
with cocaine dependence. Although the study participants
were treatment motivated by self-report, less than two-
thirds subsequently engaged in treatment. Therefore, the
clinical significance of the study is uncertain as the neural
processing representations of attentional bias were not
directly assessed for their possible relatedness to treatment
outcomes, abstinence motivation, or drug availability.

CONCLUSIONS

The ICA-driven fMRI data dimensionality reduction ap-
proach allowed the identification of multiple neural
processing networks that underlie the putative individual
differences in attentional bias for drug use stimuli in
cocaine-dependent individuals. Distinct, perhaps opposing,
networks mediated individual variation by processing the
attentional, salience, and aversive states of cocaine cues vs
the engagement of cognitive control and sensory represen-
tations of drug use. Given the relationship between
measures of attentional bias for drug cues and risk for
relapse, the present results suggest that variation in the
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relative engagement of the differing neural processing
networks mediates risk for relapse among cocaine-depen-
dent individuals. Future research may enhance the currently
poor predictive power of biomarkers of relapse by testing
the relatedness of network interactions to treatment out-
comes and the longitudinal course of drug abuse.
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