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 ABSTRACT 
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PREDICTS RELAPSE IN COCAINE DEPENDENT PARTICIPANTS 

 
 

Lan Chi Le Vo 
The University of Texas Southwestern Medical Center at Dallas, 2013 

Supervising Professor: Bryon Adinoff, M.D. 
 
 

 
 
Background: Relapse is a prevalent phenomenon in addiction. Impaired inhibitory control is 
associated with relapse and is a significant predictor of cocaine use and treatment retention. 
 
Objective: Functional magnetic resonance imaging (fMRI) was used to examine the association 
between BOLD response during the Stop Signal Task (SST, a measure of inhibitory control), and 
time to relapse in cocaine-dependent patients. 
 
Methods: Forty-nine 2-4 weeks abstinent cocaine-dependent participants were assessed and then 
followed weekly for up to 26 weeks as outpatients. Relapse was defined as any use of cocaine 
during the follow up period. The patients were categorized into 27 individuals in the relapse 
group (relapsed within 30 days) and 22 in the non-relapse group (did not relapse at 30 days). 
BOLD response during successful inhibition (“StopSuccess”) during SST was compared 
between groups (z>2.3, p=0.05). Regions of interest (ROIs) were also identified using mean 
percent BOLD signal change in the combined patient group. Percent BOLD change values were 
calculated within the significantly activated voxels during StopSuccess (voxel-based analysis, P 
= 0.15).  Identified clusters were used in discriminant analysis through the Statistical Product and 
Service Solutions software to predict group membership. 
 
Results: Consistent with our hypothesis, the study found BOLD changes during the SST that 
were able to predict those who relapse from those who did not. Specifically, the left lateral 
occipital cortex exhibited greater BOLD activation in the relapse group than the non-relapse 
group. On the other hand, the relapse group had lower BOLD activation in the left lateral 
orbitofrontal cortex and left anterior insula. Using discriminant analysis, these two regions of 
interest were able to classify 76.9% of individuals into their respective groups correctly with 
cross-validation. 
 
Conclusion: The left lateral occipital cortex, left lateral orbitofrontal cortex and left anterior 
insula can be used to identify those at risk of relapse and offer insights into mechanisms of 
relapse. 
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INTRODUCTION 

Cocaine addiction is a chronic relapsing disorder, with up to seventy-five percent 

(Adinoff et al., 2007) of drug dependent patients return to active substance use within one year 

following treatment. In one study with cocaine-addicted individuals, 65% of its sample reported 

using cocaine during the 90 days follow-up phase (Sinha, Garcia, Paliwal, Kreek, & Rounsaville, 

2006). Impaired inhibitory control plays a role in ongoing drug use and relapse (Newton, De La 

Garza, Kalechstein, Tziortzis, & Jacobsen, 2009), and is significant predictor of cocaine use and 

treatment retention (Moeller et al., 2001).  

Impulsive behaviors are observed in a wide range of psychiatric disorders, including 

substance use disorder. There is a relationship between impulsivity and the development of 

substance abuse in at-risk children (Caspi, Moffitt, Newman, & Silva, 1996; Cloninger, 

Sigvardsson, & Bohman, 1988; Dawes, Tarter, & Kirisci, 1997; Giancola, Martin, Tarter, 

Pelham, & Moss, 1996) and impulsivity measures have consistently been found to be higher in 

substance-abusing populations than in controls  (Ball, Carroll, Babor, & Rounsaville, 1995; 

Bechara, 2005; Cloninger, Sigvardsson, Przybeck, & Svrakic, 1995; M.T. Fillmore & Rush, 

2002; Patton, Barnes, & Murray, 1997). However, the exact manner in which impulsivity is 

related to the pathology of substance abuse has yet to be clearly determined.  

Disinhibition, a component of impulsivity and the focus of this study, refers to the 

inability to suppress or inhibit previously reinforced behaviors that are no longer working to the 

person’s advantage (Adinoff, Rilling et al. 2007). Numerous neurocognitive and behavioral tasks 

have been developed to identify the inhibitory processes that underlie self-control disorders. 

Both the Stop Signal Task (SST) and Go/No-Go measure disinhibition. However, the Go/No-Go 

measures other cognitive functions such as decision-making, response competition/response
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selection, conflict monitoring, and the detection of rare stimuli (Rubia, Smith, Brammer, & 

Taylor, 2003). The SST is a specific measure of inhibitory control, in that it measures the ability 

to withhold at the last minute an already triggered response (Rubia et al., 2003). The SST is 

designed around a model of cognitive control, which postulates that the ability to inhibit an 

action is determined by competing activating/inhibiting processes that are elicited by cues to 

activate or inhibit a response (M.T. Fillmore & Rush, 2002). It is thought that the task replicates 

everyday situations in which a behavior needs to be inhibited unexpectedly (Rubia et al., 2003). 

The SST, therefore, may offer unique advantages as a relatively specific measure of an 

individual’s ability to inhibit a pre-potent action (M.T. Fillmore & Rush, 2002). 

The technological advances in neuroimaging allow fMRI to be increasingly used to 

identify neural mechanisms that may be related to impulsive characteristics in individuals 

suffering from addiction. In persons suffering from cocaine addiction, reductions in inhibitory 

control were found relative to controls (M.T. Fillmore & Rush, 2002), and heightened 

impulsivity was found relative to controls (Coffey, Gudleski, Saladin, & Brady, 2003; Wittmann, 

Leland, Churan, & Paulus, 2007).  Impulsivity was found related to the severity of cocaine 

abuse, the severity of cocaine withdrawal, and the likelihood of poor treatment retention(Moeller 

et al., 2001).  

There are shared neurological abnormalities associated with impulsivity and cocaine 

addiction. Regions of the prefrontal cortex, including the anterior cingulate cortex (ACC), right 

dorsal lateral prefrontal cortex and the orbitofrontal cortex (OFC), have consistently been shown 

to be associated with impaired inhibitory control and cocaine dependence (Goldstein & Volkow, 

2011). Li et al (2008) found relative hypoactivation of the rostral ACC, an area involved in the 

control of stop signal inhibition, during SST performance in cocaine-addicted males compared to  
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healthy controls. (Li et al., 2008).  These findings are consistent with two studies that found 

cingulate hypoactivation, as well as presupplementary motor and insula hypoactivity (Kaufman, 

Ross, Stein, & Garavan, 2003) and right prefrontal cortices hypoactivation (Hester & Garavan, 

2004) using the Go-No-Go task in cocaine dependent individuals. A pattern emerged in which 

the dorsal ACC is hypoactive during these inhibitory control tasks, and this hypoactivity was 

mostly associated with impaired performance, particularly with shorter abstinence durations 

(Goldstein & Volkow, 2011). Chronic cocaine abuse has been linked with cerebral 

hypoperfusion in the bilateral OFC, which was correlated with impulsivity (Adinoff et al., 2001; 

Browndyke et al., 2004; Strickland et al., 1993). 

Structural imaging studies have shown reduced PFC grey matter density or thickness 

across addiction populations (up to 20% loss) (Goldstein & Volkow, 2011). For example, 

cocaine dependence has been linked to reductions in grey matter concentrations in multiple 

cortical, subcortical, and cerebellar areas relative to controls, including the medial OFC, lateral 

prefrontal, ACC, insula, thalamus, and superior temporal cortex, with the average grey matter 

reductions ranging from 5% to 11% (Ersche et al., 2011; Fein, Di Sclafani, & Meyerhoff, 2002; 

M. T. Fillmore & Rush, 2006; Franklin et al., 2002; Sim et al., 2007). Despite some conflicting 

results, most studies in individuals who are addicted to cocaine, methamphetamine, heroin and 

nicotine report similar PFC grey matter reductions — which are most evident in the DLPFC, 

ACC and orbitofrontal cortex (OFC) — that are associated with longer duration or increased 

severity of drug use (Goldstein & Volkow, 2011).  

Several studies have used fMRI to correlate with treatment, craving measures and relapse 

in drug dependent individuals. Neural activity during a simple two-choice prediction task was 

able to predict relapse in methamphetamine dependent individuals. The study found that fMRI  
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activation patterns in the right insular, posterior cingulate, and temporal cortex predicted 91% of 

those who did not relapse and 94% of those who relapse (Paulus, Tapert et al. 2005).  Drug-cued 

brain activation were able to predict relapse in alcohol (Grusser et al., 2004), nicotine 

(McClernon et al., 2007) and cocaine (Kosten, Scanley et al. 2004, Brewer, Worhunsky et al. 

2008) dependent patients, and those activations were better predictor than subjective craving 

measures (Brewer, Worhunsky, Carroll, Rounsaville, & Potenza, 2008; Grusser et al., 2004; T.R. 

Kosten et al., 2004). Kosten et al. found their worse treatment effectiveness score correlated with 

BOLD activation in the left precentral, superior temporal, and posterior cingulate cortices and 

right middle temporal and lingual cortices in cocaine dependent individuals. The left posterior 

cingulated cortices activation was able to distinguished eight individuals who did not relapse 

from nine individuals who relapsed (T. R. Kosten et al., 2006).  

The present study used an fMRI SST disinhibition task to examine BOLD response in 

cocaine-addicted subjects as a means of prospectively predicting relapse to cocaine use. It aimed 

to identify disinhibition deficits and neural changes associated with relapse in cocaine-addicted 

subjects. It was hypothesized that the BOLD changes in cocaine-addicted individuals would be 

able to differentiate those who relapse from those who do not. These neural differences would 

contribute to further understanding of the neural deficit associated with relapse and subsequently 

help to identify those at high risk of relapse. It has the potential to help tailor treatment for those 

at high risk of relapse.  

 

 

 

 



 
 

 

METHOD 
 
Research Participants 

  Cocaine-addicted volunteers were recruited from residential treatment programs at the 

Veteran Affairs Medical Center, Homeward Bound Inc., and Nexus Recovery Center. The 

duration of treatment stay for all participants ranged from 2 to 4 weeks. All volunteers gave 

written informed consent prior to enrollment and were compensated for their time upon 

completion of study procedures. Participants identified cocaine as their primary present and 

lifetime drug of choice and met criteria for cocaine dependence on the Structured Clinical 

Interview for DSM-IV-TR Axis I Disorders (SCID-I)(DSM-IV, 2000; First, 2007). Cocaine 

lifetime and previous ninety-day amount spent and days used, and other substance use history 

were obtained from cocaine-dependent participants using the Time Line Follow Back (TLFB) 

(Sobell & Sobell, 1978). Participants were excluded if they met criteria for active Axis I 

affective, anxiety or psychotic disorder, organic brain syndrome, major medical illness or 

neurological disorder.  Participants did not take any psychoactive medications, had no fMRI 

contraindications, and successfully completed the SST training. All participants completed a full 

medical history and physical examination, SCID-I, clinical laboratory tests (e.g., complete 

metabolic panel, HIV testing, and Hepatitis B and C testing), urine drug screen, and a pregnancy 

test (for women) as part of the study screening process following consent. Screening procedures 

and assessments of psychiatric (SCID-I) and substance abuse history (TLFB), as well as, 

assessments of demographic information, traumatic brain injury, intellectual functioning 

(WTAR), impulsivity (Barrett Impulsivity Scale-11 [BIS-11]), and craving (Cocaine Craving 

Questionnaire [CCQ]) were administered during the first and second weeks of inpatient  
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treatment. Neuroimaging procedures occurred between the two and four weeks of abstinence. 

Patients were then discharged to a non-structured environment and followed up twice weekly. 

 

Follow Up 

  Patients were followed up twice weekly, once by phone and once as an in-person clinic 

visit, for up to 24 weeks to obtain return to use information. At each in office visits, urine drug 

screen was obtained. Time to first use served as the measure of relapse and described the time in 

days from treatment discharge until the first cocaine use. Follow-up ceased after the initial use 

was reported or confirmed via urine drug screen. Cocaine-addicted subjects were not informed in 

advance that their participation in follow-up would cease after cocaine use to help dissuade 

concealing of use during follow-up appointments. Subjects who returned to use were provided 

approximately one additional follow-up appointment prior to withdrawal from follow-ups. 

Information regarding relapse was obtained via structured interview (developed within this lab 

for purposes of obtaining detailed information regarding the relapse process), TLFB (calendars 

to guide recollection of use), and urine drug screen. Further, the intention-to-treat principle was 

applied to follow-up data, meaning that all individuals scanned and discharged to outpatient 

status were included in analyses regardless of compliance with follow-up procedures, with the 

clinical assumption that individuals lost to follow-up return to use. As a result, patients missing 

two consecutive appointments without phone contact were considered relapsed as of their first 

missed appointment. Attempts to contact missing individuals either directly (e.g., phone, email, 

or standard mail) or through collateral contacts (e.g., family members, friends, case workers, or 

probation officers) continued for at least six months following treatment discharge. Retrospective 

relapse data were collected if the missing individual could be reached within this six-month 
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period and appeared to be a reliable historian. A total of 49 men and women were classified into 

two different participant groups: the relapsed (=27; participants who relapsed within 30 days 

post-treatment) and non-relapsed (n=22; participants who did not relapse within 30 days).  

 

fMRI Task 

The SST was given during fMRI. The task is modeled after the Rubia, et al. study (Rubia 

et al., 2003). Subjects wore goggles that displayed the stimuli - right, left and upward facing 

arrow – (Figure 1) and held a control allowing them to push a button with either of their thumbs. 

Subjects responded while the stimulus was being displayed in the goggles. The go-signal was an 

arrow pointing either right or left, with 5000ms of duration each that appear on screen with a 

mean interstimulus interview of 1.8 seconds. Arrows pointing right directed the subject to push 

the button with their right thumb, and arrows pointing left directed the subject to push the button 

with their left thumb. The stop-signal was an arrow facing upward. When participants saw this 

upward arrow, they were instructed not to push any button for the previous go-signal. Once a go-

signal is display, the participant must wait for the stop-signal. If the participant did not press any 

go-button (left or right arrow) and there was an upward arrow immediately after the go-signal 

(right or left arrow), then the participant has successfully stopped (“StopSuccess”). If the 

participant did press on a go-signal and then there was a stop-signal immediately after the go-

signal, than the participant has failed to stop (“StopFailure”). The stop stimulus (20% of the trial) 

appeared exactly 250ms after the go-signal. The time interval of 250 ms between go-signal and 

stop-signal onsets changes according to each subject’s performance. It becomes 50 ms longer 

after a successful stop making it harder to inhibit, and 50 ms shorter after a stop failure, making 

it easier to inhibit. Thus, the tracking algorithm assured that the task is equally challenging and  
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difficult for each individual, providing approximately 50% stop success and 50% stop failure 

trials.  

Seventy-four stop trials (37 of them appearing after a left arrow and 37 appearing after a 

right arrow) were pseudo-randomly interspersed with 288 go trials and at least three repetition 

times apart from each other to allow adequate separation of the hemodynamic response. Since 

the algorithm of the task design assured that subjects fail half of all stop events, stop success and 

failure events control each other for low frequency, as they result in relatively equal frequencies 

at the end of the task. 

 

fMRI Scan Acquisition 

Magnetic resonance images were obtained using a 3T Siemens Trio (60 cm diameter 

patient bore), equipped with AutoAlign for automated and reproducible slice positioning 

between subjects and scan sessions and navigator-guided 3D PACE for prospective slice 

realignment to track head motion. Parameters were selected to reduce susceptibility signal losses, 

including thinner slices and reduced echo time (TE) appropriate to a 3T magnet. All areas of 

brain to be assessed in our hypotheses were covered by the proposed acquisition parameters. 

Anatomical T1-weighted high-resolution images of the whole brain [magnetization prepared 

rapid acquisition gradient echo, 0.94 mm in-plane resolution (FOV = 256 mm x 256 mm, 256 x 

256 matrix, 1 x 1 x 1 mm resolution)] were obtained in 160 sagittal slices to facilitate 

localization of fMRI activation. During the SST, 384 whole brain frames of T2-weighted EPI 

sequence images were obtained [36, 3.0-mm contiguous transverse slices from inferior to 

superior, 3.25 x 3.25 x 3.0 mm resolution]. 
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fMRI Analysis 

 fMRI analysis was conducted through the use of FEAT (fMRI Expert Analysis 

Tool), which is part of FSL (FMRIB’s Software Library, www.fmrib.ox.ac. Uk/fsl). FSL is an 

image analysis and statistical tool for use with fMRI, MRI, and diffusion tensor imaging. Pre-

statistical processing will include slice-timing correction using Fourier-space time-series phase-

shifting; motion correction using MCFLIRT; non-brain removal using BET; spatial smoothing 

using a Gaussian kernal of FWHM 5mm; mean-based intensity normalization of all volumes by 

the same factor; and highpass temporal filtering (Gaussian-weighted LSF straight line fitting, 

with sigma =30.0 seconds). Time-series statistical analyses were carried out using FEAT with 

local autocorrelation correction. 

The initial analysis paired time points within the SST with co-occurring changes in 

BOLD response for each trial of the task for each individual. Responses to baseline go trials 

were subtracted from the stop success trials and stop failure trials to control for brain activation 

related to motor execution. This study specifically analysized 500ms immediate after the upward 

stop signal is display, at the moment of which participants realize their StopFailure or 

StopSuccess. During StopFailure, this moment would correlates to when the participants think 

“Opps.”   This analysis is not like the analysis done in the Rubia et al. study, in which they 

considered the whole 1.8s duration including go and stop-signals (Rubia et al., 2003).   

Neural activations in participants were assessed utilizing an exploratory analysis of 

significant voxels. Within FEAT, a two level analysis was conducted. Primary exploratory 

variables included in the general linear model at first-level analysis were StopSuccess and 

StopFailure and discards with four contrasts: StopSuccess only, StopFailure only, StopSuccess-

StopFailure, and StopFailure-StopSuccess. Total Stop Signal Reaction Time (SSRT) for each  
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participant was considered as a nuisance variable in the analysis to control for individual 

differences in impulsive responding. It can be calculated by subtracting the average stop signal 

delay at which subjects achieved 50% of inhibition from the average reaction time to go signals 

(Rubia et al., 2003). The SSRT is the time required for a subject to cancel the movement after 

seeing the stop signal, and a longer SSRT indicates poor response inhibition.  

Higher-level analysis was carried out using FLAME (FMRIB’s Local Analysis of Mixed 

Effects) to derive group differences (relapse and nonrelapse) in activation for each of the four 

contrasts. The present study focused on the group differences in the StopSuccess only, with the 

assumption that neural activation during StopSuccess could show adaptive neural processes that 

prevented cocaine dependent individual from relapse. 

Clinically relevant areas of activation were further investigated by interrogating first-

level FEAT results using FEATquery, a tool in FSL, which reports %BOLD signal changes at 

the subject level. To increase specificity for the creation of regions of interest (ROIs) with 

maximum activation, voxel-based metrics were employed.  Z (Gaussianised T/F) statistic images 

were thresholded using GRF-theory-based maximum height thresholding with a corrected 

significance threshold of P = 0.05. Clusters less than five voxels in size were excluded. 

Functional clusters were named by the Harvard-Oxford Cortical Structural Atlas, which is an 

atlas based on population probability maps of cortical and subcortical structural areas. Clusters 

were binarized to make regions of interest (ROI) masks. FEATquery used these masks to 

calculate mean %BOLD change within the voxels of the masks for each subject.  These values 

were then input into the Statistical Packages for the Social Sciences, version 19.0 (SPSS, Inc. 

Chicago, IL) for statistical analysis. 
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Statistical Analysis 

Non-imaging data was analyzed using the SPSS software (SPSS Inc. Chicago, IL). One-

way ANOVA were used to explore group differences in demographic variables, WTAR full 

scale IQ, total BIS-11 scores, and SST SSRT scores.  Group differences were deemed significant 

at p < 0.05.    

Linear discriminant function analysis was conducted to predict whether a cocaine-

addicted individual would fall within the relapse group or the non-relapse group. The categorical 

groups (relapse versus non-relapse) were used as dependent measures while the mean % BOLD 

signal change in the identified ROIs as the independent measure. The discriminant analysis 

produced a percentage of individuals predicted correctly into group memberships with two 

values, the original and cross-validated.  The cross validation is a classification that successively 

classified all cases but one to develop a discriminant function and then categorize the case that 

was left out. This process is repeated with each case left out in turn. This cross validation 

produces a more reliable function and more honest presentation of the power of the discriminant 

function than that provided by the original classifications (Burns & Burns, 2009). 

 

 

 

 

 

 

 



 
 

 

RESULTS 

Clinical Characteristics  

One-way analyses of variance (ANOVAs) showed no group differences between the two 

groups in demographic information, substance abuse history, intellectual functioning (WTAR), 

impulsivity (Barrett Impulsivity Scale-11 [BIS-11]), and SSRT (Table 1). 

 

Functional Neuroimaging Characteristics  

Similar to previous studies that investigated impulsivity during neuroimaging, changes in 

activation were noted in multiple cortical and subcortical areas. Clinically significant regions of 

interest (ROIs) during SST StopSuccess were derived from the analysis of all participants (n=49) 

with participants' mean and corrected voxel significance threshold of p<0.05 (Table 2). These 

regions were the left and right OFC and anterior insular cortex, anterior cingulate cortex, 

brainstem and left putamen. The lateral OFC and anterior insular cortex are two areas were 

considered as one region of interest.  Figure 2 displays areas of significant activation during 

StopSuccess in the two participant groups, the relapse and the non-relapse. The left lateral 

occipital cortex was the only significant difference in BOLD activation between the relapse and 

non-relapse group (Figure 3), with greater activation in the relapse group than the non-relapse 

group. Unlike the other regions, the left lateral occipital cortex region of interest was derived 

from the analysis of the relapse group greater than non-relapse group contrast. 

 

Neuroimaging and Relapse Findings 

The final six clusters of ROIs used in statistical analysis were the left and right OFC and 

anterior insular cortex, anterior cingulate cortex, brainstem, left putamen and left lateral occipital  
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cortex (Table 2). Mean percent BOLD signal change data was extracted from each of the ROIs 

and included in the discriminant function analysis as predictor variables.  

Discriminant analysis was conducted to predict whether a cocaine-addicted individual 

would fall within the relapse group or the non-relapse group. The areas of differences between 

relapse and non-relapse individuals are used as the independent measure and relapse status as the 

dependent measure. The standardized canonical discriminant function coefficients stemming 

from this analysis, which provide an index of the importance of each predictor (Burns & Burns, 

2009), were utilized to focus the selection of ROIs to the strongest set of predictors for inclusion 

in a subsequent discriminant analysis. The discriminant analysis revealed that the left lateral 

occipital cortex and the left lateral OFC and anterior insular cortex BOLD response best 

predicted group membership for participants. The discriminant function of the analysis was 

highly significant (Wilk’s λ = 0.523, χ2 = 29.776, p < .001). The cross-validated classification 

showed the two ROIs correctly predicted 21 out of 27 (77.8%) individuals who relapsed and 18 

out of 22 (81.8%) individuals who did not relapse (Table 3).  The overall cross-validated 

classification is 79.6% correct.  

 

 

 

 

 

 

 

 



 
 

 

DISCUSSION 

By utilizing changes in the BOLD response during a disinhibition task to predict cocaine 

relapse, this study identified disinhibition neural changes associated with relapse in cocaine-

addicted subjects. Consistent with our first hypothesis, the study found BOLD changes during 

the SST that were able to predict those who relapse from those who did not. Specifically, the left 

lateral occipital cortex exhibited greater BOLD activation in the relapse group than the non-

relapse group. On the other hand, the relapse group had lower BOLD activation in the left lateral 

OFC cortex & anterior insula. Using discriminant analysis, these two regions of interest were 

able to classify 76.9% of individuals into their respective groups correctly with cross-validation.  

Several studies have used fMRI to successfully predict relapse in drug dependent 

patients. Neural activity during a simple two-choice prediction task were able to predict relapse, 

using the same discriminant analysis approach as the present study, in methamphetamine 

dependent individuals (Paulus, Tapert, & Schuckit, 2005). Paulus et al. assessed forty-six 

treatment-seeking methamphetamine dependent males three to four weeks after cessation of drug 

underwent fMRI during performance of a simple two-choice prediction task. The relapse data 

was obtained at a one-year follow-up contact and defined as the time to first use of 

methamphetamine. The authors found that fMRI activation patterns in the right insular, posterior 

cingulate, and temporal cortex predicted about 91% of subjects who did not relapse and about 

94% of subjects 80 who did relapse. The combination of right middle frontal gyrus, middle 

temporal gyrus, and posterior cingulate activation was considered to best predict time to relapse 

(p < .01).  Paulus et al found activation in the right inferior frontal gyrus and anterior insula to be 

higher in the non-relapse. In the present study, the right OFC and anterior insula was analyzed as 

a ROI but had lower contribution as a predictor of group classification than the left OFC and  
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anterior insular ROI.  The posterior cingulate and middle temporal cortex were not considered in 

the discriminant analysis in the present study. As the sample was limited to methamphetamine-

dependent subjects, it is unknown if these findings generalize to other substance use disorders. 

During an fMRI Stroop task conducted prior to treatment initiation, the contrast of incongruent 

versus congruent conditions showed activation involving the OFC and insula (Brewer et al., 

2008).  The right putamen, left posterior cortex and left ventromedial prefrontal cortex involving 

the medial OFC correlated with longer duration of self-reported abstinence. Although it is the 

lateral OFC in the present study that was able to predict relapse group membership, the repetition 

involvement of OFC in predicting relapse points to its importance.  The numerous differences 

between these studies, including drug of dependence, nature of the task, intervention and 

outcome measures may explain the differing areas of activation reported in the previous studies 

compared to the present study. 

 

Orbitofrontal Cortex and Anterior Insula  

Co-activation of the OFC and anterior insula is often found (Brooks, Nurmikko, Bimson, 

Singh, & Roberts, 2002; Craig, 2002; O'Doherty, Critchley, Deichmann, & Dolan, 2003). In 

multiple studies, the anterior insular cortex was found activated in association with subjective 

feelings, self recognition, error awareness, feeling of knowing and heartbeat awareness (Craig, 

2009; Ghahremani, Monterosso, Jentsch, Bilder, & Poldrack, 2010). The only feature that was 

common to all of these studies was that they engage the awareness of the subjects and it was 

accepted that the anterior insula engenders human awareness.  

The lateral OFC is believed to have a role in contingency re-evaluation (Ghahremani et 

al., 2010; Hampshire, Chaudhry, Owen, & Roberts, 2012). Contingency re-evaluation is best  
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explained with studies utilizing a reversal learning task, which is a classic measure of behavioral 

flexibility. Reversal learning tasks provides a context to test participants’ capacity to change 

previously acquired behavior when environmental rules change. Gahremani et al. One study 

isolated reversal- related brain activation independent of cognitive control processes invoked 

during initial learning and found the lateral OFC to be more activated during reversal than 

acquisition (Ghahremani, Monterosso, Jentsch, Bilder, & Poldrack; Ghahremani et al., 2010). 

Several studies using reversal learning task found the lateral OFC to be involved in affecting 

change at the point of reversal by overriding the previously rewarded and routine response 

(Ghahremani et al.; O'Doherty et al., 2003). The lateral OFC role in contingency re-evaluation is 

further supported by lesion studies in rodents, nonhuman primates and human imaging studies. 

(Murray, O'Doherty, & Schoenbaum, 2007; Nahum, Ptak, Leemann, & Schnider, 2009; 

Ragozzino, 2007; Schoenbaum). OFC lesions in men are associated with a tendency to keep 

behaving according to one set of beliefs even when it is clear from environmental feedback that 

those predictions no longer reflect the reality of the situation (Schnider, 2003). 

Taken together, the anterior insula activates to engender conscious awareness of relevant 

information while the OFC cortex is responsible for the processing of contingency information 

relevant to adaptive behavior such that co-activation is necessary to effect a change in behavior. 

The present study found the non-relapse group with greater activation in the left lateral OFC and 

anterior insula, suggesting individuals who did not relapsed have better conscious awareness and 

ability to adapt when contingencies change. On the contrary, the relapse group may have 

impairment in their ability to adapt when feedback changes.  

 

Occipital Cortex 
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The present study, along with other studies, suggested the visual cortex play a larger role in 

predicting relapse than previously thought. Grusser et al. found activation in the bilateral visual 

cortex and the medial frontal gyrus during alcohol-related versus neutral visual stimuli in 

alcoholics who subsequently relapsed versus control(Grusser et al., 2004). Kosten et al. 

presented videos of cocaine smoking to recently abstinent cocaine dependent subjects while 

acquiring BOLD fMRI (T.R. Kosten et al., 2004). Activation in the right lingual and right 

inferior occipital gyri showed significant correlations with treatment effectiveness. Interestingly, 

two brain areas showed activation differences between cue and baseline conditions for in the 

group of full sample of 17 cocaine-dependent subjects (p<0.01): the right temporal and left 

occipital. It is the left lateral occipital cortex in our study that was the only significant difference 

in activation between those who relapse and those who did not.  The study designs of these two 

studies use drug-related distracters, which the present did not. That may explain why brain 

regions activated in these studies are not the exact regions that this present study found. The 

trend of visual cortex activation in relapse studies is noteworthy and the role of the visual cortex 

in relapse should be further studied.  

The role occipital cortex activation in cocaine-dependent patients remains unclear.  It is 

suggested that hyperactivation in the occipital cortex in cocaine-dependent individual reflect 

increased visual cortical processing(de Fockert, Rees, Frith, & Lavie, 2001; Hester & Garavan, 

2009; Nelissen et al., 2012). Compared to controls, cocaine abusers showed hyperactivation in 

occipital cortices during a visuospatial task (Tomasi et al., 2007). The present study showed the 

relapse group has greater activation in the lateral occipital cortex compared to control. Given that 

performance on the task is equally maintained between the two groups, greater activation in  
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lateral occipital cortex to maintain performance may signify an underlying abnormality in 

attention of the relapse group.  

 

Occipital Cortex and Orbitofrontal Cortex 

There is a complex and poorly understood relationship between the occipital cortex with 

the OFC cortex. Several studies have suggested that the OFC cortex plays a role in mediating the 

ability of drug-associated cues to motivate drug-seeking behavior. For instance, an intact OFC is 

required for cocaine-associated stimuli to act as conditioned reinforcers and for conditioned cues 

to guide instrumental responses.  Nelissen and colleagues used fMRI to look at the conditioned 

effects of cocaine on rhesus monkey through classical conditioning by pairing a red visual shape, 

the conditioning stimulus, with a noncontingent cocaine infusion (Nelissen et al., 2012). 

Functional MRI sessions without cocaine infusions were interspersed with conditioning sessions 

with cocaine. Differences between fMRI activity evoked by the red shape and a green control 

shape in the absence of cocaine were measured at different stages during the conditioning 

process. To assess the behavioral preference of the monkey in a task-unconstrained manner, a 

free-choice gaze preference paradigm was given after each conditioning session, during which 

both the red and green shape were simultaneously presented on the screen. The OFC, 

ventrolateral prefrontal cortex, and the occipital cortex showed increased activity during the 

conditioning process. While the OFC decrease to or below baseline after the conditioning 

process, activity in the early visual processing, V2 area of the occipital cortex, remain elevated 

above the preconditioning baseline and correlated significantly with gaze preference of the 

monkey for the conditioned red shape. It was suggested that fMRI activity in early visual cortex 

is biased in favor of more valuable stimuli. (Serences & Saproo, 2010; Shuler & Bear, 2006).  
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Although the lateral occipital cortex region is generally thought to be related to later visual 

progressing (V3 and beyond), the homology of the lateral occipital cortex brain areas in between 

human and monkey areas is uncertain (Larsson & Heeger, 2006). Studies have suggest there is 

feedback/feedforward complex interaction between early visual processing and the lateral 

occipital cortex (Koivisto, Railo, Revonsuo, Vanni, & Salminen-Vaparanta, 2011; Larsson & 

Heeger, 2006; Sayres & Grill-Spector, 2008; Shpaner, Molholm, Forde, & Foxe, 2013). Taken 

together, the OFC is important for establishing novel representations of stimulus valence with 

cocaine as the reinforcer, whereas complex visual processing in the lateral occipital cortex is 

involved in retaining these associations. 

 

Attentional Bias 

Cocaine user often have difficulty with disengaging attention from cocaine-related 

stimuli resulting in greater attentional bias (Hester & Garavan, 2009), which is a predictive of 

poorer outcomes during treatment (Carpenter, Schreiber, Church, & McDowell, 2006). As 

salience of a stimulus directs attention relatively automatically (Pessoa & Ungerleider, 2004), a 

greater level of cognitive control must be imposed to ignore the salient stimulus and instead 

attend to a less salient stimulus. Hester and colleagues examined the neural mechanisms 

underlying this attentional bias in cocaine users by varying working memory load to reflect the 

demands imposed by ruminative craving thoughts (Hester & Garavan, 2009). A given working 

memory task manipulated the requirement for selective attention by varying the background 

contents, cocaine-related or neutral. Cocaine users had significantly poorer attentional control 

under high working memory demands, suffering both increased response times and reduced 

recall accuracy, with this effect more pronounced for cocaine stimuli when compared to neutral 
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stimuli.  This reflects poor cognitive control performance with increasing working memory load. 

Working memory is argued to play a critical role in actively maintaining attentional priorities, so 

that when greater load demands are placed, implementing these ‘attentional priorities’ suffers, 

and greater processing of irrelevant information occurs (Kane & Engle, 2003). During high 

working load, the presence of task-irrelevant cocaine stimuli was associated with increases in left 

occipital cortex activity in the cocaine users, consistent with increased visual processing of the 

irrelevant stimuli (Hester & Garavan, 2009). In addition, the cocaine stimuli were associated 

with increased right lateral OFC activation. Those individuals with higher levels of right 

prefrontal activity having lower levels of attentional bias, suggesting better cognitive disregard 

of cocaine-related stimuli.  

Although, the present study did not use any drug-related distractors, the concept of 

greater visual processing of irrelevant stimuli fits with our results. The increase in occipital 

cortex in those who relapsed may reflect increase effort to process task-relevant stimuli. The 

present study showed those who relapsed had greater lateral occipital and lower lateral OFC 

cortex, suggesting the relapse group have difficulty modulating the neural mechanisms 

underlying the cognitive control that restrict the visual processing of task-irrelevant stimuli.  

Hester et al. used the same cocaine-related and neutral stimuli as the abovementioned 

study in an emotional Stroop task, and demonstrated that cocaine users had a significant 

attentional bias for the cocaine-related stimuli equivalent to the non-drug-related incongruent-

colour word stimuli (Hester, Dixon, & Garavan, 2006). Given this finding, the relationship 

between neural activity and behaviour may not be specific to drug-related stimuli, but may 

generalize to other stimuli that cocaine users find evocative or salient.  
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Correlations with StopSuccess 

Our study suggested the occipital cortex has a role in processing and maintaining the 

saliency of stimuli, regardless of whether it is drug-related or not. In the present study, 

StopSuccess have more BOLD response than baseline go trials indicating it as a high salience 

stimulus. The increase in occipital activation during StopSuccess in those who relapse may be 

necessary in order to process and maintain StopSuccess as high salience for the SST, in which 

the performance is equal between the two groups. The non-relapse group may be able to process 

the StopSuccess signal as high salience more effectively, and thus did not need compensatory 

increase activation in the occipital cortex to maintain it as high salience. That was consistent with 

the abovementioned Nelissen study, in which monkeys had greater occipital activation even after 

the preference for cocaine was evident, suggesting the occipital activation is associated with 

maintaining cocaine as high salience (Nelissen et al., 2012). 

In summary, the OFC and anterior insula attribute salience to stimuli, including 

StopSuccess, during SST while the occipital cortex retain and maintain its saliency. Those two 

integrated process is needed in order to prioritize attention. In the present study those who 

relapsed had lower OFC and anterior insula activation, reflecting deficit in cognitive control 

needed to disregard task-irrelevant stimuli. Those who relapse may also have attentional bias to 

task-unrelated stimuli, consistent with hyperactive occipital cortex processing of stimuli.  

 

Clinical Implications 

 The present study’s relapse group could possibly be helped by activities that enhance 

attention and processing of task relevant stimuli. One possible therapy is meditation. In recent 

years, meditation has been studied as a possible therapy to reduce craving.   
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Reduction in craving has show effective in maintaining abstinence, and thus the neural 

mechanism of craving should be further study. The mechanism behind craving may be connected 

to the mechanism affecting attention. It is well accepted that cocaine dependent individuals, 

compared to control, have higher baseline craving without drug-related cues. One of the 

strongest predictors of relapse to emerge in both pre-clinical and clinical research studies is 

craving (Anton, 1999; Breese, Sinha, & Heilig, 2011; Drummond, 2001; Marlatt, 1978; Shadel et 

al., 2011; Sinha & O'Malley, 1999), and many of the most effective psychotherapies for 

addiction have focused on reducing or managing substance craving.  Bowen and colleagues 

conducted the first randomized-controlled trial evaluating the feasibility and initial efficacy of an 

8-week outpatient Mindfulness-Based Relapse Prevention (MBRP) program as compared to 

treatment as usual (Bowen et al., 2009). Initial efficacy was supported by significantly lower 

rates of substance use in those who received MBRP as compared to those in treatment as usual 

over the 4-month post-intervention period. Additionally, MBRP participants demonstrated 

greater decreases in craving. It is unclear how MBRP may be effective in reducing substance 

craving. A secondary analysis conducted by the same group found the mindfulness factor, which 

comprised of interdependent process of acceptance, awareness and nonjudgment, to be 

significantly associated with treatment and predictive of the level of craving at the end of 

treatment.  Higher levels of this factor could be a potential mechanism by which MBRP may 

influence craving. Importantly, acceptance, awareness, or nonjudgment did not independently 

mediate the association between MBRP and the level of craving following treatment, suggesting 

that the combination of the processes is necessary to produce changes in craving.  

The meditation process requires awareness and processing of different external and 

internal stimuli but encourage the individual to not attribute saliency to these stimuli. Those who 
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meditate are encouraged to let go of all stimuli of sensory, affective and thoughts and engage in 

only self-awareness in the moment. A study looking at functional connectivity during meditation 

concluded that the complex act of meditation may involve attentional reorienting, self-

monitoring, and affective regulation (Froeliger et al., 2012).  

The present study’s relapse group could possibly be helped by meditation through its 

components of awareness, acceptance, and nonjudgement. Awareness of stimuli is largely 

mediated by the anterior insula. The processing of task-relevant stimuli could be seen as 

acceptance of stimuli, which is mediated by the OFC. The concept of being nonjudgment 

requires that external and internal stimuli are not given any salience. Although the relapse group 

had higher visual occipital processing of stimuli, they had lower OFC and anterior insula 

activation correlating to lower awareness and processing of relevant stimuli for the SST. In other 

words, they are aware and accept stimuli, but are not able to effectively use the cognitive control 

of the OFC and anterior insula to suppress processing of irrelevant stimuli.  Meditation in those 

who relapse could increase activation in the OFC and anterior insula, enabling better cognitive 

processing of task-relevant stimuli. That would allow more effective performance on the task. In 

short, meditation would be helpful in the relapse group because it decreases their hyperactivation 

of visual processing of task-irrelevant stimuli and direct their attention and awareness toward 

task-relevant stimuli. It would also help in decreasing attribution of cocaine as high salience and 

decrease craving through enabling disregard of cocaine-related stimuli.  

 

Limitations, strengths, and future directions 

There are several strengths to the present study design. The two participant groups 

matched well clinically. Sample sizes were 27 individuals of those who relapsed and 22 who did 
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not, which are reasonable for neuroimaging studies. The participant groups were carefully screen 

and patients did not have other active DSM Axis I disorder beside substance use, medical or 

neurological disorders, or were on psychotropic medications. The follow up period of six month 

is thorough, with twice-weekly contact, once by phone and once as an in-person clinic visit, and 

urine drug screen was obtained at each visit.  

There are several limitations to the current findings. The inclusion/exclusion criteria may 

limit the generalizability of our findings since most substance-dependent individuals present with 

co-morbid DSM Axis I disorders, medical complications, and multiple medications. Further, this 

study is cross-sectional, which does not allow for assumptions regarding the causal relationship 

between disinhibition deficits, BOLD response, and substance use. Subjects who did not return 

from follow-up were counted as relapse, which can result in an overestimation of relapse count 

or an underestimation of the real time of relapse in those participants. Finally, the stop signal task 

used in the present study does not directly mimic real world situations or address how 

individuals exercise inhibitory control.  

Future research investigating the ability of neuroimaging to predict cocaine relapse may 

benefit from several of the considerations described above, such as a larger sample size and 

inclusion of individuals with comorbid psychiatric disorders. Only StopSuccess was examined in 

the current analyses, while the SST provides multiple avenues for exploring disinhibition. 

Exploring other processes (StopSuccess, StopFailure) responsible for generating the changes in 

neural activation during SST may elucidate disinhibition correlation with relapse.  Neuroimaging 

procedures are often timely, costly, and inconvenient to perform; thus, future research will need 

to examine the clinical utility of neuroimaging in comparison to other measures assessing relapse 

factors to help determine if the benefits of neuroimaging for prediction outweigh the costs.   
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In summary, the current investigation demonstrates that functional neuroimaging may be 

useful for long-term clinical predictions in cocaine-dependence. Altered neural processes of 

disinhibition may play a critical role in relapse.  Disinhibition is a complex construct 

incorporating multiple cognitive processes mediated by activity in the lateral OFC, anterior 

insula, brainstem, anterior cingulate, and lateral occipital cortex. Several of these neural 

substrates, the lateral OFC, anterior insula, and lateral occipital cortex were determined to be 

important predictors of cocaine relapse, correctly classifying 79.6% of individuals into relapse 

and non-relapse groups. Understanding the implication of the chance of relapse based on the 

activation and deactivation patterns in various ROIs may guide clinical practice, such as 

extending length of stay in inpatient treatment, providing more intensive individualized treatment 

throughout, or enrollment in a structured outpatient treatment following discharge. Better 

understanding of the neural processes of impulsivity and relapse may ultimately help to develop 

new treatment approaches that are targeted to increase patients’ chances for long-term 

abstinence. 
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Figure 1.  Schematic illustration of the stop signal task.  The interval between horizontal (go signal) and 
vertical arrows (stop signal) in the stop trials becomes shorter/longer in steps of 50 ms depending on 
each subject’s performance ensuring 50% of correctly inhibited and 50% failed stop trials for each 
subject. 

 
 
 
 
 
 
 
 
 
 
 



 
 

 

28 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 

29 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2.  BOLD response during SST StopSuccess in relapse (n=27) and non-relapse (n=22, B) 
participant groups.  The left and right lateral orbitofrontal cortex and anterior insula, left putamen, 
anterior cingulate cortex, and brainstem are clinically significant regions of interest that were further 
investigated (Z>2.3, P=0.05)   
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