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Abstract

Cumulative evidence suggests that cocaine use could alter the structure and function of 

different brain systems. However, the extent to which the altered brain structure and function 

possibly recover over time after cocaine abstinence remains less clear. The present study 

examines 39 male military veterans with different stages of cocaine addiction and long-term 

abstinence (from 1 year up to 30 years) and evaluates plausible changes in brain structure and 

function of specific brain regions that sub-serve addictions. These include the striatum that is 

involved in cocaine reward; the lateral prefrontal cortex (especially the dorsolateral PFC) that 

plays a major role in inhibitory control; the insula, which has been implicated in craving; and the 

medial orbitofrontal (OFC) and ventromedial prefrontal cortex (VMPFC) shown to play key 

roles in foresight and decision-making.  The results suggest that there are differences in both 

brain structure (gray matter volume, GMV) and function between cocaine USERS and 

CONTROLS, with USERS showing plausible relative strengthening in neural systems for 

processing reward and craving, and relative weakening in neural systems involved in inhibitory 

control and decision-making.  Examination of possible neural changes after abstinence suggests 

that presumed recovery occurs mostly in neural systems related to reward, craving, and 

inhibitory control, but to a lesser extent in neural systems related to decision-making. Given the 

limitations of the data in terms of a small sample size, as well as the lack of certainty about 

occasional use in the abstinent group, these results may be considered as preliminary. However, 

they are compelling in that they suggest that male military veterans cocaine USERS are 

indefinitely at a higher risk for making lapses in judgment and decision-making leading to 

possible relapse, if reward salience and craving become more intense. Understanding the 

neurobiology of long-term cocaine abstinence in vulnerable populations and beyond could help 

devising better therapeutic strategies that prevent relapse.

Keywords: Cocaine Addiction; Functional Connectivity; fMRI; VBM; Abstinence.



He et al. 3

Introduction

Cocaine is a powerful addictive drug that leads to numerous short-term and long-term 

health consequences. In the United States, the National Survey on Drug Use and Health of the 

National Institute on Drug Abuse (NIDA) has estimated that the prevalence of lifetime cocaine 

use in 2013 was 11.6% between the age of 18 and 25, and 16.5% over the age of 26 

(http://www.drugabuse.gov/national-survey-drug-use-health). This high prevalence rate has 

major implications for individuals and societies. For example, in the United States, cocaine use 

along with other illicit drugs pose estimated societal costs in terms of healthcare, law 

enforcement and lost productivity of $181 billion per year (NIDA, 2008). 

Cumulative evidence suggests that cocaine use could be associated with altered structure 

and function of brain regions involved in impulsion, cravings, inhibitory control and decision 

making, all of which are essential for addiction development and maintenance (Noel et al., 

2013). Specifically, it has been shown that cocaine use can be associated with structural and 

functional abnormalities in the striatum, which is known to play a key role in cocaine reward; the 

lateral prefrontal cortex (especially the dorsolateral PFC), which is known to play a major role in 

inhibitory control; the insula, which is implicated in craving; and the medial orbitofrontal (OFC) 

and ventromedial prefrontal cortex (VMPFC), which are involved in integrative and reflective 

thought leading to decision-making. 

One explanation for such associations is that cocaine blocks the recycling process of 

dopamine in synapses within the reward system, causing an excessive amount of dopamine to 

float between neurons (Kuhar et al., 1991). With repeated use, it can cause long-term molecular 

biological changes in the reward system, which in turn will increase cocaine use and promote 

addiction. Moreover, compared with healthy controls, cocaine dependent individuals showed 

reduced glutamate metabolism in both reward system and dorsal lateral prefrontal cortex, a 

critical brain region for inhibitory control (Baker et al., 2003; Schmaal et al., 2012; Sun and 

Rebec, 2006; Yang et al., 2009). Also, structural brain imaging demonstrated that repeated 

cocaine exposure changes regional gray matter and white matter in these brain systems (Romero 

et al., 2010). For example, Franklin et al. (2002) reported that cocaine users had less GMV in the 

ventromedial orbitofrontal, anterior cingulate, anteroventral insular, and superior temporal 

cortices. Sim et al. (2007a) reported similar results, and showed that cocaine users had less GMV 

in the premotor cortex bilaterally, right orbitofrontal cortex, bilateral temporal cortex, left 
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thalamus, and bilateral cerebellum, as well as lower right cerebellar white matter volume relative 

to a control group. They also observed an inverse correlation between duration of cocaine use, 

and the right and left cerebellar gray matter volumes. Lastly, using functional brain imaging, 

researchers have found altered brain activity and connectivity in these systems for cocaine users 

compared to controls (Adinoff et al., 2015; Hu et al., 2015; Tomasi et al., 2007). For example, 

Hu et al. (2015) found that cocaine use was associated with increased resting state functional 

connectivity in striatal-frontal circuits; and with decreased resting state functional connectivity 

between the striatum and cingulate, striatal, temporal, hippocampal/amygdala, and insular 

regions. 

Although these studies have reported that cocaine use was associated with changes in 

brain structure and function in key neural regions linked to addictive behaviors, little is known 

about possible corrective functional and structural alterations that take place in the brain during 

recovery, especially over long abstinence periods. Specifically, only few studies tried to explore 

the possibility that the altered brain structure and function could recover after cocaine abstinence 

(Bell et al., 2011; Hanlon et al., 2011). These studies, however, have focused mostly on short-

term abstinence. They found no difference in brain activity and response inhibition behavior 

(Bell et al., 2014a; Bell et al., 2014b; Morie et al., 2014). Nevertheless, possible effects of long-

term abstinence are yet to be examined (Bell et al., 2011). This is especially true given the 

neurotoxicity of substances, the presence of which can slow down neuroplasticity (Kanai and 

Rees, 2011).  Moreover, examining the neurobiology of long-term cocaine abstinence is 

important, because it could help understanding mechanisms leading to abstinence success and/or 

to lapses; this knowledge can serve as a basis for developing relapse prevention programs.

In this study, we address this objective and examine possible altered brain structure and 

function associated with different stages of cocaine addiction and long-term abstinence (from 1 

year to 30 years) using structural Magnetic Resonance Imaging (sMRI) and functional Magnetic 

Resonance Imaging (fMRI). Our analysis focuses on the abovementioned four neural regions, as 

these are important for addiction development and maintenance, and alterations in them are often 

associated with cocaine use. Prior research specifically showed that the striatum tends to be more 

efficient (often manifested through reduced gray matter volume) in cases of addiction (He et al., 

2017); the insular cortex tends to be hypo-active in cases of addiction (often manifested through 

reduced gray matter volume), but the findings regarding the insula are mixed, as lesions to it 
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actually disturb addiction (Droutman et al., 2015); and that the frontal regions we focus on 

(dorsolateral PFC, medial OFC and VMPFC) tend to be hypo-active in cases of addiction (often 

manifested through reduced gray matter volume). Assuming that neural recovery involves 

corrective actions related to these regions, and given their proven flexible morphology, we 

hypothesize that abstinence will be associated with opposite changes, both in brain function and 

structure (Thomas et al., 2008). We further conjecture that these changes will likely be more 

pronounced in subcortical regions, as these are more prone to morphological adaptations 

compared with prefrontal regions (Kanai and Rees, 2011). We hence suggest that while recovery 

can help with desired changes in the striatum and insula, it may be less effective (though still 

possible) in terms of alterations in prefrontal regions. 

Materials and Methods

Participants

Thirty-nine males (32 cases and 7 controls) from the greater Los Angeles area were 

recruited to participant in this study. These participants were a subsample of a long-term cohort 

study investigating the longitudinal patterns and consequences of cocaine use and addiction 

(Hser et al., 2006). Cocaine-dependent patients were screened and recruited from the original 

321 male military veterans who met dependence criteria for cocaine and were admitted to 

cocaine treatment in 1988-1989.  Follow-up interviews were conducted in 1990-1991, 1991-

1992, and 2002-2003.  The normal control subjects were of similar ages and ethnicity/race; they 

responded to flyers posted in local Veterans Affairs facilities.  A screening process was 

conducted to exclude candidates who : 1) are suffering from Axis 1 psychiatric conditions 

including PTSD and alcohol dependence; 2) have medical conditions that might interfere with 

safe study participation; and /or 3) are currently taking medications for psychiatric or medical 

conditions.  A urine testing was also conducted to verify recent self-reported cocaine use or 

abstinence.  

The mean age for these participants was 56.5 ± 5.4 years. They were in different stages of 

cocaine abstinence without treatment. While twelve were found to use cocaine in the last year 

(USERS), 20 were at different stages of addiction abstinence (ABSTINENCE) [five with 1-5 

years of abstinence (ABS1), five with 6-10 years of abstinence (ABS2), and 10 with over 10 

years of abstinence (ABS3)]. The remaining seven subjects were controls (CONTROLS); they 
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had matched age, sex, years of education, and race, to the case subjects. The controls never tried 

cocaine but lived in the same neighborhood. They were carefully screened for any neurological 

and psychiatric disorders (e.g., current psychoses, anxiety, or bipolar disorders) and use of 

medications that impact the central nervous system; no exclusions based on these criteria were 

made. All participants had normal or corrected-to-normal vision. All participants gave informed 

consent to the study procedures, which were approved by Institutional Review Boards of the 

University of Southern California and the University of California, Los Angeles.

Procedures

Participants were asked to come to a Cognitive Neuroscience Imaging Center to sign a 

consent form, complete a behavioral interview and go through an MRI scan. Prior to the MRI 

scan, they provided a urine sample. The MRI scan took about 30 minutes. During the scan, 

images for one high-resolution structural scan and one session of cue task were acquired, with a 

short resting period in between. 

Behavior Interviews

Measures included natural history of drug use, alcohol and tobacco use, mental health 

(e.g., Beck Depression, SCL-58), quality of health (e.g., SF36), sensation-seeking, and self-

efficacy. It captured up-to-date drug use and abstinence (e.g., years of cocaine abstinence) and 

other measures (e.g., current health and mental health). Urine samples were used to reasonably 

confirm participants’ abstinence.

fMRI Protocol 

MRI images were acquired using a 3T Siemens MAGNETOM Tim/Trio scanner at the 

Dana and David Dornsife Cognitive Neuroscience Imaging Center at the University of Southern 

California. Participants lay in the supine position on the scanner bed. Foam pads were used to 

minimize head motion. They were instructed to rest and keep their head very still during the 

structural scan. During the fMRI scan, the task was back-projected onto a screen through a 

mirror attached to the head coil. Stimulus presentation and timing of all stimuli and response 

events were operationalized with Matlab (Mathworks) and Psychtoolbox 

(www.psychtoolbox.org) on an IBM-compatible PC. Participants’ responses were collected 

online using an MRI-compatible button box. The structural image was obtained with T1-

weighted 3D-Magnetization Prepared Rapid Gradient Echo (MPRAGE) sequence, covering the 
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whole brain with the following scanning parameters: TR/TE = 2530/3.39 ms, flip angel = 7°, 

matrix = 256 x 256, number of slices = 128, and slice thickness = 1.33 mm. 

Functional MRI images were acquired with blood oxygen level dependent (BOLD) scan 

using a z-shim gradient echo EPI (echo planer imaging) sequence with PACE (prospective 

acquisition correction). This specific sequence is designed to reduce signal loss in the prefrontal 

and orbitofrontal areas. The PACE option can help reducing the impact of head motion during 

data acquisition. The scanning parameters were: TR/TE = 2000/25 ms; flip angle = 90°; 64 × 64 

matrix size with resolution 3 × 3 mm2. Thirty-one 3.5-mm axial slices were used to cover the 

whole cerebral cortex and most of the cerebellum with no gaps. The slices were tilted about 30° 

clockwise along the AC-PC plane to obtain better signals in the orbitofrontal cortex. 

fMRI Cue Task 

Participants performed a cue task in the scanner to measure their brain activity when 

watching two categories of stimuli: cocaine-related pictures and natural scene pictures (see 

example stimuli in Figure 1). The fMRI task used a block design and participants were asked to 

passively view the images. MRI-compatible eye-tracking system was used to monitor 

participants' pupils to ensure they are awake during the fMRI task. No exclusions based on this 

were made. Within each 24 second block, 8 pictures were presented for 2.5 second each with an 

inter-trial interval of 0.5 seconds. There was a 12 second resting period between blocks of 

stimuli. There were 16 cocaine-related pictures and 16 natural scene pictures. These pictures 

were selected based on a pilot study. Each participant viewed 8 blocks of each stimuli type and 

the order of different stimuli presentation was counterbalanced across participants using either 

ABBABAAB or BAABABBA sequence. There was a 12 second resting period both at the 

beginning and the end of the task. The total scanning time for the cue task was about 10 minutes. 

Statistical Analysis

Similar analysis procedures were applied to the structural and functional scans. First, 

participants were divided into three major groups: USERS (those who have used cocaine within 

the last year, n = 12), ABSTINENCE (those who were at different stages of cocaine abstinence, 

n = 20) and CONTROLS (matched controls that have never used cocaine, n = 7). The first 

analysis focused on group differences between 1) USERS and CONTROLS, 2) USERS and 

ABSTINENCE, 3) ABSTINENCE and CONTROLS. Since the number of participants in the 
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CONTROL group was relatively small, we first examined group difference between three groups 

as a means to preliminarily search for brain regions that may present differences. These 

differences were further refined by dividing the ABSTINENCE group into three subgroups: 

ABS1 (1–5 years of abstinence, n = 5), ABS2 (6–10 years of abstinence, n = 5), and ABS3 

(abstinent for over 10 years, n = 10). This division was chosen based on how prior research has 

treated short meaningful abstinence, medium duration abstinence, and long-term abstinence. A 

second analysis was performed to shed more light on possible differences associated with 

abstinence. It included two inter-group comparisons between: 1) USERS and ABS1 (examining 

the differences between current users and recently abstinent); and 2) CONTROL and ABS3 

(examining the differences between controls and long term abstinent). A third analysis included 

the calculation of years of abstinence for the ABSTINENCE group (N = 20). These data and 

their log10 transformation were then correlated with whole-brain imaging data. This was done to 

reveal association between abstinence duration and brain function and structure. The last (fourth) 

analysis supplemented the previous one by extracting region of interest (ROI) volumes and 

activations. These data were used for subgroup comparisons. For all correlational analysis, 

robust regression was used to minimize the impact of outliers in the behavioral data, using 

iteratively reweighted least squares implemented in the robustfit command in the MATLAB 

Statistics Toolbox. Reported r-values reflect (non-robust) Pearson product-moment correlation 

values, whereas the reported p-values and regression lines are based on the robust regression 

results. Because the sample size was relatively small, the effect sizes as well as their 95% 

confidence intervals were reported where available, following methods by Steiger and Fouladi 

(1997). 

Voxel-Based Morphometry (VBM) Analysis

Structural MRI data were analyzed with FSL-VBM, an optimized voxel-based 

morphometry analysis toolbox implemented in FSL.  This approach requires no prior 

information about the location of possible differences in gray matter, and has been proven to be 

operator-independent.  First, structural images were extracted using BET.  Next, tissue-type 

segmentation was performed using FAST4.  The resulting gray-matter partial volume images 

were then aligned to the gray-matter template in the MNI152 standard space using the affine 

registration tool FLIRT, followed by nonlinear registration using FNIRT, which used a b-spline 
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representation of the registration warp field. The spatially normalized images were then averaged 

to create a study-specific template, to which the native gray matter images were registered again 

using both linear and nonlinear algorithms as described above.  The registered partial volume 

images were then modulated by dividing them with the Jacobian of the warp field to correct for 

local expansion or contraction.  The modulated segmented images, which represent the GMV, 

were then smoothed with an isotropic Gaussian kernel with a 3 mm standard deviation.  Finally, 

voxel-wise general linear models were used to examine correlations between brain data, group 

affiliation and years of abstinence. Non-parametric permutation methods (Randomise v2.1 in 

FSL) were used for inference on statistic maps.  The null distribution at each voxel was 

constructed using 10,000 random permutations of the data.  Threshold-free cluster enhancement 

(TFCE) was used to correct for multiple comparisons across the whole brain.  The mean GMV in 

each significant cluster was then extracted for each individual. 

fMRI Analysis

Functional MRI image preprocessing and statistical analyses were carried out using the 

FSL package (www.fmrib.ox.ac.uk/fsl). fMRI images were realigned to compensate for small 

residual head movements that were not captured by the PACE sequence. Translational 

movement parameters never exceeded 1 voxel in any direction for any participant. Data were 

spatially smoothed using a 5-mm full-width-half-maximum (FWHM) Gaussian kernel. The data 

were filtered using a nonlinear high pass filter with a 100-second cut-off.

A two-step registration procedure was used whereby EPI images were first registered to 

the MPRAGE structural image, and then into standard MNI space, using affine transformations. 

Registration from MPRAGE structural image to standard space was further refined using FNIRT 

nonlinear registration. Statistical analyses were performed in the native image space, with the 

statistical maps normalized to the standard space prior to higher-level analyses. The data were 

modeled at the first level using a general linear model (GLM) within FSL’s FILM module. Brain 

activations for both cocaine-related pictures and natural scene pictures were modeled in the 

single subject level. The boxcar response was convolved with the canonical hemodynamic 

response function (HRF, double-gamma) to generate regressors used in the GLM. Temporal 

derivatives were included as covariates of no interest to improve statistical sensitivity. Resting 

periods were not explicitly modeled, and therefore constituted an implicit baseline. The six 

movement parameters were also included as covariates in the model. Higher level random-
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effects models were tested for group analyses using FMRIB’s Local Analysis of Mixed Effect 

stage 1 only with automatic outlier detection. Group images were evaluated with a height 

threshold of Z > 3 and a cluster probability of p < 0.05, corrected for whole-brain multiple 

comparisons based on Gaussian random field theory.

Regions of interests (ROI) were created from clusters of voxels with significant 

activation in the voxel-wise analyses. Analyses were performed by extracting parameter 

estimates (betas) of each type of stimuli from the fitted model and averaging across all voxels in 

the cluster for each participant. Percent signal changes were calculated using a method suggested 

by Mumford (http://mumford.fmripower.org/perchange_guide.pdf). 

Functional Connectivity Analysis

To better understand key brain networks associated with long-term cocaine abstinence, 

the time courses of the following four seed regions revealed in the fMRI results were extracted: 

(1) the right striatum (MNI coordinates: 10, 14, 0); (2) the left insula (MNI coordinates: -40, 6, -

10); (3) the right Lateral Frontal Pole (LFP; MNI coordinates: 24, 44, 42); (4) the left VMPFC 

(MNI coordinates: -14, 56, 14). These ROIs were defined as 6 mm spheres centered on the MNI 

coordinates mentioned above. Pearson product-moment correlational analysis was performed 

between the time courses of each pair of ROIs for each subject separately. Between-group 

differences and correlations with years of abstinence were then assessed.

Results

Gray Matter Volume and Cocaine Abstinence

The results suggest that there are significant differences in brain structure (GMV) 

between cocaine USERS and CONTROLS (Table 1), with USERS showing higher volumes in 

the neural systems for processing reward and craving (striatum and insula), and lower volumes in 

neural systems involved in both inhibitory control (lateral aspects of prefrontal cortex) and 

decision-making (medial aspects of OFC/VMPFC region). These differences can reflect the 

imbalance USERS typically have (Noel et al., 2013), as hypo-activity in prefrontal regions is 

often linked to reduced GMV and insular abnormality can be associated with increased GMV 

(Wood and Bechara, 2014). 

These results further show that after a period of cocaine abstinence, there are observed 

differences in GMV that may reflect neural recovery compared with the USERS group. These 

http://mumford.fmripower.org/perchange_guide.pdf
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possibly recovered regions stretch over three neural systems (reward, craving, and inhibitory 

control), but do not include the neural system linked to decision-making. Specifically, the 

ABSTINENCE group showed higher GMV (relative to USERS) in the lateral frontal pole 

bilaterally, and the DLPFC bilaterally, whereas USERS showed higher GMV (relative to the 

ABSTINENCE group) in the right striatum. This pattern held when comparing USERS to the 

most recent individuals in the ABSTINENCE group (ABS1): the ABS1 group showed more 

GMV (relative to USERS) in the lateral frontal pole bilaterally, the medial aspects of the 

dorsolateral prefrontal cortex (i.e., the medial aspects of the superior frontal gyrus) bilaterally, 

and the right DLPFC. Moreover, USERS had higher GMV (relative to ABS1) in the right 

striatum.  

However, no structural differences in the medial OFC/VMPFC, that is brain regions 

critical for decision-making, were observed. These results may therefore imply no recovery in 

this area. Specifically, CONTROLS showed higher GMV in the left OFC relative to 

ABSTIENENCE. No other brain region showed differences in GMV in the ABSTINENCE 

group relative to CONTROLS. This was also true when comparing CONTROLS to the longest 

abstinent individuals of the ABSTINENCE group (ABS3). CONTROLS still showed higher 

GMV in the OFC, bilaterally, compared with the ABS3 group. No other brain region showed 

differences in GMV between the ABS3 and CONTROLS groups. Overall, this analysis revealed 

a possible tendency towards “normalization” in most key neural systems sub-serving cocaine 

addiction, except for prefrontal decision-making regions. 

Next, correlations between GMV and both (1) years of abstinence, and (2) log-

transformed years of abstinence (Table 1) were assessed. This analysis was restricted to those 

regions that showed differences between USERS and CONTROLS in an uncorrected (p < .05) 

statistical map. Results were consistent for years of abstinence and log-transformed years of 

abstinence. They showed that GMV in the right striatum and the left insula were negatively 

correlated with abstinence period, which reflects possible recovery. They also showed that GMV 

in the right LFP was positively correlated with abstinence duration, also possibly reflecting 

neural recovery (see Figure 2). Consistent with the between-group comparisons, no significant 

correlation between left OFC and abstinence period was observed.

Brain Activation and Cocaine Abstinence
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fMRI results (Table 2) showed that USERS (relative to CONTROLS) were more 

sensitive to cocaine pictures (as opposed to natural scenes pictures) in terms of eliciting higher 

neural activation responses in a large swath of subcortical regions that includes the striatum 

(caudate and putamen), the amygdala, hippocampus, thalamus, and insular cortex. Although the 

GMV results indicated possible weakening in the neural systems involved in inhibitory control in 

USERS (as reflected by relatively smaller GMV in the lateral prefrontal regions), we found an 

increase in activation responses to cocaine pictures (instead of a decrease) in the dorsal and 

ventral parts of the prefrontal cortex in USERS. One possible explanation is that USERS need to 

exert a stronger effort to inhibit response tendencies towards cocaine cues, as a result of their 

deteriorated inhibition faculties and abilities. As expected, cocaine pictures elicited increased 

neural activation responses compared to nature pictures in the more ventral part of the medial 

prefrontal cortex in CONTROLS (i.e., USERS showed weaker activation responses in this 

region) (Table 2), which is indicative of poorer decision-making capacity among the USERS 

group. 

We also compared different groups in relation to the contrast between cocaine pictures 

and natural scene pictures. The activation maps from the previous step were used as an inclusive 

mask to rule out the possibility that activation differences were due to a negative activation in 

one condition. Results suggested that USERS (relative to CONTROLS) showed increased 

activations in the left insula/DLPFC, right DLPFC, right LFP, left inferior temporal gyrus, and a 

large part of the subcortical areas, including the caudate/thalamus bilaterally, and the right 

putamen/pallidum. In contrast, CONTROLS (relative to USERS) showed increased activation in 

the left VMPFC/OFC (Table 2). USERS also showed, relative to the ABSTINENCE Group, 

higher activations in the right caudate/thalamus/putamen/pallidum, right caudate, and left 

DLPFC. The reverse comparison showed no difference (Table 2). Specifically, USERS showed 

higher activation in the left striatum (extending to the ACC region) than the most recent 

abstinent individuals of the ABSTINENCE group (ABS1). No other region in the ABS1 group 

showed higher activation relative to USERS (Table 2). The ABSTINENCE group showed more 

activation in the right LFP/DLPFC than the CONTROLS group did, while the CONTROLS 

group showed higher activation in the left VMPFC than the ABSTINENCE group did. 

CONTROLS also showed higher activation in the left VMPFC compared with the longest 
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abstinent individuals of the ABSTINENCE group (ABS3). No other region in the ABS3 group 

showed higher activation relative to CONTROLS (Table 2). 

Lastly, we analyzed the correlation between brain activation differences and (1) years of 

abstinence, and (2) log-transformed years of abstinence (Table 2). This analysis was restricted to 

those regions that showed differences between USERS and CONTROLS in a liberal (p < .05, 

uncorrected) statistical map. Results consistently suggested that no brain areas were positively 

correlated with abstinence time and its log transformation. However, activations in three brain 

regions (right caudate, left insula, and right LFP) showed negative correlations with abstinence 

time and its log transformation (Table 2). 

With the exception of the observed increased activation in the lateral prefrontal cortex in 

USERS relative to CONTROLS, the functional neuroimaging results are largely consistent with 

the structural (GMV) results in that USERS show (1) a relative strengthening in neural systems 

for processing reward and craving (striatum and insula), and (2) a relative weakening in neural 

systems involved in inhibitory control (lateral aspects of prefrontal cortex), and to some extent 

decision-making (medial aspects of OFC/VMPFC). Furthermore, after a period of cocaine 

abstinence, there are observed differences (possibly reflecting recovery) in activity in these 

regions. These may reflect a neural adaptation back to the levels of CONTROLS, in at least 3 

key neural systems (reward, craving, and inhibitory control), but not to the same extent in the 

neural system serving decision-making (Figure 3). 

Functional Connectivity and Cocaine Abstinence

For functional connectivity analysis, we first used one sample t test to examine whether 

the correlation coefficients (rs) were significantly different from 0 in USERS and CONTROLS. 

Figure 4A demonstrated that except for the connectivity between the left VMPFC and the right 

LFP, and the connectivity between the left Insula and the right LFP, all other connections were 

significant for CONTROLS (all mean rs > 0.43, all ts > 18.66, all ps < 0.001). However, Figure 

4B showed that in USERS, there is only significant connectivity between the left VMPFC and 

the left Insula (mean r = 0.39, SD = 0.085, t = 15.95, p < 0.001). Next, brain connectivity was 

compared between USERS and CONTROLS after Fisher-Z transformation of the correlation 

coefficients. These results are expressed in Figure 4C. It shows that there are three connections 

that differed between CONTROLS and USERS, including the left Insula and right Striatum 
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connection (t(17) = 3.30, p = 0.004, Cohen’s d = 1.60, 95% CI = 0.97-1.78), left VMPFC and 

right striatum connection (t(17) = 2.98, p = 0.008, Cohen’s d = 1.45, 95% CI = 0.95-1.67), and 

right LFP and right Striatum connection (t(17) = 2.45, p = 0.025, Cohen’s d = 1.19, 95% CI = 

1.03-1.45). Two connections (Figure 4D) also showed significant correlations with years of 

abstinence, including the connections between right LFP and right Stratum (r(19) = 0.48, p = 

0.028, 95% CI = 0.43-0.56) and left Insula and right Striatum (r(19) = 0.57, p = 0.007, 95% CI = 

0.49-0.61). However, the connection between the left VMPFC and the right striatum showed no 

correlation with years of abstinence (r(19) = 0.12, p = 0.60, 95% CI = -0.13-0.21).

Discussion

This study is unique in that it examined differences (possible changes) in brain structure, 

activation and connectivity as a function of long-term cocaine abstinence for a duration ranging 

from 1 year to 30 years, among military veterans. It specifically examined how cocaine use or 

abstinence duration may be associated with differences in four brain regions that are instrumental 

in addiction formation and maintenance. The findings point to both GMV and functional 

activation differences in USERS compared to CONTROLS in all of these target regions, namely 

the striatum; the lateral prefrontal cortex (especially the dorsolateral PFC); the insula; and the 

medial orbitofrontal cortex (OFC) and ventromedial prefrontal cortex (VMPFC). Specifically, 

USERS showed presumed unhealthy strengthening of neural systems for processing reward and 

craving (higher GMV and higher activation in the right striatum and left insula), and relative 

weakening of neural systems involved in (1) inhibitory control (the right lateral frontal pole 

[LFP] showed lower GMV, but interestingly higher functional activation, which may reflect 

more effortful engagement due to structural deficits), and (2) decision-making (the left 

OFC/VMPFC showed lower GMV and functional activation). Although compelling, the results 

are limited in that they include a relatively small sample size, as well as they lack methods that 

rule out with certainty any occasional use in the long-term cocaine abstinent group. Therefore, 

these results should be considered as preliminary. However, these findings reaffirm the centrality 

of these regions in addiction development and maintenance. 

Examination of possible neural changes after abstinence suggests that presumed recovery 

can occur mostly in neural systems related to reward, craving, and inhibitory control, but to a 
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lesser extent in neural systems related to decision-making. This is consistent with many 

observations that prefrontal deficit can be difficult to fix (Bechara et al., 2000) and that these 

brain regions are less prone to morphological changes compared to sub-cortical regions (He et 

al., 2017). Specifically, GMV and functional activation negatively correlated with years of 

abstinence from cocaine use in the ABSTINENCE group, in the right striatum and left insula. 

Moreover, in the ABSTINENCE group, GMV in the right LFP positively correlated with 

abstinence duration, while functional activation in the right LFP negatively correlated with years 

of abstinence. In contrast, both GMV and functional activation levels in the left OFC/VMPFC 

regions were not associated with years of abstinence. Additional analyses also suggested that 

USERS had reduced functional connectivity between the right striatum and the left insula, left 

VMPFC, and right LFP. While two of these connections (between the right LFP and the right 

striatum, and between the left insula and the right striatum) correlated with years of abstinence, 

the connection between left VMPFC and right striatum did not correlate with abstinence 

duration. This endorses the idea that after cocaine abstinence, it is possible that at least some 

neural systems related to reward, craving, and inhibitory control adapt; and their recovery is a 

function of time. The required recovery time, though, is long (several years). However, neural 

systems related to foresight and decision-making may not show similar recovery patterns. This 

implies that cocaine USERS may be indefinitely at a higher risk for making lapses in judgment 

and decision-making, and that these may be one reason for their ongoing relapses, especially if 

reward salience and craving become more intense. Hence, therapies that target decision making 

improvement, for example through mindfulness training, may be useful for improving abstinence 

rates; only under the assumption that USERS have the capacity to exert the needed inhibition. If 

the inhibition facilities do not recover, strategies to reduce cue salience (e.g., avoiding cues 

related to Cocaine) may be more efficacious. These propositions, though, merit further research, 

and their efficacy may depend on the possible plasticity of relevant brain regions. 

The gray matter abnormalities identified in the current study in the striatum ,insula, 

frontal pole, and OFC/VMPFC are consistent with numerous studies on abnormalities in gray 

matter morphology in people who use various substances, including cocaine (Ansell et al., 2012; 

Barrós-Loscertales et al., 2011; Franklin et al., 2002; Kaag et al., 2014; Konova et al., 2012; 

Moreno-López et al., 2012; Sim et al., 2007b), heroin (Liu et al., 2009; Wang et al., 2012; Yuan 

et al., 2010; Yuan et al., 2009), cannabis (Cousijn et al., 2012), nicotine (Brody et al., 2004; Liao 
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et al., 2012), and alcohol (Benegal et al., 2007; Mechtcheriakov et al., 2007). For example, Sim 

et al. (2007b) reported that cocaine-dependent participants had at least a 10% reduction in GMV, 

relative to controls, in regions of the premotor cortex bilaterally, the right orbitofrontal cortex, 

the temporal cortex bilaterally, the left thalamus, and the cerebellum bilaterally. In a study of 

participants with dependence on two or more substances (Tanabe et al., 2009), it has been shown 

that subjects had reduced GMV, relative to controls, in the medial OFC bilaterally. Furthermore, 

the degree of this GMV reduction correlated with decision-making performance on a modified 

gambling task. 

While we found, consistent with most VBM studies that the right LFP and left VMPFC 

had decreased GMV in substance users, we also found increased striatal and insular GMV in 

cocaine users. This is not consistent with all prior studies, but it is consistent with some (Ansell 

et al., 2012; Barrós-Loscertales et al., 2011); which is indicative of mixed findings regarding 

these regions. The striatal GMV increase was consistent with Ersche and colleagues (Ersche et 

al., 2011; Ersche et al., 2012) who found similar increase in GMV of the striatum. Also, animal 

studies showed that cocaine use increases dopamine receptors and mRNA in the striatum 

(Beveridge et al., 2009; Spangler et al., 1993; Wong et al., 2006), which may explain the 

observed increase in GMV. Some studies also point to higher GMV in the left insula of smokers, 

compared to controls (Zhang et al., 2011). Moreover, it has been shown that the GMV of the 

insular cortex of cocaine addicts is associated with abstinence duration (Connolly et al., 2013). A 

recent study suggested that there may be sex related differences regarding GMV and addiction 

(Rando et al., 2013), which may partially explain the inconsistency with earlier work that was 

observed in our study (our study only examined male participants). Overall, more research on the 

morphology of the striatum and insula is needed for shedding light on the mixed findings in prior 

research.

This study also examined the functional activity of four key regions implicated in cocaine 

addiction. Using PET or fMRI, researchers have consistently shown that abnormal activity in 

these regions relate to the use of various substances (for reviews, see Goldstein and Volkow, 

2002; Goldstein and Volkow, 2011; Hyman and Malenka, 2001; Kalivas and Volkow, 2005; 

Leshner, 1997; Volkow and Fowler, 2000; Volkow et al., 2002; Volkow et al., 2012; Volkow 

and Wise, 2005), including to cocaine (Asensio et al., 2010; Breiter et al., 1997; Goldstein et al., 

2007; Kilts et al., 2001), heroin (Daumann et al., 2003; Fu et al., 2008), nicotine (McBride et al., 
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2006; McClernon et al., 2005; McClernon et al., 2009), alcohol (Hermann et al., 2006), NMDA 

(Daumann et al., 2003), and marijuana (Schweinsburg et al., 2008). Employing the widely-used 

cue task paradigm, our results suggest that cocaine users show more activation of the striatum, 

insula, and lateral prefrontal cortex, combined with lower activation in the VMPFC/OFC. This is 

consistent with previous studies using the cue task paradigm (Goldstein and Volkow, 2002; 

Goldstein and Volkow, 2011; Hugh et al., 2000; Hyman and Malenka, 2001; Kalivas and 

Volkow, 2005; Leshner, 1997; Volkow and Fowler, 2000; Volkow et al., 2002; Volkow et al., 

2012; Volkow and Wise, 2005). Similarly, in cocaine addicts the striatal system is often 

hyperactive, whereas the OFC is typically hypoactive during the performance of a Stroop task 

(Goldstein et al., 2007).  This is supported in PET studies that pointed to hyperactive striatum 

and lateral prefrontal cortex and a hypoactive VMPFC/OFC (Bonson et al., 2002; Grant et al., 

1996) as well as in  fMRI studies (Bolla et al., 2004; Bolla et al., 2003).

Considering potential neural recovery after long-term cocaine abstinence, we found that 

the GMV and activation of some of the four target neural regions (namely, striatum, insula, and 

dorsolateral prefrontal cortex) correlated positively with the duration of cocaine abstinence. In 

contrast, neither the GMV, nor functional activity in the left VMPFC, were correlated with years 

of abstinence. These results support our hypotheses that cortical neural systems sub-serving 

decision-making may not recover as effectively as sub-cortical regions, even after long-term 

cocaine abstinence. These findings are consistent with several prior studies. While recovery of 

neuropsychological functions are expected after a long period of abstinence (e.g., Bell et al., 

2014a; McClernon et al., 2005), the persistence of decision-making impairments has been 

intriguing. For example, it has been shown that alcoholics can achieve long-term abstinence in 

spite of persistent deficits in decision making as measured by the Iowa Gambling Task (Fein et 

al., 2004). These findings are consistent with the proposal that decision-making deficits and non-

recovering VMPFC reflect a vulnerability or predisposing factor to substance use disorders that 

may persist with abstinence (Bechara, 2001, 2003). Abstinence in such cases (when decision-

making deficits persist), may be possibly attributed to reduction in cues that motivate substance 

use. This idea, though, should be examined in future research.

Moreover, this study showed that cocaine users also differed from controls in functional 

connectivity among the abovementioned four key regions, and especially in connectivity 

between the left insula/right LFP and right striatum. However, the connectivity between the left 
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VMPFC and right striatum did not correlate with abstinence duration. Several studies 

investigated functional connectivity in addiction disorders using resting state fMRI. For example, 

it has been found that chronic heroin users show increased functional connectivity between the 

striatum and ACC, between the striatum and OFC, and between the amygdala and OFC, as well 

as reduced functional connectivity between the lateral prefrontal cortex and OFC, and between 

the lateral prefrontal cortex and ACC (Ma et al., 2010). Using arterial spin labeling and resting 

state fMRI, enhanced regional cerebral blood flow in the left posterior hippocampus in a relapsed 

group, as compared to early remission and control groups was revealed; using this posterior 

hippocampus as a seed, increased resting state functional connectivity strength with the posterior 

cingulate cortex/precuneus in relapsed versus early remission subgroups was also observed 

(Adinoff et al., 2015). Reviews suggest that the altered functional connectivity in addiction may 

reflect the underlying psychological dysfunctions associated with reward, affective and cognitive 

processing, especially the connectivity between the insula and other brain regions (Sutherland et 

al., 2012). Consistent with this study, previous studies found reduced resting state functional 

connectivity in cocaine-dependent participants (Kelly et al., 2011) and opioid-dependent patients 

relative to control subjects (Upadhyay et al., 2010). 

Lastly, it is interesting to consider that activity in the PFC in controls also increased after 

exposure to cocaine pictures; that is, they did not treat cocaine pictures as neutral. This may have 

happened because cocaine pictures are emotionally charged stimuli, just like the emotional slides 

in the International Affective Picture System (IAPS). To a normal individual, cocaine cues may 

evoke many negative emotional responses that are implicit, and not necessarily conscious. The 

PFC is a key brain region involved in the processing of emotionally competent stimuli, and 

patients with lesions in the PFC do not trigger, for example, skin conductance responses to IAPS 

pictures, including pictures of drug paraphernalia(Damasio et al., 1990). On the other hand, 

cocaine addicts are suspected to have a deficiency in this same PFC region. Therefore, it was 

reasonable to find that the PFC of normal individuals react (or increase its activity) in response to 

emotionally charged stimuli such as cocaine cues, whereas cocaine users are less likely to do so. 

Overall, our findings provide interesting insights regarding cocaine addiction and 

possible recovery, and specifically extend prior research by showing possible long-term neural 

associations with abstinence. The results are fairly consistent with prior research and point not 

only to similarities and possible shared neural underpinning of addictions to various substances 
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and behaviors (Noel et al., 2013), but also to similarities in terms of possible recovery during 

abstinence. There are several noteworthy limitations in this study. First, the sample size is 

relatively small and the participants are all male veterans in their mid-50s. Although we had a 

large cohort of participants for behavior screening, the relatively strict exclusion criteria, other 

co-morbidities, the time scope of the study, and body condition disqualified many of them from 

being scanned, thus reducing the sample size. Essentially, we focused on long term abstinence in 

an existing cohort and this has reduced the likelihood of meeting our criteria and agreeing again 

(after many years) to take part in our study. Second, although our previous studies (Hser et al., 

2016; Hser et al., 2001; Hser et al., 2006; Nosyk et al., 2014) have demonstrated the reliability 

and validity of the timeline follow back procedure combined with urine testing, it might be 

possible that the length of cocaine abstinence measure  was biased. Future research may benefit 

from including a more rigorous biomarker or secondary measure (e.g. caretaker report), in order 

to strengthen assertions regarding abstinence duration. Third, the functional connectivity analysis 

only focused on the brain regions showing significant activation in the cue task, but not the 

whole brain. Fourth, this is a cross-sectional and correlational study, which limits causality 

arguments. Longitudinal studies should be conducted in the future to replicate and extend the 

findings from this study. Despite these limitations, these results are compelling in that they 

suggest that male military veterans cocaine USERS are indefinitely at a higher risk for making 

lapses in judgment and decision-making leading to possible relapse, if reward salience and 

craving become more intense. Understanding the neurobiology of long-term cocaine abstinence 

in vulnerable populations and beyond could help devising better therapeutic strategies that 

prevent relapse.
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Figure Legends

Figure 1: Example stimuli of A) Cocaine related pictures, and B) natural scenes control pictures 

used in the present study.

Figure 2: GMV in four key brain regions and its relationship with years of abstinence. A) The 

right striatum showed higher GMV in USERS than in CONTROLS and ABSTINENCE. There 

were also difference between USERS and ABS1 (i.e., those who recently quit using cocaine; less 

than 5 years ago). Years of abstinence inversely predicted the GMV in the right striatum. B) The 

left insula showed higher GMV in USERS than in CONTROLS. Years of abstinence also 

inversely predicted the GMV in the left insula. C) The right LFP showed lower GMV in USERS 

than in CONTROLS and ABSTINENCE. There was also observable difference between USERS 

and ABS1 (i.e., those who recently quit using cocaine; less than 5 years ago). Years of 

abstinence positively predicted the GMV in the right LFP. D) The left OFC showed higher GMV 

in CONTROLS than in USERS and ABSTINENCE. The difference was noticeable also between 

CONTROLS and ABS3 (i.e., those who quit using cocaine more than 11 years ago). The 

correlation suggested that there is no significant recovery in this region. 

In the visualized brain slices, red color illustrates the corresponding brain region. R indicates the 

right hemisphere. Numbers below the slice indicate the MNI coordinates of the slice. ABC is 

displayed in sagittal view and D is displayed in axial view.

Figure 3: Brain activation in four key brain regions and relationships with years of abstinence. 

A) The right striatum showed higher activation in USERS when facing cocaine pictures than 

when facing control pictures. The activation in this area of USERS was higher than this of 

CONTROLS and ABSTINENCE, and even higher than this of ABS1 (i.e., those who recently 

quit using cocaine; less than 5 years ago). Years of abstinence could inversely predict brain 

activation in the right striatum. B) The left insula showed higher activation in USERS when 

facing cocaine pictures than when facing control pictures. The activation in this area for USERS 

is higher than this for CONTROLS. Years of abstinence could also inversely predict brain 

activation in the left insula. C) The right LFP in USERS showed higher activation when facing 

cocaine pictures than when facing control pictures. The activation in this area of USERS and 
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ABSTINENCE was higher than in this area of CONTROLS. Years of abstinence could inversely 

predict brain activation in right LFP. D) The left VMPFC showed higher activation when facing 

cocaine pictures than when facing control pictures in CONTROLS. The activation in this area of 

CONTROLS was higher than this of USERS and ABSTINENCE, and even higher than this of 

ABS3 (i.e., those who quit using cocaine more than 11 years ago). The correlation suggested that 

there is no recovery for this region. 

In the visualized brain slices, yellow or green colors illustrate the corresponding brain region. R 

indicates the right hemisphere. Numbers below the slice indicate the MNI coordinates of the 

slice. AC are displayed in coronal view, B is displayed in sagittal view, and D is displayed in 

axial view. R indicates the right hemisphere.

Figure 4: A) Significant connections for the CONTROLS group tested by one sample t tests. 

Except for the connectivity between the left VMPFC and the right LFP, and the connectivity 

between the left Insula and the right LFP, all other connections were significant (in red). The 

mean correlational coefficients are displayed for each significant connection. B) Significant 

connections for the USERS group tested by one sample t tests. Results suggested that only the 

connectivity between the left VMPFC and the left Insula is significant. The mean correlational 

coefficient is displayed for this connection. C) Three connections significantly differed between 

CONTROLS and USERS, including connections between the left Insula and the right Striatum, 

the left VMPFC and the right striatum, and the right LFP and right Striatum. T statistics for each 

significant connection are displayed. D) Two connections were also significantly positively 

correlated with years of abstinence, including the connections between the right LFP and the 

right Striatum and between the left Insula and the right Striatum. However, the connection 

between the left VMPFC and the right striatum did not correlate with years of abstinence. 

Correlational coefficients are displayed for each significant correlation.
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Tables

Table 1: Summary of VBM results

L/R Brain region Voxels
MNI 

x

MNI 

y

MNI 

z

TFCE 

corrected p

CONTROLS > USERS

R LFP 1018 34 48 6 <.001

L/R DMPFC 789 0 50 18 <.001

L OFC 638 -16 10 -20 <.001

R OFC 111 14 8 -22 .003

L DLPFC 104 22 48 42 .002

USERS > CONTROLS 

R Striatum 287 14 -4 20 <.001

L Insula 133 -40 -2 -2 .001

L Striatum 114 -16 2 24 .002

ABSTINENCE > USERS

L/R Lateral and Medial Frontal Pole 2025 18 64 30 <.001

R DLPFC 282 58 14 28 .001

L VMPFC 208 -22 68 -12 .003

L DLPFC 180 -48 12 12 .002

USERS > ABSTINENCE

R Striatum 230 18 -4 24 .001

ABSTINENCE > CONTROLS

NONE

CONTROLS > ABSTINENCE

L OFC 176 -12 8 -22 .002

USER > ABS1

R Striatum 144 18 -2 24 .003

ABS1 > USER

L/R Lateral and Medial Frontal Pole 2372 34 66 -10 <.001

L/R DMPFC 831 -16 70 16 <.001
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R DLPFC 400 54 14 32 <.001

ABS3 > CONTROL

NONE

CONTROL > ABS3

L OFC 129 -12 8 -22 .002

R OFC 103 12 8 -20 .003

POSITIVE CORRELATION WITH YEARS OF ABSTINENCE

R LFP 269 28 48 10 <.001

NEGATIVE CORRELATION WITH YEARS OF ABSTINENCE

L Insula 133 -36 -10 -4 <.001

R Striatum 71 18 -10 26 .003

POSITIVE CORRELATION WITH LOG-TRANSFORMED YEARS OF 

ABSTINENCE

R LFP 195 28 48 10 .002

NEGATIVE CORRELATION WITH LOG-TRANSFORMED YEARS OF 

ABSTINENCE

L Insula 133 -36 -8 -4 .001

R Striatum 67 18 -8 26 .002

L: Left; R: Right; LFP: Lateral Frontal Pole; DMPFC: Dorsomedial Prefrontal Cortex; OFC: 

Orbital Frontal Cortex; DLPFC: Dorsolateral Prefrontal Cortex; VMPFC: Ventromedial 

Prefrontal Cortex.

Note: The voxel size in VBM analysis is 2 mm × 2 mm × 2 mm = 8 mm3.
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Table 2: Summary of fMRI results (Cocaine Pictures > Natural Scene Pictures)

L/R Brain region
Voxel

s

MNI 

x

MNI 

y

MNI 

z
Z

USERS

L/R Hippocampus/Putamen/Amygdala/Thalamus 3223 6 0 2
4.6

4

L DLPFC Extending to Anterior Insula 1740 -42 12 26
4.5

1

L/R DMPFC/VMPFC 1023 8 56 -14
4.1

4

R DLPFC 860 50 44 -16
3.8

9

L Inferior Temporal Gyrus 698 -52 -38 -4
4.1

3

L/R
PCC/Precuneus Extending to Right Superior 

Parietal Lobe
696 -14 -50 30

3.9

0

R Lateral Occipital Cortex 610 36 -50 54
3.8

4

R DLPFC 563 54 10 44
4.5

9

R LFP 472 24 44 42
4.2

6

CONTROLS

L/R DMPFC/VMPFC/OFC (left lateralized) 2567 -8 62 12
4.3

8

USERS > CONTROLS

L/R
Bilateral Caudate/Bilateral Thalamus/right 

Insula/ right Putamen/right Pallidum
1181 6 0 4

5.5

8

L Insula/DLPFC 789 -54 30 6
5.2

7
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R DLPFC 346 52 10 46
5.2

9

R LFP 273 24 46 42
5.3

1

L Inferior Temporal Gyrus 245 -46 -6 -28
5.2

9

CONTROLS > USERS

L VMPFC/OFC 405 -14 34 -14
4.8

4

ABSTINENCE > USERS

NONE

USERS > ABSTINENCE

R Caudate/Thalamus/Putamen/Pallidum 439 12 0 -8
5.3

9

L Caudate 139 -10 20 10
5.2

6

L DLPFC 103 -54 30 8
5.0

4

ABSTINENCE > CONTROLS

R LFP/DLPFC 601 46 38 34
5.4

5

CONTROLS > ABSTINENCE

L VMPFC 224 -20 50 6
4.8

9

USER > ABS1

R Striatum extending to ACC 224 4 32 4
5.0

9

ABS1 > USER

NONE

ABS3 > CONTROL

NONE
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CONTROL > ABS3

L VMPFC 164 -14 56 14
5.4

3

POSITIVE CORRELATION WITH YEARS OF ABSTINENCE

NONE

NEGATIVE CORRELATION WITH YEARS OF ABSTINENCE

R LFP 278 24 44 42
4.3

8

L Insula 195 -40 6 -10
3.7

4

R Caudate 189 10 14 0
4.2

5

POSITIVE CORRELATION WITH LOG-TRANSFORMED YEARS OF 

ABSTINENCE

NONE

NEGATIVE CORRELATION WITH LOG-TRANSFORMED YEARS OF 

ABSTINENCE

L Caudate 194 10 14 0
4.1

9

L Insula 165 -40 8 -10
4.0

5

R LFP 137 24 46 44
3.8

9

L: Left; R: Right; DLPFC: Dorsolateral Prefrontal Cortex; DMPFC: Dorsomedial Prefrontal 

Cortex; VMPFC: Ventromedial Prefrontal Cortex; PCC: Posterior Cingulate Cortex; LFP: 

Lateral Frontal Pole; OFC: Orbital Frontal Cortex; ACC: Anterior Cingulate Cortex.

Note: The voxel size in fMRI analysis is 2 mm × 2 mm × 2 mm = 8 mm3.
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