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Background: Alcohol dependence (AD) is a chronic recurrent brain disease that causes a heavy disease burden worldwide, partly due to high relapse rates after detoxification. Verified biomarkers are not available for AD and its relapse, although the nucleus accumbens (NAc) and medial prefrontal cortex (mPFC) may play important roles in the mechanism of addiction. This study investigated AD- and relapse-associated functional connectivity (FC) of the NAc and mPFC with other brain regions during early abstinence.

Methods: Sixty-eight hospitalized early-abstinence AD male patients and 68 age- and education-matched healthy controls (HCs) underwent resting-functional magnetic resonance imaging (r-fMRI). Using the NAc and mPFC as seeds, we calculated changes in FC between the seeds and other brain regions. Over a follow-up period of 6 months, patients were measured with the Alcohol Use Disorder Identification Test (AUDIT) scale to identify relapse outcomes (AUDIT ≥ 8).

Results: Thirty-five (52.24%) of the AD patients relapsed during the follow-up period. AD displayed lower FC of the left fusiform, bilateral temporal superior and right postcentral regions with the NAc and lower FC of the right temporal inferior, bilateral temporal superior, and left cingulate anterior regions with the mPFC compared to controls. Among these FC changes, lower FC between the NAc and left fusiform, lower FC between the mPFC and left cingulate anterior cortex, and smoking status were independently associated with AD. Subjects in relapse exhibited lower FC of the right cingulate anterior cortex with NAc and of the left calcarine sulcus with mPFC compared to non-relapsed subjects; both of these reductions in FC independently predicted relapse. Additionally, FC between the mPFC and right frontal superior gyrus, as well as years of education, independently predicted relapse severity.

Conclusion: This study found that values of FC between selected seeds (i.e., the NAc and the mPFC) and some other reward- and/or impulse-control-related brain regions were associated with AD and relapse; these FC values could be potential biomarkers of AD or for prediction of relapse. These findings may help to guide further research on the neurobiology of AD and other addictive disorders.
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INTRODUCTION

Alcohol use disorder (AUD) is a major burden on public health. It not only contributes to physical diseases and mental disorders but also increases the incidence of traffic accidents and impulsive violence (1). Approximately 240 million adult people worldwide are estimated to suffer from AUD (2). Globally, alcohol may cause 5.3% of all deaths and 5.1% of disability-adjusted life years (DALYs) lost (3), and is the 3rd highest risk factor of disease and 7th highest risk factor when considering both deaths and DALYs together (4). According to the criteria of the DSM-IV, AUD may be categorized as either alcohol dependence (AD) or alcohol abuse. A systematic review showed that for males, the overall lifetime and current prevalence of AD in mainland China were 4.7 and 4.4%, respectively; for females, the corresponding data were below 0.1% (5). One of the main reasons for its large disease burden worldwide is that AD is a chronic encephalopathy with a high relapse rate (6). Prospective studies indicated that the relapse of AD is high (i.e., higher than 60% in most studies) (7, 8).

Consequently, there is an urgent need to explore the predictive factors for development and progression of AD, including pathogenesis and relapse. However, most studies on the diagnosis and prognosis of AD have focused on clinical features, such as drinking history, clinical symptoms, and compliance with treatment (9–11). These studies documented inconsistent evidence and did not adequately clarify the neurobiological etiology of AD and its relapse.

The rapid development of the non-invasive technique of magnetic resonance imaging (MRI), with associated advantages of safety, and high resolution, has provided an excellent window for studying brain mechanisms of mental disorders in vivo, including addiction (12, 13). When neuroimaging studies began, most morphometric studies observed that the structure of gray and white matter had abnormal changes in subject with AD (14). Meta-analysis results indicated, among all gray matter damage, a significant reduction in corticostriatal-limbic loops, such as the striatum, dorsal lateral prefrontal cortex, and anterior cingulate cortex. Gray matter reduction in nucleus accumbens (NAc) region was negatively associated with the duration of AD, while shrinkage of mPFC regions was related to lifetime drinking consumption (15). Some studies have gradually focused on functional MRI (fMRI) studies. For example, Cservenka et al. (16) reported that youth with a family history of alcoholism differed from healthy controls (HCs) with respect to functional connectivity (FC) between NAc and medial prefrontal cortex (mPFC) (16). Wrase et al. observed lower activation of the NAc region in the execution of a monetary gain task and increased activation in alcohol-related cues among AD patients but not HCs (17). These cross-sectional neuroimaging studies documented evidence that both structural and functional changes in some brain regions, especially in regions of frontostriatal circuits (including the NAc and mPFC), are associated with AD. Some reviews of the mechanisms of addiction in neuroimaging, including AD, suggested that the NAc and mPFC may play a key role in adjusting the balance between goal-directed, craving, habit and, compulsion on the macroscale level (18). Meanwhile, on the mesoscale or microscale levels of tracing neurons and synapses, alterations of corticostriatal-limbic systems, including mesolimbic glutamate, dopamine, and gamma-amino-butyric acid (GABA) pathways, are associated with addictive behavior (19). Disrupted function of reward circuity is proposed to be a key mechanism of AD and other forms of addiction (20). It is widely accepted that the NAc plays a crucial role in the reward circuit (21). With the development of addiction, changes in the reward pathway are shifted from reward-driven behavior at the early stage to loss of reward at the later stage (22). Meanwhile, other models of addiction suggested that substance use is initially goal-directed behavior, aiming at improving sleep, regulating emotion or prompting relationships with others, and finally develops into habitual or compulsive behavior (23). The changes from goal-directed to compulsive behavior may result from the structure or function of the brain after long-lasting drug use. The NAc and mPFC have been regarded as crucial roles in the reward-learning-execution pathway (24).

Relatively few studies have investigated brain functional connectivity patterns to predict future relapse. Beck et al. found, for the alcohol-cue stimuli task in relapsers compared with abstainers, lower FC between the midbrain and the left mPFC (25). Cope et al. used a survey to show that higher activation in the NAC could predispose individuals to earlier substance use during 3 years follow-up (26). Camchong et al. suggested that, compared to abstainers, diminished resting-state synchrony of relapsers in execution of the Go-No-go task between the executive control networks, reward circuit and visual network may predict relapse after a 6-month follow-up period (27). These longitudinal studies mainly focused on task-status fMRI and determined the importance of the NAc and mPFC to relapse prognoses, while some researchers indicated that alcohol craving not only appears in response to alcohol-cue stimuli but also occurs in a resting state; thus, further study of the changes in rest-fMRI (r-fMRI) is needed (28, 29).

Considering the importance of the NAc and mPFC in the reward circuit and in the cognitive execution function of addiction, based on prior evidence implicating the NAc and mPFC as regions of interest (ROIs) or seeds, this study aimed to investigate the AD- and relapse-associated FC changes with other brain regions during early abstinence using a 6-month follow-up longitudinal design.



MATERIALS AND METHODS

This longitudinal cohort study was conducted in the mental health center of a general hospital from September 2015 to September 2019 and approved by the Ethics Committee of West China Hospital of Sichuan University in 2016 (NO.22). Informed written consent was obtained from every participant in this study.


Participants

One hundred thirty-six male participants (68 alcohol-dependent patients and 68 HCs) enrolled in this study. All participants were all right-handed and of Han nationality. All recruited patients experienced hospitalized detoxification and were in the early stage of abstinence. Each patient met DSM-IV criteria of AD according to the Structured Clinical Interview for DSM-IV Axis I Disorders-Patient Edition (SCID-I/P) administered by psychiatric clinicians (30). During screening, participants provided information about their past, current, and recent drinking, including consumption quantity and frequency. Exclusion criteria for AD cases in this study were a history of neurological illness (or trauma) and a history of past or present substance use disorders except alcohol or tobacco dependence, intelligence quotient <70, age of <18 years and or more than 55 years. Matched health control subjects in age and education were also recruited from the general community. HCs were assessed and selected with the diagnostic interview of DSM-IV Axis I Disorders-Nonpatient Edition (SCID-NP). The exclusion criteria for controls were psychotic disorders, emotional disorders, substance-use disorders except tobacco dependence, or having a first-degree relative with psychotic disorders.



Baseline Measurements

A series of self-conducted questionnaires were used to collect demographic information (including age, education years, and smoking status) and clinical characteristics [including data related to alcohol use (including the age of the participant's first drink and years of alcohol use)].

Alcohol use in recent years was measured using a Chinese version of the Alcohol Use Disorder Identification Test (AUDIT). The AUDIT is a short screening tool consisting of 10 questions (total score ranged from 0 to 40) to estimate severity of alcohol consumption in the preceding year (31, 32). Different language versions (including a Chinese version) have been validated worldwide (33).

MRI scans were acquired during early abstinence (5–12 days after stopping drinking) using a 3.0 T (Achieva; Philips, Amsterdam, the Netherlands) scanner equipped with an Invivo HD eight-channel high-resolution head coil. Foam padding and earplugs were used to minimize head movement and scanner noise. During examination, participants were instructed to rest quietly with their eyes closed and to keep their minds blank without falling asleep (confirmed by participants immediately after finishing MRI scans).

Approximately 8 min of resting-state echo-planar imaging (EPI) scans were acquired for each participant with 38 axial slices and 240 volumes (TR = 2.0 s, TE = 3.0 ms; flip angle = 90°; matrix 256 × 256; FOV 24 × 24 cm2; and voxel size = 3.75 × 3.75 × 4 mm3). High-resolution T1-weighted anatomical images with 188 contiguous axial 1 mm thick slices were also acquired (TR = 8.1 ms, TE = 3.7 ms; flip angle = 7°; matrix 256 × 256; and FOV 25.6 × 25.6 cm2).



Outcomes

AD patients were regularly followed up at 1, 3, and 6 months after the baseline survey. During the follow-up interview, all participants were asked “Have you had alcohol again since the latest discharge from the detoxification hospital?” Subjects who replied “yes” were further interviewed for their time (months) of the first drink after discharge and alcohol consumption of the most severe month after discharge using a revised Chinese 1-month version of AUDIT (34). To assess the relapse severity in the month with the heaviest drinking after the baseline or after the last follow-up interview, the timeframe of the scale was revised from 1 year to 1 month. According to previous studies on the optimal cutoff of the AUDIT score to screen for alcohol use disorders (31, 33), previously detoxified patients were categorized into the relapse group if the total AUDIT score was ≥8 in any follow-up interviews, and other patients were included in the non-relapse group.



Imaging Data Acquisition
 
Functional Connectivity Analyses

Baseline imaging data were preprocessed by the Data Processing Assistant for Resting-State fMRI (DPARSF) (35) software toolbox in MATLAB (MathWorks, Natick, MA, USA). After removing the first ten time points, the data were slice-time corrected, realigned and normalized to the Montreal Neurological Institute (MNI) template and resampled to 3 × 3 × 3 mm3. Nuisance covariates containing Friston-24 motion parameters, white matter and cerebrospinal fluid (CSF) were regressed out (36). The residual time series underwent bandpass filtering within a frequency range of 0.01–0.10 Hz (37), which reflected mainly neuronal oscillations and could eliminate high-frequency physiological noise. Data were smoothed with a Gaussian kernel (full-width half-maximum: 6 6 6 mm). Head motion parameters of all images were <1.5 mm, and the rotation was <1.5°. No significant differences between groups were calculated for framewise displacement, in line with Power et al. (38). FC is one type of processed r-fMRI data that can be used to examine the correlation between a seed voxel and other voxels in the whole brain. The NAc (Talairach coordinates x = 0, y = 10, z = −10, radius = 10 mm) (39) and mPFC (Talairach coordinates x = 0, y = 42, z = 18, r = 20 mm) (40) were defined as seeds to explore FC changes in relation to the rest of the whole brain in a voxel-wise manner.




Statistical Analyses
 
Imaging Data Comparison

Two sample t-tests contained in DPARSF were used to estimate the differences in baseline FC values between alcohol-dependent patients and HCs, and between the relapse and the non-relapse group, respectively. The confounding effects of age, education years, and smoking status were adjusted as covariates. Additionally, to identify the association between FC and the symptom severity of relapse (AUDIT scores) in the relapse group, a series of partial correlation analyses was conducted in DPARSF by adjusting for age, education years, and smoking status. Statistical inferences were made with p < 0.001 for multiple comparisons at the voxel level, adjusted using cluster-level threshold familywise error (FWE) based on Gaussian Random Field; p < 0.05 indicated statistical significance for bidirectional (i.e., positive and negative) explorations.



Logistic Regression

Each participant's baseline FC values that were significantly different between patients with AD and controls or between relapse- and non-relapse category participants, were extracted for further logistic regression to determine FC indictors independently associated with AD or independently predictive of relapse. Binary logistic regression (forward: conditional) was performed using demographic data including age and education years, clinical characteristics (including smoking status and, for relapse category participants, baseline AUDIT scores), as well as extracted FC values as independent variables. To represent the classifying or predictive power of the regression models and each FC independently associated with AD or relapse, the area under the receiver operating characteristic (ROC) curve (AUC) was employed in the next steps.



Linear Regression

Each patient's baseline FC values, which were significantly correlated with the severity of relapse in partial correlation analysis in the relapse group, were extracted for further linear regression to determine FC indictors independently associated with the severity of relapse. Multivariate linear regression (stepwise) was conducted using demographic data (age and education years), clinical characteristics (smoking status and baseline AUDIT scores) and the correlated FC values as independent variables.

The rates (95% confidence intervals, 95% CI) and means (±standard deviation, SD) of demographic variables and outcomes were used to derive descriptive statistics. Student's t-tests for quantitative data and χ2 tests for categorical data were used to calculate differences between groups. Regression analyses outlined above were conducted in SPSS 25.0 (IBM Corp., Armonk, NY, USA) using a two-tailed α level criterion of 0.05.





RESULTS


Sample Characteristics

The sample characteristics are illustrated by the data displayed in Table 1. Age (AD group: 39.97 ± 9.00 years; HC group: 38.03 ± 9.53 years) and education years (AD group: 12.81 ± 3.42; HC group: 13.91 ± 3.54) were equivalent between AD and HC groups. The rate of smoking among AD cases (91.04%) was higher than that of HC (38.24%) (χ2 = 41.73; P < 0.001). Possible confounding effects of age, education years, and smoking status were adjusted as covariates. Mean first drinking age and drinking years of AD were 19.65 ± 5.40 and 20.79 ± 8.71 years. Among AD patients 15 individuals (22.06%) had a positive family history of drinking. The mean AUDIT score of patients with AD at the baseline survey was 28.13 ± 8.22. Based on the 6-month follow-up survey, 35 patients (52.24%) relapsed. Among 32 non-relapsers, there were 28 cases with AUDIT scores of 0 and 4 cases with AUDIT score of 1–6. No significant differences were estimated in age, education years, smoking status or the clinical characteristics mentioned above, between the relapse and non-relapse groups. As expected, the most severe AUDIT score at the follow-up survey was higher in the relapse group than observed in the non-relapse group.


Table 1. Sample demographics and their clinical characteristics based on baseline- and follow-up surveys.

[image: Table 1]



FC Associated With AD

Compared to HCs, the FC values of seeds of the NAc with the left fusiform (t = −5.27, x = −33, y = −39, z = −24, PFWE < 0.001), bilateral temporal superior gyrus (t = −4.53, x = 36, y = −9, z = 3, and t = −4.76, x = −54, y = −24, z = 15, PFWE < 0.001) and right postcentral (t = −5.07, x = 9, y = −24, z = 48, PFWE < 0.001) (Figure 1A; Supplementary Table 1), and the FCs of seeds of the mPFC with the right temporal inferior (t = −4.62, x = 45, y = −45, z = −3, PFWE < 0.001), bilateral temporal superior gyrus (t = −5.37, x = −66, y = −30, z = 9 and t = −5, z = 51, y = −30, z = 24, PFWE < 0.001) and left cingulum anterior (t = −5.46, x = 3, y = −12, z = 33, PFWE < 0.001) of the AD group lower significantly (Figure 1B; Supplementary Table 2). Logistic regression revealed lower FC between the NAc and left fusiform cortex. In addition, lower FC was evident between mPFC and left cingulate anterior cortex, and smoking status - both were independently associated with AD. The AUCs (95% CI) of logistic regression models using all three indicators, two FC indicators, only the FC between the NAc and left fusiform, or only the FC between the mPFC and left cingulate anterior cortex to differentiate AD cases and HCs were 0.91 (0.86, 0.96), 0.85 (0.78, 0.92), 0.77 (0.69, 0.85), and 0.77 (0.70, 0.85), respectively (Table 2; Figure 1C).


[image: Figure 1]
FIGURE 1. (A) In patients with AD, lower FC was detected in the left fusiform, bilateral temporal superior and right postcentral areas (seed: NAc). (B) In patients with AD, lower FC was detected in the right temporal inferior, bilateral temporal superior and left cingulum anterior areas (seed: mPFC). (C) The ROC curves of logistic regression models using all three indicators (smoking status and two FC indicators, AUC1 = 0.91) or two FC indicators (AUC2 = 0.85), only FC between the NAc and left fusiform (AUC3 = 0.77), or only FC between the mPFC and left cingulum anterior (AUC3 = 0.77) to differentiate AD cases and HCs. (D) Among patients with AD who had relapsed based on the follow-up survey, lower FC in the right cingulum anterior (seed: NAc) was detected. (E) Among patients with AD who had relapsed, lower FC in the left calcarine (seed: mPFC) was detected. (F) The ROC curves of logistic regression models using both FCs (AUC1 = 0.80), only FC between NAc and right cingulum anterior (AUC2 = 0.75), or only FC between mPFC and left calcarine sulcus (AUC3 = 0.72) to predict relapse. Clusters were labeled with the Automated Anatomical Labeling (AAL) atlas. The t maps of (A,B) were drawn with a threshold of p < 0.001 at the voxel level and PFWE < 0.05 at the cluster level. Though the results of (D,E) could not exist relative to the above threshold, t maps of these results were shown with a threshold of p < 0.016 at the voxel level and PFWE < 0.05 at cluster level. The color bar indicates voxel-wise t values. lower FC is shown in blue. The brighter the blue, the lower the FC. FC, functional connectivity; NAc, nucleus accumbens; mPFC, medial prefrontal cortex; L, left; R, right; Fus, fusiform; TS, temporal superior gyrus; Pos, postcentral; TI, temporal inferior; CA, cingulum anterior; C, calcarine sulcus; ROC, receiver operating characteristic; AUC, area under curve; AD, alcohol dependence.



Table 2. Multivariate logistic regression models using three indicators to AD (n = 136).
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FC Values Predicted AD Relapse

Compared with the non-relapse category, the baseline FC values between the NAc and right cingulate anterior cortex seeds (t = −3.95, x = 9, y = 39, z = 6, PFWE < 0.016) (Figure 1D; Supplementary Table 3) and between the mPFC and left calcarine sulcus seeds (t = −3.79, x = −12, y = −81, z = 6, PFWE < 0.016) (Figure 1E; Supplementary Table 4) of the relapse group were significantly lower. Logistic regression revealed that both of these FC values independently predicted AD relapse. Based on the AUCs (95% CI) of logistic regression models using both FC values, the FC value between NAc and right cingulate anterior cortex, and the FC value between mPFC and left calcarine sulcus to relapse were 0.80 (95% CI: 0.69, 0.91), 0.75 (0.63, 0.87), and 0.72 (0.60, 0.85), respectively (Table 3; Figure 1F).


Table 3. Multivariate logistic regression models to predict relapse (n = 67).
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Results of FC Values Correlated With Relapse Severity and Its Predictors

Partial correlation analyses yielded that respective FC values of the NAc with the left cingulate anterior cortex (r = −0.66, x = −6, y = 39, z = 0, PFWE < 0.001) (Figures 2A,C; Supplementary Table 5) and FC of mPFC with the right frontal superior gyrus (r = −0.67, x = 18, y = 3, z = 57, PFWE < 0.001) and with the left precentral (r = −0.64, x = −27, y = −15, z = 63, PFWE < 0.001) (Figures 2B,D,E; Supplementary Table 6) in the early-abstinence stage were negatively correlated with relapse severity based on the follow-up survey. Linear regression showed lower FC between the mPFC and right frontal superior gyrus, and education years were independently predictive of the severity of relapse (Table 4).


[image: Figure 2]
FIGURE 2. (A) In relapse cases, lower FC was detected in left cingulate anterior cortex (seed: NAC). (B) In relapse cases, lower FC was detected in right frontal superior and left precentral areas (seed: mPFC). The scatter plots show that relapse severity was negatively associated with FC between NAc and left CA (C), FC between mPFC and right FS (D), and FC between the mPFC and left P (E). Clusters were labeled with the Automated Anatomical Labeling (AAL) atlas. The t maps were drawn with a threshold of p < 0.001 at the voxel level and PFWE < 0.05 at the cluster level. The color bar indicates voxel-wise t values. lower FC is shown in blue. The brighter the blue, the lower the FC. FC, functional connectivity; NAc, nucleus accumbens; mPFC, medial prefrontal cortex; L, left; R, right; CA, cingulum anterior; FS, frontal superior gyrus; P, precentral; AUDIT, alcohol use disorder identification test.



Table 4. Multivariate linear regression analysis to predict relapse severity (n = 35).
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DISCUSSION

According to the hypothesis that AD is accompanied by an abnormal reward circuit and cognitive execution, which is mostly based on the findings of previous neuroimaging and neurobiological research, this study selected the NAc and mPFC as seeds to investigate resting-state FC associated with AD and its relapse after detoxification. The first part of this study is based on the baseline cross-sectional case-control data collected from a relatively larger sample (compared to previous neuroimaging studies on AD) and found that AD was associated with several lower FC values. The second part of this study is based on longitudinal data of 67 AD patients who were hospitalized and underwent detoxification and found that some lower FC values during early abstinence were predictively associated with relapse during the 6-month follow-up. These findings add to our scientific knowledge regarding neuroimaging features and biomarkers of AD and its relapse.

Regarding the lower FC between the NAc and fusiform cortex among AD patients, we propose that dysfunctional visual encoding has an influence on individuals' attention bias in the activation of the reward circuit, which could be associated with impulsive drinking behaviors in relation to cue salience. Although the defined role of the fusiform cortex is currently unclear, previous evidence suggests that its activity may be essential for encoding visual objects (such as faces, scenes, and words) and subsequent memory (41, 42). Zehra et al. found that alcohol use disorder patients showed lower activation in regions of ventral and dorsal attention networks (such as insula, parietal, and prefrontal cortex) compared with health controls (43). In addition, Hill et al. have suggested that alcohol may contribute to the hypofunctional fusiform of adolescents with a family history of AD during the execution of the eyes task of Baron-Cohen (44). Therefore, the lower FC between the NAc and fusiform cortex may indicate that the functional consistency between the reward circuit and visual encoding has been abnormally changed in AD patients. The lower FC between the mPFC and cingulum anterior may reflect the dysfunction of a crucial brain network among AD patients. A default mode network (DMN) among brain regions, including the cingula anterior, mPFC and precuneus, has been identified as the most crucial brain network in the resting state, although it is deactivated during executive task performance utilizing frontoparietal regions (45). Previous research on addiction indicated that individuals with hypoactivation in the mPFC and cingulum anterior showed deficits in response inhibition and in impulse control, which could indirectly increase the individual's susceptibility to substance use by activating stress and reward centers (46, 47). For the hypothesis of response inhibition deficits and impulse control failure in the neurobiological mechanisms underlying AD, some structural imaging studies, including a diffusion tensor imaging (DTI) study that found diminished white matter integrity in cingulate and frontal areas among individuals with AUD (48). Our evidence for lower FC between the mPFC and cingulate anterior cortex provides further functional imaging evidence. The lower FC values associated with AD found in our study are likely mostly related to the etiology of AD rather than brain impairment due to alcohol use, although a potential causal relationship between changes in brain FC and alcohol use cannot be verified because these findings are based on baseline cross-sectional case-control data.

It is especially encouraging that this study found that lower FC values between the NAc and cingulate anterior cortex and between the mPFC and calcarine sulcus, independently predicting relapse. The NAc and cingulate anterior cortex are primarily involved in processing motivational information, salience of emotion, cravings and cognitive control in the mechanism of addiction (49, 50). The calcarine sulcus plays a primary role in the visual cortex, not only accepting signals directly from neural fibers from the retina but also projecting extensively to the cerebral cortex, which is associated with recognizing text, memorizing, identifying objects, differentiating distance and determining relationship with others. Limitations in cognitive processes may cause an associated reduction in the amount of specific visual signal encoding and finally lower the probability of recognition (51, 52). Therefore, the connection of the mPFC and calcarine sulcus has an important role in recognition memory and information processing, which are involved in the reward circuit, visual cortex, and cognitive control. Previous studies have also found subtle deficits in the function of these regions that may significantly predict craving and relapse in the progression of addiction (53). We also found that relapse severity was significantly predicted by a lower education level and lower connectivity between the mPFC and right frontal superior gyrus. Lower education as a predictor of the severity of relapse is consistent with previous evidence, which indicated that those who have a lower education level have more limited cognition in relation to health issues (54). The prefrontal cortex is a core region for inhibitory control (55, 56). Its subregions, such as the mPFC, frontal superior cortex and cingulate anterior cortex, usually make differential contributions to decision making. The ventral prefrontal cortex, where the mPFC is located, mainly suppresses inappropriate risky choices, while the dorsal region including the frontal superior and cingulate anterior cortices often promotes more profitable risk-associated choices (57). Thus, it is possible that the disruption of the connection between these areas may contribute to inappropriate risky choices such as heavy drinking. Accordingly, the findings of those lower FC values during early-abstinence predictively associated with relapse and its severity are not only helpful for determining potential biomarkers for predicting AD relapse but also contribute to research on the neurobiological etiology of AD.



LIMITATIONS

There are several limitations in the present study that were not mentioned previously. Participant's parents should be interviewed by uniform tools helpful to exclude Axis I psychiatric disorders, and we also should exclude Axis II psychiatric disorders in patients or their parents. This study was based on a priori selection of ROIs (the NAc and mPFC) as seeds, which cannot analyze FC alterations in the whole brain and may lead to observational bias. Additional whole brain network analysis studies based on larger samples should be explored to elucidate the neuroimaging perspective on mechanisms of addiction. Another disadvantage of this study is that the fMRI scan data were limited to a single scan at early-abstinence stage, which may be satisfactory for predictive association analysis but obviously not for examination of longitudinal neuroimaging changes after detoxification for both groups of relapse and non-relapse. Because relapse is considered as a return to unhealthy behaviors and negative consequences (58) this study used the optimal cutoff of the AUDIT score to screen for alcohol use disorders to define relapse. Nevertheless, some individuals characterized as non-relapsers in this study, especially those who returned to mild drinking, might relapse by the time of longer-term follow-up. Pharmacological treatment of withdrawal symptoms and complications of AD during hospitalization is complex due to varied types and doses of drugs, which may have impacts brain FC. In the current study, we did not have a sufficient sample size to control simply for those possible confounding effects. It is notable, however, that Tao et al. indicated a diversity of medicines used in AD treatment have no significant association with relapse (34). Smoking status has not been well-matched between AD cases and HCs, although smoking status was controlled as a covariate in data analysis. This is a thorny issue given the frequency co-existence of tobacco and alcohol use, and the impact of smoking on brain function is difficult to exclude entirely in this context. This study is inclusion of only male subjects, a research location socio-cultural issue compared to other international sites, due to a lack of recruitment of female participants. Becker et al. reported different changes in the brain after exposure to drugs in relation to biological sex (59). Some neuroimaging alterations associated with alcohol dependence and relapse have been found in this study. However, a further research of neurochemical changes in microscale also is mandatory.



CONCLUSION

This study found that values of FC between selected seeds (i.e., the NAc and the mPFC) and some other reward- and/or impulse-control-related brain regions were associated with AD and relapse; these FC values could be potential biomarkers of AD or for predicting relapse after detoxification. These findings represent a meaningful stimulus for further research on the neurobiology of AD and other addictive disorders.



DATA AVAILABILITY STATEMENT

We are happy to share the data of the present study with other researchers for academic use on request under the regulations of the Ministry of science and technology of China, and West China Hospital of Sichuan University. Researchers may contact the primary investigators (Wan-jun Guo, guowjcn@163.com) for data sharing.



ETHICS STATEMENT

Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



FUNDING

This study was partly supported by grants from the National Scientific and Technical Fund of China (Grant No. 81571305), the Department of Science and Technology of Sichuan provincial government (Grant No. 2019YFS0153), the 1.3.5 project for disciplines of excellence, West China Hospital, Sichuan University, and the Introduction Project of Suzhou Clinical Expert Team (Grant No. SZYJTD201715).



ACKNOWLEDGMENTS

We express great appreciation to all the respondents who participated in the investigation. We also acknowledge Dr. Xiang Liu from the West China School of Public Health of Sichuan University for his help in reviewing the statistical analysis of this study.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpsyt.2021.609458/full#supplementary-material



REFERENCES

 1. Dyer O. $100m alcohol study is cancelled amid pro-industry “bias”. BMJ. (2018) 361:k2689. doi: 10.1136/bmj.k2689 

 2. Gowing LR, Ali RL, Allsop S, Marsden J, Turf EE, West R, et al. Global statistics on addictive behaviours: 2014 status report. Addiction. (2015) 110:904–19. doi: 10.1111/add.12899

 3. WHO. Global Status Report on Alcohol and Health. Geneva: World Health Organization (2018) Available online at: https://www.who.int/health-topics/alcohol#tab=tab_1

 4. GBD. Alcohol use and burden for 195 countries and territories, 1990-2016: a systematic analysis for the global burden of disease study 2016. Lancet. (2018) 392:1015–35. doi: 10.1016/S0140-6736(18)31310-2

 5. Cheng HG, Deng F, Xiong W, Phillips MR. Prevalence of alcohol use disorders in mainland China: a systematic review. Addiction. (2015) 110:761–74. doi: 10.1111/add.12876

 6. Cunningham JA, McCambridge J. Is alcohol dependence best viewed as a chronic relapsing disorder? Addiction. (2012) 107:6–12. doi: 10.1111/j.1360-0443.2011.03583.x

 7. Gao Z, Wang Z, Cao B-R, He Y, Xu R-j, Li J. Determinants of drinking relapse after treatment in patients with alcohol dependence in Sichuan Province. J Sichuan Univ. (2018) 49:264–70. 

 8. Wojnar M, Brower KJ, Strobbe S, Ilgen M, Matsumoto H, Nowosad I, et al. Association between Val66Met brain-derived neurotrophic factor (BDNF) gene polymorphism and post-treatment relapse in alcohol dependence. Alcohol Clin Exp Res. (2009) 33:693–702. doi: 10.1111/j.1530-0277.2008.00886.x

 9. Lappan SN, Brown AW, Hendricks PS. Dropout rates of in-person psychosocial substance use disorder treatments: a systematic review and meta-analysis. Addiction. (2020) 115:201–17. doi: 10.1111/add.14793

 10. Lorente JD, Cuitavi J, Campos-Jurado Y, Hipólito L. Pain-induced alterations in the dynorphinergic system within the mesocorticolimbic pathway: implication for alcohol addiction. J Neurosci Res. (2020). doi: 10.1002/jnr.24703. [Epub ahead of print]. 

 11. Wemm SE, Larkin C, Hermes G, Tennen H, Sinha R. A day-by-day prospective analysis of stress, craving and risk of next day alcohol intake during alcohol use disorder treatment. Drug Alcohol Depend. (2019) 204:107569. doi: 10.1016/j.drugalcdep.2019.107569

 12. Hoge RD, Atkinson J, Gill B, Crelier GR, Marrett S, Pike GB. Linear coupling between cerebral blood flow and oxygen consumption in activated human cortex. Proc Natl Acad Sci USA. (1999) 96:9403–8. doi: 10.1073/pnas.96.16.9403

 13. Sutherland MT, McHugh MJ, Pariyadath V, Stein EA. Resting state functional connectivity in addiction: lessons learned and a road ahead. Neuroimage. (2012) 62:2281–95. doi: 10.1016/j.neuroimage.2012.01.117

 14. Monnig MA, Tonigan JS, Yeo RA, Thoma RJ, McCrady BS. White matter volume in alcohol use disorders: a meta-analysis. Addict Biol. (2013) 18:581–92. doi: 10.1111/j.1369-1600.2012.00441.x

 15. Yang X, Tian F, Zhang H, Zeng J, Chen T, Wang S, et al. Cortical and subcortical gray matter shrinkage in alcohol-use disorders: a voxel-based meta-analysis. Neurosci Biobehav Rev. (2016) 66:92–103. doi: 10.1016/j.neubiorev.2016.03.034

 16. Cservenka A, Casimo K, Fair DA, Nagel BJ. Resting state functional connectivity of the nucleus accumbens in youth with a family history of alcoholism. Psychiatry Res. (2014) 221:210–9. doi: 10.1016/j.pscychresns.2013.12.004

 17. Wrase J, Schlagenhauf F, Kienast T, Wüstenberg T, Bermpohl F, Kahnt T, et al. Dysfunction of reward processing correlates with alcohol craving in detoxified alcoholics. Neuroimage. (2007) 35:787–94. doi: 10.1016/j.neuroimage.2006.11.043

 18. Grüsser SM, Wrase J, Klein S, Hermann D, Smolka MN, Ruf M, et al. Cue-induced activation of the striatum and medial prefrontal cortex is associated with subsequent relapse in abstinent alcoholics. Psychopharmacology. (2004) 175:296–302. doi: 10.1007/s00213-004-1828-4

 19. Sinha R. Chronic stress, drug use, and vulnerability to addiction. Ann N Y Acad Sci. (2008) 1141:105–30. doi: 10.1196/annals.1441.030

 20. Koob GF, Volkow ND. Neurocircuitry of addiction. Neuropsychopharmacology. (2010) 35:217–38. doi: 10.1038/npp.2009.110

 21. Baler RD, Volkow ND. Drug addiction: the neurobiology of disrupted self-control. Trends Mol Med. (2006) 12:559–66. doi: 10.1016/j.molmed.2006.10.005

 22. Koob GF. Theoretical frameworks and mechanistic aspects of alcohol addiction: alcohol addiction as a reward deficit disorder. Curr Top Behav Neurosci. (2013) 13:3–30. doi: 10.1007/978-3-642-28720-6_129

 23. Everitt BJ, Robbins TW. Drug addiction: updating actions to habits to compulsions ten years on. Annu Rev Psychol. (2016) 67:23–50. doi: 10.1146/annurev-psych-122414-033457

 24. Berridge KC. From prediction error to incentive salience: mesolimbic computation of reward motivation. Eur J Neurosci. (2012) 35:1124–43. doi: 10.1111/j.1460-9568.2012.07990.x

 25. Beck A, Wüstenberg T, Genauck A, Wrase J, Schlagenhauf F, Smolka MN, et al. Effect of brain structure, brain function, and brain connectivity on relapse in alcohol-dependent patients. Arch Gen Psychiatry. (2012) 69:842–52. doi: 10.1001/archgenpsychiatry.2011.2026

 26. Cope LM, Martz ME, Hardee JE, Zucker RA, Heitzeg MM. Reward activation in childhood predicts adolescent substance use initiation in a high-risk sample. Drug Alcohol Depend. (2019) 194:318–25. doi: 10.1016/j.drugalcdep.2018.11.003

 27. Camchong J, Stenger A, Fein G. Resting-state synchrony during early alcohol abstinence can predict subsequent relapse. Cereb Cortex. (2013) 23:2086–99. doi: 10.1093/cercor/bhs190

 28. MacAskill AF, Cassel JM, Carter AG. Cocaine exposure reorganizes cell type- and input-specific connectivity in the nucleus accumbens. Nat Neurosci. (2014) 17:1198–207. doi: 10.1038/nn.3783

 29. Ewing SG, Grace AA. Long-term high frequency deep brain stimulation of the nucleus accumbens drives time-dependent changes in functional connectivity in the rodent limbic system. Brain Stimul. (2013) 6:274–85. doi: 10.1016/j.brs.2012.07.007

 30. First MB, Gibbon M, Sptizer RL, Williams JBW. Structured Clinical Interview for DSM-IV Axis I Disorders: Clinician Version (SCID-CV): Administration Booklet. Washington, DC: American Psychiatric Press (1997).

 31. Babor TF, Higgins-Biddle J, Robaina K. The Alcohol Use Disorders Identification Test, Adapted for Use in the United States: A Guide for Primary Care Practitioners. Geneva: World Health Organization (2014).

 32. Saunders JB, Aasland OG, Babor TF, de la Fuente JR, Grant M. Development of the alcohol use disorders identification test (AUDIT): WHO collaborative project on early detection of persons with harmful alcohol consumption–II. Addiction. (1993) 88:791–804. doi: 10.1111/j.1360-0443.1993.tb02093.x

 33. Li Q, Babor TF, Hao W, Chen X. The Chinese translations of Alcohol Use Disorders Identification Test (AUDIT) in China: a systematic review. Alcohol Alcohol. (2011) 46:416–23. doi: 10.1093/alcalc/agr012

 34. Tao YJ, Hu L, He Y, Cao BR, Chen J, Ye YH, et al. A real-world study on clinical predictors of relapse after hospitalized detoxification in a Chinese cohort with alcohol dependence. PeerJ. (2019) 7:e7547. doi: 10.7717/peerj.7547

 35. Yan C, Zang Y. DPARSF: a MATLAB toolbox for “pipeline” data analysis of resting-statefMRI. Front Syst Neurosci. (2010) 4:13. doi: 10.3389/fnsys.2010.00013

 36. Fox MD, Zhang D, Snyder AZ, Raichle ME. The global signal and observed anticorrelated resting state brain networks. J Neurophysiol. (2009) 101:3270–83. doi: 10.1152/jn.90777.2008

 37. Biswal B, Zerrin Yetkin F, Haughton VM, Hyde JS. Functional connectivity in the motor cortex of resting human brain using echo-planar MRI. Magn Reson Med. (1995) 34:537–41. doi: 10.1002/mrm.1910340409

 38. Power JD, Barnes KA, Snyder AZ, Schlaggar BL, Petersen SE. Spurious but systematic correlations in functional connectivity MRI networks arise from subject motion. Neuroimage. (2012) 59:2142–54. doi: 10.1016/j.neuroimage.2011.10.018

 39. Forbes EE, Hariri AR, Martin SL, Silk JS, Moyles DL, Fisher PM, et al. Altered striatal activation predicting real-world positive affect in adolescent major depressive disorder. Am J Psychiatry. (2009) 166:64–73. doi: 10.1176/appi.ajp.2008.07081336

 40. Forbes EE, Ryan ND, Phillips ML, Manuck SB, Worthman CM, Moyles DL, et al. Healthy adolescents' neural response to reward: associations with puberty, positive affect, and depressive symptoms. J Am Acad Child Adolesc Psychiatry. (2010) 49:162–72.e1–5. doi: 10.1016/j.jaac.2009.11.006

 41. Haxby JV, Gobbini MI, Furey ML, Ishai A, Schouten JL, Pietrini P. Distributed and overlapping representations of faces and objects in ventral temporal cortex. Science. (2001) 293:2425–30. doi: 10.1126/science.1063736

 42. Sperling R, Chua E, Cocchiarella A, Rand-Giovannetti E, Poldrack R, Schacter DL, et al. Putting names to faces: successful encoding of associative memories activates the anterior hippocampal formation. Neuroimage. (2003) 20:1400–10. doi: 10.1016/S1053-8119(03)00391-4

 43. Zehra A, Lindgren E, Wiers CE, Freeman C, Miller G, Ramirez V, et al. Neural correlates of visual attention in alcohol use disorder. Drug Alcohol Depend. (2019) 194:430–7. doi: 10.1016/j.drugalcdep.2018.10.032

 44. Hill SY, Kostelnik B, Holmes B, Goradia D, McDermott M, Diwadkar V, et al. fMRI BOLD response to the eyes task in offspring from multiplex alcohol dependence families. Alcohol Clin Exp Res. (2007) 31:2028–35. doi: 10.1111/j.1530-0277.2007.00535.x

 45. Whitfield-Gabrieli S, Ford JM. Default mode network activity and connectivity in psychopathology. Annu Rev Clin Psychol. (2012) 8:49–76. doi: 10.1146/annurev-clinpsy-032511-143049

 46. Forman SD, Dougherty GG, Casey BJ, Siegle GJ, Braver TS, Barch DM, et al. Opiate addicts lack error-dependent activation of rostral anterior cingulate. Biol Psychiatry. (2004) 55:531–7. doi: 10.1016/j.biopsych.2003.09.011

 47. Li CS, Sinha R. Inhibitory control and emotional stress regulation: neuroimaging evidence for frontal-limbic dysfunction in psycho-stimulant addiction. Neurosci Biobehav Rev. (2008) 32:581–97. doi: 10.1016/j.neubiorev.2007.10.003

 48. Liu H, Li L, Hao Y, Cao D, Xu L, Rohrbaugh R, et al. Disrupted white matter integrity in heroin dependence: a controlled study utilizing diffusion tensor imaging. Am J Drug Alcohol Abuse. (2008) 34:562–75. doi: 10.1080/00952990802295238

 49. Di Martino A, Scheres A, Margulies DS, Kelly AM, Uddin LQ, Shehzad Z, et al. Functional connectivity of human striatum: a resting state FMRI study. Cereb Cortex. (2008) 18:2735–47. doi: 10.1093/cercor/bhn041

 50. Ma N, Liu Y, Li N, Wang CX, Zhang H, Jiang XF, et al. Addiction related alteration in resting-state brain connectivity. Neuroimage. (2010) 49:738–44. doi: 10.1016/j.neuroimage.2009.08.037

 51. Nordahl TE, Salo R, Natsuaki Y, Galloway GP, Waters C, Moore CD, et al. Methamphetamine users in sustained abstinence: a proton magnetic resonance spectroscopy study. Arch Gen Psychiatry. (2005) 62:444–52. doi: 10.1001/archpsyc.62.4.444

 52. Shmuel A, Leopold DA. Neuronal correlates of spontaneous fluctuations in fMRI signals in monkey visual cortex: implications for functional connectivity at rest. Hum Brain Mapp. (2008) 29:751–61. doi: 10.1002/hbm.20580

 53. Hanlon CA, Dowdle LT, Naselaris T, Canterberry M, Cortese BM. Visual cortex activation to drug cues: a meta-analysis of functional neuroimaging papers in addiction and substance abuse literature. Drug Alcohol Depend. (2014) 143:206–12. doi: 10.1016/j.drugalcdep.2014.07.028

 54. Bottlender M, Soyka M. Efficacy of an intensive outpatient rehabilitation program in alcoholism: predictors of outcome 6 months after treatment. Eur Addict Res. (2005) 11:132–7. doi: 10.1159/000085548

 55. Aron AR, Robbins TW, Poldrack RA. Inhibition and the right inferior frontal cortex: one decade on. Trends Cogn Sci. (2014) 18:177–85. doi: 10.1016/j.tics.2013.12.003

 56. Satterthwaite TD, Wolf DH, Erus G, Ruparel K, Elliott MA, Gennatas ED, et al. Functional maturation of the executive system during adolescence. J Neurosci. (2013) 33:16249–61. doi: 10.1523/JNEUROSCI.2345-13.2013

 57. van Holstein M, Floresco SB. Dissociable roles for the ventral and dorsal medial prefrontal cortex in cue-guided risk/reward decision making. Neuropsychopharmacology. (2020) 45:683–93. doi: 10.1038/s41386-019-0557-7

 58. Witkiewitz K, Marlatt GA. Relapse prevention for alcohol and drug problems: that was Zen, this is Tao. Am Psychol. (2004) 59:224–35. doi: 10.1037/0003-066X.59.4.224

 59. Becker JB, McClellan ML, Reed BG. Sex differences, gender and addiction. J Neurosci Res. (2017) 95:136–47. doi: 10.1002/jnr.23963

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Yang, Meng, Tao, Deng, Wang, Li, Wei, Hua, Wang, Deng, Zhao, Ma, Li, Xu, Li, Liu, Tang, Du, Coid, Greenshaw, Li and Guo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fpsyt-12-609458-t003.jpg
Variables B SE.  Wald  OR®(95% CI)

NAC_cingulum anterior_R —3.40" 1.60 6.26 0.02 (0.001, 0.42)
mPFC_calcarine_L —359" 153 555  0.03(0.001,0.55)

“0R: adjusted odds ratio which was based on the binary logistic regression (forward
conditional) using relapse (yes vs. no) as a dependent variable, and age, education years,
AUDIT scores at baseline survey and FC changes as independent variables; 95% Cl:
959% confidence interval; NAc, nucleus accumbens; mPFC, medial prefrontal cortex; L,
left; R, right; *P < 0.05.





OPS/images/fpsyt-12-609458-t004.jpg
Variables R2 SE. t B (95% CI)°

Education years 043 045 —4.04 —1.84 (-2.34,
~0.59)"

mPFC_frontal superior_R 807 432  -34.84(-51.44,
—19.16"

2R2; adjusted R? of determination coefficient; 8 (95% C}): regression coefficient (95%
confidence interval) which was based on the multivariate linear regression (stepwise)
using relapse severity (AUDIT score at follow-up) as the dependent variable, and age,
education years, AUDIT scores at baseline survey and changes FC as independent
variables; NAc, nucleus accumbens; mPFC, medial prefrontal cortex; L, left; R, right; *'P
<0.01; **P < 0.001.





OPS/images/fpsyt-12-609458-t001.jpg
AD® (n = 68) HC® (n = 68) Relapse® (1=35)  Non-relapse¢ (n = 32)

Mean + SD° Mean + SD® tx%9 Mean + SD® Mean + SD® /529
Demographic variables
Age (years) 39.97 £ 9.00 3803953 —1.22 40.97 +9.18 38.97 £8.95 090
Education years 12.81 £3.42 1391354 1.85 1251 £3.41 13.00 £ 351 -0.69
Smoking status (%) 62 (91.04%) 26 (38.24%) 4173 31(88.57%) 30(93.75%) 055
Clinical characteristics
First drinking age 19.65 £ 5.40 1871 £5.16 20.88 4 5.45 -1.67
Years of drinking 20.79 £ 8.71 22364879 1850 +8.38 -151
Family history of alcohol drinking (%) 15 (22.06%) 7 (20.00%) 8(25.00%) 0.24
Consumption in the last month (g) 158.92  70.91 168.40  65.45 144.24 £ 77.67 -027
Consumption at the last drinking period (g) 95.11 + 66.58 2217 £362 23.54 £3.30 ~1.81
AUDIT? score based on baseline survey 2813822 28.36 % 8.01 27.96 877 -1.85
AUDIT score based on follow-up survey - 2526+ 1023 044+ 134 13.62

3AD: alcohol dependence; ®HC: healthy controls; °Relapse: those who relepsed among alcohol-dependent individuals and had AUDIT scores > 8 at the folow-up survey; Non-relapse:
those who did not relepse among alcohol-dependent individuals and had AUDIT scores < 8 at the follow-up survey. ®SD: standard deviation; 't: values of student's t-test; 9 x?: values
of Chi-square test; "AUDIT: Alcohol Use Disorder Identification Test. ™" P < 0,001





OPS/images/fpsyt-12-609458-t002.jpg
Variables B SE.  Wald  OR?(95% CI°)

Smoking status 200" 057 2587 1824 (5.96,55.89)
NAc_fusiform_L -631" 180 1114 0.002(0.001,007)
mPFC_cingulum anterior L —4.16" 138 913  0.02(0.001,0.28)

20R: adjusted odds ratio which was based on binary logistic regression (forward:
conditiona) of alcohol dependence (ves vs. no) as a dependent variable, and age,
education years, changes of FC as independent variables; 95% CI: 95% confidence
interval; AD, alcohol dependence; NAc, nucleus accumbens; mPFC, medial prefrontal
cortex; L, left: R, right; "'P < 0.01; P < 0.001.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Functional Connectivity of Nucleus Accumbens and Medial Prefrontal Cortex With Other Brain Regions During Early-Abstinence Is Associated With Alcohol Dependence and Relapse: A Resting-Functional Magnetic Resonance Imaging Study



		Introduction



		Materials and Methods



		Participants



		Baseline Measurements



		Outcomes



		Imaging Data Acquisition



		Functional Connectivity Analyses









		Statistical Analyses



		Imaging Data Comparison



		Logistic Regression



		Linear Regression













		Results



		Sample Characteristics



		FC Associated With AD



		FC Values Predicted AD Relapse



		Results of FC Values Correlated With Relapse Severity and Its Predictors







		Discussion



		Limitations



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Psychiatry

Functional Connectivity of Nucleus
Accumbens and Medial Prefrontal
Cortex With Other Brain Regions
During Early-Abstinence Is
Associated With Alcohol Dependence
and Relapse: A Resting-Functional
Magnetic Resonance Imaging Study





OPS/images/fpsyt-12-609458-g001.gif





OPS/images/fpsyt-12-609458-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Psychiatry





