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Abstract

Alcohol misuse is associated with dysfunction of the amygdala-prefrontal cortical circuit. The 

amygdala and its cortical targets decrease activity during a variety of task challenges in individuals 

engaged in problem drinking. On the other hand, it is less clear how amygdala resting state 

functional connectivity (rsFC) may be altered in association with alcohol misuse and whether such 

changes are restricted to prefrontal cortical structures. Further, the influences of comorbid 

substance use and depression and potential sex differences have not been assessed in earlier work. 

Here, with fMRI data from a Nathan Kline Institute/Rockland sample of 83 non-dependent alcohol 

drinkers (26 men), we addressed changes in whole brain rsFC of the amygdala in association with 

problem drinking as indexed by an alcohol involvement score. Imaging data were processed with 

Statistical Parametric Mapping following standard routines and all results were examined at voxel 

p<0.001 uncorrected in combination with cluster p<0.05 corrected for false discovery rate. 

Alcohol misuse was correlated with decreased amygdala connectivity with the dorsal anterior 

cingulate cortex (dACC) irrespective of depression and other substance use. Changes in amygdala-
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dACC connectivity manifested in the latero-basal subdivision of the amygdala. Further, men as 

compared to women showed a significantly stronger relationship in decreased amygdala-dACC 

connectivity and problem drinking, although it should be noted that men also showed a trend 

toward higher alcohol involvement score than women. The findings add to a growing literature 

documenting disrupted amygdala-prefrontal cortical functions in relation to alcohol misuse.
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1. Introduction

The amygdala plays a critical role in processing emotional stimuli, showing vigorous 

response during emotional facial recognition (Morris et al., 1999; Ohman, 2005; Vuilleumier 

et al., 2001) and interacting with a large array of cortical and subcortical structures to 

support emotional experience (Stein et al., 2007). In particular, the amygdala-prefrontal 

cortical circuit has been widely studied for its role in emotional control (Hariri et al., 2000; 

Kim et al., 2011; Oscar-Berman and Marinkovic, 2007), especially in regulating responses 

to fear (Hariri et al., 2000) and resolving valence ambiguity (Neta et al., 2009). In decision 

making tasks involving surprising faces, the medial prefrontal cortex (PFC) increased and 

amygdala decreased activation when the surprise was seen as a benefit or gain, and vice 

versa when the surprise was interpreted negatively as a threat or loss (Kim et al., 2004). With 

amygdala’s innate response to negative valence, the medial PFC may help support a balance 

between top-down and bottom-up processes in emotion regulation (Kienast et al., 2013).

Alcohol is known to influence emotion, increasing positive and weakening negative affects 

(Sher and Grekin, 2007). Although less of a focus for studies of the etiology of alcohol use 

disorders, alcohol affects amygdala and prefrontal circuit activities. Alcohol enhances the 

activities of gamma aminobutyric acid (GABA) interneurons in the nucleus accumbens and 

amygdala, and dampens PFC functions in emotional and cognitive processing (George et al., 

2012). Acute administration of alcohol in healthy adults resulted in decreased amygdala 

activation during exposure to threatening facial expressions (Gilman et al., 2008; Sripada et 

al., 2011). A common precipitator of drinking, stress triggers the release of corticotropin-

releasing factor via the amygdala hypothalamus circuit, resulting in increased anxiety that 

can be alleviated by alcohol consumption (Koob and Volkow, 2016). Compared to non-

drinking controls, alcoholic patients showed lower amygdala activation during a facial 

recognition task (Marinkovic et al., 2009). Children with a family history of alcoholism 

showed decreased amygdala activation when they identified negative facial emotions (Glahn 

et al., 2007). Social drinkers showed reduced amygdala activity to a risk-taking motor 

response (Yan and Li, 2009) and to fearful and angry faces after drinking (Sripada et al., 

2011). Compared to healthy controls, patients with alcohol dependence showed decreased 

amygdala PFC functional connectivity during a Trier social stress task (Wade et al., 2017). 

Acute alcohol as compared to placebo administration decreased right amygdala PFC 

connectivity in heavy social drinkers viewing angry faces (Gorka et al., 2013). Weaker 

functional connectivity between the amygdala and superior frontal gyrus was reported in 
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children with a family history of alcoholism viewing emotional stimuli (Cservenka et al., 

2014) as well as in alcoholic patients performing an emotional face recognition task (O’Daly 

et al., 2012) and an inhibition task (Courtney et al., 2013). These studies suggest disrupted 

amygdala-prefrontal circuitry in association with alcohol use and misuse or a family history 

of alcoholism.

The amygdala interacts with the PFC to support emotional regulation. On the other hand, the 

relationship between the intrinsic amygdala-PFC connectivity and alcohol consumption or 

problem drinking has remained under-studied. Resting state functional connectivity (rsFC) 

has been widely used to examine functional organization and integrity of cerebral networks 

(Rosazza and Minati, 2011; van den Heuvel and Hulshoff Pol, 2010; Zhang et al., 2012; 

Zhang and Li, 2012). Previous work investigated the effects of alcohol on the rsFC seeded 

from the amygdala. For instance, Müller-Oehring et al. (2015) reported decreased rsFC with 

the frontal executive and subcortical reward networks in correlation with poor working 

memory performance in alcoholic patients as compared to healthy controls. In male 

adolescents and young adults, the amygdala-prefrontal including orbitofrontal connectivity 

was negatively associated with the severity of alcohol consumption (Peters et al., 2015) and 

predicted alcohol use in the same cohort of participants two years later (Peters et al., 2017). 

Together, these studies suggest that alcohol might disrupt resting state amygdala-prefrontal 

cortical connectivity.

In the current work, we used whole-brain analysis to examine the rsFC of the amygdala and 

its subdivisions as a function of problem drinking in adult non-dependent alcohol drinkers. 

In particular, as sex differences are widely implicated in the etiological processes and 

clinical manifestations of drug and alcohol addiction (Becker and Hu, 2008; Erol and 

Karpyak, 2015), we examined whether men and women differ in amygdala rsFC. As 

substance misuse is common in alcohol drinkers, an additional goal is to examine whether 

comorbid use of other substances may influence changes in amygdala rsFC. We posited 

decreased amygdala-prefrontal connectivity with increased severity of alcohol misuse and 

sex differences in the pattern of connectivity changes.

2. Methods

2.1 Data set

Resting-state fMRI data were obtained from the Nathan Kline Institute (NKI)/Rockland 

sample (Nooner et al., 2012) of the 1,000 Functional Connectomes project (http://

www.nitrc.org/projects/fcon_1000/). This dataset has been used in previous research of brain 

circuitry in healthy adults and patients with medical and psychiatric conditions (Lee and 

Xue, 2017; Nakamura and Ikuta, 2017; Reid et al., 2016; Tremeau et al., 2014). Scans were 

collected using a multiband EPI sequence (Xu et al., 2012) with the following parameters: 

repetition time (TR)/echo time (TE) = 2500/30 ms, voxel size = 3.0 × 3.0 × 3.0 mm3, and 38 

slices, covering the whole brain. Individual’s images were viewed one by one to ensure that 

the whole brain was covered.

Participants were assessed for drinking behavior with the NIDA Quick Screen V1.01 (11+). 

A total of 83 adult participants (18–89 years of age; 26 males; one five-minute scan per 
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participant under identical imaging protocol) with a substance involvement (SI) score of 

alcohol use were included in the current cohort. Briefly, the screening asked about 

participants’ drinking behavior including the frequency, desire, amount of alcohol, as well as 

social disruptions that resulted from alcohol drinking, including whether they drink or not 

during their lifetime (yes/no), and drinking behavior in the past year and past 3 months. The 

total SI score of alcohol was summed from scores of each alcohol related question with a 

higher SI score indicating higher involvement in alcohol misuse (Appendix I). Of the 83 

participants, 14 were diagnosed with drug dependence or abuse (1 cocaine dependence, 3 

cannabis dependence, and 10 cannabis abuse), and 10 with a depressive disorder, according 

to the ICD-9.

2.2 Imaging data preprocessing

Brain imaging data were preprocessed using Statistical Parametric Mapping (SPM 8, 

Wellcome Department of Imaging Neuroscience, University College London, U.K.). 

Standard image preprocessing was performed. Images of each individual subject were first 

realigned (motion corrected) and corrected for slice timing. A mean functional image 

volume was constructed for each subject per run from the realigned image volumes. These 

mean images were co-registered with the high resolution structural image and then 

segmented for normalization with affine registration followed by nonlinear transformation 

(Ashburner and Friston, 1999; Friston et al., 1995). The normalization parameters 

determined for the structure volume were then applied to the corresponding functional image 

volumes for each subject. Finally, the images were smoothed with a Gaussian kernel of 8 

mm at Full Width at Half Maximum.

Additional preprocessing was applied to reduce spurious blood-oxygenation-level dependent 

(BOLD) variances that were unlikely to reflect neuronal activity (Fair et al., 2007; Fox and 

Raichle, 2007; Fox et al., 2005; Rombouts et al., 2003). The sources of spurious variance 

were removed through linear regression by including the signal from the ventricular system, 

white matter, and whole brain, in addition to the six parameters obtained by rigid body head 

motion correction. First-order derivatives of the whole brain, ventricular and white matter 

signals were also included in the regression.

Previous studies suggested that BOLD fluctuations below a frequency of 0.1Hz contribute to 

regionally specific BOLD correlations (Cordes et al., 2001). Thus, we applied a temporal 

band-pass filter (0.009 < f < 0.08 Hz) to the time course in order to obtain low-frequency 

fluctuations, as in previous studies (Fair et al., 2007; Fox and Raichle, 2007; Fox et al., 

2005; Lowe et al., 1998).

2.3 Head motion

As extensively investigated by Van Dijk and his colleagues (2012), micro head motion 

(>0.1mm) is an important source of spurious correlations in resting state functional 

connectivity analysis. Therefore, we applied a “scrubbing” method proposed by Power and 

colleagues (Power et al., 2012) and successfully applied in previous studies (Power et al., 

2012; Smyser et al., 2010; Tomasi and Volkow, 2014) to remove time points affected by 

head motions. Briefly, for every time point t, we computed the framewise displacement 
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given by FD(t) = |Δdx(t)| + |Δdy(t)| + |Δdz(t)| + r|α(t)| + r|β(t)| + r|γ(t)|, where (dx, dy, dz)and 

(α, β, γ) are the translational and rotational movements, respectively, and r (= 50mm) is a 

constant that approximates the mean distance between center of MNI space and the cortex 

and transform rotations into displacements (Power et al., 2012). The second head movement 

metric was the root mean square variance (DVARS) of the differences in % BOLD intensity 

I(t) between consecutive time points across brain voxels, computed as follows: 

DVARS(t) = 〈|I(t) − I(t − 1)|2〉, where the brackets indicate the mean across brain voxels. 

Finally, to compute each subject’s correlation map, we removed every time point that 

exceeded the head motion limit FD(t)>0.5mm or DVARS(t)>0.5% (Power et al., 2012; 

Tomasi and Volkow, 2014). On average, 1% of the time points were removed across 

participants. We excluded individuals who moved > 1 voxel in any directions and those with 

greater than 10–20% of volumes affected by micromovements.

2.4 Seed regions: amygdala

The mask of amygdala was obtained from the SPM Anatomy Toolbox Version 2.2c 

(Eickhoff et al., 2006; Eickhoff et al., 2007; Eickhoff et al., 2005). It was created based on 

the cytoarchitectonic probabilistic map where four subdivisions were segregated, including 

the superficial, latero-basal, centro-medial, and amygdalostriatal transition area (Amunts et 

al., 2005) (Figure 1). In rsFC analyses, we focused on the whole amygdala, as well as the 

left and right amygdala separately, because of potential hemispheric functional differences 

(Baas et al., 2004), as seed regions. We also examined each of the four amygdala 

subdivisions and left and right subdivision in additional analyses to explore which 

subdivision accounts for the findings observed for the whole amygdala.

2.5 Seed region-based linear correlation and random effects analysis

The BOLD time courses were averaged spatially over each seed region. For individual 

participants, we computed the correlation coefficient between the averaged time course of 

each seed region and the time courses of all other brain voxels. To assess and compare the 

rsFC, we converted these image maps, which were not normally distributed, to z score maps 

by Fisher’s z transform (Berry and Mielke, 2000; Jenkins and Watts, 1968): z = 0.5ln 1 + r
1 − r . 

In the second level analysis, we correlated the Z map with the alcohol substance involvement 

(AlcSI) score with age as a covariate. In all analyses we evaluated the results at a voxelwise 

threshold of p<0.001 whole brain uncorrected in combination with cluster p<0.05, corrected 

for False Discovery Rate (FDR), following current reporting standards (Eklund et al., 2016; 

Poldrack et al., 2017).

3. Results

3.1 Age, sex, and alcohol substance involvement (AlcSI) score

The mean and standard deviation of age and alcohol SI score for the cohort were 49.39 

± 18.96 years and 4.77 ± 4.50. These two variables were not correlated (r = −0.2030, p = 

0.0807). Age was used as a covariate in the regression analyses of rsFC. According to the 

NIH Resource Guide on NIDA Quick Screen V1.01 (https://www.drugabuse.gov/

publications/resource-guide-screening-drug-use-in-general-medical-settings/nida-quick-
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screen), 58 participants were at the Lower Risk level, 25 at the Moderate Risk level, and 

none at the High Risk level. Men (5.69 ± 5.67) and women (3.68 ± 3.75) showed a trend 

difference in the AlcSI score (t = 1.9141, p = 0.0591). Individual item scores indicated that 

participants on average had more than four (women) or five (men) drinks approximately 

“Once” (0.96 ± 0.99 in men and women combined; 1.15 ± 0.98 in men; and 0.86 ± 1.00 in 

women) in the past year, and had been drinking almost “Monthly” (2.40 ± 1.83 in men and 

women combined; 2.88 ± 1.66 in men; and 2.18 ± 1.87 in women) in the past 3 months. 

These data suggested that participants are non-dependent social drinkers with varying 

degrees of problem drinking.

3.2 Resting state functional connectivity (rsFC) of the amygdala

At voxel p<0.001, uncorrected in combination with cluster p<0.05 corrected for false 

discovery rate (FDR), the results of one-sample t test on the rsFC of the whole amygdala and 

each of the subdivisions are shown in Figure 2. In general, the amygdala showed positive 

connectivity with subcortical areas including the basal ganglia and part of the thalamus, 

insula, inferior temporal cortex, hippocampus, ventromedial PFC, and a small region of the 

frontopolar cortex, and negative connectivity with the lateral frontal and posterior parietal 

areas as well as the occipital cortex (Roy et al., 2009).

3.3 rsFC and alcohol substance involvement (AlcSI) score

The results of regression against the AlcSI score showed a marginally significant negative 

correlation in the dorsal anterior cingulate cortex (dACC) (x = −6, y = 17, z = 34, k = 58, Z 

= 3.89, pFDR = .077). We repeated the analyses separately for the left and right amygdala. 

The results showed that the dACC connectivity was significantly and negatively correlated 

with AlcSI of the right (x = −6, y = 20, z = 25, k = 83, Z = 3.88, pFDR = .020) but not left 

amygdala. We further examined correlations of the AlcSI score and the rsFC of each 

subdivision of the amygdala. At the same threshold, dACC connectivity with the latero-basal 

amygdala was negatively correlated with AlcSI score (x = −6, y = 17, z = 34, k = 96, Z = 

4.20, pFDR = .020). Again, this correlation was significant only for the right (x = −6, y = 23, 

z = 25, k = 95, Z = 3.99, pFDR = .024) but not left latero-basal amygdala (Figure 3a).

To examine whether substance other than alcohol use or depressive disorder may influence 

the current results, we included an additional covariate coding for drug use or depressive 

disorder (1/0 for positive/negative diagnosis) in the regression. The results showed that the 

dACC was negatively correlated with AlcSI in connectivity with the amygdala (x = −9, y = 

41, z = 22, Z = 3.98, pFDR = .014), right amygdala (x = −6, y = 41, z = 22, Z = 3.52, pFDR 

= .017), and latero-basal amygdala (x = −3, y = 35, z = 22, Z = 3.82, pFDR = .005). Thus, the 

rsFC findings remained even when individual variation in other drug use and depression was 

considered in data analyses.

In addition to controlling for age in the regressions between AlcSI and amygdala rsFC, we 

examined the age effects in the regression. The results revealed no clusters meeting voxel 

p<0.001 uncorrected and cluster p<0.05 FDR corrected. Further, no voxels in the dACC 

showed connectivity in relation to age even when the results were evaluated at voxel p<0.05 

uncorrected.
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3.4 Sex difference in the relationship between amygdala dACC connectivity and AlcSI 
score

We examined whether there is a sex difference in the association of amygdala dACC 

connectivity with the AlcSI. Whole-brain regression between the amygdala connectivity and 

AlcSI score did not result in significant finding in the dACC in men or women, probably due 

to a small sample size in each group. We then created masks of the dACC from the 

correlations between AlcSI and the rsFC of the right amygdala, latero-basal amygdala, and 

the right latero-basal amygdala, as described earlier. In small volume correction (SVC) on 

the regressions against AlcSI, male participants showed a significant negative correlation 

with dACC rsFC for the right amygdala and latero-basal amygdala whereas female 

participants did not show any significant correlations (Table 1; Figure 3b). Further, male and 

female participants differed significantly in the regression slope between AlcSI and the rsFC 

of the dACC with right amygdala (Z = 1.93, p = .027) and right latero-basal amygdala (Z = 

1.66, p = .048), and marginally with bilateral latero-basal amygdala (Z = 1.93, p = .068) in 

slope test.

4. Discussion

Whole-brain regression revealed a negative correlation between right amygdala-dACC 

connectivity and alcohol involvement score, suggesting disrupted amygdala-prefrontal 

cortical connectivity in association with more severe alcohol consumption and problem 

drinking in adult drinkers. The findings remained significant after other drug use and 

depression were taken into account. This correlation appeared to be carried primarily by the 

latero-basal subdivision of the right amygdala. Further, this correlation appeared to be more 

significant in men than in women, suggesting a sex difference in the effects of alcohol 

misuse on amygdala-dACC connectivity.

4.1 Alcohol misuse and amygdala-dACC connectivity

Decreased rsFC between the amygdala and dACC in alcohol misuse is consistent with a 

large literature on the effects of alcohol on amygdala and ACC functions. Amygdala 

activation decreased in association with chronic (Hariri et al., 2000) and acute (Sripada et 

al., 2011) alcohol consumption in processing stimulus valence and identifying threats. The 

ACC also showed a consistent pattern of lower activations under the chronic effects of 

alcohol. For example, compared to healthy controls, alcohol addicted individuals showed 

decreased activation in the ACC when viewing faces with negative valence (Salloum et al., 

2007) including threatening stimuli (Yang et al., 2013), and alcohol versus non-alcohol cues 

(Alba-Ferrara et al., 2016; Zakiniaeiz et al., 2017). ACC activation also inversely correlated 

with lifetime alcohol intake in alcoholic patients during emotional face recognition (Charlet 

et al., 2014). The ACC decreased activation in participants receiving acute alcohol 

administration, and greater decrease in activation was correlated with poorer performance in 

a working memory task (Gundersen et al., 2008). Alcohol drinkers showed decreased ACC 

activation as compared to non-drinkers during inhibitory control in a stop signal (Hu et al., 

2015) and go/no-go task (Ahmadi et al., 2013; Claus et al., 2013), and during spatial 

working memory (Vollstadt-Klein et al., 2010). The current findings are thus in line with an 

extensive body of literature.
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The current results are also consistent with previous research showing diminished amygdala 

PFC connectivity in individuals addicted to alcohol (Muller-Oehring et al., 2015; Wade et 

al., 2017) and in healthy adults under alcohol administration (Gorka et al., 2013). For 

instance, the amygdala-ACC functional connectivity was dampened in alcoholic patients 

with multiple detoxifications (O’Daly et al., 2012) and when they processed aversive 

emotional stimuli (Kienast et al., 2013). Disrupted resting state amygdala-ACC connectivity 

was also reported in patients with PTSD (Rabinak et al., 2011; Sripada et al., 2012), social 

anxiety disorder (Bishop et al., 2004; Hahn et al., 2011; Prater et al., 2013; Toazza et al., 

2016), and bipolar disorder (Singh et al., 2015), likely reflecting a general stress-related 

etiological processes that implicate the amygdala (Koob and Volkow, 2016). The current 

results thus extend the literature on the links of alcohol misuse to amygdala-prefrontal 

circuit dysfunction.

Our results also suggest a potential laterality effect, with right amygdala – dACC 

connectivity more related to alcohol misuse. Previous research of the effects of alcohol use 

on the amygdala has produced mixed results as to laterality. For example, participants with 

acute alcohol administration showed reduced right amygdala (Gilman et al., 2008) or 

bilateral amygdala activation (Sripada et al., 2011) when viewing angry faces. Heavy social 

drinkers with acute alcohol administration showed decreased right amygdala-PFC 

connectivity when they viewed angry faces (Gorka et al., 2013), whereas abstinent 

individuals with alcohol dependence showed decreased bilateral amygdala-PFC connectivity 

(Wade et al., 2017). Further, structural brain imaging showed enlarged volumes in bilateral 

amygdala (Senatorov et al., 2015), decreased volumes in bilateral amygdala (Wrase et al., 

2008), decreased volume in left but not right amygdala (Makris et al., 2008), suggesting the 

issue of laterality in the effects of alcohol misuse on amygdala structure and function 

remains to be investigated.

4.2 Alcohol misuse and latero-basal amygdala

Of all subdivisions, the finding of decreased dACC connectivity in association with alcohol 

involvement was significant only for the latero-basal amygdala. The amygdala can be 

divided into subregions based on distinct anatomical and functional organization (Kim et al., 

2011). The latero-basal amygdala receives inputs from sensory cortices and projects to the 

frontal and temporal cortices (Ghashghaei and Barbas, 2002) and supports facial and bodily 

expressions associated with unpredictable aversive outcomes (Madarasz et al., 2016) and 

under threat (Bzdok et al., 2013). The latero-basal amygdala showed greater negative 

connectivity with the ACC than other amygdala subdivisions (Roy et al., 2009). In rats, 

acute alcohol administration enhances GABAergic transmission in the basolateral amygdala 

(Lindemeyer et al., 2014) and inhibits spontaneous neuronal activity of basolateral amygdala 

and its projection targets (Perra et al., 2008). The finding of the decreased latero-basal 

amygdala connectivity with the dACC is broadly consistent with this literature.

4.3 Sex differences in amygdala dACC connectivity in link with alcohol misuse

Men showed a stronger relationship than women in decreased amygdala-dACC connectivity 

in correlation with alcohol misuse. Previous studies have reported sex-related morphometric 

and functional difference in the amygdala, with men showing larger amygdala and involving 
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the right amygdala more than women (Cahill, 2006 for a review; see Hamann, 2005; but see 

Marwha et al., 2017), especially during exposure to emotional stimuli (Andreano et al., 

2014; Weisenbach et al., 2014). In addition, resting state connectivity seeded from the 

amygdala demonstrated a sex difference, with the right amygdala showing greater 

connectivity in men than in women (Kilpatrick et al., 2006) and the left amygdala showing 

stronger connectivity in women than men (Kogler et al., 2016). Granger causality analysis 

also revealed stronger right amygdala-prefrontal cortical connectivity in men than in women 

exposed to negative emotional stimuli (Lungu et al., 2015). Importantly, the right amygdala 

appeared to be more susceptible to aging and drug effects in men. In a longitudinal study 

amygdala activation decreased with age in male adolescents at risk of substance use while 

remaining largely unchanged in females when they viewed words with negative valence 

(Hardee et al., 2017). Reduced amygdala-prefrontal cortical connectivity was associated 

with increased alcohol intake in male but not female adolescents and young adults and the 

relationship appeared to be mediated by testosterone (Peters et al., 2015). The current 

findings add to this literature of sex differences in amygdala-prefrontal connectivity and 

alcohol misuse.

4.4 Limitations of the study and conclusions

Several limitations of the study need to be considered. First, the imaging data set did not 

include cognitive behavioral assessments; thus, the functional implications of disrupted 

amygdala dACC connectivity remained unclear. Second, there were more women than men 

in the cohort and men showed higher alcohol involvement index than women. It is possible 

that women with higher level of problem drinking were under-represented in the current 

cohort and the sex-related findings remain to be confirmed. Third, the age range in the 

current cohort was large. Although age was included as a covariate in the regressions, and 

separate analyses were performed to rule out age effects as a possible confound, these results 

need to be confirmed by studies with a larger sample size and of a narrower age range. 

Fourth, the amygdala subregions are small with the latero-basal nucleus being the largest. 

Thus, we cannot rule out the possibility that the findings obtained of latero-basal but not 

other nuclei simply reflect a volume-related signal-to-noise issue. Further, a number of 

models were tested and the issue of multiple comparisons was not considered. Fifth, 

although we used the term “alcohol misuse” and “problem drinking”, the current findings 

should be considered as specific to a non-dependent social drinking populations. Lastly, the 

alcohol assessment captured recent but not cumulative drinking, and it remains to be 

investigated whether or how history of alcohol use may have influenced amygdala 

connectivity.

In summary, we showed that problem drinking as indexed by the alcohol involvement score 

was associated with reduced amygdala-dACC resting state functional connectivity in non-

dependent drinkers. The reduced connectivity appeared to be specific to the right amygdala 

and the latero-basal subdivision. In addition, increased alcohol involvement influenced 

amygdala-ACC connectivity more strongly in men than in women, suggesting a potential 

sex difference. These findings support previous reports of the effects of alcohol misuse on 

amygdala-prefrontal circuit and identify the latero-basal amygdala as a key subregion to 

mediate these influences.
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Highlights

• Decreased amygdala-dACC connectivity was associated with increased 

alcohol misuse.

• Interrupted connectivity was found in the right amygdala and latero-basal 

amygdala.

• Men showed more severe alcohol-related disruption of connectivity than 

women.

Hu et al. Page 16

Drug Alcohol Depend. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
The amygdala and its subdivisions.
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Figure 2. 
Whole brain resting state functional connectivity of the amygdala and each of its 

subdivisions. Voxel p<0.001, uncorrected, in combination with cluster p<0.05 corrected for 

FDR. Red: positive connectivity; Blue: negative connectivity.
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Figure 3. 
(a) Resting state amygdala connectivity with the dorsal anterior cingulate cortex (dACC) 

negatively correlated with alcohol substance involvement (AlcSI) score; (b) Gender 

differences in resting state amygdala connectivity with dACC.
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