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USA

Abstract

Background: Abstinence following treatment for alcohol use disorder (AUD) is associated 

with significant improvements in psychiatric and physical health, however, recent studies suggest 

resumption of low risk levels of alcohol use can also be beneficial. The present study assessed 

whether posttreatment levels of alcohol use were associated with neurobiological differences at 

treatment entry.

Methods: Individuals seeking treatment for AUD (n=75) and light/non-drinking controls (LN, 

n=51) underwent 1.5T magnetic resonance imaging. The volumes of 34 bilateral cortical regions 

of interest (ROIs) were quantitated via FreeSurfer. Individuals with AUD were classified according 

to post-treatment alcohol consumption using the WHO risk drinking levels (abstainers: AB; low 

risk: RL; or higher risk: RH). Regional volumes for AB, RL and RH, at treatment entry, were 

compared to LN.
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Results: Relative to LN, AB demonstrated smaller volumes in 18/68 (26%), RL in 24/68 (35%) 

and RH in 34/68 (50%) ROIs with the largest magnitude volume differences observed between RH 

and LN. RH and RL reported a higher frequency of depressive disorders than AB. Among RH and 

RL, level of depressive and anxiety symptomatology were associated with daily number of drinks 

consumed after treatment.

Conclusions: Volumetric differences, at treatment entry, in brain regions implicated in executive 

function and salience networks corresponded with post-treatment alcohol consumption levels 

suggesting that preexisting differences in neural integrity may contribute to treatment outcomes. 

Depressive and anxiety symptomatology was also associated with brain morphometrics and 

alcohol use patterns, highlighting the importance of effectively targeting these conditions during 

AUD treatment.
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1. INTRODUCTION

Multiple biopsychosocial factors contribute to the chronic relapse and remit cycle observed 

in those with alcohol use disorder (AUD) (Durazzo and Meyerhoff, 2017; Nguyen et al., 

2020; Witkiewitz, 2011). Identification of the factors associated with successful treatment 

outcomes is necessary to develop interventions that effectively reduce the persistently high 

rates of resumption of hazardous levels of alcohol consumption posttreatment and the 

associated adverse psychosocial consequences (Witkiewitz, 2011; Witkiewitz and Marlatt, 

2007). The biopsychosocial correlates of treatment outcome, however, are dependent on the 

operational definition of treatment success or relapse. The lack of consensus regarding the 

operational definition of relapse in the AUD field (Sliedrecht et al., 2022; Witkiewitz et al., 

2020) has resulted in a wide range of findings for the biopsychosocial variables associated 

with treatment outcome.

Historically, consumption of any alcohol posttreatment frequently has been classified as a 

relapse and/or an unsuccessful clinical outcome, with at least 60% of individuals returning 

to hazardous levels of alcohol consumption after AUD treatment (Maisto et al., 2006; 

Nguyen et al., 2020). Sustained abstinence from alcohol over the first year following 

treatment is related to significant neurobiological, neurocognitive and postural stability 

recovery (Durazzo and Meyerhoff, 2020; Durazzo et al., 2015; Rosenbloom et al., 2007; 

Schmidt et al., 2014; Zou et al., 2018) as well as adaptive psychosocial functioning 

(Durazzo et al., 2008; Maisto et al., 2006). Magnetic resonance imaging (MRI) studies 

that investigated the morphological correlates of relapse found, at treatment entry, those 

who relapsed posttreatment had thinner cortices, smaller surface areas, and reduced volumes 

in multiple brain regions compared to those who maintained continuous abstinence for 

at least 3 months; these morphological differences were most consistently observed in 

anterior frontal regions (i.e., dorsolateral prefrontal cortex, orbitofrontal cortex, anterior 

cingulate cortex) (Beck et al., 2012; Cardenas et al., 2011; Durazzo and Meyerhoff, 2017; 

Durazzo et al., 2011b; Rando et al., 2011; Seo et al., 2015). Additionally, higher frequency 

of major depressive/alcohol-induced mood disorder and greater anhedonic depressive 
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symptomatology were also significantly associated with increased relapse risk (Durazzo 

and Meyerhoff, 2017; Nguyen et al., 2020).

Although sustained post-treatment abstinence may be associated with optimal 

biopsychosocial outcomes, for some with AUD, maintenance of continuous abstinence 

may represent an unrealistic or undesirable objective and potentially discourage individuals 

from seeking or fully engaging in treatment (Witkiewitz et al., 2017). Accordingly, an 

increasing number of studies have investigated non-abstinent outcomes, involving variable 

levels of reduced alcohol consumption, and the associated biopsychosocial consequences 

(Witkiewitz, Montes, et al., 2020). Relative to pretreatment levels, moderate-to-large 

reductions in alcohol consumption after treatment were related to improved psychosocial, 

physical and psychological functioning (Charlet and Heinz, 2017; Gastfriend et al., 2007; 

Witkiewitz et al., 2018a; Witkiewitz et al., 2017b). This suggests that sustained abstinence 

following treatment may not be the lone adaptive/desirable treatment outcome or the only 

meaningful clinical trial outcome measure.

The World Health Organization risk drinking levels (WHO-RDL) is a taxonomy 

that designates sex-specific mortality risk associated with specific ranges of alcohol 

consumption. Categories are defined by the amount of alcohol consumed in grams per 

day (one standard drink contains 14g of pure ethanol), with sex-specific ranges: abstinent 

(0 g males/females), low risk (1 to 40g males/1 to 20g females), medium risk (41 to 60g 

males/21 to 40g females), high risk (61 to 100g males/41 to 60g females), or very high risk 

(101+ g males/61+ g females; (WHO, 2000). Assessment of the consequences associated 

with reduced alcohol consumption corresponding to WHO-RDLs are of increasing 

interest as a potentially clinically beneficial treatment outcome. Compared to pretreatment 

consumption levels, reductions in WHO-RDL during or after treatment were associated with 

significantly improved psychosocial functioning, physical health, and quality of life (Knox 

et al., 2020; Knox et al., 2018; Witkiewitz et al., 2018b), decreased depression/anxiety 

symptomatology (Knox et al., 2019) and fewer alcohol-related adverse consequences 

(Witkiewitz et al., 2019; Witkiewitz et al., 2017a). Additionally, individuals that decreased 

consumption to the WHO-RDL low risk level showed psychosocial functioning equivalent 

to those that maintained abstinence assessed over the same observation period (Witkiewitz 

et al., 2018a). The reduced alcohol-related consequences and improvements in physical/

mental health associated with lower WHO-RDL alcohol consumption were enduring in 

some cohorts (Witkiewitz et al., 2019; Witkiewitz, Heather, et al., 2020).

While several studies have reported the psychosocial, psychiatric and physical health 

benefits of reduced alcohol consumption corresponding to WHO-RDL, few studies 

considered the neurobiological correlates of WHO-RDL defined reductions in alcohol 

use. We previously reported that lobar brain volumes (e.g., total frontal lobe) of those 

who returned to WHO-RDL low-risk levels of alcohol use within approximately 8-months 

after AUD treatment were not significantly different from those who maintained complete 

abstinence over the same interval; participants who consumed alcohol at higher WHO-RDL 

levels (medium, high and very high levels combined), demonstrated significantly smaller 

volumes in frontal gray matter (GM) and thalamic regions than individuals who maintained 

complete abstinence; however, they also showed significantly smaller volumes than those 
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that consumed alcohol at low WHO-RDL levels (Meyerhoff and Durazzo, 2020). In a follow 

up study, examining brain volumes within 34 bilateral cortical regions of interest (May et al., 

2023), we found individuals that consumed alcohol at higher rates (WHO-RDL medium, 

high, and very high risk levels combined) at 8-months post-treatment, demonstrated 

significant volume loss in cortical nodes of circuits involved in executive functions/cognitive 

control and positive and negative affect, relative to light/non-drinking controls. Those who 

resumed consumption at low WHO-RDL following treatment showed significant volume 

loss in cortical nodes corresponding to the executive function/cognitive control circuit. Low 

and higher WHO-RDL showed smaller volumes in executive functions/cognitive control 

cortical regions than abstainers. Furthermore, compared to controls, abstainers had smaller 

volumes in few cortical regions and these differences were of lower magnitude than those 

of WHO-RDL low and higher groups relative to controls; regions where abstainers differed 

from controls were largely in cortical nodes of the default mode network [see (Padula et 

al., 2022; Williams, 2016) for a review of the circuits described above]. WHO-RDL low 

and higher also reported greater depressive and anxiety symptomatology than abstainers. 

Collectively, our previous studies on regional brain volumes suggest resumption of low 

WHO-RDL alcohol consumption is associated with significantly better brain structural 

outcomes than consumption at higher WHO-RDL levels following AUD treatment.

Given the brain tissue volume and psychiatric symptomatology differences between the 

WHO-RDL post-treatment levels observed in our previous studies (May et al., 2023; 

Meyerhoff and Durazzo, 2020), the current study assessed for differences at treatment entry 

between healthy, non-smoking, light/non-drinking controls (LN) and individuals who later 

achieved abstinence or returned to WHO-RDL low or WHO RDL higher (medium, high 

and very high combined) levels of alcohol consumption following outpatient treatment. 

Participant assignment to the forgoing three AUD groups was based on their alcohol 

consumption over a minimum of 6 months post-treatment. Determining regional volume 

and psychiatric functioning differences between abstainers (AB), WHO-RDL low (RL), and 

WHO-RDL higher (RH) at the beginning of treatment is necessary to better understand 

the post-treatment morphological and clinical implications of the WHO-RDL classification. 

Additionally, assessment for regional brain volumetric differences, based on WHO-RDL 

classification, at treatment inception may serve as a potential biomarker for identification 

of individuals at differential risk to resume hazardous alcohol consumption post-treatment. 

Based on the previously described research, we predicted:

1. Relative to controls, the AUD groups show the following order of global (total 

left and right hemisphere) and regional volume loss at treatment entry: RH > RL 

> AB

2. RH demonstrate a higher frequency of depressive and anxiety disorders and 

higher severity of depressive and anxiety symptomatology than AB and RL.
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2. MATERIALS AND METHODS

2.1. Participants

Individuals with an AUD (n = 75) were recruited from the San Francisco VA Medical 

Center (SFVAMC) Substance Abuse Day Hospital (85%) and the San Francisco Kaiser 

Permanente Chemical Dependence Recovery (15%) outpatient treatment clinics; data in this 

study was collected from 2001–2013. All AUD participants were actively in treatment at 

the time of study and met DSM-IV criteria for alcohol dependence. Treatment program 

duration typically ranged from 14–35 days and the average treatment length was 28 days 

[for additional information on the treatment program characteristics see (Durazzo et al., 

2008)]. LN (n = 51; nine females) were primarily recruited from the local community via 

electronic billboards. All participants provided written informed consent prior to engaging 

in study procedures. Study procedures were approved by the University of California San 

Francisco and the SFVAMC and conformed to the ethical standards of the Declaration of 

Helsinki. All participants reported in May et al., 2023 and Meyerhoff and Durazzo, 2020, are 

included in the current study.

Inclusion/exclusion criteria: Primary inclusion criteria for the alcohol dependent 

participants were fluency in English, DSM-IV diagnosis of alcohol dependence or abuse 

at baseline (all met criteria for alcohol dependence), consumption of greater than 150 

standard alcohol-containing drinks (i.e., 14 grams of pure ethanol) per month for at 

least 8 years prior to enrollment for males, and greater than 80 drinks per month 

for at least 6 years prior to enrollment for females. LN were never-smokers with no 

history of biomedical and/or psychiatric conditions known or suspected to influence brain 

neurobiology and neurocognition. LNs consumed less than or equal to an average of 

60 standard alcohol-containing drinks per month over lifetime. See Table 1 for group 

demographic data. Exclusion criteria for alcohol dependent participants were history of: 

dependence on any substance other than alcohol or nicotine in the 5 years immediately 

prior to enrollment, any intravenous drug use in the 5 years prior to baseline study, opioid 

agonist/replacement therapy, HIV seropositivity, arteriovenous malformations, cerebral 

aneurysm, intrinsic cerebral masses, cerebrovascular accident, myocardial infarction, 

medically uncontrolled chronic hypertension, type-I diabetes, chronic obstructive pulmonary 

disease, non-alcohol related seizures, significant exposure to established neurotoxins, 

demyelinating and neurodegenerative diseases, documented Wernicke-Korsakoff syndrome, 

delirium, penetrating head injury, and closed head injury resulting in loss of consciousness > 

10 minutes. Psychiatric exclusion criteria were history of schizophrenia-spectrum disorders, 

bipolar disorder, cyclothymia, PTSD, obsessive-compulsive disorder and panic disorder. 

Given their high rates of comorbidity in AUD (Gilman and Abraham, 2001; Stinson et al., 

2005; Durazzo, Nguyen and Meyerhoff, 2020; Padula and Durazzo, 2022), diagnoses of 

Hepatitis C, type 2 diabetes, hypertension, unipolar mood disorders, and cigarette smoking 

were permitted for AUD participants. All participants were breathalyzed and urine-tested 

for illicit substances before assessment and no participant tested positive for alcohol or 

substances.
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2.2. Clinical Measures

At treatment entry, participants completed the Clinical Interview for DSM-IV Axis I 

Disorders, Version 2.0 (SCID-I/P) and semi-structured interviews for lifetime alcohol 

consumption (Lifetime Drinking History) and substance use (in-house questionnaire 

assessing substance type, and quantity and frequency of use). From the Lifetime Drinking 

History, average number of alcoholic drinks per month over 1 year prior to enrollment and 

average number of drinks per month over lifetime were calculated. All participants also 

completed standardized questionnaires assessing depressive (Beck Depression Inventory, 

BDI) and anxiety symptomatology (State-Trait Anxiety Inventory, Trait form Y-2, STAI), 

as well as nicotine dependence via the Fagerstrom Tolerance Test for Nicotine Dependence 

(FTND). See (Pennington et al., 2013) for corresponding references to the above measures. 

Family history of alcohol-related problems and density was assessed following the 

procedures as previously described (Mann et al., 1985; Meyerhoff et al., 2004) and 

calculated only for biological parents and grandparents. Hollingshead Socioeconomic Scale 

(eight-point scale; lower scores are associated with higher status) was used to determine 

socioeconomic status at study entry (Nam and Powers, 1983).

WHO-RDL levels were assigned to AUD participants as previously described (e.g., Hasin 

et al., 2017; Meyerhoff and Durazzo, 2020) and determined from the Timeline Follow Back 

(Sobell and Sobell, 2000) over the AUD post-treatment follow-up period (a minimum of 6 

months). This information was used to classify AUD as AB, RL, RH (combining medium, 

high, and very high; RH) levels of alcohol consumption. This classification resulted in 38 

AB (four females), 20 RL (two females), and 17 RH (two females). Posttreatment alcohol 

consumption over the follow-up period in the AUD groups were verified by medical records 

and/or collateral sources (e.g., spouse, relative, close friend), when available.

2.3. Magnetic Resonance Acquisition and Processing

A volumetric magnetization-prepared rapid gradient echo (MPRAGE) was acquired at 1.5T 

with TR/TE/TI = 9.7/4/300ms, 15° flip angle, 1×1 mm2 in-plane resolution, and 1.5-mm-

thick coronal partitions oriented perpendicular to the main long axes of bilateral hippocampi 

as seen on sagittal scouts. See Gazdzinski and colleagues (Gazdzinski et al., 2005) for 

detailed information on MR acquisition methods. FreeSurfer (v4.5) segmentation and 

cortical surface reconstruction methods were used to obtain regional cortical measures of 

average volume (mm3), surface area (mm2), and thickness (mm) for 34 bilateral anatomical 

regions of interest (Fischl et al., 2004). Only cortical volumes were considered in this study. 

See Durazzo and colleagues (Durazzo et al., 2011a; Durazzo et al., 2011b) for FreeSurfer 

image processing quality control procedures.

2.4. Statistical Analyses

2.4.1. Demographic and Clinical Variables—Groups were compared on baseline 

demographic, clinical variables and FHD with univariate tests, Chi-square or Fisher’s Exact 

Test, were indicated; p < .05 was considered statistically significant for these analyses. All 

analyses were conducted with Statistical Package for the Social Sciences (SPSS) version 29.
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2.4.2. Regional Volumes—In final analyses, groups (AB, RL, RH and LN) were 

compared on bilateral ROI volumes with generalized linear (GENLIN) models with age 

and ICV included as covariates, followed by pairwise t-tests. One-year average or lifetime 

average drinks per month were also individually considered as covariates in pairwise 

comparisons between AB, RL, and RH. To correct for multiple comparisons, we employed 

false discovery rate (FDR) using the procedure specified by Benjamini and Hochberg 

(Benjamini and Hochberg, 1995) adjusting for 408 total pairwise comparisons (six pairwise 

comparisons for each of the 68 ROIs, resulting in 408 total pairwise comparisons); FDR 

adjusted pairwise comparisons with p < .05 were considered statistically significant. 

Cohen’s d (Cohen, 1988) was used to calculate effect sizes (ES) for pairwise comparisons of 

mean volumes for each ROI. Group comparisons on total left and right hemisphere cortical 

volume were not corrected for multiple comparisons. Preliminary analyses indicated sex was 

not a significant predictor of volume in any ROI in comparisons between AB, RL, RH and 

LN. Females were also removed from all group volume analyses and the pattern of results 

was unchanged from those reported below. In preliminary analyses between AB, RL and 

RH, smoking status (current, former and never-smoker) was considered as a covariate, and 

this variable was not a significant predictor of volume in any ROI.

3. RESULTS

3.1. Participant demographics and clinical measures

Groups were equivalent on percent males and females. AB were older than LN, RL and 

RH. RH had a lower frequency of White race than all other groups; this difference was 

driven by a higher percentage of Black participants in the RH (24%) than the other 

groups. LN had a higher socioeconomic status than AB, RL and RH. AB, RL and RH 

did not differ on FHD, but FHD for these groups was significantly higher than LN. RH 

demonstrated a significantly higher duration of resumed drinking, number of drinks over 

the follow-up interval, and drinks per drinking day than RL. The ratio of average drinks 

consumed per day post-treatment to average drinks consumed per day over 1 year prior 

to treatment was significantly higher in RH than RL. RH showed higher depressive and 

anxiety symptomatology and frequency of current mood disorder diagnoses (most frequent 

mood disorder was major depression, recurrent) than AB and RL. Of note, none of the 

RH participants were taking antidepressants at treatment entry. See Table 1 for group 

comparisons on demographic and clinical variables. In RL and RH combined, higher BDI 

(r = .49; p = .002) and STAI scores (r = .35; p = .04) were associated with higher average 

drinks per drinking day after treatment (see Fig. 2a and 2b).

3.2. Regional cortical volumes

Relative to LN, AB demonstrated smaller volumes in 18/68 (26%), RL 24/68 (35%) and 

RH 34/68 (50%) regions. In regions significantly different from LN, AB showed large 

magnitude effect size (i.e., ES ≥ 0.80) differences in 3/18 (2%), RL 13/24 (54%) and RH 

30/34 (88%) regions. In general, the regional volume differences between the AUD groups, 

and LH, were bilateral; see Fig. 1a–c for specific regional group differences, compared to 

LN, and associated ES. AB had greater volume than RL only in the right rostral middle 

frontal gyrus (ES = 0.89); by contrast, AB showed greater volume than RH in six ROIs; 
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see Table 2 for regions and associated ES. RL showed greater volume than RH in the right 

posterior cingulate gyrus (ES = 1.06). AB, RL and RH had significantly smaller total left 

and right hemisphere volumes than LN, where the magnitude of differences to LN were 

as follows: RH > RL > AB (see Table 3). Across AB, RL and RH, one-year and lifetime 

average drinks per month and FHD were not significantly related to volume in any ROI.

4. DISCUSSION

The main findings from this study of treatment-seeking, primarily male Veterans were as 

follows: (1) At treatment entry, a pattern of reduced volumes among AB, RL, and RH 

compared to LN was observed in regions implicated in executive/cognitive control and 

salience networks; (2) While the AUD group, as a whole, demonstrated significant volume 

loss in multiple brain regions at treatment entry, the number of ROIs showing volume loss 

was not equivalent across groups, and the magnitude of the differences was disparate; RH 

consistently showed the largest number and magnitude volume differences compared to LN; 

(3) Relative to AB, RH demonstrated smaller volumes in six ROIs, while RL exhibited 

smaller volumes in only one ROI; RH demonstrated smaller volumes than RL in one ROI; 

(4) frequency of depressive and anxiety disorders and associated symptom severities at 

treatment entry were significantly higher in RH than in AB and RL.

Consistent with our previous research assessing brain morphometrics at treatment entry 

(Cardenas et al., 2011; Durazzo et al., 2011), the AUD group, as a whole, demonstrated 

significant volume loss across the cortex. However, when grouped according to the WHO-

RDL categories applied in this study, there were clear differences in the frequency and 

magnitude of regions showing volume loss relative to LN. Specifically, RH showed smaller 

volumes than LN in 50% of the 68 ROIs assessed with large magnitude differences in 88% 

of these regions. RL demonstrated smaller volumes than LN in 35% of ROIs with large 

magnitude differences in 50%, while AB had smaller volumes than LN in only 25% of 

ROIs, with large magnitude differences only apparent in 2%. The regions where AB, RL and 

RH showed at least moderate effect size mean differences from LN were generally bilateral. 

There were few differences in direct comparisons among AB, RL and RH, and the most 

notable were smaller volumes in RH compared to AB in anterior frontal regions. The limited 

number of differences among AB, RL and RH were likely related to the modest sample 

sizes of the RL and RH groups. Nevertheless, taken together, our results further support the 

importance of considering non-binary definitions of treatment outcome in the identification 

of potential biomarkers for severity of alcohol use following treatment (Maillard et al., 

2022; May et al., 2023). Specifically, this study indicated regional gray matter volume loss 

in those with AUD, at treatment entry, were related to functionally relevant, non-binary 

measures of treatment outcome and not simply a consequence of long-term hazardous 

alcohol consumption.

RL and RH differed in their post-treatment level of alcohol consumption relative to their 

pre-treatment consumption. For RH, the average number of drinks consumed per day post-

treatment was 64% of the average number of drinks consumed per day over 1 year prior 

to treatment, compared to 4% for RL. Although the magnitude of alcohol consumption 
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post-treatment in RH was markedly higher than RL, RH, as a group, did not return to their 

pre-treatment level of alcohol consumption following treatment.

An overall pattern of smaller regional volumes among the AUD groups compared to LN was 

observed, primarily in brain regions associated with executive function/cognitive control and 

salience networks. Relative to LN, the magnitude of volumetric differences in the foregoing 

circuits was substantially greater in the RL and RH groups than the AB group. This 

finding is consistent with previous work asserting that dysfunction in these networks plays 

a critical role in the maintenance of the chronic relapse-remit cycle that many individuals 

with AUD experience (Padula et al., 2022; Volkow et al., 2013). Given that morphological 

abnormalities in the executive/cognitive control and salience circuits are linked to abnormal 

decision making, impulse control and hedonic valence (Grodin et al., 2021; Paulus, 2022; 

Suk et al., 2021; Voon et al., 2020), volume loss in these circuits may affect the ability to 

effectively engage in, and integrate, cognitive-behavioral-based treatment interventions, and 

employ adaptive behaviors in the context of alcohol-related cues or stressors.

Baranger and colleagues (Baranger et al., 2023) proposed regional brain structural 

abnormalities in those with AUD correspond to predispositional risk factors (i.e., genetic 

or epigenetic) for the development of AUD, and/or causal consequences related to 

excessive alcohol consumption and related maladaptive lifestyles. Structural abnormalities 

in the frontal pole, middle and inferior temporal cortex, superior parietal cortex, and 

precuneus were suggested to reflect predispositional risk factors for developing AUD, while 

morphological abnormalities in the middle frontal gyrus, superior frontal gyrus and the 

insula represent both predispositional and causal effects. In the present study, RH showed 

bilaterally decreased cortical volumes, compared to LN, in most regions proposed by 

Baranger and colleagues to represent predispositional risk factors. RH, RL, and AB showed 

decreased cortical volume at varying magnitudes, compared to LN, bilaterally in the insula 

and superior frontal gyrus, regions suggested to exhibit both predispositional and causal 

effects. The numerous affected regions and large magnitude volume loss in RH compared 

to LN in the predispositional regions proposed by Baranger and colleagues suggests these 

individuals may have a pre-existing vulnerability to engage in problematic alcohol use and 

that the structural abnormalities observed in these individuals are not simply a consequence 

of excessive alcohol consumption. Further, given that pre-treatment alcohol consumption 

measures were not associated with volume in any region across AB, RL and RH, genetic, 

epigenetic, and/or lifestyle (e.g., nutrition, exercise) factors not considered in this study, may 

also be related to the cortical volumes observed in this cohort and may have independently 

influenced treatment outcomes.

Our previous study (May et al., 2023) found that RH, after resuming alcohol consumption 

following treatment, showed smaller volumes than LN in the bilateral inferior parietal 

lobule, insula, lateral orbitofrontal, middle temporal, pars orbitalis, precentral, rostral middle 

frontal and superior frontal cortex. RL had smaller volumes than LN in the inferior parietal, 

insula, middle temporal, pericalcarine, precentral, rostral middle frontal and superior frontal 

cortex. In the present study, RH and RL also differed significantly from LN in all of 

the foregoing regions at treatment entry. Many of these regions correspond with those 

identified by Baranger et al., 2023 as predispositional markers for the development of AUD. 
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Considering our cumulative findings, morphological variations within these regions may 

also represent a potential risk factor for resuming variable levels of alcohol consumption 

following treatment.

The volumetric findings from the current study also show some correspondence with those 

of Maillard and colleagues (Maillard et al., 2022), that compared GM volumes and clinical 

measures of treatment-seeking individuals with AUD at baseline (11±4 days after last drink), 

based on their post-treatment alcohol consumption. At 6-and-12 months post-treatment, 

males that consumed ≤ 140 grams and females that consumed ≤ 70 grams of ethanol per 

week, were classified as “low risk” and those who exceed these levels were classified as 

“relapsers.” Based on the alcohol consumption at 6 months posttreatment, relapsers showed 

higher baseline alexithymia symptoms and smaller gray matter volume in the midbrain 

than controls. Based on the alcohol consumption at 12 months post-treatment, compared 

to controls, relapsers showed smaller gray matter volume in the amygdala, ventromedial, 

prefrontal cortex and anterior cingulate at baseline. There were no significant baseline 

volume differences between controls and the low risk group or among the low risk group 

and relapsers.

The prevalence of depressive disorders was higher in RL and RH than AB. RH also reported 

a higher magnitude of anxiety and depressive symptomatology than AB and RL, however, 

no RH participant was actively taking an antidepressant at the time of study. Among RL 

and RH, self-reported depressive and anxiety symptoms were positively related to a higher 

average number of drinks per drinking day over the follow-up observation. These depressive 

and anxiety disorder-related findings correspond with greater cortical volume loss among 

RH and RL in regions implicated in depressive and anxiety disorders. Specifically, RH 

and RL showed smaller volumes in left rostral middle frontal gyrus than AB and LN (the 

volume of the rostral middle frontal gyrus comprises 71% of the middle frontal gyrus in this 

sample), a region in which decreased volume and cortical thinning has been observed among 

individuals with treatment-resistant depression (Klok et al., 2019). The middle frontal gyrus 

has previously been found to be an effective target for repetitive transcranial magnetic 

stimulation (rTMS) for individuals with depression, implicating the neurobiological integrity 

of this region in the development and maintenance of mood disorders (Batail et al., 

2023; Mitra et al., 2023). Effective application of rTMS-induced brain stimulation requires 

consistent and accurate delivery of the magnetic pulse at a specific magnitude to the target 

tissue to initiate activation or inhibition (George, 2007). For rTMS, the distance from the 

treatment coil to the cortex influences the level of stimulation (excitatory or inhibitory) of 

the underlying tissue (Stokes et al., 2005). Considering the variations in brain volume among 

individuals, adjustments of the pulse magnitude may be required to effectively stimulate the 

target site and optimize rTMS treatment for individuals with AUD (Stokes et al., 2007). 

Thus, the pattern of volume loss demonstrated across the AUD group may have implications 

for rTMS and potentially other non-invasive neurostimulation methods.

This study has limitations that may affect the generalizability of the findings. First, this 

study utilized a predominantly male Veteran sample. Additionally, due to the limited number 

of females, potential sex effects could not be cogently examined. This study primarily 

relied on self-report of drinking history, substance use history, and psychiatric diagnoses 

Durazzo et al. Page 10

Drug Alcohol Depend. Author manuscript; available in PMC 2025 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and severity; however, this information was verified by medical records and collateral 

sources, when available. The sample size of the RH precluded the ability to independently 

evaluate the medium, high, and very-high WHO-RDL groups. Lastly, this study focused 

specifically on cortical volumes; consideration of cortical thickness, surface area, and 

subcortical volumes among WHO-RDL groups at treatment entry is warranted.

5. CONCLUSIONS

This study demonstrated that regional brain volume, at initiation of treatment, corresponded 

to varying levels of alcohol consumption post-treatment consistent with WHO-RDL 

categories. Individuals who returned to low and higher-risk levels of alcohol consumption 

after treatment showed lower volumes at treatment entry than controls in brain regions 

involved in executive function/cognitive control and salience networks; this supports 

previous research indicating neurobiological abnormalities in these neural networks are 

associated with the chronic relapse-remit cycle of AUD. Specifically, the overall pattern of 

loss observed in the AUD groups may represent a predispositional risk for problematic 

alcohol use, particularly for the RH group, suggesting that pre-existing abnormalities 

in regional brain structural integrity may relate to treatment outcomes. Depressive and 

anxiety symptomatology and diagnoses were significantly higher in in RH, highlighting 

the importance of incorporating assessment and empirically supported pharmacological 

and/or cognitive behavioral interventions for these conditions during the early phase of 

AUD treatment. Overall, these findings suggest that regional cortical volumes observed at 

treatment entry are associated with alcohol use post-treatment and that the pattern of volume 

loss may serve as potential biomarkers of AUD intervention outcomes.

Acknowledgements

This material is the result of work supported by the National Institute on Drug Abuse (DA24136 to TCD) and the 
National Institute on Alcohol and Alcoholism (AA10788 to DJM), and by resources and the use of facilities at the 
Palo Alto Veterans Administration Health Care System, Palo Alto, CA and San Francisco Veterans Administration 
Medical Center, San Francisco, CA. We thank Drs. Stefan Gazdzinski and Anderson Mon for assistance in MR 
data acquisition of study participants. We also wish to extend our gratitude to the study participants, who made this 
research possible.

Role of funding sources

The study sponsor (National Institutes of Health) had no role in the study design, collection, analysis and 
interpretation of data, in the writing of the report, and in the decision to submit the paper for publication.

REFERENCES

Agency EM, 2010. Guideline on the Development of Medicinal Products for the Treatment of Alcohol 
Dependence. European Medicines Agency London, United Kingdom

Batail JM, Xiao X, Azeez A, Tischler C, Kratter IH, Bishop JH, Saggar M, Williams NR, 
2023. Network effects of Stanford Neuromodulation Therapy (SNT) in treatment-resistant major 
depressive disorder: a randomized, controlled trial. Translational psychiatry 13(1), 240.doi: 10.1038/
s41398-023-02537-9. [PubMed: 37400432] 

Beck A, Wustenberg T, Genauck A, Wrase J, Schlagenhauf F, Smolka MN, Mann K, Heinz A, 2012. 
Effect of brain structure, brain function, and brain connectivity on relapse in alcohol-dependent 
patients. Arch Gen Psychiatry 69, 842–852. doi:10.1001/archgenpsychiatry.2011.2026. [PubMed: 
22868938] 

Durazzo et al. Page 11

Drug Alcohol Depend. Author manuscript; available in PMC 2025 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Benjamini Y, Hochberg Y, 1995. Controlling the false discovery rate: a practical and powerful 
approach to multiple testing. Journal of the Royal Statistical Society 57, 289–300.

Cardenas VA, Durazzo TC, Gazdzinski S, Mon A, Studholme C, Meyerhoff DJ, 2011. Brain 
Morphology at Entry into Treatment for Alcohol Dependence Is Related to Relapse Propensity. 
Biol Psychiatry 70, 561–567. doi:S0006-3223(11)00377-5 [pii] 10.1016/j.biopsych.2011.04.003. 
[PubMed: 21601177] 

Charlet K, Heinz A, 2017. Harm reduction-a systematic review on effects of alcohol reduction on 
physical and mental symptoms. Addict Biol 22, 1119–1159. doi:10.1111/adb.12414. [PubMed: 
27353220] 

Cohen J, 1988. Statistical power analysis for the behavioral sciences Lawrence Erlbaum Associates, 
Hillsdale, NJ.

Durazzo TC, Gazdzinski S, Yeh PH, Meyerhoff DJ, 2008. Combined neuroimaging, neurocognitive 
and psychiatric factors to predict alcohol consumption following treatment for alcohol dependence. 
Alcohol and Alcoholism 43, 683–691. doi:agn078 [pii] 10.1093/alcalc/agn078. [PubMed: 
18818189] 

Durazzo TC, Meyerhoff DJ, 2017. Psychiatric, Demographic, and Brain Morphological Predictors 
of Relapse After Treatment for an Alcohol Use Disorder. Alcohol Clin Exp Res 41, 107–116. 
doi:10.1111/acer.13267. [PubMed: 27883214] 

Durazzo TC, Meyerhoff DJ, 2020. Cigarette smoking history is associated with poorer recovery in 
multiple neurocognitive domains following treatment for an alcohol use disorder. Alcohol 85, 
135–143. doi:10.1016/j.alcohol.2019.12.003. [PubMed: 31923562] 

Durazzo TC, Mon A, Gazdzinski S, Meyerhoff DJ, 2011a. Chronic cigarette smoking in alcohol 
dependence: associations with cortical thickness and N-acetylaspartate levels in the extended 
brain reward system. Addict Biol 18, 379–391. doi:10.1111/j.1369-1600.2011.00407.x. [PubMed: 
22070867] 

Durazzo TC, Mon A, Gazdzinski S, Yeh PH, Meyerhoff DJ, 2015. Serial longitudinal magnetic 
resonance imaging data indicate non-linear regional gray matter volume recovery in abstinent 
alcohol-dependent individuals. Addict Biol 20, 956–967. doi:10.1111/adb.12180. [PubMed: 
25170881] 

Durazzo TC, Tosun D, Buckley S, Gazdzinski S, Mon A, Fryer SL, Meyerhoff DJ, 2011b. 
Cortical thickness, surface area, and volume of the brain reward system in alcohol dependence: 
relationships to relapse and extended abstinence. Alcohol Clin Exp Res 35, 1187–1200. 
doi:10.1111/j.1530-0277.2011.01452.x. [PubMed: 21410483] 

Gastfriend DR, Garbutt JC, Pettinati HM, Forman RF, 2007. Reduction in heavy drinking as 
a treatment outcome in alcohol dependence. J Subst Abuse Treat 33, 71–80. doi:10.1016/
j.jsat.2006.09.008. [PubMed: 17588491] 

Gazdzinski S, Durazzo TC, Studholme C, Song E, Banys P, Meyerhoff DJ, 2005. Quantitative brain 
MRI in alcohol dependence: preliminary evidence for effects of concurrent chronic cigarette 
smoking on regional brain volumes. Alcohol Clin Exp Res 29, 1484–1495. [PubMed: 16131857] 

George MS, Bohning DE, Lorberbaum JP, Nahas Z, Anderson B, Borckardt JJ, Molnar C, Kose S, 
Ricci R, Rostogi K, 2007. Overview of transcranial magnetic stimulation: history mechanisms 
physics and safety, in: George MS, Belmaker RH (Ed.) Transcranial magnetic stimulation in 
clinical psychiatry American Psychiatric Publishing, Inc, Washington, DC; London, England, pp. 
1–38.

Grodin EN, Burnette E, Towns B, Venegas A, Ray LA, 2021. Effect of alcohol, tobacco, and cannabis 
co-use on gray matter volume in heavy drinkers. Psychol Addict Behav 35(6), 760–768.doi: 
10.1037/adb0000743. [PubMed: 34435833] 

Knox J, Scodes J, Wall M, Witkiewitz K, Kranzler HR, Falk D, Litten R, Mann K, O’Malley SS, 
Anton R, Hasin DS, 2019. Reduction in non-abstinent WHO drinking risk levels and depression/
anxiety disorders: 3-year follow-up results in the US general population. Drug Alcohol Depend 
197, 228–235. doi:10.1016/j.drugalcdep.2019.01.009. [PubMed: 30852375] 

Klok MPC, van Eijndhoven PF, Argyelan M, Schene AH, Tendolkar I, 2019. Structural brain 
characteristics in treatment-resistant depression: review of magnetic resonance imaging studies. 
BJPsych Open 5(5), e76.doi: 10.1192/bjo.2019.58. [PubMed: 31474243] 

Durazzo et al. Page 12

Drug Alcohol Depend. Author manuscript; available in PMC 2025 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Knox J, Scodes J, Witkiewitz K, Kranzler HR, Mann K, O’Malley SS, Wall M, Anton R, Hasin DS, 
2020. Reduction in World Health Organization Risk Drinking Levels and Cardiovascular Disease. 
Alcohol Clin Exp Res 44, 1625–1635. doi:10.1111/acer.14386. [PubMed: 32619058] 

Knox J, Wall M, Witkiewitz K, Kranzler HR, Falk D, Litten R, Mann K, O’Malley SS, Scodes J, 
Anton R, Hasin DS, 2018. Reduction in non-abstinent WHO Drinking Risk Levels and change 
in risk for liver disease and positive AUDIT-C scores: prospective 3-year follow-up results in the 
U.S. general population. Alcohol Clin Exp Res 42, 2256–2265. doi:10.1111/acer.13884. [PubMed: 
30204248] 

Maisto SA, Clifford PR, Stout RL, Davis CM, 2006. Drinking in the year after treatment as a predictor 
of three-year drinking outcomes. J Stud Alcohol 67, 823–832. [PubMed: 17060998] 

Mann RE, Sobell LC, Sobell MB, Pavan D 1985. Reliability of a family tree questionnaire 
for assessing family history of alcohol problems. Drug Alcohol Depend 15:61–67. [PubMed: 
4017879] 

May AC, Meyerhoff DJ, Durazzo TC, 2023. Non-abstinent recovery in alcohol use disorder is 
associated with rreater regional cortical volumes. Alcohol Clin Exp Res 47, 1850–1858. doi: 
10.1111/acer.15169.

Maillard A, Laniepce A, Segobin S, Lahbairi N, Boudehent C, Vabret F, Cabé N, Pitel AL, 2022. 
Prognostic factors for low-risk drinking and relapse in alcohol use disorder: A multimodal 
analysis. Addiction biology 27(6), e13243.doi: 10.1111/adb.13243. [PubMed: 36301210] 

Meyerhoff DJ, Blumenfeld R, Truran D, Lindgren D, Flenniken D, Cardenas V, Chao LL, Rothlind J, 
Studholme C, Weiner MW, 2004. Effects of heavy drinking, binge drinking, and family history of 
alcoholism on regional brain metabolites. Alcohol Clin Exp Res 28, 650–61. [PubMed: 15100618] 

Meyerhoff DJ, Durazzo TC, 2020. Not all is lost for relapsers: relapsers with low WHO risk drinking 
levels and complete abstainers have comparable regional gray matter volumes. Alcohol Clin Exp 
Res 44, 1479–1487. doi:DOI:10.1111/acer.14377.

Mitra A, Raichle ME, Geoly AD, Kratter IH, Williams NR, 2023. Targeted neurostimulation 
reverses a spatiotemporal biomarker of treatment-resistant depression. Proceedings of the National 
Academy of Sciences of the United States of America 120(21), e2218958120.doi: 10.1073/
pnas.2218958120. [PubMed: 37186863] 

Nam CB, Powers MG, 1983. The socioeconomic approach to status measurement Cap and Gown 
Press, Houston.

Nguyen LC, Durazzo TC, Dwyer CL, Rauch AA, Humphreys K, Williams LM, Padula CB, 
2020. Predicting relapse after alcohol use disorder treatment in a high-risk cohort: The roles 
of anhedonia and smoking. J Psychiatr Res 126, 1–7. doi:10.1016/j.jpsychires.2020.04.003. 
[PubMed: 32403028] 

Padula CB, Tenekedjieva LT, McCalley DM, Al-Dasouqi H, Hanlon CA, Williams LM, Kozel FA, 
Knutson B, Durazzo TC, Yesavage JA, Madore MR, 2022. Targeting the Salience Network: A 
Mini-Review on a Novel Neuromodulation Approach for Treating Alcohol Use Disorder. Front 
Psychiatry 13, 893833. doi:10.3389/fpsyt.2022.893833. [PubMed: 35656355] 

Pennington DL, Durazzo TC, Schmidt T, Mon A, Abe C, Meyerhoff DJ, 2013. The Effects of Chronic 
Cigarette Smoking on Cognitive Recovery during Early Abstinence from Alcohol. Alc Clin Exp 
Research 37, 1220–1227. doi:10.1111/acer.12089.

Rando K, Hong KI, Bhagwagar Z, Li CS, Bergquist K, Guarnaccia J, Sinha R, 2011. Association 
of frontal and posterior cortical gray matter volume with time to alcohol relapse: a 
prospective study. Am J Psychiatry 168, 183–192. doi:appi.ajp.2010.10020233 [pii] 10.1176/
appi.ajp.2010.10020233. [PubMed: 21078704] 

Rosenbloom MJ, Rohlfing T, O’Reilly AW, Sassoon SA, Pfefferbaum A, Sullivan EV, 2007. 
Improvement in memory and static balance with abstinence in alcoholic men and women: selective 
relations with change in brain structure. Psychiatry Res 155, 91–102. [PubMed: 17407808] 

Schmidt TP, Pennington DL, Durazzo TC, Meyerhoff DJ, 2014. Postural stability in cigarette 
smokers and during abstinence from alcohol. Alcohol Clin Exp Res 38, 1753–1760. doi:10.1111/
acer.12409. [PubMed: 24721012] 

Durazzo et al. Page 13

Drug Alcohol Depend. Author manuscript; available in PMC 2025 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Seo S, Mohr J, Beck A, Wustenberg T, Heinz A, Obermayer K, 2015. Predicting the future relapse 
of alcohol-dependent patients from structural and functional brain images. Addict Biol 20, 1042–
1055. doi:10.1111/adb.12302. [PubMed: 26435383] 

Sliedrecht W, Roozen H, de Waart R, Dom G, Witkiewitz K, 2022. Variety in Alcohol Use Disorder 
Relapse Definitions: Should the Term “Relapse” Be Abandoned? J Stud Alcohol Drugs 83, 248–
259. [PubMed: 35254248] 

Stokes MG, Chambers CD, Gould IC, English T, McNaught E, McDonald O, Mattingley JB, 
2007. Distance-adjusted motor threshold for transcranial magnetic stimulation. Clin Neurophysiol 
118(7), 1617–1625.doi: 10.1016/j.clinph.2007.04.004. [PubMed: 17524764] 

Stokes MG, Chambers CD, Gould IC, Henderson TR, Janko NE, Allen NB, Mattingley JB, 
2005. Simple metric for scaling motor threshold based on scalp-cortex distance: application to 
studies using transcranial magnetic stimulation. Journal of neurophysiology 94(6), 4520–4527.doi: 
10.1152/jn.00067.2005. [PubMed: 16135552] 

Suk JW, Hwang S, Cheong C, 2021. Functional and Structural Alteration of Default Mode, Executive 
Control, and Salience Networks in Alcohol Use Disorder. Frontiers in psychiatry 12, 742228.doi: 
10.3389/fpsyt.2021.742228. [PubMed: 34744834] 

Volkow ND, Wang GJ, Tomasi D, Baler RD, 2013. Unbalanced neuronal circuits in addiction. Curr 
Opin Neurobiol 23, 639–648. doi:10.1016/j.conb.2013.01.002. [PubMed: 23434063] 

Voon V, Grodin E, Mandali A, Morris L, Doñamayor N, Weidacker K, Kwako L, Goldman D, Koob 
GF, Momenan R, 2020. Addictions NeuroImaging Assessment (ANIA): Towards an integrative 
framework for alcohol use disorder. Neuroscience and biobehavioral reviews 113, 492–506.doi: 
10.1016/j.neubiorev.2020.04.004. [PubMed: 32298710] 

WHO, 2000. International guide for monitoring alcohol consumption and related harm

Williams LM, 2016. Precision psychiatry: a neural circuit taxonomy for depression and anxiety. Lancet 
Psychiatry 3, 472–480. doi:10.1016/s2215-0366(15)00579-9. [PubMed: 27150382] 

Witkiewitz K, 2011. Predictors of heavy drinking during and following treatment. Psychol Addict 
Behav 25, 426–438. doi:10.1037/a0022889. [PubMed: 21480681] 

Witkiewitz K, Falk DE, Litten RZ, Hasin DS, Kranzler HR, Mann KF, O’Malley SS, Anton RF, 2019. 
Maintenance of World Health Organization Risk Drinking Level Reductions and Posttreatment 
Functioning Following a Large Alcohol Use Disorder Clinical Trial. Alcohol Clin Exp Res 43, 
979–987. doi:10.1111/acer.14018. [PubMed: 30951210] 

Witkiewitz K, Hallgren KA, Kranzler HR, Mann KF, Hasin DS, Falk DE, Litten RZ, O’Malley 
SS, Anton RF, 2017a. Clinical Validation of Reduced Alcohol Consumption After Treatment for 
Alcohol Dependence Using the World Health Organization Risk Drinking Levels. Alcohol Clin 
Exp Res 41, 179–186. doi:10.1111/acer.13272. [PubMed: 28019652] 

Witkiewitz K, Kirouac M, Roos CR, Wilson AD, Hallgren KA, Bravo AJ, Montes KS, Maisto 
SA, 2018a. Abstinence and low risk drinking during treatment: Association with psychosocial 
functioning, alcohol use, and alcohol problems 3 years following treatment. Psychol Addict Behav 
32, 639–646. doi:10.1037/adb0000381. [PubMed: 30160499] 

Witkiewitz K, Kranzler HR, Hallgren KA, O’Malley SS, Falk DE, Litten RZ, Hasin DS, Mann KF, 
Anton RF, 2018b. Drinking Risk Level Reductions Associated with Improvements in Physical 
Health and Quality of Life Among Individuals with Alcohol Use Disorder. Alcohol Clin Exp Res 
42, 2453–2465. doi:10.1111/acer.13897. [PubMed: 30395350] 

Witkiewitz K, Marlatt GA, 2007. Modeling the complexity of post-treatment drinking: it’s a 
rocky road to relapse. Clin Psychol Rev 27, 724–738. doi:S0272-7358(07)00006-2 [pii] 10.1016/
j.cpr.2007.01.002. [PubMed: 17355897] 

Witkiewitz K, Montes KS, Schwebel FJ, Tucker JA, 2020. What Is Recovery? Alcohol Res 40, 01. 
doi:10.35946/arcr.v40.3.01.

Witkiewitz K, Roos CR, Pearson MR, Hallgren KA, Maisto SA, Kirouac M, Forcehimes AA, Wilson 
AD, Robinson CS, McCallion E, Tonigan JS, Heather N, 2017b. How Much Is Too Much? Patterns 
of Drinking During Alcohol Treatment and Associations With Post-Treatment Outcomes Across 
Three Alcohol Clinical Trials. J Stud Alcohol Drugs 78, 59–69. doi:10.15288/jsad.2017.78.59. 
[PubMed: 27936365] 

Durazzo et al. Page 14

Drug Alcohol Depend. Author manuscript; available in PMC 2025 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Zou X, Durazzo TC, Meyerhoff DJ, 2018. Regional Brain Volume Changes in Alcohol-Dependent 
Individuals During Short-Term and Long-Term Abstinence. Alcohol Clin Exp Res 42, 1062–1072. 
doi:10.1111/acer.13757. [PubMed: 29672876] 

Durazzo et al. Page 15

Drug Alcohol Depend. Author manuscript; available in PMC 2025 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Those with alcohol use disorders (AUD) were assigned to WHO risk drinking 

levels.

• Abstainers, Low Risk and Higher Risk groups were formed from the AUD 

participants.

• Regional brain volumes of AUD groups were compared at treatment entry.

• Future abstainers showed the fewest and lowest magnitude cortical volume 

deficits.

• Results indicate volumes at treatment entry are associated with future alcohol 

use.
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Figure 1. 
a. Region of interest comparison for RH versus LN. Values for each region of interest 

represent effect sizes. Effect sizes in red font indicate statistically significant group 

differences; effect sizes in black font indicate moderate magnitude group differences that 

were not statistically significant after FDR correction. Regions with no listed effect size 

were weak (i.e., < 0.50) and statistically non-significant.

b. Region of interest comparison for RL versus LN. Values for each region of interest 

represent effect sizes. Effect sizes in red font indicate statistically significant group 

differences; effect sizes in black font indicate moderate magnitude group differences that 

were not statistically significant after FDR correction. Regions with no listed effect size 

were weak (i.e., < 0.50) and statistically non-significant.

c. Region of interest comparison for AB versus LN. Values for each region of interest 

represent effect sizes. Effect sizes in red font indicate statistically significant group 

differences; effect sizes in black font indicate moderate magnitude group differences that 

were not statistically significant after FDR correction. Regions with no listed effect size 

were weak (i.e., < 0.50) and statistically non-significant.
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Figure 2. 
a. Association between Beck Depression Inventory (BDI) at treatment entry and average 

number of drinks per drinking day post-treatment across RL and RH.
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b. Association between State-Trait Anxiety Inventory-Trait (STAI) at treatment entry and 

average number of drinks per drinking day post-treatment across RL and RH.
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Table 1.

Participant Demographics and Clinical Variables

Measure LN (n = 
51)

AB (n = 38) RL (n = 20) RH (n = 17) Groupa comparisons

Age 47.1 (8.6) 51.6 (11.1) 46.8 (8.1) 47.9 (5.2) AB > LD, RL, RH

Education (years) 16.1 (2.5) 14.3 (2.1) 13.8 (2.0) 13.9 (1.6) LD > AB, RL, RH

White (%) 76 79 80 52 LD, AB, RL > RH

Male (%) 82 90 90 88

Hollingshead Socioeconomic Status 
(median)

3 7 7 7 LD > AB, RL, RH

Family history density of alcohol-related 
problems (median)

0.37 0.75 0.50 0.87 AB, RL, RH > LD

Number of previous formal inpatient 
or outpatient treatment programs (median/
mode)

NA 1/1
Min = 0
Max = 6

1/1
Min = 0

Max = 10

2/2
Min = 1
Max = 4

Days abstinent from alcohol at study entry NA 14.7 (12.0) 17.7 (17.0) 13.8 (11.5)

1-year average drinks/month prior to study 13 (14) 405 (214) 394 (215) 344 (213) AB, RL, RH > LD

Lifetime average drinks/month prior to study 13 (12) 218 (102) 233 (120) 254 (221) AB, RL, RH > LD

Post-treatment follow-up interval (days; 
median)

NA 210 208 248 RH > AB, RL

Days abstinent until first alcohol 
consumption post treatment (median)

NA NA 129
Min = 34

Max = 407

129
Min = 26

Max = 424

Resumption of alcohol use duration (days; 
median)

NA NA 15
Min = 1

Max = 208

128
Min = 35

Max = 448

RH > RL

Average drinks/day posttreatment as 
percentage of average drinks/day over 1 year 
prior to treatment

NA NA 4
Min = .2

Max = 150

64
Min = 19

Max = 500

RH > RL

Drinks per day over follow-up interval 
(median)

NA NA 0.51
Min = 0.1
Max = 2.3

5.51
Min = 2.3
Max = 30

RH > RL

Drinks per drinking day over follow-up 
interval (median)

NA NA 7.5
Min = 1

Max = 33

15.1
Min = 6

Max = 30

RH > RL

Beck Depression Inventory (BDI) 3.7 (3.5) 11.5 (7.9) 12.2 (7.9) 20.5 (11.3) AB, RL, RH > LD RH > AB, 
RL

State Trait Anxiety Inventory-Trait 32.8 (8.5) 44.3 (9.6) 43.4 (10.6) 50.8 (12.1) AB, RL, RH > LD RH > AB, 
RL

Depressive disorders (%) NA 21 50 71 RH, RL > AB

Anxiety disorder (%) NA 0 5 18 RH > AB

Substance use disorder (%) NA 21 25 24

Antidepressant use (%) NA 5 20 0 RL > RH

Never smoker (%) NA 32 29 37

Former smoker (%) NA 11 11 13

Current smoker (%) NA 57 60 50
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Table 2.

Effect size for greater regional volumes in AB versus RDL-Higher

Region Effect Size*

Right Caudal Anterior Cingulate 0.93

Left Rostral Middle Frontal 0.89

Left Lateral Orbitofrontal 0.81

Right Rostral Middle Frontal 0.81

Right Posterior Cingulate 0.81

Right Precentral 0.80

*
= All effect sizes correspond to p < .05 FDR corrected
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Table 3.

Hemispheric Cortical Volume Group Comparisons

Group Comparison p-value Effect Size

Right Cerebral Cortex

LN > AB <.001 1.05

LN > RL <.001 1.36

LN > RH <.001 2.13

AB = RL 0.28 0.30

AB > RH <.001 1.07

RL > RH 0.02 0.78

Left Cerebral Cortex

LN > AB <.001 0.90

LN > RL <.001 1.28

LN > RH <.001 1.98

AB = RL 0.18 0.37

AB > RH <.001 1.07

RL > RH 0.03 0.70

Note: AB: Abstainer; LN: light-drinking non-smoking control; RH: WHO RDL higher; RL: WHO-RDL low. Equal sign (=) indicated no 
statistically significant differences between groups. P-value < .05 (not corrected for multiple comparisons) considered statistically significant.
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