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Abstract

Objective: Alcohol Use Disorder (AUD) is a complex, dynamic condition that waxes and wanes 

with unhealthy drinking episodes and varies in drinking patterns and effects on brain structure and 

function with age. Its excessive use renders chronically heavy drinkers vulnerable to direct alcohol 

toxicity and a variety of comorbidities attributable to nonalcohol drug misuse, viral infections, and 

accelerated or premature aging. AUD affects widespread brain systems, commonly, frontolimbic, 

frontostriatal, and frontocerebellar networks.

Method and Results: Multimodal assessment using selective neuropsychological testing and 

whole-brain neuroimaging provides evidence for AUD-related specific brain structure-function 

relations established with double dissociations. Longitudinal study using noninvasive imaging 

provides evidence for brain structural and functional improvement with sustained sobriety and 

further decline with relapse. Functional imaging suggests the possibility that some alcoholics in 

recovery can compensate for impairment by invoking brain systems typically not used for a target 

task but that can enable normal-level performance.

Conclusions: Evidence for AUD-aging interactions, indicative of accelerated aging, together 

with increasing alcohol consumption in middle-age and older adults, put aging drinkers at special 

risk for developing cognitive decline and possibly dementia.
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Introduction

Alcohol is pervasive in American life and culture and in countries where it is not banned 

(Alcohol & Drug Use, 2018). Alcoholism, now diagnosed as Alcohol Use Disorder (AUD) 

(American Psychiatric Association, 2013), is a complex, dynamic disorder that waxes and 

wanes with unhealthy drinking episodes and varies in drinking patterns with age. Its 

excessive use renders chronically heavy drinkers vulnerable to direct alcohol toxicity, 
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nutritional deficiency, and a variety of comorbidities attributable to nonalcohol drug misuse, 

viral infections, and accelerated or premature aging.

Young drinkers through college age commonly engage in heavy to binge (4 or more drinks 

for women and 5 or more drinks for men in 2 hours) to extreme binge (15 or more drinks in 

one session) drinking on weekends (Tapert & Courtney, 2019). Fast and vast consumption 

leads to risky behaviors and accidents (e.g., Grant et al., 2017; Thompson, Eaton, Hu, Grant, 

& Hasin, 2014) [www.cdc.gov/motorvehiclesafety/impaired_driving/impaired-

drv_factsheet.html] and vulnerability to comorbidities from other mind-altering injectable 

drugs often resulting in hepatitis C virus (HCV) infection and events like unprotected sex 

resulting in human immunodeficiency viral (HIV) infection. Although adolescents and 

young adults who emerge without injury from these drinking episodes appear to recover 

cognitively and motorically, it remains to be tested whether such transient drinking bouts 

leave an “impairment scar” rendering older adults with irresponsible youthful drinking bouts 

especially vulnerable to the throes of aging. Until recently, middle to older age drinkers were 

more likely to engage in drinking throughout the week, within the NIAAA guidelines 

[www.niaaa.nih.gov] of no more than 2 drinks per occasion and no more than 14 drinks per 

week for men and half those amounts for women. New epidemiological data, however, 

indicate an increase in alcohol consumption in middle age to older adults with growing 

incidence in drinking per se and also in binge drinking especially in women (Breslow, 

Castle, Chen, & Graubard, 2017; Grant et al., 2017), putting older drinkers at risk for 

developing cognitive decline and even dementia.

There is little doubt that excessive, chronic drinking affects brain structure and function. 

Indeed, numerous neuroimaging and neuropathological studies have identified alcoholism-

related dysfunction and dysmorphology, leading to the assumption that alcohol is a 

“neurotoxin.” Remarkably, although mechanisms of destruction and disruption are known 

for peripheral systems, including liver, lung, heart, and gut, even animal models of 

alcoholism have yet to reveal neural mechanisms of alcohol’s neurotoxicity. In fact, some 

studies suggest that alcohol itself is not severely neurotoxic but expresses neurodisruption 

when it interacts with nutritional deficiency, specifically, of thiamine (Vedder, Hall, 

Jabrouin, & Savage, 2015; Zahr et al., 2016).

In short, the signature profile of neuropsychological deficits in uncomplicated AUD involves 

executive dysfunction, selective to processes of working and episodic memory, visuospatial 

abilities, and postural stability (Oscar-Berman et al., 2014; Stavro, Pelletier, & Potvin, 

2013). Brain substrates of AUD cognitive and motor deficits have been linked to MRI-

derived tissue volume deficits in prefrontal (Cardenas, Studholme, Gazdzinski, Durazzo, & 

Meyerhoff, 2007), parietal (Cui et al., 2015), cerebellar (Sullivan, Rose, & Pfefferbaum, 

2006), and thalamic (Pitel, Segobin, Ritz, Eustache, & Beaunieux, 2015) structures. These 

functions show varying extents and temporal courses of recovery with abstinence. An 

exhaustive review of the alcohol literature with reference to brain structural and functional 

findings requires a volume as published recently (Sullivan & Pfefferbaum, 2014); other 

recent reviews on selective relevant topics will also be noted. Rather, the focus of the current 

selective review is guided by current epidemiology of AUD including the aging of America 

and addresses the following: 1) which brain systems and functional correlates are affected 
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and what ones recover; 2) use of neuroimaging modalities to seek mechanisms of cognitive 

and motor impairment; 3) how common comorbidities alter the course of AUD; and 4) 

question whether AUD has a role in the development of dementia.

Component processes of cognitive and motor functions affected in AUD

Assessment of component processes comprising dissociable functions enables identification 

of patterns of sparing and impairment characterizing diagnostic groups, in this case, AUD 

with and without comorbidities, such as non-alcohol drug use, psychiatric disorder, and head 

injury. Study of assessment variability provides quantitative data on performance by 

individuals. Some functions and their supporting brain structures may be more amenable 

than others to repair with sustained sobriety (e.g., Petit et al., 2017); thus, knowledge of 

components of impairment profiles tracked over the dynamic course of alcoholism can 

potentially direct therapeutic efforts toward processes with potential for recovery (cf., Cui et 

al., 2015).

Acute intoxication is marked by reversible cognitive, sensory, and motor impairments, 

including poor judgment, aggression, staggering of gait, slurring of speech, and slowed 

reaction time. Chronic, heavy drinking can result in AUD, which is marked by deficits in 

domains of executive functioning, episodic memory, visuospatial abilities, and gait and 

balance (for extensive reviews, Le Berre, Laniepce, Segobin, Pitel, & Sullivan, 2019; Oscar-

Berman et al., 2014; Sullivan, 2017). Each of these domains comprises multiple component 

processes that have the potential of being spared or impaired at varying levels and at 

different lags between sobriety and testing. Thus, heavy drinking has short-term and long-

term effects on function, some of which can be partly or fully ameliorated with abstinence or 

reduced drinking, whereas other impairments are enduring.

Executive function includes problem solving, working memory, sequencing, fluency, 

inhibitory control, selective attention, decision-making, strategic memory retrieval, and 

interpretation of social emotion and interaction (Brion et al., 2015; Le Berre et al., 2014; 

Naim-Feil, Fitzgerald, Bradshaw, Lubman, & Sheppard, 2014). These functions are difficult 

to detect clinically, require objective documentation (Wollenweber et al., 2014), and are 

usually associated with disruption of frontal-systems that can extend beyond frontal-lobe 

borders (Zahr, Pfefferbaum, & Sullivan, 2017).

Alcoholics as a group exhibit cognitive inflexibility and use habit learning more than 

controls when faced with tasks that would be better solved with more adaptive, goal-directed 

solutions to over-ride habitual decision making (Sebold et al., 2017; Sjoerds et al., 2013) and 

to switch from a previously relevant behavior to one that suits new demands (Trick, 

Kempton, Williams, & Duka, 2014). Such behavior emerged as impaired adaptation and 

inflexibility in decision-making contexts that could be influenced by manipulating 

reinforcement contingencies (monetary reward amount and timing) (Beylergil et al., 2017). 

Along with number of prior relapses, poor control of response inhibition is a good predictor 

of relapse (Czapla et al., 2016).

A meta-analysis tabulated data from 77 published studies spanning half a century to address 

which component processes of executive functions were affected in adult AUD (Stephan et 
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al., 2017). Most affected were planning, problem solving, and inhibitory skills resulting in 

impulsivity, assessed by the Wisconsin Card Sorting and the Iowa Gambling Tests and less 

affected were fluency measures.

Studies using functional MRI (fMRI) provide evidence that alcoholics can overcome certain 

deficits of executive function, including verbal and spatial working memory and abstract 

reasoning, if they recruit brain regions beyond those activated by controls while engaged in 

the task (Bagga, Singh, et al., 2014; Chanraud, Pitel, Muller-Oehring, Pfefferbaum, & 

Sullivan, 2013; Charlet, Schlagenhauf, et al., 2014). Compensatory strategies were 

unsuccessful, however, under conditions of high risk and great uncertainty (Jung et al., 

2014).

Episodic (explicit or declarative) memory occurs with conscious awareness and is 

assessed with tests of recognition or recall of newly encoded information. Episodic memory 

(Pitel et al., 2007) is subserved by limbic circuitry (Papez circuit), which comprises the 

hippocampus, amygdala, fornix, thalamus, and mammillary bodies (Le Berre et al., 2014; 

Pitel et al., 2015). Confabulation is also documented in AUD, can occur both in 

uncomplicated AUD and in KS, and was found to be more associated with impairment in 

episodic memory than in executive function as a means to “fill in blanks” of unconsolidated 

personal episodes (Rensen et al., 2015).

Procedural (or implicit) memory can be accomplished without conscious awareness or 

intent and is typically defined by motor learning (Fama, Rosenbloom, Sassoon, Pfefferbaum, 

& Sullivan, 2012; McGlinchey, Fortier, Capozzi, & Disterhoft, 2005), such as required for 

learning how to ride a bicycle. Procedural learning substrates are exclusive of limbic 

circuitry and involve frontal, basal ganglian, and cerebellar regions (Ritz et al., 2014) and 

may be amenable to training in recovering alcoholics (Loijen et al., 2018).

Metamemory umbrellas episodic and procedural memory and encompasses personal 

knowledge about one’s own ability to remember or recall information. Formal testing 

revealed that in guessing how well they would perform a memory test of learning a long list 

of random words, alcoholics over-estimated their future episodic memory performance, 

which correlated with smaller insular volumes, but were able to judge how well they actually 

recalled the word list, which correlated with frontolimbic structural volumes (Le Berre et al., 

2016). Unrealistic assessment of abilities by the alcoholic can be considered a mild form of 

anosognosia (poor insight in knowing what you do not know) that could be misinterpreted as 

psychological denial (Le Berre & Sullivan, 2016). An in-depth review of metamemory and 

social cognition appears in the paper by Le Berre (Le Berre, 2019).

Alcoholic blackout is a transient form of a memory disorder that occurs with clear 

consciousness resulting from extreme alcohol consumption. Two forms are described: en 

bloc and fragmentary. En bloc refers to complete amnesia for a defined time period. 

Fragmentary blackouts are more prevalent than en bloc with the incidence of both being 

dose dependent; 10% (en bloc) and >30% (fragmentary) are likely to ensue when blood 

alcohol levels exceed 250 mg%. As few as 5 to 6 drinks in one session can precipitate 

transient memory impairment (Labhart, Livingston, Engels, & Kuntsche, 2018). A history of 
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blackouts is a strong predictor of other alcohol-related problems (Hingson, Zha, Simons-

Morton, & White, 2016).

Visuospatial processing includes the ability to tell where objects, including one’s self, are 

in space. These abilities are commonly impaired and can be resilient to improvement even 

with abstinence (Wollenweber et al., 2014). In light of the multi-faceted ocular dysfunctions 

associated with AUD and withdrawal, it may not be surprising that cognitive processes 

dependent on the visual system are disadvantaged. Although visuospatial abilities involve 

construction and memory, a direct relation between basic oculomotor dysfunction and 

higher-order visuospatial abilities has not been reported. Nonetheless, DTI (Bagga, Sharma, 

et al., 2014) and MR spectroscopy (Bagga, Khushu, et al., 2014) studies provide 

correlational evidence for an occipital substrate of an AUD-related impairment in visual 

processing skills, although selectivity of the relations was not tested (cf., Fama & Sullivan, 

2014).

Emotion and Social Cognition is the ability to discern emotional valence and make 

judgments about facial expression, can be disrupted with cerebellar pathology and can be a 

facet of the Cerebellar Cognitive Affective Syndrome (Hoche, Guell, Sherman, Vangel, & 

Schmahmann, 2016). Judgments about emotion happen quickly and often implicitly and can 

be altered depending on the prevailing emotional load (positive or negative) and one’s ability 

to engage in perspective from another person’s view. These abilities have been documented 

as impaired in alcoholics. There is also evidence for enhanced midbrain activation to 

alcohol-related cues and for negative emotional processing in alcoholics (Muller-Oehring et 

al., 2013). Cross-sectional evidence indicates relations between better scores on tests of 

emotional functions and longer duration of alcohol abstinence (Charlet, Beck, et al., 2014; 

Fitzpatrick & Crowe, 2013) especially in women in recovery (Valmas, Mosher Ruiz, 

Gansler, Sawyer, & Oscar-Berman, 2014), and raises the need for awareness about cognitive 

readiness of alcoholics to engage in therapy (Le Berre et al., 2013). Correlations of social 

cognition measures with executive function and ataxia support a frontocerebellar substrate 

for the impairments. Poor self-awareness in AUD is related to lower cognitive scores 

(Walvoort, van der Heijden, Wester, Kessels, & Egger, 2016); similarly, the ability to 

recognize emotional facial expressions can be modulated by episodic memory and cognitive 

flexibility (Quaglino, De Wever, & Maurage, 2015), functions that can be compromised 

early in recovery.

Gait and balance disturbances are some of the most robust and enduring deficits 

detectable in abstinent alcoholics (Fein & Greenstein, 2013; Rosenbloom, Pfefferbaum, & 

Sullivan, 2004; T. P. Schmidt, Pennington, Durazzo, & Meyerhoff, 2014). Excessive sway 

can be quelled with touch, visual, and stance aids and with abstinence from alcohol (Sullivan 

et al., 2006). Postural stability should be assessed clinically, even with simple roadside-

sobriety-type tests to assess liability for falling, especially in older alcoholics. Substrates of 

postural instability include the anterior superior vermis, whereas 5–7 Hz truncal tremor 

elicited by engaging in a challenging cognitive task while standing quietly, has been related 

to internal capsule-motor cortex circuitry integrity (Sullivan, Zahr, Rohlfing, & Pfefferbaum, 

2015).
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Neural Mechanisms of Cognitive and Motor Correlates: Evidence from MR Imaging

Structural and functional integrity of the living human brain is revealed by a variety of 

magnetic resonance imaging (MRI) methods. Conventional structural MRI enables 

quantification of regional volume, cortical thickness, surface area, tissue type and quality 

(e.g., Fischl, 2012). MR diffusion tensor imaging (DTI) provides measures of 

microstructural integrity, usually of white matter fiber systems (Jones, Knosche, & Turner, 

2013; Mueller, Lim, Hemmy, & Camchong, 2015). Functional MRI (fMRI) measures 

differences in local vascular oxygenated-to-deoxygenated blood volume that occurs while 

performing a task or while at rest (Chen & Glover, 2015a, 2015b). MR arterial spin labeling 

(ASL) can measure local blood perfusion in gray matter tissue (Pfefferbaum et al., 2010). 

These and other MR modalities have been used to identify local and global differences in 

alcoholics compared with controls and to track the progress of recovery on brain regional 

integrity with sobriety or further decline with continued heavy drinking. It is beyond the 

scope of this paper to provide an exhaustive review of results from all of these modalities. 

Rather, a sampling of each is given along with references to other papers that have provided 

useful didactic reviews with relevance to neuropsychologists (Bigler, 2015, 2017) and others 

that have selectively reviewed results using these neuroimaging modalities in the context of 

alcoholism (e.g., Dupuy & Chanraud, 2016; Le Berre et al., 2019; Zahr, 2014; Zahr & 

Pfefferbaum, 2017).

Structural MRI: Patterns and Functional Correlates.—Since the advent of non-

invasive neuroimaging, hundreds of papers have described structural dysmorphology 

associated with AUD. Early CT studies reported enlarged lateral ventricles and widened 

cortical sulci (e.g., Carlen, Wortzman, Holgate, Wilkinson, & Rankin, 1978; Pfefferbaum, 

Rosenbloom, Crusan, & Jernigan, 1988) representing non-localized abnormalities. The 

higher resolution of MRI along with its ability to distinguish tissue type as gray matter, 

white matter, and cerebrospinal fluid (CSF) has revealed localized structural differences 

from controls. In general, cross-sectional MRI studies report volume deficits in cortical gray 

matter and white matter, insula, hippocampus, and anterior cerebellum and have been 

reviewed previously (Zahr, 2014). Earlier longitudinal studies provided evidence for 

increasing volume with abstinence and continued decline with relapse (Cardenas et al., 

2007; Mann, Gunther, Stetter, & Ackermann, 1999; Pfefferbaum et al., 1995). Recent, large-

scale longitudinal MRI studies found volume deficits in frontal, temporal, parietal, cingulate, 

and insular cortices with evidence for accelerated aging in volumes of precentral and 

superior frontal cortices (Sullivan et al., 2018b). Volume deficits were also noted in the 

thalamus and hippocampus (Pfefferbaum, Zahr, et al., 2018), consistent with other cross-

sectional reports (e.g., Durazzo et al., 2011; Fein et al., 2013; Makris et al., 2008). Using 

high-resolution MRI to quantify hippocampal subfields, follow-up study identified recovery 

of CA2/3 volumes in alcoholics who remained abstinent for a month (Kuhn et al., 2014). 

Another cross-sectional study found volume deficits in subiculum, CA1, CA4, fimbria, a 

composite of dentate gyrus regions, and the hippocampus-amygdala-transition-area in 

alcoholics compared with controls and an age-alcohol interaction in CA2/3, indicating that 

older alcoholics had greater volume deficits than would be expected for their age (Zahr, 

Pohl, Saranathan, Sullivan, & Pfefferbaum, 2019).
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The most common volume deficits reported with whole-brain imaging involve selective 

regions of frontal cortex and implicate their dissociable, spatially disparate extra-frontal 

networks. To accommodate these affected systems, we recently proposed a model of three 

frontofugal networks implicated in AUD: frontolimbic, frontostriatal, and frontocerebellar 

(Zahr et al., 2017). The consistency of frontally-based functional and structural 

abnormalities identified in vivo comport with neuropathological findings indicating 

significant neuronal loss localized to the superior frontal cortex of “uncomplicated” 

alcoholic cases (Harper, Kril, & Daly, 1987; Kril & Halliday, 1999). These networks 

underlie the selective cognitive and motor functions commonly disrupted in AUD, notably, 

cognitive judgment, cognitive control, decision making, inhibition, working memory, affect 

and reward processing, visuospatial abilities, processing speed, and stability of gait and 

static posture (e.g., Chanraud & Sullivan, 2014; Galandra, Basso, Cappa, & Canessa, 2018; 

Le Berre et al., 2019). Despite the imputed relations, direct correlations between 

performance and markers of regional brain integrity are not always forthcoming.

Identification of these networks arose from many neuroimaging studies of uncomplicated 

alcoholism in comparison with alcoholism complicated by dramatic conditions that can 

accompany alcoholism, exacerbate its deficits, and contribute their own dysmorphological 

signature. The most well described AUD concomitant is the Wernicke-Korsakoff syndrome 

(WKS), which is caused by depletion of thiamine, an essential vitamin (Thomson, Guerrini, 

& Marshall, 2012). WKS is marked by lesions identified neuropathologically (Harper et al., 

1998; Torvik, 1991; Victor, Adams, & Collins, 1989) and radiologically (Sullivan & 

Pfefferbaum, 2009) in frontolimbic sites, including the mammillary bodies, hippocampus, 

and thalamus, and in frontocerebellar sites, including the anterior vermis of the cerebellum 

(Le Berre et al., 2014). Additional diagnostic concomitants of AUD are Marchiafava-

Bignami disease, marked by lesions of the corpus callosum and symptoms of a 

disconnection syndrome (Victor et al., 1989); alcoholic cerebellar degeneration, marked by 

lesions and hypometabolism of the anterior superior vermis (Gilman et al., 1990; Lhermitte, 

1934); hepatic encephalopathy, marked by hyperintense MRI signal of insular cortex 

(Butterworth, 2014; Campagna et al., 2015; Nabi et al., 2014); central pontine myelinolysis, 

seen as a bat-wing shaped, edematous lesion in central pons (de la Monte & Kril, 2014; 

Haynes, Gallagher, Cordaro, Likeman, & Love, 2018) and when severe associated with 

quadriplegia (Mascarenhas & Jude, 2014); and Alcohol-Related Dementia (Cheng et al., 

2017), associated with notable cortical atrophy and discussed later in this review.

The selective lesions characterizing these AUD-associated syndromes provided leads to 

seeking circumscribed dysmorphology in uncomplicated AUD. Toward this end, a series of 

studies found graded effects in brain regions affected by these different conditions, where 

uncomplicated AUD showed volume deficits compared with healthy controls, and 

complicated AUD showed greater volume deficits than uncomplicated AUD (Le Berre et al., 

2014; Sullivan & Pfefferbaum, 2009). These graded effects led to another concept about 

uncomplicated AUD, suggesting that such individuals carry a history, or “scar,” from 

subclinical bouts of any of these conditions. This hypothesis was also supported with 

reference to neuropsychological performance in studies, which categorized AUD individuals 

by Caine et al. criteria for determining history of preclinical Wernicke encephalopathy (WE) 

(cf., Ambrose, Bowden, & Whelan, 2001). Chart review of postmortem cases revealed that 
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apparently uncomplicated AUD who had two of four signs of WE (dietary deficiency, 

ophthalmoplegia, cognitive compromise, ataxia) also had lesions consistent with WE (Caine, 

Halliday, Kril, & Harper, 1997). These criteria were operationalized for in vivo use to sort 

AUD individuals by number of criteria met. Alcoholics meeting no criteria performed at 

normal levels on a large neuropsychological test battery; those meeting one criterion 

performed at impaired levels on a few of the test composites; those meeting two or more 

criteria were impaired on all test composites (Fama et al., 2017; Pitel et al., 2011) (Figure 1). 

Thus, although these AUD individuals had no history of clinically diagnosed WE, 

performance impairment level conformed to the “dose effect” of a WE burden, further 

suggesting a nutritional substrate for explaining heterogeneity in test performance.

Quantitative MRI data indicate that the brains of individuals with AUD do not have 

demonstrable, frank lesions but rather are characterized by regional volume deficits and in 

some cases by cortical thinning or gray and white matter volume deficits (for review, Zahr & 

Pfefferbaum, 2017). Further, degradation of regional brain tissue can have far reaching 

effects based on networks, making it difficult (at best) to identify one-to-one 

correspondences between a selective cognitive or motor deficits and a single source brain 

substrate (cf., Sullivan & Pfefferbaum, 2005). Nonetheless, a number of brain structure-

function relations have been reported, with the most convincing ones based on evidence for 

double dissociation (cf., Fama & Sullivan, 2014). The few examples that follow provide 

brain structural substrates, in terms of systems rather than single locations, of cognitive or 

motor skills commonly impaired in AUD.

Regression analysis revealed that the rostral middle frontal and cerebellar cortical volume 

were significant selective predictors of performance on an executive functions battery and 

critically not of a test of general cognitive status (Nakamura-Palacios et al., 2014). Relative 

to controls, alcoholics scored lower on three sets of composite scores and had smaller 

frontal, cingulate, insular, parietal, and hippocampal volumes; within the alcoholics, 

executive function scores correlated with frontal, temporal, and caudate volumes; explicit 

memory scores correlated with frontal volume, notably orbitofrontal cortex; and balance 

scores correlated with frontal, caudate, and pontine volumes (Fama et al. 2019). A 

visuospatial processing deficit in long-term abstinent alcoholics was related selectively to 

parietal volume shrinkage but not to other cortical volume deficits; greater parietal volume 

shrinkage occurred with greater amount of alcohol consumed over a lifetime (Fein, 

Shimotsu, Chu, & Barakos, 2009). An early study of alcoholics identified a series of 

selective, dissociable relations, where anterior vermian but not prefrontal or parietal volume 

was a unique predictor of balance scores; vermian and thalamic but not prefrontal cortical 

volumes were predictors of Wisconsin Card Sorting Test scores; and cerebellar hemispheric 

white matter but not parietal cortical volume was a predictor of visuospatial ability (Sullivan, 

2003).

DTI: Patterns and Functional Correlates.—In addition to degraded network nodes, a 

network can suffer dysfunction from “fraying” of white matter fiber connections, the 

microstructural integrity of which can be assessed with DTI. Quantitative studies have 

shown evidence for anterior and superior white matter systems as being more vulnerable to 

alcoholism than posterior and inferior systems (Pfefferbaum, Rosenbloom, Rohlfing, & 
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Sullivan, 2009). These in vivo findings comport with neuropathological evidence for 

degradation of white matter fibers observed as “swelling and fragmentation of myelin, 

irregular loss of axons, and degeneration of oligodentrocytes” (page 81) (de la Monte & 

Kril, 2014) together with loss of synaptic connections. White matter damage was especially 

notable in prefrontal regions, the extent of which was related to maximum daily alcohol 

consumption (Kril, Halliday, Svoboda, & Cartwright, 1997). Additional in vivo longitudinal 

data suggest a dose-like response for recovery, such that alcoholics who refrained from 

drinking between DTI scans showed a return toward normal levels, whereas those who 

relapsed showed accelerated aging (Pfefferbaum et al., 2014). Albeit cross-sectional by 

definition, there is neuropathological evidence for remyelination of damaged white matter 

fibers, for example, in a case of chronic alcoholism with central pontine myelinolysis 

(Haynes et al., 2018), that has the potential of supporting at least partial recovery of 

function.

Several studies reported functional correlates of disrupted fiber integrity, whether the DTI 

metric was based on abnormally low fractional anisotropy, suggestive of disruption of the 

linear organization of fibers, or higher than normal diffusivity, an index of excessive free 

water presence or edematous tissue. For example, DTI measures of the genu but not 

splenium of the corpus callosum correlated with working memory but not visuospatial 

performance, whereas the splenium but not genu diffusivity correlated with visuospatial but 

not working memory performance (Pfefferbaum et al., 2009). Integrity of the corpus 

callosum was also implicated in a task requiring interhemispheric transfer of visual 

information (Schulte, Sullivan, Muller-Oehring, Adalsteinsson, & Pfefferbaum, 2005). DTI 

results provide further support for the concept that alcoholism affects widespread regions 

that reflect organized and selective neural networks.

ASL: Patterns and Functional Correlates.—Only a few studies have employed this 

MR imaging method, which provides quantification of regional cerebral blood perfusion and 

ideally should be used to control for perfusion deficits that could account for abnormal 

BOLD responses in fMRI experiments. A longitudinal study of AUD participants who either 

maintained abstinence or relapsed during a 35-day span after having been sober for 7 days 

revealed that relapsers had significantly lower frontal and parietal gray matter perfusion than 

abstainers and non-smoking controls who neither differed from each other nor evidenced 

perfusion change over the 4-week test interval (Durazzo, Gazdzinski, Mon, & Meyerhoff, 

2010). Although lobar perfusion did not correlate with either drinking severity or cognitive 

performance, lower frontal gray matter perfusion correlated with more cigarettes smoked per 

day (Gazdzinski et al., 2006; Mon, Durazzo, Gazdzinski, & Meyerhoff, 2009). Using 3-

dimensional ASL protocol and controlling for smoking, alcoholics were seen to have normal 

perfusion and normal response while performing a spatial working memory task in all 

regions quantified except the insula, a hub of the salience network (Sullivan et al., 2013). 

The insular perfusion deficit was interpreted as having the potential to impair ability to 

switch from cognitive states of interoceptive cravings to cognitive control for curbing 

internal urge and perhaps serving as an addiction site.

Sullivan and Pfefferbaum Page 9

Neuropsychology. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PET.—Functional neuroimaging methods have enabled direct tests of brain function. Early 

studies used 18F-2-fluoro-deoxyglucose (FDG) positron emission tomography (PET) to 

measure glucose utilization in selective regional gray matter structures after performing a 

task (Adams et al., 1993). PET studies, however, are invasive, in that they involve infusion 

with a radioactive isotope but can yield robust, physiological information about absolute 

regional brain function if the protocol uses isotope decay timing from arterial blood 

collection; alternatively, rate of glucose metabolism is estimated by calculating a ratio 

between a target region and a referent, typically the cerebellum. An early PET study 

provided evidence for disruption of thalamocortical interactions in KS relative to 

uncomplicated alcoholics in mediating impairment in memory storage (Paller et al., 1997). 

When coupled with structural MRI to correct for the underlying gray matter volume, which 

is commonly deficient compared with age- and sex-matched controls, this method has 

revealed patterns of impaired glucose use differentiating uncomplicated alcoholics from 

alcoholics with WKS (Aupee et al., 2001). Specifically, compared with controls, 

uncomplicated alcoholics exhibited two major patterns of gray matter volume shrinkage and 

hypometabolism: nodes of Papez (limbic) circuit involving the cerebellum cingulate cortex, 

thalamus, and hippocampus and hippocampal gyrus showed greater volume shrinkage than 

hypometabolism, whereas selective cortical sites, notably the dorsolateral, premotor, and 

parietal cortices showed greater glucose metabolism deficits than underlying volume deficits 

(Ritz et al., 2014). These results suggest that neural networks have metabolic differences at 

rest, during cognitive task engagement, and to disease-related insult, speculations that were 

confirmed by a recent multimodal PET/rsfMRI study of controls and AUD participants 

(Shokri-Kojori, Tomasi, Alipahahi, Wiers, Wang, & Volkow, 2019).

fMRI.—For the past 20 years, functional imaging has relied on non-invasive methods using 

MR technology. Accordingly, compared with the two dozen PET studies published since 

1993 (search for “brain PET and glucose and alcoholic” limited to human studies), 

approximately 1650 fMRI studies appeared on a PubMed search for “functional brain 

imaging and alcoholic.” Two different approaches are used in fMRI research (for review, 

Mumford, Poldrack, & Nichols, 2011). 1) Task-activated paradigms are designed to discover 

selective brain regions that are invoked when performing a task. The result is usually 

determined by subtracting from the signal of the regional vasculature while performing a 

target (experimental) task, the signal while performing a similar (control) task or no task at 

all. The local brain activation signal difference, which can be as small as 1–4%, indicates the 

contribution from the experimental condition. 2) Resting-state paradigms are presumed to 

reflect the brain’s activity and inter-regional functional connectivity determined by 

correlating the fMRI signal at every voxel in the brain with voxels in a specific regional 

“seed” or every other voxel while the participant is “at rest” and without an experimental 

task. The outcome of this synchronous activity between regionally distant voxels is assumed 

to identify brain regions that are intrinsically and functionally connected. Reliably identified 

connectivity patterns are deemed intrinsic functional networks. Given the large number of 

published studies and the availability of other recent targeted reviews (e.g., Dupuy & 

Chanraud, 2016; Galandra et al., 2018), the following will provide only some highlights.
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Task-activated fMRI studies.—A number of studies have used fMRI in search of brain 

regions and structures that indicate disrupted neural substrates that contribute to specific 

deficits typically detected using cognitive testing. Paradoxically, a requirement of these 

studies is to devise a task that is either easy enough for an alcoholic to perform, or amenable 

to practice so that the alcoholic can perform at control levels. Equivalence in performance 

allows the investigator to ask whether the brain regions invoked by the alcoholic group are 

the same as or different from those invoked by the control group. Like PET studies, the 

underlying gray matter volume must be taken into account in analysis because the source of 

the fMRI response (the blood oxygen-level dependent [BOLD] signal) is the capillary bed of 

gray matter. Group differences in regions, spatial extents, and levels of activation can 

provide insight into potential compensatory mechanisms supporting a selective function 

(Chanraud et al., 2013; Chanraud & Sullivan, 2014).

Task-activated fMRI studies are difficult to devise, conduct, and analyze but can reveal 

untold mechanisms of differences that could be useful in retraining and identify brain 

systems that may be less able to recover and undergo restructuring. As with all aspects of 

alcohol research, age and timing are critical to consider: age at onset, age at test, length of 

sobriety, and amount drunk. Indeed, alcohol cueing experiments have been sensitive in 

predicting relapse and in identifying brain regions, including fronto-limbic and striatal 

networks (Haber & Knutson, 2010).

Initial studies focusing on working memory found that with practice alcoholics who were 

able to perform a verbal task activated lateral frontal and cerebellar (lobule VI/Crus I) 

regions by contrast, controls could perform this task by activating the frontal region only 

(Desmond et al., 2003). While performing a spatial working memory task, alcoholics 

activated the frontotemporal regions, representing the “ventral stream” of processing 

typically used for remembering verbal material (Ungerleider, Courtney, & Haxby, 1998), 

unlike the controls, who activated frontoparietal regions, representing the “dorsal stream” 

typically used for processing spatial information (Pfefferbaum et al., 2001). Alcoholism-

related differences in activation of frontostriatal systems and sites have been detected with 

reward (Alba-Ferrara, Muller-Oehring, Sullivan, Pfefferbaum, & Schulte, 2016) and 

response inhibition (Claus, Feldstein Ewing, Filbey, & Hutchison, 2013; Courtney, 

Ghahremani, & Ray, 2013; Hommer, Bjork, & Gilman, 2011; Hu, Ide, Zhang, Sinha, & Li, 

2015; Schuckit et al., 2012; Schulte et al., 2017).

A paradigm that used a task requiring alcoholics and controls to make decisions based on 

uncertainty revealed that controls showed functional synchrony between the dorsal anterior 

cingulate cortex and the cerebellum, whereas alcoholics showed synchronous activity 

between the cingulate site and the premotor cortex during decision-making (Jung et al., 

2014). A potential negative outcome of the non-normal synchrony was inflexibility in 

response strategy to accommodate ambiguity in choices.

Functional activation of ventral tegmental area and gray matter volume of orbitofrontal and 

medial prefrontal cortices were better predictors of drinking relapse 3 months later than were 

clinical indices (Seo et al., 2015). Other functional brain systems predictive of early relapse 

involved enhanced connectivity between the ventral medial prefrontal cortex and the anterior 
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cingulate cortex in neutral-relaxing cueing conditions and indices of greater craving in 

stress- and alcohol-related cueing conditions (Seo et al., 2013). Removal of an addictive 

substance causes a heightened negative response including physiological and psychological 

stress responses (Blaine, Seo, & Sinha, 2017), considered negative reinforcement and 

depicted as “the dark side of addiction” (Koob, 2015). Thus, identification of resilience 

factors could be a critical step in developing successful therapies, whether founded on 

pharmacological or psychological approaches. Accordingly, recovering alcoholics who 

remained sober for the next half year showed greater activation than their relapsing 

counterparts in prefrontal (BA10, 45, 47) and greater than controls in medial premotor 

(BA6,8) cortices while performing a high-load working memory task, providing evidence 

for a “resilience factor” as contributing to ability to sustain abstinence (Charlet, Rosenthal, 

Lohoff, Heinz, & Beck, 2018). Cingulate-based connectivity in processing alcohol-related 

vs. neutral cues has also predicted likelihood of abstinence (Zakiniaeiz, Scheinost, Seo, 

Sinha, & Constable, 2017). Adding to these findings is a multi-modal brain imaging study 

using EEG coherence and a cue-reactivity task with fMRI showing desynchronization in the 

BOLD response among striatolimbic regions and hypersynchronization among the same 

areas in the theta frequency band of the EEG, interpreted as a “central craving network” 

integrating components of alcohol addiction into a “unified percept” (page 923) (Huang, 

Mohan, De Ridder, Sunaert, & Vanneste, 2018).

Resting-state fMRI (rs-fMRI) studies.—An hypothesis-driven analysis tested 

differences between alcoholics and controls on connectivity patterns and strength of five 

intrinsic functional networks: default mode, integrative executive control, salience, attention, 

and primary somatosensory/auditory/visual input. Connectivity patterns were similar in the 

two groups but, in general, the networks were weaker and more expansive in the alcoholics 

than the controls, suggesting compensation through expansion for diminished network 

connectivity (Muller-Oehring, Jung, Pfefferbaum, Sullivan, & Schulte, 2015). Another study 

reported that greater severity of AUD correlated with smaller average cluster coefficient, and 

that longer AUD duration correlated with a global decrease in connectivity efficiency 

(Sjoerds et al., 2017).

Integrating findings from EEG coherence and rs-fMRI synchrony in long-term abstinent 

alcoholics revealed a coordinated network of heightened theta and alpha activity and greater 

nucleus accumbens/dorsolateral prefrontal cortical synchrony suggesting robust top-down 

executive control together with lower gamma activity and lower connectivity with the 

thalamus suggesting dampened appetitive drive (Cardenas, Price, & Fein, 2018). As with 

task-activated fMRI using cueing paradigms, rs-fMRI has successfully predicted relapse, 

where poorer synchronization within the reward, executive control, and visual networks was 

predictive of earlier relapse (Camchong, Stenger, & Fein, 2013b). Conversely, long-term 

abstinence in alcoholics was characterized by attenuated synchrony between limbic reward 

sites, enhanced synchrony in executive function sites, and correlation of these activation 

differences with performance on an intra/extradimensional set shifting task (Camchong, 

Stenger, & Fein, 2013c, 2013d). The rs-fMRI synchrony among nodes of the appetitive drive 

network (nucleus accumbens, caudate, nucleus, thalamus) was not dampened, however, in 

alcoholics comorbid for major depressive disorder (Fein, Camchong, Cardenas, & Stenger, 
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2017). Consideration of non-alcohol drug use comorbidity indicated attenuation of 

functional connectivity in the appetitive drive network involving the nucleus accumbens and 

subgenual anterior cingulate cortex in long-term abstinent alcoholics without drug 

comorbidity but not in those with drug comorbidity (Camchong, Stenger, & Fein, 2013a).

Compensation.—Taken together, neuroimaging studies of alcoholism have revealed 

widespread damage. Yet, some regions are more affected than others thereby presenting a 

pattern of spared and affected tissue and the potential for testing and establishing brain 

structure-function relations to provide neural mechanisms of neuropsychologically-detected 

functions. Whole-brain imaging has enabled identification of disrupted brain regions 

suspected from neurological and neuropsychological examination and from 

neuropathological reports but has gone beyond to detect brain lesions or affected tissue that 

is outside of traditionally sites presumed to underlie a selective functional impairment. To 

the extent that certain functions can be shown to be selectively associated with an 

unexpected region, the combination of neuroimaging and neuropsychology has advanced a 

fuller understanding of how brain systems work together and that wide-reaching brain 

systems can form networks that subserve simple to complex functions.

The recognition that complex functions are subserved by multiple brain regions forming 

systems or networks indicates avenues for recovery of function through compensation 

(Chanraud & Sullivan, 2014; Dupuy & Chanraud, 2016; Oscar-Berman et al., 2014). 

Evidence for overlap or apparent redundancy of functions may provide avenues for 

overcoming or compensating for deficits. Caution needs to be applied, however, when 

declaring what is compensation. For example, when in a task-activated fMRI paradigm, a 

patient group activates a different brain region from that activated by controls does not 

necessarily indicate that the different brain region is compensatory. Two conditions must be 

met before drawing that conclusion: 1) In a patient group, abnormally increased activity 

while performing a task in a region potentially considered compensatory must also be 

related to abnormally low activation in other brain regions associated with performing the 

task by unaffected controls; and 2) the abnormal activation pattern must be associated with 

performance at normal levels (Chanraud et al., 2013). Indeed, identification of brain regions 

and their associated functions that appear to be amenable to recovery can provide hope to the 

recovering alcoholic and a pathway for rehabilitation efforts (Bates, Buckman, & Nguyen, 

2013).

Common Comorbidities of AUD: Contribution to Impairment

Epidemiology.—Comorbidities of AUD are either a result of chronic, excessive drinking 

or are diseases or disorders that commonly occur with AUD. An estimated 60 acute or 

chronic diseases result from or are exacerbated by alcohol. Leading resultants are 

tuberculosis, automobile accidents, suicide, hepatic cirrhosis, and a variety of carcinomas, 

the prevalence of which varies with the socioeconomic level of a country (Alcohol & Drug 

Use, 2018; Global Burden of Disease, 2018).

Leading comorbidities are selective psychiatric diagnoses, notably major depressive 

disorders, schizophrenia, post-traumatic stress disorder (PTSD), and anxiety disorder. A 
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meta-analysis using data from international studies found that individuals with AUD carried 

a 4.1 times greater risk of bipolar disorder than those without AUD (Hunt, Malhi, Cleary, 

Lai, & Sitharthan, 2016). A population-based survey in France yielded similarly high 

incidence of AUD accompanying bipolar disorder, suicide ideation, PTSD, panic disorder, 

sleep disorders, and poor concentration (Carton et al., 2018). Mood disorder symptoms can 

change with alcohol reduction therapy, and in women an exacerbation of mood disorder can 

impair alcohol reduction goals (Crum et al., 2018).

Non-alcohol Substance Use Disorders (SUD) commonly co-occur with AUD, the most 

frequent being tobacco use (World Health Organization, 2018). AUD and smoking are 

considered by some to be complementary; for example, many drinkers smoke and many 

smokers drink. Current efforts at drinking reduction include smoking reduction or cessation 

in recovery programs using behavioral or pharmacological therapies (Falk, Castle, Ryan, 

Fertig, & Litten, 2015). Other frequently used drugs accompanying alcohol are cocaine, 

cannabis, benzodiazepines, and opioids, and use varies by country (World Health 

Organization, 2018). In the U.S., data from the National Epidemiologic Survey on Alcohol 

and Related Conditions-III (NESARCIII) study (Grant et al., 2017) of non-institutionalized 

adults revealed that alcohol and non-alcohol drugs are used concurrently in nearly half of 

those with AUD, and that use is especially high in individuals with psychopathology (Saha 

et al., 2018).

AUD is also prevalent among individuals with human immunodeficiency virus (HIV) and 

hepatitis C virus (HCV) infection. For a scholarly review of AUD-HIV-HCV comorbidity 

with psychiatry, medication, and aging also considered, see Zahr (Zahr, 2018a). The U.S. 

Veterans Aging Cohort study found that the AUD prevalence rate of 32,699 people living 

with HIV ranged from 11.8% in rural areas to 14.4% in urban settings (Bensley et al., 2018). 

The comorbidities of AUD, HIV, and HCV take a toll on brain structure (Gullett et al., 2018; 

Pfefferbaum, Kwon, et al., 2018) and function (Fama, Sullivan, Sassoon, Pfefferbaum, & 

Zahr, 2016; Gongvatana et al., 2014) possibly through a combination of inflammatory 

mechanisms stemming especially from HCV (Zahr, 2018b), interference of anti-retroviral 

action from alcohol (Simon et al., 2018), or risk of non-adherence associated with drinking 

(Paolillo, Gongvatana, Umlauf, Letendre, & Moore, 2017) or drug use whether licit or illicit 

(Malbergier, Amaral, & Cardoso, 2015; but see Nolan et al., 2017). Indeed, any study 

focused on differentiating individuals with from those without AUD must account for past—

even remote—AUD, history of which has the potential of modulating its interactions with 

the disorder or disease under investigation (Crane et al., 2017; Wyczechowska et al., 2017).

Alcohol use is a risk factor for mortality and morbidity for a variety of somatic diseases. 

Although some studies indicate a salutary or protective effect of moderate drinking (Richard 

et al., 2017), a community-based study on 550, non-alcohol dependent men and women in 

the United Kingdom found that even one alcoholic drink daily is associated with lexical 

fluency decline and hippocampal atrophy (Topiwala et al., 2017). A large-scale analysis on 

nearly 600,000 individual drinkers from 83 prospective studies, conducted in 19 high-

income countries sought risk thresholds of safe or beneficial drinking (Wood et al., 2018). In 

contrast with lower risk of myocardial infarction, higher risk of coronary artery disease and 

shorter life expectancy occurred with alcohol consumption of 100g per week or higher; the 

Sullivan and Pfefferbaum Page 14

Neuropsychology. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



minimum mortality risk occurred ≤100g per week, that is, about 7 drinks per week (Wood et 

al., 2018). A recent meta-analysis concluded that there is overall no beneficial quantity of 

alcohol consumption with a clear dose response of alcohol’s contribution to the global 

burden of disease (Global Burden of Disease, 2018).

Comorbidity in Neuropsychology and Neuroimaging Studies.—The 

neuropsychological ramifications of comorbidities are complex. Studies are commonly 

launched to determine whether co-occurring diagnoses contribute to selective impairments 

individually or synergistically and whether multiple diagnoses simply contribute to 

impairment severity. Ideally, study groups should include comparison groups with the 

separate diagnoses in addition to controls and the target group with multiple diagnoses. Such 

groups that are matched on critical variables such as age, sex, SES, and education, are 

difficult to recruit, typically resulting in small samples and restricting generalizability. 

Determining the primary diagnosis and whether order of onset or remoteness of drug 

comorbidity is influential are further considerations even before medications or other 

treatments are noted. With these limitations in mind, the following presents only a sampling 

of the burgeoning attempts to identify patterns of brain functions and structures affected and 

spared in disorders with high prevalence of AUD.

AUD and Tobacco.—The most commonly abused drug by alcoholics is tobacco, usually 

cigarettes (www.samhsa.gov). Smoked cigarettes avail the user to 100s of chemicals; the 

most notorious and addictive one is nicotine (Swan & Lessov-Schlaggar, 2007). Although 

cigarettes have an apparent beneficial effect in addicted individuals of focusing attention and 

psychomotor speed (Canamar & London, 2012), alcoholics who are smokers either lag their 

non-smoking sober alcoholic counterparts in recovery during early stages of abstinence or 

do not recover to the same extent (Durazzo & Meyerhoff, 2007). Component processes most 

stubborn to recover are gait and balance (Schmidt et al., 2014). Brain structure is also 

adversely affected in smokers with AUD and lag in recovery despite sobriety (Durazzo, 

Mon, Gazdzinski, & Meyerhoff, 2017).

Functional imaging resting-state studies posit that the effects of alcohol and nicotine 

dependence can be dissociated. Smokers showed poor connectivity between thalamus and 

putamen with high connectivity between angular gyrus and precuneus; by contrast, non-

smoking alcoholics showed low connectivity among the precuneus, postcentral gyrus, insula 

and visual cortex, interpreted as impaired interoceptive awareness with poor connectivity 

between the postcentral gyrus and fusiform and lingual gyri that was associated with 

drinking severity (Vergara, Liu, Claus, Hutchison, & Calhoun, 2017). Although these in vivo 

studies indicate an untoward role for cigarette smoking on function, a recent postmortem 

study provided no evidence for a compounded or interactive effect of smoking and chronic 

alcoholism on regional lobar volume deficits (McCorkindale, Sizemova, Sheedy, Kril, & 

Sutherland, 2019); nevertheless, functional deficits may be detected in the absence of 

structural deficits.

AUD and Illicit Substance Use Disorder (SUD).—Co-occurring abuse and 

dependence of alcohol and illicit drug use is highly prevalent. Thus, to study the effects of 

one agent without consideration of others belies reality and limits generality of findings. A 
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comparison of AUD, SUD with cocaine, and AUD+cocaine revealed impairment on tests of 

executive function and memory; curiously, the AUD+cocaine group did not show a 

compounded deficit and if anything performed better than the AUD without SUD (Blanco-

Presas et al., 2018). By contrast, a neuropsychological study comparing individuals with 

AUD versus polysubstance use disorder (PSU) reported that the PSU group performed 

significantly worse than the AUD group on verbal memory and a measure of impulsivity; 

after 4 months of sobriety, the PSU group improved significantly on a number of cognitive 

measures including inhibitory control (Schmidt, Pennington, Cardoos, Durazzo, & 

Meyerhoff, 2017).

Quantitative MRI has been useful in discerning the effects of AUD+SUD comorbidity on 

regional brain structures. An attempt to parse contributions to gray matter volume deficits 

from alcohol, tobacco, cocaine, and cannabis each and in combination identified greater 

volume deficits in medial and ventral prefrontal cortex as related to more substances used 

(Kaag et al., 2018). A meta-analysis indicated that cocaine and methamphetamine 

dependencies were each associated with volume deficits notable in the inferior frontal, 

superior temporal, and insular cortices; further, methamphetamine had a greater effect than 

cocaine on superior frontal and insular volumes, whereas cocaine’s effect was greater on the 

superior temporal and inferior parietal volumes (Hall et al., 2015). The effect of cannabis 

dependence on the cortex appears to target medial orbitofrontal volumes, (Chye et al., 2017) 

although other studies report focal effects on medial temporal structures (Koenders et al., 

2017; Lorenzetti et al., 2015; Schacht, Hutchison, & Filbey, 2012). Similarly, polysubstance 

abusers were found to have orbitofrontal volume deficits relative to controls without 

difference from non-drug-misusing alcoholic participants (Pennington et al., 2015; Tanabe et 

al., 2009). Recently, we examined the independent and combined effects of AUD and SUD 

on regional brain volumes and found the following patterns: the alcohol plus cocaine and 

alcohol plus opiate groups had smaller frontal volumes than the drug-dependence-free 

alcoholism group; critically, deficits in precentral, supplementary motor, and medial frontal 

volumes endured in drug-dependence-free participants with alcoholism compared with 

controls (Sullivan et al., 2018b). Further, although drug dependence and HCV infection 

compounded deleterious effects of alcohol dependence on frontal cortical volumes, HCV 

infection could not account for the frontally distributed volume deficits in the drug-free 

participants with alcoholism

AUD and HIV infection.—A principal goal of these studies is identification of salient 

deficits describing each diagnosis and testing whether and how comorbidity compounds 

impairment (for reviewZahr, 2018a). For example, studies focused on cognitive performance 

in HIV-infected women reported that women with HIV+AUD comorbidity made fewer 

optimal choices in a Game of Dice Task than did their HIV-only counterparts (Martin et al., 

2016). With the success of anti-viral medication, people living with HIV have a near-normal 

life expectancy (Lear et al.), yet affording responders continued opportunity to engage in 

risky behavior. An example of this problem was reported in a study of men age 50 years and 

older who have sex with men showing that the strongest predictor of unsafe sex was drinking 

alcohol to intoxication (Kupprat, Krause, Ompad, & Halkitis, 2017).
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Use of a large battery of tests examining six functional domains yielded a graded effect of 

impairment on tests of executive function and episodic memory: compared with unaffected 

controls, single-diagnosis HIV and AUD groups were similarly impaired and performed 

better than the group with HIV+AUD. In the comorbid group, older men and women 

performed worse on memory tests than younger participants. Diagnostic differences were 

also observed in performance levels, where the AUD group was impaired in planning and 

free recall of visuospatial material, whereas the HIV-only group was impaired on 

psychomotor speed, sequencing, narrative free recall, and pattern recognition (Fama et al., 

2016). This pattern was replicated (Heinz, Fogler, Newcomb, Trafton, & Bonn-Miller, 2014) 

and extended (Woods et al., 2016), where poorer cognitive performance by HIV+AUD study 

participants was more strongly related to lifetime AUD and older age than to HIV-related 

disease markers of viral load and current or nadir CD4 count or even to past opiate or 

cocaine use (Cohen et al., 2018). Another significant factor in predicting compromised 

performance on tests of verbal learning and processing speed by HIV infected men with 

heavy alcohol use was cigarette smoking, which is highly prevalent in this group and should 

be a target for cessation treatment (Littleton, Barron, Prendergast, & Nixon, 2007; Monnig 

et al., 2016).

Mechanisms to explain the interactions of AUD and HIV infection include biochemistry of 

gut-brain interactions. Pro-inflammatory processes have been invoked to explain cognitive 

and motor deficits especially in individuals comorbid for AUD and HIV (e.g., Monnig, 

2017). Study comparing AUD, HIV, and HIV+AUD also accounted for coinfection with 

HCV and found evidence from peripheral circulating cytokine levels for elevated tumor 

necrosis factor α (TNFα) and interferon gamma-induced protein 10 (IP-10) in HIV 

irrespective of AUD and in AUD with (but not without) HCV infection (Zahr, 2018a, 

2018b). The triplet of HIV+AUD+HCV was associated with especially compromised 

performance on a test of remote semantic memory for public figures (Fama et al., 2011).

Regarding brain structural integrity, a combined HIV and HIV+AUD group showed frontal 

volume deficits, regardless of drug or alcohol history, relative to control subjects. In 

addition, the HIV-only drug-dependent group had volume deficits in parietal and temporal 

cortices, and the HIV+ALC drug-dependent group had volume deficits in the insular, 

cingulate, and parietal cortices. Critically, the frontal volume deficit endured in the HIV 

group without a history of drug or alcohol dependence (Figure 2). Similarly, the frontal and 

parietal volume deficits endured in the HIV+ALC group without drug dependence 

(Pfefferbaum, Zahr, et al., 2018).

AUD in an Aging Population: Implications for the Development of Dementia

Development of cognitive decline can be considered as another form of comorbidity in 

AUD. Our recent longitudinal findings of accelerated aging of selective brain structures in 

alcohol-dependent men and women together with signs of premature aging of frontal 

(Pfefferbaum, Zahr, et al., 2018; Sullivan et al., 2018a) (Figure 3) and hippocampal (Zahr et 

al., 2019) (Figure 4) volumes lead to the speculation that that the incidence of accelerated 

cognitive and mnemonic decline will ensue. A controversy that remains unresolved, 

however, centers on whether non-WKS alcohol dependence results in a classic, irreversible 
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dementia and whether alcohol-related cognitive and brain structural declines are precursors 

to Alzheimer’s Disease (AD) per se or form part of an AD-Related Dementia (ADRD) 

spectrum. It is timely to address these controversies given the aging of the population, 

increased drinking in the elderly, and high incidence of tau-based dementias.

A 2018 estimate noted that 10% of people 65 years and older in the U.S. have AD; 

remarkably, 1 in 3 older people dies with AD or ADRD (www.alz.org/facts/). Aging itself is 

the strongest predictor of mild cognitive impairment (MCI), which can herald unrelenting 

tau- and non-tau-based dementias (Jack et al., 2018; Pontecorvo et al., 2017; van de Nes, 

Nafe, & Schlote, 2008). With an approximate lifetime cost of care at $341,840 per dementia 

patient, factors, including AUD, that could be identified to ameliorate disease progress and 

reduce the financial and personal burden of AD to the family and society would be welcome.

Accelerated vs. premature aging in AUD.—The United States census estimated that 

35% of the population as of 2016 was 50 years and older, with 15.2% aged 65+ years old 

(https://censusreporter.org/profiles/01000US-united-states/). The National Epidemiological 

Survey on Alcohol and Related Conditions (NESARC) (Grant et al., 2017) revealed 

substantial increases in the incidence of AUD in the U.S. Of particular relevance to problems 

of cognitive health facing the aging population is that the older people are increasing alcohol 

consumption, with women exceeding the trajectory increase of men both in regular to heavy 

drinking and in binge drinking (Breslow et al., 2017).

A large study of men and women, age 55–65 years at baseline, were followed after 1, 4, 10, 

and 20 years found that two factors--high average level of drinking and heavy episodic 

drinking--were better predictors than average consumption to predict risk for later drinking 

problems (Holahan et al., 2017). A cross-sectional study of alcoholics of a common age and 

representing three bands of age of onset (<25, 25–44, and ≥45 years) addressed whether 

late-onset drinkers with lower lifetime consumption had less severe cognitive impairment 

than young-onset drinkers. Results indicated that the three groups of alcoholics had a similar 

level of cognitive deficits despite their being of similar age at testing and proportionately 

different numbers of drinking years (Kist, Sandjojo, Kok, & van den Berg, 2014).

Alcoholic Related Dementia (ARD).—A 25-year review of dementia prevalence posited 

that ARD represents 10% of early-onset dementia but little more than 1% of late-onset 

dementia (Cheng et al., 2017; Schwarzinger et al., 2018). Although not everyone agrees that 

ARD exists or is a classical degenerative condition, age-alcoholism interactions (Durazzo et 

al., 2014; Pfefferbaum, Sullivan, Mathalon, & Lim, 1997; Sullivan et al., 2018b) provide 

correlational support for accelerated declines in some but not all brain regions, most 

consistently frontal cortex (Pfefferbaum, Zahr, et al., 2018; Sullivan et al., 2018b). A large 

longitudinal study of AD reported for the first time that heavy drinking, defined as 8 or more 

drinks/week, interacted with AD to accelerate cognitive decline, measured biannually with 

the modified Mini-Mental State Exam (MMSE) (Heymann et al., 2016).

Hippocampal Markers of AUD and AD.—Hippocampal volume loss is a robust marker 

of AD (e.g., Parker et al., 2018) and also occurs in AUD. Early volumetric studies found that 

hippocampal volume deficits were equivalent in alcoholics with WKS and individuals with 
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AD (Sullivan & Marsh, 2003). Indeed, it has been shown that hippocampal volume deficits 

(greater in anterior than posterior hippocampal regions) were graded with non-WKS 

alcoholics showing volume loss relative to controls that were even greater in WKS 

alcoholics (Sullivan, Deshmukh, Desmond, Lim, & Pfefferbaum, 2000; Sullivan & 

Pfefferbaum, 2009). Hippocampal volume deficits relative to controls in non-WKS alcoholic 

(AUD) men and women have now been reported by a number of neuroimaging groups (e.g., 

Beresford et al., 2006; De Bellis et al., 2000; Durazzo et al., 2011; Le Berre et al., 2014; 

Makris et al., 2008) and include (as noted above) selective subfields also implicated in AD 

(Kuhn et al., 2014; Lee et al., 2016; Zahr et al., 2019). Unknown, however, is whether 

hippocampal subfields deficits follow the same pattern of loss as MCI and AD/ADRD and 

whether regional hippocampal volume shrinkage in AUD is permanent, progressive, or 

functionally meaningful.

Patterns of Neuropsychological Impairment in MCI/AD/ADRD and AUD/ARD.—
The most salient cognitive feature of AD and amnesic MCI is impairment in memory 

consolidation (Alber, Della Sala, & Dewar, 2014; Dewar, Pesallaccia, Cowan, Provinciali, & 

Della Sala, 2012; Ribeiro, Guerreiro, & De Mendonca, 2007). The deficits ultimately affect 

verbal and nonverbal recognition and recall of newly presented material and are attributed to 

bilateral hippocampal volume loss (Di Paola et al., 2007; Kramer et al., 2004; Ostby, 

Tamnes, Fjell, & Walhovd, 2012). Subfield analysis has revealed some evidence for selective 

mnemonic declines as associated with volume shrinkage of CA1 and memory consolidation 

(Mueller, Chao, Berman, & Weiner, 2011), delayed recall from the California Verbal 

Learning Test (CVLT) in a mixed group of controls, MCI, and AD participants (Kerchner et 

al., 2014), and performance on the Montreal Cognitive Assessment (MoCA) with volumes 

of the anterolateral entorhinal cortex in undiagnosed community dwelling elderly (Olsen et 

al., 2017).

The neuropsychological profile of ARD implicates both cortical and subcortical 

involvement, with confrontation naming more impaired in AD than ARD (Schmidt et al., 

2005); however, lower scores on the MMSE by the AD relative to the ARD group (Folstein, 

2007) could indicate severity rather than selectivity as underlying the deficit patterns. 

Another study reported that even non-demented AUD patients can perform at AD deficit 

levels on verbal fluency, working, memory, and other front executive functions despite only 

mild impairment on declarative memory (Liappas et al., 2007).

Role of AUD-related Cognitive Decline in AD/ADRD.—In the U.S., alcohol related 

dementia (ARD) is typically diagnosed with DSM-IV or DSM-5 criteria with the primary 

criterion to find evidence of significant cognitive decline from a previous level of 

performance. Determination of ARD, as with other dementias, entails extensive interviews, 

neuropsychological testing, clinical examination, and hematological assays for liver and 

nutritional status (e.g., Ridley, Draper, & With all, 2013; Sachdeva, Chandra, Choudhary, 

Dayal, & Anand, 2016). DSM-5 lists dementing disorders including MCI/AD/ADRD, ARD, 

and traumatic brain injury. Such inclusions raise the question as to whether disorders that are 

reversible or preventable and not necessarily age-related should be considered a dementing 

disorder.
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Whether and how ARD and AD/ADRD are linked remains controversial (e.g., Anstey, 

Mack, & Cherbuin, 2009; Gupta & Warner, 2008; Ridley et al., 2013). For example, a 

neuropathological study comparing three common neurodegenerative disorders – AD, Lewy 

body dementia, and vascular cognitive impairment – found no relation between alcohol 

consumption patterns and neuropathological markers even when hepatic pathology was 

considered (Aho, Karkola, Juusela, & Alafuzoff, 2009). A rodent in vitro study, however, 

showed changes in phagocytosis-related mRNAs and a reduction in the uptake of amyloid 

beta in microglial cells (prepared from rat mixed glial cultures) exposed to ethanol (Kalinin 

et al., 2018), suggesting that ethanol effects on phagocytosis could contribute to the 

development of AD. Other mechanisms whereby alcohol may add to the risk for 

development of AD include activation of toll like receptors (which might modulate amyloid 

beta deposition) and the downstream release of proinflammatory cytokines and chemokines 

(Venkataraman, Kalk, Sewell, Ritchie, & Lingford-Hughes, 2017), thereby increasing 

neuroinflammatory burden.

A generation ago, clinical criteria for ARD were proposed (Oslin, Atkinson, Smith, & 

Hendrie, 1998). Recognizing that Victor et al. (Victor et al., 1989) was an opponent of the 

concept of ARD, contending that ARD is not a diagnostic entity, Oslin and colleagues 

astutely noted, “...the elaboration of more detailed criteria may falsely tend to validate a 

disease that may not exist” (page 210). Rather, they proffered, alcohol may contribute to 

dementia but not constitute the cause of a classical dementing disease.

With the extended longevity of the U.S. population comes the looming increased numbers of 

individuals who will express MCI/AD (Alzheimer’s Association, 2018) and develop AUD 

(Wood et al., 2018). Even if mechanistic support for alcohol misuse as a cause of AD is not 

supported, discovery of an association between MCI/AD and AUD cognitive decline would 

indicate an underlying factor in hazardous alcohol consumption to cognitive decline that can 

be reversed or at least ameliorated with reduction in or abstinence from alcohol 

consumption.

Summary and Future Directions

Networks antecedent and resultant in the development of AUD involve the fronto-fugal 

systems (Zahr et al., 2017). The fronto-limbic and fronto-striatal systems likely participate in 

the development of addiction through processing pleasure, stress, and memory, that evolve to 

become a cause for perpetuating desire for the substance of addiction. The fronto-cerebellar 

systems suffer the throes of alcoholism-related degeneration and may contribute to habits 

associated with the addiction in addition to becoming a substrate of components of executive 

function deficits. These frontally-based systems are far-reaching in the brain yet selective in 

their contributions to the neuropsychological deficits defining the dynamic development, 

maintenance, and resolution of alcohol dependence (Figure 5).

The next generation of studies might follow two divergent paths: 1) devise highly refined 

tests of component cognitive, motor, and sensory processes to match the evolving high-

resolution imaging methods in search of neural mechanisms of selective functional 

disruption and 2) plan longitudinal study to consider the myriad factors that define the 
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heterogeneity and course of AUD and promote identification of mechanisms of functional 

decline and opportunities for recovery.
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Public Significance Statement

Alcohol Use Disorder (AUD) is a dynamic condition that waxes and wanes with 

unhealthy drinking episodes and varies with age in drinking patterns and effects on brain 

structure and function. Its excessive use renders chronically heavy drinkers vulnerable to 

direct alcohol toxicity and a variety of comorbidities attributable to nonalcohol drug 

misuse, viral infections, and accelerated or premature aging. Older alcoholics show 

accelerated aging, together with increasing alcohol consumption in middle-age and older 

adults, putting them at heightened risk for developing cognitive decline and possibly 

dementia.
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Figure 1. 
Bar graphs depicting the alcohol Caine-categorized subgroups in comparison with the 

alcoholic group as a whole and the normal group. Att/WM - Attention/Working Memory; 

Prod - Production; ImmMem – Immediate Memory; DelMem – Delayed Memory; Visuosp 

–Visuospatial Construction; UppMot – Upper Limb Motor. From Fama et al. (Fama et al., 

2017), Figure 2.
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Figure 2. 
Color-coded brain regions and scatterplots of significant age-diagnosis interactions in the 

Alc group only indicating age-related declines in excess of those detected in the controls 

(gray regression lines). From Pfefferbaum et al. (Pfefferbaum, Zahr, et al., 2018), 

Supplemental Figure 2.
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Figure 3. 
Mean ± 95% CI of the controls and each diagnostic group with and without alcohol or drug 

dependence in regions showing significant volume deficits. Also shown are volumes by 

drug-dependent comorbidity: cocaine (Coc’n), opiates, amphetamines (Amph), and cannabis 

(Cann). From Pfefferbaum et al. (Pfefferbaum, Zahr, et al., 2018), Supplemental Figure 3
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Figure 4. 
Left panel: Coronal slice through the hippocampus demonstrating parcellation of a fully 

processed set of images from a 65 year-old control man. Subfields are color-coded. Right 

panel: Age x group interaction indicating that older alcoholics had a greater CA2/3 (subfield 

marked in green) volume deficit for their age than did younger ones. Modified Figures 1 and 

4 from Zahr et al. (Zahr et al., 2019).
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Figure 5. 
Brain networks and associated functions found to be vulnerable to Alcohol Use Disorder: 

Frontostriatal nodes and network enable functions of emotional regulation, inhibition, 

reward usage, motivation; frontocerebellar nodes and network enable functions of gait and 

balance, verbal and spatial working memory, affect and executive functions, and provides 

functional reserve; and frontolimbic nodes and network enables functions of episodic 

memory to consolidate new information, motivation, self-awareness of abilities and 

limitations (Zahr, Pfefferbaum, & Sullivan, 2017). We speculate that knowing what is 

compromised and what is spared might help in therapeutic efforts to redirect neural 
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recruitment from the usual but disrupted paths and networks to functional alternatives, 

possibly through behavioral therapy or pharmacological efforts for maintaining abstinence 

and promoting recovery.
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