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Abstract

This article provides an overview of recent advances in understanding the effects of alcohol 

use disorders (AUD) on the brain from the perspective of Magnetic Resonance Imaging (MRI) 

research in preclinical models and clinical studies. As a non-invasive investigational tool 

permitting assessment of morphological, metabolic, and hemodynamic changes over time, MRI 

offers insight into the dynamic course of alcoholism beginning with initial exposure through 

periods of binge drinking and escalation, sobriety, and relapse and has been useful in differential 

diagnosis of neurological diseases associated with AUD. Structural MRI has revealed acute and 

chronic effects of alcohol on both white and gray matter volumes. MR Spectroscopy, able to 

quantify brain metabolites in vivo, has shed light on biochemical alterations associated with 

alcoholism. Diffusion Tensor Imaging permits microstructural characterization of white-matter 

fiber tracts. Functional MRI has allowed for elucidation of hemodynamic changes relate during 

tasks or at rest. emission tomography (PET), a non-MRI imaging tool, has led to a deeper 

understanding of alcohol-induced receptor and neurotransmitter changes during various stages of 

drinking and abstinence. Together, such in vivo imaging tools have expanded our understanding 

of the dynamic course of alcoholism including evidence for regional specificity of the effects of 

AUD, hints at mechanisms underlying the shift from casual to compulsive use of alcohol, and 

profound recovery with sustained abstinence.
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Introduction

Alcohol Use Disorder (AUD) is one of the most common psychiatric disorders in first world 

countries and affects millions around the globe (Rehm et al., 2015). It is estimated that AUD 

accounts for 4% of the global disease burden (Connor, Haber, & Hall, 2016). In the United 
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States (2012 −2013), 36% of the male and 23% of the female population met Diagnostic 

and Statistical Manual of Mental Disorders (DSM5) criteria for AUD at least once during 

their lifetime (Connor et al., 2016; Grant et al., 2015). This most recent version of the 

DSM conceptualizes alcoholism as a spectrum, ranging in severity from mild to severe, and 

referred to as AUD. ‘Uncomplicated alcoholism’ is a term used to distinguish AUD with 

complications such as liver disease from AUD with no obvious clinical features (Zahr & 

Pfefferbaum, 2017). The previous DSM version (DSM-IV-r) differentiated between alcohol 

abuse (i.e., a maladaptive pattern of drinking that results in failure to fulfill obligations; 

conflicts with the law; exposure of individuals to physically hazardous situations) and 

alcoholism (i.e., a maladaptive pattern of drinking characterized by tolerance, withdrawal, 

loss of control over intake, and continued consumption despite knowledge of adverse 

consequences). Throughout this review the terms ‘alcoholism’ (DSM-IV-r) and ‘AUD’ 

(DSM5) will be used interchangeably.

Prolonged alcohol consumption impacts peripheral organs, including the digestive tract, 

liver, heart, pancreas, kidneys, and lungs (cf., Zahr & Pfefferbaum, 2017). Alcoholism 

can furthermore result in severe neurological consequences, including Wernicke’s 

encephalopathy (WE), which if left untreated can progress to Korsakoff’s syndrome 

(KS); hepatic encephalopathy (HE); central pontine myelinolysis (CPM); and Marchiafava-

Bignami disease (MBD) (cf., Zahr & Pfefferbaum, 2017). Apart from direct effects, high 

levels of alcohol consumption are associated with an increased risk for seizures, stroke, and 

traumatic brain injury (Alterman & Tarter, 1985; de los Rios et al., 2012; Eyer et al., 2011).

Of untreated AUD patients, 21% were able to remain abstinent for up to one year after 

an initial hospital admittance (Moyer & Finney, 2002). With standard psychotherapeutic 

and pharmacological treatment, abstinence rates may increase by 4–22%, depending on 

treatment intensity and follow-up duration (Miller, Walters, & Bennett, 2001; Monahan 

& Finney, 1996; Pettinati & Rabinowitz, 2006). Thus, current AUD treatments are only 

mildly to moderately effective. A better understanding of the physiological changes and 

molecular mechanisms underlying AUD may improve treatment options. In vivo imaging 

techniques, by allowing for longitudinal observations of alcoholism throughout the course of 

the disease can unravel disease processes and may potentially contribute to the development 

of improved medications.

The aim of this review is to give an outline of recent findings made with various imaging 

tools that contribute to a better understanding of AUD. Initial sections describe reports 

by imaging modality: structural Magnetic Resonance Imaging (MRI), Magnetic Resonance 

Spectroscopy (MRS), Diffusion Tensor Imaging (DTI), functional Magnetic Resonance 

Imaging (fMRI), and Positron Emission Tomography (PET). The final section summarizes 

findings made in preclinical rodent models and discusses the relevance of such models to 

human studies.

Structural Magnetic Resonance Imaging

Since the 1980s, conventional structural MRI has allowed researchers to visualize the living 

human brain. Visualization of brain structure is possible because each brain tissue-type (i.e., 
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grey matter, white matter, and cerebrospinal fluid (CSF)) contains different quantities of 

water (Rumboldt, 2010). Structural MRI allows visualization of the brain on several axes: 

from bottom to top (axial), from front to back (coronal), and from left to right (sagittal). 

The 3 dimensional nature of acquired images provides greater accuracy in aligning images 

with internal landmarks and consequently greater consistency between data from replicate 

images (Rohlfing, 2006). Structural MRI is currently the most effective tool in identifying 

and diagnosing neurological disorders caused by long-term alcohol consumption (Antunez 

et al., 1998; Chung, Kim, Yoo, Lim, & Lee, 2003).

Wernicke’s encephalopathy (WE), which arises from thiamine (vitamin B1) deficiency 

associated with chronic alcohol consumption (but see, Berger & Singhal, 2014), may, 

if left untreated, progress to Korsakoff’s syndrome (KS), a severe neurological disorder 

characterized by anterograde and retrograde amnesia (Kopelman, Thomson, Guerrini, & 

Marshall, 2009; Zahr, Kaufman, & Harper, 2011). WE symptomatology constitutes visual, 

gait, and mental disturbances, including memory loss and emotional changes (Thomson 

et al., 2008). On T2 images, individuals with WE show symmetrical hyperintensities 

(bright spots) in midbrain gray matter surrounding the cerebral aqueduct, mammillary 

bodies, and third ventricle (Figure 1A) (Lenz et al., 2002; Sullivan & Pfefferbaum, 2009). 

Hyperintensities are thought to be caused by altered interstitial fluid mobility and water 

content, which may indicate demyelination or axonal damage (Wardlaw, Valdes Hernandez, 

& Munoz-Maniega, 2015). Brain regions affected (e.g., volume loss) by WE include the 

thalamus, cerebellum (vermis, dentate nuclei), pons, medulla, tectal plates, olivary bodies, 

and midbrain (red nuclei, substantia nigra) (Ha, Weon, Jang, Kang, & Choi, 2012; Kalidass, 

Sunnathkal, Rangashamanna, & Paraswani, 2012; Kang, Kang, Choi, & Choi, 2005; Liou, 

Kuo, & Chen, 2012; Murata et al., 2001; Nishida, Sato, Kobayashi, Morimoto, & Hamaoka, 

2009). MRI imaging of the more severe KS reveals substantial volume shrinkage of the 

mammillary bodies (Sullivan et al., 1999), hippocampus (Sullivan et al., 2003), thalamus, 

orbitofrontal cortices (Jernigan et al., 1991), cerebellum, and pons (Figure 1B) (Zahr et 

al., 2009). Together these studies in WE/KS demonstrate dramatic morphological changes 

particularly targeting limbic and frontocerebellar circuitry.

Hepatic Encephalopathy (HE) is believed to arise from high levels of ammonia circulating 

in the blood stream, occurring during acute or chronic liver disease, often as a consequence 

of alcoholism. Altered ammonia levels in the body directly influence brain metabolism and 

can lead to glial swelling and neuronal cell death (Kundra, Jain, Banga, Bajaj, & Kar, 2005; 

Rama Rao & Norenberg, 2014). HE patients may appear confused, disoriented, and have 

poor coordination (Prakash & Mullen, 2010; Vaquero, Chung, Cahill, & Blei, 2003). MRI 

images show bilateral, symmetrical high-intensity signals in the basal ganglia, prominent in 

globus pallidus, and substantia nigra (Figure 1C) (Binesh et al., 2006; Cordoba, Sanpedro, 

Alonso, & Rovira, 2002; Naegele et al., 2000), as well as along the cortico-spinal tract and 

white-matter of the cerebral hemispheres (Rovira et al., 2002).

Central Pontine Myelinolysis (CPM), another neurological disorder strongly linked to a 

history of alcoholism, is likely due to low sodium and other electrolyte disturbances 

(Messert, Orrison, Hawkins, & Quaglieri, 1979). Patients develop symptoms such as 

decreased voluntary muscle control and acute changes in consciousness (S. Kumar, Fowler, 
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Gonzalez-Toledo, & Jaffe, 2006; Pfister, Einhaupl, & Brandt, 1985). “Bat-wing” lesions 

in the pons appearing hypointense (dark) on T1-weighted or hyperintense (bright) on T2-

weighted images (Figure 1D) (DeWitt et al., 1984; Kleinschmidt-Demasters, Rojiani, & 

Filley, 2006; Pfister et al., 1985) likely reflect loss of cellular and axonal integrity.

Marchiafava-Bigami Disease (MBD) is marked by a mildly impaired mental status (e.g. 

confusion) and sometimes dysarthria (i.e., impairment of the speech)(H. Lee, Holburn, & 

Price, 2003) or ataxia (i.e., loss of control over bodily movement)(Arbelaez, Pajon, & 

Castillo, 2003). Although this disease is poorly understood, there exist indications that 

it may be linked to chronic alcohol consumption and nutritional deficiencies. MBD is 

traditionally characterized by demyelination and necrosis of the corpus callosum (Figure 1E) 

(Hillbom et al., 2014).

Each of the syndromes is characterized by extensive structural deviations from a healthy 

brain; the morphological changes, however, are not exclusively linked to a diagnosable 

neurological disorder. These changes are also, though to a lesser extent, consistently 

described in uncomplicated alcoholism. For example, volume deficits in frontal cortex, 

thalamus, and mammillary bodies of uncomplicated alcoholics compared to healthy controls 

have been reported (Sullivan et al., 2003; Sullivan et al., 1999; van Holst, de Ruiter, van den 

Brink, Veltman, & Goudriaan, 2012; Zahr & Pfefferbaum, 2017). Thinning of the corpus 

callosum (main characteristics of MBD) (Estruch et al., 1997; Pfefferbaum, Lim, Desmond, 

& Sullivan, 1996) and volume reduction of the pons are also observed in uncomplicated 

alcoholics compared to healthy controls (Pfefferbaum, Rosenbloom, Serventi, & Sullivan, 

2002; Sullivan et al., 2003). Basal ganglia structures are affected (Durazzo et al., 2011; 

Makris et al., 2008) and include the caudate (Boutte et al., 2012), putamen (Jernigan et al., 

1991), amygdala (Fein et al., 2006), and nucleus accumbens (Sullivan, Deshmukh, De Rosa, 

Rosenbloom, & Pfefferbaum, 2005). Such changes to nodes of the basal ganglia reward 

circuitry may contribute to the gradual progression of AUD, as these structures are involved 

in habit formation, reward evaluation, and cue-induced relapse (Koob & Volkow, 2016). 

Collectively, such findings suggest that neurological disorders such as WE, KS, CPM, and 

MBD occur on a continuum during the dynamic course of alcoholism before they emerge as 

clinically apparent syndromes.

Longitudinal structural MRI studies demonstrate that some brain morphological changes 

are reversible upon discontinuation of alcohol consumption. After periods of abstinence, 

previously enlarged ventricles decrease in size (Schroth, Naegele, Klose, Mann, & Petersen, 

1988; Shear, Jernigan, & Butters, 1994) and a number of brain areas increase in volume 

including the temporal, insular, and anterior cingulate cortices; amygdala; thalamus; 

hippocampus; brainstem; and cerebellar cortex (Cardenas, Studholme, Gazdzinski, Durazzo, 

& Meyerhoff, 2007; Demirakca et al., 2011; Liu, Lemieux, Shorvon, Sisodiya, & Duncan, 

2000; van Eijk et al., 2013; Wrase et al., 2008). Whether complete recovery occurs is 

difficult to conclude because older age contributes to alcoholism-related brain compromise: 

for example, older relative to younger alcoholics have significantly reduced capacity for 

recovery (Munro, Saxton, & Butters, 2000). Furthermore, brain differences may predate 

alcohol exposure: prior to alcohol exposure, children with at least one AUD-diagnosed 

parent demonstrate increased impulsivity and poor spatial memory and morphological 
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changes to medial and lateral orbital and superior parietal cortices (Henderson et al., 

2018). Similarly, sons from high-density AUD families have altered cortical thickness 

(middle frontal gyrus and inferior parietal lobule), which correlates with perturbed emotional 

processing and problems with executive functioning (Holla, Bharath, Venkatasubramanian, 

& Benegal, 2018).

Magnetic Resonance Spectroscopy

Magnetic Resonance Spectroscopy (MRS) allows for the in vivo quantification of 

neurometabolites based on their molecular structure. The largest signals arise from N-

acetylaspartate (NAA), total creatine and phosphocreatine (tCr), and choline-containing 

compounds (Cho). In addition to the key MRS-visible metabolites NAA, tCr, and Cho, the 

combined resonance of glutamate (Glu) + glutamine (Gln), often referred to as Glx, has also 

been reported in the alcoholism literature.

A case study on a Japanese man who had consumed alcohol for 50 years, eaten poorly 

for several days, and presented with acute WE due to vitamin-B deficiency revealed low 

levels of NAA/tCr in the thalamus and cerebellum and a typically undetected (i.e., in 

healthy controls) lactate peak in the cerebellum. Thiamine treatment elevated NAA/tCr in 

the thalamus, but not in the cerebellum (Murata et al., 2001). A similar study reproduced the 

lactate findings, but reported no effect on NAA (Rugilo et al., 2003), while another reported 

reversible changes in NAA but no effect of WE on the lactate peak (Mascalchi et al., 2002).

In a variety of brain regions (e.g., frontal lobe, parietal white matter, anterior cingulate 

gyrus, basal ganglia, and occipital white/gray matter), MRS results in alcohol-related 

cirrhosis and HE relative to healthy controls are remarkably consistent and comparable 

to findings in non-alcoholic HE (e.g., Cordoba et al., 2001; Gupta et al., 1993; Häussinger 

et al., 1994) showing lower levels of Cho/tCr and myo-inositol (mI)/tCr, and higher levels of 

Glx/tCr (Ahluwalia et al., 2015; Binesh et al., 2006; Chavarria et al., 2013; Jain et al., 2013; 

Kreis, Ross, Farrow, & Ackerman, 1992; Laubenberger et al., 1997; Miese et al., 2006; Pujol 

et al., 1996; Singhal et al., 2010; Taylor-Robinson, Buckley, Changani, Hodgson, & Bell, 

1999; Taylor-Robinson, Sargentoni, Marcus, Morgan, & Bryant, 1994; Thomas et al., 1998). 

Levels of Cho and mI are lowest and Glx highest in patients with HE (Geissler et al., 1997; 

J. H. Lee et al., 1999; Poveda et al., 2010; Ross et al., 1994; Tarasow et al., 2003). In the 

only report of MRS conducted on a case of alcoholism-associated CPM, a 53 year old man 

presented with gait disturbances and hearing loss and a voxel in the pons (that showed a 

lesion on conventional MRI) revealed elevated Cho/tCr, interpreted as reflecting edema or 

demyelination (Nomoto, Arasaki, & Tamaki, 2004).

The majority of MRS studies in alcoholism have focused on the 3 major metabolites: 

NAA, Cho, and tCr. Reduced NAA/tCr and Cho/tCr ratios relative in chronic alcoholics 

relative to normal controls have been reported in the frontal and medial temporal lobes, 

cerebellum, and thalamus (Bendszus et al., 2001; Ende et al., 2005; Jagannathan, Desai, 

& Raghunathan, 1996). Lower NAA levels are typically interpreted as reflecting neuronal 

compromise (Petroff, Pleban, & Spencer, 1995). Various interpretations for Cho changes in 

alcoholism have been suggested (e.g., undetected, subclinical pathologies such as thiamine 
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deficiency or liver cirrhosis) (Zahr et al., 2010). Further challenging the interpretation 

of changes in Cho in alcoholism is that acute alcohol intake in healthy individuals is 

associated with elevations of Cho (Ende et al., 2006; Tunc-Skarka, Weber-Fahr, & Ende, 

2015). Metabolic changes associated with AUD appear to normalize upon discontinuation 

of alcohol consumption (Bartsch et al., 2007; Bendszus et al., 2001; Durazzo, Gazdzinski, 

Rothlind, Banys, & Meyerhoff, 2006; Parks et al., 2002).

In animals, a relatively large body of literature demonstrates that acute ethanol, at 

concentrations associated with intoxication, potentiates GABAA receptor function and 

GABA release (e.g., Lobo & Harris, 2008; McCool, Frye, Pulido, & Botting, 2003; 

Olsen, Hanchar, Meera, & Wallner, 2007) while inhibiting glutamate NMDA receptors 

(Criswell, Ming, Griffith, & Breese, 2003; Dildy & Leslie, 1989; Hoffman, Rabe, Moses, & 

Tabakoff, 1989; Lovinger, White, & Weight, 1989). Synaptic responses mediated by NMDA 

receptors, including extracellular glutamate levels (Carboni, Isola, Gessa, & Rossetti, 1993; 

Moghaddam & Bolinao, 1994) are also reduced by acute EtOH (Lovinger, White, & Weight, 

1990; Morrisett & Swartzwelder, 1993; Roberto et al., 2004).

It appears that NMDA receptor function is suppressed during intoxication even after 

prolonged ethanol exposure resulting in a compensatory and selective upregulation of 

NMDA receptors (Hu, Follesa, & Ticku, 1996). Thus, ethanol withdrawal following chronic 

exposure results in increased NMDA receptor activity and elevated extracellular glutamate, 

especially after repeated cycles of withdrawal (Dahchour & De Witte, 1999; Gonzales, 

Bungay, Kilanmaa, Samson, & Rosselti, 1996; Rossetti & Carboni, 1995), postulated 

to contribute to CNS hyperexcitability (Becker, 1998; Littleton, 1998) and excitotoxicity 

(Chandler, Newsom, Sumners, & Crews, 1993; Iorio, Tabakoff, & Hoffman, 1993). Indeed, a 

meta-analysis of rodent microdialysis studies confirms elevated extracellular concentrations 

of glutamate in several brain regions that strongly correlates with alcohol withdrawal 

severity (Fliegel, Brand, Spanagel, & Noori, 2013).

Early work in human plasma showed elevations in a number of amino acids during 

withdrawal (Majumdar, Shaw, Thomson, Pratt, & Greenwood, 1983). In patients admitted to 

emergency rooms for alcohol intoxication, blood measures determined GABA and glutamate 

levels at admission (T1) and after 24h (T2). Relative to healthy controls, GABA levels were 

low and glutamate levels were high (but higher at T1 relative to T2) at both time points 

in the alcoholics (Brousse et al., 2012). CSF from alcohol-withdrawing patients shows 

elevations in NAAG (a neuropeptide) but not glutamate (Tsai & Coyle, 1998). The human 

frontal cortex harvested from alcoholics showed moderate upregulation of NMDA receptors 

relative to controls (Freund & Anderson, 1996).

MRS methods to distinguish Glu from Gln require specialized spectral acquisition and 

editing (e.g., Choi et al., 2006; Schubert, Gallinat, Seifert, & Rinneberg, 2004). In reviewing 

the MRS-literature on the in vivo detection of glutamate metabolism changes in alcoholism, 

whether Glx, Glu, or Gln were measured is indicated. An important consideration is that 

MRS methods cannot distinguish between intracellular and extracellular pools of glutamate 

and thus the relevance of changes in glutamate levels can be difficult to interpret.
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There is MRS data in keeping with the predications of the “glutamate model of withdrawal”: 

within 24 hours of the last drink, a trend for higher Glx (Yeo et al., 2013) and higher Glu 

(relative to tCr)(Hermann et al., 2012; Streit et al., 2018) has been reported in the anterior 

cingulate cortex of alcohol-dependent relative to control participants. A trend for higher 

Glu/tCr ratios was observed in the anterior cingulate of alcohol dependent participants 

scanned at 4 days and 4 weeks abstinence (Umhau et al., 2010). Another study similarly 

found higher Glu levels in nucleus accumbens (but not cingulate) of alcohol dependent 

participants (1–10 days into abstinence) compared to controls which was associated with 

higher craving for alcohol (Bauer et al., 2013). Normalization of acutely elevated Glu has 

been reported with two weeks of abstinence (Hermann et al., 2012): lower than control 

levels of Glu have been reported in alcoholdependent subjects during prolonged abstinence 

(2–50 days since last drink) in anterior cingulate (Mon, Durazzo, & Meyerhoff, 2012), 

medial frontal cortex (Thoma et al., 2011), and occipital cortex (Glu/Gln, Bagga, Khushu, et 

al., 2014).

A number of MRS studies, however, report effects on Glu contradictory to the model, 

regardless of the timing of data acquisition relative to heavy drinking. For example, a trend 

towards lower Glu in frontal white matter was observed in heavy drinkers compared to light 

drinkers, where heavier drinking and greater loss of control over drinking were associated 

with lower Glu levels (Ende et al., 2013). A negative correlation was also reported in the 

anterior cingulate between basal Glu levels and the number of drinking days in the past 2 

week (i.e., more drinking days, less Glu) (Cheng et al., 2018). Similarly, number of heavy 

drinking days in the 14 days preceding observation was significantly inversely associated 

with anterior cingulate Glu concentrations (Prisciandaro et al., 2016).

In other MRS studies, there were no significant group differences reported with respect to 

Glx or Glu levels (cf., Cheng et al., 2018; Ende et al., 2013; Frischknecht et al., 2017; 

Zahr, Carr, et al., 2016; Zahr, Mayer, Rohlfing, Sullivan, & Pfefferbaum, 2014). GABA 

levels were unaffected by chronic alcoholism except in smokers (higher GABA at 1 week 

abstinence which resolved at 1 month) (Mason et al., 2006). With respect to Gln measured 

directly, it has been reported as higher (Thoma et al., 2011) and lower (Prisciandaro et 

al., 2016) in the anterior cingulate of AUD relative to control groups, while a yet another 

study observed no group differences but correlations in AUD between Gln levels in anterior 

cingulate and nucleus accumbens and craving (Bauer et al., 2013). In summary, additional in 

vivo research is required to determine the importance of glutamate to the dynamic course of 

AUD.

Diffusion Tensor imaging

Diffusion Tensor imaging (DTI) is an advanced MRI technique that enables examination 

of brain microstructure. Commonly reported DTI measures are fractional anisotropy (FA), 

mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD). FA describes the 

degree of directional coherence of diffusion, which is believed to reflect axonal diameter, 

axonal density, and myelination. A decrease in FA is generally associated with an increase 

in RD (associated with demyelination) or a decrease in AD (reflecting axonal injury) 

(Beaulieu, 2002; Pfefferbaum & Sullivan, 2005). A key advantage of DTI is its ability 
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to detect white matter changes before they become apparent on conventional MR images 

(Pfefferbaum & Sullivan, 2005; Pfefferbaum et al., 2000).

KS patients show FA deficits in the fornix (Nahum et al., 2015), Papez and medial limbic 

circuits compared to alcoholics without KS (Segobin et al., 2015). HE patients have MD 

elevations in corpus callosum, internal capsule, frontal white matter (Kale et al., 2006), and 

occipital white matter (R. Kumar et al., 2008). CPM patients show elevated MD in middle 

cerebellar peduncles (Min, Park, & Hwang, 2012; Nair, Ramli, Rahmat, & Mei-Ling, 2012).

DTI can detect white-matter abnormalities in alcoholics without quantifiable white-matter 

volume loss (Pfefferbaum et al., 2000). Significant abnormalities (reduced FA and increased 

MD) have been detected in the corpus callosum, frontal forceps, internal and external 

capsules, fornix, superior cingulate, and longitudinal fasciculi of alcoholics relative to 

controls (Fortier et al., 2014; Muller-Oehring, Schulte, Fama, Pfefferbaum, & Sullivan, 

2009; Pfefferbaum, Rosenbloom, Adalsteinsson, & Sullivan, 2007; Pfefferbaum et al., 

2000). Quantitative DTI investigations have reported microstructural compromise of white 

matter tracts between midbrain and pons, and in fronto-limbic, fronto-parietal, and fronto-

occipital fiber tracts (Bagga, Sharma, et al., 2014; Chanraud et al., 2009; Maksimovskiy 

et al., 2014; Yeh, Simpson, Durazzo, Gazdzinski, & Meyerhoff, 2009). DTI results 

suggest microstructural deficits may be more pronounced in alcoholic women (Pfefferbaum, 

Adalsteinsson, & Sullivan, 2006), despite a lower quantity of lifetime alcohol consumed 

(Sasaki et al., 2009).

Microstructural alterations in AUD have been associated with functional deficits including 

memory decline and poor executive functioning (Harris et al., 2008; Konrad et al., 2012; 

Pfefferbaum, Rosenbloom, Rohlfing, & Sullivan, 2009; Trivedi et al., 2013). For example, 

alcoholics demonstrate relations between low FA in the splenium and working memory 

impairment (Pfefferbaum et al., 2000); and low FA in corpus callosum, parietal, occipital, 

and frontal white matter regions with decision making deficits (Iowa Gambling Test) (Zorlu 

et al., 2014). Abnormal FA in nine different white matter tracts (i.e. anterior corona radiata, 

body of corpus callosum, cingulate gyrus, external capsule, fornix, inferior fronto-occipital 

fasciculus, posterior corona radiata, retro-lenticular limb of internal capsule, and superior 

longitudinal fasciculus) was directly related to greater BOLD-reactivity in reward processing 

brain-regions in response to alcohol-taste cues (Monnig et al., 2014).

As with other modalities, DTI studies support brain recovery with abstinence. For example, 

active alcohol users have abnormal diffusivity in frontal-temporal regions correlated 

with impulsivity and deficits in attention and memory; by contrast, abstinent alcoholics 

show attenuated DTI changes specific to parietal regions associated with visuospatial 

information processing and self-awareness problems (Monnig et al., 2013). Other reports 

show normalization of frontal white matter microstructure with just one month of abstinence 

in recovering alcoholics that do not smoke (Gazdzinski, Durazzo, Mon, Yeh, & Meyerhoff, 

2010), and reversal of white matter damage in the corpus callosum with one year of 

abstinence (Alhassoon et al., 2012; Zorlu et al., 2014).
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Functional Magnetic Resonance Imaging

Functional Magnetic Resonance Imaging (fMRI) is based on image contrast due to 

hemodynamic responses indirectly reflecting neuronal activity (Logothetis & Pfeuffer, 

2004). Changes in cerebral blood flow are related to increased or decreased energy 

utilization by brain cells (Logothetis, Pauls, Augath, Trinath, & Oeltermann, 2001). The 

fMRI blood-oxygen-level-dependent (BOLD) signal has been used in alcoholics to explore 

functional brain activity related to cue reactivity, craving, impulsivity, self-control, and to 

determine baseline synchrony between brain areas at rest (i.e., resting-state fMRI).

The incentive salience theory of addiction describes how long-lasting changes in 

motivational neurocircuitry, induced by drug consumption, renders the brain-reward system 

sensitized to drug-associated stimuli (cues), essentially leading to cravings and relapse 

(Berridge & Robinson, 1998). fMRI studies demonstrate an alcohol cue-induced attentional 

bias in alcoholics compared to healthy controls (Schacht, Anton, & Myrick, 2013; Vollstadt-

Klein et al., 2012). Indeed, several fMRI investigations have linked visual alcohol cues to 

a hemodynamic response in the brain regions related to the reward circuitry including the 

anterior cingulate cortex, medial prefrontal cortex, ventral striatum, and insula (Ihssen, Cox, 

Wiggett, Fadardi, & Linden, 2011; Myrick et al., 2008). Others studies have reported BOLD 

changes in brain areas of alcoholics linked to self-control, memory, and reflective thinking 

(Krienke et al., 2014), indicating significant changes in circuitry related to decision-making. 

Individuals who binge consume alcohol and are at risk for developing AUD display a 

heightened BOLD response in both the left and right nucleus accumbens to monetary 

reward cues in comparison to healthy controls (Crane et al., 2017). This finding suggests 

fundamental differences in reward processing that may increase the risk for AUD. A 

polymorphism in the tachykinin receptor 1 gene, which encodes a receptor for substance 

P (Koob, 2015), is associated with alcohol-cue induced craving-related increases in BOLD 

signaling in parts of the frontal cortex, caudate/putamen, insula, and lentiform nucleus in 

patients with AUD (Blaine, Claus, Harlaar, & Hutchison, 2013).

The stimulus-response habit-formation theory describes a transition from initial drug-

consumption to compulsive drug-taking in the absence of conscious awareness (i.e., habit) 

(Everitt & Robbins, 2005). This is thought to occur via changes to striatonigral pathways, 

gradually transitioning from encoding the rewarding effects of the drug in the nucleus 

accumbens to encoding in the dorsal striatum (Belin & Everitt, 2008). When comparing light 

and heavy drinkers, cue-induced brain activation shifted from the ventral (light drinkers) to 

the dorsal striatum (heavy drinkers) (Vollstadt-Klein et al., 2010). Furthermore, alcoholics 

over-rely on habit learning rather than goal-directed actions, as demonstrated by increases 

in BOLD responses in the posterior putamen and decreases in the ventromedial prefrontal 

cortex during an instrumental learning task (Sjoerds et al., 2013).

In accordance with DSM-IV-r criteria describing devaluation of natural rewards in 

alcoholism, alcohol-dependent individuals in comparison with healthy controls show an 

increase in striatal BOLD responses to visual alcohol cues, together with a decrease to non-

drug-related monetary cues (Wrase et al., 2007). Furthermore, reduced nucleus accumbens 

reactivity to non-drug rewards was shown to correlate with higher impulsivity scores (Beck 
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et al., 2009). However, other types of cues (i.e., non-visual cues) have led to more variable 

results. For example, olfactory cues increased BOLD signaling in the nucleus accumbens in 

high-risk drinkers (Kareken et al., 2004). A later study from the same group, however, failed 

to find this hemodynamic response to the most preferred alcohol odor of non-dependent 

heavy drinkers with a family history of AUD (Kareken et al., 2010). Exposure to the taste of 

alcohol, however, elicits strong BOLD responses in the prefrontal cortex, striatum, and the 

ventral tegmental area/substantia nigra in alcoholics (Filbey et al., 2008).

The resting state default mode network describes a network of connected brain areas 

that are particularly active when an individual is not performing a task and is comprised 

of the ventral medial prefrontal cortex, cingulate/retrosplenial cortex, inferior parietal 

lobule, lateral temporal cortex, dorsal medial prefrontal cortex, and hippocampal formation 

(Buckner, Andrews-Hanna, & Schacter, 2008). AUD changes the resting state default-

mode network from connectivity between posterior cingulate cortex and middle cingulate 

cortex (MCC) towards increased connectivity between midbrain and MCC. This reflects 

a shift from higher order structures to more cue-reactive circuits, indicating compromised 

executive control (Muller-Oehring, Jung, Pfefferbaum, Sullivan, & Schulte, 2015; Schulte, 

Muller-Oehring, Sullivan, & Pfefferbaum, 2012). Alcoholics relative to healthy controls 

have higher regional homogeneity (ReHo) values during resting state. ReHo describes 

the functional connectivity between a given activation cluster and its nearest neighboring 

activation cluster and thus can be understood as an index of network centrality (for a 

detailed technical review see, for a detailed technical review see, Jiang & Zuo, 2016). Hence 

the changes in ReHo of AUD individuals indicate that specific regional neuropopulations 

are more strongly connected during resting state; these include superior frontal gyrus, 

medial frontal gyrus, and middle temporal gyrus (Tu, Wang, Liu, & Zheng, 2018). 

Abstinent alcoholics who completed a detoxification program versus those that withdrew 

from treatment showed enhanced resting state functional connectivity between striatum 

and insular cortex, the executive network and the amygdala, and the salience network 

and the striatum, precuneus, and amygdala. This network hyper-connectivity was directly 

correlated to the individuals’ craving intensity (Kohno, Dennis, McCready, & Hoffman, 

2017). Furthermore, AUD patients that abstained from alcohol for 3 weeks to 10 months had 

a less efficient connectivity between the left hippocampus and other task-activated networks 

when viewing emotional faces, while their pallidum was more efficiently connected when 

viewing alcoholic beverages. Hence longer sobriety may lead to adaptive neural changes 

shifting connectivity from systems encoding emotional salience towards drug reward, which 

in turn, may affect the individual’s cognitive control and ability to prevent relapse (Alba-

Ferrara, Muller-Oehring, Sullivan, Pfefferbaum, & Schulte, 2016).

Positron Emission Tomography

Positron Emission Tomography (PET) is a non-MRI imaging modality that utilizes 

specific radiotracers (e.g. [18F]FDG, [11C]Glucose) to investigate brain glucose metabolism, 

neurotransmitter receptor availability, or neurotransmitter levels measured indirectly via 

competitive receptor binding-displacement (e.g. D2/D3 receptor ligand [11C]raclopride, 

μ-opioid receptor ligand [11C]carfentanil). The latter ligands more specifically show the 
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difference in binding of the tracer to its target structure with and without intervention and 

can be used to estimate relative changes in extracellular levels of a specific neurotransmitter.

Relative to controls, AUD subjects show reduced cerebral glucose metabolism, pronounced 

in medial frontal and parietal cortical areas (Gilman et al., 1990; Wik et al., 1988). Acute 

alcohol intoxication also reduces brain glucose metabolism (Volkow et al., 1990; Volkow et 

al., 2006). It appears that brain energy metabolism during acute alcohol intoxication shifts 

to alternative sources: in an [11C]acetate PET study of AUD subjects and occasional social 

drinkers, glial cells preferentially utilized acetate (a byproduct of alcohol breakdown) over 

glucose (Volkow et al., 2013). In heavy alcohol users, baseline acetate uptake was more 

pronounced than in occasional social drinkers and correlated with the self-reported quantity 

of daily alcohol intake (Jiang et al., 2013; Volkow et al., 2013).

Alcohol, like most drugs of abuse, has been shown to profoundly increase dopamine release 

in the nucleus accumbens of rodents (Tomkins & Sellers, 2001). Yet, human PET studies 

exploring dopamine signaling in AUD are contradictory. For example, one study reported 

that intravenous infusions of alcohol caused a significant increase in dopamine (measured 

by competitive D2/D3 receptor binding via [11C]raclopride) in the right ventral striatum in 

non-treatment seeking alcoholics, but not in social drinkers (Yoder et al., 2016). By contrast, 

an alcohol-induced rise in ventral striatal and caudate extracellular dopamine was associated 

with pleasurable effects of alcohol in non-alcoholics (Aalto et al., 2015). Such differences 

may be accounted for by genetic polymorphisms: striatal dopamine levels are high in social 

drinkers who carry the A118G gene variant of the μ opioid receptor. Individuals with this 

point-mutation display risky alcohol consumption and are more likely to develop AUD 

(Ramchandani et al., 2011).

Dopaminergic responses alone are unlikely to fully account for the pleasure and reward 

experienced following acute alcohol consumption. Endogenous opioid levels rapidly 

increase in the nucleus accumbens and orbitofrontal cortex upon alcohol consumption, as 

demonstrated using PET imaging of [11C]carfentanil (Mitchell et al., 2012). Moreover, 

increased μ-opioid receptor availability in the ventral striatum of detoxified alcoholics 

correlates with self-reports of craving intensity (Heinz et al., 2005). These findings 

were supported in a separate study using the μ-opioid receptor tracer [11C]diprenorphine 

(Williams et al., 2009).

One of the most consistently reported findings in long-term alcoholics is a reduction of 

dopamine D2/D3 receptors throughout the brain (for a detailed review see for a detailed 

review see Volkow et al., 2017). Loss of inhibitory dopaminergic receptors could explain 

some of the behavioral features displayed by alcoholics, such as lack of impulse inhibition 

and compulsive behavioral patterns (Volkow, Koob, & McLellan, 2016). However, it remains 

controversial if such changes persist after long-term abstinence. Whereas Volkow and 

colleagues demonstrated a persistent reduction of striatal D2/D3 receptors for 4 months after 

abstinence (Volkow et al., 2002), Rominger and colleagues showed significant upregulation 

of D2/D3 receptors in a subpopulation of alcoholics with 1 year of abstinence (Rominger et 

al., 2012).
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From mice to men – translational imaging findings

Preclinical models of alcohol-related neurological syndromes include studies on on WE/KS 

and HE. A thiamine-deficient diet over 3–4 weeks can reduce thiamine, but administration 

of a thiamine pyrophosphokinase inhibitor such as pyrithiamine is often required to 

recapitulate human symptoms in animals (Hazell & Butterworth, 2009). Structural MRI 

findings in thiamine-deficient rats show hyperintense signals on T2-weighted images in 

thalamus, collicular bodies, mammillary bodies, corpus callosum, and cerebellar peduncles 

(Figure 2A;B) (Dror et al., 2010; Pfefferbaum, Adalsteinsson, Bell, & Sullivan, 2007; 

Zahr, Alt, et al., 2014). Current rodent models of HE are deemed unsatisfactory by the 

International Society for Hepatic Encephalopathy (Butterworth et al., 2009). Nevetheless, a 

study using carbon tetrachloride (CCl4) as an agent to induce acute liver failure in rodents 

revealed brain morphological changes in lateral ventricles (top arrow) and cisterns (Figure 

2C) (Zahr, Sullivan, et al., 2016).

Because the taste of alcohol is aversive to most animals, heterogeneous stock rats for 

example, consume only modest amounts of ethanol and blood alcohol levels (BALs) 

achieved are minimal. One of the criteria for a successful animal model of alcoholism 

is the demonstration of physical dependence per se must be unequivocally attributed to 

the chronic administration and subsequent removal of ethanol. Common models to induce 

physical dependence to alcohol (cf., Mello, 1973) include exposure to ethanol via drinking 

(e.g., Xu et al., 2018), intraperitoneal (i.p.) (e.g., Liew et al., 2016) or intragastric (i.g.) 

(e.g., Luo, Shen, Chen, Wang, & Yu, 2017; Zahr, Rohlfing, et al., 2016) injections, and 

vapor chambers (e.g., Frischknecht et al., 2017). Typically i.p. and i.g. methods are used 

for acute and binge like protocols, while free drinking and vapor chambers are used for 

more chronic exposure protocols (Bell et al., 2017). While vapor chambers are the preferred 

method for sustained high BALs, in addition to inhalation, animals are exposed to ethanol 

via skin absorption. Problems with drinking protocols include a transitory alcohol preference 

in the absence of withdrawal signs and symptoms upon cessation of drinking. Finally, these 

methods include an integral stress factor, which, however, some have argued provides face 

validity (al’Absi, Carr, & Bongard, 2007). Fundamentally, the relative value of a behavioral 

(self-administration) or pharmacological (forced administration) model is dependent upon 

the type of questions that are asked.

One of the most consistent, translational findings made with structural MRI in alcohol-

exposed rodents is ventricular enlargement, which has been found to be influenced by both 

timing and method of alcohol exposure. Rats that achieve binge-like BALs via gavage 

feeding show a larger effect (Zahr et al., 2010; Zahr, Mayer, Rohlfing, Hsu, et al., 2014; 

Zahr et al., 2013) than rats exposed to ethanol chronically via vapor (Pfefferbaum et al., 

2008). The effect on ventricle size is transient in the binge models as ventricular volume 

recovers rapidly within one week of abstinence, contrary to the findings from human 

research (Sullivan & Pfefferbaum, 2009; Zahr & Pfefferbaum, 2017; Zahr, Rohlfing, et al., 

2016). Still other studies have found that rats exposed to ethanol vapor during adolescence 

show persistent ventricular increases and deficits in hippocampal volume into adulthood 

(Ehlers, Liu, Wills, & Crews, 2013; Gass et al., 2014), while mice exposed to alcohol during 

adolescence (postnatal day 28 to 37) develop persisting brain-volume deficits (as measured 
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on postnatal day 60) in the olfactory bulb and basal forebrain (Coleman, He, Lee, Styner, & 

Crews, 2011; Coleman, Liu, Oguz, Styner, & Crews, 2014).

MRS has been used to investigate the rodent brain following ethanol exposure via acute 

binge, repeated binge, and chronic exposure via vapor chamber. In these studies, NAA is 

lower and Cho is higher in animals following ethanol exposure (Zahr et al., 2010; Zahr, 

Mayer, Rohlfing, Hsu, et al., 2014; Zahr et al., 2013). Repeated cycles of binge intoxication 

also resulted in transient decreases of NAA and increases of Cho during intoxication, but 

recovery during abstinence (Zahr, Rohlfing, et al., 2016). In a chronic alcohol exposure 

study in rats, NAA levels were lower in the ethanol-exposed than in the control group, 

but failed to reach significance while Cho levels demonstrated a dose-response curve (i.e., 

increasing levels with higher and longer alcohol exposure) (Zahr et al., 2009). Normalization 

of NAA and Cho levels upon discontinuation of alcohol exposure seems to be translatable 

and indicates that some metabolic changes are directly linked to the toxicity of alcohol 

(Bartsch et al., 2007).

While alcohol-induced reductions in NAA has been consistently found in both human and 

rodent studies, Cho results have varied. Typically, below normal levels of Cho are observed 

in alcoholics in early abstinence (within 5 weeks), with significant increases at 3 and 6 

months of sobriety (Ende et al., 2005). In chronic alcoholism, however, Cho levels may 

be affected by confounding factors such as hepatitis C infection (Zahr, Mayer, Rohlfing, 

Sullivan, et al., 2014). Social drinkers show significant relations between higher levels of 

frontal Cho and greater alcohol consumption in the past 2 weeks (Tunc-Skarka et al., 2015) 

to 3 months (Ende et al., 2006). Similarly, rats show high Cho upon acute intoxication (Zahr 

et al., 2010; Zahr, Mayer, Rohlfing, Hsu, et al., 2014; Zahr et al., 2013).

The decrease in glucose metabolism reported with [18F]-FDG PET in long-term alcoholics is 

similar to decreases observed during an acute alcohol challenge in naïve rats. However, these 

changes do not persist when the animals consume alcohol for 3 to 12 months (Gispert et 

al., 2017). This finding is an indication that rodents tend to metabolize alcohol in a different 

manner than do human beings.

DTI investigations of acute alcohol intoxication in rats showed detectable but transient FA 

changes in the frontal lobe (Chen, Zeng, Shen, Kong, & Zheng, 2017). Indeed, transient 

FA changes upon acute alcohol intoxication are similar between rodents and human beings 

(Kong, Zheng, Lian, & Zhang, 2012). While binge alcohol exposure resulted in transient 

decreases in both FA and MD, chronic exposure to vaporized ethanol did quantifiably affect 

these measures (Pfefferbaum, Zahr, Mayer, Rohlfing, & Sullivan, 2015). In another chronic 

study, intermittent alcohol exposure showed no effects on FA, but did show reduced AD 

(hippocampus, cortex, and cerebellum), reduced RD (hippocampus and cortex), and reduced 

MD (cerebellum and corpus callosum) (Vetreno, Yaxley, Paniagua, & Crews, 2016). In 

general, the effects of chronic alcoholism on FA and MD described in the human literature 

(e.g., e.g., Bagga, Sharma, et al., 2014; Chanraud et al., 2009; Maksimovskiy et al., 2014; 

Pfefferbaum et al., 2000; Yeh et al., 2009) have not been replicated in the preclinical 

literature.
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Preclinical resting-state and functional MRI investigations are relatively scarce in the 

context of AUD. One study reports that 30 days of alcohol consumption affects 9 

resting-state networks in rats: 8 showed a decrease in functional connectivity, while the 

striatal-prefrontal circuit became hyper-connected (Perez-Ramirez, Diaz-Parra, Ciccocioppo, 

Canals, & Moratal, 2017). This finding parallels those in AUD, where circuitry responsible 

for cue-reactivity becomes dominant (Kohno et al., 2017; Schulte et al., 2012). Rats given 

alcohol via oral gavage during adolescence showed, in adulthood, decreased baseline 

resting-state connectivity among prefrontal cortical sub-regions (prelimbic-infralimbic 

cortex and infralimbic-orbitofrontal cortex) and decreased connectivity between PFC and 

striatal regions (prelimbic-nucleus accumbens, infralimbic-caudate putamen, infralimbic-

nucleus accumbens, orbitofrontal cortex-caudate putamen, and orbitofrontal cortex-nucleus 

accumbens) (Broadwater et al., 2018).

Collectively, preclinical imaging studies provide insight into specific time points of a 

complex and cyclical disease. Preclinical imaging has the potential to provide greater 

understanding of the dynamics of alcohol-related effects on the structure, metabolism, and 

function of the brain.

Concluding remarks

Studying diseases concomitant with alcoholism has provided insight into mechanisms and 

brain targets of uncomplicated alcoholism. Diseases such as WE/KS can be approximately 

modeled in animals, while HE, CPM, and alcoholism per se can be challenging to model in 

rodents. In reviewing the neuroimaging literature related in AUD, some challenges become 

immediately apparent. The dynamic nature of the disease makes it difficult to capture 

individuals with AUD at the same time point of the disease course and humans tend to 

have complex histories with a variety of confounders that may contribute to brain changes. 

While longitudinal studies now help tackle some of these limitations, preclinical studies 

are also critical to help isolate and describe changes at distinct time points of disease 

progression. Indeed, the study of both humans and animal models is valuable to allow for 

the a better understanding of AUD. A critical and comprehensive assessment of humans 

with DSM-5 defined alcoholism is essential to describing the chronic effects of alcohol 

on the brain. Animal models, although imperfect, allow for a deeper investigation of the 

mechanism underlying the brain changes characterized in AUD. Alcoholism is known to 

reduce red blood cell count (Whitehead, Robinson, Allaway, & Hale, 1995); on admission 

to alcoholism treatment, those with lower red blood cell counts had larger ventricles 

(Pfefferbaum, Rosenbloom, Serventi, & Sullivan, 2004). Whether this relationship is causal, 

for example, could be asked in animals by reducing red blood count using hydroxyurea and 

determining whether there is an associated ventricular enlargement.

The growing number of studies indicating that alcoholism-induced brain changes can be 

reversed by prolonged abstinence is a hopeful message to those struggling with AUD.
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Significance Statement

Acute alcohol impairs brain function while chronic alcoholism can cause brain damage: 

evidence for profound brain volume recovery with abstinence speaks against the 

urban myth that drinking alcohol kills brain cells. Mechanisms of brain injury due 

to alcoholism may be better understood by studying common disease concomitants 

of alcoholism. Genetics may determine the type of injury incurred (e.g., nutritional 

deficiency versus liver damage). Animal models, while imperfect, have contributed to a 

better understanding of the effects of chronic alcohol consumption on the brain. Recent 

efforts in the field are focused on interventions that promote sobriety.
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Figure 1: 
(A) Brain scan of an alcoholic man with Wernicke’s encephalopathy showing the typical 

hypertensities in the mammilary bodies and colliculi (reprint with permission from (Sullivan 

& Zahr, 2008)). (B) Exemplary MRI pictures highliting morphological changes observed in 

KE (reprint with permission from (Zahr & Pfefferbaum, 2017)). (C) Representative images 

from a control subject and a patient with hepatic encephalopathy (reprint with permission 

from (Zahr & Pfefferbaum, 2017)). (D) MRI scans from healthy controls, uncomplicated 

alcoholics, and KE patients that also show signs of central pontine myelinolysis (reprint 

with permission from (Sullivan & Pfefferbaum, 2001)). (E) Thinning of the corpus callosum 

of older alcoholics indicating Marchiafava-Bignami disease (reprint with permission from 

(Pfefferbaum et al., 1996)).
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Figure 2: 
(A) Morphological changes in a preclinical rat model of Wernicke’s encephalopathy and 

(B) Korsakoff syndrome (reprint with permission from (Pfefferbaum, Adalsteinsson, et al., 

2007)). (C) MRI scans of a CCL4 treatment based preclinical animal model for hepathic 

encephalopathy (reprint with permission from (Zahr, Rohlfing, et al., 2016)).
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