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Alcohol use disorder (AUD) commonly is associated with compromise in neurobiological 
and/or neurobehavioral processes. The severity of this compromise varies across individuals 
and outcomes, as does the degree to which recovery of function is achieved. This narrative 
review first summarizes neurobehavioral, neurophysiological, structural, and neurochemical 
aberrations/deficits that are frequently observed in people with AUD after detoxification. 
Subsequent sections review improvements across these domains during recovery, taking into 
account modulators of recovery to the extent permitted. Where appropriate, the discussion 
includes work integrating outcomes across domains, leveraging the strengths of diverse 
experimental methods. Interventions to ameliorate neurobiological or neurobehavioral 
deficits do not constitute a primary objective of this review. However, their consideration is 
a logical inclusion. Therefore, a limited introduction to existing methods is also presented. 
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INTRODUCTION
Alcohol use disorder (AUD) is characterized by 
dysregulation across a range of neurobiological 
and/or neurobehavioral domains. Neurobiological 
aberrations include dysregulated neural 
activity and patterns of brain activation as 
well as compromise in gray and white matter. 
Neurobehavioral aberrations are widespread 
and evident across diverse neuropsychological 
domains such as problem-solving, learning, 
memory, and motor functions. An estimated 
50% to 80% of people with AUD demonstrate 

significant cognitive/behavioral compromise 
relative to community comparison groups, 
with a substantive minority (i.e., 30% to 40%)1 
exhibiting sufficient compromise to meet criteria 
for clinical impairment.2 Describing alcohol-
related impairment is further complicated by 
the fact that neurobiological (e.g., structural) 
aberrations and behavioral compromise are 
not universally related. Importantly, empirical 
studies demonstrate that both neurobiological and 
behavioral measures improve substantially after 
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recovery is initiated, although the trajectories 
vary and are often incomplete. This narrative 
review focuses on improvements in brain 
structure and function and briefly explores 
opportunities for facilitating these processes. 
To establish an appropriate context, the article 
begins with a limited overview of alcohol-related 
biobehavioral deficits. More comprehensive 
coverage of alcohol-related impairment is 
provided in several recent reviews.3,4

In discussing recovery, several caveats warrant 
attention. First, there is a paucity of data from 
individuals who address their alcohol misuse 
without seeking formal treatment. Thus, this 
review is largely limited to outcomes obtained 
from people who participated in inpatient or 
intensive outpatient treatment. 

Second, the phrase “in recovery” eludes ready 
definition. The goals of both the individuals 
with AUD and the treatment programs vary. 
If a program is abstinence based, the objective 
is to sustain abstinence after treatment, and an 
individual is considered “in recovery” as long as 
they maintain abstinence. If the primary treatment 
objective is harm reduction or controlled drinking, 
successful recovery is marked by a reduction in 
negative consequences, without abstinence as 
a necessary prerequisite. Consequently, while 
both people who sustain abstinence and those 
who successfully navigate harm reduction 
efforts can be considered “in recovery,” their 
continuing exposure to alcohol may vary 
significantly. Thus, heterogeneity in continued 
drinking across studies creates a substantive 
interpretational challenge, prohibiting broad 
conclusions regarding the effects of “recovery” 
on neurobiobehavioral improvement. To address 
this challenge, studies need to incorporate 
alternate definitions of “successful” outcomes, 
perhaps also including neurobiobehavioral 
improvement as one component. In the extant 
literature, the majority of reports are derived from 
treatment-seeking individuals in abstinence-based 
programs. Nevertheless, rather than relying only 
on binary outcomes (e.g., relapse vs. sustained 
abstinence), some investigations, as illustrated in 

later sections, gather data regarding continuing 
drinking patterns, providing a more granular 
consideration of alcohol use across time.

Third, many studies use the phrases 
“recovery” and “improvement” of function 
interchangeably. At initial glance, distinguishing 
these terms seems a matter of semantics. 
However, as addiction science directs attention 
to the effectiveness of interventions in enhancing 
outcomes, the distinction is highly relevant.2 
Conservatively defined, improvement references 
positive change associated with the passage of 
time (i.e., time-dependent change) or repeated 
practice (i.e., practice effects). For example, 
cognition improves with time after detoxification, 
even without directed intervention, as well as 
after repeated testing. The phrase “recovery of 
function,” in contrast, refers to positive change 
that cannot be accounted for by time or practice. 
Distinguishing “improvement” from “recovery” 
requires the inclusion of appropriate comparison 
data and is particularly relevant when evaluating 
behavioral outcomes and interventions. In the 
following sections, the terms are used with 
attention to this distinction. That said, positive 
change is a desired outcome, whether or not it 
meets a strict definition of recovery of function. 

Fourth, although the potential influence of 
individual variables such as age and sex/gender 
on recovery is widely recognized, it has not been 
systematically studied, particularly in longitudinal 
assessments. Therefore, these variables are not 
discussed in depth here.

BRIEF OVERVIEW OF 
ALCOHOL-RELATED 
SEQUELAE
This section provides brief overviews of four 
broad categories of alcohol-related biobehavioral 
sequelae: neurobehavior, neurophysiology, brain 
structure, and neurochemistry.

Neurobehavior
A substantial literature has illustrated that 
cognitive processes relying heavily on the 
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prefrontal and frontal cortices (i.e., executive 
functions such as attention, working memory, 
problem-solving, inhibition, and flexibility) 
are susceptible to chronic excessive alcohol 
consumption.5 However, alcohol-related deficits 
are not limited to these domains. Compromise in 
visual-spatial functions, gait/balance, and new 
learning/memory is also frequently reported.6 
Taken together, alcohol-related deficits in 
neuropsychological/behavioral functions often 
are described as reflecting a mild, generalized 
brain dysfunction.2,6 Beyond these traditional 
neuropsychological characteristics, interest 
in alcohol-related compromise in key facets 
of emotion processing and social cognition is 
increasing. Of particular note are deficits in 
emotion face processing, interpersonal problem 
solving, and humor processing,3,7,8 all of which are 
critical skills in social, work, and family settings.

Neurophysiology
Brain electrophysiology, as obtained from scalp 
electrodes, also is affected by chronic alcohol 
misuse. Studies have revealed dysregulation 
in the electroencephalogram (EEG), as well 
as in the amplitudes and/or latencies of 
electrophysiological components that occur at 
specific times following stimulus presentation 
or response (i.e., event-related potentials 
[ERPs]).9,10 Importantly, both ERP components 
that occur earlier after stimulus presentation 
(i.e., exogenous components) and reflect sensory 
processes and components that occur later (i.e., 
endogenous components) and reflect cognitive 
processes are sensitive to chronic excessive 
alcohol use. This demonstrates alcohol’s impact 
on the temporal dynamics of both sensory and 
cognitive processes.7,9,10 A growing body of 
alcohol research has focused on performance 
monitoring, which entails ongoing monitoring 
of response accuracy in the context of changing 
demands. A common variable studied in these 
protocols is the error-related negativity (ERN), 
which is observed after the subject commits 
an error while completing speeded response 

tasks.11 Accurately detecting errors is essential 
for adaptive behavior. Thus, findings of aberrant 
ERN amplitudes in people with AUD12 suggest 
compromise in the biobehavioral dynamics 
underlying adaptive behavior. 

Repetitive patterns of neural activity (i.e., neural 
oscillatory activity) and the amount of brain activity 
in certain frequency bands (i.e., EEG power) reflect 
a coordinated (i.e., synchronous) neuronal discharge 
that can be examined as a function of both time and 
frequency. EEG power can be examined in either a 
resting state or during specific sensory or cognitive 
events. In the latter case, the activity is referred to 
as event-related oscillations. AUD is associated 
with alterations in both types of measures, 
demonstrating widespread dysregulation in the 
temporal dynamics of neural processes.10 

Brain Structure
People with AUD frequently exhibit volumetric 
loss in gray and white matter, as well as 
ventricular expansion in both the cerebrum and 
cerebellum.13,14 Data regarding sex differences 
are mixed, with some studies suggesting that 
women are more susceptible than men to 
alcohol’s effects while other studies show either 
no pattern or the opposite pattern.15 Higher 
vulnerability also has been reported with 
increasing age, especially in frontal brain areas.16 
Beyond reduced brain volumes, studies have 
shown compromised white matter integrity,17,18 
with indications of age interactions.19 

Dysregulation in brain network activity and 
connectivity also frequently occurs.20 Although 
the default mode network21 has received greatest 
attention, other networks are impacted as well, 
including the executive control, salience, and 
reward networks.22,23 Finally, associations 
may exist between structural compromise and 
neurobehavioral measures. For example, Pandey 
and colleagues18 found significant relationships 
between white matter fractional anisotropy 
measures and neuropsychological performance. 
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Neurochemistry
Several studies have demonstrated that 
neurochemistry is also disrupted in AUD.24,25 
Using proton magnetic resonance imaging, the 
most frequently reported findings indicate lower 
levels of the neuronal metabolite N-acetylaspartate 
(NAA), as well as of choline-containing 
compounds (Cho) and creatine metabolites 
(Cr). Findings are mixed regarding alcohol’s 
effects on the glial metabolite myo-inositol, and 
complex outcomes are associated with measures 
of the neurotransmitters glutamate and gamma-
aminobutyric acid (GABA).26

Summary
Although they do not occur in all people with 
AUD, alcohol-related deficits in neurobehavior, 
neurophysiology, brain structure, and 
neurochemistry constitute significant individual 
and public health concerns. Deficits across the 
four domains are incompletely correlated and 
often fall short of criteria for clinical impairment. 
Nevertheless, they can impact treatment 
engagement, post-treatment adaptation, and 
relapse.27-30 Thus, clarifying recovery trajectories, 
identifying relevant individual and confounding 
variables, and determining effective interventions 
must be research priorities.

EFFECTS OF RECOVERY
Fortunately, with continuing recovery, 
neurobiobehavioral impairment can improve. 
The following sections discuss neurobehavioral, 
neurophysiological, structural, and neurochemical 
recovery in more detail. 

Neurobehavioral Change in Recovery
Investigations suggest that substantial 
improvements in neurobehavioral functions 
occur during the first 4 to 8 weeks of abstinence, 
followed by more modest mid-term (i.e., 
approximately 1 year) gains. Verbal skills typically 
improve most quickly, while other domains, 
although improved, may remain compromised 
for several months to years.31 Longitudinal 

studies also found substantive differences in 
change trajectories across domains, supporting 
the general conclusions derived from cross-
sectional comparisons of subgroups of people 
with AUD who differed in abstinence length.4 
Petit and colleagues32 recently investigated the 
effects of abstinence on alcohol-related working 
memory and inhibitory control deficits. By the 
third week of abstinence, working memory 
function was indistinguishable between the 
AUD and control groups, whereas inhibitory 
control deficits remained. Employing a similar 
3-week test interval, Cordovil De Sousa Uva and 
colleagues33 also observed deficits in inhibitory 
control and executive functions at initial testing, 
but noted no improvements at retest for either 
function. Not surprisingly, recovery across 
these three overarching domains appears to be 
greatest with abstinence.27,34-36 However, it is 
noteworthy that some data suggest that low or 
moderate posttreatment drinking may not preclude 
improvement.29

Studies of improvement in cerebellum-
linked behaviors such as gait, balance, and 
postural sway have produced mixed results. 
Fein and Greenstein37 examined these functions 
in a longitudinal study of people with AUD, 
with a baseline assessment at 6 to 15 weeks of 
abstinence and follow-up 4 to 16 months later. 
Performance was compared with healthy control 
subjects who also were tested twice. The AUD 
group performed more poorly than the control 
group at both assessments and demonstrated no 
improvement across time. The investigators note 
that the analyses would have missed improvement 
occurring before the first assessment (i.e., 
an average of about 10 weeks of abstinence). 
However, persistence of deficits in cerebellar 
functions also has been demonstrated in other 
studies and in both men and women.38 To date, 
most studies on the recovery of alcohol effects on 
the cerebellum have been restricted to measures 
of stability and related outcomes. This focus is 
expected to expand with increasing appreciation 
of the cerebellum’s role in extended brain 
networks.39,40
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Research regarding initial deficits as well as 
recovery in social cognition is limited and has 
yielded mixed results,3 but recent work provides 
encouragement. For example, Erol and colleagues41 
observed improvements in emotion identification 
accuracy, with performance in people with AUD 
at 3 months of abstinence equivalent to that of 
control subjects. It is possible that improvement 
in emotion processing and social cognition may 
require more time than do more commonly 
investigated cognitive functions.

One limitation of these studies is that 
AUD-focused longitudinal examinations often 
assess participants only at two time points and 
typically within a relatively narrow time frame 
to minimize participant attrition and ensure 
study feasibility. This practice significantly 
constrains understanding of continued recovery 
and limits estimations of within-person 
heterogeneity, minimizing the opportunity to 
identify differential predictors and trajectories 
at the level of the individual. A study by Bates 
and colleagues42 provides a notable exception, 
revealing marked within-person heterogeneity 
and illustrating substantive challenges in 
predicting recovery trajectories.

Nicotine use, particularly chronic smoking, is 
common in people seeking treatment for AUD. 
Several studies have examined its potential 
role in exacerbating alcohol-related deficits. 
Durazzo and colleagues34 compared recovery 
trajectories across an 8-month assessment 
period in active smokers and nonsmokers with 
similar initial deficits. Whereas the nonsmokers 
demonstrated recovery of cognitive function, 
the active smokers retained measurable deficits 
on multiple measures. Age played a significant 
role in this relationship, with older active 
smokers evincing the least improvement over 
time.43 In a recent follow-up study, Durazzo and 
Meyerhoff44 compared people with AUD who 
were either never smokers (nvsALC), former 
smokers (fsALC), or active smokers (asALC) with 
a healthy control group. All participants were 
tested twice: The AUD groups were assessed at 
about 30 days of abstinence and again at about 8 

months of sustained abstinence, and the control 
group was tested and retested at a similar interval. 
In contrast to earlier work focusing on learning/
memory,34 the researchers administered a more 
comprehensive battery. Smoking status accounted 
for differential recovery across all neurocognitive 
domains, including executive functions (see 
Figure 1), with active smokers exhibiting the 
least recovery. 
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Figure 1 Effect of smoking status on recovery of 
executive functions during abstinence. Over 
an 8-month post-treatment period, individuals 
with alcohol use disorder (AUD) who never 
smoked evinced greater improvement in 
executive functions (as indicated by z-score) 
relative to all other groups. Active smokers 
showed no improvement between assessments, 
remaining inferior to controls and people who 
never smoked. The slight increase in the control 
group could be expected based on practice 
effects. Note: AP1: 33 ± 9 days abstinent; AP2: 
232 ± 56 days abstinent; CON: never-smoking 
controls; nvsALC: never-smoking individuals 
with AUD; fsALC: former smokers with AUD; 
asALC: active smokers with AUD. Source: 
Durazzo and Meyerhoff, 2020.44 Reprinted 
with permission from Elsevier Inc.
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Neurophysiological Change in Recovery
The degree to which brain electrophysiology 
improves with abstinence is variable and influenced 
by family history of AUD. For example, seminal 
studies showed that components of early sensory 
potentials, such as the brainstem auditory evoked 
response, exhibited improved morphology, 
shortened conduction times, and shorter latencies 
at 4 months of abstinence than at 1 month of 
abstinence.9 In contrast, amplitudes for the P3—a 
later component associated with context (target) 
processing, cognitive control, and feedback 
processing—remained dampened. Importantly, a 
family history of AUD accounted for much of the 
variability in P3 amplitude. Similar observations 
across numerous studies have led to the proposal that 
P3 aberrations, particularly blunted P3 amplitudes, 
constitute a possible AUD endophenotype.10,45,46

Using a cross-sectional design, Fein and 
colleagues47 investigated the effect of abstinence 
on neurobiological variables, comparing 
individuals with AUD who were long-term 
abstinent (abstinence ≥ 6 months, mean 
abstinence > 6 years) and community controls. 
The investigators examined the P160—an ERP 
component with demonstrated sensitivity to 
face processing and reaction time—using an 
emotional face expression task. In this task, 
individuals must select the emotion expressed 
by individually presented faces. The control 
task required identifying a neutral face as either 
male or female. Compared with the community 
controls, the long-term abstinent group 
demonstrated longer P160 latencies on both tasks 
and slower reaction times on the emotional face 
expression task only. The P160 effects remained 
significant even after accounting for reaction-time 
differences. In contrast to other work,9,10 family 
history of AUD did not influence outcomes in the 
current study. Also, no significant sex by group 
interactions were observed, a finding contrary to 
the common conclusion that men and women are 
differentially vulnerable.

Several studies have used resting state 
synchrony (RSS) in studies of recovery. RSS 
reflects the level of synchrony in activation and/
or deactivation within or across brain areas 

when an individual is not actively engaged in 
a neurocognitive task, i.e., at rest. Using RSS, 
Camchong and colleagues35,36 examined differences 
between short-term (mean = 73 days) and long-
term (mean = 7.9 years) abstinence as reflected in 
activation patterns within the executive control 
and reward processing networks. They found 
that, when compared to community controls and 
individuals with short-term abstinence, individuals 
with long-term abstinence displayed  significantly 
lower levels of RSS in the reward processing 
network than did either the short-term abstinent or 
community control groups. Individuals who had 
achieved short-term abstinence fell intermediate 
to the community and long-term participants, 
but did not differ significantly from the control 
participants. Longer abstinence was also associated 
with higher levels of RSS in the executive control 
network, although group comparisons indicated 
that only the contrast between the long-term and 
community groups was statistically different.

Alterations in processes underlying intentional 
behavior likely contribute to long-term outcomes. 
As previously described, the ERN is an indicator of 
effective performance monitoring. A recent cross-
sectional study examined the ERN in (a) actively 
drinking, non–treatment-seeking people with 
AUD; (b) individuals meeting criteria for remitted 
AUD using clinical criteria assessing drinking 
consequences and which do not require abstinence 
(mean = 2.8 years in remission); (c) individuals with 
a family history of AUD, but not having an AUD 
themselves; (d) people without histories of AUD 
who met criteria for non-psychotic disorders such 
as anxiety or depression; and (e) healthy controls.12 
In contrast to earlier reports indicating that AUD 
was associated with higher ERN amplitudes,48 
the actively drinking AUD group in this study 
produced significantly lower ERN amplitudes 
than each of the other groups, which did not differ 
among themselves (see Figure 2). Interestingly, 
there were no group differences in accuracy rate 
or reaction times for errors. Also, the study found 
no effect of a family history in the AUD groups, 
although prior work by Fein and Chang49 had 
indicated that an increased family-history density 
in people with AUD was associated with lower 
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ERN amplitude. Regardless of the direction of the 
alcohol effect or the possible role of a family history 
of AUD, these data implicate dysregulation in 

neural activity in detecting behavioral errors, which 
is a critical aspect of effective intentional behavior. 
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(C) healthy controls. (Left) Topographic maps of neural activity (error minus correct). (Right) Response-
locked event-related potential waveforms for correct trials, error trials, and difference waves (error-related 
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milliseconds. Source: Gorka et al., 2019.12 Reprinted with permission from Elsevier Inc.
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Structural Change in Recovery
Demirakca and colleagues50 studied change in gray 
and white matter in treatment-seeking men and 
women between 5 weeks and 3 months of post-
treatment abstinence. They found a significant 
reduction in cerebral spinal fluid (CSF), an indicator 
of ventricular enlargement and significant increases 
in gray matter volume, particularly in the insula 
and cingulate gyrus, for participants who sustained 
abstinence over the interim period. In contrast, 
participants who used alcohol, regardless of the 
amount, demonstrated no change. Unfortunately, 
the sample size was insufficient to address potential 
sex differences. Another study compared imaging 
analyses of treatment-seeking individuals with 
AUD and healthy controls on day 1 and day 
14 of treatment.51 The treatment group showed 
significant, but incomplete, recovery in gray matter 
volume even across the limited time frame, with 
the cingulate gyrus, temporal gyrus, parietal 
lobule, cerebellum, and precuneus exhibiting 
greater improvement than other areas examined. A 
preliminary examination of sex differences revealed 
no sex by group interactions, suggesting the absence 
of sex differences in the trajectory of this measure 
of brain recovery. 

Another longitudinal study examined structural 
changes over a 6-month period.29 Rather than 
using a binary classification of outcomes (i.e., 
sustained abstinence vs. return to alcohol use), 
the investigators quantified alcohol use across the 
study period. The analyses indicated an inverse 
relationship between consumption across the 6 
months and volume increases in diverse brain 
regions, including the cerebellar vermis, fusiform 
gyrus, striatum, and cingulate gyrus. The pattern 
of this association suggested that measurable brain 
volume improvement may be observed with low to 
moderate alcohol use after treatment, at least over 
this 6-month period. However, the small sample 
size dictates caution in broad generalization.

Employing longitudinal assessments of their 
sample, Meyerhoff, Durazzo, and colleagues 
conducted a series of analyses based on longitudinal 
assessment of individuals with AUD to address 
recovery trajectories. Imaging sessions at 1 week, 
1 month, and 7.5 months of sustained abstinence 

found substantive volume increases in the frontal, 
parietal, and occipital lobes as well as increases 
in the thalamus and cerebellum and a reduction in 
ventricular volumes.52 The recovery trajectories 
differed between gray and white matter. Regional 
lobar white matter showed a linear increase across 
the assessment period. In contrast, regional gray 
matter showed a nonlinear pattern, with most of the 
change occurring in the interval between 1 week 
and 1 month. Even with these increases, the AUD 
group had lower gray matter volumes than control 
subjects at the final assessment, with the exception 
of the frontal lobe. The analyses also identified 
an interaction of age and smoking, such that with 
increasing age, the recovery of total cortical and 
frontal gray matter in individuals who smoked was 
reduced compared with those who did not smoke. 
This pattern was consistent with the observed 
behavioral recovery. The sample was composed 
primarily of men (88% to 93%, depending on 
group), precluding study of sex differences. 

The researchers also used these data to 
examine differences between the AUD group 
and the control group, as well as over time, in 
brain regions representing core components of the 
executive control, salience, and emotion networks. 
These included the dorsal lateral prefrontal cortex 
(DLPFC), the anterior cingulate cortex (ACC), 
the orbitofrontal cortex (OFC), insula, amygdala, 
and hippocampus. The analyses determined that 
amygdala volumes were not compromised at 
any point in people with AUD. Also, at the final 
assessment, the volumes of the ACC, DLPFC, 
OFC, and insula were equivalent in the AUD and 
control groups, whereas hippocampal volume 
remained lower in the AUD group.53

A third analysis by this research group 
explored associations between initial compromise, 
improvement across time, and treatment outcomes. 
Comparisons of people with AUD who sustained 
abstinence versus those who relapsed over the 12 
months after treatment showed differences between 
controls and the two groups even at the initial 
assessment. People with AUD who eventually 
relapsed had smaller volumes in three times the 
number of regions (15/20) as did those who sustained 
abstinence (5/20). Moreover, among the relapse 
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group, greater gray matter increases during the early 
weeks of sobriety were associated with longer delays 
to relapse.28

Mueller and Meyerhoff27 also assessed loss in 
gray matter and gray matter connectivity within 
the extended brain reward system—that is, OFC, 
DLPFC, ACC, insula, striatum, thalami, 

hippocampi, and amygdala—and its connections 
with other networks. In longitudinal comparisons 
at about 1 month abstinent and 3 months later, they 
found significant resolution in individuals who had 
sustained abstinence while measures for those who 
had relapsed remained essentially unchanged (see 
Figure 3).
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Figure 3 Within-network and between-networks gray matter connectivity.  (Top) Images on the left show within-
extended brain reward system (eBRS) connectivity strength maps for controls (LD) and individuals who are 
initiating recovery and will either remain abstinent (ABST) or relapse (REL) across the assessment period at 
their original assessment (TP1=1 month abstinent). Images on the right reflect the degree of connectivity for 
the ABST and REL groups at TP2 (~ 3 months later). (Bottom) Images show between-networks connectivity 
strength maps for the LD group at TP1 as well as for the ABST and REL groups at TP1 (left) and TP2 (right). 
Note: Brighter colors and higher numbers on the color bars indicate regions of interest with relatively greater 
connectivity losses compared to the LD controls (i.e., less connectivity). Source: Mueller and Meyerhoff, 
2019.27 Copyright Society for the Study of Addiction. Reprinted with permission.
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Additionally, the research group examined 
potential genetic modulators of volumetric 
recovery.54 In a study of the Val66Met (rs6265) 
polymorphism in the brain-derived neurotrophic 
factor gene (BDNF), they found that between 
weeks 1 and 5 of abstinence, people homozygous 
for VAL exhibited increases primarily in gray 
matter volumes, while heterozygous people 
(VAL/MET genotype) showed volume increases 
predominately in white matter. However, the 
total volume was equivalent for both genotypes 
at each time point (Note that the sample 
included no individuals homozygous for MET). 
Neurocognitive improvement was associated 
with gray matter increases, but not white matter 
increases. The same polymorphism also was 
investigated as a modulator of hippocampal change 
and neurocognitive function across the first 8 
months of abstinence in people with AUD who 
were homozygous for VAL or carried the MET 
allele (MET hetero- or homozygous).55 Compared 
with control subjects without AUD, hippocampal 
volume was lower in the AUD groups at the initial 
assessment and remained so across all assessments. 
However, individuals homozygous for VAL were 
more likely to show hippocampal volume increases 
across the test interval. Contrary to other reports 
from this research group,44 smoking did not affect 
initial or recovery measures.

Neurochemical Change in Recovery
Reduction in neurochemical dysregulation has 
been examined in a relatively small body of work. 
Zahr and colleagues56 examined levels of NAA, 
Cho, CR, and glutamate in recently abstinent 
individuals with AUD (mean days abstinent = 19.6 
± 12.6) and control participants. NAA and Cho 
levels were inversely affected by pretreatment 
drinking variables. Of particular interest were 
findings showing that reduced levels of NAA in the 
thalamus were found mainly in individuals who 
would relapse in the 3 months following treatment.

Prisciandaro and colleagues57 examined 
changes in GABA, glutamate, and glutamine by 
conducting three magnetic resonance spectroscopy 
sessions across a 1-week monitored abstinence 

period (i.e., on days 1, 3, and 7) in non–treatment-
seeking individuals meeting criteria for an 
AUD. The participants reported an average of 
7.2 drinks/drinking day with an average of 7.8 
heavy drinking days (i.e., ≥ 5/4 drinks in a day for 
men/women, respectively) across the previous 2 
weeks. Outcomes showed a significant increase 
(i.e., normalization) of GABA between scans 1 
and 2, without subsequent additional change. 
In contrast to another report from this research 
group,25 changes in glutamate and glutamine were 
not robust. Age, which ranged from 21 to 40, did 
not impact outcomes. There were insufficient 
numbers of women to permit analysis by sex. 
The investigators concluded that the difference in 
outcomes across their studies may be related to 
sample differences in severity of AUD. 

Summary
The studies reviewed here offer significant insight 
regarding brain changes in AUD. Unfortunately, 
women constituted only a small percentage of the 
study samples, and thus sex differences cannot be 
adequately explored. Furthermore, much of the 
published research cited above derives from the 
efforts of a single research group, and the samples 
in the separate reports overlap substantially. 
Given the realities of human neuroimaging studies 
(i.e., subject costs, selection criteria, resource 
availability), sample overlap across investigations 
to ensure study efficiency is not unexpected. 
While this pattern does not detract from the 
potential import of the work, it demonstrates the 
need to replicate the work and expand the samples 
to allow for evaluation of sex effects. 

INTERVENTION STRATEGIES
An important next question is to what degree 
the neurobiological and neurobehavioral deficits 
associated with AUD can be impacted by active 
interventions. The following sections briefly 
introduce behavioral and pharmacologic strategies 
that may facilitate neurobiobehavioral recovery and 
improve long-term outcomes.2 Other approaches, 
including neuromodulation, are gaining 
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momentum as possible interventions for substance 
use disorders58 but will not be discussed. 

Cognitive Training/Rehabilitation
Examination of cognitive training in AUD 
has a long history, but few systematic studies 
were conducted until relatively recently.2,30 
Performance improvement across training tasks is 
referred to as “gains,” while the impact of training 
on additional (untrained) tasks constitutes 
“transfer of training.” Adaptive training protocols, 
which adjust to the skill level of the participant, 
are more efficacious in facilitating training 
gains and transfer of training, particularly to 
novel tasks reliant on the trained process (i.e., 
proximal transfer), than are nonadjusting training 
protocols.59 A key issue is the degree to which 
training transfers to performance on untrained 
processes (i.e., distal transfer). 

Several examinations applying multi-domain 
training paradigms reported training-dependent 
improvements across broad measures. Rupp 
and colleagues60 demonstrated improvements 
in attention and memory performance among 
treatment-seeking individuals with AUD. 
Improvements were observed in several 
cognitive measures, with multivariate analyses 
suggesting substantial transfer across tasks. 
Gamito and colleagues61 administered a web-
based training to individuals with AUD during 
inpatient treatment. Results suggested training-
associated improvements in composite scores 
on a battery of executive function tasks. Fals-
Stewart and Lam62 examined training effects in a 
6-month intervention program. Using a training 
battery engaging diverse neuropsychological 
domains, they observed transfer to an untrained 
neuropsychological battery.

In contrast to multi-domain training, 
contemporary studies often focus on single-
domain approaches. Jones and colleagues63 
investigated training with an inhibitory control 
task. Despite use of a stop-signal paradigm as 
both a training and outcome measure, they did 
not note training-associated improvements. 
Beyond that study, inhibitory control training 

remains relatively rare among AUD-focused 
training examinations, despite its relevance 
to abstinence maintenance. Other single-
domain training approaches have assessed 
memory improvement. Bell and colleagues64 
used a training protocol directed at increasing 
memory capacity among veterans with AUD. 
They detected training-associated transfer for 
untrained verbal memory and learning measures. 
Most of the recent alcohol-related training 
investigations have used working memory 
training. Gunn and colleagues65 observed 
proximal transfer on three of six nontrained 
working memory tasks, two of which continued 
to display improvement at a 1-month follow-up 
assessment. Khemiri and colleagues66 determined 
transfer in one verbal working memory task, 
but no improvement across several additional 
measures, including alternate working memory 
tasks. Similarly, Hendershot and colleagues67 
identified training-associated improvement 
in a digit span task, but not in three other 
working memory transfer measures. Snider 
and colleagues68 observed proximal transfer 
using a “functional” working memory task 
wherein participants followed a set of sequential 
object manipulation instructions. In addition 
to enhanced performance on a functional 
assessment, this study also noted gains in delay 
discounting. Although similar assessments of 
distal transfer remain rare, a recent pilot study 
suggested that incorporation of emotionally 
valent stimuli in working memory training may 
facilitate transfer to social cognition outcomes.69

Together, these investigations support 
assertions that cognitive training may be a useful 
tool to accelerate cognitive recovery in people 
with AUD. Proximal transfer has been observed 
across numerous training studies, while distal 
transfer has been less commonly examined 
and, when studied, inconsistently observed. 
If these interventions are to be effectively 
utilized, individual and methodological variables 
contributing to outcome heterogeneity must be 
systematically interrogated and defined. 
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Cognitive Enhancing Medication
Despite substantive efforts directed at drug 
development for AUD,70 improvement in alcohol-
associated cognitive deficits has received little 
consideration as a primary measure of efficacy. 
Among the FDA-approved medications for AUD, 
older studies found little impact of naltrexone, 
subtle decrements resulting from disulfiram, 
and some putative benefits associated with 
acamprosate.71 A comprehensive review of current 
AUD-focused drug development efforts is beyond 
the scope of this article. However, given their 
demonstrated potential to benefit brain function 
as evidenced by neurocognitive performance, 
potential glutamatergic and cholinergic AUD 
pharmacotherapeutics bear mention.

Glutamatergic medications
NMDA glutamate receptors (NMDARs) are 
integral to learning/memory function, alcohol 
cue salience, incentive motivation for alcohol 
use, and mediation of withdrawal-associated 
neurotoxicity.72 Memantine is an FDA-approved, 
noncompetitive NMDAR channel blocker that 
may improve AUD-associated outcomes.73 
In preclinical studies, memantine conferred 
neuroprotection from withdrawal-associated 
damage74 and ameliorated withdrawal-associated 
cognitive deficits.75 In clinical studies, memantine 
improved behavioral symptoms and cognitive 
deficits in alcohol-related dementia.76 However, 
a recent double-blind, placebo-controlled pilot 
study of treatment-seeking individuals with AUD 
demonstrated no cognitive benefit.77

Cholinergic medications
Neuronal nicotinic acetylcholine receptors 
(nAChRs) are activated by alcohol, facilitating 
mesolimbic dopamine release.78 Animal models 
indicate a substantive role of nAChRs in mediating 
both alcohol consumption and relapse behaviors. 
Taken together with the high prevalence of 
nicotine use in people with AUD, extant data 
suggest that nAChR agonists may be useful as 
putative pharmacotherapies for AUD.79 Varenicline 
is an nAChR agonist with FDA approval for 

supporting smoking cessation. Varenicline also 
reduces alcohol consumption among individuals 
with AUD.80 Roberts and McKee81 recently 
examined varenicline-associated cognitive 
alterations in people with AUD. One week of 
varenicline administration appeared sufficient to 
induce dose-dependent improvements in working 
memory performance and reaction time relative 
to placebo. At the highest varenicline dose, 
improvement in working memory performance 
was associated with larger reductions in alcohol 
consumption. Galantamine, an nAChR agonist and 
acetylcholinesterase inhibitor,82 appears to reduce 
relapse severity.83 Galantamine appears to improve 
sustained attention and working memory functions 
among abstinent individuals with psychostimulant 
use disorders;84 however, its cognitive effects in 
people with AUD have not been investigated.

Summary
It is possible that alcohol-related cognitive deficits 
can be mitigated by behavioral, pharmacologic, 
or combination therapies. The current body of 
research is insufficient to draw strong conclusions. 
Yet, evolving data indicate the promise of 
systematic research regarding a range of treatment 
alternatives, both separately and in combination. 
A critical part of this research must address the fact 
that extant data cannot fully answer the related 
question whether these interventions, if successful 
in improving cognition, impact long-term alcohol 
use patterns. Thus, the path forward requires a 
highly programmatic approach. 

CONCLUSIONS, LIMITATIONS, 
AND FUTURE DIRECTIONS
A large body of research has examined the 
persistence of alcohol-related neurobiological 
and behavioral compromise after detoxification. 
Encouraging data, acquired across decades of 
research, have revealed a reduction in impairment 
following the initiation of abstinence. Significant 
neurobehavioral improvement has been observed 
in the early weeks of abstinence, with some 
continuing recovery in later months. For some 
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measures, deficits are mitigated, but measurable 
compromise persists compared with healthy 
controls. Similar conclusions can be drawn 
regarding improvement in neurophysiological 
measures, brain volume, neurochemistry, 
white matter integrity, and brain network 
integration/activation. One of the most striking 
outcomes is the substantial research suggesting 
that improvement is contingent on sustained 
abstinence. Increased age frequently is associated 
with less effective recovery. Limited data 
are available regarding sex differences, with 
inconsistent results, and still fewer studies have 
considered the interaction of age and sex. Finally, 
it is important to keep in mind that adaptive 
behavior change may occur even in the absence 
of substantial structural or neurophysiological 
“recovery” compared with initial brain or behavior 
compromise. These adaptations may be mediated 
by the engagement of compensatory mechanisms/
processes, such as sacrificing response speed 
to enhance accuracy or engaging alternate or 
additional brain areas. This issue remains largely 
understudied in the context of AUD recovery.4 

One strength of current research is the ability 
to probe the interrelationships of structure 
and function. As shown in previous sections, 
developing science extends and clarifies earlier 
conclusions and affords the opportunity to 
disentangle neurobiobehavioral processes that may 
differentially contribute to improvement. These 
advances promote both scientific and clinical 
progress. For example, Galandra and colleagues23 
demonstrated that alcohol-related deficits in 
aspects of executive functions may be mediated 
by dysregulation in the salience network. Based 
on current understanding of the functions and 
underlying structure of the salience network, this 
finding is consistent with cognitive frameworks 
that emphasize failures in active ignoring as 
a core component of alcohol-related executive 
function deficits. Together, the neurobiological and 
behavioral data provide a rationale for the testable 
hypothesis that improving the ability to ignore 
irrelevant stimuli (i.e., enhancing active ignoring 
skills) may be a useful target for behavioral 

interventions. Similarly, existing research suggests 
that programmatic integration of cognitive 
training interventions and cognitive enhancing 
medications, as well as evolving technologies such 
as neuromodulation, may accelerate cognitive 
recovery and ultimately long-term outcomes. 

Despite the promise of existing data, there 
are notable limitations. First, although there are 
notable exceptions, post-treatment outcomes are 
often ascertained across a few weeks or months. 
Thus, long-term trajectories remain understudied. 
Second, the complexity of conducting systematic 
longitudinal studies is daunting. Thus, 
investigators must take full advantage of available 
data, resources, and volunteers. The result is that 
a limited sample may contribute to numerous, 
interdependent studies. Consequently, the findings 
from a body of work where the supporting studies 
are populated by overlapping samples may not be 
generalizable. Third, as noted in the introduction, 
individual differences are understudied. To the 
extent possible, this review has discussed the 
influence of age and sex. However, other less 
immediately obvious individual variables, such 
as nutritional status, also are pertinent,85 but 
were beyond the scope of this review. Finally, 
as summarized above, sustained abstinence was 
required to show improvement across many of 
these studies. Moreover, participants in the large 
majority of these studies were individuals seeking 
treatment, often in inpatient or intensive outpatient 
facilities and typically meeting criteria for more 
severe AUD. Thus, the findings described here 
do not address outcomes among individuals who 
meet criteria for AUD but who engage in non–
abstinence-based treatment or initiate recovery 
without employing formal treatment programs. 
A person’s selected pathway to recovery is, no 
doubt, influenced by significant environmental 
and individual variables that may, themselves, be 
associated with differential baseline compromise 
and recovery trajectories. Therefore, all efforts 
to advance science and practice must take 
into consideration alternative definitions of 
“recovery.”86



14Alcohol Research: Current Reviews Vol 40 No 3 | 2020

Acknowledgments 
Research reported in this publication was supported by the National 
Institute on Alcohol Abuse and Alcoholism of the National Institutes 
of Health under grant number R01AA025430. Further support was 
provided by grants K01AA026893 and U01DA041106. 

Financial Disclosures
The authors have no competing financial interests to disclose.

Publisher’s Note
Opinions expressed in contributed articles do not necessarily 
reflect the views of the National Institute on Alcohol Abuse and 
Alcoholism, National Institutes of Health. The U.S. government 
does not endorse or favor any specific commercial product or 
commodity. Any trade or proprietary names appearing in Alcohol 
Research: Current Reviews are used only because they are 
considered essential in the context of the studies reported herein. 
Unless otherwise noted in the text, all material appearing in this 
journal is in the public domain and may be reproduced without 
permission. Citation of the source is appreciated.

References
1. American Psychiatric Association (APA). Diagnostic and 

Statistical Manual of Mental Disorders. 5th ed. Washington, DC: 
APA; 2013.

2. Nixon SJ, Lewis B. Cognitive training as a component of 
treatment of alcohol use disorder: A review. Neuropsychology. 
2019;33(6):822-841. https://doi.org/10.1037/neu0000575.

3. Le Berre AP. Emotional processing and social cognition in 
alcohol use disorder. Neuropsychology. 2019;33(6):808-821. 
https://doi.org/10.1037/neu0000572.

4. Sullivan EV, Pfefferbaum A. Brain-behavior relations and effects 
of aging and common comorbidities in alcohol use disorder: 
A review. Neuropsychology. 2019;33(6):760-780. https://doi.
org/10.1037/neu0000557.

5. Le Berre AP, Fama R, Sullivan EV. Executive functions, memory, 
and social cognitive deficits and recovery in chronic alcoholism: 
A critical review to inform future research. Alcohol Clin Exp Res. 
2017;41(8):1432-1443. https://doi.org/10.1111/acer.13431.

6. Oscar-Berman M, Valmas MM, Sawyer KS, et al. Profiles of 
impaired, spared, and recovered neuropsychologic processes in 
alcoholism. Handb Clin Neurol. 2014;125:183-210. https://doi.
org/10.1016/b978-0-444-62619-6.00012-4.

7. Hoffman LA, Lewis B, Nixon SJ. Neurophysiological and 
interpersonal correlates of emotional face processing in alcohol 
use disorder. Alcohol Clin Exp Res. 2019;43(9):1928-1936. 
https://doi.org/10.1111/acer.14152.

8. Lewis B, Price JL, Garcia CC, et al. Emotional face processing 
among treatment-seeking individuals with alcohol use disorders: 
Investigating sex differences and relationships with interpersonal 
functioning. Alcohol Alcohol. 2019;54(4):361-369. https://doi.
org/10.1093/alcalc/agz010.

9. Porjesz B, Begleiter H. Neurophysiological factors associated 
with alcoholism. In: Hunt WA, Nixon SJ, eds. Alcohol-Induced 
Brain Damage. Rockville, MD: National Institutes of Health; 
1993:89-120.

10. Kamarajan C, Porjesz B. Advances in electrophysiological 
research. Alcohol Res. 2015;37(1):53-87. 

11. Gehring WJ, Goss B, Coles MG, et al. A neural system for error 
detection and compensation. Psychol Sci. 1993;4(6):385-390. 
https://doi.org/10.1111/j.1467-9280.1993.tb00586.x

12. Gorka SM, Lieberman L, Kreutzer KA, et al. Error-related 
neural activity and alcohol use disorder: Differences from risk 
to remission. Prog Neuropsychopharmacol Biol Psychiatry. 
2019;92:271-278. https://doi.org/10.1016/j.pnpbp.2019.01.011.

13. Zhao Q, Pfefferbaum A, Podhajsky S, et al. Accelerated aging 
and motor control deficits are related to regional deformation of 
central cerebellar white matter in alcohol use disorder. Addict 
Biol. 2020;25(3):e12746. https://doi.org/10.1111/adb.12746.

14. Zahr NM, Pfefferbaum A. Alcohol’s effects on the brain: 
Neuroimaging results in humans and animal models. Alcohol 
Res. 2017;38(2):183-206. 

15. Nixon SJ, Prather R, Lewis B. Sex differences in alcohol-
related neurobehavioral consequences. Handb Clin Neurol. 
2014;125:253-272. https://doi.org/10.1016/b978-0-444-62619-
6.00016-1.

16. Sullivan EV, Zahr NM, Sassoon SA, et al. The role of aging, drug 
dependence, and hepatitis C comorbidity in alcoholism cortical 
compromise. JAMA Psychiatry. 2018;75(5):474-483. https://doi.
org/10.1001/jamapsychiatry.2018.0021.

17. Crespi C, Galandra C, Canessa N, et al. Microstructural damage 
of white-matter tracts connecting large-scale networks is 
related to impaired executive profile in alcohol use disorder. 
Neuroimage Clin. 2020;25:102141. https://doi.org/10.1016/j.
nicl.2019.102141.

18. Pandey AK, Ardekani BA, Kamarajan C, et al. Lower prefrontal 
and hippocampal volume and diffusion tensor imaging 
differences reflect structural and functional abnormalities in 
abstinent individuals with alcohol use disorder. Alcohol Clin Exp 
Res. 2018;42(10):1883-1896. https://doi.org/10.1111/acer.13854.

19. Sorg SF, Squeglia LM, Taylor MJ, et al. Effects of aging on 
frontal white matter microstructure in alcohol use disorder 
and associations with processing speed. J Stud Alcohol Drugs. 
2015;76(2):296-306. https://doi.org/10.15288/jsad.2015.76.296.

20. Koob GF, Volkow ND. Neurobiology of addiction: A 
neurocircuitry analysis. Lancet Psychiatry. 2016;3(8):760-773. 
https://doi.org/10.1016/s2215-0366(16)00104-8.

21. Zhang R, Volkow ND. Brain default-mode network dysfunction 
in addiction. Neuroimage. 2019;200:313-331. https://doi.
org/10.1016/j.neuroimage.2019.06.036.

22. Cofresí RU, Bartholow BD, Piasecki TM. Evidence for 
incentive salience sensitization as a pathway to alcohol use 
disorder. Neurosci Biobehav Rev. 2019;107:897-926. https://doi.
org/10.1016/j.neubiorev.2019.10.009.

23. Galandra C, Basso G, Manera M, et al. Salience network 
structural integrity predicts executive impairment in alcohol use 
disorders. Sci Rep. 2018;8(1):14481. https://doi.org/10.1038/
s41598-018-32828-x.

24. de Souza RSM, Rosa M Jr, Rodrigues TM, et al. Lower choline 
rate in the left prefrontal cortex is associated with higher 
amount of alcohol use in alcohol use disorder. Front Psychiatry. 
2018;9:563. https://doi.org/10.3389/fpsyt.2018.00563.

25. Prisciandaro JJ, Schacht JP, Prescot AP, et al. Brain glutamate, 
GABA, and glutamine levels and associations with recent 
drinking in treatment-naive individuals with alcohol use disorder 
versus light drinkers. Alcohol Clin Exp Res. 2019;43(2):221-226. 
https://doi.org/10.1111/acer.13931.

26. Meyerhoff DJ. Brain proton magnetic resonance spectroscopy 
of alcohol use disorders. Handb Clin Neurol. 2014;125:313-337. 
https://doi.org/10.1016/b978-0-444-62619-6.00019-7.

27. Mueller SG, Meyerhoff DJ. The gray matter structural 
connectome and its relationship to alcohol relapse: Reconnecting 
for recovery. Addict Biol. 2019:e12860. https://doi.org/10.1111/
adb.12860.

https://doi.org/10.1037/neu0000575
https://doi.org/10.1037/neu0000572
https://doi.org/10.1037/neu0000557
https://doi.org/10.1037/neu0000557
https://doi.org/10.1111/acer.13431
https://doi.org/10.1016/b978-0-444-62619-6.00012-4
https://doi.org/10.1016/b978-0-444-62619-6.00012-4
https://doi.org/10.1111/acer.14152
https://doi.org/10.1093/alcalc/agz010
https://doi.org/10.1093/alcalc/agz010
https://doi.org/10.1111/j.1467-9280.1993.tb00586.x
https://doi.org/10.1016/j.pnpbp.2019.01.011
https://doi.org/10.1111/adb.12746
https://doi.org/10.1016/b978-0-444-62619-6.00016-1
https://doi.org/10.1016/b978-0-444-62619-6.00016-1
https://doi.org/10.1001/jamapsychiatry.2018.0021
https://doi.org/10.1001/jamapsychiatry.2018.0021
https://doi.org/10.1016/j.nicl.2019.102141
https://doi.org/10.1016/j.nicl.2019.102141
https://doi.org/10.1111/acer.13854
https://doi.org/10.15288/jsad.2015.76.296
https://doi.org/10.1016/s2215-0366(16)00104-8
https://doi.org/10.1016/j.neuroimage.2019.06.036
https://doi.org/10.1016/j.neuroimage.2019.06.036
https://doi.org/10.1016/j.neubiorev.2019.10.009
https://doi.org/10.1016/j.neubiorev.2019.10.009
https://doi.org/10.1038/s41598-018-32828-x
https://doi.org/10.1038/s41598-018-32828-x
https://doi.org/10.3389/fpsyt.2018.00563
https://doi.org/10.1111/acer.13931
https://doi.org/10.1016/b978-0-444-62619-6.00019-7
https://doi.org/10.1111/adb.12860
https://doi.org/10.1111/adb.12860


15Alcohol Research: Current Reviews Vol 40 No 3 | 2020

28. Durazzo TC, Meyerhoff DJ. Changes of frontal cortical 
subregion volumes in alcohol dependent individuals during early 
abstinence: Associations with treatment outcome. Brain Imaging 
Behav. 2019. https://doi.org/10.1007/s11682-019-00089-5.

29. Segobin SH, Chételat G, Le Berre AP, et al. Relationship 
between brain volumetric changes and interim drinking at six 
months in alcohol-dependent patients. Alcohol Clin Exp Res. 
2014;38(3):739-748. https://doi.org/10.1111/acer.12300.

30. Bates ME, Buckman JF, Nguyen TT. A role for cognitive 
rehabilitation in increasing the effectiveness of treatment for 
alcohol use disorders. Neuropsychol Rev. 2013;23(1):27-47. 
https://doi.org/10.1007/s11065-013-9228-3.

31. Stavro K, Pelletier J, Potvin S. Widespread and sustained 
cognitive deficits in alcoholism: A meta-analysis. Addict 
Biol. 2013;18(2):203-213. https://doi.org/10.1111/j.1369-
1600.2011.00418.x.

32. Petit G, Luminet O, Cordovil de Sousa Uva M, et al. 
Differential spontaneous recovery across cognitive abilities 
during detoxification period in alcohol-dependence. PLoS 
One. 2017;12(8):e0176638. https://doi.org/10.1371/journal.
pone.0176638.

33. Cordovil De Sousa Uva M, Luminet O, Cortesi M, et al. Distinct 
effects of protracted withdrawal on affect, craving, selective 
attention and executive functions among alcohol-dependent 
patients. Alcohol Alcohol. 2010;45(3):241-246. https://doi.
org/10.1093/alcalc/agq012.

34. Durazzo TC, Pennington DL, Schmidt TP, et al. Effects of 
cigarette smoking history on neurocognitive recovery over 8 
months of abstinence in alcohol-dependent individuals. Alcohol 
Clin Exp Res. 2014;38(11):2816-2825. https://doi.org/10.1111/
acer.12552.

35. Camchong J, Stenger A, Fein G. Resting-state synchrony in long-
term abstinent alcoholics. Alcohol Clin Exp Res. 2013;37(1):75-
85. https://doi.org/10.1111/j.1530-0277.2012.01859.x.

36. Camchong J, Stenger VA, Fein G. Resting-state synchrony in 
short-term versus long-term abstinent alcoholics. Alcohol Clin 
Exp Res. 2013;37(5):794-803. https://doi.org/10.1111/acer.12037.

37. Fein G, Greenstein D. Gait and balance deficits in chronic 
alcoholics: No improvement from 10 weeks through 1 year 
abstinence. Alcohol Clin Exp Res. 2013;37(1):86-95. https://doi.
org/10.1111/j.1530-0277.2012.01851.x.

38. Vassar RL, Rose J. Motor systems and postural instability. Handb 
Clin Neurol. 2014;125:237-251. https://doi.org/10.1016/b978-0-
444-62619-6.00015-x.

39. Sullivan EV, Zahr NM, Saranathan M, et al. Convergence of 
three parcellation approaches demonstrating cerebellar lobule 
volume deficits in alcohol use disorder. Neuroimage Clin. 
2019;24:101974. https://doi.org/10.1016/j.nicl.2019.101974.

40. Zahr NM, Pfefferbaum A, Sullivan EV. Perspectives on 
fronto-fugal circuitry from human imaging of alcohol use 
disorders. Neuropharmacology. 2017;122:189-200. https://doi.
org/10.1016/j.neuropharm.2017.01.018.

41. Erol A, Akyalcin Kirdok A, Zorlu N, et al. Empathy, and its 
relationship with cognitive and emotional functions in alcohol 
dependency. Nord J Psychiatry. 2017;71(3):205-209. https://doi.
org/10.1080/08039488.2016.1263683.

42. Bates ME, Buckman JF, Voelbel GT, et al. The mean and the 
individual: Integrating variable-centered and person-centered 
analyses of cognitive recovery in patients with substance use 
disorders. Front Psychiatry. 2013;4:177. https://doi.org/10.3389/
fpsyt.2013.00177.

43. Durazzo TC, Pennington DL, Schmidt TP, et al. Neurocognition 
in 1-month-abstinent treatment-seeking alcohol-dependent 
individuals: Interactive effects of age and chronic cigarette 
smoking. Alcohol Clin Exp Res. 2013;37(10):1794-1803. https://
doi.org/10.1111/acer.12140.

44. Durazzo TC, Meyerhoff DJ. Cigarette smoking history is 
associated with poorer recovery in multiple neurocognitive 
domains following treatment for an alcohol use disorder. Alcohol. 
2020;85:135-143. https://doi.org/10.1016/j.alcohol.2019.12.003.

45. Pandey G, Seay MJ, Meyers JL, et al. Density and dichotomous 
family history measures of alcohol use disorder as predictors of 
behavioral and neural phenotypes: A comparative study across 
gender and race/ethnicity. Alcohol Clin Exp Res. 2020;44(3):697-
710. https://doi.org/10.1111/acer.14280.

46. Harper J, Malone SM, Iacono WG. Conflict-related medial 
frontal theta as an endophenotype for alcohol use disorder. 
Biol Psychol. 2018;139:25-38. https://doi.org/10.1016/j.
biopsycho.2018.10.002.

47. Fein G, Key K, Szymanski MD. ERP and RT delays in long-term 
abstinent alcoholics in processing of emotional facial expressions 
during gender and emotion categorization tasks. Alcohol Clin 
Exp Res. 2010;34(7):1127-1139. https://doi.org/10.1111/j.1530-
0277.2010.01189.x.

48. Padilla ML, Colrain IM, Sullivan EV, et al. Electrophysiological 
evidence of enhanced performance monitoring in recently 
abstinent alcoholic men. Psychopharmacology (Berl). 
2011;213(1):81-91. https://doi.org/10.1007/s00213-010-2018-1.

49. Fein G, Chang M. Smaller feedback ERN amplitudes during the 
BART are associated with a greater family history density of 
alcohol problems in treatment-naïve alcoholics. Drug Alcohol 
Depend. 2008;92(1-3):141-148. https://doi.org/10.1016/j.
drugalcdep.2007.07.017. 

50. Demirakca T, Ende G, Kämmerer N, et al. Effects of alcoholism 
and continued abstinence on brain volumes in both genders. 
Alcohol Clin Exp Res. 2011;35(9):1678-1685. https://doi.
org/10.1111/j.1530-0277.2011.01514.x.

51. van Eijk J, Demirakca T, Frischknecht U, et al. Rapid partial 
regeneration of brain volume during the first 14 days of 
abstinence from alcohol. Alcohol Clin Exp Res. 2013;37(1):67-
74. https://doi.org/10.1111/j.1530-0277.2012.01853.x.

52. Durazzo TC, Mon A, Gazdzinski S, et al. Serial longitudinal 
magnetic resonance imaging data indicate non-linear regional 
gray matter volume recovery in abstinent alcohol-dependent 
individuals. Addict Biol. 2015;20(5):956-967. https://doi.
org/10.1111/adb.12180.

53. Zou X, Durazzo TC, Meyerhoff DJ. Regional brain volume 
changes in alcohol-dependent individuals during short-term and 
long-term abstinence. Alcohol Clin Exp Res. 2018;42(6):1062-
1072. https://doi.org/10.1111/acer.13757.

54. Mon A, Durazzo TC, Gazdzinski S, et al. Brain-derived 
neurotrophic factor genotype is associated with brain gray and 
white matter tissue volumes recovery in abstinent alcohol-
dependent individuals. Genes Brain Behav. 2013;12(1):98-107. 
https://doi.org/10.1111/j.1601-183x.2012.00854.x.

55. Hoefer ME, Pennington DL, Durazzo TC, et al. Genetic and 
behavioral determinants of hippocampal volume recovery during 
abstinence from alcohol. Alcohol. 2014;48(7):631-638. https://
doi.org/10.1016/j.alcohol.2014.08.007.

56. Zahr NM, Carr RA, Rohlfing T, et al. Brain metabolite levels 
in recently sober individuals with alcohol use disorder: 
Relation to drinking variables and relapse. Psychiatry Res 
Neuroimaging. 2016;250:42-49. https://doi.org/10.1016/j.
pscychresns.2016.01.015.

57. Prisciandaro JJ, Schacht JP, Prescot AP, et al. Intraindividual 
changes in brain GABA, glutamate, and glutamine during 
monitored abstinence from alcohol in treatment-naive individuals 
with alcohol use disorder. Addict Biol. 2019:e12810. https://doi.
org/10.1111/adb.12810.

https://doi.org/10.1007/s11682-019-00089-5
https://doi.org/10.1111/acer.12300
https://doi.org/10.1007/s11065-013-9228-3
https://doi.org/10.1111/j.1369-1600.2011.00418.x
https://doi.org/10.1111/j.1369-1600.2011.00418.x
https://doi.org/10.1371/journal.pone.0176638
https://doi.org/10.1371/journal.pone.0176638
https://doi.org/10.1093/alcalc/agq012
https://doi.org/10.1093/alcalc/agq012
https://doi.org/10.1111/acer.12552
https://doi.org/10.1111/acer.12552
https://doi.org/10.1111/j.1530-0277.2012.01859.x
https://doi.org/10.1111/acer.12037
https://doi.org/10.1111/j.1530-0277.2012.01851.x
https://doi.org/10.1111/j.1530-0277.2012.01851.x
https://doi.org/10.1016/j.nicl.2019.101974
https://doi.org/10.1016/j.neuropharm.2017.01.018
https://doi.org/10.1016/j.neuropharm.2017.01.018
https://doi.org/10.1080/08039488.2016.1263683
https://doi.org/10.1080/08039488.2016.1263683
https://doi.org/10.3389/fpsyt.2013.00177
https://doi.org/10.3389/fpsyt.2013.00177
https://doi.org/10.1111/acer.12140
https://doi.org/10.1111/acer.12140
https://doi.org/10.1016/j.alcohol.2019.12.003
https://doi.org/10.1111/acer.14280
https://doi.org/10.1016/j.biopsycho.2018.10.002
https://doi.org/10.1016/j.biopsycho.2018.10.002
https://doi.org/10.1111/j.1530-0277.2010.01189.x
https://doi.org/10.1111/j.1530-0277.2010.01189.x
https://doi.org/10.1007/s00213-010-2018-1
https://doi.org/10.1016/j.drugalcdep.2007.07.017
https://doi.org/10.1016/j.drugalcdep.2007.07.017
https://doi.org/10.1111/j.1530-0277.2011.01514.x
https://doi.org/10.1111/j.1530-0277.2011.01514.x
https://doi.org/10.1111/j.1530-0277.2012.01853.x
https://doi.org/10.1111/adb.12180
https://doi.org/10.1111/adb.12180
https://doi.org/10.1111/acer.13757
https://doi.org/10.1111/j.1601-183x.2012.00854.x
https://doi.org/10.1016/j.alcohol.2014.08.007
https://doi.org/10.1016/j.alcohol.2014.08.007
https://doi.org/10.1016/j.pscychresns.2016.01.015
https://doi.org/10.1016/j.pscychresns.2016.01.015
https://doi.org/10.1111/adb.12810
https://doi.org/10.1111/adb.12810


16Alcohol Research: Current Reviews Vol 40 No 3 | 2020

58. Sahlem GL, Caruso MA, Short EB, et al. A case series exploring 
the effect of twenty sessions of repetitive transcranial magnetic 
stimulation (rTMS) on cannabis use and craving. Brain Stimul. 
2020;13(1):265-266. https://doi.org/10.1016/j.brs.2019.09.014.

59. Constantinidis C, Klingberg T. The neuroscience of 
working memory capacity and training. Nat Rev Neurosci. 
2016;17(7):438-449. https://doi.org/10.1038/nrn.2016.43.

60. Rupp CI, Kemmler G, Kurz M, et al. Cognitive remediation 
therapy during treatment for alcohol dependence. J Stud 
Alcohol Drugs. 2012;73(4):625-634. https://doi.org/10.15288/
jsad.2012.73.625.

61. Gamito P, Oliveira J, Lopes P, et al. Executive functioning 
in alcoholics following an mHealth cognitive stimulation 
program: Randomized controlled trial. J Med Internet Res. 
2014;16(4):e102. https://doi.org/10.2196/jmir.2923.

62. Fals-Stewart W, Lam WK. Computer-assisted cognitive 
rehabilitation for the treatment of patients with substance use 
disorders: A randomized clinical trial. Exp Clin Psychopharmacol. 
2010;18(1):87-98. https://doi.org/10.1037/a0018058.

63. Jones A, McGrath E, Robinson E, et al. A randomized controlled 
trial of inhibitory control training for the reduction of alcohol 
consumption in problem drinkers. J Consult Clin Psychol. 
2018;86(12):991-1004. https://doi.org/10.1037/ccp0000312.

64. Bell MD, Vissicchio NA, Weinstein AJ. Cognitive training and 
work therapy for the treatment of verbal learning and memory 
deficits in veterans with alcohol use disorders. J Dual Diagn.
2016;12(1):83-89. https://doi.org/10.1080/15504263.2016.1145
779.

65. Gunn RL, Gerst KR, Wiemers EA, et al. Predictors of effective 
working memory training in individuals with alcohol use 
disorders. Alcohol Clin Exp Res. 2018;42(12):2432-2441. https://
doi.org/10.1111/acer.13892.

66. Khemiri L, Brynte C, Stunkel A, et al. Working memory training 
in alcohol use disorder: A randomized controlled trial. Alcohol 
Clin Exp Res. 2019;43(1):135-146. https://doi.org/10.1111/
acer.13910.

67. Hendershot CS, Wardell JD, Vandervoort J, et al. Randomized 
trial of working memory training as an adjunct to inpatient 
substance use disorder treatment. Psychol Addict Behav. 
2018;32(8):861-872. https://doi.org/10.1037/adb0000415.

68. Snider SE, Deshpande HU, Lisinski JM, et al. Working memory 
training improves alcohol users’ episodic future thinking: 
A rate-dependent analysis. Biol Psychiatry Cogn Neurosci 
Neuroimaging. 2018;3(2):160-167. https://doi.org/10.1016/j.
bpsc.2017.11.002.

69. Nixon SJ, Lewis B. A pilot study examining working memory 
cognitive training during treatment: Feasibility and preliminary 
outcomes contrasting emotional and neutral multimodal stimuli. 
Presented at: American College of Neuropsychopharmacology; 
December 8-11, 2019; Orlando, FL.

70. Kranzler HR, Soyka M. Diagnosis and pharmacotherapy of 
alcohol use disorder: A review. JAMA. 2018;320(8):815-824.
https://doi.org/10.1001/jama.2018.11406.

71. Koob GF, Mason BJ, De Witte P, et al. Potential neuroprotective 
effects of acamprosate. Alcohol Clin Exp Res. 2002;26(4):586-
592. https://doi.org/10.1111/j.1530-0277.2002.tb02578.x.

72. Krystal JH, D’Souza DC, Mathalon D, et al. NMDA 
receptor antagonist effects, cortical glutamatergic function, 
and schizophrenia: Toward a paradigm shift in medication 
development. Psychopharmacology (Berl). 2003;169(3-4):215-
233. https://doi.org/10.1007/s00213-003-1582-z.

73. Krupitsky EM, Neznanova O, Masalov D, et al. Effect of 
memantine on cue-induced alcohol craving in recovering 
alcohol-dependent patients. Am J Psychiatry. 2007;164(3):519-
523. https://doi.org/10.1176/ajp.2007.164.3.519.

74. Stepanyan TD, Farook JM, Kowalski A, et al. Alcohol 
withdrawal-induced hippocampal neurotoxicity in vitro and 
seizures in vivo are both reduced by memantine. Alcohol Clin 
Exp Res. 2008;32(12):2128-2135. https://doi.org/10.1111/j.1530-
0277.2008.00801.x.

75. Idrus NM, McGough NN, Riley EP, et al. Administration of 
memantine during withdrawal mitigates overactivity and spatial 
learning impairments associated with neonatal alcohol exposure 
in rats. Alcohol Clin Exp Res. 2014;38(2):529-537. https://doi.
org/10.1111/acer.12259.

76. Cheon Y, Park J, Joe KH, et al. The effect of 12-week 
open-label memantine treatment on cognitive function 
improvement in patients with alcohol-related dementia. Int 
J Neuropsychopharmacol. 2008;11(7):971-983. https://doi.
org/10.1017/s1461145708008663.

77. Lewis B, Merlo L, Greene W, et al. Randomized trial to
assess safety/feasibility of memantine administration during 
residential treatment for alcohol use disorder: A pilot study. J
Addict Dis. 2020;38(2):91-99. https://doi.org/10.1080/1055088
7.2020.1721404.

78. Blomqvist O, Engel JA, Nissbrandt H, et al. The mesolimbic 
dopamine-activating properties of ethanol are antagonized by 
mecamylamine. Eur J Pharmacol. 1993;249(2):207-213. https://
doi.org/10.1016/0014-2999(93)90434-j.

79. Chatterjee S, Bartlett SE. Neuronal nicotinic acetylcholine 
receptors as pharmacotherapeutic targets for the treatment 
of alcohol use disorders. CNS Neurol Disord Drug Targets.
2010;9(1):60-76. https://doi.org/10.2174/187152710790966597.

80. Verplaetse TL, Pittman BP, Shi JM, et al. Effect of varenicline 
combined with high-dose alcohol on craving, subjective 
intoxication, perceptual motor response, and executive cognitive 
function in adults with alcohol use disorders: Preliminary 
findings. Alcohol Clin Exp Res. 2016;40(7):1567-1576. https://
doi.org/10.1111/acer.13110.

81. Roberts W, McKee SA. Effects of varenicline on cognitive 
performance in heavy drinkers: Dose-response effects 
and associations with drinking outcomes. Exp Clin 
Psychopharmacol. 2018;26(1):49-57. https://doi.org/10.1037/
pha0000161.

82. Schilström B, Ivanov VB, Wiker C, et al. Galantamine 
enhances dopaminergic neurotransmission in vivo via 
allosteric potentiation of nicotinic acetylcholine receptors. 
Neuropsychopharmacology. 2007;32(1):43-53. https://doi.
org/10.1038/sj.npp.1301087.

83. Mann K, Ackermann K, Diehl A, et al. Galantamine: A 
cholinergic patch in the treatment of alcoholism: A randomized, 
placebo-controlled trial. Psychopharmacology (Berl). 
2006;184(1):115-121. https://doi.org/10.1007/s00213-005-0243-
9.

84. DeVito EE, Carroll KM, Babuscio T, et al. Randomized placebo-
controlled trial of galantamine in individuals with cocaine use 
disorder. J Subst Abuse Treat. 2019;107:29-37. https://doi.
org/10.1016/j.jsat.2019.08.009.

85. Fama R, Le Berre AP, Hardcastle C, et al. Neurological,
nutritional and alcohol consumption factors underlie cognitive 
and motor deficits in chronic alcoholism. Addict Biol. 
2019;24(2):290-302. https://doi.org/10.1111/adb.12584.

86. Kelly JF, Greene MC, Bergman BG. Beyond abstinence: 
Changes in indices of quality of life with time in recovery in a 
nationally representative sample of U.S. adults. Alcohol Clin Exp 
Res. 2018;42(4):770-780. https://doi.org/10.1111/acer.13604.

https://doi.org/10.1016/j.brs.2019.09.014
https://doi.org/10.1038/nrn.2016.43
https://doi.org/10.15288/jsad.2012.73.625
https://doi.org/10.15288/jsad.2012.73.625
https://doi.org/10.2196/jmir.2923
https://doi.org/10.1037/a0018058
https://doi.org/10.1037/ccp0000312
https://doi.org/10.1080/15504263.2016.1145779
https://doi.org/10.1080/15504263.2016.1145779
https://doi.org/10.1111/acer.13892
https://doi.org/10.1111/acer.13892
https://doi.org/10.1111/acer.13910
https://doi.org/10.1111/acer.13910
https://doi.org/10.1037/adb0000415
https://doi.org/10.1016/j.bpsc.2017.11.002
https://doi.org/10.1016/j.bpsc.2017.11.002
https://doi.org/10.1001/jama.2018.11406
https://doi.org/10.1111/j.1530-0277.2002.tb02578.x
https://doi.org/10.1007/s00213-003-1582-z
https://doi.org/10.1176/ajp.2007.164.3.519
https://doi.org/10.1111/j.1530-0277.2008.00801.x
https://doi.org/10.1111/j.1530-0277.2008.00801.x
https://doi.org/10.1111/acer.12259
https://doi.org/10.1111/acer.12259
https://doi.org/10.1017/s1461145708008663
https://doi.org/10.1017/s1461145708008663
https://doi.org/10.1080/10550887.2020.1721404
https://doi.org/10.1080/10550887.2020.1721404
https://doi.org/10.1016/0014-2999(93)90434-j
https://doi.org/10.1016/0014-2999(93)90434-j
https://doi.org/10.2174/187152710790966597
https://doi.org/10.1111/acer.13110
https://doi.org/10.1111/acer.13110
https://doi.org/10.1037/pha0000161
https://doi.org/10.1037/pha0000161
https://doi.org/10.1038/sj.npp.1301087
https://doi.org/10.1038/sj.npp.1301087
https://doi.org/10.1007/s00213-005-0243-9
https://doi.org/10.1007/s00213-005-0243-9
https://doi.org/10.1016/j.jsat.2019.08.009
https://doi.org/10.1016/j.jsat.2019.08.009
https://doi.org/10.1111/adb.12584
https://doi.org/10.1111/acer.13604

	Brain Structure and Function in recovery
	Introduction
	Brief Overview of Alcohol-Related Sequelae
	Neurobehavior
	Neurophysiology
	Brain Structure
	Neurochemistry
	Summary

	Effects of Recovery
	Neurobehavioral Change in Recovery
	Neurophysiological Change in Recovery
	Structural Change in Recovery
	Neurochemical Change in Recovery
	Summary

	Intervention Strategies
	Cognitive Training/Rehabilitation
	Cognitive Enhancing Medication
	Glutamatergic medications
	Cholinergic medications

	Summary

	Conclusions, Limitations, and Future Directions
	Acknowledgments
	Financial Disclosures
	Publisher’s Note
	References




