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Abstract

Cogpnitive control refers to the internal representation, maintenance, and updating of context
information in the service of exerting control over thoughts and behavior. Deficits in cognitive
control likely contribute to difficulty in maintaining abstinence in individuals with alcohol use
disorders (AUD). In this article, we define three cognitive control processes in detail (response
inhibition, distractor interference control, and working memory), review the tasks measuring
performance in these areas, and summarize the brain networks involved in carrying out these
processes. Next, we review evidence of deficits in these processes in AUD, including both metrics
of task performance and functional neuroimaging. Finally, we explore the clinical relevance of
these deficits by identifying predictors of clinical outcome and markers that appear to change
(improve) with treatment. We observe that individuals with AUD experience deficits in some, but
not all, metrics of cognitive control. Deficits in cognitive control may predict clinical outcome in
AUD, but more work is necessary to replicate findings. It is likely that performance on tasks
requiring cognitive control improves with abstinence, and with some psychosocial and medication
treatments. Future work should clarify which aspects of cognitive control are most important to
target during treatment of AUD.

"Corresponding author: cewilcox@salud.unm.edu.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wilcox et al. Page 2

Keywords

alcohol dependence; alcohol use disorder; cognitive control; functional MRI; inhibition; working
memory

Introduction

Alcohol use disorders (AUD) are characterized by a persistent desire or unsuccessful efforts
to cut back or control alcohol use, and continued use despite negative physical,
psychological, occupational, or social consequences (DSM-V). Maladaptive choices around
alcohol use are understood to be mediated by impairments in brain function, and in
particular in circuits underlying motivation, working memory, attention, performance
monitoring, learning, and decision making (Baler and VVolkow, 2006).

Addiction involves associative learning of unhealthy habitual drug-seeking behaviors that
become progressively more and more reflexive with repeated use (Robinson and Berridge,
2003). Over time, the semiautomatic stimulus-driven (e.g., drug-cue-triggered) habitual
behaviors become less and less amenable to cognitive interference (Robinson and Berridge,
2003; Everitt and Robbins, 2005; Baler and VVolkow, 2006). Addiction has been described as
a disorder with two components: (i) an overwhelming impulsive and compulsive ‘drive’
toward drug alcohol consumption (often accompanied by the subjective experience of
craving, and the desire to relieve the distress of craving); (ii) an inability to *hit the brakes’,
or inhibit drug or alcohol consumption (Baler and Volkow, 2006; Crews and Boettiger,
2009; Koob and Volkow, 2009; Camchong et al., 2013). In the neuroimaging literature,
these two components also correspond to (i) increased involvement of regions that mediate
appetitive drive within ‘bottom-up’ (or stimulus-driven) networks and (ii) reduced
involvement of regions that mediate cognitive control, within * top-down * networks
(Ridderinkhof et al., 2004a; Everitt and Robbins, 2005; Li et al., 2009; Camchong et al.,
2013). An imbalance in these circuits is believed to contribute to maladaptive decision
making around drug or alcohol use and relapse. The second component, cognitive control,
will be the focus of this article.

Cognitive control refers to the internal representation, maintenance, and updating of context
information in the service of exerting control over thoughts and behavior (Braver and Barch,
2002). It refers to the subset of executive functions that guide a behavior toward or away
from a particular task, optimizing adaptive decision making by setting goals and inhibiting
habitual acts (Braver and Barch, 2002; Ridderinkhof et al., 2004b). An emerging view
considers impaired cognitive control as both a determinant and a consequence of addictive
behaviors (Dalley et al., 2011). Brain regions implicated in cognitive control include the
dorsolateral prefrontal cortex (DLPFC), lateral orbitofrontal cortex (OFC), anterior cingulate
cortex (ACC)/paracingulate cortex, pre-supplementary motor area (pre-SMA), parietal
cortex (superior and inferior lobes), dorsal striatum, and thalamus (Ridderinkhof et al.,
20044a,b; Dosenbach et al., 2008; Crews and Boettiger, 2009; Feil et al., 2010; Crowe et al.,
2013).
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The functional integrity of these regions is critical for addicted individuals to inhibit relapse
behaviors (Crews and Boettiger, 2009; Feil et al., 2010; Volkow et al., 2013). Equally
important for self-control in the context of interoceptive or external cues triggering craving
are connections between these networks and with limbic and other motivational circuits
(likely comprising the ventral striatum, amygdala, and hippocampus, for example)
regulating goal-directed behavior (Baler and Volkow, 2006; Volkow et al., 2013).

In this article, we summarize the literature on the role of impairments in cognitive control in
perpetuating AUD, with our underlying objective to determine which aspects, if any, might
best be targets of future treatment approaches. To do so, first we will provide the reader with
some background and some context for the cognitive processes on which we will be
focusing our review. Then, we will define the three subgroups of cognitive control processes
that we have chosen to focus on in our review, and the tasks that can be used to measure
these processes, namely (i) response inhibition [e.g., Go No-Go (GNG), Stop-signal, and
Continuous Performance tasks (CPT)], (ii) distractor interference control (e.g., Stroop,
flanker, Simon and Hayling tasks), and (iii) working memory (e.g., n-back, alpha-span,
WAIS letter-number sequencing, and digit-ordering tasks). We will spend some time
reviewing the neural circuitry involved in these processes, and the similarities and
differences between these subgroups. We will then review how performance on these tasks
and the integrity of the brain circuits and brain functions driving these processes differ
between AUD patients and healthy controls. Finally, we will identify the evidence for how
impairments in these processes may be important (especially in the context of relapse) in
AUD, reviewing to what degree these impairments either predict outcomes or moderate
treatment effects, and what interventions and treatments for AUD might produce
improvements in cognitive control. Finally, we will review the implications this information
has for future studies of treatment for AUD, both with medications and psychosocial
interventions.

While this article focuses on cognitive control, there are a variety of important cognitive and
psychological processes that may contribute to maladaptive decision making in AUD that
we will not discuss extensively. For example, individuals with AUD demonstrate deficits in
processing speed, facial recognition, learning, memory, social cognition, and emotion
regulation (Blume et al., 2005; Rupp et al., 2006; Pitel et al., 2007; Heffernan, 2008;
Uekermann and Daum, 2008; Kopera et al., 2012; Montgomery et al., 2012; Noel et al.,
2012; Thoma et al., 2013). In addition, impairments in executive functions (other than the
cognitive control processes we will be focusing on), such as attention, visuospatial abilities,
decision making, abstract thinking, rule acquisition, rule shifting, flexibility, planning,
verbal fluency, and initiation of goal-directed behavior, have been demonstrated (Brown et
al., 2000; Sullivan et al., 2000b; Ratti et al., 2002; Sullivan et al., 2002; Blume et al., 2005;
Goudriaan et al., 2006; Rupp et al., 2006; Chanraud et al., 2007; de Wit, 2009; Kopera et al.,
2012; Montgomery et al., 2012; Noel et al., 2012; Wollenweber et al., 2012; Thoma et al.,
2013). Two domains even more directly related to cognitive control are error monitoring
(Ridderinkhof et al., 2004b; Mayer et al., 2011) and oculomotor inhibition (Weafer et al.,
2011; Noel et al., 2013), which we will not be covering in any detail in this article either.
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‘Impulsivity’ is a commonly used term in both everyday speech and in clinical settings,
referring to a variety of processes as they relate to a wide range of psychiatric diagnoses.
However, it is a multidimensional construct for which there is little consensus on its
definition (Congdon and Canli, 2005; de Wit, 2009; Dick et al., 2009; Dalley et al., 2011).
For example, this term is used to refer to a variety of behaviors, including responding before
instructions are given or completed, responding without considering all options, inability to
refrain from responding to an inappropriate stimulus, acting without considering the full set
of consequences and without forethought or planning, risky decision making/risk taking,
urgency (both positive and negative), impatience, carelessness, difficulty paying attention,
novelty seeking, pleasure seeking, greater reward sensitivity, an underestimated sense of
harm, lack of perseverance, impairments in time estimation, impairments in learning from
negative consequences or punishment, and extroversion (Patton et al., 1995; Whiteside and
Lynam, 2003; Congdon and Canli, 2005; Crews and Boettiger, 2009; Dick et al., 2009;
Dalley et al., 2011; Weafer et al., 2011). Impulsivity also refers to the concept of
overvaluing short-term rewards and undervaluing greater long-term rewards, showing
impairments in delaying gratification, and delay discounting (Kirby and Petry, 2004; Crews
and Boettiger, 2009; de Wit, 2009; Dalley et al., 2011). Although scores on self-report scales
and performance on tasks measuring many of these components of impulsivity may indeed
have clinical relevance in distinguishing individuals with AUD from controls and predicting
outcomes (Mitchell et al., 2005; Dalley et al., 2011), not all of these components are all
related to one another, nor are they necessarily related to inhibition or cognitive control (de
Wit, 2009; Broos et al., 2012). Because we feel the term impulsivity is overinclusive for the
purposes of the goals for this review, we chose to focus our review by including only studies
incorporating tasks designed to directly measure cognitive control (in particular response
inhibition, distractor interference control, and working memory) and studies using the
Barratt Impulsivity Scale (BIS). The BIS is a scale that has three subscales measuring
cognitive impulsiveness (making quick decisions), motor impulsiveness (acting without
thinking), and non-planning impulsiveness (lack of forethought), and scores on this scale
appear to correlate with performance on tasks of response inhibition (reviewed in the next
section); however, it does not directly measure constructs such as extroversion, sensation
seeking, or delay discounting (Patton et al., 1995). We excluded studies focused more on
delay discounting and studies using scales measuring facets of impulsivity less directly
related to cognitive control.

That said, our decisions about which measures to include versus exclude from this review
were made somewhat arbitrarily, and are based on insufficient evidence. We alert the reader
to the fact that the degree to which impairments in the domains mentioned in the preceding
two paragraphs, and the ones on which we are focusing in our review are overlapping or
separate from one another has not been determined in many cases. For example,
performance during tasks such as the GNG task (a response inhibition task) may be
correlated with novelty seeking (Fallgatter et al., 1998) and memory may be correlated with
flexibility and response inhibition (Noel et al., 2012) in AUD. While meta-analytic
approaches can tease apart both commonalities and distinctions among the circuitries
underlying these processes (Niendam et al., 2012), further combinations of individual
neuroimaging and neuropsychological testing need to be done to better understand how
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these processes, and impairments in these processes in neuropsychiatric disease states,
cluster together or separate out from one another.

In addition, there is a wide literature supporting the fact that dysfunctional cognitive control
is both a potential risk factor for (Saunders et al., 2008; Silveri et al., 2011; Mackiewicz
Seghete et al., 2013) or a potential consequence of (Pfefferbaum et al., 1998) AUD. In this
article, exploring “‘which came first * and the relationships of family history of inhibitory
control and genetics will not be a focus. Rather, we will emphasize the nature of the deficits
in cognitive control in individuals who have already developed AUD, with our goal to
establish ways that this information can be used to improve available treatments.

We now move on to discuss in more detail the relevant three cognitive control processes of
interest for this review: response inhibition, distractor interference control, and working
memory.

Cognitive control processes of interest

Response inhibition

Response inhibition is also known as inhibitory control or behavioral inhibition, and it
requires attention, the ability to inhibit a prepotent response, action restraint, and action
cancellation (Congdon and Canli, 2005). Tasks that measure the integrity of these systems
include Stop-signal tasks (SST) (on which reaction time and errors of commission are used
as markers of deficient performance), and CPT or GNG (on which errors of commission in
particular are used as markers of deficient performance). These tasks are similar in that they
require the individual to withhold from following through on an otherwise reflexive action
(Nigg, 2000; Bjork et al., 2004; Congdon and Canli, 2005).

These tasks also differ from one another in subtle ways. In the case of the GNG paradigms,
‘Go’ stimuli are presented more frequently than * No-Go * stimuli. Therefore, neural
response to a No-Go stimulus may involve activation of attentional processes involved in
detecting infrequent stimuli, in addition to processes mediating behavioral inhibition. A CPT
tests both the ability to perform a repetitive task and to inhibit prepotent responses. The CPT
can be presented as high demand, where errors of commission are important, and in this case
it is like the GNG task; however, there are also low-demand versions of the CPT where the
ratios are reversed, the target is rare, and it is sustained attention that is put to the test
(Conners, 2000). In a SST, by contrast, a ‘Stop’ signal appears after the onset of a ‘Go’
signal on a subset of trials, requiring the participant to interrupt a response to the Go signal
that has already been triggered, and the primary dependent measure is the Stop-signal
reaction time (SSRT) (Rubia et al., 2001, 2003; Congdon and Canli, 2005). Although some
claim the SST is, by its design, believed to invoke more inhibitory control processes than the
GNG task (Rubia et al., 2001, 2003; Congdon and Canli, 2005), others argue that it may
actually be measuring a slightly different process. The GNG and CPT may be measuring
‘action restraint” processes (or stopping the movement before it starts), whereas the SST gets
more at ‘action cancellation * processes (or the modulation of already initiated behaviors)
(Eagle et al., 2008; Rogers et al., 2010). In fact, one review concluded that manipulation of
serotonergic neurotransmission affected GNG but not SST (as measured by SSRT)
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performance (Eagle et al., 2008), implying that these tasks are testing two different
processes.

Finally, the BIS (mentioned above) deserves mention (Patton et al., 1995), as scores on this
measure appear to correlate with performance on tasks of response inhibition in many cases.
For example, total BIS score was found, in 504 participants, to be correlated with errors on
the GNG, but not with Stroop interference scores (using a German color-word version) or
SSRT (Aichert et al., 2012). In another work, the total score on the BIS and on the motor
subscale and cognitive subscales were found to be significantly correlated with impaired
GNG performance, and the non-planning subscale was correlated with ‘Log Beta’ on the D-
Prime CPT (a measure of the tendency to tolerate higher commission error rate in pursuit of
higher hit rate), whereas Stroop interference was not associated with BIS (Keilp et al.,
2005). In a third study, the BIS total score was correlated with both GNG errors of
commission and errors in the setting of conflict (which involved having to do something
opposite of what the examiner is doing repeatedly), whereas the BIS motor subscale score
correlated significantly with errors of commission, and the BIS cognitive subscale score was
associated with conflict scores (Spinella, 2004). A fourth study showed that although there
was no correlation between BIS score and performance on a GNG task, there was a negative
correlation between BIS motor score and right DLPFC activation during inhibition relative
to non-inhibition trials of a GNG task during fMRI (Asahi et al., 2004). However, in recent
work, using principal components, BIS (using the three subscales but not the total score) and
response inhibition (as measured by SSRT and the ratio of commission errors to correct
detections on a CPT, specifically an immediate and delayed memory task) loaded on
different factors, indicating that BIS may not always be measuring the same process as tasks
of response inhibition (Broos et al., 2012). We still felt it useful to include BIS in this article,
as it is probably the self-report scale with the most evidence for some association with
cognitive control, and in particular with response inhibition.

Distractor interference control

Distractor interference control involves resolving response conflict (Ridderinkhof et al.,
2004b), and it classically involves resolving stimulus incompatibility, processing conflicting
information, and carrying out a response that competes with the prepotent, or ‘natural’
response (Roberts and Hall, 2008; Dick et al., 2009). These tasks require intact response
inhibition processes, but also require intact selective attention networks, and are more
complex than pure response inhibition tasks, as they require carrying out competing
responses (e.g., suppressing a response in favor of ‘alternative stimulus-response mapping”)
rather than just withholding a prepotent one (Nigg, 2000; Roberts and Hall, 2008).

Tasks used to measure interference control processes include the Stroop (Golden, 1976),
Simon, flanker (Roberts and Hall, 2008), and Hayling tasks (Burgess and Shallice, 1996;
Noel et al., 2012, 2013). In a task of interference control, there are generally trials where the
distractor encourages the same response as the target (congruent) and other trials where the
distractor encourages a different response as the target (incongruent), and performance is
often measured as a difference measure between congruent and incongruent trials. One of
the most commonly known tasks, the color-word Stroop task, requires individuals to say the
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color that a word is written in, while ignoring what the word itself spells (also a color). The
main performance measure of interest in the color-word Stroop is either an accuracy
measure, or an ‘interference score’, which is a measure of the speed of performance during
the interference condition, relative to a non-interference condition such as reading the color
that a series of Xs are written in (Stroop, 1935; Treisman and Fearnley, 1969; Golden, 1976;
Nigg, 2000). The Hayling task, testing similar processes, involves inhibiting a tendency to
finish a sentence with a natural ending that makes sense, and instead inserting a nonsense
word at the end of a sentence. In this task, the time it takes to insert the nonsense word
relative to finishing a sentence with a word that makes sense is used as a marker of
performance (Burgess and Shallice, 1996; Noel et al., 2012, 2013). Another series of Stroop
tasks are growing in number, including the emotional Stroop (threat words) and the drug
Stroop (Nigg, 2000; Hester et al., 2006), and indicate the potential involvement of limbic
systems in moderating interference control, which may have particular relevance in
addictive disorders. The Erikson flanker task also has low conflict and high conflict trials,
with the high conflict trials either requiring individuals to identify one letter out of two
different letters (each written in a different target color) or requiring individuals to press a
button corresponding to a letter on the opposite side of the screen as the response hand.
Low-conflict trials use the same letters, or require a button press corresponding to a letter on
the same side of the screen as the response hand (Padilla et al., 2011). The Simon task is also
a classic task that tests for reaction times to incongruent versus congruent stimuli, although
we found no studies investigating performance on this task in AUD, and therefore will not
describe it further.

Working memory

The third category is that of working memory. Although somewhat ill defined, it has been
said to refer to the functionally opposing computations of (i) ‘on-line’ stabilization of task-
relevant representations and (ii) flexible updating of those representations in response to
novel information (Cools and D’Esposito, 2011). Although working memory is classically
considered to refer to the system that buffers information that may become relevant for
future behavior, tasks testing working memory often also require an intact supervisory
system, requiring inhibitory control (response inhibition) and error correction (Hildebrandt
et al., 2004). The degree to which response inhibition and working memory are separate
processes or part of one system is still an area of debate (Braver and Barch, 2002; Friedman
and Miyake, 2004; Hildebrandt et al., 2004; Cools and D” Esposito, 2011; Noel et al., 2013).
However, most working memory tasks indeed generally require intact inhibitory functions,
as might be tested in response inhibition or distractor interference control, such as
suppression of unwanted thoughts, and resistance to intrusion of external and internal
distractors (Nigg, 2000; Braver and Barch, 2002; Friedman and Miyake, 2004; Hildebrandt
et al., 2004; Cools and D ’Esposito, 2011). Moreover, they usually require an ability to resist
memory intrusions from information that was previously relevant to the task but has since
become irrelevant, dubbed ‘resistance to proactive interference’, which may be a different
process from response inhibition and distractor interference control (Friedman and Miyake,
2004; Noel et al., 2013). In addition, most of the working memory tasks test the integrity of
memory systems and executive functions such as flexibility and complex reasoning, holding
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multiple pieces of transitory information in the mind, and the ability to focus or switch
attention (Nigg, 2000; Braver and Barch, 2002; Hildebrandt et al., 2004).

There are several tasks that test working memory. During the WAIS letter-number
sequencing test, the examiner presents combinations of two to nine letters and numbers. The
subject is asked to repeat the numbers in ascending order and then the letters in alphabetical
order (Wechsler, 1981). In the alpha-span task, the subject is asked to repeat word sequences
by direct recall and alphabetical recall and these two conditions are compared to assess the
subject’s performance (Belleville et al., 1998). During the WAIS digit-ordering task, the
subject is asked to recall digit sequences both forward and backward and the score is the
difference between the digit span forward and backward (Joos et al., 2013b). The delay
alternation task requires the subject to decide under which picture the target is lying based
on a specific alternating pattern that the subject would have ideally learned, over time, in
previous trials (Ambrose et al., 2001). The Sternberg task is a verbal, numeric, or spatial
working memory task. In the verbal version, subjects are asked to remember various letters,
and then they are shown a letter on a screen, and press a button if the letter matches a
remembered letter (Desmond et al., 2003). During a computation span task, subjects solve a
series of math problems and are asked to recall the second digit of each answer in order,
while the number of problems increases (Montgomery et al., 2012). The self-ordered
pointing task is a visuospatial working memory task in which subjects are presented with a
series of cards with 6— 12 abstract designs that are positioned differently on each card. The
subjects are then asked to point to a different design on each card and they are scored based
on number of errors (Goudriaan et al., 2006). Finally, the n-back test is a measure of
complex working memory that is largely free of the effects of differences in vocabulary
ability (Quinette et al., 2003; Pitel et al., 2007; Noel et al., 2012). During the n-back task, the
subject is presented with a sequence of stimuli, and the task consists of indicating when the
current stimulus matches the one from n steps earlier in the sequence. The load factor n can
be adjusted to make the task more or less difficult (Quinette et al., 2003; Pitel et al., 2007,
Noel et al., 2012). The proactive interference component of working memory has been
tested by the Brown-Peterson task and the cued recall task (Kane and Engle, 2000; Noel et
al., 2013). During the Brown-Peterson and cued recall tasks, the subject is asked to recall
lists of words or individual words, portions that are subject to interference (because they are,
for example, from a similar category as a previously read list), whereas others are not
subject to such interference (Kane and Engle, 2000; Noel et al., 2013).

Brain circuitry of cognitive control

General cognitive control brain circuitry

The large-scale brain circuitry mediating cognitive control has been studied extensively. The
prefrontal cortex (PFC) is defined as the area that receives projections from the medial
dorsal thalamus, and includes the DLPFC, the medial PFC (MPFC; includes the ACC and
pre-SMA), and the orbitofrontal cortex (Bonelli and Cummings, 2007; Crews and Boettiger,
2009). The MPFC plays a significant role in the evaluative component of decision making.
For example, the rostral and dorsal ACC and pre-SMA are critical for response conflict and
feedback or error monitoring (Garavan et al., 2002; Ridderinkhof et al., 2004a,b; Crews and
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Boettiger, 2009; Mayer et al., 2011). The MPFC and ACC are also critical for motivation
(Bonelli and Cummings, 2007; Crews and Boettiger, 2009). The MPFC projects to the
lateral PFC, and the to ventral striatum, which then projects to multiple brain regions for
additional influence on behavioral output (Ridderinkhof et al., 2004a,b; Bonelli and
Cummings, 2007; Crews and Boettiger, 2009). The DLPFC is more involved in regulative
or inhibitory processes, and is believed to be essential to draw attention to important factors
and to actively select or inhibit goals (Ridderinkhof et al., 2004a,b; Crews and Boettiger,
2009). Along with the regulative ventrolateral PFC (VLPFC) (Ridderinkhof et al., 2004a,b),
the DLPFC projects to areas involved in motor planning and action adjustment (SMA motor
cortex, dorsal striatum, and thalamus) (Ridderinkhof et al., 2004a,b), as well as to the
parietal cortex (which plays a significant role in adaptation of behavior and rule shifting
during cognitive control) (Dosenbach et al., 2008; Crowe et al., 2013). The OFC plays a
combined evaluative and regulative role, in that it responds to outcomes but also signals
outcome expectancies (Schoenbaum et al., 2009). In particular, the lateral OFC responds to
negative reinforcers (influencing future action) and may play a particular role in inhibition,
whereas the medial OFC responds to positive reinforcers and rewards, and, therefore, may
be more involved in signaling positive outcome expectancies (Kringelbach, 2005; Bonelli
and Cummings, 2007; Elliott et al., 2010). The cerebellum and its extensive circuitry also
support these prefrontal circuits during cognitive control (Sullivan and Pfefferbaum, 2005;
Schmahmann, 2010). A recent meta-analysis of 193 published studies of ‘executive
function’ found that the common regions for cognitive control included not only the frontal
cortex regions such as the DLPFC and ACC, but also the superior and inferior parietal lobes,
precuneus, and pre-central gyrus (Niendam et al., 2012).

Some effort has been undertaken to identify the roles played by the different
neurotransmitter systems during cognitive control. In particular, much attention has been
given to the influence of dopamine (DA), and it has been observed that performance (e.g.,
on working memory tasks) is quite sensitive to changes in PFC DA levels. It is believed that
there is an optimal DA level in the PFC that follows an “inverted U’ pattern, such that too
little or too much DA is associated with impaired performance (Cools and Robbins, 2004;
Arnsten, 2009; Cools and D’Esposito, 2011). DA also enhances signal-to-noise ratio and
could thereby influence the salience of particular stimuli, and the likelihood that an action
will be taken, or not taken, depending on the strength of transmitted signal (Bilder et al.,
2004; Goto and Grace, 2005). Similarly, PFC noradrenaline (NA) fine tunes cognitive
control (Arnsten, 2009). In fact, similar to the case for DA, there is an optimal NA level in
the PFC in which the relationship between performance and cognitive function follows an
“inverted U * pattern (Arnsten, 2009). Both DA and NA are released during stress, which
could further provide a mechanism by which the environment and emotional state influence
decision making and the ability to inhibit a reflexive action (Arnsten, 2009). Similarly,
serotonin (Eagle et al., 2008; Arnsten, 2009) may play an important role in cognitive
control, as evidenced by studies showing that serotonergic stimulation may lead to decreased
PFC neuronal firing during a cognitive control task, as may the balance between GABA and
glutamate systems that fine tune prefrontal cortical neuronal firing (Arnsten, 2009).

Both overlapping and separate circuits may be responsible for the three categories of
cognitive control we are addressing in this article (response inhibition, distractor
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interference control, and working memory). While the Niendam et al. (2012) meta-analysis
mentioned previously distinguished inhibition, flexibility, and working memory components
in their studies of cognitive control, the authors conflated inhibition and distractor
interference control into one domain, combining GNG with Simon, flanker, and Stroop
studies, and thus does not completely serve our purposes (Niendam et al., 2012). Although
more work needs to be done to determine the relative involvement of the different circuits in
the three different processes, perhaps through future neuroimaging meta-analyses, we felt it
useful to review in a general way how these processes are currently understood to both
overlap and differ from one another at the circuit level.

Response inhibition brain circuitry

Response inhibition tasks commonly activate many of the regions involved in cognitive
control in general. In particular, these tasks tend to activate bilateral DLPFC, VLPFC (BA
44/45), inferior parietal lobe, MPFC (ACC/pre-SMA), SMA, dorsal striatum, and thalamus,
although activation in cortical areas tends to be more extensive and reliably seen on the right
compared with the left during these tasks (Braver et al., 2001; Rubia et al., 2003; Asahi et
al., 2004; Ridderinkhof et al., 2004a; Congdon and Canli, 2005; Nakata et al., 2008; Roberts
and Hall, 2008). The right VLPFC in particular may be most specific to response inhibition,
relative to the other brain regions (Congdon and Canli, 2005). Even more specifically, the
right VLPFC may be especially important in the process of action cancellation (Aron et al.,
2003, 2004; Chambers et al., 2006; Chevrier et al., 2007; Schachar et al., 2007), as
demonstrated by studies showing a more right lateralized pattern for the SST, as opposed to
the GNG task, which is associated with more left DLPFC activation (Rubia et al., 2001;
Congdon and Canli, 2005).

Distractor interference control brain circuitry

Although tasks of distractor interference control classically activate many of the same brain
networks mediating response inhibition mentioned above (Nigg, 2000; Roberts and Hall,
2008), there are some differences, and, not surprisingly given the higher complexity of the
tasks, more widespread brain activation is generally seen. During these tasks, studies
generally report activation in the bilateral ACC, DLPFC, VLPFC, anterior insula, pre-SMA,
SMA, motor cortex, and parietal lobes (Nigg, 2000; Gruber et al., 2002; Ridderinkhof et al.,
2004a; Marsh et al., 2006; Roberts and Hall, 2008; Mayer et al., 2011), without evidence of
the same degree of right lateralization as is seen in most studies using tasks of response
inhibition.

Working memory brain circuitry

Working memory tasks are classically thought to invoke DLPFC, more reliably and
extensively than the other two aforementioned categories of tasks. In addition to the other
functions mentioned, the DLPFC is believed to play a key role in actively holding
representations of either emotional objects or other task-relevant information in awareness
(Smith and Jonides, 1999; Dosenbach et al., 2008). However, this more extensive activation
of the DLPFC during working memory tasks relative to the other tasks may be related to the
fact that working memory tasks are more complex and abstract. Some theories posit that
there is a hierarchy of representations such that the DLPFC may be involved in more
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abstract goal representations, whereas the VLPFC (which is often activated during tasks of
response inhibition, for example) may play a greater role in concrete goal representations
(Badre, 2008). In addition, it is not surprising, given the complexity of most working
memory tasks, that most of the other regions involved in response inhibition and distractor
interference control, such as the MPFC, parietal cortex, ACC, striatum, thalamus, and insula,
are also often activated during working memory tasks (Smith and Jonides, 1999; Badre,
2008; Dosenbach et al., 2008).

Individuals with AUD compared with controls

Self-report and neuropsychological testing

Having established the cognitive processes of greatest interest for this review, and the tests
that we feel most adequately represent these processes, we now move on to review the
studies that investigate differences in cognitive control in individuals with AUD compared
with controls. First, it is worth mentioning that scores on the BIS appear to be higher in
individuals with AUD compared with controls in adolescents (Soloff et al., 2000) and adults
(Bjork et al., 2004; Mitchell et al., 2005; Chen et al., 2007; Rubio et al., 2008), indicating, in
a general sense, that individuals with AUD probably have some impairments in cognitive
control.

More specifically, performance on tasks of response inhibition has been demonstrated to be
impaired in individuals with AUD compared with controls in most studies. Using a Go-No-
Go task during measurement of event related potentials (ERP), one study demonstrated no
differences in reaction time and no increases in * No-Go’ errors, but significant increases in
total Go and No-Go errors in individuals with AUD compared with controls (Kamarajan et
al., 2005). In addition, greater numbers of errors of commission on a GNG have been found
to be related to greater drinking quantities in social drinkers (Weafer et al., 2011).
Individuals with AUD (Goudriaan et al., 2006; Maurage et al., 2011; Joos et al., 2013b) and
heavy drinkers (Rubio et al., 2008) have demonstrated increased SSRT compared with
controls in a number of studies. Although one study did not see a significant difference in
errors of commission or omission on one version of the CPT in heavy drinkers versus
controls, a trend was observed (p=0.059) (Rubio et al., 2008), and increased errors of
commission and faster response latencies on a CPT have been demonstrated in individuals
with AUD compared with controls in another work (Bjork et al., 2004). Moreover, increased
errors of commission on a CPT in adolescent psychiatry individuals with AUD compared
with controls have been observed (Pogge et al., 1992). Finally, in a task designed to test
working memory, flexibility, and inhibition at the same time (named “an alternate response
task”), individuals with AUD demonstrated impaired inhibition with normal working
memory (Hildebrandt et al., 2004).

Individuals with AUD have also demonstrated impairments in performance on tasks testing
distractor interference control compared with controls. Group differences have been perhaps
slightly less reliably seen compared with response inhibition tasks, as some studies have
shown no group differences on speed-related Stroop interference scores (Noel et al., 2001;
Tapert et al., 2001; Chanraud et al., 2007; Pitel et al., 2009) and performance on the Erikson
flanker task (Padilla et al., 2011) and others have only shown a trend (Ratti et al., 2002).
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However, many studies have demonstrated that individuals with AUD perform more poorly
than controls. For example, compared with controls, individuals with AUD show higher
interference scores (Dao-Castellana et al., 1998; Goudriaan et al., 2006; Pitel et al., 2007)
and number of errors (Dao-Castellana et al., 1998; Tedstone and Coyle, 2004; Noel et al.,
2012). Individuals with both bipolar disorder and AUD had higher Stroop interference
scores compared with controls (no bipolar disorder and no AUD), whereas there were no
significant differences between individuals with bipolar disorder without AUD and controls
(Sanchez-Moreno et al., 2009). Individuals with AUD have also been found to be slower in
response inhibition on the Hayling task given more related words (errors of commission)
(Noel et al., 2001, 2012, 2013).

Finally, individuals with AUD show impairments on tasks of working memory, but these
impairments are even less consistent than impairments seen in the other categories.
However, some studies have shown that individuals with AUD perform more poorly than
controls. Poor performance has been demonstrated on an n-back task (Pitel et al., 2007,
2009) and on a spatial working memory task (Kopera et al., 2012) in individuals with AUD
versus controls. Additionally, on an alpha-span task, AUD patients performed more poorly
than controls on alphabetical compared with direct recall, indicating poor ability to
manipulate information (Noel et al., 2001, 2012). Moreover, poorer performance on a delay
alternation task has been demonstrated in individuals with AUD, which worsens with greater
load (Ambrose et al., 2001). Finally, WAIS letter-number sequencing has also been shown
to be impaired in individuals with AUD versus controls (Chanraud et al., 2007; Thoma et al.,
2013). By contrast, a number of studies comparing individuals with AUD to controls have
not shown a group effect. For example, using a computation span task where heavy social
drinkers were compared with light social drinkers, there was no significant group difference
in computation span (Montgomery et al., 2012). In a two-back task (Hildebrandt et al., 2004)
or an n-back task (Brokate et al., 2003; Noel et al., 2013), there was no evidence of group
differences or evidence of a change in group differences with increases in load. Finally, a
composite measure including a number of working memory tasks (WAIS digit span
backward, visuospatial working memory task) showed no group differences (Goudriaan et
al., 2006).

We have discussed ways in which impairments in cognitive control might theoretically be
contributing to persistent relapse. We have defined and discussed specific cognitive control
constructs, and the neurobiology and neuroanatomy of the healthy performance of tasks
requiring cognitive control. We have discussed how individuals with AUD differ from
controls in performance on a variety of tasks mediating cognitive control. Now, we will
consider how particular brain changes in AUD may be mediating the aforementioned
performance problems.

Anatomical and functional brain changes in cognitive control networks

In vivo structural neuroimaging studies in AUD have confirmed the presence of brain
volume loss, including gray matter in the frontal lobes, insula, basal ganglia (thalamus,
caudate, putamen), temporal lobes, brainstem, cerebellum, and hippocampus (Harper and
Matsumoto, 2005; Sullivan and Pfefferbaum, 2005; Chanraud et al., 2007). Larger ventricles
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and brain tissue volume loss correlate with the amounts of alcohol consumed (Ding et al.,
2004). The notion of compromised fronto-cortico-cerebellar functional networks in AUD
appears to be a well-replicated construct, and there is evidence that deficits in a variety of
executive functions, and in particular in performance on tasks of cognitive control, are
associated with volume loss in the frontal, cerebellar, and subcortical (striatum and
thalamus) regions, in particular (Sullivan, 2003; Scheurich, 2005; Chanraud et al., 2007).

Abnormalities in metabolites (n-acetylaspartate and choline) using proton magnetic
resonance spectroscopy, cerebral blood flow using single photon emission computed
tomography, perfusion weighted MRI, and metabolism using PET have been consistently
demonstrated in AUD, especially in the frontal areas (Adams et al., 1993; Nicolas et al.,
1993; Moselhy et al., 2001; Parks et al., 2002; Clark et al., 2007). Furthermore, mediofrontal
hypometabolism was associated with interference time, and dorsolateral prefrontal
hypometabolism correlated with the number of errors in both individuals with AUD and
controls on a Stroop task (Dao-Castellana et al., 1998). Animal studies suggest that volume
loss and metabolite changes in these areas may be related to direct alcohol toxicity on
neurons that cause neuronal cell death and prevent neuronal proliferation and neurogenesis
and decrease dendritic branching (e.g., direct alcohol neurotoxicity) (Crews and Nixon,
2009).

Excessive alcohol consumption can adversely affect white matter fibers, thereby disrupting
transmission of information between brain sites, which is important because executive
control likely requires intact connectivity between regions (Chanraud et al., 2009;
Pfefferbaum et al., 2010; Schulte et al., 2010). Alcohol toxicity may cause changes in
myelination and axonal integrity and dendritic neuropil function (Harper, 1998; Sullivan and
Pfefferbaum, 2005). Abnormalities in posterior cingulum fibers (Schulte et al., 2012), the
genu, and splenium (Sullivan and Pfefferbaum, 2005) have been measured in AUD, as have
a relationship between working memory scores and diffusivity in the genu (Sullivan and
Pfefferbaum, 2005).

Neurophysiology studies using EEG to measure ERP have also been done to try to establish
markers of impairments in cognitive control. Specific components of ERP have been
implicated in various cognitive tasks. For example, the N2 (a negative deflection at 200 ms)
and P3 or P300 (a positive deflection at 300 ms) components have been identified as
markers for response inhibition during the No-Go condition of GNG tasks (Kopp et al.,
1996). The N400 component (a negative deflection at 400 ms) occurs after presentation of
an incongruent semantic stimulus (Ganis et al., 1996), which may have particular relevance
for tasks of distractor interference control. Several ERP studies examining these components
have been conducted in AUD. The P3 or P300 component has often been the focus of
studies cognitive control in AUD (Kamarajan et al., 2005; Petit et al., 2012), and it has been
thought to represent inhibition involving the VLPFC (Chiu et al., 2008). The N2 component
is thought to represent conflict monitoring and effortful processing involving the rostral
ACC (Chiu et al., 2008). During tasks of response inhibition, a delayed or blunted No-Go
P3/P300 component, with a mostly normal N2 component, has been observed in heavy
social drinkers (Petit et al., 2012) and individuals with AUD (Cohen et al., 1997; Fallgatter
et al., 1998; Kamarajan et al., 2005). Moreover, a blunted N400 ERP response has been
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observed in individuals with AUD compared with controls during a Stroop-like reading task
(Nixon et al., 2002). A blunted or delayed P3/P300 component during response inhibition
may be a relatively consistent marker distinguishing individuals with AUD from controls.

Finally, fMRI studies using tasks from all three aforementioned categories of cognitive
control support altered function in cognitive control networks in individuals with AUD. Four
studies have been performed using response inhibition tasks. The first found decreased left
DLPFC activation in individuals with AUD during an SST during behavioral inhibition, and
decreased right DLPFC activation during post-error slowing (a measure of post-error
behavioral adjustment) but increased visual and frontal (anterior cingulate gyri, occipital
lobes, parietal lobes, pre-central gyri) activity during errors compared with controls (Li et
al., 2009). A second study showed decreased activation in the putamen in individuals with
AUD compared with controls during an SST when stop success versus stop error trials were
contrasted (Schmaal et al., 2013). A third study showed no significant differences between
individuals with AUD and controls during an auditory GNG task but, when comparing
individuals with AUD with high trait anxiety to those with low trait anxiety, observed
increased activation in the middle frontal gyrus, superior frontal gyrus, right inferior frontal
gyrus, and temporo-parietal brain regions (Karch et al., 2008). Finally, another study
comparing more severe AUD to less severe AUD during a GNG task found reduced neural
response with increasing AUD severity in the right insula, inferior frontal gyrus, pregenual
ACC, and inferior parietal lobe during response inhibition (Claus et al., 2013). In general,
AUD or greater AUD severity may be associated with decreased activation during response
inhibition.

Two studies have been done using tasks testing distractor interference control. The first
study used a Stroop-like task where participants were asked to match color cues with colors
of targets, and, during incongruent trials, targets spelled-out distractor color words written in
colored (matching or non-matching) ink. Compared with controls, who demonstrated
posterior cingulate cortex (PCC) deactivation during conflict, individuals with AUD
demonstrated activation in the PCC. Moreover, AUD patients demonstrated greater task-
related activation during response repetition than during response switching in the PCC and
midbrain (substantia nigra and subthalamic nucleus), whereas in controls, the PCC and
midbrain were activated during response switching but deactivated in response repetition.
These two PCC patterns (deactivation/activation) were both correlated with the quantity of
alcohol consumption (Schulte et al., 2012). The second study demonstrated increased
activation in the DLPFC, thalamus, basal ganglia, and other sensorimotor cortical areas in
individuals with AUD compared with controls when both incongruent and congruent trials
were combined but no significant group-by-condition interactions (in a small sample size;
total n=16) (Wilcox et al., under review).

The majority of fMRI studies of cognitive control in AUD have been performed using
working memory tasks. Greater activation in the left PFC (BA 44/45) and right superior
cerebellum during a Sternberg task has been observed in individuals with AUD compared
with controls to maintain similar levels of performance (individuals with AUD activated
appropriate regions more widely than controls), and the authors hypothesized that the
hyperactivation represented a compensatory response to frontocerebellar network
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compromise (Desmond et al., 2003). During a two-back versus rest study of working
memory, individuals with AUD exhibited decreased activation in the bilateral DLPFC
compared with controls (Pfefferbaum et al., 2001). In addition, in the center versus rest
contrast (which was the motor control for this study), the control group demonstrated
increased activation in the PFC (BAs 9,10,45) compared with individuals with AUD,
whereas individuals with AUD demonstrated increased activation in the posterior VLPFC
(BA 47) compared with controls (Pfefferbaum et al., 2001). Another study using a two-back
task showed decreased activation in individuals with AUD compared with controls in the
bilateral frontal and pre-central cortex, and left superior temporal, superior parietal, and
cerebellar cortex; however, this work did not report any performance metrics (Park et al.,
2011). A study in adult women demonstrated significantly less spatial working memory-
associated BOLD response in individuals with AUD compared with controls in the right
inferior and superior parietal lobule, postcentral gyrus, and middle frontal gyrus, as well as
the left superior frontal gyrus, ventral lateral thalamus, and cerebellar anterior lobe,
individuals with AUD demonstrating poorer performance on the task compared with
controls (Tapert et al., 2001). The same task was used to compare adolescent individuals
with AUD and controls, and demonstrated similar performance between groups, with greater
BOLD response in individuals with AUD compared with controls during the spatial working
memory task in bilateral parietal cortices and diminished response in other regions,
including the left precentral gyrus and bilateral cerebellar areas (Tapert et al., 2004a).
Finally, a task designed to elicit activation in networks responsible for resistance to
proactive interference demonstrated increased activation in controls in the ventromedial
OFC, pons, lingual gyrus, and ventromedial nuclei of the thalamus, but increased activation
in individuals with AUD in the lateral PFC, ACC, and ventral striatum (De Rosa et al.,
2004).

During the aformentioned tasks designed for use during fMRI to test cognitive control,
differences in behavior (accuracy and reaction time) between individuals with AUD and
controls have not been consistently demonstrated (Pfefferbaum et al., 2001; Desmond et al.,
2003; Tapert et al., 2004a; Karch et al., 2008; Schmaal et al., 2013) despite differences in
some cases in activation patterns. This absence of an effect on performance is not surprising,
as it is generally considered optimal in a scanner task for group differences in performance
to be minimized, as it minimizes noise from error commission-related brain activation
(arkoni et al., 2009). The exceptions to this are listed below. In one of the aforementioned
response inhibition studies, individuals with AUD demonstrated longer go trial reaction time
and higher stop success rate compared with controls. However, controls and individuals with
AUD were indistinguishable in SSRT and post-error slowing, indicating similar response
inhibition function (Li et al., 2009). In the studies of distractor interference control, controls
outperformed individuals with AUD in reaction time differences between incongruent and
congruent stimuli (Schulte et al., 2012). In the task testing similar processes, but specifically
testing the ability to focus on particular modalities while ignoring distraction from a
different modality (auditory versus visual distractors), controls also outperformed
individuals with AUD (Wilcox, under review). Finally, in the aforementioned studies of
working memory, controls outperformed individuals with AUD (accuracy) during a spatial
working memory task (Tapert et al., 2001).
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As can be seen above, a clear pattern of hyper- or hypofunction in expected prefrontal and
subcortical regions in individuals with AUD during tasks requiring cognitive control has not
been supported by the findings. This lack of consistency has also been observed in other
substance use disorders (e.g., cocaine use disorders), as has been discussed in previous work
(Mayer et al., 2013). The inconsistencies also persist within subclasses of cognitive control,
as we have approached them, with slightly more consistency for tasks of response inhibition
compared with the other classes. Factors such as small subject numbers, length of sobriety
and absence or presence of withdrawal (Tapert et al., 2004b), task difficulty and type of task
(Simmonds et al., 2008), age (D’Esposito et al., 2003), sex (Bell et al., 2006), concurrent
medications (Del-Ben et al., 2005), comorbid psychiatric disorders (Karch et al., 2008), and
AUD severity and quantity of use (Claus et al., 2011a,b) could all theoretically influence the
BOLD response. Even studies comparing higher-risk participants to lower-risk participants
(either level of response to alcohol or family history) are contradictory, one showing that
higher-risk participants have greater activation in the DLPFC and posterior parietal cortex
during a working memory task (Paulus et al., 2006) and another showing that higher-risk
participants had less activation in the right DLPFC compared with lower-risk participants
(Mackiewicz Seghete et al., 2013).

Functional connectivity analyses allow for measurement of intrinsic low-frequency brain
oscillations in the BOLD response, and provide more information about spatially distributed
networks (Fox and Raichle, 2007). There have been a number of investigations of functional
connectivity in cognitive control networks, comparing AUD with controls. One study found
greater AUD severity to be associated with weaker functional connectivity between the
putamen and prefrontal regions (e.g., the anterior insula, ACC, and MPFC) during response
inhibition during an SST (Courtney et al., 2013). Connectivity measurements during
performance of a Stroop task demonstrated decreased functional connectivity between PCC
and middle cingulate in individuals with AUD but increased connectivity between the
midbrain and middle cingulate/SMA, as well as between the midbrain and putamen,
compared with controls. Further analyses demonstrated greater cortico-cortical connectivity
among middle cingulate, posterior cingulate, and medial prefrontal cortices in controls
compared with individuals with AUD, whereas individuals with AUD exhibited greater
midbrain-orbitofrontal cortical network connectivity (Schulte et al., 2012). In another study,
individuals with AUD exhibited less synchrony and lower efficiency indices (using graph
theory analysis) between the PCC and cerebellum compared with controls at rest (Chanraud
et al., 2011) but greater connectivity between these regions during a working memory task
to achieve similar performance, indicating compensatory networking to achieve normal
performance (Chanraud et al., 2011). A final study was done showing that long-term
abstinent alcohol-dependent individuals had decreased synchrony between a subgenual ACC
seed region and caudate and thalamus, decreased synchrony between a nucleus accumbens
seed region and caudate and thalamus, but increased synchrony between the DLPFC and
both the ACC seed and the nucleus accumbens seed compared with controls during resting
state; this was argued to be a compensatory mechanism associated with decreased
connectivity between regions involved in bottom-up appetitive drive, and increased
connectivity within inhibitory control regions theoretically improving the ability to maintain
abstinence (Camchong et al., 2013).
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Connectivity studies in AUD focused on other networks (stress reactivity, cue reactivity,
motor, sensory processing) have shown decreased connectivity between cortical structures
(dACC, VLPFC, OFC, occipital gyrus, middle frontal gyrus, parietal lobule, DLPFC,
premotor cortex, insula) and other regions in individuals with AUD compared with controls
and in individuals with more severe AUD (O’Daly et al., 2012; Rogers et al., 2012). In
summary, AUD may be associated with decreased connectivity between cortical structures
(dACC, VLPFC, OFC, occipital gyrus, middle frontal gyrus, parietal lobule, DLPFC,
premotor cortex) and between striatum and ACC/MPC/PFC, but increased connectivity
between the midbrain and limbic structures (amygdala), middle cingulate, OFC, and
striatum (cue processing or reward regions). Finally, in a study of individuals with AUD
treated with modafinil, reduced connectivity between the thalamus and the primary motor
cortex accompanied improvements in SSRT (Schmaal et al., 2013), indicating the
thalamocortical connectivity may deserve more focus in studies of AUD and response
inhibition deficits. In general, studies contrasting functional connectivity metrics between
controls and individuals with AUD may provide more reliable findings from study to study
than some of the studies using metrics of evoked BOLD response.

Some work has also been done to investigate neurochemical differences (at the level of
neurotransmitter systems) in individuals with AUD compared with controls, although to
what degree these changes contribute to the impairments in cognitive control in individuals
with AUD needs further study. Of note, D2 receptors have been shown to play a role in
cognitive control. Specifically, models of action selection and goal-directed behavior posit
that D2 agonism leads to less spontaneous firing and more PFC stability, perhaps leading to
more cognitive control (Seamans and Yang, 2004; Goto and Grace, 2005). Compared with
controls, AUD patients exhibit decreases in D2/D3 availability in the ventral striatum and
putamen (Heinz et al., 2004). Changes in striatal DA synthesis capacity may also be
associated with alcohol dependence as measured by FDOPA (Heinz et al., 2005). Low
serotonin in the OFC is linked to poor response inhibition (Logue and Gould, 2013), and low
serotonin activity overall is associated with early-onset alcoholism and a low response to
alcohol (a well-established predictor for AUD) (Kreek et al., 2005). By contrast, postmortem
studies of AUD have demonstrated upregulation of certain subtypes of opioid receptors
(Bazov et al., 2013). Most likely, imbalances in a variety of central neurotransmitter systems
may contribute both to deficits in cognitive control and maintenance of AUD and loss of
control.

Clinical significance of deficits in cognitive control

Cognitive control as an outcome predictor or moderator

Although it is difficult to rank the most consistent markers of impairment in cognitive
control in AUD with any degree of accuracy, through our review thus far, it appears that the
more promising markers include response inhibition task performance and associated brain
activation, BIS scores, and volume loss, followed by distractor interference control task
performance, neurophysiological changes, and fcMRI, whereas working memory
performance, and fMRI task-evoked activation during tasks of distractor interference control
and working memaory show less consistent findings. We now move on to explore the clinical
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significance of these deficits, and in particular whether any of them predict drinking
outcomes and future AUD severity.

There have been few longitudinal studies investigating the clinical relevance of particular
deficits in cognitive control in AUD. A handful of studies have indicated that the BIS score,
particularly the cognitive component (Charney et al., 2010), can predict drinking outcomes
at 4 weeks (Charney et al., 2010) and 12 months (Evren et al., 2012) in AUD. Moreover,
slower SSRTs in heavy drinkers significantly predict alcohol consumption at 4 years follow-
up, and the risk of development of AUD, whereas errors of omission on the CPT and BIS
scores are also predictive in the expected direction, but non-significant (Rubio et al., 2008).
However, neither Stroop performance (as measured by the number of colors named during
the interference condition) nor working memory performance on a verbal and spatial span
task have been found to predict outcome in individuals with AUD when comparing returners
to non-returners and abstainers to non-abstainers (Pitel et al., 2009). In another study,
slowed reaction time on a modified Stroop (which involved identifying if a colored word
was the ‘same’ or ‘different’ than the ink in which the word was printed) was found to be
neither a moderator of the effect of cognitive bias retraining on alcohol consumption in
AUD (Eberl et al., 2013) nor a predictor of overall outcomes. A recent study was performed
in early abstinent individuals with AUD using seed-based connectivity analysis in which
some (but not all) of the seeds were placed in brain regions mediating cognitive control such
as the subgenual ACC and insula. This study found that for all seeds, decreased synchrony
with other brain regions was associated with higher relapse risk (Camchong et al., 2013).
These works indicate that higher BIS scores, impaired performance on tasks of response
inhibition, and decreased functional connectivity deserve further exploration as potential
outcome predictors in AUD.

A much more extensive body of work has explored risk factors for the development of
future AUD in non-clinical populations, and it has indicated that impairments in response
inhibition (Porjesz et al., 1998; Crean et al., 2002; Nigg et al., 2006; Saunders et al., 2008;
Schuckit et al., 2012), distractor interference control (Silveri et al., 2011), and working
memory (Trim et al., 2010; Mackiewicz Seghete et al., 2013) systems are associated with a
higher risk of future development of AUD. However, there is a paucity of literature on the
topic in clinical populations who have already developed AUD. Clearly, more studies are
needed to identify predictors of outcome using markers of cognitive control in clinical AUD
populations.

When trying to identify predictors of outcome in any longitudinal study of AUD, it is
important to consider the fact that AUD is a heterogeneous disorder, made up of subtypes
(Bogenschutz et al., 2009). There are a variety of proposed methods for subtyping, although
no single method has emerged as superior (Penick et al., 1999). The ‘age of onset ’
dimension appears to span multiple subtyping methods, and to account for overlap between
subtypes, including that of Babor (type A/type B), Cloninger (type 1/type 2), or based on
timing of illness onset alone [(early onset alcoholics (EOA)/late onset alcoholics (LOA)]
(Chick et al., 2004; Roache et al., 2008; Bogenschutz et al., 2009). Type A alcoholics
(which overlap with the type 1 and LOA groups) are characterized by later onset and lesser
severity, whereas type B (which overlap with type 2 and EOA) are characterized by an

Rev Neurosci. Author manuscript; available in PMC 2014 October 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wilcox et al.

Page 19

earlier-onset, antisocial personality disorder (ASPD), family history, and co-occurring other
substance use (Bogenschutz et al., 2009). Different subtypes may have different clinical
trajectories. For example, although the aforementioned categories may not predict drinking
outcome overall, there is growing evidence that they may moderate response to clinical
outcome for AUD during pharmacotherapeutic treatment for relapse prevention, with the
direction of the effects varying by medication (Chick et al., 2004; Roache et al., 2008;
Bogenschutz et al., 2009). For example, EOA may have a better clinical response to
ondansetron, whereas type 1/A alcoholics may have a better clinical response to selective
serotonin reuptake inhibitors and naltrexone (Chick et al., 2004; Roache et al., 2008;
Bogenschutz et al., 2009). Subtyping by other methods, such as the presence or absence of
psychiatric diagnosis, may also predict different treatment outcomes, as seen by the fact that
cluster B personality disorder diagnosis may predict worse outcome to general ‘addiction
treatment” at 12 months (Charney et al., 2010).

For this reason, we felt it useful to review, briefly, below, what is known about the
differences in cognitive control between different subtypes of AUD. Type 2 alcoholics may
do more poorly on tests of response inhibition as evidenced by a study showing that, on a
CPT, they had more errors of commission and faster response latencies compared with type
1 alcohalics (Bjork et al., 2004) (with no differences on a delay discounting task or risk
taking task by typology). This is supported by work showing that initiation of alcohol use
during adolescence (before 18 years) is associated with higher rates of commission errors on
a CPT in social drinkers (Dougherty et al., 2004) and that EOA have higher BIS scores, and
higher rates of attention deficit hyperactivity disorder (ADHD) and ASPD compared with
LOA (Joos et al., 2013b). By contrast, LOA, not EOA, had a lower Stroop interference score
and greater digit span errors (Joos et al., 2013b), indicating that deficits in cognitive control
may not be uniformly deficient in one typology subgroup compared with another. When
investigators have subtyped by co-occurring psychiatric diagnosis, AUD with ADHD
demonstrated no worse impairment on response inhibition tasks than those without ADHD
(Weafer et al., 2011). However, AUD with cluster B diagnoses had higher BIS scores than
AUD without cluster B diagnoses, as well as greater numbers of errors of commission on a
GNG (with no differences in reaction time) (Dom et al., 2006). However, no significant
differences on Stroop interference scores between AUD with co-occurring cluster B
diagnoses have been observed (Dom et al., 2006). In summary, impairments in response
inhibition may both differentiate AUD subtype and predict clinical outcomes. Further work
is needed to see if response inhibition and typology interact to predict outcomes in general,
and in response to particular treatments for AUD.

Cognitive control as a mediator

Demonstration of a mediational chain first involves establishing significant relations
between the independent factor (in our case, treatment group assignment or baseline factor)
and outcome of interest (in our case, alcohol use outcomes), between the independent factor
and mediator (in our case, cognitive control), and between the mediator and the outcome.
Moreover, the path from independent factor to outcome through the mediator needs to
account for the relationship between the independent factor and outcome (Baron and Kenny,
1986). Little work has been done to identify whether changes in cognitive control, and in
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particular in response inhibition, distractor interference control, or working memory mediate
the effect of a predictor or particular treatment on alcohol use outcomes. However, to this
end, we review work demonstrating that potentially effective interventions and treatments
for AUD also appear to improve certain elements of cognitive control, thereby deserving
exploration in mediational analyses in the future.

Abstinence—Current abstinence predicts future abstinence in large longitudinal studies,
which is mediated, in part, by increases in self-efficacy (Maisto et al., 2008). Improvements
in cognitive control may also mediate the effect of abstinence on future abstinence and
deserves attention in treatment studies examining mediators of drinking outcomes.

There is an abundance of evidence that abstinence results in improved general cognitive
function (Fein et al., 2006). It has been proposed that, in AUD, there may be both a subacute
effect of alcohol on cerebral microcirculation, related to recent alcohol use, and a more
chronic effect on cortical and subcortical structures, related to total lifetime consumption
(Nicolas et al., 1993). However, studies have demonstrated stronger associations between
cognitive deficits and recent alcohol consumption but weaker and inconsistent associations
with lifetime quantities (Scheurich, 2005; Sullivan and Pfefferbaum, 2005). In fact,
abstinence results in neurogenesis and brain regrowth (Crews and Nixon, 2009), and even
with 1 month of sobriety, brain volume can begin to normalize (Pfefferbaum et al., 1995;
Sullivan and Pfefferbaum, 2005), whereas volume loss recurs with relapse (Pfefferbaum et
al., 1995; Sullivan and Pfefferbaum, 2005). Functional connectivity studies in AUD also
support compensatory changes and normalization of brain function with time abstinent
(Chanraud et al., 2011). Moreover, the longer an individual with AUD stays abstinent, the
greater the recovery in general cognitive functioning (Bates et al., 2002, 2004; Kopera et al.,
2012).

Abstinence is also particularly associated with improvements in cognitive control. For
example, a cross-sectional study showed associations between abstinence for > 1 year and
improved performance on a spatial working memory task (Kopera et al., 2012). A more
convincing longitudinal study showed that, in individuals with AUD who were able to
maintain 6 months of abstinence, working memory performance (as measured by accuracy
and reaction time on a two-back task) was statistically lower in the abstinent subgroup
compared with controls at baseline, but equal to controls at 6 months follow-up (Pitel et al.,
2009). Multiple episodes of alcohol withdrawal (experiencing withdrawal symptoms) and
binge drinking, but not blackouts, may also have a particularly significant effect on
cognitive function, and in particular on working memory function (Glenn et al., 1988; Duka
et al., 2004; Maurage et al., 2012; Wollenweber et al., 2012). This emphasizes the
importance of treating alcohol withdrawal (e.g., with benzodiazepines), in addition to
helping patients maintain abstinence.

Not all of the impairments in cognitive control may be reversible with abstinence. In one
study, difficulties in working memory were found to linger into long-term sobriety while
some of the other cognitive functions improved (Sullivan et al., 2000a; Sullivan and
Pfefferbaum, 2005) and, in another work, on a spatial working memory task, individuals
with long-term abstinence performed better than individuals with short-term abstinence, but
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controls performed the best (Kopera et al., 2012). Of course, impairments in cognitive
control may, in some cases, precede AUD onset, and therefore would not be expected to
reverse with cessation of alcohol use (Porjesz et al., 1998; Crean et al., 2002; Nigg et al.,
2006; Saunders et al., 2008; Trim et al., 2010; Silveri et al., 2011; Schuckit et al., 2012;
Mackiewicz Seghete et al., 2013). In addition, medical problems and older age (Bates et al.,
2004) predict less improvement in general cognitive function, and older age predicts less
improvement in working memory performance (Pitel et al., 2009) on alcohol abstinence.

In summary, given the clear effects of abstinence on general cognitive recovery, and the
likely effects on improvement in working memaory, cognitive control deserves exploration as
a potential mediator of the effect of abstinence on future abstinence. Furthermore, to
maximize chances of cognitive recovery, and potentially thereby minimize chances of
relapse, clinicians should strongly encourage abstinence, and make reasonable efforts to
minimize alcohol withdrawal severity and frequency.

Psychotherapeutic—A variety of psychotherapeutic interventions are known to be
effective in improving drinking outcomes for individuals with AUD, and theoretically may
work by, among other mechanisms, improving cognitive control. In particular, given that
emotional triggers may decrease response inhibition (Euser and Franken, 2012), it makes
theoretical sense to imagine that improving affect regulation (a common goal in many forms
of psychotherapy) may improve response inhibition, thereby contributing to improved
drinking outcomes.

In particular, mindfulness training may both decrease drinking and improve cognitive
control. Research suggests that mindfulness training may be an effective intervention for
AUD, as evidenced by results from an observational study of medical students in which
significant inverse correlations were found between current meditation practice and alcohol
use and AUDIT scores (Black et al., 2011), and, more convincingly, from a randomized
controlled trial of mindfulness-based relapse prevention for the treatment of AUD (Bowen et
al., 2009) that demonstrated the efficacy of an 8-week mindfulness-based relapse prevention
training. Mindfulness training is also associated with improvements in performance on tasks
of working memory (Jha et al., 2010; Zeidan et al., 2010) and decreases in stress reactivity
(Tang et al., 2007, 2009).

Pharmacological—A variety of medications have been shown to improve drinking
outcomes in individuals with AUD, the most established being naltrexone, acamprosate,
disulfiram, and topiramate (Galanter and Kleber, 2008). For some medications, there is
already evidence that they may be acting through effects on response inhibition. For
example, topiramate, which appears to be an effective relapse prevention agent (Johnson et
al., 2007), has been found to be associated with improvement in response inhibition as
measured by errors of commission and omission on the CPT and SSRT, and changes in
response inhibition was correlated with decreases in drinking over a 12-week period (Rubio
etal., 2009).
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Interventions that generally improve cognitive control and are worthy for study in AUD
relapse prevention

Psychotherapeutic/non-pharmacological—Non-invasive brain stimulation, such as
with transcranial magnetic stimulation (TMS) or transcranial direct current stimulation
(tDCS), may affect response inhibition. Recent studies have demonstrated faster SSRT after
tDCS over the right inferior frontal gyrus (Jacobson et al., 2011) and after TMS over the
same area, consistent with established models that the right inferior frontal gyrus plays a
significant role in response inhibition. For this and other reasons, tDCS and TMS are also
currently being studied for use in AUD to reduce craving, and possibly improve drinking
outcomes (Nakamura-Palacios et al., 2012; Nardone et al., 2012).

There is growing interest in developing training focused particularly on improving cognitive
function in AUD, with an aim to ultimately help individuals stop drinking. One group
performed general cognitive remediation training in AUD (Rupp et al., 2006), which was
directed toward attention/executive function and memory domains. The training resulted in
significant improvement in attention, working memory, recall, and psychological well-
being. In addition, these improvements in cognitive function were also associated with
decreased craving. Future development of these kinds of trainings, in particular focused on
those cognitive domains most important at predicting better outcomes (like response
inhibition), should be pursued.

Pharmacological—The potential utility of medications affecting the adrenergic,
cholinergic, dopaminergic, glutamatergic, and GABA-ergic systems for the treatment of
addictions has been recently reviewed extensively (Brady et al., 2011); however, this review
focused mostly on stimulant use disorders. Interestingly, few of the studies cited in this
article were performed in individuals with AUD, indicating a potentially useful area for
future research in AUD. Given the known beneficial effects of the GABA agonist/glutamate
antagonist on response inhibition and alcohol drinking as discussed in prior sections
(Johnson et al., 2007; Rubio et al., 2009), further exploring similar medications (including
pregabilin, zonisamide, and tiagabine) may prove useful, but there has been little more done
to investigate the effects of these medications on cognitive control. We therefore move on to
discuss medications targeting the cholinergic, adrenergic, and dopaminergic systems.

Nicotinic agonists (nicotine, varenicline) have been shown to improve attention and working
memory in non-smokers (Ceballos et al., 2005; Brady et al., 2011; Mocking et al., 2013).
Moreover, in heavy drinking smokers, varenicline may decrease craving and drinking
(McKee et al., 2009). However, two recent placebo controlled studies had opposite findings
about the effects of varenicline on drinking in individuals with AUD (Litten et al., 2013;
Plebani et al., 2013); thus, the efficacy of varenicline as a pharmacotherapeutic agent for
decreasing drinking is still unclear. However, given the likely beneficial effects of nicotine
agonists on cognitive function, markers of working memory integrity and other cognitive
control systems may be useful as moderators in future clinical trials of varenicline in AUD.

Stimulants (modafinil, atamoxetine, methylphenidate, amphetamine), especially in those
with ADHD, tend to enhance function on tests of cognitive control (presumed to be through
their effects on DA and NA function in projections to the PFC) (Riccio, 2001; Brady et al.,
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2011) and in particular response inhibition, as measured by performance on the CPT
(Riccio, 2001) and SST (Bari et al., 2009; Schmaal et al., 2013). In one study of AUD
discussed above, modafinil improved response inhibition in AUD patients with baseline
poor performance, but worsened response inhibition in those with better initial performance.
Improvement in performance was mediated by activation in the thalamus and SMA, and
better performance was associated with decreased connectivity between the thalamus and
the motor cortex (Schmaal et al., 2013). In fact, in a randomized placebo controlled trial of
modafinil for AUD, modafinil improved response inhibition overall but only improved
drinking outcomes in individuals with slower baseline SSRT, whereas it worsened drinking
in those with faster SSRT (Joos et al., 2013a). Baseline response inhibition may be a key
moderator of response to treatment for AUD with stimulants.

In a similar manner, pure dopaminergic agonists may have opposite effects on cognitive
control and alcohol use, depending on the individual. As discussed previously, there is
growing evidence that the relationship between DA or NA and working memory/cognitive
control is somewhat complex in that some individuals get worse and others get better with
agonists at these receptors. There may be an ‘inverted U’ relationship between DA or NA
function and cognitive performance (Arnsten, 2009; Cools and D’Esposito, 2011).
Regarding DA, DA receptor agonists (bromocriptine and pergolide) given to healthy
volunteers appear to improve performance on working memory tasks (Gibbs and

D ’Esposito, 2005; Cools and D "Esposito, 2011) but improvement is based on baseline
performance (e.g., those with initial good performance do not improve as much, or may
even get worse). To our knowledge, only one large randomized trial of a DA agonist (long-
acting bromocriptine) in AUD has been done, and showed no effect on drinking outcomes,
but baseline working memory performance was not investigated as a moderator of response
(Narano et al., 1997). However, future investigations into such medications by focusing on
individuals with baseline poor cognitive control could prove to be worthwhile.

Atypical antipsychotics (which transiently block D2 receptors) have looked promising in the
past, as evidenced by combined work showing that quetiapine improves response inhibition
in AUD patients (Moallem and Ray, 2012), and appears to decrease drinking in type B
alcoholics (Kampman et al., 2007) in a larger, multisite study. However, typology did not
predict response to quetiapine in a second study attempting to replicate the findings from
Kampmen et al. (Litten et al., 2013), and therefore studies within this drug class may not be
highest on the priority list in future mediational studies focused on cognitive control.

Relationship between alcohol cues and cognitive control

Although this article is not focusing on cue reactivity per se, there is growing evidence that
cognitive control and cue processing may be associated with one another. On the one hand,
alcohol context and cues may worsen response inhibition in AUD. One study using a GNG
task using both neutral and alcohol cues showed that AUD have impaired GNG
performance, with greater numbers of errors of commission and omission overall, and
slower reaction time compared with controls during presentation of alcohol cues in
particular (Noel et al., 2007). Another study designed for use with ERP monitoring noted
that heavy social drinkers make more commission errors on the GNG than light drinkers do,
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but only in an alcohol context (Petit et al., 2012). These studies imply that alcohol contexts
may cause further deterioration in response inhibition in AUD, putting them at heightened
risk of acting on a habitual response, and relapsing.

On the other hand, impairments in response inhibition and prefrontal cortical function may
predispose an individual to higher levels of cue reactivity. For example, impaired response
inhibition (BIS total and motor score, and SSRT) was found to be related to cue-induced
alcohol craving in AUD (Papachristou et al., 2013).

Psychological strategies to improve the prepotent response inhibition in the setting of
alcohol cues may be particularly important to help individuals with AUD abstain from
drinking. In fact, one study has found that training designed to do so (Houben et al., 2011)
decreases craving and subsequent drinking behavior in heavy drinking students. It is difficult
to know if this training decreased craving through an improvement in general inhibitory
control, or just through a change in response to alcohol cues. Still, it remains possible that
training individuals to divert attention away from alcohol cues (attentional bias modification
training) (Schoenmakers et al., 2010) may not only help decrease cue reactivity but may also
enhance general cognitive control, by minimizing the deteriorating effect of alcohol cues on
cognitive control.

Discussion

AUD is defined by, among other qualities, a ‘loss of control’ of alcohol use, and this may
be, in part, caused by deficits in cognitive control. Individuals with AUD appear to have
deficits in inhibitory functions as measured through performance on tasks of response
inhibition and distractor interference control, whereas the evidence for deficits in working
memory is less consistent. Although anatomical changes (and, in particular, volume loss in a
variety of brain areas) are well established, more work is needed to define the particular
functional neuroimaging markers associated with these deficits in AUD. As we have seen in
our review, studies using metrics of functional connectivity and neurophysiological studies
(such as ERP) may prove especially reliable to define the deficits in cognitive control
network function in AUD, and to aid in predicting outcome; however, again, more work is
needed in this area. Task-evoked activation during tasks of cognitive control may prove
useful in the future; however, most likely related to the heterogeneity in task design or
population characteristics from study to study, findings have not thus far established a
particular activation pattern that distinguishes AUD patients from controls or that predicts
outcome. The exception is that in most cases, AUD patients demonstrate hypoactivation
during tasks of response inhibition compared with controls.

In particular, it would be useful for future work defining deficits in AUD to use larger
sample sizes, account for clinical differences within AUD groups (such as typology, co-
occurring psychiatric disorder, and stage of abstinence) (Camchong et al., 2013), and to
compare groups using more than one domain of cognitive control at a time (e.g., a GNG, a
task of distractor interference control, and a working memory task) perhaps, also, with
varying cognitive loads. As we move forward, it will be very important to identify the most
sensitive and reliable markers for deficits in cognitive control in AUD, including metrics of
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task performance and those derived from functional neuroimaging, as well as the deficits
that are most important clinically (e.g., may directly contribute to difficulty maintaining
abstinence).

There are few longitudinal studies that have identified predictors of outcome for AUD using
metrics of cognitive control, although scores on the BIS and performance on tasks of
response inhibition certainly appear to hold promise. There are also few studies that have
directly investigated whether baseline levels of cognitive control moderate drinking
outcomes during particular treatments for AUD. Therefore, it will be important to identify
moderators of particular treatments such that treatment can be targeted to individuals most
likely to respond. As discussed, cognitive profiles may differ by AUD typology, and AUD
heterogeneity may have particular relevance in predicting treatment outcomes (Chick et al.,
2004; Roache et al., 2008; Bogenschutz et al., 2009). Ignoring this heterogeneity, and in
particular in the cognitive control domains, may be causing us to miss medications with
clinical utility, for example, as seen in studies of modafinil, which only was associated with
improved response inhibition (Schmaal et al., 2013) and drinking outcomes (Joos et al.,
2013a) in AUD with initial poor response inhibition.

Furthermore, it will also be of utmost importance to identify and develop treatments whose
effects are mediated by improvement in cognitive control. By doing so, this will inform
investigations of newer medications and help us identify the most clinically important
metrics of cognitive control. Although little work in this area has been done, there are some
promising candidates for future study. For example, abstinence is associated with
improvement in cognitive control and predicts decreases in future drinking. Moreover, both
topiramate and mindfulness training may increase cognitive control and improve drinking
outcomes. Finally, a variety of medications and therapeutic interventions (such as TMS and
tDCS) are being explored for their effects on cognitive function; these deserve more
attention in treatment studies of AUD, and potentially in related meditational analyses.

Another factor deserves mention for future work. Higher sensitivity to alcohol cues and
affect dysregulation may both increase relapse risk (Berking et al., 2011) and be linked
closely with deficits in cognitive control. As discussed previously, alcohol cues may acutely
impair inhibitory control (Petit et al., 2012), and increases in cognitive control may be
associated with decreased cue reactivity (Papachristou et al., 2013). Similarly, affect
dysregulation may acutely impair cognitive control (Euser and Franken, 2012), and
neurocognitive impairment and prefrontal dysfunction may be associated with impaired
emotional processing and problems with affect regulation (Johnson-Greene et al., 2002;
Salloum et al., 2007). By testing cognitive control globally (independent of context), we
may be missing important information. Medications and cognitive-behavioral techniques
aimed at reducing craving and attentional bias (Schoenmakers et al., 2010) or improving
affect regulation (Stasiewicz et al., 2013) could work in part by indirectly improving
cognitive control at critical decision-making times. This could be emphasized more (and
explored) in future work as well.

In summary, cognitive control is altered in AUD, and it may influence clinical outcomes,
especially deficits in inhibitory functions. Future work could aim to identify the most
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reliable and valid markers for the deficits, the deficits that most predict problematic
drinking, and the degree to which deficits or changes in cognitive control moderate or
mediate response to particular treatments.
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