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Abstract Alcohol abuse is frequently characterised by cycles
of heavy drinking, detoxification, and relapse. We review
evidence that multiple detoxifications are associated with
impaired ability to control reward seeking, and with exagger-
ated responses to negative emotional stimuli. Under condi-
tions of incentive conflict and in intra-extra dimensional shift
and reversal tasks, deficits are found that are consistent with
impaired executive control of behaviour by prefrontal cortical
mechanisms. Correspondingly, alcoholics who have under-
gone multiple detoxifications show loss of grey matter in
prefrontal regions associated with accurate performance of
these tasks, the extent correlating with numbers of detoxifica-
tions. The ability to respond appropriately to certain emotion-
al stimuli (e.g., fearful faces) is also impaired following mul-
tiple detoxifications. Such impairments are associated with
reduced connectivity between insula and prefrontal areas but
increased connectivity between insula and subcortical regions
(colliculus), and between amygdala and other subcortical
regions (bed nucleus of stria terminalis, BNST). Such changes
may increase vulnerability to stress-induced relapse, and
disrupt social abilities, contributing to social isolation.
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Introduction

Alcohol Use Disorder (AUD; alcohol abuse and dependence)
is a chronic relapsing disorder characterised by compulsive
drinking. Among Americans 15–54 years old, about one in
seven (14 %) has a history of alcohol dependence [3]. In the
Europe Union, AUD affects an estimated 5.4 % of all men,
and 1.5 % of all women, between the ages of 18 and 64 [78].
AUD has severe consequences for the life of dependent indi-
viduals, their families and friends, work colleagues and cus-
tomers, as well as for the health and social services, the police
and the general public. Even approved treatments1 such as
disulfiram [44], naltrexone [2], acamprosate [59], the newly
introduced nalmefene [58] or cognitive/behavioural treat-
ments are of limited efficacy and may be effective in control-
ling drinking in only subpopulations of misusers. One conse-
quence is that a high proportion of alcohol-dependent individ-
uals relapse after detoxification and by repeated attempts at
detoxification will undergo a phenomenon known as with-
drawal kindling [36], which, as well as increasing the risk of
detoxification for seizures [6,16,53], makes each subsequent
effort to abstain increasingly difficult. Understanding the
mechanisms by which relapse occurs would facilitate the
identification of useful biomarkers and would lead to new
intervention strategies. The purpose of this review is to de-
scribe possible cognitive and emotional processes (and their
underlying brain mechanisms), which weaken as alcohol de-
pendence and number of detoxifications progress, and may
contribute to relapse (see Fig. 1).

1 Approved medications for the treatment of alcohol dependence by both
the Food and Drug Administration (FDA) and the European Medicines
Agency (EMA) are disulfiram, naltrexone and acamprosate. EMA has
also approved nalmefene for the reduction in heavy drinking, whereas
FDA has approved in addition the depot form of naltrexone.
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Top-Down and Bottom-Up Processes Involved in Relapse

AUDmay be ascribed to two basic processes, increased urges
to take drugs and reduced ability to control drinking. These
processes are sometimes referred to respectively as ’bottom-
up’ and ‘top-down’, reflecting the view that urges to drink are
largely controlled by subcortical mechanisms, whereas control
of drinking is exercised by cortical processes that monitor
excessive behaviours. Similar ideas have been developed in
the context of other drug use disorders [35••]. The major top-
down process is inhibitory control. Inhibitory control, neces-
sary for self-regulation, is linked to executive function capac-
ity, as individuals with low executive capacity or damage to
brain substrates subserving executive function display re-
duced ability to self-regulate and a greater susceptibility to
stimulus-driven behaviours [23,42,92]. It is not surprising,
therefore, that executive deficits have been associated with
alcoholism [33], a disorder characterised by the lack of ability
to self-regulate drinking [7]. The ability to disengage attention
efficiently from stimuli which are irrelevant to the present
task or are in opposition to the individual’s current goals,

represents a critical dimension of all self-regulatory behav-
iour [22,60]. This ability depends on inhibitory cognitive
processes, working memory capacity, and the ability to shift
attention from previously relevant (but now irrelevant) stimuli
(e.g., alcohol cues) to currently relevant factors (e.g., aware-
ness of drinking consequences).

As AUD progresses, alcohol-associated stimuli become
more salient and grab attention more readily (attentional bias;
e.g., [32,40,89]), resulting in an increased urge to drink. In
alcoholic patients, such alcohol-associated attentional bias
predicts relapse rates and treatment outcomes (e.g., [17]).
Such alcohol-related stimuli, with strong emotional and moti-
vational salience, act in a bottom-up fashion (e.g., highly
rewarding stimuli; [1••]) to out-compete other thoughts or
activities, driving the organism to relapse. Recent functional
magnetic resonance imaging (fMRI) studies have provided
evidence for the involvement of brain substrates associated
with cognitive control in attentional bias to drug-related stim-
uli [41,57,70]. Thus, as dependency on the drug progresses,
relapse after efforts at abstinence becomes increasingly likely
as distinct places, people, and paraphernalia associated with

Areas of the brain Cognitive and emotional 
impairments

Fig. 1 Amodel of withdrawal kindling and its consequences for relapse.
Findings in alcoholic patients with two or more previous detoxifications
compared with controls or patients with one or no detoxifications: Pre-
frontal cortical areas with reduced grey matter (green). Cognitive and
emotional impairments on tasks of emotional conflict associated with
motivation (ICT), social competence (EFE task), and cognitive flexibility
(ID/ED shift and reversal task) and the areas of the brain with reduced
grey matter associated with these impairments (blue arrows indicate the
relationships). Reduced functional neuronal connectivity between insula
and prefrontal cortical areas as well as between amygdala and globus
pallidus (red broken arrows indicate reduced connectivity). Increased
functional connectivity between insula and a colliculus cluster as well

as between amygdala and BNST (red arrows indicate increased
connectivity). The model suggests that both a top-down behavioural
control insufficiency and a bottom-up increased emotional input consti-
tute the consequences of multiple detoxifications. Thus, not only respon-
siveness to stressors or to alcohol-related cues is increased, but the
emotional regulation and behavioural inhibition systems are weak-
ened. A amygdala, ACC anterior cingulate cortex, BNST bed nucleus of
stria terminalis, Col colliculus, EFE emotional facial expression, GP
globus pallidus, ICT incentive conflict task, ID/ED intradimensional/
extradimensional, IFG inferior frontal gyrus, OFC orbitofrontal cortex,
SFG superior frontal gyrus, VmPFC ventromedial prefrontal cortex.
Position of named structures for illustrative purposes only
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the reward offered by the drug trigger an intense motivation
within the individual to consume the drug.

Within this context, inhibitory control represents an impor-
tant cognitive domain modulating the translation of desire to
drink into alcohol consumption, and such weakening of in-
hibitory control may lead to drug use disorders [31,38,93].
Strengthening inhibitory control may thus prove the best
strategy to prevent relapse [15].

Relapse as a Cause of Emotional and Cognitive
Consequences

Among alcoholics, a typical pattern consists of problem drink-
ing, treatment involving detoxification, a period of abstinence
(which may be very short), followed by relapse. Such cycles
may be repeated many times during an alcoholic career, each
successive withdrawal episode being associated with in-
creased risk of seizures and other withdrawal symptoms
[16,53]. Over the last decade, evidence has accumulated to
show that patients who have undergone repeated episodes of
withdrawal also show altered affect, as well as significant
deterioration of cognitive abilities, when compared with pa-
tients with fewer withdrawals (e.g., [25,26]). The pattern of
repeated episodes of heavy drinking combined with with-
drawal also occurs, perhaps in a milder form, in another type
of alcohol misuse, binge drinking, and related impairments
have also been shown in young binge drinkers (BDs; e.g.,
[20,64,69,84,91]).

Although a number of investigators had pointed out that
repeated episodes of detoxification increases the risk of with-
drawal seizures, an important extension of those reports came
with the discovery [52] of the differential response of alco-
holics with two or more detoxifications compared with those
with only one, with regard to their sensitivity to anxiety
evoked by the noradrenergic α2 agonist, yohimbine. More
recently, we reported that within a group of mildly dependent
alcoholic inpatients more than one week into detoxification,
patients with a history of two or more previous detoxifications
showed higher anger scores than patients with fewer detoxifi-
cations, and made more errors in an emotional Stroop test
using words with a negative relationship to alcohol abuse
(e.g., hangover; vomit); these tests suggested an increased
attentional bias to aversive events associated with alcohol
[25]. The same patients, relative to alcoholics with fewer
detoxifications, also showed deficits in psychometric tasks
sensitive to dysfunction of prefrontal areas [26]. Studies in
animals have implicated the amygdala [76] and its accessory
structures, including inferior colliculus [63], in seizure predis-
position induced by repeated withdrawals [11,85]. Consistent
with these ideas, recognition of facial expression of fear,
which is known to be disrupted in amygdala-damaged pa-
tients, was also found to be impaired in alcoholic patients

[49,50,90]. Furthermore, alcoholic patients showed a correla-
tion between the number of detoxifications they had under-
gone and the extent of impaired recognition of fear expression
in the faces of others [90].

In keeping with facilitated transmission in amygdala, rats
that have previously undergone several cycles of chronic
alcohol intake and withdrawal show evidence of enhanced
anxiety during acute withdrawal in some unconditioned tests
[74]. In addition, several weeks following such a regimen of
alcohol treatment and withdrawal, rats are impaired in fear
conditioning to a tone or light stimulus paired with footshock
[80,85], possibly as a consequence of reduced synaptic plas-
ticity within the amygdala [87•]. Similarly, alcoholic patients
compared with controls are impaired in a conditioned startle
response [86].

Taking all these findings together, it becomes clear that
alcoholic patients with multiple detoxifications, even as few as
two, present with more emotional and cognitive impairments
than alcoholics with fewer detoxifications, or their control
counterparts (for reviews see [24,86]). Nevertheless, the po-
tential impact of these impairments leading to relapse and the
brain mechanisms underlying these events in humans has only
recently been the focus of research.

Inhibitory Control and Incentive Conflict, Brain
Mechanisms

As discussed above, recent theories of drug and alcohol abuse
[45] emphasise the importance of (i) bottom-up incentive
processes in initiating drinking, often as a consequence of
exposure to environmental events (cues) that have become
conditioned to the drug experience, and of (ii) top-down
cortical control of behaviour in the regulation of drug taking.
Incentive mechanisms are mediated by brain circuitries in-
cluding ventral striatum, but are regulated by structures such
as orbitofrontal and medial prefrontal cortex [62]. Whether
incentive exposure results in drug taking depends on the
ability of higher level monitoring functions to interrupt the
incentive process, but could also depend on the strengthening
of the incentive process as drug use disorder progresses.

While the most prominent current ‘theories of addiction’
(e.g., [81]) emphasise how drug exposure facilitates bottom-
up processes, it is increasingly recognised that the brain areas
responsible for such higher level functions are themselves
sensitive to disruption by long-term drug use. Alcohol abuse,
in particular, may impair processes that contribute to impulse
control [68], so that, faced with alcohol-related cues, alco-
holics are motivated to drink, but the means of controlling
drinking are impaired. In the alcoholic patient attempting
abstinence, this conflict between the desire to take the drug
and the requirement to abstain may be particularly intense,
but, in comparison with the wealth of data on bottom-up
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processes, this interaction between incentive and control pro-
cesses has not been widely studied.

Recently, aspects of the interaction between incentive
learning and behavioural control have been studied using a
novel task [27••], the incentive conflict task (ICT), a version of
negative patterning tasks used in cognitive psychology
[79,94]. The ICT requires experimental subjects to abstain
from responding during presentation of a novel compound
stimulus made up of two visual cues that s/he has previously
learned to signal reward availability when presented separate-
ly. Thus, the task requires the subject to respond for the
monetary reward, but to withhold responding under condi-
tions in which an increased size of reward (both positive cues
together) might be reasonably anticipated. In other words,
ICT engages both bottom-up triggers of reward seeking, and
the top-down processes that normally modulate and veto re-
sponses to such triggers. We have suggested that the task thus
creates a conflict between abstaining and responding for reward
similar to that experienced by the patients before relapse, and
that the impaired ability of multiple-detoxified patients to per-
form the task accurately reflects the consequences of detoxifi-
cation on top-down control of their behaviour.

Alcohol-dependent patients show marked impairments on
this task, and, furthermore, as they experience successive
detoxifications, and their dependence increases, they become
increasingly impaired in withholding their responses in the
condition of no reward, suggesting that the process of detox-
ification may engender brain changes that lead to loss of
control [27••]. Although it is not easy in patients to separate
the extent of dependency from numbers of detoxification
events, we have found similar deficits in a rodent version of
the same task, in rats chronically exposed to alcohol [14••].
Importantly, in this carefully controlled animal study, the
number of withdrawal events (detoxifications) determined
the extent of the deficit, strongly suggesting that it was the
number of withdrawal events, and not simply ethanol expo-
sure that caused the top-down deficit.

The ICT task is not only a behavioural test for alcohol-
induced impairments in functions associatedwith the ability to
make appropriate decisions and abstain from seeking reward,
but is also amarkerof brain function as shown in fMRI [27••].
During performance of the ICT, healthy volunteers showed
activation of, among other areas, the supplementary motor
area, striatum (including putamen), gyrus rectus, ventromedial
prefrontal cortex (vmPFC) and superior frontal gyrus areas
implicated in cognitive and emotional processing of reward
[13,28,72] and regulatory control over a behavioural response
[34,75]. The two last areas mentioned showed decreases in
grey matter volume in alcoholic patients, which were
greater for the patients who had experienced more detox-
ifications, suggesting that the brain damage is associated with
the extent of alcohol dependence, and may be caused by the
detoxification experience.

The neural signature of the ICT was distinct from patterns
of regional activation evoked by simple reversal of a stimulus
from signaling reward to not signaling reward. The ICT
signature was also distinct from presentation of the simple
reward-predictive stimuli, which resulted in a pattern of acti-
vation within a different subregion of orbitofrontal cortex
(medial orbitofrontal), as well as insular cortex, consistent
with previous research examining stimulus-reward-response-
related learning (e.g., [12,29,72,88]). Thus, we are confident
in suggesting that the ICT captures a specific function associ-
ated with a process of resolving a conflict generated by the
need to withhold reward seeking in a context that encouraged
reward seeking. Once this cognitive process is complete, the
subject has to withhold the behavioural response normally
required during reward seeking. Thus, the task involves two
separate aspects, a cognitive one for conflict resolution and a
behavioural one for withholding of the response; these two
processes are uniquely involved in the ICT, can be impaired
independently and can be measured by the expectancy ratings
of reward outcome and by the response rate in the presence of
the compound stimulus, respectively. Patients were impaired
both in resolving the conflict and withholding their response.
As an imaging biomarker, performance is associated with
BOLD signals in vmPFC and prefrontal gyrus areas, reflecting
conflict resolution and inhibitory control, respectively.

The involvement of the vmPFC, an area involved in moti-
vational decision-making [8,9], and of superior frontal gyrus,
important in behavioural control [34,75], is of particular in-
terest since alcoholic patients showed reliably reduced grey
matter volume in these regions. Thus, although performance
of incentive conflict was associated with activation of several
related brain areas (e.g., supplementary motor area, putamen
and gyrus rectus), the behavioural deficit in alcoholic patients
may reflect damage to only a subset of these regions, in
particular the vmPFC and superior frontal gyrus. Activation
of vmPFC is shared with the gambling task [9] which resem-
bles incentive conflict in requiring decision making. It is thus
interesting that alcoholic patients with several detoxifications
also show impairments in this task [56]. However, the ICT
additionally involves conflict generated by the contradictory
information carried by the compound stimulus, which might
be assumed to predict increase of reward (both positive stimuli
together), but actually informs of absence of reward. The
cognitive and emotional processes that govern conflict reso-
lution during ICT seem to be associated with the activation
seen in vmPFC [27••]. This assumption is further supported
by a study [30] that also found that resolution of emotional
conflict was associated with activation of an area that included
the vmPFC. Prefrontal gyrus activation on the other hand may
be more associated with the attentional and executive process-
es involved in inhibitory control that govern responding to
ICT [34,37,75]. Alcohol-dependent patients and especially
those with multiple detoxifications show damage in these
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areas. Interestingly, Goldstein and colleagues [39], studying
the effects of methylphenidate on inhibition of behaviour
(using the Stroop task) under conditions of emotional conflict
(drug or non-drug cues) in individuals with cocaine use dis-
order, found that methylphenidate restored performance and
also activation of an area that includes vmPFC. Thus, it might
be predicted that by restoring function in these areas, drugs
such as methylphenidate may help to reinstate control over
drinking in relapsed alcoholic patients.

Clearly, alcohol- and detoxification-induced damage is not
restricted to the areas identified in the ICT experiments.
Alcoholic patients show also more generally impaired cogni-
tive flexibility as measured in an intra-extra dimensional shift
and reversal task (IED) that is associated with reduced grey
matter volume in a cluster within inferior frontal gyrus and the
neighbouring anterior insula (BA47) [unpublished]. The in-
ferior frontal gyrus has been implicated in previous research
during cognitive set switching [46], and also when resolving
decision conflict during an instrumental learning task [67].
Previous research with alcoholic patients has shown that per-
severative responses and perseverative errors in theWisconsin
Card Sorting Test (WCST; an homologous task to IED) also
correlated negatively with volume of prefrontal areas (e.g.,
prefrontal gyrus, an area involved in inhibitory control) [43].
Although grey matter volume was found to be reduced in
several prefrontal and frontal areas, the number of detoxifica-
tions was negatively correlated (r=–0.47, p=0.017) with grey
matter volume in inferior frontal gyrus [unpublished], an area
involved in inhibitory control, suggesting that decreased in-
hibitory control due to inferior frontal gyrus damage may
support the occurrence of repeated relapses.

Inhibitory Control and Social Competence: Brain
Mechanisms

The cognitive and emotional deficits [86,87•] arising as a
consequence of repeated detoxification episodes may not only
contribute to inflexible and uncontrolled impulsive behaviour
but also to deficits in social interaction that lead to social
isolation, in turn supporting further drinking behaviour.

Several studies have demonstrated that alcoholic patients
generally show an inability to recognise emotions in others
[50,51,61] and we have found that such impairments may be
more pronounced as the number of detoxification attempts
increase [90]. Knowing that amygdala is the brain structure
mostly related with processing of fear [54] including the recog-
nition of fearful facial expressions [21], for our studies of
emotional competence, we centred our research efforts in reveal-
ing the role of the amygdala and its connections in the impair-
ments seen in alcoholic patients and binge drinkers [86,87•].

Imaging the brain of alcoholic patients during fear
recognition in emotional facial expression (EFE) of fear [71],

revealed reduced connectivity in alcoholic patients between
insula, centrally implicated in filtering emotions, and prefron-
tal emotional regulatory sites with which insula interacts
[65,66,73,82]. In particular, a reduced connectivity of
insula with the anterior cingulate cortex and the
obitofrontal cortex was seen in alcoholic patients with
two or more detoxifications compared with either con-
trols or patients with a single or no detoxification [71].
Such reduced connectivity might be expected to lead to
general deficits in emotional processing (e.g., [18,82]).
On the other hand, the reduced connectivity between
amygdala and globus pallidus, found in the same pop-
ulation, may reflect a dysfunction in emotionally driven
motivational outputs.

In contrast with the impaired connectivity we fre-
quently find in patients with multiple detoxifications,
increased connectivity was found in alcoholic patients
between insula and a colliculus neuronal cluster. This
region represents an important subcortical area for
arousal mechanisms, mediating transfer of fear signals
to the locus coeruleus [55] without the need for pro-
cessing in cortical regions. For this reason, such a
pathway may allow fearful responses without conscious
appraisal of threat (see also [5]).

Increased connectivity was also found between amygdala
and bed nucleus of stria terminalis (BNST). BNST is one of
the key components of stress-induced relapse in animal
models of drug use disorder [4] and finds a central role in
Koob’s hedonic “allostasis model of addiction” [47,48]. Since
BNST activation is associated with continuous monitoring of
potential threat [83], it has been suggested that increased
connectivity between amygdala and BNST seen in alcoholic
patients facilitates neural integration of these structures,
allowing threatening stimuli to be more efficiently processed
within the extended amygdala. In our studies, when patients
were required to identify the emotion being expressed in faces
(explicit fear recognition), the strength of connectivity be-
tween insula and areas involved in control of behaviour and
regulation of emotion (inferior frontal cortex [IFC], frontal
pole) was negatively correlated with the number of detoxifi-
cations and the control over drinking evaluated by a question-
naire (Impaired Control Questionnaire [ICQ]; [71••]). When,
however, patients observed the faces without the requirement
to identify the emotion (passive view of emotion), the number
of detoxifications and ICQ correlated positively with connec-
tivity between the amygdala and a large cluster of prefrontal
cortex areas involved in attentional and executive processes
(e.g., dorsolateral prefrontal cortex). Thus, it seems that during
a passive view of threat stimuli, amygdala-related neural
networks become more strongly integrated as severity of
alcoholism increases. In contrast, when recognition and regu-
lation of emotion is required, insula-related networks are less
well integrated as severity of alcoholism increases. Again, we
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can speculate that increased connectivity in amygdala-related
networks would lead to an increased emotional reactivity [19],
whereas decreases in the network integrity of insula-related
networks would lead to inappropriate analysis of the emotion-
al input [10•].

Taking the data together, we can summarise that, in
alcoholic patients, connectivity between insula and other
cortical structures underlying a top-down control of
emotional input is diminished, whilst connectivity be-
tween insula and subcortical regions (colliculus), as well
as between amygdala and other subcortical regions
(BNST) underlying a bottom-up emotional input, is
exaggerated. Such changes in connectivity in alcoholic
patients may contribute to altered anxiety reactions, and
thus to increased risk of stress-induced relapse.

Social competence measured by EFE in alcoholic
patients was found to correlate with gray matter volume
in several frontal and prefrontal areas. Fear recognition,
found impaired in alcoholic patients, in particular in
those with multiple detoxifications [90] is negatively
correlated with grey matter volume in IFG (r=0.36,
p=0.006; unpublished), the area supporting inhibitory
control. It seems that perception of emotion from the
fearful faces was not regulated to allow correct recog-
nition, probably due to the deficient IFC. It is of inter-
est that in a post-hoc analysis we found that the higher
the trait anxiety ratings, the worse the recognition of
fearful faces (r=–358, p=0.005). It is possible that in-
creased anxiety led to increased emotional input leading to
greater insufficiency of inhibition by IFG. It is worth noting
that IFG may have some specific role in fearful expression
recognition (e.g., [77]).

Conclusions

The present review has introduced a model of withdrawal
kindling and its consequences for relapse (see Fig. 1).
Relapse to alcohol abuse remains a significant problem in
the treatment of alcoholic patients, but an under-recognised
problem is the consequences of detoxification itself for the
ability of the patient with AUD to retain control of drinking.
Since detoxification has deleterious consequences for the
function of the multiple brain mechanisms that underlie emo-
tional and cognitive competence, including the ability to con-
trol the impulse to drink, more attention needs to be paid to
this area of research. The impairments seen in alcoholics in the
ICT and in the EFE recognition tasks point to adverse effects
of repeated detoxification on two functions crucial for suc-
cessful abstinence (on the one hand making appropriate deci-
sions to avoid risk, and on the other allowing for emotions to
be perceived and expressed accurately in order to support a
social network). The development of psychometric tasks

modelling such deficits seen in patients may help in identify-
ing detoxification-induced deficits, and in assessing potential
treatments that may be helpful in restoring function. We have
outlined a number of tests that address particular deficits
found in patients with AUD. However, it remains to be inves-
tigated whether individuals with other drug use disorders, or
other impulsive or compulsive disorders, may show similar
deficits in these tasks, or whether such deficits are remediable
by drug or behavioural therapies, including those that are
currently available for treatment of AUD.
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