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Abstract

Addiction behaviors are characterized by conditioned responses responsible 
for craving and automatic actions as well as disturbances within the supervisory 
network, one of the key elements of which is the inhibition of prepotent response. 
Interventions such as brain stimulation and cognitive training targeting this 
imbalanced system can potentially be a positive adjunct to treatment as usual. The 
relevance of several invasive and noninvasive brain stimulation techniques in the 
context of addiction as well as several cognitive training protocols is reviewed. 
By reducing cue-induced craving and modifying the pattern of action, memory 
associations, and attention biases, these interventions produced significant but still 
limited clinical effects. A new refined definition of response inhibition, including 
automatic inhibition of response and a more consistent approach to cue exposure 
capitalizing on the phase of reconsolidation of pre-activated emotional memories, 
all associated with brain and cognitive stimulation, opens new avenues for clinical 
research.

Keywords: addiction, inhibition, brain stimulation, memory reconsolidation,  
cue exposure

1. Introduction

Despite considerable progress in detoxification, pharmacology, and psychologi-
cal interventions in addictive behaviors, clinical outcomes remain suboptimal 
(e.g., high relapse rate or poor quality of life) [1]. The main reason of the poor 
clinical outcomes is likely to be related to multiple interacting determinants of 
social, psychological, and biological mechanisms involved in the addiction risk 
and the relapse, a view that is not compatible with pure essentialism and simplistic 
approaches of addiction [2].

Inter-individual variations within the addiction group in respect to neurobio-
logical mechanisms of addiction were highlighted by influential theorizations 
[3–9]. Indeed, addictive behaviors can be viewed as the product of an imbalance 
between separate, but interacting, neural systems: an impulsive, largely amygdala-
striatum-dependent, neural system that promotes automatic, habitual, and salient 
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behaviors; a reflective, mainly prefrontal cortex-dependent, neural system for 
decision-making, forecasting the future consequences of a behavior, and inhibitory 
control; and the insula that integrates interoception states into conscious feelings 
and decision-making processes that are involved in uncertain risk and reward. Any 
imbalance in the dynamics of these systems can account for poor decision-making 
(i.e., prioritizing short-term consequences of a decisional option), and the lack of 
willpower [10–12], which heightens the risk for addiction and relapse.

As part of the “executive network” involving ventrolateral prefrontal cortex 
and dorsolateral prefrontal cortex, response inhibition interacts with automatic 
behavioral (“habit network”) and motivational responses (“reward network”) to 
produce flexible actions and adaptive choices. Indeed, the inhibition of a prepotent 
response has become an important element of the responsible braking system 
and limiting the expression of spontaneous motivation and emotion signals [13]. 
Indeed, successful self-regulation requires the ability to inhibit impulses that are not 
compatible with one’s goals [14].

Importantly, psychostimulant dependence, alcohol dependence, and gambling 
disorders have been consistently associated with a response inhibition deficit [5]. 
However, the deficit in inhibition observed in addiction population is generally 
of low or moderate effect size [15, 16]. Nevertheless, even a small effect size can 
have clinically relevant effects, as evidenced by the impact of impaired response 
inhibition on the risk of dependence and response to treatment [9, 17–19]. Indeed, 
response inhibition is considered as a primary candidate for cognitive remediation 
that can potentially reduce the risk of addiction and the relapse [20]. As an alterna-
tive way consistent with dual-process theories, to limit these risks is to reduce the 
need for inhibitory control, for instance, by dampening automatic conditioned 
responses (e.g., craving, attentional and memory biases) triggered by contextual 
(e.g., the sight of a bottle of beer) or internal (e.g., negative effects) cues. In addi-
tion, more automatic forms of response inhibition could be trained in the hope of 
enabling individuals to generate appropriate alcohol-stop associations without too 
much of an effortful process [21].

In this chapter, we investigate the manner the risk associated with too limited 
response inhibition can be reduced by implementing multiple forms of cognitive 
training, invasive and noninvasive brain stimulation techniques, and neurofeedback 
(NF). It should be noted that an overwhelming majority of neuroscientists engaged 
in brain stimulation in psychopathology has truly viewed brain-based interventions 
as complementary interventions to clinical treatments such as cognitive-behavioral 
therapy and motivational enhancement intervention [22, 23]. Indeed, the beliefs, 
desires, emotions, and intentions of patients are essential elements to take into 
account [2], which can be modulated by brain- and cognitive-based interventions.

After a brief presentation of response inhibition theories and methods, we 
summarize cognitive training intervention in the context of addictive behaviors 
as well as three brain stimulation techniques (i.e., deep brain stimulation, electric 
and magnetic brain stimulation) and finally protocols of neurofeedback. We then 
develop more complex clinical and research concepts (e.g., combined cognitive 
training and brain stimulation along with cue exposure interventions).

2.  Executive functioning, response inhibition, and self-regulation: 
terminological and theoretical clarifications

Numerous terms have often been used to describe similar concepts. For example, 
concepts such as self-regulation, inhibition, executive function, cognitive control, 
effortful processes, impulsivity, risk-taking, and disinhibition are sometimes clearly 
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delineated but sometimes are used as synonyms or closely related concepts [24]. 
Attempts to clarify those concepts (e.g., the degree that some of those constructs 
overlap) have been scarce but mostly suggest that intrinsic aspects of regulation, 
self-regulation, serve as an umbrella concept that encompasses top-down and 
bottom-up processes that mutually influence one another [24–26]. Naturally, the 
influence of extrinsic aspects of regulation, that is, facilitated or hindered self-
regulation due to others’ mind and action, is far to be negligible and should be 
considered to fully apprehend the determinants of dysregulated actions, such as 
addictive behaviors [27, 28].

2.1 Inhibition in definition

As suggested by William James, “Voluntary action, then, is at all times a resul-
tant of the compounding of our impulsions with our inhibitions” [29]. In order to 
control the desire, the reason takes place as represented like Plato seeing the will as 
a charioteer attempting to control two horses (one of desire and one of reason) in 
Phaedrus. For both Hippocrates and Aristotle, the body and mind are not indepen-
dent, but each influences the other. Long after, the fundamental duality between 
reason and emotion conferred to will the essence to control (or inhibit) action and 
emotion. A few decades later, Sherrington was awarded the 1932 Nobel Prize for 
Physiology and Medicine for his contribution to our understanding of inhibition in 
neurophysiology, which consolidated the concept.

Although creating a sense of comfort in theorizing, the explanation (e.g., brain 
structure in the frog that inhibits a spinal reflex) based on similarity to excitatory or 
inhibitory functions of the nervous system (i.e., neurons can serve either functions) 
that strong impulses can be impeded through the implementation of inhibition 
remains a debated matter [30].

Because of this warning, presenting an operational definition of “inhibition” 
remains an adventurous venture, not only because of the weight of its intuitive load 
(e.g., cognitive inhibition is equivalent to neural inhibition sometimes as metaphor) 
but also because of the phenomenon and explanation conflation or a confusion 
between a causal process and a functional relationship [31].

In most cases, response inhibition mainly refers to the suppression of actions 
that are no longer required or that are inappropriate, which supports flexible and 
goal-directed behavior in ever-changing environments [32]. As such, given its role 
in supervising ongoing thoughts and action in working memory, response inhibi-
tion has been considered as a hallmark of executive functions [33, 34]. As a form 
of top-down (intentional) inhibition process, prepotent response inhibition refers 
to deliberate inhibition operating on basic and reactive elements of action, which 
is essentially non-automatic and represents a cost. Intentional control depends on 
motivation and capacity [35]; it is subjectively deliberate, slow, and sequential; and 
it requires working memory and is capacity-limited.

However, a growing amount of data challenged this strictly hierarchical view 
[36, 37]. Indeed, executive control emerges from an interactive and competitive 
network generating biases in advance and is strongly influenced by personal recent 
and past experiences. Indeed, humans automatize as much as possible; hence appar-
ent intentional inhibition can in fact operate automatically for particular contexts, 
due to context-inhibition associations made through learning. For instance, on 
the stop-signal task [32], when people are informed that they may have to stop a 
response in the near future, they typically slow down operation through altering 
activity in lower-level systems that are involved in stimulus detection, action selec-
tion, and action execution [38]. Put differently, instead of relying only on executive 
functioning, low-level and high-level systems work together for self-regulation.
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Although closely related to executive functioning, response inhibition can be 
distinct from other forms of executive functions such as working memory update 
(i.e., the ability to replace information stored in working memory with new infor-
mation) and switching (i.e., the ability to shift attention to other tasks or perceptual 
dimensions) [33] (see Figure 1).

Based on latent variable analysis, several forms of response inhibition could be 
distinguished [39–42]. A first distinction has been made between the inhibition 
of prepotent response and the resistance to distracter interference. However, the 
robustness of this two-factor solution remains questionable in light of low correla-
tions between inhibition measures, when the contribution of memory processes 
was intentionally reduced [41]. It follows from this discussion that studies using a 
single laboratory paradigm for assessing or investigating inhibition do not warrant 
generalization beyond the specific paradigm studied.

More fine-grained forms of inhibition have been put forward across the years 
[39, 41]. Indeed, resistance to proactive interference consists of resisting memory 
intrusions from information that was previously relevant to the task but has since 
become irrelevant.

A second categorization relies on the degree of anticipation and preparation of 
response inhibition [43, 44]. Reactive inhibition (or reflexive inhibition) is a form 
of inhibition that one can implement without anticipation (e.g., stopping the car 
when an animal unexpectedly jumps on to the road). Proactive inhibition refers to 
the impact of inhibition preparation on the inhibitory performance (e.g., keeping 
one’s foot close to the brake after passing a warning sign for animals on the road). 
Possibly because proactive form of response inhibition requires much more than 
just inhibition, as attested by shared brain contribution of both forms of inhibition 
(the right inferior frontal gyrus, supplementary motor area and striatum) and also 
specific engagement of working memory-related regions (i.e., dorsolateral prefron-
tal region) [45], proactive inhibition may be more ecologically valid than reactive 
inhibition [46].

Sufficient agreement can be found on the contributions of these different inhibi-
tory control mechanisms as measured by a variety of cognitive tasks described by 
Friedman and Miyake [39]. The list of tasks includes the color Stroop, anti-saccade, 

Figure 1. 
Executive function classification proposed by [33].
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stop-signal, simon, global-local, and negative compatibility tasks that could share 
a component of inhibition of prepotent response; the letter flanker, the number 
Stroop, arrow flanker, and negative compatibility as well as the task assessing n-2 
repetition costs tend to assess resistance to distracter interference.

3. Response inhibition and addiction

Consistent with the previous discussion, response disinhibition is an impor-
tant element of modern addiction models [6, 9], and empirical data support this 
claim, particularly for gambling, psychostimulant, and alcohol addiction [5]. By 
conferring a central position to response inhibition, brain imaging and behavioral 
studies demonstrated abnormal functioning in individuals at risk to develop an 
addictive behavior, in addicted people, and in individuals who relapsed [9, 47, 48]. 
Indeed, a variety of response inhibition deficits are present in numerous forms of 
reinforcement pathologies (e.g., tobacco dependence [49, 50], alcohol disorder 
[51, 52] , eating disorders [53, 54], gambling disorder [55] (but see [56])). Second, 
those deficits can predict relapse in drug and behavioral addiction [18, 57, 58], and 
research suggests that recently abstinent addicts experience heightened difficulties 
with response inhibition [59, 60]. Thirdly, the inability to stop one’s actions, due 
notably to early stressful life events and negative parent–child interaction [61], can 
influence behavioral and substance addictions later in life [17, 61].

In addition, it should be noted that impaired response inhibition has a strong 
impact in important aspects of decision-making. For instance, impaired prepotent 
response inhibition in alcoholics was associated with poorer performance on the Iowa 
gambling task [62], which requires participants to deal with uncertainty in a context 
of punishment and reward, with some choices being advantageous in the short 
term (high reward) but disadvantageous in the long run (higher punishment) and 
known for its ecological validity of decision-making [63–65]. Risk-taking could also 
be modulated through inhibitory control engagement, with participants being more 
cautious once anticipating to suppress their response [66]. Unfortunately, the benefit 
of this form of inhibitory training is fragile and transitory [67]. Besides, data from a 
sample of pathological gamblers revealed no effect of this procedure on risk-taking 
[68]. Finally, prepotent response inhibition can moderate the behavioral expression 
of implicit cognition [69]. Indeed, the impact of implicit cognitive processes on 
drinking behavior should be stronger in individuals with relatively weaker executive 
control than in individuals with relatively good executive control, as shown by using 
the classical Stroop interference scores [70]. Conversely, among adolescents with 
 relatively good executive control, explicit expectancies were the best predictor of 
alcohol use [71].

In theory, prepotent response inhibition can directly be involved in myopic 
decision, that is, a preference for dominant sooner-smaller at the detriment of less 
salient larger-later decisions [72]. Steeper delay discounting rate is indubitable in 
individuals with addiction [73], which concurs to the risk of addiction and treat-
ment response [74, 75]. In support of the existence of a relationship between prepo-
tent response inhibition and short-termism, decreased gray matter volume in lateral 
prefrontal regions is associated with greater impatience [72, 76]. However, the level 
of inhibitory control, as typified by the stop-signal reaction time of the stop-signal 
task [32], and preference for large delayed rewards, as assessed using delay-dis-
counting paradigms, are generally not correlated in both healthy participants [77] 
and clinical populations (e.g., in patients with attention deficit/and hyperactivity 
disorder) [78], which suggests that response inhibition and delay discounting are 
independent factors, each of them contributing to addiction.
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4. Cognitive training

As mentioned earlier, several findings argued in favor of cognitive-based inter-
ventions aimed at targeting response inhibition as an assistant in preventing relapse 
in addicted population.

Amending those deficits is a huge endeavor and ways to achieve it is still a 
debated matter [79]. This section elaborates on several cognitive training interven-
tions (CTI) that potentially impact positively on inhibition-related processes in 
individuals with reinforcement pathologies.

4.1 Restoring inhibitory control

Two contrasting approaches have been used to evaluate response inhibition train-
ing on substance use disorders and behavioral addiction: general stop inhibition with 
classical paradigms assessing prepotent response inhibition or with versions adapted 
to the type of addictive behaviors (e.g., alcohol Stroop test or cocaine go/no-go task).

Although there is no conclusive evidence of true increase in inhibitory control in 
response to extensive training with standard go/no-go or SST tasks in adults [80], 
training of inhibitory control reduced monetary risk-taking [66] and alcohol-seek-
ing [81]; even this effect is small and short-lived [67, 68], which could potentially 
explain why some studies failed to observe far-transfer effects [82].

In contrast to some studies using formal training of working memory (e.g., [83]) 
to evaluate their direct impact on unhealthy behaviors (e.g., alcohol abuse), 
which can be positive in nonclinical samples [84], but not clinical population [85], 
modified versions of response inhibition tasks have served as training paradigms 
[79, 86–90].

During “inhibitory control training” (ICT), participants complete an inhibi-
tory control task (go/no-go task, stop-signal task, anti-saccade task) in which the 
requirement to exercise inhibitory control is paired with cues related to healthy 
behaviors, before the effects of this training on the target behavior are measured 
(for reviews, see [79, 89, 91]). For example, when a group of participants in 
whom inhibition was paired with neutral cues was compared, participants who 
completed a stop-signal task in which alcohol images were paired with inhibition 
subsequently led to reduced ad libitum alcohol consumption in the laboratory, 
but not self-reported drinking in the week after training [90]. In the same vein, 
participants who learned to associate food images with inhibition on a go/no-go 
task subsequently consumed less of those foods when given access to them [88]. In 
contrast, training of oculomotor inhibition in the presence of alcohol-related cues 
led to slowed eye movements toward target cues on catch trials, but this manipula-
tion failed to influence the proportion of inhibitory failures and had no influence 
on alcohol consumption in the laboratory [90]. Initial results indicated that the 
relationship between behavioral inhibition and alcohol intake may be causal, pos-
sibly to the ecological value of alcohol motor response inhibition paradigms (e.g., 
picking up a glass of alcohol beverage may be directly targeted by motor inhibition 
training), and training of oculomotor inhibitory control is far less convincing.

Meta-analytic approach [89, 91, 92] demonstrated that the effect of ICT on 
behavior was dependent on the task used. In theory, research on inhibition have 
led to the recognition that there are at least two types of inhibitory control: action 
restraint in which the decision to inhibit is made from the onset (go/no-go tasks) 
and action cancelation in which the decision to inhibit occurs after implementation 
of the prepotent response (stop-signal task) [93, 94]. However, the meta-analyses 
reveal that the higher the proportion of successful inhibitions of appetitive signals, 
the greater the magnitude of the effect of ICTs. Indeed, studies found a larger and 
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more statistically robust ICT effect size when go/no-go rather than stop-signal 
tasks are used. One reason for the superiority of training action restrain on action 
cancelation [95, 96] is that compared to go/no-go tasks, stop-signal tasks have 
a lower rate of overall stop success that ends up hindering the development of 
strong stimulus-stop associations [53, 95]. Instead, go/no-go tasks feature strong 
stimulus-stop association due to the rate of successful inhibitions reflected in the 
number and proportion of stop-stimulus pairings, which in turn moderate the 
effects of training on unhealthy behavior. It is still in debate to ascertain what 
repeated stop-stimulus pairings could cause: better intentional inhibitory control 
over impulsive action [97], facilitated automatic retrieval of stimulus-stop associa-
tions [21, 37, 98], or diminished motivational properties of target information 
[99–101]. The issue of which mechanisms mediate the relationship between cogni-
tive training paradigms and behavioral changes remains highly complex for several 
reasons. First, the size of behavioral change is at best rather small and does not 
survive more than a couple of hours [67]. Besides, it remains to be seen whether 
the control condition used in most of the studies where participants are required 
to rapidly respond to appetitive stimuli as often as inhibiting responses contributes 
to inflated effect size of ICT [89]. Second, there is no clear consensus on theoreti-
cal constructs such as motivation, where generally there is a weak relationship 
between implicit and explicit measures of stimulus evaluation [102]. Indeed, 
whereas a majority of studies using implicit motivational measures demonstrate 
no effect of inhibition of cognitive training on stimulus devaluation, other studies 
using Likert scale or other explicit procedures [101] demonstrated devaluation 
effects following this sort of intervention [103–105].

To sum up, general or cue-specific inhibition training has yielded only modest 
clinical results, and mechanisms remain to be elucidated.

4.2 Cognitive bias modification

Cognitive bias modification consists of pairing alcohol-related content with 
action tendencies, classically pushing a joystick in response the alcohol-related 
images and pulling the same joystick in response to soft drinks [106, 107]. 
Cognitive and clinical effects of this procedure have been compared to sham 
training conditions requiring an equal number of approach and avoidance move-
ments to both alcohol and soft drinks pictures (i.e., no stimulus-response contin-
gency). Main original outcomes are (a) reduced alcohol approach-related biases 
indicated with the implicit association task and (b) reduced alcohol relapse up 
to 1 year after the training. As suggested, an important mediating effect was the 
building of an alcohol-avoidance bias [106]. The clinical efficacy of this approach 
regardless of patients’ characteristics (age, number of prior detoxifications, etc.) 
has shown to be too limited to be integrated as such in clinical settings. Indeed, 
on a meta-analysis of 14 studies (mainly for alcohol and tobacco use problems) 
involving 2435 participants [22], the authors found a small, nonsignificant overall 
effect on cognitive bias assessed directly after the completion of the training 
intervention. In addition, neither smoking nor alcohol reduction was found in 
response to training intervention. In the same vein, a recent meta-analysis “cast 
serious doubts on the clinical utility of CBM interventions for addiction” [108]. In 
response to this assertion, influential researchers in the field, Wiers et al., argued 
that this analysis combined the results of laboratory and randomized controlled 
trials, which may underestimate CBM’s actual effectiveness when incorporated 
into regular therapy [109].

In addition to those theoretical and methodological limitations, several 
moderators could hinder yet existing ICT effects. It is the case of the degree of 
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readiness to change, that is, the goal to gain control over harmful behaviors that 
make the ICT intervention more congruent with the participant’s mindset, hence 
potentiating its effects [110]. Another source of variation in the effect of ICT 
could be the strength of appetitive responses to food cues [111], with the effects 
of ICT on behavior being proportional to the strength of appetitive responses to 
cues before ICT [112, 113]. Whether individual differences in attempts to limit 
drinking, smoking, or gambling moderate the effects of ICT on alcohol intake 
is a promising avenue for future research. Put together with current literature 
revealing substance-specific relapse (and vulnerability)-related impairments, it 
is recommended to investigate cognitive training programs based on a patient-
tailored protocol [114].

5. Brain neurostimulation techniques

5.1 Brain stimulations: noninvasive and invasive techniques

Effects of brain stimulation of basic processes, neurochemical regulation, 
and cognitive and affective processes at the system level have revealed promis-
ing results when applied to addiction treatment (for reviews and meta-analyses, 
see [23, 115, 116]). The most used stimulation techniques include deep brain 
stimulation, repetitive transcranial magnetic stimulation, and transcranial direct 
current stimulation known for their effect on self-regulatory processes and pos-
sibly acting on several forms of response inhibition.

5.2 Invasive brain stimulations

5.2.1 Deep brain stimulation

Despite ethical concerns due to potential serious side effects [117], deep brain 
stimulation has expanded from successful thalamic stimulation for Parkinsonian 
tremor (for a review, see [118]) to psychiatric conditions including addiction 
[23, 115, 116]. DBS is a neurosurgical procedure involving the placement of a 
neurostimulator, often called “brain pacemaker,” which delivers electrical impulses 
through implanted electrodes to specific brain regions related to abnormal func-
tioning characterizing neurological and psychiatric conditions.

Back in the 1980s, BDS was introduced as treatment for movement disorders and 
became well known for treating the tremor of patients with Parkinson disease [119]. 
During the 2000s, it started to be applied in psychiatric disorders when the pathol-
ogy is treatment-refractory: in obsessive-compulsive disorder (OCD) [120] and in 
major depression [121]. DBD gained interest as a means to treat addiction as soon as 
studies reported unintended alleviation of comorbid alcohol [115], nicotine [122], 
and gambling [123] addictions.

As reviewed by Luigjes et al. [124], based on a total of eight studies, bilateral 
high-frequency NAc stimulation in heroine dependence came with reduced craving 
and prolonged abstinence. In addition, animal studies have provided evidence that 
NAc DBS dampens impulsivity [125, 126], which represents a core aspect of addic-
tive behaviors [127].

However, because of the absence of double-blind controlled trials in addic-
tion, the cost and the invasiveness of the procedure, as well as the lack of 
consensus regarding its clinical efficacy and the encountered difficulties to 
recruit motivated participants [128], DBS to treat addiction could suffer from 
feasibility issues.
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5.3 Noninvasive brain stimulations

Because they offer a safe economical way to modulate brain activity, techniques 
such as repetitive transcranial magnetic stimulation and transcranial direct current 
stimulation are growing in popularity for interventions in psychiatric disorder  
[129, 130]. They are so-called noninvasive to reflect the fact that the magnetic 
pulses are delivered from a coil placed over the scalp, without a surgical interven-
tion (in contrast to DBS), which contributed to its popularity as techniques for 
modulating brain activity over the past two decades. Although recent reviews 
repeatedly recommended more clinical trials before firm conclusions about their 
efficacy could be drawn [124], their effects on key addictive-related phenomena 
(e.g., craving, impulsivity) are noteworthy [131].

5.3.1 Repetitive transcranial magnetic stimulation

Repetitive transcranial magnetic stimulation delivers in a time interval a mag-
netic pulse through the skull via a stimulating coil. The magnetic field involves a 
focal electrical current, depolarizing underlying cortical neurons. The intensity, 
duration, properties, localization, and frequency directly influence the effects. Low 
frequency (1–5 Hz) tends to produce inhibitory effects and fits well the intention of 
downregulating activity in the targeted regions [132, 133]. High frequency (10–20 
Hz) tends to produce excitatory effects on the stimulated brain area. However, 
substantial inter-individual responses to both low- and high-frequency stimulation 
have been reported [134]. By using either figure-of-eight coils or H-coils known 
to produce highly focal stimulation in superficial cortex or deeper intracranial 
penetration to a more central target, respectively [135], the clinical influence of a 
variety of clinical phenomena has been investigated.

rTMS and addictive behaviors: The most frequently used rTMS setup has been 10 
sessions of stimulation on either the right DLPFC with a high frequency or the left 
DLPFC with lower frequency. In nicotine addiction, frequently reported findings 
include reduced transitory (no longer than several weeks following the interven-
tion) cue-induced craving for cigarette as well as lower nicotine consumption  
[136, 137]. Interestingly, an important placebo effect has been repeatedly found 
in rTMS studies. Indeed, a reduction in the daily consumption of alcohol [138] or 
cocaine [139] has been found in response to both active and sham stimulation. In 
the same vein, although a reduced attentional bias toward alcohol cues has been 
found in response to high-frequency left DLPFC rTMS, all participants (irrespec-
tive of their stimulation condition) reported a reduced craving [140]. The placebo 
response should be due to a concurrent treatment regimen, which too often is miss-
ing from these studies, and better study designs should involve participant blinding.

Regarding the clinical impact of rTMS in behavioral addiction (e.g., gambling 
addiction, binge eating), the insufficient number of controlled trials prevents draw-
ing conclusion [23].

An important issue to be discussed is the potential cognitive mediators of rTMS 
effects in addicted subjects. In theory, a reduction in craving intensity and in sub-
stance use could be mediated by improved response inhibition or mental flexibility 
or a change in salience or automatization. No effects above sham stimulation were 
found on prepotent response inhibition evaluated by a go/no-go task [141].

Although DLPFC is critical for cognitive-executive functions, stimulation of 
medial regions tends to influence affective-motivational functions [142]. This 
region along with others such as the insula is important for the selection of long-
term over short-term reward, an interplay that may be abnormal in individuals 
with addictive behaviors [143, 144]. Magnetic stimulation of the medial prefrontal 
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cortex may bias the preference for delayed, over sooner, rewards [145]. However, 
this encouraging view has been recently tempered by a study reporting the absence 
of effect of rTMS targeting the medial prefrontal cortex on impulsive choice on the 
delay discounting task in pathological gamblers [146].

In contrast to rTMS that requires 20–30 min of stimulation time to achieve its 
full effect, theta burst stimulation (TBS) protocols could achieve similar efficiency 
by employing protocols lasting between 20 s and 3 min that induce NMDA recep-
tor-dependent long-term potentiation and long-term depression [147]. A recent 
meta-analytic review [148] that focused on healthy participants on the prefrontal 
cortex with theoretically linked cognitive test performance as the outcome revealed 
that uninterrupted train of TBS decreases performances on measures of inhibitory 
control, attentional control, and working memory, whereas intermittent TBS has 
positive effects on executive functions (but not likely ceiling effects). Future studies 
comparing different magnetic stimulation protocols should be conducted in the 
context of addictive behaviors.

5.3.2 Transcranial direct current stimulation

Transcranial direct current stimulation involves delivering low-intensity electric 
current (typically 0.5–2 mA) via electrodes placed on the scalp and/or upper body. 
Cortical excitability is modulated by a polarity-dependent shift of the neuronal 
membrane potential [149, 150]. On the macroscopic level, anodal stimulation 
enhances cortical excitability via depolarization and long-term potentiation, 
whereas cathodal stimulation inhibits excitability via hyperpolarization and 
long-term depression [149]. The density, duration, and direction of the current that 
comes into contact with underlying neurons determine the strength and direction 
of neuromodulation [149, 150]. After an initial subthreshold depolarization or 
hyperpolarization of neuronal membrane potentials that increases or decreases the 
likelihood of spontaneous neural firing, facilitation of long-term potentials or long-
term depression occurs [151]. tDCS modulation of the action potentials even lasts 
beyond the stimulation period [149, 150], and several neuromodulation sessions 
could increase the duration of the effects [152].

tDCS as an intervention in addictive disorders: a recent review [23] showed that 
seven published studies have focused on the impact of tDCS on various measures 
related to substance addiction. Despite important inter-individual differences in 
response to tDCS [153], most preeminent effects were found on craving reduc-
tion [154]. In addition, mixed results were found with respect to executive control 
functions [124, 131, 155, 156]. Importantly, in healthy controls no improvement was 
found after tDCS stimulation of bilateral DLPFC stimulation of either right anodal/
left cathodal or left anodal/right cathodal on decision-making under risk (e.g., bal-
loon analogue task), an absence of effect possibly due to a ceiling effect [157].

The benefit from reducing cue-induced craving for clinical population could be 
pertinent. Indeed, pressing, urgent, and irrepressible desire to drink or to smoke 
has been strongly associated with loss of control, leading to a high relapse rate [158]. 
However, the mediating effect of craving variation in response to tDCS on relapse is 
not obvious. For instance, in a tDCS study in patients with alcohol dependence (two 
daily stimulations 5 consecutive days on left cathodal/right anodal over the dorso-
lateral prefrontal cortex), no differences with regard to changes on scores of craving 
were found despite an improved overall perception of quality of life and reduced 
relapse probability in several alcoholics [159]. In nicotine addiction, right anodal 
stimulation on the DLPFC reduces craving with minimal heterogeneity, whereas 
cathodal tDCS on this region showed the most positive effect on cue-provoked crav-
ing and smoking intake [154]. However, this craving reduction, which may be due 
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to increased control on cue reactivity, could be too small to positively impact ciga-
rette use. Indeed, as compared to sham, active tDCS significantly reduced smoking 
craving and increased brain reactivity to smoking cues within the right posterior 
cingulate, as measured with a functional magnetic resonance imaging event-related 
paradigm, but failed to diminish the number of cigarettes smoked (see also [160]) 
and the exhaled carbon monoxide 1 month following the stimulation [161].

Regarding the association between tDCS and food, reduction of food craving 
[162–164] and calorie intake [97] in healthy subjects and reduced craving for food 
in overweight subjects [165] have been reported.

Mediating processes involved in brain stimulation of the PFC is likely to be more 
complex than previously expected. It was demonstrated that anodal tDCS applied 
over frontoparietal regions has previously been shown to enhance attention and 
executive control functions [166–168], but the effects are limited and non-lasting.

Working memory, depending on the stimulation modalities, can be a valid 
candidate mediator [169]. As a multicomponent system responsible for temporary 
storage and manipulation of information, working memory sustained emotional 
regulation [14]. Because many psychiatric disorders are associated with working 
memory impairments, it may be useful to improve the transient “online” manipula-
tion of emotional thoughts in treatment rehabilitation.

Response inhibition is another good candidate mediator of the relationship 
between tDCS and clinical change. For instance, a recent study showed that tDCS 
over the right inferior frontal cortex made healthy participants more efficient 
in proactive, but not reactive, inhibition [170]. In another study, tDCS over the 
pre SMA during a stop-signal task increases activity in the pre SMA after anodal 
stimulation during stop trials and was associated with improved inhibitory control 
[171]. Finally, after applying tDCS over the rIFG, two studies [170, 172] observed 
a decrease in P3 amplitude during no-go and/or stop trials in anodal compared 
to inactive stimulation. The clinical value of those results in the case of addictive 
behaviors remains to be seen. One possibility is that a reduction of P3 amplitude 
during successful response inhibition on a go/no-go task in response to tDCS could 
be a protective factor for the risk of relapse in vulnerable alcoholics, that is, those 
with greater amplitude of P3 [173].

The clinical impact of tDCS on substance use can be still more subtle. For 
instance, in obese participants, electric brain stimulation on the DLPFC facilitated 
the transition between unconscious and conscious perception of appetitive stimuli, 
a phenomenon particularly pronounced in participants with higher body mass index 
[174]. Those findings could have an impact on craving regulation, via augmented 
awareness of implicit determinants of craving, enhancing the risk of relapse.

Although the proposed cognitive mediators presented in this section showed 
promising results, their clinical relevance is still tentative. Much more data is 
needed to achieve a better comprehension of the impact of tDCS on addictive 
behaviors.

5.3.3 Neurofeedback

In neurofeedback, participants learn to modulate their own brain activity 
through feedback. The main goal is for participants to develop effective self-regu-
lation strategies to increase desired brain activity. Functional magnetic resonance 
imaging neurofeedback (fMRI-NF) and electroencephalography neurofeedback 
(EEG-NF) are the most developed configurations [175], each with its strengths and 
weaknesses [176, 177]. Higher spatial resolution and broad brain coverage charac-
terize fMRI-NF [178], while EEG-NF has very good timing but low spatial accuracy. 
In EEG-NF, it is possible to modify neuronal oscillations in specific frequency 
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domains associated with functions such as attention or relaxation. fMRI-NF and 
its variant, real-time fMRI [179], provide direct feedback to modulate (increase or 
decrease) neuronal activity in the regions of interest [180]. With fMRI-NF, brain 
regions of interest are defined a priori on the basis of consensual articles describing 
which neurocognitive networks are altered and predictive of low use of controlled 
substances [181]. In EEG-NF, critical oscillations in certain frequency bands have 
been associated with mental states (e.g., alpha and theta frequencies for a relaxed or 
meditative state, beta rhythm, or sensorimotor for inhibition).

In the context of addictive behaviors, alpha-theta and the alpha-theta aug-
mented with SMR training represent the two main protocols of EEG-NF. As pointed 
out by [23], only a few studies have reached a reasonable quality (only one study 
used a control condition matched in time) [182], which makes it difficult to deter-
mine which protocol provides the best results. However, in two studies [182, 183], a 
reduction in the number of false alarms (i.e., response to no-go trials) on a go/no-go 
task was observed in participants who received EEG-NF rather than an alternative 
treatment. It is interesting to note that sensorimotor interferences can be reduced 
in healthy participants who undergo SMR neurofeedback training, which they have 
learned to voluntarily increase, resulting in better cognitive performance [184].

With respect to fMRI-NF, an analysis based on eight studies [23] revealed that six 
of them performed on nicotine addiction showed better regulation at the level of the 
anterior part of the cingulate gyrus directly associated with a decrease in the desire to 
smoke [185]. In alcohol addiction, reduced craving was achieved by modifying activity 
in the ACC, PFC, and insula [186]. Further studies should explore reward (e.g., ventral 
striatum) and control processing before the clinical relevance in addiction could be 
confirmed and mediating factors (e.g., prepotent response inhibition) identified.

6.  A step forward: combined interventions with retrieval-extinction 
techniques

Coupling brain stimulation with other pharmacological and non-pharmacologi-
cal interventions may provide further knowledge about individual brain oscillation 
states across several montages and voltages as well as long-term structural and 
functional effects of brain stimulation on addicted patients [187]. These proposals 
will certainly make better use of brain stimulation techniques and therefore opti-
mize their clinical effects (Table 1).

Here we focused more on the effects of combined interventions to improve 
clinical efficacy. Combined methodologies have provided positive clinical results 
in a variety of psychiatric conditions [188]. From a broad perspective, the use of 
neuromodulation techniques to promote brain plasticity [189, 190] while exerting 
response inhibition, extinction learning, or cognitive restructuration may help 
regain control over prepotent actions.

As shown in Table 2, only five studies used several combined approaches in the 
context of substance use disorders. The results are rather disappointing. Indeed, 
in five out of five studies, no interaction between brain stimulation and cognitive 
manipulation was found, indicating that tDCS did not add any clinical value to 
behavioral training. However, two studies have examined the combined effects 
of left anodal tDCS on DLPFC and cognitive-behavioral modification (CBM) in 
high-risk drinkers undergoing or not treatment. In the high-risk drinker sample, 
1.0 mA was administered on left DLPFC during three CBM sessions for 3 to 4 days. 
No effect of CBM or tDCS was observed on approach bias or alcohol consumption. 
However, participants reported a reduced craving during a signal responsiveness 
task [191]. In treatment seekers, 2.0 mA over left DLPFC over the course of four 
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Brain stimulation and investigation techniques

Deep brain stimulation (DBS) A small device, similar to a pacemaker, is surgically implanted to 
deliver electrical stimulation to targeted areas of the brain

Transcranial direct current 
stimulation (tDCS) and its 
variant, the transcranial 
alternating current or random 
noise stimulation

Allows changes in cortical activity to be generated by inducing a direct 
low-intensity (1–2 mA) current in the brain

Repetitive transcranial magnetic 
stimulation (rTMS)

Induces repeated single magnetic pulses in the brain to modulate 
cortical activity

Event-related potentials (ERP) By means of electrodes placed at various points on the scalp and 
amplified through an EEG machine, the ERP measures electrical 
potentials generated by the brain in response to specific internal or 
external events (e.g., sensory, cognitive, or motor stimuli)

Function magnetic resonance 
imagery (fMRI)

To detect regional and time-varying changes in brain metabolism and 
blood oxygenation

Cognitive training and related cognitive functions

Domain-general cognitive 
training

A structured practice of mental abilities that are used to solve complex 
tasks regardless of their content (e.g., working memory)

Domain-specific cognitive 
training

A structured practice of mental abilities where the semantic content 
of the processed information is controlled (e.g., negative emotional 
words or alcohol-related content)

Cognitive biases These refer generally to unidentified or inaccurately identified 
attitudes or stereotypes, but in the present essay, we reported 
attentional, memory, and action tendency biases as normal and 
abnormal manifestations of domain-specific processing (e.g., 
attentional engagement toward smoking cues in deprived smokers)

Cognitive deficits Describes a deviation from the normal functioning of general 
cognitive domains (e.g., episodic memory, executive functioning)

Executive functions Partially independent, top-down processes reflecting goal cognitive 
corresponding to an internal goal are involved in the control of 
behavior, emotions, and cognition. The updating of the relevant 
information, the inhibition of prepotent impulses, and the mental set 
shifting are core functions

Proactive control Refers to expectancy-based activation of cognitive control 
(maintaining goal activation to bias responding) prior to an 
anticipated conflict or challenge. In contrast, reactive control refers to 
the activation of cognitive control after a change or conflict is detected

Working memory The ability to hold multiple things in mind at once while mentally 
manipulating one or more of them (e.g., updating)

Interference control Ignoring (inhibiting, suppressing, or deactivating) internal or 
external competing information to protect working memory or to 
focus attention on goal-relevant information

Prepotent inhibition response Refers to the suppression of actions that are no longer required or that 
are inappropriate, which supports flexible and goal-directed behavior 
in ever-changing environments

Self-regulation Encompasses cognitive control, emotion regulation, and top-down 
and bottom-up processes that alter emotion, behavior, or cognition 
to attempt to enhance adaptation (or to achieve an explicit or implicit 
goal or goal state)

Learning-related concepts

Conditioned stimulus A previously neutral stimulus that has been learned to predict an 
outcome; the presentation of the stimulus evokes the memory of the 
previous learning
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training sessions in 4 consecutive days was used [192]. No significant interaction 
effect for the full sample was found. However, in this study, there were some indica-
tions of a boosting effect of tDCS and CBM, such that relapse was lower in this 
group at the 1-year follow-up.

More encouraging evidence for the usefulness of a combined approach comes 
from research on patients with mood disorders. For instance, participants with 
social anxiety disorder had a significant decrease in attention bias for threatening 
signals during single anodal stimulation as opposed to simulated stimulation [196]. 
In obsessive-compulsive disorder, exposure to information aimed at generating a 
conditioned response (e.g., increase anxiety in response to a risk of contamination) 
has been tested in combination with tDCS [197] or rTMS [198]. Indeed, by using 
a personalized provocation of symptoms aimed at generating an appropriate level 
of distress, the goal was to activate the corresponding neural circuit. During brain 
stimulation, people were asked to think about provocation (“Please keep thinking 
about your dirty hands”). Positive results were found in this combined setting 
(brief exposure therapy + tDCS or rTMS). In the field of nicotine addiction, one 
study has shown that it is advantageous to use a challenge with actual exposure to 
tobacco signals just prior to the rTMS high-frequency stimulation treatment [199]. 
It should be noted that this approach requires that the interventions be individual-
ized according to the conditioned responses involved in the addictive process.

Brain stimulation techniques could also be advantageously coupled with 
interventions targeting the learning process of extinction in addictive disorder. 
Extinction refers to the disappearance of a conditioned behavior in the absence of 
positive or negative reinforcement [200]. Extinction is the basis for an intervention 
based on exposure, a primary treatment for a variety of psychiatric conditions, 
including addiction [201]. Unfortunately, the extinguishing procedures did not 
simply wipe out the conditioned responses of the past, as shown by the return of the 
targeted behavior by extinction which is again apparent after the passage of time, 
after the presentation of the unconditioned stimulus, and when extinguished sig-
nals are encountered outside the extinction context [201]. Instead, extinction may 
be a new form of learning that exists with extinction memories in distinct neural 

Extinction The presentation of a conditioned/learned stimulus now in the 
absence of the previously associated outcome; this results in the 
temporary decline of subsequent memory expression

Learning The behavioral changes of an organism are the result of regularities in 
the environment of that organism

Reactivation Re-exposure to memory reminders, which may result in 
destabilization of the previously learned neural representation of 
memory

Retrieval A reminder results in recollection of the previously learned memory; 
the term encompasses the multiple processes from reactivation of 
the neural memory representation to behavioral expression of the 
memory

Reconsolidation The active process that is necessary to restabilize a reactivated/
destabilized memory; disruption of reconsolidation results in 
memory impairment, while new information is incorporated during 
reconsolidation into an updated memory

Reactivation-extinction 
(retrieval-extinction)

The combination of memory reactivation (usually via a reminder that 
results in memory retrieval) and, after a brief interval, subsequent 
extinction

Table 1. 
Definitions and glossary of major terms as relevant in the current essay.
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Studies Condition Inclusion 

criteria

Exclusion 

criteria

N Mean age 

(SD)

Female/

male

Design Experimental 

condition

Outcome 

measures

Results

den Uyl 
et al. [191]

Electrophysiological 
and behavioral 
effects of combined 
tDCS and Alcohol 
Approach Bias 
Retraining (AABR) in 
hazardous drinkers

Heavy drinkers 
want to reduce 
drinking
Dutch-speaking
18–35 years
AUDIT > 8

tDCS criteria* 78 21.8 (3.2) 51/27 2 × 2 factorial design:

• Active tDCS during active 
training

• Sham tDCS during active 
training

• Active tDCS during sham 
training

• Sham tDCS  
during sham training

Three sessions 
of AABR** while 
receiving tDCS 
over DLPFC (1 mA 
for 15 min; 35 cm2 
anode F3 and 
100 cm2 cathode 
over contralateral 
supraorbital 
region)

Alcohol use, 
craving, AAT, 
IAT, EEG P300
Quantity of 
alcohol use 
at month 
follow-up

No effects 
on EEG and 
behavioral 
measures of 
repeated CBM 
and/or tDCS, 
except for an 
effect of tDCS 
on induced 
craving

den Uyl 
et al. [191]

A clinical trial with 
combined tDCS and 
Alcohol Approach 
Bias Retraining in 
alcohol-dependent 
patients

Individuals 
with AUD 
under a 
3-month 
hospital 
treatment

tDCS criteria* 91 47 (8.8) 30/91 Three groups in parallel 
design:

• Active tDCS during active 
training

• Sham tDCS during active 
training

• Active tDCS separate 
from active training

Four sessions of 
AABR** while 
receiving tDCS 
over DLPFC (20 
min, 2 mA; 35 cm2 
anode F3 and 
100 m2 cathode F4)

3-month, 
1-year 
abstinence 
follow-ups, 
craving 
intensity, 
approach bias

No effect of 
repeated CBM 
and/or tDCS 
on 3 months 
of abstinence 
duration, 
craving, and 
alcohol biases, 
except a trend-
level effect of 
active tDCS 
during active 
training on 
relapse rate at 1 
year only when 
comparing to 
sham tDCS  
(p = .07)
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Studies Condition Inclusion 

criteria

Exclusion 

criteria

N Mean age 

(SD)

Female/

male

Design Experimental 

condition

Outcome 

measures

Results

den Uyl 
et al. [193]

Clinical trial with 
combined tDCS and 
Attentional Bias 
Modification (ABM) 
in alcohol-dependent 
patients

Individuals 
with AUD 
under a 
3-month 
hospital 
treatment

tDCS criteria* 83 48.6 (0.9) 21/62 2 × 2 factorial design:

• Active tDCS during active 
ABM

• Sham tDCS  
during active ABM

• Active tDCS  
during sham  
ABM

• Sham tDCS during sham 
training

Four sessions of 
ABM*** combined 
with tDCS (20 min, 
2 mA, over DLPFC, 
35 cm2 anode F3, 
and 100 m2 cathode 
F4)

1-year 
abstinence 
follow-up, 
alcohol bias, 
craving 
intensity

Stronger 
avoidance bias 
only during 
training 
session in 
active tDCS 
with active 
ABM  
(p < 0.05)
No effects 
of tDCS and 
ABM on the 
bias scores, 
craving, or 
relapse

Sedgmond 
et al. [194]

Effect of tDCS on 
food consumption or 
food craving when 
combined with 
inhibitory control 
training in healthy 
subjects

Healthy 
participants

In diet to lose 
weight
History 
of eating 
disorders
Previously 
participated 
in this type of 
study

172 20.81 
(0.26)

141/172 2 × 2 factorial design:

• Active tDCS during active 
training

• Sham tDCS  
during active training

• Active tDCS  
during sham  
training

• Sham tDCS during sham 
training

One session of 
ICT**** while 
receiving tDCS 
over DLPFC (2 mA 
for 20 min; 35 cm2 
anode F4 and 
cathode F3)

Food craving, 
snack buffet 
consumption, 
inhibitory 
control

No evidence 
for the effect 
of tDCS 
on food 
consumption 
or food craving 
with Bayesian. 
No effect 
of tDCS on 
inhibitory 
control
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Exclusion 
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N Mean age 

(SD)

Female/

male

Design Experimental 

condition

Outcome 

measures

Results

Claus et al. 
[195]

Effect of combining 
CBM and tDCS on 
reduction of alcohol 
approach biases and 
alcohol consumption

At-risk alcohol 
drinkers
AUDIT > 8

History of 
treatment 
for AUD or 
desire for 
treatment 
Alcohol 
withdrawal
Brain injury
Psychotropic 
medications
Pregnancy
Illicit drug 
use
Metal in the 
body

79 24.5 (2.7) Not 
indicated

2 × 2 factorial design:

• Active tDCS during active 
training

• Sham tDCS during active 
training

• Active tDCS  
during sham  
training

• Sham tDCS  
during sham  
training

Four sessions (of 
1 h per week, 4 
consecutive weeks) 
of AABR** while 
tDCS right inferior 
frontal gyrus (2 
mA; 20 min; 11 cm2 
anode F10 and the 
cathode arm)

Drinks per 
drinking day 
(DDD) and 
percent heavy 
drinking days 
(PHDD) at 
baseline, the 
follow-up 
visits at 1-week 
and 1-month 
follow-ups, 
alcohol 
approach bias 
at baseline

Significant 
alcohol 
approach 
biases at 
baseline; 
neither CBM, 
tDCS, nor the 
interaction 
reduced the 
bias at the 
follow-up
No significant 
effect of 
intervention 
on either DDD 
or PHDD

*tDCS criteria: epilepsy, multiple sclerosis or other neurological illness, previous brain injury/infection, metal in the brain, pacemaker, pregnancy, claustrophobia, recent fainting/panic attack, frequent 
headaches or dizziness, and eczema or other skin conditions
**Alcohol Approach Bias Retraining: pull or push alcohol or soft drink pictures with joystick.
***Attentional Bias Modification: dot-probe training task with alcohol, nonalcohol, or object pictures
****Inhibitory control training: a go/no-go training task with fatty food, healthy food, and close pictures

Table 2. 
Effect of tDCS and behavioral interventions combined in substance use disorder.
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circuits [202]. Therefore, increased extinction with new approaches has been exten-
sively studied in animals and, more recently, in humans with aversive responses 
(e.g., fear) and appetite disorders (e.g., addiction) [203]. The extinction of the 
conditioned response may be more effective if it is preceded by a brief exposure 
to the conditioned response, that is to say, a phase of reactivation of the memory 
[204–206]. This approach, often named super-extinction, gave rise to theories of syn-
aptic consolidation [207], which brought a fresh look at memory processes involved 
in flexible actions. Briefly, once activated, conditioned responses are rendered labile 
and unstable that interfering intervention (e.g., propranolol administration [208], 
non-pharmacological manipulation [209, 210]) ensuing during the reconsolidation 
window could update original memory traces [204]. Reduced involvement of the 
inhibitory networks [211] and induced plasticity [209] during extinction follow-
ing reactivation could represent some of the key mechanisms in play. Importantly, 
whereas in extinction amygdala’s representation remains intact, the prefrontal 
activated reconsolidation would eliminate the necessity of such inhibition [211]. 
Additionally, as shown in animal studies, one factor that may initiate memory desta-
bilization and reconsolidation is the detention of prediction errors (surprise effect) 
[212, 213]. In humans, some procedures combining prediction errors and memory 
reconsolidation interference have yielded interesting results in subjects with high 
alcohol consumption ([214, 215], p. 20; [216]). Although the clinical impact of those 
essays was not overwhelming, subtle changes of alcohol attractiveness have already 
been highlighted, such as a reduction of craving for alcohol [216] and significant 
reductions in verbal fluency for positive alcohol-related words [215]. In theory, 
conditioned stimuli could be erased with a single treatment, which could solve the 
compliance problems necessary to continue treatment, promoting abstinence [217]. 
Although promising and extremely relevant in the context of the prevention and 
treatment of addictive behaviors, the precise recovery conditions required to suc-
cessfully destabilize memory remain unclear (e.g., role of prediction error, type of 
intervention post-activation, counter-conditioning, interference, extinction).

We suggest here that the super-extinction procedure can be implemented in com-
bination with brain stimulation techniques and cognitive response inhibition train-
ing, for example, which may lead to stronger and more prolonged clinical effects 
in drug and behavioral addictions. Indeed, not only is the activation of relevant 
brain circuitry important before the application of brain stimulation [197–199], 
but it is also possible to capitalize on the lability of memory during reconsolida-
tion. Indeed, reactivated memory becomes labile after retrieval through a process 
known as memory reconsolidation. Memory reconsolidation after retrieval may 
be used to maintain or update long-term memories, reinforcing or integrating new 
information into them [204–206, 209], a phenomenon that would underlie change 
in psychotherapy [218]. Interestingly, decreasing DLPFC activity has been observed 
in repeated encounters with memories (e.g., [115]), resulting in a stabilization of 
memory. Consistently, the stimulation of the control network via an anodal TDCS 
applied to the right DLPFC during repeated access to acquired information disrupts 
the long-term retention of these memories [219]. Based on these findings, it is likely 
that stimulating the control network during reconsolidation of emotional memories 
associated with addictive behaviors could result in disrupted storage, particularly 
in circumstances that generate interferences (e.g., training alcohol-stop associa-
tions). Future research is needed to test these hypotheses and shed new light on this 
theoretical reasoning.

Another promising possibility is that cognitive training works better when 
combined with other forms of clinical intervention aimed at enhancing motivation, 
self-esteem, family functioning, social support, etc. [220]. In other words, a very 
interesting line of research is to study the interaction between the mechanisms 
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involved in clinical interventions that lead to positive outcomes and the afore-
mentioned cognitive interventions. Too often, clinical interventions have been 
described simply as a set of technical tools (e.g., CBT, family therapy) instead of 
mechanisms and processes of clinical interventions (e.g., compensatory skills, self-
understanding) [221], which is a problem when we consider that each participant 
does not respond in the same way to a given intervention. For this reason, it may be 
that only the participants who benefit most in some way from a given clinical inter-
vention are those for whom cognitive training and brain stimulation work best. It is 
obvious that the weakness of this hypothesis is precisely the problem encountered 
by research in identifying central mechanisms and methods related to psychological 
change in response to clinical interventions [222].

Finally, some studies have found that addicted participants have preserved 
automatic inhibitory resources [52]. In this study, recently detoxified alcoholics and 
healthy participants performed a modified stop-signal task that consisted of a train-
ing phase in which a subset of the stimuli was consistently associated with stopping 
or going and a test phase in which this mapping was reversed. In the training phase, 
stop performance improved for the consistent stop stimuli, compared with control 
stimuli that were not associated with going or stopping. In the test phase, go perfor-
mance tended to be impaired for old stop stimuli. Combined, these findings support 
the automatic inhibition hypothesis. Importantly, performance was similar in both 
groups, which indicates that automatic inhibitory control develops normally in indi-
viduals with alcoholism. Furthermore, clinical interventions aimed at potentiating 
the automatic suppression of alcohol-going associations combined with procedures 
encouraging the automatic selection of alternative responses (e.g., intention imple-
mentation [223]). This approach has the merit to promote better inhibitory control 
of the action without saturating the resources of effortful self-regulation. Whether 
intensive addiction cues/stop associations could benefit from reactivation of craving 
or negative emotions is an important hypothesis to be tested in further experiments.

7. Concluding remarks

Many efforts have been made to modify the acquired motivational properties 
of addiction cues and to reinforce the control of prepotent responses via cognitive 
training, brain stimulation, and neurofeedback protocols. To date, our review has 
highlighted some of the promises as well as the obstacles that we need to overcome. 
In keeping with recent narrative critiques and the meta-analytic approach, the 
current state of the art appears to be like a half-empty or half-full glass. On the one 
side, an important limitation is the absence of a robust consensus about methods 
and mechanisms of brain stimulation techniques (but see for a recent consensus, 
article [224]) and recent findings calling into question inhibition as a psychometric 
construct [41]. The main consequence of this is the high level of variation between 
subjects in response to brain stimulation as well as a poor understanding of the 
precise cognitive mechanisms that mediate the efficacy of brain stimulation. On 
the other side, the glass could be considered half-filled because a reduction in the 
state of cue-induced craving is now feasible and the ongoing research on possible 
moderators could add important information. Indeed, the motivation for change 
of participants that refers to personal goals and values is a clinical target requiring 
specific psychological interventions before cognitive and brain enhancement can 
turn into robust clinical effects [109]. Clearly, the brain (e.g., using EEG or fMRI) 
and cognitive (e.g., impaired executive functions, exacerbated approach tendencies 
toward addiction cues) profiles of patients sensitive to cognitive improvement are 
important factors to identify [114, 225].
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In this chapter, we also strongly recommend that conditioned stimuli and condi-
tioned responses that lead to the loss and recovery of control of addictive behavior 
be better identified and used with retrieval-extinction techniques in combination 
with brain and cognitive stimulations. If ethical questions arise when unpleas-
ant sensations are felt by people seeking care and when an intervention alters the 
substance of a memory, as it may disrupt a sense of self, we must remember the lack 
of effectiveness of contemporary clinical and experimental treatments in an intoler-
able situation which we have become too accustomed. We hope to have convinced 
the reader that in reconsolidation-based treatments, even if boundary conditions 
begin to be discovered [226, 227], the potential benefits may far outweigh the risks.

It is difficult to obtain better cognitive control, such as improving executive 
functions in adults, as shown by considerable data [80], but capitalizing on pre-
served automatic inhibitory resources could prove useful for promoting better 
inhibitory control of the action without saturating the resources of effortful self-
regulation [21, 52].

In sum, these are exciting days where a number of key elements useful to change 
addictive behaviors have now been identified, yet their perfect fit remains to be 
done. What is also promising is the undeniable need to bridge the gap between 
experimental studies and clinical issues in taking into account motivation, relevant 
personal conditioned responses, acute and chronic stress, memory, response inhibi-
tion, and brain and cognitive stimulation to provide addicts with better control of 
their impulse and obsessions because it is often a prerequisite to return to a satisfac-
tory quality of life.
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