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Abstract
Noninvasive brain stimulation of the dorsolateral prefrontal cortex with repetitive transcranial
magnetic stimulation and transcranial direct current stimulation can modify decision-making
behaviors in healthy subjects. The same type of noninvasive brain stimulation can suppress drug
craving in substance user patients, who often display impaired decision-making behaviors. We
discuss the implications of these studies for the cognitive neurosciences and their translational
applications to the treatment of addictions. We propose a neurocognitive model that can account
for our findings and suggests a promising therapeutic role of brain stimulation in the treatment of
substance abuse and addictive behavior disorders.
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Introduction
Addiction, previously considered a sin and then a crime (DSM REV, 1954), is now
described as a chronic, often relapsing disease (DSM-IV, 1994) and as a complex condition
that may be associated with brain damage, behavioral impairments, and/or environmental
factors. Even among individuals with substance abuse who wish to quit the dependence, the
percentage of successful cessation is very low (Centers for Disease Control and Prevention,
2004). For instance, consider nicotine addiction. In the United States, 41% of daily smokers
report having stopped smoking for at least one day in the preceding year, but failed to
sustain abstinence (Centers for Disease Control and Prevention, 2004). Despite numerous
pharmacotherapies for nicotine dependence, such as nicotine substitution (e.g., gum,
transdermal patch, lozenge, sublingual tablet, nasal spay, and vapor inhaler formulations)
and non-nicotine medications (e.g., bupropion, notriptyline, clonidine, rimonabant, and
varenicline), the rate of cessation is very small. Among nicotine-dependent smokers who
wish to quit, only 30% sustain abstinence for a year following treatment and less than 5%
achieve absolute abstinence (Centers for Disease Control and Prevention, 2004). The
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situation with drug, food, gambling, sex, and other addictions seem similar. However, why
is addiction so difficult to overcome? More specifically, what are the critical conditions that
are necessary for substance user behaviors and/or lifestyles to begin, to continue, to be
sustained, to change, etc.?

We hypothesize that a critical, largely overlooked aspect relates to the cognitive
neuroscience of the addict’s mind, characterized by dysfunctional inhibitory control and
decision-making capacities. This paper reviews recent cognitive neuroscience studies
describing the capacity of noninvasive brain stimulation to modulate decision-making
functions when targeting dorsolateral prefrontal cortex. We will highlight the translational
clinical relevance of such findings and present recent proof-of-principle evidence supporting
the notion that noninvasive brain stimulation might be a valuable adjunct in the treatment of
addiction. Finally, we propose a neurocognitive model to account for these findings
coherently and inform future human interventions to understand underlying neurobiological
mechanisms.

Decision-Making Is Linked to Prefrontal Cortex by Imaging and Can Be
Modulated in the Healthy Brain

Decision-making is part of a complex and dynamic process (e.g., Koechlin and Hyafil, 2007;
Rushworth and Behrens, 2008) and the prefrontal cortex, especially the orbitofrontal and
dorsolateral cortex (DLPFC), has been repeatedly associated with decision-making
processes (see meta-analysis from Krain, Wilson, Arbuckle, Castellanos, and Milham,
2006). Healthy subjects show for instance activations in the DLPFC, composed of the
middle frontal gyrus, including Brodmann areas 9 and 9/46 (according to the anatomical
criteria from Petrides and Pandya, 1999) while performing decision-making tasks such as
the Risk Task (Rogers et al., 1999), a two-choice prediction task (Paulus et al., 2001), and
the Ultimatum Game (Sanfey, Rilling, Aronson, Nystrom, and Cohen 2003); patients with
prefrontal cortex damage often display abnormal decision-making behaviors (Bechara,
Damasio, Damasio, and Anderson, 1994; Clark, Manes, Antoun, Sahakian, and Ribbins,
2003; Damasio, Damasio, and Christen, 1996; Manes et al., 2002).

More recently, studies have been conducted using noninvasive brain stimulation techniques
—including repetitive transcranial magnetic stimulation (rTMS) and transcranial direct
current stimulation (tDCS)—for the modulation of decision-making behaviors. Main
findings are summarized in Table 1.

In 2005, van’t Wout and colleagues were the first to report that applying low-frequency
rTMS to transiently disrupt right DLPFC function in healthy volunteers resulted in accepting
more frequently unfair offers and taking longer time to refuse unfair offers, compared with
sham rTMS as measured by the Ultimatum Game (Güth, Schmittberger, and Schwarze,
1982). Then in 2006, Knoch and colleagues conducted a series of offline rTMS experiments
demonstrating the impact of brain stimulation on decision-making behaviors. Knoch and
colleagues (2006a) found that after applying low-frequency rTMS over the right DLPFC,
compared with rTMS over the left DLPFC and sham rTMS, volunteers took more risk at the
Risk Task1 (Rogers et al., 1999). In a following experiment (Knoch, Pascual-Leone, Meyer,
Treyer, and Fehr, 2006b), they showed that applying low-frequency rTMS over the right
DLPFC, compared with rTMS over the left DLPFC and sham rTMS, in healthy volunteers
resulted in a reduction of willingness to reject their partners’ unfair offers as assessed by the
Ultimatum Game,2 even though they still judged these offers as unfair.

In 2007, we reported that during bilateral stimulation over DLPFC using tDCS, healthy
volunteers displayed a more conservative, risk-averse response style, compared with those
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with sham stimulation and those with unilateral DLPFC stimulation. Healthy volunteers
receiving bilateral DLPFC stimulation showed lower risk taking at the Balloon Analog Risk
Task3 (BART; Lejuez et al., 2002) than participants who received sham stimulation and
unilateral stimulation (Fecteau et al., 2007b). This was the case regardless of whether anodal
stimulation was applied to the right DLPFC (coupled with cathodal over the left DLPFC) or
vice versa (anodal over the left DLPFC with cathodal over the right DLPFC). In addition,
we found (Fecteau et al. 2007a) that healthy volunteers receiving anodal stimulation over the
right DLPFC coupled with cathodal over the left DLPFC chose more often the safest
prospects as measured by the Risk Task. Conversely, participants receiving anodal
stimulation over the left DLPFC coupled with cathodal over the right DLPFC did not differ
in their choice related to risk-taking behaviors from those receiving sham stimulation.
Together, these findings demonstrate a causal link between the DLPFC and decision-making
behaviors and reveal the capability of noninvasive brain stimulation techniques to influence
decision-making processes.

Decision-Making Is Abnormal in Addicts and Plays a Critical Role in the
Chronicity of Treatment

Risky decision-making is considered to be a characteristic behavioral phenotype of addiction
and plays a critical role in the maintenance and relapse of substance use and abuse (e.g.,
Fishbein et al., 2005; Garavan and Stout, 2005).Although addicts represent a heterogeneous
population, they often display excessive risk taking (Bechara et al., 2001, 2002; Epstein,
Bang, and Botvin, 2007; Grant, Contoreggi, and London, 2000; Lejuez et al., 2003). Risk
taking shares similar behavioral sensations to those of substance craving (Goeders, 2002)
and elicits similar neural activations. Functional neuroimaging studies have revealed fairly
consistent data indicating abnormal activity in the DLPFC in addicts associated with the
experience of craving (see reviews from Brody, 2006; Goldstein and Volkow, 2002;Wilson,
Sayette, and Fiez, 2004), induced by substance-related cues for nicotine (Brody,
Mandelkern, and London, 2002; McBride et al., 2006; Wilson, Sayette, Delgado, and Fiez,
2005), cocaine (Bonson et al., 2002; Garavan et al., 2000; Grant et al., 1996; Maas et al.,
1998) and alcohol (George et al., 2001; Olbrich et al., 2006). For instance, in Brody and
colleagues (2002), activations in the DLPFC were found in “heavy smokers” when exposed
to cigarette-related cues compared with non-smokers. George and colleagues (2001)
reported that alcoholic individuals exhibited increased activity in the left DLPFC while
viewing alcohol cues, while these activations were not found when they were viewing
pictures of non-alcoholic beverages. Such activations in the DLPFC associated with alcohol
pictures were not observed in social drinkers. Importantly, positive correlations between the
size of DLPFC activations and self-ratings of craving have been reported in several studies

1In the Risk Task, subjects are presented with six horizontally arranged boxes that could be pink or blue. The ration of pink and blue
boxes varies from trial to trial and can be 5:1, 4:2, or 3:3. Participants have to pick the color of the box that hides the winning token.
They are told that the token is equally likely to be hidden in any of the boxes. Therefore, for each trial, the ratio of pink to blue boxes
(referred to as level of risk) effectively determines the probability of finding the winning token and thus the level of risk of the choice.
Participants are rewarded with points for correctly guessing the color of the box hiding the winning token and punished by losing
points for picking the incorrect color. The amount of reward (or penalty) points associated with any scenario varies and is clearly
indicated on the computer screen. Here, the conflict inherent in risk taking is reflected by the fact that the largest reward is always
associated with the least likely of the two outcomes (i.e., the most risky option).
2In the Ultimatum Game, a proposer (here the investigator) offers the subject to split a certain amount of money. The subject can
either accept or reject the offer. If he or she accepts the offer, the money is split as proposed, but if he or she rejects, none of them
receive the money.
3In the BART, subjects have to make a choice in a context of increasing risk. They are invited to inflate a computerized balloon by
pushing a “pump.” The balloon can explode at any moment. Participants have to decide after each pump whether to keep pumping and
risk explosion of the balloon, or to stop. Subjects accumulate money in a temporary bank with each pump (e.g., 5 cents for each
pump). When the subject decides to stop pumping, the accumulated money is transferred to a permanent bank. However, if the balloon
explodes, all of the money accumulated in the temporary bank is lost. Therefore, the probability of losing the money, as well as the
potential loss (i.e., the amount of money), increases with each pump.
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(Bonson et al., 2002; Brody et al., 2002; Grant et al., 1996; Maas et al., 1998; Volkow et al.,
1991). Brain structural deficits have also been reported in addicts. For instance, structural
deficits in smokers in prefrontal cortices were found (Domino, 2008; Gallinat et al., 2006),
such as smaller grey matter volumes and lower grey matter densities (Brody et al., 2004).
Moreover, the number of cigarettes smoked has been inversely related to prefrontal cortical
tissue (Brody et al., 2004) and positively related to severity of regional lobar white matter
signal hyperintensities (Brody et al., 2004; Fukuda and Kitani, 1996). In patients with
alcoholism, an increase in prefrontal volume occurs early in the course of abstinence, such
as an increase of white matter volume after 20 days of sobriety in seven patients (Agartz et
al., 2003) and an increase of grey matter volume after 32 days of sobriety (Pfefferbaum et
al., 1995).

The Kind of Brain Stimulation that Modifies Decision-Making in Normal
Subjects Suppresses Craving in Addicts

Upregulating activity in normal participants results in more cautious, risk-averse behaviors
(Fecteau et al., 2007a, 2007b). Because excessive risk taking appears linked to an increased
vulnerability for addictive pathological behavior, the same neuromodulation interventions
that change decision-making in normal individuals may be translated into therapeutic
intervention for addictive behaviors and craving (craving is defined here as “both a stable
background inclination or propensity to seek drugs and as a relatively acute and short-lived
experience of an urge” as proposed by Rosenberg, 2009 and Ferguson and Shiffman, 2009).
The application of brain stimulation over the DLFPC has recently been used as an
investigational therapeutic tool for addicts. So far, neuromodulation findings are promising
for populations who abuse nicotine, alcohol, and cocaine. Main results are presented in
Table 2. These proof-of-principle findings are consistent with therapies based on molecular
and cellular approaches targeting the DLPFC (Vocci, Acri, and Elkashef, 2005). Recently, in
animal models, Peters, LaLumiere, and Kalivas (2008) showed that the prefrontal cortex (as
well as the nucleus accumbens activity) plays a critical role in extinction training to suppress
cocaine seeking, and Belin, Mar, Dalley, Robbins, and Everitt (2008) found that high
impulsivity predicts compulsive cocaine taking and depends on prefrontal activity.

Eichhammer and colleagues (2003) showed that after a single session of high-frequency
rTMS over the left DLPFC, treatment-seeking smokers significantly decreased the number
of cigarettes smoked during an ad libitum smoking period after the stimulation session
compared with sham condition; however, the level of craving for nicotine remains the same
after a period of acute smoking abstinence of 6 h. More recently, we conducted a placebo-
controlled, randomized, double-blind, crossover tDCS study using a cue–reactivity paradigm
in smokers in order to transiently reduce the level of craving for nicotine (Fregni et al.,
2008). Each volunteer received three stimulation conditions in separate days (anodal
stimulation over the right DLPFC coupled with cathodal stimulation over the left DLPFC
(anodal right/cathodal left), anodal left/cathodal right, and sham stimulation) and were asked
to rate their craving level at different time points before and after stimulation. First, we
confirmed that the cue-provoked strategy was efficient, as craving was increased before and
after presenting smoking cues when they receive sham stimulation. In regard to the effects
of neuromodulation, there was a significant decrease in craving in both active stimulation
conditions when compared with craving ratings before and after stimulation. Finally, the
modulations of left and right DLPFC excitability by tDCS reduced cue-related and non-cue-
related craving significantly compared with sham stimulation. Using a similar design but
applying a 5-day tDCS regimen (anodal stimulation over the left DLPFC coupled with
cathodal over the right DLPFC), we found a significant decrease in craving and number of
cigarettes smoked as compared with sham stimulation (Boggio et al., 2009). Also, Amiaz
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and colleagues (2009) reported a decrease in nicotine craving, but no change in nicotine
intake, in smokers after they received high-frequency rTMS over the left DLPFC.

Camprodon and colleagues (2007) conducted a randomized crossover high-frequency rTMS
study over the left or the right DLPFC in order to reduce craving in cocaine addicts.
Participants were willing to stop using cocaine and were hospitalized in the context of an
inpatient detoxification program. They were asked to rate their craving level on visual
analog scales at three time points (pre-stimulation, immediately post-stimulation, and 4 h
post-stimulation). Ratings of the “desire to consume cocaine” were significantly reduced
after receiving a single rTMS session over the right DLPFC as compared with pre-
stimulation and the effect extinguished 4 h after stimulation as the craving level at this time
point was similar to that of pre-stimulation. No significant effects were observed after
stimulation over the left DLPFC. Politi and colleagues (2008) also observed a decrease in
craving in addicts to cocaine after patients received high-frequency rTMS over the left
DLPFC.

We also conducted a randomized, sham-controlled, double-blind, crossover tDCS study in
patients with alcohol dependence to reduce alcohol craving (Boggio et al., 2008). We used
an urge-elicitation strategy, which was successful as there was an increase in craving after
presenting alcohol cues for sham condition. After receiving active stimulation over bilateral
DLPFC (anodal left/cathodal right or anodal left/cathodal right), patients rated levels of
craving lower, compared with when they received sham stimulation. Specifically, the mean
craving change was −2%, +20%, and +27% for sham, anodal left/cathodal right, and anodal
right/cathodal left stimulation. There was no difference between the two active stimulation
conditions.

Although overeating is not considered as an addiction by the DSM-IV (APA, 1994),
overeating in obese individuals shares similarities with the loss of control and compulsive
drug-taking behaviors observed in drug-addicted individuals. Increasing evidence suggests
that the decision control of eating origins in neural networks associated with decision-
making (Alonso-Alonso and Pascual-Leone, 2006; Pignatti et al., 2006). Not only have
impaired decision-making behaviors been reported in obese patients as assessed by the
Gambling Task (Davis, Levitan, Muglia, Bewell, and Kennedy, 2004; Pignatti et al., 2006),
but they have also been correlated to the body mass index (Davis et al., 2004). Moreover,
substance taking in drug-addict individuals and overeating in individuals with obesity share
neural similarities, such as reduced striatal dopamine (DA) D2 receptors (Wang, Volkow,
Thanos, and Fowler, 2004). In 2005, Uher and colleagues (2005) conducted a high-
frequency rTMS study in women with frequent food craving. They observed a significant
diminished food craving after receiving a single session of 10 Hz rTMS over the left
DLPFC. However, in the ad libitum eating period, the amount of energy content consumed
did not differ between active and sham stimulation. In 2007, we applied bilateral stimulation
of DLPFC using tDCS to reduce food craving (Fregni et al., 2007).We performed a placebo-
controlled, randomized, double-blind, crossover study with individuals who had frequent
and strong urges to eat but without clinical eating disorders. They received three types of
stimulation: anodal right/cathodal left, anodal left/cathodal right, and sham stimulation.
They rated their craving level on visual analog scales. We also used an eye-tracking system
to measure the fixation time on food items while participants were viewing pictures of food
and non-food items. After the sham stimulation, craving was significantly increased by
presentation of food-related cues. After receiving anodal right/cathodal left stimulation,
participants showed a significant reduced craving as compared to before stimulation.
However, the craving level remained the same before and after anodal left/cathodal right
stimulation. Importantly, after both active stimulations, the fixation time for food items
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significantly decreased as compared with an increase after sham stimulation. Finally, caloric
ingestion after active stimulation was significantly lower than that after sham stimulation.

A decrease in craving symptoms using neuromodulation may carry potential therapeutic
benefits for population with addiction. Importantly, both rTMS and tDCS techniques appear
to be safe in humans as shown by neuropsychological testing (Iyer et al., 2005), EEG
assessment (Iyer et al., 2005), neuroimaging study (Nitsche et al., 2004), and brain
metabolites evaluation (Nitsche and Paulus, 2001). For rTMS, the most severe adverse effect
is a seizure. However, the overall risk of this complication is very low, and recommended
guidelines largely prevent it (Rossini and Rossi, 2007; Wassermann, 1998). For tDCS,
because this technique only induces a small electric current, chances of inducing seizures are
not likely (Poreisz, Boros, Antal, and Paulus, 2007). Other mild adverse effects such as
headache and neck pain are common to both techniques (Machii, Cohen, Ramos-Estebanez,
and Pascual-Leone, 2006; Rossi, Hallett, Rossini, Pascual-Leone, Safety of TMS Consensus
Group, 2009), but can be readily treated with analgesics and their incidence minimized
following proper precautions (Wagner et al., 2007b). Neuromodulation studies in addicts
have reported only few mild adverse effects and were similar in groups receiving active or
placebo tDCS stimulation (Fregni et al., 2008). The most frequent adverse effects were
headache and local itching.

Conceptual Models of the Role of DLPFC in Decision-Making and Addiction
Most work has been focusing on the neuroplasticity of limbic and striatal/subcortical
structures to account for addiction. This is certainly a very important concept; however, we
believe that there is a neocortical control mechanism that is cognitive and also fails in the
addictive brain. Modulation of DLPFC activity can lead to changes in decision-making
behaviors and craving reduction. These results are in line with studies suggesting that risk
taking and craving induce similar behavioral, physiological, and neural responses. For
example, in a rat model of cocaine addiction, Belin and colleagues (2008) found that
“whereas high reactivity to novelty predicts the propensity to initiate cocaine self-
administration, high impulsivity predicts development of addiction-like behavior (…),
including persistent or compulsive drug-taking in the face of aversive outcomes.” Here we
propose a neurocognitive model of the modulation of decision-making which suggests
translational approaches to addictive behavior in humans (Figure 1).

Cognitive Systems
The DLPFC appears to be centrally involved in decision-making by integrating cognitive
(inhibitory control/executive function) and emotionally relevant information (reward
processing/motivation, deliberative systems). Its activity is involved in the cognitive control
of the emotional impulse by providing adequate inhibition in the context of seductive
options (Bechara, 2005; Ernst and Paulus, 2005; Evans, 2008; Groenewegen and Uylings,
2000; Krawczyk, 2002). One possible mechanism underlying changes in risk taking and
craving is that modulation of DLPFC activity increases the level of inhibitory control of
prepotent, impulsive responses required for appropriate decision-making behaviors.

Another possibility is that modulation of DLPFC activity might alter the reward-seeking
behavior and mimic craving-related processes as suggested by Eichhammer and colleagues
(2003). In support of this hypothesis, we found (Fecteau et al., 2007a) that healthy
volunteers receiving bilateral DLPFC modulation were significantly less influenced by the
reward options at the Risk Task (described earlier) than those with sham stimulation. In this
task, response times are usually related to the level of risk and the size of reward, and
subjects take more deliberation time for choosing the most likely outcome when its
associated reward is decreased in comparison with that associated with the least likely
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outcome (Rogers et al., 1999). However, participants receiving bilateral DLPFC modulation
were significantly faster to make their choice than all other participants, suggesting that they
were so reward insensitive that they did not even seriously consider the choice of greater
reward even in the less risky context (reward of 10:90 points in the context of risk of 4:2).
Modulated DLPFC activity may thus simply abolish sensitivity to reward.

In line with this, modulation of the DLPFC activity seems to impact self-interested impulses,
which could lead to reduced craving. Transient suppression of the DLPFC activity appears
to override self-interested impulses. Knoch et al. (2006b) found that healthy volunteers
behaved more selfishly at the Ultimatum Game (described earlier) after receiving a single
session of low-frequency rTMS over the right DLPFC. Importantly, volunteers were
accepting unfair offers from their partners although they still judged the offers as unfair.
Some addicted user patients manifested similar patterns: although they are aware that their
addiction has significant negative consequences for themselves and their peers, they keep
abusing the substance. The relative loss of such impulses might be one of the reasons that
patients have difficulties to quit their substance addiction. Therefore, the final outcome of
neuromodulation may be a decrease in the impulsive self-interest motives, which leads to
decreased craving. In support with this, Fregni et al. (2007) found that prefrontal stimulation
did not change how the volunteers rated the smell and appearance of food, however craving
and caloric ingestion were significantly decreased.

Finally, modulation of DLPFC might also impact addiction-relevant memory. DLPFC is a
crucial area for memory, planning, and sustained attention (Cabeza and Nyberg, 2000;
Passingham, 1993; Petrides, 1994), and cue-associated anticipation and planning of
imminent substance use elicit DLPFC activations (Grant et al., 1996). In addicts, abnormal
overactivations in the prefrontal cortex were found during a simple visual attentional task
(Tomasi et al., 2007; see also review from Hyman, Malenka, and Nestler, 2006).
Behaviorally, stronger memories and a greater sustained attention during substance-related
cues are associated with levels of craving (Brody et al., 2002). Neuromodulation may
suppress these memories or attentional biases resulting in decreased craving. For instance,
Fregni and colleagues (2007) found that DLPFC modulation, which decreased food craving,
also resulted in an attentional shift to non-food stimuli even in the presence of food stimuli
that would otherwise preferentially capture attention as assessed by eye-tracking data.

Neural Systems
Future studies must measure the neural changes associated with beneficial effects of
prefrontal neuromodulation for addiction. The identification of the specific neural networks
externally activated and/or deactivated by brain stimulation will certainly contribute to
deciphering the specific mechanisms responsible for diminishing risky behaviors and
craving. Certainly, not only are the effects of neuromodulation local but they also spread
trans-synaptically across bi-hemispheric cortico-subcortical networks connected with the
targeted area (Nahas et al., 2001; Valero-Cabré, Payne, and Pascual-Leone, 2007; Wagner et
al., 2007).

The Role of Dopaminergic Pathways
Neuromodulation might suppress the reward-seeking process via modulation of the
dopaminergic systems or other neurotransmitters associated with the mesolimbic
dopaminergic reward system. Most drugs of abuse target the neural reward system by
rapidly flooding the circuit with dopamine (DA). Because of the overstimulation of the
system by the drug, the addicted state is marked by a weak dopamine function by reductions
in striatal D2 DA receptors. Therefore, the brain produces less dopamine or reduces the
number of dopamine receptors in the reward circuit (see review from Volkow, Fowler,
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Wang, Swanson, and Telang, 2007). For instance, smoking withdrawal is associated with a
hypo-dopaminergic state in humans (Smolka, Budde, Karow, and Schmidt, 2004) and
animals (Epping-Jordan, Watkins, Koob, and Markou, 1998; Fung, Schmid, Anderson, and
Lau, 1996). Pathologically obese subjects also display a reduced level of striatal D2 DA
receptors, which is inversely related to the body mass index (Wang et al., 2004). Thus,
addicts seek substances that will compensate for this reduced sensitivity of neurotransmitters
of reward circuits. Dopaminergic antagonists such as clozapine and olanzapine can decrease
substance craving (Green, Zimmet, Strous, and Schildkraut, 1999; Hutchison et al., 2006).
The dopaminergic mesocorticolimbic pathway arises in the ventral tegmental area and
connects brain structures including the DLPFC and nucleus accumbens (Berridge and
Robinson, 1998); thus, a reduction of the sensitivity or number of dopamine receptors is
likely to impact DLPFC activity. On the other hand, modulation of the DLPFC activity via
brain stimulation techniques may modify this cascade of events. High-frequency rTMS over
the DLPFC can induce dopamine release in the caudate nucleus (Strafella, Paus, Barrett, and
Dagher, 2001) as well as in the ipsilateral anterior cingulate and orbitofrontal cortex (Cho
and Strafella, 2009), which may provide a possible mechanism of action. More recently,
Nitsche and colleagues (2006) showed that sulpiride, a D2 receptor blocker, abolished the
induction of tDCS effects nearly completely after stimulation.

The Role of the Orbitofrontal Cortex
Modulation of the DLPFC may also coactivate other frontal regions such as the
orbitofrontal/ventromedial cortex because they are densely interconnected (Ghashghaei and
Barbas, 2002) and spatially close. The orbitofrontal region appears to be especially involved
in inhibitory control functions (Elliot and Deakin, 2005) and craving (Fowler and Volkow,
1998; London, Bonson, Ernst, and Grant, 2000), and is known to have extensive connections
to other brain areas such as the striatum and amygdala. Thus, the orbitofrontal cortex may
serve to integrate cortical and subcortical processing of motivational behavior and reward.
According to the model of Ernst and Paulus (2005), the DLPFC is involved in the cognitive
process of decision-making, whereas the ventrolateral and ventromedial prefrontal cortex,
the striatum, and the amygdala are involved in the affective process of decision-making.
Given the tight and reciprocal interaction between DLPFC and orbitofrontal cortex,
modulation of the DLPFC might simultaneously modulate both cognitive and affective
neural-related processes of decision-making.

Bihemispheric Contributions and Issues of Lateralization
Finally, modulating activity in one DLPFC is presumed to have transcallosal (and opposite)
effects on the activity of its homolog in the contralateral (unstimulated) hemisphere. For
instance, George and colleagues (1999) demonstrated that high-frequency rTMS over the
left DLPFC reduced activity in the right DLPFC as measured by PET. Therefore, even when
stimulation is applied unilaterally, there is likely modulation of activity in the contralateral
hemisphere that may, in fact, contribute to the observed behavioral effects. In Fecteau and
colleagues (2007b), changes in risk-taking behaviors were observed only when applying
bilateral modulation of the DLPFC (anodal tDCS coupled with cathodal tDCS), whereas no
significant change was found when applying unilateral stimulation (anodal over one DLPFC
coupled with cathodal tDCS over the contralateral supraorbital area). One possible
explanation is that the effects are mediated by the balance of activity across the hemispheres
and that brain stimulation exerts its effects by altering the relative balance of the two
DLPFCs: relative hyperactivation of one DLPFC and suppression of cortical excitability of
the contralateral DLPFC. There may be a critical cross-hemisphere interplay between the
right and left DLPFC during decision-making that is altered by the bilateral electrode
placement. In regard to the addictive brain, beneficial effects on craving were observed with
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bilateral tDCS stimulation (Boggio et al., 2008; Fregni et al., 2008), high-frequency rTMS
over the left DLPFC (Eichhammer et al., 2003) and over the right DLPFC (Camprodon et
al., 2007). Interestingly, after receiving left anodal/right cathodal stimulation, subjects
displayed no change in food craving ratings; however, the amount of caloric ingestion was
diminished after active stimulation regardless of whether the anodal electrode was placed
over the right or left DLPFC coupled with the cathodal electrode over the contralateral
DLPFC (Fregni et al., 2007). Modulation of either right or left DLPFC might disrupt the
cross-hemispheric interplay during decision-making that might be necessary for craving
states and substance use. Support for this notion of balanced bilateral activity of DLPFC
during craving states has been shown in neuroimaging studies (Wilson et al., 2004).

Inter-individual Differences and the Role of Expectation
Certainly, neuromodulation might be more effective for some patients than others, as
addicts, a heterogeneous population, display different neural patterns related to their
substance use and misuse. For instance, treatment-seeking status and state of expectancy to
use the substance in a near future appear to induce differential patterns of DLPFC activity
elicited by drug cues (Wilson et al., 2004). In a meta-analysis including 19 cue-induced
studies of drug craving, Wilson et al. (2004) noted that activations in the DLPFC associated
with drug cues were mainly observed in addicts not seeking treatment, who likely expect to
use the drug after the experiment. Conversely, studies with addicts undergoing treatment fail
to show significant DLPFC activation by drug cues. In McBride and colleagues (2006),
smoking cue-induced DLPFC response in actively using addicts was modulated by both
expectancy to smoke in a near future and craving levels. Only addicts with expectancy of
smoking in the near future showed significant bilateral DLPFC responses, compared with
those with no expectancy. Moreover, greater activity in the left DLPFC was correlated with
smoking expectancy and a higher level of craving. Interestingly, craving is reported by
addicts in the presence and absence of DLPFC activation (Wilson et al., 2004). Wilson and
colleagues (2004) concluded that the DLPFC is a region most influenced by perceived drug
use opportunity. It is also worth mentioning that behavioral and physiological responses are
also different in regard to the state of expectancy to use the substance. When instructed that
drugs were available for consumption during the experiment, addicts produced distinct
affective (Carter and Tiffany, 2001; Sayette, Martin, Hull, Wertz, and Perrott, 2003) and
physiological (Carter and Tiffany, 2001; Lazev, Herzog, and Brandon, 1999; Zinser, Fiore,
Davidson, and Baker, 1999) responses, and report a higher level of craving (Carter and
Tiffany, 2001; Droungas, Ehrman, Childress, and O’Brien, 1995; Juliano and Brandon,
1998; Sayette et al., 2003) when instructed that drugs were not available for an extended
period of time (Wertz and Sayette, 2001). Future work that correlates the change on
decision-making with the clinical impact on craving and on substance use and abuse is
warranted to support the conceptual framework we are offering in this paper.

Summary
In sum, experimental proof-of-principle findings reveal that modulation of the DLPFC
might be a valuable adjunct in the treatment of addiction. We hypothesize that such effects
are linked to shifts in decision-making related to the role of the DLPFC in impulsivity
control, reward, motivation, and expectation.

In the last two decades, the use of brain stimulation has generated a groundbreaking research
field for the treatment of the neuropsychiatric disorders (Daskalakis, Christensen, Fitzgerald,
and Chen, 2002; Lisanby, Kinnunen, and Crupain, 2002). Because risky decision-making
seems to be, in part, responsible for the maintenance and relapse of addiction, a
neuromodulation-based approach to modulate decision-making is particularly interesting.
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Moreover, the neuromodulation-based approach has the advantage that the effects are
immediate. Craving and substance use and abuse are highly variable and dependent on
environmental influences and a single treatment of brain stimulation can transiently and
immediately block or reduce this drug-seeking process.

It is also worth mentioning that modulation of DLPFC activity appears to have inhibitory
effects on craving regardless of the substance, consistent with the concept that drug and food
craving share a common neurobiological substrate (Wang et al., 2004). This suggests that
other populations displaying detrimental decision-making behaviors or abnormal responses
to reward, such as pathological gamblers (Brand, Franke-Sievert, Jacoby, Markowitsch, and
Tuschen-Caffier, 2005; Cavedini, Riboldi, Keller, D’Annucci, and Bellodi, 2002;
Goudriaan, Oosterlaan, de Beurs, and Van Den Brink, 2006), patients with bulimia, or those
with anorexia nervosa (Davis and Woodside, 2002), might similarly benefit from
neuromodulation-based approaches.
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modulate brain plasticity, suppressing some changes and enhancing others, to gain a clinical
benefit and behavioral advantage for a given individual. Such noninvasive approaches can
lead to clinically relevant therapeutic effects in neuropsychiatry and neurorehabilitation, and
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Glossary

Repetitive
transcranial
magnetic
stimulation

rTMS is a neurotechnique that enables modulation of cortical activity
through the application of focal, repeated magnetic fields. Opposite
modulatory effects on cortical activity can be induced depending on the
frequency of stimulation; low-frequency rTMS has an inhibitory effect,
whereas high-frequency rTMS facilitates activity (Chen, 1997;
Gangitano, 2002; Romero, Anschel, Sparing, Gangitano, and Pascual-
Leone, 2002). Finally, its effect on physiologic, neural, and behavioral
responses outlasts the period of stimulation (Pascual-Leone, Rubio,
Pallardo, and Catala, 1996; Walsh and Pascual-Leone, 2003).

Transcranial
direct current
stimulation

tDCS is a neurotechnique that uses a weak electric current using large
electrodes to induce neural changes (Gandiga, Hummel, and Cohen,
2006). Its effects depend on the polarity of stimulation. Anodal
stimulation increases cortical excitability and cathodal stimulation
decreases it (Antal, Nitsche, and Paulus, 2001; Ardolino, Bossi,
Barbieri, and Priori, 2005; Nitsche and Paulus, 2000, 2001). The after-
effects of a single session can last for more than an hour (Nitsche and
Paulus, 2000, 2001; Nitsche et al., 2003).
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Figure 1.
Basic neural and cognitive cascade of events impacted by modulation of DLPFC on
decision-making. Importantly, in our conceptual model, hypothetical systems involved are
not mutually exclusive; they share commonalities and overlap in several aspects. OFC,
orbitofrontal cortex; VMPFC, ventromedial prefrontal cortex.
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Table 1

Review of findings of the effects of neuromodulation on decision-making in healthy subjects

Stimulation paradigm Findings

1Hz rTMS over the right DLPFC ↓ rejecting unfair offers >sham rTMS at the Ultimatum Game (van’t Wout et al., 2005 ; Knoch et al.,
2006b).

↓ rejecting unfair offers >1Hz rTMS over the left DLPFC at the Ultimatum Game (Knoch et al., 2006b).

↑ risk taking >sham rTMS at the Risk Task (Knoch et al., 2006a).

↑ risk taking >1Hz rTMS over the left DLPFC at the Risk Task (Knoch et al. 2006a).

2 mA bilateral DLPFC tDCS ↓ risk taking >sham tDCS at the BART (Fecteau et al. 2007a).

↓ risk taking >unilateral DLPFC tDCS at the BART (Fecteau et al., 2007a).

↓ risk taking >sham tDCS at the Risk Task (Fecteau et al., 2007b).

↓ sensitivity to reward >sham tDCS at the Risk Task (Fecteau et al., 2007b).
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Table 2

Review of findings of the effects of neuromodulation on craving and substance use in patients with addiction

Substance
Parameters
Regions N of
sessions Patients Measurement and effects References

Nicotine

 20 Hz rTMS Treatment-seeking nicotine smokers Substance intake: Decrease Eichhammer et al. (2003)

 L DLPFC Craving: No change

 1 session

 2 mA tDCS Smokers Craving: Decrease Fregni et al. (2008)

 R/L DLPFC

 1 session

 2 mA tDCS Smokers Substance intake: Decrease Boggio et al. (2009)

 R/L DLPFC Craving: Decrease

 5 sessions

 10 Hz rTMS Smokers Substance intake: Decrease Amiaz et al. (2009)

 L DLPFC

 10 sessions Craving: Decrease

Alcohol

 2 mA tDCS Abstinent alcoholics in out-patients detoxification clinic Substance intake: No change Boggio et al. (2008)

 R/L DLPFC Craving: Decrease

 1 session

Cocaine

 10 Hz rTMS Abstinent cocaine abusers in in-patients detoxification clinic Craving: Decrease Camprodon et al. (2007)

 R DLPFC

 1 session

 15 Hz rTMS Abstinent cocaine abusers post-detoxification Craving: Decrease Politi et al. (2008)

 L DLPFC

 10 sessions

Food

 10 Hz rTMS Subjects reporting severe and frequent urge to eat Caloric ingestion: No change Uher et al. (2005)

 L DLPFC Craving: Decrease

 1 session

 2 mA tDCS Subjects reporting severe and frequent urge to eat Caloric ingestion: Decrease Fregni et al. (2007)

 R/L DLPFC Craving: Decrease

 1 session

Note: L = left; R = right.
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