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Highlights

1. We have reviewed studies using rTMS and tE®dace craving in SUDs
2. Both brain stimulation techniques can inducaificant changes in craving
3. Craving reduction did not reach clinical sigedifince in all studies

4. Methodological discrepancies may explain théed#t conclusions

5. Parameters need to be addressed in future wo®mote therapeutic potential
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Abstract

Substance use disorders (SUDs) can be viewed abhal@gy of neuroadaptation. The
pharmacological overstimulation of neural mechasisinreward, motivated learning and memory
leads to drug-seeking behavior. A critical chanastie of SUDs is the appearance of craving, the
motivated desire and urge to use, which is a n@ind of current pharmacological and behavioral
therapies. Recent proof-of-concept studies haveddke effects of non-invasive brain stimulation o
craving. Although its mechanisms of action arefotly understood, this approach shows interesting
potential in tuning down craving and possibly canption of diverse substances. This article reviews
available results on the use of repetitive tramgatanagnetic stimulation (rTMS) and transcranial
electrical stimulation (tES) in SUDs, specificaibpacco, alcohol and psychostimulant use disorders.
We discuss several important factors that nee@ tadaressed in future works to improve clinical
assessment and effects of non-invasive brain stitionl in SUDs. Factors discussed include brain
stimulation devices and parameters, study desiyas) states and subjects’ characteristics.

| ntroduction

Substance use disorders (SUDs) have been extgnstudied in animal and human models in the last
decades and growing lines of investigation sugiregtSUDs are the end product of a neuroadaptative
pathology. The pharmacological usurpation of nemmathanisms of reward, motivated learning and
memory can lead to drug-seeking behavior and cgafieil and Zangen, 2010; Hyman, 2007; Kalivas
and O'Brien, 2007; Koob and Volkow, 2009). Despitéensive research, current treatments including
pharmacological and behavioral therapies havedungfficacy in reducing craving and promoting
complete abstinence of substance use (Anton &Qf1§) and SUDs still have a costly impact on
healthcare worldwide. There is thus a need to egplovel approaches to treat SUDSs.

Non-invasive brain stimulation (NIBS) techniqueanrely repetitive transcranial magnetic stimulation
(rTMS) and transcranial electrical stimulation (JE8®e being investigated as new approaches to eeduc
craving and treat SUDs. rTMS uses the principlelettromagnetic induction to modulate cortical
excitability. Repeated sessions of rTMS can indang-lasting and durable neurophysiological
changes in targeted brain structures and moduédtaviours associated with cortical functioning (e.g
(Wagner et al., 2004). The neurophysiological effet rTMS are dependent on several parameters,
including the frequency of stimulation, the numbeépulses delivered per train of stimulation, the
intertrain interval, the length of the stimulatiperiod and the targeted cortical area. tES usestdr
alternative electrical current, applied to the gaedveling from a positive (cathode) to a negative
(anode) electrode. Under the anode, cortical neuaoa thought to be facilitated whereas under the
cathode, cortical neurons are believed to be sgppde(Nitsche et al., 2003). rTMS is approved by th
FDA for the treatment of refractory major depresgiGeorge et al., 1997; 1995; O’Reardon et al.,
2007; Pascual-Leone et al., 1996). rTMS and tE® la¢gso been studied with success in the reduction
of auditory hallucinations and positive symptomsaéhizophrenia, neuropathic pain and anxiety
disorders (Kuo et al., 2013; Wassermann and Lisa2®1).

Both, rTMS and tES have shown some promise inrdarment of SUDs. Although preliminary,
emerging results provide encouraging data (Feilzartjen, 2010; Jansen et al., 2013; Wing et al.,
2012). The goal of this review is to present theent state of understanding of craving and SURE an
summarize the findings on the use of NIBS in SUVs.focus here on craving because it is now a
DSM 5 criterion for SUD. Craving is also consideeegredictive factor of relapse following a quit
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82  attempt because of abnormal cue-reactivity in Sldidepts (Baker et al., 2012; Goudriaan et al., 2010
83 Paulus et al., 2005; Hone-Blanchet et al., 2014 }His concept is still disputed (Perkins, 2012t F
84 instance, in tobacco use disorder (TUD), it is ssted that therapies for smoking cessation should
85 tune down cue-induced craving (Ferguson and ShiffrB@09). Therefore, new alternative therapeutic
86 modalities, aiming at controlling craving and pramg long-term abstinence, are needed.
87
88 Craving is a complex concept, encompassing neuapeal and psychosocial variables. It is defined
89  as the desire for the previously experienced effeta psychoactive drug, motivated by internal and
90 external cues (Hyman, 2007). Repeated and intémsg 6f dopamine neurons provides the
91 pleasurable sensations associated with substatat® irAlthough psychoactive substances act through
92 an extremely wide range of active compounds witttEje neuropharmacological mechanisms of
93 action (Stahl, 2005), an essential pharmacologindpoint remains dopamine release through the
94  mesocorticolimbic pathways. Intoxication is thusasated with diverse effects, dependent on the
95 substance’s properties, and repetition of intalcel@nges allow the replication of this dopaminénfiy
96 pattern. More importantly, this repeated pattegoamtes incentive salience to external stimuli and
97  promotes drug-related goal-directed actions andvadnal behavior. Dopamine signaling from the
98 ventral tegmental area to the ventral striatum. (@ucleus accumbens) and prefrontal corticesateisi
99  drug-seeking behaviour, but recruitment of the mémucleus of the amygdala, ventral pallidum and
100 dorsal striatum eventually reinforces compulsivegdseeking. During withdrawal, the shift from
101  constant drug-related reward to abstinence is pilyngharacterized with reduced DA neurons firing.
102  This recruits the extended amygdala (includingcretral nucleus of the amygdala and the shellgdart
103  the nucleus accumbens) that mediates limbic andmmatuxes, resulting in the appearance of a broad
104 range of withdrawal symptoms (Koob & Volkow, 200®oreover, this metabolic stress results in
105 elevated corticotropin-releasing factor in the caramygdala, thus facilitating the impact of diauges
106  and stressors on the possibility of relapse. Steeakey part in the maintenance of SUDs, as it is
107  thought to facilitate the reinstatement of drugksag behavior through the sustained action of
108  corticotropin-releasing factor in the amygdala. ti€osstriatal glutamatergic pathways from the
109 prefrontal cortices to the nucleus accumbens mediatg-induced reinstatement. Furthermore, the
110 recruitment of the basolateral nucleus of the aralgednd hippocampus is also important in the
111  attribution and valuation of drug-cues, thus beirttemely important in drug-related cue-
112  reinstatement (Koob & Volkow, 2009).
113
114 It has been shown in multiple works that craving ba induced by environmental cues alone,
115 independently from the state of abstinence (Frarddial., 2007). Successful abstinence is congigten
116  associated with the capacity to resist craving rdfoee, reduction of craving and/or ability to sdsi
117  craving, may thus represent critical objectives aragor therapeutical outcomes across SUDs (see
118  Figure 1). A balance between reflective (i.e decisnaking, executive) and reflexive (i.e reward-
119 biased, impulsive) systems is thought to regulatg-delated behavior, and more generally, reward-
120 associated behavior and response to craving (Baetaal., 2005). The reflective system exerts top-
121  down control on the impulsive system, thus regntagmotions and affective states. However,
122 decision-making is a complex process that requimegration of information and can thus be
123 influenced by the reflexive system. Chronic drugstamption would facilitate a hyperactivity and
124  hypersensitivity of the reflexive system, overcogihe reflective system. This neurocognitive model
125 s strongly based on neuroanatomical organizatidheoreward system, with a limbic drive circuit
126 ~ comprising projections from the medial prefrontaitex to the nucleus accumbens (the reflexive
127  system), and an executive control circuit compggnojections from the DLPFC to the dorsal part of
128 the striatum (the reflective system) (Hanlon et2015).
129
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There are currently various experimental measur&rarcraving. Craving can be induced by transient
abstinence and by presentation of salient sensared. Measure of craving presently relies on g u

of standardized questionnaires. Although physi@algneasurements (i.e.: skin conductance, heartbeat
rate, serum cortisol) are also used in some stuifieg are not reliable and objective correlates of
craving, hence making craving an important buticiff outcome measure.

Please insert Figure 1 about here

The following sections review results focusing ba thanges relative to craving and substance use
induced by NIBS in the context of TUD, alcohol akgsorder (AUD) and psychostimulant use disorder.
Of note, studies detailed below do not use the sdgfirition of TUD, AUD, and psychostimulant use
disorders and many were completed before the D®WItton. We thus use the authors’ own
terminology in the description of subjects and saee use. Finally, we propose possible mechanisms
underlying the beneficial effects of NIBS in redugicraving and critical methodological factors to
consider for future works.

Noninvasive brain stimulation in tobacco use disorder

Cigarette smoking is still the leading cause ohpature death and illness in many countries. Cugrent
available pharmacotherapeutical alternatives, sisdbupropion and varenicline, decrease nicotine
craving by respectively stimulating the dopamind @RABA pathways but reported side effects are
important. Nicotine replacement therapy (nicotineng, patches and inhalators) replaces nicotine
inhaled during cigarette smoking. Although thesehmés may help transiently decrease craving for
cigarettes, smoking cessation rates appear toxeetd 35% despite use of these treatments (Benowitz
2009).

Neural substrates of tobacco use disorders

Nicotine inhaled from cigarette smoke is carrieatirthe lungs to the brain where it selectively Bind
to nicotinic cholinergic receptors (NAAChRs). Dirstimulation of these receptors activates the
liberation of dopamine in the mesocorticolimbictpaays, among other neurotransmitters. Acute and
repeated chronic effects of nicotine result inahgvation of the prefrontal cortex, visual aread a
thalamus. Nicotine intake increases dopamine cdrat@n in the ventral tegmental area (VTA),
nucleus accumbens (NA) and striatum, which is thotg provide the pleasurable and arousing effects
of cigarette smoking. The stimulation of dopamia¢hgvays also allows the liberation of GABA and
glutamate, neurotransmitters that respectively lavibiting and facilitating effects on dopamine
transmission. Chronic use of nicotine tones dovenithibitory action of GABA release but maintains
the release of glutamate, which facilitates theasé of dopamine and enhances the reinforcingteffec
of nicotine. Other hypotheses of the developmemiadtine SUD point at the reduction of the activit
of monoamine oxidase A and B (MAO-A and MAO-B), Ihanzymes involved in the catalysis of
catecholamines (Schwartz and Benowitz, 2010). Itaptly, nicotine also stimulates the release of
acetylcholine, serotonin, norepinephrine and endlog) triggering a global neurophysiological
response which may induce alterations in neuroctality and excitability (Markou, 2008). Single and
paired-pulse TMS paradigms as applied for exampleang et al. (2007) have demonstrated that
chronic nicotine intake may increase cortical introln, with smaller amplitude of motor evoked
potentials and increased afferent inhibition in kere compared to healthy controls.

There is also rich neuroimaging literature showimgactivation of a complex network which includes
the dorsolateral prefrontal cortex (DLPFC), orbitaital cortex (OFC), and the striatum during
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craving-inducing exposure to smoking cues (Bro@)& Goldstein and Volkow, 2002; McBride et

al., 2006; Wilson et al., 2004). Importantly, theAF-C is a cortical relay in the mesocortical dopaani
pathway, stimulated during craving and substaneeaus thus a key brain structure in the development
and maintenance of TUD. The DLPFC has thus beem#ie brain region targeted with NIBS.

Repetitive transcranial magnetic stimulation in tobacco use disorders

Studies have investigated the effect of singleepeated sessions of rTMS on craving for cigareites
level of consumption of cigarettes in smokers. fits studies were conducted to evaluate the etiect
a single rTMS session over the left DLPFC on crgvilohann et al. (2003) found that smokers rated
craving for cigarettes lower on a visual analogesCdAS) after a session of active high frequency
rTMS (20 Hz; 90% of resting motor threshold (RM@&pmpared to sham rTMS (Johann et al., 2003).
However, in a double-blind crossover study witlcée (20 Hz; 90% RMT) and 2 sham sessions,
Eichhammer et al. (2003) evaluated craving witinalar VAS and found no differences in craving
between sham and active conditions. Nonethelesg dia find that subjects smoked less cigarettes
after active rTMS as compared to sham (Eichhaminair,e2003). Following those two pioneering
studies, Amiaz et a{2009) assessed the effects of rTMS on cue-indoadng and urinary cotinine.
In this parallel study, 48 treatment-seeking smekegre individually assigned to one of the follogvin
categories; rTMS (10 Hz; 100% RMT) with presentatid smoking cues, rTMS with presentation of
neutral cues, sham rTMS with presentation of snpkires, and sham rTMS with presentation of
neutral cues. rTMS sessions were administered gldifinconsecutive weekdays. Craving was assessed
before, immediately after and 6 months after tree @rthe rTMS arm. Urinary cotinine levels were
measured before stimulation on days 1, 5 and 1@k8m who received active rTMS (with neutral or
smoking cues) reported a decrease in craving @leti@ase in cigarette consumption and urinary
cotinine levels, but these effects were not sigaiit after the follow-up period of six months (Amet
al., 2009). Rose et al. (2011) tested the effecbaibining bilateral rTMS with a smoking-cue
condition. The smoking-cue condition consistedrespntation of smoking-related pictures and
holding a cigarette and a lighter. There was alsewdral cue condition, which consisted of
presentation of neutral pictures and holding a ppamcl rubber eraser. They delivered low frequency
(1 Hz; 90% RMT) and high frequency bilateral rTMI® (Hz; 90% RMT) over the superior frontal
gyrus (SFG). All participants received both typéstomulation and an active control condition with
stimulation (1 Hz; 90% RMT) to the motor cortexgHifrequency rTMS to the SFG induced craving
during the smoking cue condition, whereas low feggry rTMS had no significant effect. In an
additional condition, they combined stimulationlwtontrolled inhalation of actual cigarette smdke,
means of a controlled cigarette puff volume appara®rior to stimulation, subjects inhaled a cigare
with the apparatus to determine the volume of srmakenally inhaled with each puff. During
stimulation, subjects inhaled this volume of cig@ramoke. In this condition, active high frequency
rTMS decreased craving ratings (Rose et al., 200dken together, these results provide interesting
insight on the role of the SFG in provoking oppesiehavioural impact following stimulation:
increasing or suppressing craving. More recentlgtlal. (2013) used a crossover paradigm in which
subjects received sham and active rTMS (10Hz, 1B0A%) over the left DLPFC, with a one-week
interval separating the two rTMS sessions. Subjeete presented neutral and cigarette-smoking
visual cues, before and after stimulation, and deted the Questionnaire of Smoking Urges. Active as
compared to sham rTMS reduced craving ratingst(al.e2013a). When comparing these results with
the ones from Johann (2003) and Eichhammer (2@@&}uthors propose that these immediate effects
may partly be ascribable to the increased numbpulsies during the stimulation period (1000 pulses
per session for Johann et al. and Eichhammer; 8040 pulses per session for Li et al.). Intenggy,
greater reduction in smoking cravings were coreglatith greater FTND scores and number of
cigarettes smoked per day at baseline. The authosssuggest that rTMS may be of particular clinica
importance in difficult-to-treat smokers. Pripflat (2013) investigated the neural mechanisms
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underlying nicotine-craving reduction. They useghhirequency rTMS (10Hz; 90%MT) applied to the
left DLPFC in smokers who were required to remdistiment for 6 hours before stimulation. They
also recorded EEG delta brain waves before and stfteulation, which are presumably associated to
activity in the dopamine pathways and thought t@a Imeurobiological correlate of craving. They found
that both craving ratings and EEG delta power wedeiced after active stimulation as compared to
sham (Pripfl et al., 2013). These results sugdedtriiMS may impact the dopamine reward pathways
and may be one of its primary mechanisms of agtidhe reduction of craving. Finally, Dinur-Kleith e
al. (2014) investigated the preclinical efficacyl8fsessions of either 10Hz rTMS, 1Hz rTMS or sham
stimulation on craving and cigarette smoking (meadwith urinary cotinine levels) in 115 treatment-
seeking smokers. The have used an H-shape coghvafiowed to target both the lateral PFC and
insula (Zangen et al., 2005). Craving levels weeasured with the Short Tobacco Craving
Questionnaire and visual smoking cues were prede¢atthe subjects before each rTMS sessions. High
frequency rTMS significantly reduced both cravimgl&igarette smoking compared to low frequency
rTMS (1 Hz) and sham rTMS, reaching an abstineateaf 33% at a 6-month follow-up (Dinur-Klein
et al., 2014). The authors suggest that stimulaifaeward sensitive areas in deeper layers of the
cortex, such as the insula, may be more efficienleicrease cravings and achieve abstinence.

In summary, over a total of eight experiments dfiffin TUD, five have found a decrease in tobacco-
related craving, two have reported no changesparsmbserved an increase in craving. In regards to
stimulation parameters, all five studies reportilegreases in craving used high frequency rTMSethre
targeted the left DLPFC, one targeted the midliR& &nd one targeted the lateral PFC. On the two
studies reporting no changes, one delivered 1 WS and one 20 Hz rTMS. The only study reporting
craving increase used low frequency rTMS. In regéodsubjects’ characteristics, two studies among
the five that reported a decrease in craving regusubjects to be abstinent before stimulationtand
did not require abstinence. One study reportingiogadecrease tested treatment-seekers. In terms of
experimental paradigm, three of the five studiesdus cue-provoked paradigm (see Table 1).

Transcranial eectric stimulation in tobacco use disorders

tES applied over the DLPFC may also induce chamgesaving and cigarette consumption in TUD. A
first study by Fregni et al. (2008) sought to detiee if tES could modulate cigarette craving in
smokers. This study employed a randomized, douleksham-controlled crossover design. Craving
were elicited with the presentation of a smokinigteel video, and rated before and after the video ¢
on a VAS. A single session of anodal stimulatioritiier the right or left DLPFC coupled with
cathodal stimulation of the contralateral DLPFCni@®, 2 mA) decreased craving when compared to
sham stimulation (Fregni et al., 2008). A subsetjgardy by Boggio et al. (2009) sought to determine
if repeated sessions of anodal stimulation ofD&fPFC coupled with cathodal stimulation of the tigh
DLPFC (20min; 2 mA) might induce a longer-lastirgctbase in the number of smoked cigarettes and
craving. Active stimulation decreased the numbesnobked cigarettes compared to sham tES
throughout the 5-day intervention. Interestinghe effect was reported as dose-dependent, as the
effect of tES seemed to gain magnitude depending@number of sessions. Moreover, active tES
diminished craving ratings compared to sham tEQy¢&oet al., 2009). We recently investigated the
effect of tES (30min, 2 mA, anodal over the leftBERC coupled with cathodal over the right DLPFC)
on the number of smoked cigarettes in smokers whbea to quit (Fecteau et al., 2014). Subjects
received two five-day regimens of active and sh&aB\ fThe number of smoked cigarettes was
collected throughout the experiment. We found #uaitve as compared to sham tES reduced the
number of smoked cigarettes and the effect lagtetd four days after the end of the stimulation
session. Subjects also performed two versions ttieatum Game task, the original task with
monetary reward and a modified version of the tagk cigarettes as reward. The Ultimatum Game
assesses cognitive processes involving decisionAagafubjects can either accept or reject an offer
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277  made by a proposer. The offer consists of splitimgward in unequal parts, to the advantage of the
278  subject or not. If the subject accepts the offez,reward is split as proposed, but if not, no r@oeives
279 the reward (e.g., Sanfey, 2003). Active tES induz@dore conservative approach in the Ultimatum
280 Game as smokers refused more offers of cigardites.study thus suggests that tES applied over the
281 DLPFC may modulate reward-sensitive processesnt@fast, Pripfl et al. (2013) have shown that
282  anodal stimulation (with 3 electrodes) of the rigitPFC coupled with cathodal of the left DLPFC
283  (15min; 0.45 mA) improved controllability of impuNgty in smokers. There were no effects with

284  cathodal stimulation of the right DLFPC coupledhwédinodal tES of the left DLPFC and sham

285  stimulation. Although this work did not investigateving, it suggests differential effects of tiES i

286  smokers and healthy subjects on a cognitive progagsilsivity, known to be impaired in some

287  smokers. Xu et al. (2013) used anodal tES (20mmA2 over the left DLPFC, with the cathode over
288 the right supraorbital area, in smokers to asdessges in craving and negative affects with thdilero
289  of Mood States questionnaire. Active tES reducedite, anxiety and depression indices, but did not
290 change craving (Xu et al., 2013). Finally, Menglet(2014) have studied the effects of a singlsisas
291 of tES on the number of cigarettes smoked on theviong day and attention bias to smoking-related
292  cues using an eye-tracking system. There werarikttion conditions (20 min, 1 mA): cathodal

293  stimulation over the frontal-parietal-temporal a(ERT) of both hemispheres with anodal stimulation
294  over both occipital cortices; cathodal stimulatawer the right FPT and anodal stimulation over the
295  right occipital cortex; and sham tES. Main findirgsre a decrease of cigarette consumption in

296  subjects who received bilateral cathodal tES dveRPT and an attentional shift from smoking-relate
297  to neutral cues as compared to the other groupadgMeal., 2014). In summary, these results provide
298 interesting support for the clinical potential B& in TUD (see Table 1).

299

300 Over atotal of four studies assessing the use®fan tobacco-related craving, all delivering 2 mA,
301 two have reported a decrease in craving, one reghartiecrease in craving in one subscale oveah tot
302 of four, and one study found no changes in cra(seg Table 1). The three studies reporting a deerea
303 in craving targeted both DLPFCs whereas the stadgrting no changes applied anodal stimulation to
304 the left DLPFC and cathodal over the right suprdakiarea. In regards to subjects, three of thdistu
305 reporting decreases in craving did not requireestibjto be abstinent, whereas subjects were abstine
306 for a minimum of ten hours in the other study. Ooe study recruited treatment-seekers and all four
307 studies used a cue-provoked paradigm.

308

309 Please insert Table 1 about here

310

311

312  Noninvasive brain stimulation in alcohol use disorder

313

314  Alcohol is the most widely used psychoactive sutistzand AUD is a frequent condition worldwide.
315 AUD is a severe condition, preoccupying social ésanod a complex phenomenon as various

316 concomitant psychiatric conditions, such as moasdrdiers, are encountered among alcoholic patients
317 (Vengeliene et al., 2009).

318

319 Neural substrates of alcohol use disorders

320 Ethanol is the main psychoactive ingredient in latdantake and acts as a CNS depressant. As a
321 nonselective pharmacological agent, ethanol epsitetrates the brain blood barrier and acts priynari
322 by disrupting receptors and ion channels, affectimgoad range of neurotransmitter systems within
323 the human brain. Its poor selectivity makes itidifft to identify which of its effects are ascrilbalbo a
324  particular neural system or receptor interactiasildwing heavy consumption and intoxication,

325 alcohol inhibits L-type C& channels and facilitates the opening of G-progeiiivated K channels,
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resulting in the inhibition of NMDA receptors adivon. This reduces excitation and allows the
enhancement of GABAreceptor function, increasing inhibition. The fégg concentration of ethanol
in blood and affinity of the subunit of the recapto channel interacting with ethanol are thoughbe
the main parameters depicting alcohol’s psychoadcditect (Vengeliene et al., 2009). Alcohol’s antio
on intrinsic membrane properties can lead to varimolecular mechanisms involving
neurotransmitters and second messengers, inclgdnagoninergic (5-HJj) receptors present on
GABAergic interneurons. Potentiation of 5-pRS by alcohol consumption enhances the inhibitory
action of GABA. Moreover, activation of 5-Hand nAChRs facilitates the release of dopamine and
leads to the modulation of glutamate, GABA, acétglme and norepinephrine transmissions
(Vengeliene et al., 2009). Therefore, the pleadarabd reinforcing properties of ethanol depend on
the indirect stimulation of the mesolimbic pathwmediated by the modulation of glutamatergic
systems and disinhibition of dopamine neurons. Aaidlly, results also suggest that ethanol may
directly excite dopamine neurons in the VTA andstetimulate the release of dopamine (Sulzer,
2011). It is also thought that the decreaseiclitrents and activation of inward currents by
acetaldehyde, a metabolite of ethanol, may beyp@siponsible for dopamine neurons firing (Sulzer,
2011). However, it is important to note that evieouigh dopamine remains a key player in alcohol
reinforcement, opiates and cannabinoids are algm\vad in the initiation and maintenance of AUD. In
humans, approved pharmacotherapies for AUD comgiséfiram (an acetaldehyde dehydrogenase
inhibitor), naltrexone (an opioid-receptor antagtnand acamprosate (acts on normalizing NMDA
hyperexcitability during withdrawal)(Lev-Ran et,82012). The aforementioned compounds are
relatively effective in diminishing alcohol cravitgit also induce serious side effects.

Repetitive transcranial magnetic stimulation in alcohol use disorders

In one of the first rTMS studies in AUD, Mishraadt (2011) administered ten daily sessions of 10 Hz
rTMS (110% RMT) over the right DLPFC to 30 AUD pmatts and compared the effects to that of
sham stimulation in 15 patients. They evaluatesiogafor alcohol with the Alcohol Craving
Questionnaire after each rTMS session. They alatuated craving one month after the final rTMS
session. Patients had to remain sober during tesecoitive days before the rTMS session. Active
compared to sham rTMS reduced craving scorestafeen days of stimulation. The authors propose
that rTMS over the DLPFC may facilitate the stintida of dopamine pathways through the meso-
fronto-limbic connections. They also suggest a ipessranshemispheric suppression of the left
DLPFC may have resulted from the stimulation ofrigat DLPFC. Although these hypotheses remain
to be tested in future work, this study highligtite potential efficacy of high-frequency rTMS in
diminishing craving intensity in AUD (Mishra et @2011). HOppner et al. (2011) have also assessed
the effect of high frequency rTMS in 19 female AlpBtients, stimulating the left DLPFC in ten
consecutive session with 20 Hz rTMS (90% RMT). Thegessed craving for alcohol with the
Obsessive Compulsive Drinking Scale (OCDS) andaetsive symptoms with two different scales
(Hamilton Scale and Beck’s Inventory). No signifitdifferences were found in craving and mood
when comparing active and sham rTMS groups (Hopenhat., 2011). Herremarms al. (2012) focused
on the effect of a single session of high freque®S (20Hz; 110% RMT) over the right DLPFC on
alcohol craving. The study regrouped 36 AUD pasiatgtoxified for 12 days and evaluated alcohol
craving with the OCDS before and after the singlé$ session. The authors report no significant
differences in alcohol craving when comparing actiy sham rTMS groups. It is worth noting that the
rTMS was delivered at home and that these patleadsstopped taking medication (benzodiazepine)
before the experiment (Herremans et al., 2012)owatg this study, the same research group
(Herremans et al., 2013) assessed the effectinfesession of rTMS (20Hz; 110% RMT) over the
right DLPFC in AUD patients detoxified for 14 day$ey measured alcohol craving with the OCDS
and found no effect of active or sham rTMS on argysimilarly to their first study. Finally, a sileg
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case report from De Ridder et al. (2011) delivel®dessions of 1Hz rTMS over the medial frontal
cortex to decrease alcohol craving in a severe Adiient. The patient gained beneficial effects over
withdrawal symptoms for three months post-treatmené patient relapsed after this three-month
period and was treated again with five rTMS daglgson and relapsed again three weeks post-
treatment (De Ridder et al., 2011). Although tlasecreport includes a single subject, it highlighés
transient effects obtainable with repeated sessibriEMS.

In sum, two studies (Mishra et al. 2011l; De Rideteal. 2011) have shown a significant decrease in
alcohol craving following active stimulation andek studies have reported negative findings
(Herremanst al, 2012, 2013; Hoppner et al., 2011). Diverse statioh parameters and different types
of patients may have caused the important discepaibetween results in the aforementioned studies.
In regards to stimulation parameters, one studg a8&iz over the right DLPFC and the other 1 Hz
over the dorsal ACC. The three unsuccessful stiddiesed 20 Hz, one over the left DLPFC and two
over the right DLPFC. All studies required theibgcts to be abstinent, as most of them were
treatment-seeking in-clinic patients. One of the studies reporting a decrease in craving usee-a cu
provoked paradigm and the other did not. The thtedies reporting no changes in craving did not use
a cue-provoked paradigm to assess the effect o&'®Nlcraving. In regards to craving assessments,
one study used the ACQ-NOW with 5 factors and aezla single item VAS. The other studies used
the OCDS (see Table 2).

Transcranial electric stimulation in alcohol use disorders

Boggioet al, (2008) have investigated the effect tES on altofaving, with 13 abstinent AUD
patients who were administered bilateral tES olerright and left DLPFCs. In this cue-elicited
paradigm, patients were presented alcohol-relagdélcues to induce craving before stimulation.
Both active tES electrode montages (anodal toattevith cathodal to the right; cathodal to the lef
with anodal to the right; both conditions at 2mA &9 min) reduced craving compared to sham
stimulation (Boggio et al., 2008). More recenthgkdmura-Palacios et al. (2012) used 1mA tES during
10 min in 7-days abstinent alcoholics to decreaseirng (Anodal left DLPFC; cathodal right
supradeltoid area) (Nakamura-Palacios et al., 200y found no significant changes in craving on
the OCDS. da Silva et al. (2013) studied the efbédive weekly tES sessions (anodal stimulation of
the left DLPFC coupled with cathodal stimulatiortloé right supradeltoid area, 2mA for 20min) in a
clinical population of alcoholics. They focusedtbe effects on craving, event-related potentials
following presentation of alcohol-related visuaésuand depression and anxiety symptoms. Active
tES and sham stimulation decreased craving anegsgpe symptoms. This decrease in both
measurements was larger and more significant ia¢hiee tES group. Active compared to sham tES
also triggered DLPFC activity during the presewotatf alcohol-related cues. There was no significan
effect on anxiety symptoms. Furthermore, 2 out pa6ents in the active group and 6 out of 7 in the
sham group remained abstinent during the five-vigak the others relapsed (da Silva et al., 2013).
Finally, den Uyl and colleagues (2015) studieddffect of tDCS over alcohol craving in hazardous
drinkers from a student population. They compavenl¢lectrode montages; one with the anode over
the left DLPFC and the cathode over the right sontmgal area, and one with the anode over the left
IFG and the right supraorbital area. They measaradng with the Alcohol Approach and Avoidance
Questionnaire (AAAQ) before and after tDCS but wad include a cue-provoked paradigm. Active
tDCS with the anode over the left DLPFC reducediogacompared to sham (den Uyl et al., 2015).

Over a total of four studies, three have reportdd@ease in craving, with two studies using 2m@ an
one 1mA. One study used a bilateral montage wehatitode and cathode over both DLPFCs, and two
delivered anodal stimulation of the left DLPFC anathodal over the right supradeltoid area. The
fourth study which did not report changes in crguilelivered 1 mA tDCS with anodal stimulation of
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424  the left DLPFC and cathodal of the right supra@aiarea. In regards to the patients, they were all

425 abstinent across the studies, except for the déstugy, which included hazardous drinkers among a
426  student population. In regards to craving measungsnéetween the three successful studies, one used
427  the AUQ, one the OCDS and one the AAAQ. All studieed a cue-provoked paradigm, except for the
428  den Uyl study which only measured baseline crabigigre and after tDCS. The study from

429  Nakamura-Palacios and colleagues (2012), whichrtegpmo changes, used the OCDS to assess

430 alcohol craving but did not use a cue-provokedgigra (see Table 2).

431

432 Please insert Table 2 about here

433

434

435 Noninvasive brain stimulation in psychostimulant use disorders

436

437  Cocaine is a powerful psychostimulant of the CN& s directly stimulates the release of dopamine
438 in the mesocorticolimbic pathways. It is a highdidective substance, with an estimate 1.7 million

439 patients in the US (NIDA, 2012). Cocaine use disord strongly characterized by relapse and

440 recidivism (Dackis and O'Brien, 2001; Stahl, 2008&thamphetamine (METH), a methylated

441 derivative of amphetamines, is similarly addictarel stimulating to the dopamine circuits. Its

442  popularity has reached epidemic proportions througkhe world, with an estimated 25 million users
443  worldwide (Cadet and Krasnova, 2009). Its pharn@agiohl action is of longer duration and chronic
444 intake can result in severe and long-lasting nesycpuatric adverse effects, due to its neurotoxic

445  effects on the dopamine and serotonin terminalggN&l and O’Dell, 2012; Vollm et al., 2004).

446

447

448  Neural substrates of psychostimulant use disorders

449  Cocaine acts as an indirect agonist at dopamirepters and as an inhibitor of monoamine

450 transporters (such as DAT, the dopamine transpoftberefore, its double action stimulates the

451 release of dopamine and blocks the reuptake mesthawii dopamine neurons (Stahl, 2005), causing an
452 accumulation of dopamine in the synaptic cleft.sTéauses dopamine concentration to reach a non-
453  physiological level and drastically enhances dop@niansmission. Behavioral effects on cocaine
454  users are mainly mediated by these mechanismauglthcocaine also has effects on

455  norepinephrinergic and serotoninergic neurons. MER6 stimulates release of dopamine and,

456  partially, serotonin, and additionally transierntiyerses monoamine transporters (DAT, SERT) thus
457  increasing extracellular concentration of suchgnaitters (V6lim et al. 2004).

458

459  Repeated and chronic psychostimulants intake ealiyfacilitates the down-regulation of D2

460 receptors concentration in the prefrontal corteading to an increase in D1 receptors signaling,

461 thought to increase glutamate transmission andltédei glutamate release in cortico-limbic

462  projections. Eventually, this leads to the augnmemeof dendritic spines, insertion of AMPA receqsto
463 and the increase in AMPA receptor sensitivity & gostsynaptic density of GABA medium spiny

464 neurons of the NA, which will affect the metabotimglutamate receptors (mGluRs) (Kalivas, 20074,
465 Kalivas et al., 2006). In fact, partial inhibitiarf glutamate release in the DLPFC and partial ddek
466 of mGluRs are pharmacological experimental avetwussippress cocaine use disorder, as

467 demonstrated in studies in which blocking AMPA rgoes on the NA inhibited relapse (Cornish and
468 Kalivas, 2000; Kalivas, 2007b; Kalivas et al., 20Eargeting GABA transmission is another

469 interesting avenue to regulate psychostimulanticga\GABA levels in the ventral pallidum (VP) have
470 been reported lower than normal in patients wittagoe abuse and decrease in GABA concentrations
471 in this structure has been associated with cocsgesing behaviors and development of cocaine

472  sensitization (Kalivas, 2007b). Increase of glutemalease near limbic structures during cocaine
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administration is thought to modulate GABA transsios and GABA projections from the NA to the
VP, among other structures. Interestingly, outfnais) the NA to the VP are also peptidergic, and
chronic psychostimulant intake can induce long-teh@anges in opioid peptides regulation, namely on
-endorphin in the NA and dynorphin in striatal rans. All opioid receptors from the basal ganglia
are probably involved in the rewarding effect oftame administration, although andd-opioid
receptors are most cited (Trigo et al., 2010).

As for TUD and AUD, the prefrontal areas are ofctaliimportance in the development and
maintenance of psychostimulants use disorder.rstamnce, reduced metabolism of the OFC observed
in cocaine and METH users is thought to modulaggadune transmission and facilitate reward
sensitivity (Volkow, 2002; Volkow et al., 2011).usties using NIBS in these populations have thus
focused on the DLPFC as a brain target in an efifodiecrease craving by modulating activity in the
prefrontal region and its connected network.

Repetitive transcranial magnetic stimulation in psychostimulant use disorders

Two studies have sought to test the clinical padéof rTMS in the reduction of cocaine craving. In
the first one, Camprodon et al. (2007) have adraresl two sessions of rTMS (10 Hz, 90 % RMT) in
randomized order over the right and left DLPFC axlepatient. The six patients were in-clinic and
seeking treatment for cocaine use disorder. Theyteted craving VAS before, after and 4 hours after
each of the two rTMS session, which were schedatedweek interval. Cocaine craving were
decreased after rTMS applied to the right, butthetleft hemisphere (Camprodon et al., 2007).
Although these preliminary results are interestthg,authors suggest that a bigger sample size is
needed to confirm the effect and the lateralitysgagtion observed in the main effect. In a second
study, Politi et al. (2008) investigated the effecl0 daily sessions of 15 Hz rTMS over the left
DLPFC (100% RMT) in 36 detoxification patients di@ged with cocaine use disorder. Craving
reports and psychosomatic symptoms of abstinence agsessed at each of the ten days (Politi et al.,
2008). The results showed a gradual and significhiction of craving following the course of the
rTMS protocol, with the most significant changesurcing at the seventh session according to authors
Finally, Li et al. (2013) have used a single sessibl Hz rTMS targeting the left DLFPC to decrease
METH craving in non-treatment seeking METH usetsey found out that active compared to sham
rTMS induced craving (Li et al., 2013b). The authpropose that inhibitory action of low frequency
rTMS over the prefrontal cortex may allow increasetivity of the craving-related subcortical regon
Two of the four experiments described demonstraerlfMS has potential in the reduction of
psychostimulant craving, with several subsequesgisas providing a stronger effect (see Table 3).
However, it remains evident that more thoroughaesehas to be conducted, taking into account the
type of patient and the optimal stimulation pararsgtnamely the stimulation target as discussed in
(Fecteau et al., 2010).

The two studies reporting a decrease in craving bggh frequency rTMS; one targeted the left
DLPFC and the other the right DLPFC. The study repg no change used high frequency rTMS over
the left DLPFC and the study reporting an increasgaving delivered 1Hz rTMS over the left
DLPFC. In regards to subjects, they were abstimeall studies. In regards to outcome measures, the
two conditions showing a decrease in craving aedtie showing no change did not use a cue-
provoked paradigm, whereas the study demonstratingcrease in craving used a cue-provoked
paradigm (see Table 3).

Please insert Table 3 about here

Transcranial electric stimulation in psychostimulant use disorders
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522  One study has assessed the effect of tES on cedated cue reactivity (Conti et al., 2014). Irsth

523  work, they measured event-related potentials caetirgty in abstinent crack-cocaine users. They

524 measured craving before and after the first tESigesand after the fifth and final tES sessiorteeyl
525 found that a single session of anodal tES (2 mAjiBDover the right DLPFC coupled with cathodal
526 tES over the left DLPFC did not decrease cravinggared to sham tES (see Table 3). Moreover,
527 there was no effect after 5 sessions of activectiiBpared to sham. There was no significant effect o
528 cocaine intake at 3-months follow-up, but found thaubjects in the active tES group and one fer th
529 sham group had remained abstinent (Conti and Nakafalacios, 2014).

530

531 One study has investigated the effect of tES iniradast male METH-dependent subjects (Shahbabaie
532 etal., 2014). This was a randomized, sham-coetiptiouble-blind, cross-over design and subjects
533  received one active and one sham stimulation sgssith the anode over the right DLPFC and the
534 cathode over the left supraorbital area at 2 ma@Owith a wash-out period of 72 hours. Craving
535 levels were measured before, during and after #&8tsession on a 1-item VAS, and were asked to
536 rate their METH craving spontaneously. There wasféatt of time (pre, during, post) and stimulation
537  (sham, active) but interaction did not reach sigaiice.

538

539  Over two studies using tES for psychostimulant icrgyvone demonstrated a decrease in craving and
540 the other did not. They used the same stimulatayameters (20min, 2mA). The one reporting a

541 decrease in craving applied anodal to the right BERnd cathodal to the left supraorbital area

542  (Shahbabaie et al., 2014) whereas the one thatadidpplied anodal stimulation over the right DLPFC
543  and cathodal over the left DLPFC (Conti et al.,£201n regards to patients, the study reporting a

544  decrease in craving used 1-week abstinent subydetseas the other study required a minimum of 31-
545 days of abstinence. Both studies used a cue-provoe&eadigm (see Table 3).

546

547

548  General discussion

549

550 Studies presented in this review provide insightlie use of NIBS in reducing craving and

551 consumption of addictive substances. A recent rapdysis has explored the effects of rTMS and tES
552  on craving reduction for diverse substances andiged statistical evidence that these techniques ca
553  decrease craving levels for food, nicotine, alcara marijuana (Jansen et al., 2013). They found an
554  effect size of 0.476, which encourages future itigatons. Of interest, there was no significant

555 difference between rTMS and tES in decreasing ntgaWloreover, the magnitude of the effects was
556  not different across substances. The authors ested whether targeting the left or right DLPFChwit
557 NIBS induced greater benefits on craving. Althotiggre was no significant statistical difference,

558 greater craving suppression was reported whenttiaggine right hemisphere.

559

560 Although the results described in this review magdme from experimental studies, it is worth

561 comparing NIBS with traditional pharmacology andhééoral interventions. SUDs have a high

562  prevalence worldwide, available therapies thatchnically efficient are relatively rare. Most alatdle
563 pharmacotherapies rely either on pharmacologicalidaide of sensitive receptors or on

564  pharmacological substitution of the substance’madomponent. In TUD, nicotine replacement

565 therapy and bupropion or varenicline are the mestalternatives for smoking cessation. In AUD,
566 main medications use to limit alcohol withdrawatgtoms include anticonvulsants, antipsychotics
567 and benzodiazepines with limited success (Amatb. £2011). In psychostimulant use disorder, most
568 common treatments include the use of indirect dopamgonists that seem to increase

569 psychostimulant abstinence (Pérez-Maifa et al.,)20ibpioid use disorder, methadone maintenance
570 therapy seems an effective replacement therapyldteases heroin use, but its primary impact is to
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571 retain patients in treatment and does not redueditih mortality rate of patients (Mattick et 2009).
572  In sum, current available pharmacotherapies for SHi2 effective for some patients, but still do not
573  meet overall clinical needs (Castells et al., 20B@havioral interventions are helpful to achieve

574  clinical success but do not seem to comprise editéaof substance use disorders (Knapp et al.,)2008
575 Overall, meta-analytical researches suggest thaisa substances, combination of pharmacological
576  treatment and behavioural intervention may incredisecal success and ameliorate clinical attendanc
577  and patient retention (Amato et al., 2011; Knapgal e2008; Stead et al., 2012).

578

579  As currently understood, NIBS mechanisms of adtiocraving would suggest a similarity with

580 pharmacological replacement therapy; if indeeddB& rTMS can provoke dopamine release.

581  Similarly to the conclusions reached in the afonetiomed studies, we believe that combination with
582  behavioural intervention would be paramount indeeelopment of successful clinical therapy

583 comprising NIBS. rTMS applied to the DLPFC (Geoegeal., 1996; Pascual-Leone et al., 1996b;

584 O’Reardon et al., 2007) and tES applied over th€BC also appears to induce beneficial effects in
585 reucing depressive symptoms. Mechanisms assoadidtiedhese approaches are still uncovered. It is
586  possible that these NIBS protocols targeting th€BC and known to elevate mood, may in turn have
587  a beneficial impact in SUD symptoms, such as dsangacraving and consumption. More studies are
588 needed to assess such potential therapeutic meataof action of rTMS and tES in SUDs. It has also
589 been reported that rTMS (Baeken et al., 2009) B&d(Antal et al., 2014) applied over the DLPFC
590 decreased stress by potentially modulating the ldid8. Such effects might also contribute to positiv
591 effects of NIBS observed in various pathologiesudimg major depression and SUDs. It is well

592  described that stress plays a major role in magprassion, through hyper reactivity to stressard, a
593  SUDs, through reinstatement of craving. It has magests that some beneficial effects of NIBS in
594  such psychopathologies (major depression and Sbiag)share a common pathway (Brunelin &

595 Fecteau, 2014). There is still however a crucialdi®r the development of a biophysical model of
596 rTMS and tES to decipher their potentially numermechanisms of action of clinical effects.

597  We have discussed several theoretical and techegas related to the potential use of NIBS in

598 SUDs. It is also worth addressing the potentiag siffects of such devices. Most common side effects
599 of ITMS are headaches, neck pain and transienirigeeinanges (Rossi et al., 2009). For tES, side
600 effects reported in the general literature seenilairthat the ones reported in studies includingepds
601 with SUDs stated in this article. They include hesgees, mild tingling, dizziness and increased skin
602  sensibility at the location of electrodes. Howewver studies reported disruption of the protocol or

603  resignation of subjects due to side effects. Incthr@ext of eventually using NIBS in the treatmeht

604  SUDs, it is also important to think of possibleesgffects. If stimulation of the prefrontal coridees

605 entail an excitatory effect over cortical and sulical structures, as suggested by several authods,
606 promotes the indirect stimulation of the dopamiathprays (Cho & Strafella, 2009), one may propose
607 that NIBS would develop “addictive properties” drainistered chronically. Similarly to

608 pharmacological replacement therapy (e.g., nicaogpéacement therapy) or cross-sensitization ssudie
609 (i.e., when a substance is replaced with anothestance), NIBS could technically create a shift in
610 SUDs. We propose that this “side effect” wouldaetfbe beneficial as it would, given ideal NIBS

611 parameters and continuous professional counseidggce cravings through stimulation of the

612 dopamine pathways, limit the advent of withdrawahptoms and gradually deplete

613 neuropsychological vulnerability to environmentabstance cues and stress associated with substance
614  craving. However, this hypothesis relies on a sistiglexplanation of NIBS mechanisms of action;
615 actual mechanisms of action may be far more comguheklikely recruit cerebral structures other than
616 the prefrontal cortex and striatum, thus recruisngplementary neurotransmitter systems other than
617 glutamate and dopamine.

618
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619  Although experimental results are promising, themaaisms of action of NIBS underlying its

620 potential in reducing craving and substance use liav/to be characterized and several questions
621 remain unanswered. Here we delimitate four gereari@gories of factors that can mediate the effects
622 rTMS or tES on craving: 1) stimulation paramet@jssubjects’ brain state, 3), experimental measures
623  of craving and 4) the sample characteristics.

624

625 1) Theeffects of stimulation parameterson craving

626  Stimulation parameters vary across reported studrebthis has to be taken into account for several
627  reasons. First, mechanisms underlying the effdaf§MS and tES remain elusive, even in the healthy
628  resting brain. The possibility for these two tecfugs of not sharing the same neurophysiological

629 effects cannot be put aside, especially across SA®mentioned in the introduction, rTMS and tES
630 likely have different neurophysiological effectqe8ificity of future studies and combination with

631 neuroimaging modalities (e.g., Hone-Blanchet et2l15; Bestmann & Feredoes, 2013) will likely
632 help elucidate these differences.

633

634 In addition to this difference between the rTMS #88 devices, the choice of the brain target, the
635 nature of stimulation (presumably known to be &toity or inhibitory), duration and intensity, all

636  critical aspects in conducting a clinically relevatimulation protocol, vary highly across studies

637 SUDs.

638

639  Most studies have targeted the DLPFC with rTMSES to diminish craving and substance intake in
640 SUDs. Although a complex network is involved invérgy in SUDs, the DLPFC may be one of the
641 only cortical locations targetable by NIBS to impte dopamine pathways and the insula (Garavan,
642 2010; Kalivas et al., 2005; Naqvi and Bechara, 200@eed, the DLPFC receives direct input from
643 the dopamine mesocortical pathway, originating ftbenVTA, and projects to the basal ganglia,

644  hippocampus and thalamus (Goldman-Rakic, 1996gadtbeen reported that rTMS to the DLPFC can
645 enhance dopamine transmission in the striatum (ebgsa al., 2007), ACC and OFC (Ko and

646  Strafella, 2011); and tES can modulate GABA andiaghate transmission, as shown by the stimulation
647  of the primary motor cortex (Nitsche and Liebeté2X)4; Stagg et al., 2009). Thus, several authors
648 have proposed that the reduction in craving foltaystimulation may be mediated by the frontolimbic
649 connections of the DLPFC with structures of theabganglia. Moreover, connections from the OFC to
650 the striatum and amygdala, regulating motivatidreddavior and reward, may also be involved in the
651 observed effect. The DLPFC is also a crucial retagecision-making processes, and is thought to be
652 essential in the behavioral regulation of cravimgpuighout the prefrontal-striatal pathways (Kobett a
653 Mende-Siedlecki, 2010). In brief, among a complework that has been associated with SUDs, the
654 DLPFC seems to be the best candidate to be nosHralg targeted with NIBS to reduce craving

655 across SUDs. We propose that excitatory stimulatidhe DLPFC may act on GABA and glutamate
656 transmission and thus indirectly facilitate dopaenielease in the mesocortical pathway, thus

657 transiently reducing substance craving (see Figuréhe DLPFC has been largely targeted in the
658  studies mentioned in this article. Although thigio& remains of critical interest, because it isilga

659 targetable from the scalp and relevant in SUDssratlgions may be tested in future work. The insula
660 for instance is becoming a target of primary imaoce in SUDs. Located inside the lateral sulcus, it
661 receives inputs from the thalamus, parietal, otaipiemporal and frontal cortices. Moreover, is ha
662  reciprocal connections with the amygdala and necéacumbens. It is activated during drug craving
663  and this activation is correlated with ratings @wing. Pharmacological inactivation or lesionshe

664 insula lead to a disruption of substance cravingnimal (Contreras et al., 2007) and humans (Netvqi
665 al., 2007), thus suggesting a paramount role imtamtenance of SUDs. The study by Dinur-Klein
666 and colleagues (2014) used the TMS H-coil, desigogutesumably reach subcortical structures such
667  as the insula, with promising results. Similarlyraliminary study describing TMS administration to

14
Page 14 of 28



668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716

decrease chronic pain targeted the right postsuperior insula in healthy controls, showing change
in cold perception (Ciampi de Andrade et al., 20B2)other target of interest in neuropsychiatric
applications of NIBS is the cingulate cortex. Neoraging studies have shown that the dorsal part of
the ACC is implicated in drug-related cue-reacyiwhd deficits in inhibitory control among patients
with SUDs (Hong et al., 2009; Janes et al., 201&;eY et al., 2007). Targeting the ACC, or another
region of the prefrontal matric, could thus actspecific aspects of craving. However, the available
biophysical models of TMS and tES strongly sugtjest targeting one prefrontal region may very well
entail neurophysiological effects on surroundingjoas. Of interest, a study from Cho and Strafella
(2009) has shown that rTMS of the left DLPFC indudepamine release in the ispilateral ACC and
orbitofrontal cortex. This advocates for a bettederstanding of the mechanisms of action TMS and
tES to determine what is bestimulation of a target for effects over thistarget or stimulation of a

target for effects over neighboring regions.

Please insert Figure 2 about here

Changes ascribable to neurostimulation are in pééadther characterization in humans but animal
models will also contribute at deciphering the efeof NIBS that reduce craving. In this regard,
Pedron et al. have demonstrated for the first tima¢ anodal tES might be a valid and practical
therapeutic alternative in reducing craving. Twdyd20 min sessions of tES for five consecutiveslay
significantly increased working memory and decrdasspression-related and addiction-related
behaviours (Pedron et al., 2013). Although moreltesre needed, this consists in important
preclinical evidence for the use of NIBS in SUDe&sh. Other animal works have shown that rTMS
can enhance dopamine transmission in the mesolipatiovay (Keck et al., 2002) and tES may
increase extracellular dopamine levels in the bgaaglia (Tanaka et al., 2013). It remains impdrtan
remember that although SUDs all have the dopamatieyays as a common denominator, several
other neurotransmitter systems are involved inghifiology of neuroadaptation.

Precise localization of the brain target is anotirgical factor in safe and accurate delivery ddib
stimulation. When targeting the DLPFC with rTM3ydies have largely used anatomical information
provided by neurological atlases and mapping ofiBran areas, thus localizing the DLPFC as the
midpoint of a line drawn from two points taken amdy and laterally 5cm from the vertex. Other
studies have also located the DLPFC by moving 6atarerly from the primary motor cortex. TMS-
compatible neuronavigation methods offer more Idligt, as they allow registering a tridimensional
brain target with the TMS coil to ensure pulsesgawen at the same spot (Rusjan et al., 2010; Hone-
Blanchet et al., 2015). Moreover, such neuronaidgatystem can also use previously acquired MR
anatomical information of a given SUD patient amaist offer more precision and importantly, take into
account inter-individual variability (Fox et al.Q22). Only one rTMS study reported in this revieas h
used neuronavigation (Pripfl et al., 2013), whetbasest have used manual methods for the
localization of the DLPFC or did not report the haat of brain targeting. Studies have shown that
neuronavigation compared to manual localizatiohrafn targets can increase the effect of brain
stimulation and may help provide greater clinicahéfits (Bashir et al., 2013). When delivering tES,
all reviewed studies have used the 10-20 EEG latemmal System to locate the DLPFC (electrodes
positioned over F3 and F4).

Studies have targeted the DLPFC with low or higlgfrencies rTMS or anodal and/or cathodal tES to
suppress craving. These stimulation parametersremen to induce different direct and distal effects
in the brain as shown by neuroimaging studiesénhiialthy resting brain. These effects have been
demonstrated by fMRI, MR spectroscopy and with tetgrdhysiology. For instance, low frequency
rTMS over the DLPFC has been shown to enhance B@aitvation in the contralateral and ipsilateral
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prefrontal regions (Nahas et al., 2001). Of interi@sa comparative study in healthy subjects, Elda
et al. (2011) have shown that low frequency andi fiigquency rTMS of the left posterior inferior
parietal lobule have differential effect on thealdt mode network, with increased connectivityha t
low frequency condition.

Different effects are also observed with tES. AndB& applied over the prefrontal cortex can reduce
blood oxygenation level-dependent (BOLD) signalthim areas under the electrodes and in the relevant
network related to the cognitive processes testetignd et al., 2011; Meinzer et al., 2012; Sakwite

al., 2013). Cathodal tES over M1 has been demdesdtta reduce glutamate release, and anodal tES to
reduce GABA concentration in the primary motor emntegion as measured by MR spectroscopy
(Stagg et al., 2009).

Anodal tES over the DLPFC can also increase restiag functional connectivity strength between
the area under electrodes and regions involveldeméfault mode network in healthy subjects (Keeser
et al., 2011, Park et al., 2013). This is critiedpecially for patients with SUDs as they showamrgul
regulation of such networks (Ma et al., 2011). Asposed by (Hanlon et al., 2012), one important
guestion remaining iShould we target the primary site of craving (i.e., pushing down the hot spot) or
should we target neighboring regions (i.e., pulling the activity away from the hotspot)? Then, in

regards to NIBS, the main questionN&ich stimulation parameters should we use, excitatory and/or
inhibitory, to reduce craving? This brings us to the importance of brain stateuppress craving with
rTMS or tES.

2) Theimportance of brain state to reduce craving with NIBS

Brain state likely varies throughout an experiméefpre, during and after stimulation, which is of
crucial importance in the issue of diminishing g¢ahse craving with NIBS. Craving has been
extensively studied using cue-elicited tasks anRMCue-elicited paradigms have shown changes in
BOLD signals in a complex network, including theBREC, OFC, striatum, thalamus, VTA and
amygdala (Brody, 2006; Goldstein and Volkow, 2002Bride et al., 2006; Wilson et al., 2004). In
regards to activations observed in the DLPFC, nioisclear yet whether the right and/or the left
DLPFC are critical to craving. Studies have sholat the DLPFC is differentially activated
depending on treatment status and expectancynahsg and withdrawal symptoms, and explicit
regulation in tobacco and cocaine use disorder.OltlRFC may be thus implicated in differential ways
across SUDs (Jasinska et al., 2014).

Of further importance, not only experimentally-icgd craving leads to a differential pattern of trai
activity, but even the addicted brain at rest @digpldifferential pattern of brain activity compatech
healthy resting brain. For instance, more sevepewi@ence to nicotine as assessed by the Fagerstrom
Test for Nicotine Dependence questionnaire is aatatwith weaker resting state functional
connectivity between the striatum and dorsal aoteingulated. It is even suggested that the ababrm
resting state functional connectivity in cingulateiatal fibers may serve as arvivo marker for TUD
(Hong et al., 2009; Sutherland et al., 2012). Heaarucial question iShould we apply NIBSin a
craving brain or in aresting brain? So far, subjects’ brain state has not been cdatt@nd varies
importantly in the studies using NIBS to reducevorg reviewed here. Some studies (e.g., Fregal,
2008) have collected craving ratings using a cimtell paradigm immediately before tES. In this
study, tES was applied in smokers craving for @tas, although this “elicited brain state” was not
part of the planned design. Other studies haveepted SUD-related pictures and neutral pictures
during delivery of NIBS (e.g. Rose et al. 2013)e3@ behavioral paradigms, even when presenting
solely neutral cues, have also likely induced ai$igebrain pattern rather than mimicking the regti
brain, such as activating regions involved in dttgral processing. Other factors can also play&iro
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brain state in the context of SUD. For instancegllef expectancy (e.g., if the subject can consume
right after the experiment or only after a few Iafter the experiment) elicited different brain
activations and needs to be controlled in futuneiss (McBride et al., 2006). This brings us to the
third factor, which is the outcome assessmentuinobg the impact of brain state during craving
assessment.

3) Experimental measures of craving

Studies using NIBS to suppress craving have celtectaving ratings in different brain states. For
instance, some studies asked their subjects tbsimant for a number of hours before the expertmen
other experimentally induced craving by presensingstances-related cues. It can be discussed that
abstinence-induced and cue-induced craving mayatély represent the same neurological
phenomena, but works have demonstrated that inarsoéraving can be induced with cues a few
minutes after nicotine smoking (Franklin et al.02}) suggesting that cue-reactivity may work
independently from pharmacological stimulation abdtinence state. Additionally, it is often propbse
that cue-induced craving paradigms may be a mai@gically valid approach, as recuperating SUDs
patients are sensitive to environmental drug-rdlatees (Ferguson and Shiffman, 2009; Hone-
Blanchet et al., 2014).

Craving assessment design in itself is also importadetermining the effect of NIBS in SUDs. The
multiple questionnaires used to assess cravingBsNtudies vary in quality, based on the number of
items and subscales and the level of standardizdtior instance, some studies asked subjectsdo rat
their craving level by asking a single questiog.(@&dow much do you desire to smoke?). This is a
methodological choice that allows the measure afiog at the exact moment (if for instance tested
multiple times during a 10-min tES session), whiakuld be difficult if using a longer, more detailed
guestionnaire. However, one question does not éapture the different aspects of craving, and feom
methodological standpoint likely limits the evaloatof the whole construct of craving and statatic
power. We, for instance, reported significant cleanigp craving only for one specific subscale among
the four subscales (Desire to smoke, Anticipatibpasitive outcome, Relief from negative affectgdan
Intention to smoke) within the standardized Questare of Smoking Urges from Tiffany and Drobes
(1991)(Fecteau et al., 2014). It is thus possitide NIBS only modulates some specific aspects of
craving. Another methodological aspect that is mi$sleto consider when discussing studies using
NIBS to reduce craving is how ratings of cravingeveeported. Studies have used either VAS or
categorical craving scores. As reported by seartdors, categorical scores may not capture small
changes in craving that VAS may capture.

Finally, other methodological aspects importantafioy NIBS studies are also relevant when addressing
SUDs. For instance, control of sham condition alivtlbng levels are critical in an effort to asséss
clinical relevance of NIBS in SUDs and several sadhave not reported how these were done.
Avoidance of carry over effects is also essentidhis regard within repeated sessions paradigms, t
determine the effect of the tested stimulationgles#self. In line with this, in crossover paradigim
craving assessments need to be assessed befor@eeaithprovide a secure baseline for experimental
measurements.

4) Tested subjects who may benefit from NIBS?

Finally, patients’ characteristics are importantémsider when assessing the effects of NIBS on
craving in SUDs. For example, age and sex canenfia craving (Potenza et al., 2012; Robbins et al.,
1998) and the effects of NIBS (Freitas et al., 20M8inzer et al., 2012).
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814 Some factors specific to SUDs are also importastuirhimaging studies reported that patients’ level o
815 engagement towards treatment and anticipation reéfite may impact results, supporting the

816 importance of identifying patients as treatmenksegor not. For instance, fMRI studies reported
817 differential patterns of activity, especially invoig the DLPFC, in regards to whether subjects were
818 treatment-seekers or not (Wilson et al., 2004).ddethis differential pattern of brain activity agtd to
819 expectancy status is likely to impact the effedtsliBS. The level of dependence is also importast,
820 neuroimaging studies reported differential patterinactivity accordingly (Hong et al., 2009), whiish
821 also likely interfering with the effects of NIBS.

822

823 In the reviewed studies, most patients with AUDbdlad TUD. In some other studies, patients

824  displayed depressive and anxiety symptoms. Co-oeece of mood disorders and SUDs (Pettinati et
825 al., 2013) is frequent and is of particular impoda, as targeting the DLPFC with NIBS is also known
826 to modulate mood in healthy subjects (e.g. Padogaihe et al. 1996; George et al. 1996) and reducing
827  depressive symptoms in patients with depressian, @:Reardon et al., 2007) and in SUD patients
828 (Camprodon et al, 2007). We thus cannot rule owdtiadr NIBS alleviate mood in patients with SUD
829 and whether these effects may in turn partiallypseps craving. Subjective level of stress may also
830 influence and/or induce craving, and this relatiopss well documented (Potenza et al., 2012; Sinha
831 2011; Sinha et al., 2006).

832

833 In sum, we propose that identifying and inducing idteal brain state to obtain the greatest craving
834  reduction with NIBS should be a priority in the droeation of such alternatives. In the same

835 perspective, combination of NIBS with medication $moking cessation also has to be considered.
836  Although several clinical studies have used suchlzoation in pain (Fregni et al., 2006) and

837  schizophrenia (Brunelin et al., 2012), no resulésraadily available in SUDs. This poses the

838 challenges of identifying the possible deleterimierference of NIBS with medication, and

839 determining the optimal dosage of neurostimulationcurrently with medication.
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Figurelegends

Figure 1: lllustration of the development and reatesment of craving in SUDs.

Figure 2: Summary of the four general categorigactbrs that can mediate the effects rTMS or tES

on craving.
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