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Abstract

Vulnerability to drug related cues is one of the leading causes for continued use and relapse among 

substance dependent individuals. Using drugs in the face of cues may be associated with 

dysfunction in at least two frontal-striatal neural circuits: (1) elevated activity in medial and 

ventral areas that govern limbic arousal (including the medial prefrontal cortex (MPFC) and 

ventral striatum) or (2) depressed activity in dorsal and lateral areas that govern cognitive control 

(including the dorsolateral prefrontal cortex (DLPFC) and dorsal striatum). Transcranial magnetic 

stimulation (TMS) is emerging as a promising new tool for the attenuation of craving among 

multiple substance dependent populations. To date however, nearly all repetitive TMS studies in 

addiction have focused on amplifying activity in frontal-striatal circuits that govern cognitive 

control. This manuscript reviews recent work using TMS as a tool to decrease craving for multiple 

substances and provides a theoretical model for how clinical researchers might approach target and 

frequency selection for TMS of addiction. To buttress this model, preliminary data from a single-

blind, sham-controlled, crossover study of 11 cocaine-dependent individuals is also presented. 

These results suggest that attenuating MPFC activity through theta burst stimulation decreases 

activity in the striatum and anterior insula. It is also more likely to attenuate craving than sham 

TMS. Hence, while many TMS studies are focused on applying LTP-like stimulation to the 

DLPFC, the MPFC might be a new, efficacious, and treatable target for craving in cocaine 

dependent individuals.
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1. Frontal-striatal circuits involved in addiction

Chronic cocaine use is among the most difficult substance-use disorders to treat. Nearly 1 in 

every 7 people seeking treatment for drug abuse is dependent upon cocaine (Abuse N.I.O.D, 

2010) and short-term cocaine relapse rates can reach 75% (Sinha, 2011). There are no FDA-

approved pharmacotherapy approaches for cocaine dependence and traditional behavioral 

treatment strategies often have limited success in cocaine dependent populations. This 

chronic cycle of use, abstinence, and relapse is likely due to factors that involve limbic and 

executive circuits in the brain, including vulnerability to salient cues and loss of cognitive 

control (Back et al., 2010; Poling et al., 2007).

1.1. Anatomical connectivity between the frontal cortex and the striatum

In healthy individuals, limbic drive and executive control are modulated by at least two 

frontal-striatal neural circuits in the brain—the limbic circuit, which includes projections 

from the medial prefrontal cortex (MPFC) to the ventral striatum, and the executive control 

circuit, which includes projections from the dorsolateral prefrontal cortex (DLPFC) to the 

dorsal striatum (Alexander et al., 1986) (Fig. 1, left). Among treatment-seeking cocaine 

users, vulnerability to drug related cues could theoretically be due to: (1) elevated functional 

activity within limbic neural circuitry (including the MPFC and ventral striatum) in the 

presence of a salient cue (Ersche et al., 2012; Moeller et al., 2010; Moreno-Lopez et al., 

2012) or (2) depressed activity in executive control circuitry (including the DLPFC and 

dorsal striatum) (Goldstein et al., 2004; Kubler et al., 2005; Moeller et al., 2010) which is 

likely required to resist the limbic drive for the drug. These frontal-striatal connections 

represent the first stage of the frontal-striatal-thalamic loops which were classically 

characterized based on anatomical connectivity between the frontal cortex, striatum, 

pallidum and thalamus (Alexander et al., 1986, 1989). Through advances in imaging 

technology in the past 20 years, these circuits have been further refined (Haber 2003; 

Lehéricy et al., 2004) and interpreted in relationship to their role in psychiatric disease 

(Haber and Rauch 2010).

The framework for using TMS as an innovative treatment option for addiction presented in 

this review will capitalize on the anatomical connectivity between the frontal cortex and 

striatum. Complementing this anatomical connectivity however, are models of functional 

connectivity in limbic and executive control circuits. The development of functional MRI 

acquisition and analysis techniques over the past 20 years has led to a rich, emerging 

literature on intrinsic networks of functional connectivity. These functional connectivity 

models typically measure temporally correlated changes in BOLD signal in disparate areas 

of the brain while an individual is resting. Unlike anatomical connectivity studies, functional 

connectivity studies are typically not constrained by neural architecture. That said, it is 

appealing to see that these ‘anatomically agnostic’ functional connectivity models have 

isolated intrinsic networks which are similar to the anatomically defined limbic and 

executive frontal-striatal-thalamic loops (e.g. default mode network, salience network, and 

the executive control network) (Seeley et al. 2007). When developing TMS as a tool for 

addiction however, we have chosen to focus on the anatomical connectivity between frontal 

and striatal areas. This is because TMS induces a change in BOLD signal in the area 
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immediately under the TMS coil as well as areas monosynaptically connected (Bohning et 

al., 1999; Thickbroom, 2007). Consequently, any causal effect of TMS on subcortical 

structures with traditional figure-of-eight coils currently requires anatomical connectivity 

between the cortical region stimulated and the subcortical target.

1.2. Tools available to modulate frontal-striatal circuits in addiction

Our understanding of the neural circuitry that governs drug seeking and cue-induced 

reinstatement has significantly advanced via developments in optogenetics (Cao et al., 2011; 

Steinberg and Janak, 2013) and designer receptors exclusively activated by designer drugs 

(DREADD) (Ferguson and Neumaier, 2012; Aston-Jones and Deisseroth, 2013). With 

optogenetics, populations of neurons that have been infected with channel rhodopsin 

(Boyden et al., 2005) or halorhodopsin (Zhang et al., 2007) can be selectively activated or 

inhibited through exposure to different frequencies of light. In an analogous approach, 

DREADDs involve the mutation of muscarinic acetylcholine receptors on neurons such that 

they can be selectively activated or inhibited through the inert ligand clozapine-N-oxide 

(Rogan and Roth, 2011). Using these techniques a number of studies have demonstrated that 

it is possible to increase or decrease drug self-administration by amplifying or attenuating 

activity in subcortical areas (e.g. the nucleus accumbens, ventral tegmental area of the 

thalamus) (Stuber, 2010; Stuber et al., 2012). Medial prefrontal cortex optogenetic 

stimulation can directly control habitual responding (Smith et al., 2012). Additionally, 

prelimbic cortex amplification and inhibition may alter cocaine seeking in a direction 

specific manner (Chen et al., 2013; Stefanik et al., 2013).

Until recently however, we have not had the ability to selectively modulate limbic or 

executive control circuits in human clinical research in the manner that optogenetics or 

designer receptors allow in preclinical research. Deep brain stimulation is becoming more 

widely used in psychiatric disorders and was being actively pursued as an FDA-approved 

treatment for depression. In its current form however, deep brain stimulation uses one of 

several very high frequencies to block neural transmission through a specific brain region, 

rather than selectively activating or inhibiting neurons in the target area with different 

frequencies. TMS is the only brain stimulation tool currently available which enables us to 

selectively activate or inhibit populations of neurons. When stimulation is delivered at 

particular frequencies this method is known as repetitive TMS (rTMS). It is possible to 

induce long term potentiation (LTP) of both behavior and neural activity by applying either a 

single high frequency (e.g. 10 Hz) or an intermittent bursting frequency (intermittent theta 

burst stimulation (iTBS)) to the cortex. Furthermore it is possible to induce transient long 

term depression (LTD) of behavior and neural activity by applying either a single low 

frequency (e.g. 1 Hz) or continuous bursting frequency (continuous theta burst stimulation 

(cTBS)). Additionally, TMS can alter neural activity in a circuit specific manner. Single 

pulses to the MPFC/frontal pole are associated with increased BOLD signal (the primary 

dependent measure of functional MRI) in the ventral striatum (part of the ‘limbic loop’ 

involved in craving) whereas single pulses to the DLPFC are associated with increased 

BOLD signal in the dorsal striatum (part of the ‘executive control loop’) (Hanlon et al., 

2013). Although a comprehensive review of studies that have demonstrated these principles 

of TMS is beyond the scope of this manuscript; prior behavioral, electrophysiological, and 
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neuroimaging work in this area is well described and summarized in several review articles 

(see: Fitzgerald et al., 2006; Thickbroom, 2007, Di Lazzaro et al., 2008, Hoogendam et al. 

2010).

2. Developing neural-circuit based rTMS treatment strategies for addiction: 

fundamental questions

The potential of rTMS as a new tool for modulating craving among substance dependent 

populations has garnered significant attention from both the National Institute of Health 

(NIH) and in the literature [see reviews: Bellamoli et al., 2014; Gorelick et al., 2014, Wing 

et al., 2013; Barr et al., 2011]. As of August 2014, there were 131 NIH funded studies using 

transcranial magnetic stimulation, 23 of which are sponsored by National Institute of Mental 

Health and 7 of which are sponsored by National Institute on Drug Addiction (NIDA). 

Nearly all of the NIDA sponsored grants have been funded in the past 5 years. There were 

also approximately 16 original research reports and at least four reviews (Bellamoli et al., 

2014; Feil and Zangen, 2010; Gorelick et al., 2014; Wing et al., 2013) on the efficacy of 

repetitive transcranial magnetic stimulation as a tool to decrease craving (Table 1). As this 

field develops the primary questions will likely be (1) what cortical location should we target 

in order to maximally effect the circuitry we are interested in changing? and (2) what 

stimulation frequency should we choose? There will likely not be a single ‘optimal’ protocol 

for all individuals or all classes of drugs. For example, some individuals may benefit the 

most of a treatment strategy that amplifies their executive control circuitry (e.g. 10 Hz 

dorsolateral prefrontal cortex stimulation) while others may benefit the most from a strategy 

that attenuates limbic circuitry involved in drug craving (e.g. 1 Hz medial prefrontal/frontal 

pole stimulation). Before moving forward with expensive and slow multisite clinical trials 

investigating the efficacy of rTMS as a viable treatment tool for addiction however, it is 

useful to explore these combinations of frequencies and cortical targets to maximize our 

potential impact on the patients.

2.1. Choosing a location

2.1.1. Strategy 1—amplifying executive control circuits—To date the vast majority 

of rTMS studies in addiction have targeted the same neural region—the DLPFC—a node in 

the frontal-striatal network that governs executive control (Amiaz et al., 2009; Camprodon et 

al., 2007; Eichhammer et al., 2003; Herremans et al., 2012, 2013; Hoppner et al., 2011; Li et 

al., 2013; Mishra et al., 2010; Politi et al., 2008; Pripfl et al., 2014). While many of these 

studies demonstrated that high frequency (LTP-like) rTMS stimulation to the DLPFC can 

result in a significant reduction of craving, the neurobiological mechanism through which 

this happens is not clear. In a comprehensive review of the literature on the efficacy of rTMS 

as a treatment tool for smoking, Wing et al. (2013) present a model in which the beneficial 

effects of LTP-like rTMS on the DLPFC are associated with a release of dopamine in the 

nucleus accumbens. This model is supported by important earlier work from Strafella and 

colleagues who used positron emission tomography to demonstrate that DLPFC stimulation 

was associated with a change in dopamine binding in the caudate/dorsal striatum (Strafella 

et al., 2001).
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2.1.2. Strategy 2—attenuating limbic drive circuits—The primary cortical input to 

the ventral striatum (which includes the caudate and nucleus accumbens); however, is the 

medial and orbital prefrontal cortex. Given that the nucleus accumbens is one of the primary 

brain regions involved in craving (Robinson and Berridge, 1993), it seems that targeting the 

MPFC would be a more direct method to modulate nucleus accumbens activity among 

substance dependent populations. Recent work by Cho and colleagues demonstrated that 

LTP-like (10 Hz) rTMS to the MPFC in a group of 11 healthy, non-drug using individuals 

was associated with a significant decrease in dopamine binding potential in the dorsal 

striatum, reflecting a release of dopamine in these areas. Unlike many studies in this field 

which use a figure-of-eight coil (in which the opposing loops in the coil are largely 

coplanar), these investigators used a double-cone coil which has an angular geometry that 

likely results in a greater depth of stimulation. Although they did not find a significant 

change in dopamine binding in the nucleus accumbens in these healthy individuals, LTP-like 

stimulation of this medial prefrontal-striatal circuit was associated with a shift towards more 

immediate rewards in a delayed discounting task (Cho et al., 2015).

Given that craving for cocaine is associated with an increase in dopamine in the striatum, it 

is reasonable to pursue an LTD-like rTMS strategy over the MPFC to attenuate activity in 

this neural circuit. Prior data from our laboratory demonstrates that in healthy, non-drug 

using individuals, it is possible to induce a significant rise in BOLD signal in the ventral 

striatum with a single pulse of transcranial magnetic stimulation (TMS) to the MPFC 

(Hanlon et al., 2013). Decreasing the sensitivity of this circuit through rTMS may be a 

valuable treatment strategy.Given that MPFC stimulation has not been widely pursued 

however, and is subjectively more painful than DLPFC rTMS it will be critical to determine 

whether stimulating at this location is tolerable inn substance dependent populations, 

especially prescription opiate dependent individuals who may have lower pain thresholds 

than other individuals. To date there are no published studies of rTMS as a treatment for 

craving in opiate dependent individuals.

2.2. Choosing a frequency

2.2.1. Strategy 1—single frequency stimulation—One of the central principles of 

TMS is that low frequency stimulation decreases neural firing, while high frequency 

stimulation increases neural firing. This can be achieved through either single frequency 

stimulation protocols or bursting protocols, such as theta burst stimulation. Low frequencies 

(typically ~1Hz) induce an LTD-like effect on cortical excitability, whereas high frequencies 

(typically 10–20 Hz) produce an LTP-like effect on cortical excitability (see: Fitzgerald et 

al., 2006). To date the vast majority of rTMS studies have applied a single frequency of 

stimulation (e.g. 1 Hz, 10 Hz or 20 Hz) to a single cortical region. A very common design in 

TMS literature is to compare the efficacy of real rTMS versus an active sham TMS treatment 

on various dependent measures (e.g. behavioral measures such as mood, pain, craving, and 

movement, and neurophysiological measures including motor evoked potentials, cortical 

field potentials, regional glucose or dopamine uptake, and resting or task induced BOLD 

signals). In substance dependence literature all of the presently published studies (Table 1) 

have used a single frequency of stimulation. The primary dependent measure is typically 

subjective craving ratings, but a growing number of these studies are using 
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electrophysiological and neuroimaging metrics as dependent measures as well. The effects 

of a single session of TMS typically do not last more than 1 h. Studies in depression and 

pain literature suggest that multiple treatments of a single frequency may produce lasting 

changes in behavioral and neuroimaging metrics, but the sustainability of clinically relevant 

effects in substance dependent populations (e.g. craving, consumption) has not yet been well 

addressed.

2.2.2. Strategy 2—bursting pattern stimulation (e.g. theta burst)—An LTD or 

LTP-like effect can also be achieved through a bursting frequency, such as theta burst (Di 

Lazzaro et al., 2005; Huang et al., 2005). In preclinical literature theta burst stimulation is a 

well-known form of electrical stimulation which can induce long term potentiation (LTP) or 

depression (LTD) of synaptic activity in a given brain region (Bear and Malenka, 1994; 

Malenka and Bear, 2004). Human theta burst stimulation protocols use rTMS to induce 

similar forms of LTP and LTD by using intermittent or continuous bursts respectively (Di 

Lazzaro et al., 2005; Huang et al., 2005). With continuous theta burst stimulation (cTBS), 

bursts of 3 pulses at 50 Hz are applied at 5 Hz at an amplitude that is typically determined 

by the active motor threshold. When performed over the primary motor cortex, a lower 

amplitude of cTBS for 40 s leads to an attenuation of motor evoked potentials that is 

comparable to a higher amplitude of 1 Hz single frequency stimulation for 20 min (Huang et 

al., 2005). To date there are no published studies that have applied theta burst stimulation to 

substance dependent populations in an effort to attenuate their craving or to enhance their 

control over craving. Given the neurobiological basis for choosing this stimulation protocol, 

and the growing use of this TMS technique in other patient populations, we recently 

performed a single-blind, sham-controlled crossover study testing the efficacy of cTBS over 

the MPFC as a tool to modulate craving and limbic circuit activity in cocaine users. This was 

achieved using interleaved transcranial magnetic stimulation and functional MRI before and 

after a single session of real versus sham cTBS. We tested the hypothesis that real cTBS 

would significantly decrease TMS-induced BOLD signal in the area directly under the coil 

(MPFC) as well as the monosynaptic targets of the ventral striatum.

3. Medial prefrontal cortex theta burst stimulation in cocaine dependent 

individuals: preliminary data

3.1. Overall protocol design

This single-blind, sham-controlled pilot study involved one screening visit and two 

scanning/stimulation visits (occurring within 7–14 days of each other). At each scanning/

stimulation visit functional MRI data was acquired before and after exposure to a session of 

real or sham theta burst stimulation (TBS). Continuous TBS was applied over the left MPFC 

(landmark based on EEG 10–20 system: FP1). Self-reported craving was measured before 

and after the cTBS session and the fMRI sessions. We tested the hypotheses that continuous 

TBS over the medial PFC would induce a long-term depression of stimulus evoked brain 

activity in the medial PFC and ventral striatum using interleaved TMS/BOLD imaging. [Due 

to space constraints, greater detail about the participants, assessments, interleaved TMS/

BOLD imaging, and rTMS sessions is in the Supplementary material].
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3.2. Protocol design and methods (see Supplementary material for more detail)

Briefly, non-treatment seeking chronic cocaine users (n=11) were recruited from the 

Charleston, SC area. Participants signed informed consent documents approved by the 

Medical University of South Carolina Institutional Review Board. They then completed a 

series of assessments related to protocol safety, mental status and drug use (See 

Supplementary Material, Table 2). A multidrug urine panel (Quikvue 6-panel urine drug 

screen (UDS), Quidel, San Diego, CA) was given to all participants at the screening and 

scanning/stimulation visits. Participants were required to have a negative UDS for cocaine, 

methamphetamine, opiates, and benzodiazipines. One individual had a positive UDS for 

tetrahydrocannabidiol at both scanning/stimulation visits. The experimental procedure at the 

scanning/stimulation visits included (Fig. 2A): (1) behavioral assessments and UDS, (2) 

Pretreatment interleaved TMS/BOLD imaging (EEG 10–20 system: FP1), (3) real/sham 

rTMS treatment at FP1, (4) Posttreatment interleaved TMS/BOLD. Self-reported craving 

was collected immediately before and after cTBS treatment (scale: 0–10, 10=most 

imaginable)

3.2.1. Interleaved TMS/BOLD protocol—Resting motor threshold (RMT) was 

determined in the MRI scanning room. The coil was positioned over FP1 based on the EEG 

10–20 system (Okamoto et al., 2004). Following high resolution anatomical image 

acquisition (Siemens 3 T TIM trio, TR=1900ms, TE=4ms, voxel dimensions 1.0×1.0×1.0 

mm3,160 slices), participants received interleaved TMS/BOLD imaging with the coil on FP1 

(20 pulses, 110% RMT, interpulse interval=10.18 s; flip=90, TR=2.5s, TE=0.023s, 

FOV=192 mm, voxel size= 3×3×3).

3.2.2. Continuous theta burst protocol—Within 5 min of the first TMS/BOLD 

acquisition, participants walked to an adjacent room for the cTBS procedure. Two trains of 

either real or sham LTD-like cTBS were applied over FP1 (1 train: 120 s, 3 pulse bursts 

presented at 5 Hz, 15 pulses/sec, 1800 pulses/train, 60 s intertrain interval; 110% RMT, 

MagPro) using a figure-of-8 coil (Coil Cool-B65 A/P). The amplifier output was escalated 

(over 30 s) from 80% to 110% RMT to enhance tolerability. Real and sham stimulation were 

well tolerated. Subjective reports indicated that the painfulness of the treatment subsided 

after the first 15–30 s, consistent with prior studies showing an endogenous opiate effect of 

prefrontal rTMS (Taylor et al., 2012, 2013). At the conclusion of each visit the participants 

filled out a form indicating their confidence (scale 1–10) on whether they received sham or 

real treatment. Pooled accuracy was 47.6% suggesting that individuals were not aware of the 

treatment being received. A timer was started after the final cTBS pulse and the participants 

were led back to the scanner to begin the second TMS/BOLD procedure. The average time 

between conclusion of cTBS and initiation of TMS/BOLD was: sham: 6:17±1:03 (range: 

4:50–8:31), real cTBS: 7:00±1:23 (range 4:50–7:56), p=0.23).

3.2.3. Image analysis—Functional image preprocessing and within subjects fixed-effects 

modeling was performed in SPM8 (see Supplementary material for details). The evoked 

BOLD signal after real and sham TBS was compared to the evoked signal before real and 

sham TBS using paired t-tests. Statistical maps were created for both the within treatment 

(real or sham) and between treatment contrasts. A Monte Carlo simulation (p<0.01, 
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3dClustSim, see Supplementary material) was employed for all statistical contrasts to 

generate a Family Wise Error correction equivalent to α<0.05.

3.3. Results

3.3.1. Cue reactivity—Self-reported craving on a scale of 0–10 was sampled 3 times 

before treatment (baseline, after cue exposure, after interleaved TMS) and 3 times after 

treatment (immediately after treatment baseline, after interleaved TMS, after cue exposure). 

The difference in craving before and after treatment was compiled for each individual and 

classified as an increase, decrease, or no change. Chi square test demonstrated that changes 

in self-reported craving following sham stimulation were no different than chance 

[χ2=2.354, p=0.31; increase craving: 3, decrease craving: 6, no change in craving: 2]. 

Changes in craving following real cTBS were different from chance [χ2=5.64; p=0.05] and 

significantly different than sham stimulation [χ2=19.14, p<0.0001; increase craving: 0, 

decrease craving: 6, no change in craving: 5] (Fig. S1A). The significant differences in the 

distribution were driven by increase in craving following sham cTBS. There was no 

significant difference in the mean scores between these groups however (Fig. S1B).

3.3.2. TMS-evoked BOLD signal before and after real and sham theta burst 
stimulation—Following real TBS treatment cocaine users had significantly lower TMS-

evoked activity in the cortical areas in the vicinity of the coil as well as in the projection 

regions of the ventral striatum including the nucleus accumbens. (p<0.05, Family Wise Error 

corrected clusters, k=96) (Table 3A, Fig. S2). [Contrast: before cTBS- after cTBS, real only] 

(Fig. 2B). There was also significantly higher activity in the right precuneus and angular 

gyrus, nodes in the central executive network (Chen et al., 2013) (Table 3B). A direct 

comparison between real and sham cTBS [(real after cTBS<before cTBS)-(sham after 

cTBS- before cTBS)] demonstrated that real stimulation led to a significantly greater 

reduction in the insula, middle temporal gyrus, thalamus, and caudate (Table 3C). Sham 

alone resulted in a significant reduction in the cingulate, paracingulate, and the right inferior 

frontal gyrus (p<0.01, clusters corrected for family wise error, k=95).

3.3.3. Individual variability and relationship to drug use variables and craving
—A post-hoc region of interest analysis was performed to determine whether there was a 

relationship between BOLD signal change in the nucleus accumbens and demographic, drug 

use, or brain stimulation parameter values. This was done by extracting the primary 

eigenvector from the cluster that was significantly reduced following real cTBS treatment. 

The eigenvalues from that region (a representation of normalized BOLD signal change to 

TMS pulses) were extracted for each participant and correlated with multiple characteristics 

of the participants. There was positive correlation between change in striatal BOLD signal 

and the amplitude of the cTBS treatment, suggesting that there may be a dose dependent 

effect of cTBS on striatal function (R2=0.487, df=9, p<0.01) (Fig. 3). There was no 

significant relationship amplitude of TMS and change in self-reported craving.
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4. Summary, implications, and future directions

One of the largest causes of relapse to drug use in treatment seeking individuals is cue-

induced craving. The vulnerability to drug-related cues in substance dependent populations 

is likely due to disrupted activity in multiple frontal-striatal circuits that guide executive 

control and limbic arousal. The ability to modulate craving in a circuit-specific manner 

through non-invasive brain stimulation techniques, such as repetitive TMS, would be a 

powerful new tool to use as an adjuvant to behavioral treatment in addiction, especially for 

cocaine use in which there is currently no FDA-approved pharmacotherapy. While a growing 

number of original research reports have demonstrated that LTP-like rTMS over the DLPFC 

(a node in the executive control network), can decrease craving to multiple classes of drugs, 

to date there have been no reports that have investigated the efficacy of LTD-like rTMS over 

the MPFC (a node in the limbic network) on craving. The intent of this manuscript is to 

provide a theoretical model for how we might approach target and frequency selection for 

transcranial magnetic stimulation (TMS) of addiction, and present original data that suggests 

attenuating MPFC activity through an LTD-like stimulation protocol—cTBS—is tolerable, 

feasible, and can directly decrease craving and decrease activity in a circuit specific manner 

to the orbitofrontal cortex and ventral striatum, including the nucleus accumbens.

As the substance dependence field moves forward with pursuing rTMS as a potential 

treatment tool for substance dependent populations there are a few primary things to 

consider: 1) what is the best target, 2) what is the best frequency to use, 3) which patients are 

likely to benefit the most. The answers to these questions seem very time sensitive as large 

scale multicenter clinical trials for smoking addiction have already begun (Clinical Trials 

number: NCT02126124), and companies are already receiving consumer electronics (CE) 

marking approval to pursue rTMS as a treatment for smoking cessation (Brainsway, 

Jerusalem, Israel). The biggest trial to date was a cohort study of 115 smokers randomized to 

receive high frequency, low frequency, or sham TMS over 13 sessions. Using a unique H-

coil design (which likely induces changes in a wider, deeper distribution of cortical areas 

including the anterior insula and lateral prefrontal cortex), this team demonstrated that 10 Hz 

(LTP-like) rTMS decreased cigarette consumption and improved abstinence rates for 6 

months following the intervention (Dinur-Klein et al., 2014). These data are very promising 

and buttressed by other evidence that rTMS to the DLPFC can modulate craving (see Table 

1), that the anatomical integrity (Naqvi et al., 2007) and functional connectivity (Moran 

Santa Maria et al., 2014) of the insula is important for craving, and that the insula can be 

modulated by TMS (Gratton et al., 2013). Unfortunately, because of the geometry of the H-

coil, it is currently not possible to put it inside of the MRI scanner and map the distribution 

of its effects on regional BOLD signal. Although this might not be necessary in order to 

observe a clinically relevant effect, when designing and optimizing TMS treatments in the 

future a solid foundation in anatomical connectivity may allow us to harness and translate 

the wealth of preclinical knowledge into efficient, evidence based treatments for cocaine 

users.

In this manuscript we present the first study to date which examines the effect of an LTD-

like rTMS protocol (cTBS) on craving and the frontal-striatal circuitry involved in craving. 

We demonstrate that, relative to sham stimulation, a single session of cTBS can decrease 
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craving and that cTBS over the MPFC leads to a decrease of activity in both the prefrontal 

cortex and the nucleus accumbens. Although this is a relatively small pilot study, it suggests 

that this may be a promising new target to modulate frontal-strital circuitry involved in 

craving among cocaine dependent individuals. By coupling LTP-like or LTD-like rTMS with 

interleaved TMS/BOLD imaging, as was done in the present study, it is possible to directly 

investigate the causal effects of rTMS on frontal-striatal circuit activity. A recent study by 

Chen et al., 2013 demonstrated that it was possible to directly modulate the lateral prefrontal 

aspects of the central executive network and the medial prefrontal aspects of the salience 

network by applying an LTD-like rTMS protocol (1 Hz) in healthy controls. In a similar 

study by this group, they demonstrated that a 5 weeks course of LTP-like stimulation (10 

Hz) to the DLPFC of 17 patients with major depressive disorder normalized previously high 

connectivity within the default mode network (which includes the MPFC). Additionally they 

demonstrated that activity in the DLPFC was inversely related to activity in the MPFC 

(Liston et al., 2014). In the addiction literature, unfortunately, none of the studies that have 

demonstrated decrease craving from LTP-like rTMS over the DLPFC have acquired 

neuroimaging data. Based on these prior studies however, it is reasonable to assume that 10 

Hz stimulation over the DLPFC is decreasing craving by attenuating activity in the MPFC 

and other overlapping areas of the limbic and default mode networks.

Interleaved TMS/BOLD imaging before and after TMS treatment is a powerful approach to 

investigate the causal effects of a TMS treatment paradigm on brain activity in the area in 

the vicinity of the coil as well as afferent projections in the striatum. Although functional 

connectivity between the MPFC and striatum was not directly quantified in this manuscript 

interleaved TMS/BOLD imaging is a powerful tool which can be used in future studies to 

probe cortical connectivity in a controlled, causal manner. Through the use of this tool, the 

preliminary results presented in this manuscript demonstrate that 3600 pulses of cTBS at 

110% of resting motor threshold decrease activity in the medial and orbital PFC in the 

vicinity of the TMS coil as well as in the projection regions of the striatum. It is not clear yet 

however if this attenuation of baseline frontal-striatal activity generalizes to lower frontal 

and striatal activity in the presence of drug related cues (which typically induce elevated 

BOLD signal in these regions). Future studies are necessary in order to evaluate the 

generalizability of these findings to cue-associated craving.

The primary limitations of this study include the fact that it is a relatively small sample of 

cocaine dependent individuals, it was single-blind, and only contained one session of rTMS 

(rather than multiple sessions likely required to produce a lasting effect on craving). The 

effects of a single session of cTBS likely do not last more than 1 h (Di Lazzaro et al., 2005; 

Huang et al., 2005, 2009) and consequently for this to be a viable treatment adjuvant for 

patients, multiple sessions will likely be required in order to achieve a sustainable effect. In 

the FDA-approved treatment protocol for depression for example, several weeks of 10 Hz 

TMS sessions are given in order to achieve a clinical effect that lasts for several months 

beyond the treatment itself. It is not known whether this long term potentiation would be 

faster or slower with a bursting protocol (as in theta burst stimulation) rather than a single 

frequency. Additionally, although we aimed to recruit a diverse group of individuals, this 

small sample lacked the racial and gender diversity that is required to generalize future 

studies to the larger population of cocaine/crack cocaine users.
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Selective modulation of frontal-striatal circuits involved in limbic and executive control may 

be an innovative and useful treatment strategy to prevent cue-associated relapse in 

substance-dependent individuals. Repetitive TMS is an FDA approved treatment for 

depression and is growing in clinical use and acceptance, with >700 machines in the US and 

emerging insurance reimbursement. As the field of addiction moves forward with pursuing 

repetitive TMS as a new tool to modulate craving and the frontal-striatal circuits that 

contribute to chronic use and relapse, it will be important to consider the optimal site, 

frequency, and patient population to target. The data from the present study demonstrate that 

while most of the efforts for rTMS in addiction have been focused on increasing activity in 

the DLPFC, decreasing activity in the MPFC and ventral striatum may also be a feasible and 

fruitful target to consider. It seems plausible that either increasing neural firing in the 

executive control circuit (perhaps via high frequency TMS in the DLPFC), or decreasing 

firing in the limbic circuit in the presence of cues (perhaps via low frequency TMS in the 

MPFC) may be valuable strategies for decreasing vulnerability to drug-related cues among 

our patients. Before moving forward with slow and expensive clinical trials however, it is 

important to have a comprehensive understanding of limbic and executive circuit functioning 

in a diverse cross section of substance dependent individuals. With this knowledge we will 

be able to develop circuit-specific treatment strategies for these populations.
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Fig. 1. 
Frontal-striatal circuits that contribute to vulnerability to cues and brain stimulation 

strategies to modulate these circuits.
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Fig. 2. 
The effects of FP1 continuous theta burst stimulation (cTBS) on TMS-evoked brain activity. 

In this pilot study, interleaved TMS/BOLD imaging was used to measure TMS-evoked 

BOLD signal immediately before and after cocaine users were given a dose of cTBS to the 

left frontal pole (A). The TMS coil was placed over FP1 (EEG:10–20 system) for both the 

Interleaved TMS/BOLD scan (left & right panel) and the cTBS session (center panel). The 

red area represents the region of interest to which the coil is targeted (AAL: left superior and 

middle orbital prefrontal cortex inferior to the anterior commisure). Real cTBS (LTD-like) 

led to a significant decrease in BOLD signal in the left orbital/medial prefrontal cortex and 

ventral striatum (SPM8, p<0.05 Family Wise Error correction, negative Z-scores shown). 

The cTBS protocol was 2 trains of 1800 pulses, 110% RMT, 60 s intertrain interval., 

intensity ramped from 80–110% over first 30 s. L=left hemisphere.
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Fig. 3. 
The relationship between change in BOLD signal in the ventral striatum with the amplitude 

of cTBS treatment. Individual variability in the change in ventral striatum BOLD signal was 

extracted via the eigenvalues from the functionally defined region of interest (Table 3). This 

was significantly correlated with the amplitude of the cTBS treatment (110% resting motor 

threshold) suggesting a dose-response effect on neural circuitry. Individual variability in 

BOLD signal was not correlated with other drug use variables.
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Table 2

Demographic and drug use variables.

Total sample 11

 Gender 9 Males, 2 females

 Age 39±8.6 years

 Ethnicity 11 African American

Cocaine use information:

 Preferred drug 54% crack, 46% powder

 Age of first cocaine use 20.9 (±3.3) years

 Duration of cocaine use 17.2 (±2.7) years

 Amount Spent per week $168.18 (±120)

 Time since last use (at scan) 2.4 (±1.06) days

Other drug use:

 Nicotine smokers 11

 Nicotine severity (Fagerstrom) 3.1 (±2.4)

 Marijuana smokers 2 of 11

 Positive UDS marijuana 1 of 11

 Alcohol use (AUDIT) 7.8 (±5.8)

 Depressive symptoms (BDI) 7.72 (±6.8)

 Anxiety state (Spielberger) 37.45 (±14.0)

 Anxiety trait 39.2 (±11.4)
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