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A. Précis



Background: Cocaine use disorder (CUD) are a major public health concern, associated with

high relapse rates, significant disability and substantial mortality. In Italy, it has been recently

estimated that up to 4.8% of subjects between the ages of 15-64 have assumed cocaine at least

once, whereas 1.3% subjects currently have a diagnosis of CUD. Unfortunately, current

interventions are only modestly effective. Preclinical studies as well as human neuroimaging

studies have provided strong evidence that the observable behaviors that characterize the

addiction phenotype, such as compulsive drug consumption, impaired self-control, and

behavioral inflexibility, reflect underlying dysregulation and malfunction in specific neural

circuits. These developments have been accompanied by advances in neuromodulation

interventions, both invasive as deep brain stimulation, and non-invasive such as repetitive

transcranial magnetic stimulation and transcranial direct current stimulation. These

interventions appear particularly promising as they may not only allow us to probe affected

brain circuits in addictive disorders, but also seem to have unique therapeutic applications to

directly target and remodel impaired circuits.

Objectives: The primary goal of the current study is to investigate the effects of repetitive

transcranial magnetic stimulation (rTMS) targeting the left DLPFC on cocaine craving and

consumption. Our secondary goals are to evaluate rTMS effects on: (1) cognitive functions;

(2) mood; (3) resting state functional connectivity between the DLPFC and nodes of the

executive control network, as well as between this network and other relevant networks; (4)

percent BOLD signal changes in DLPFC during tasks known to activate this area.

Study population: Treatment seeking cocaine dependent subjects (N=80), aged 18-65 years

Design: After eligibility screening and informed consent, participants will undergo a baseline

phase during which they will be randomized to receive high-frequency (15Hz) rTMS (active

rTMS) or sham stimulation of the left DLPFC. Subsequently, the continued treatment phase

will take place, during which rTMS sessions will be conducted twice per day, five times per

week for 2 weeks, for a total of 20 sessions. During this phase, participants will also undergo

self-help groups twice a week. After this phase, participants will start a 24-week outpatient

phase. (2) During the first 12 weeks (rTMS follow-up) participants will undergo real or sham

stimulation (two consecutive sessions per day, once a week), and behavioral assessments will

be performed.
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During the following 12 weeks (no rTMS follow-up), participants will not receive TMS but

behavioral data will be collected to observe long-term effects of rTMS. Visits will take place

every two weeks, during this phase. During the follow-up period, patients will continue to

participate in self-help groups.
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B. Background

Cocaine use disorders

Cocaine use disorder (CUD) are a major public health concern, associated with high relapse

rates, significant disability and substantial mortality. In Italy, it has been recently estimated that

up to 4.8% of subjects between the ages of 15-64 have assumed cocaine at least once, whereas

1.3% subjects currently have a diagnosis of CUD. Unfortunately, current interventions are only

modestly effective. Preclinical studies as well as human neuroimaging studies have provided

strong evidence that the observable behaviors that characterize the addiction phenotype, such

as compulsive drug consumption, impaired self-control, and behavioral inflexibility, reflect

underlying dysregulation and malfunction in specific neural circuits. These developments have

been accompanied by advances in neuromodulation interventions, both invasive as deep brain

stimulation, and non-invasive such as repetitive transcranial magnetic stimulation and

transcranial direct current stimulation. These interventions appear particularly promising as

they may not only allow us to probe affected brain circuits in addictive disorders, but also seem

to have unique therapeutic applications to directly target and remodel impaired circuits.

Neuromodulation: Transcranial Magnetic Stimulation

rTMS, a non-invasive brain stimulation technique, has been used in experimental approaches

to a variety of neuropsychiatric disorders (George et al., 2002). rTMS can alter cortical

excitability, and hence induce changes in neuronal circuits (Fitzgerald et al. 2009, Cho &amp;

Strafella 2009). TMS generates electrical activity in localized brain regions following through

the application of magnetic pulses produced by passing an electrical current through an

electromagnetic coil. The direct effect on underlying brain tissue can be sufficiently focused to

allow a mapping of the motor cortex (Wilson et al., 1993). MRI or Positron Emission

Tomography (PET) studies of the cortical region stimulated by TMS have shown it to be

reasonably delimited, and approximately the same size as that involved with voluntary

movements of single fingers (Bohning et al., 2000a; Bohning et al., 2000b; Takano et al., 2004).

The magnetic stimulation can be delivered as a single pulse or as a train of pulses. Initially

used on the motor cortex, a single TMS pulse caused activation of a motor response. When

applied as a train, supra-threshold rTMS at high frequencies (≥5Hz) caused a long-lasting

facilitation of motor cortex excitability, whereas at low frequency (1 Hz) it caused a longlasting inhibition (Siebner &amp; Rothwell, 2003). In general, the longer the train of stimuli, the

greater the duration of either facilitation or inhibition. With a constant frequency, the effects
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last approximately 50-60% of the duration of the stimulus train. In a typical “figure eight” coil,

the intensity of the magnetic field induced by current running through the coil is maximal under

the cross point of the “eight,” near the cortical surface of the brain, therefore allowing for a

focal stimulation of cortical areas. In addiction research, rTMS and other brain stimulation

techniques have been mainly used as investigative tools to index altered cortical excitability

induced by chronic exposure to drugs of abuse. Most of these studies were conducted to assess

changes in excitability of the motor cortex (Boutros et al., 2001, 2005; Lang et al., 2008;

Sundaresan et al., 2007; Ziemann et al., 1995). Recently, however, repeated brain stimulation

using TMS has also been evaluated for its potential efficacy in reducing drug craving and

associated addictive behaviors. In these studies, stimulation was typically applied to the

DLPFC, and its ability to affect drug consumption and craving was measured (Amiaz et al.,

2009; Camprodon et al., 2007; Eichhammer et al., 2003; Johann et al., 2003; Politi et al., 2008).

In particular, three studies evaluated the effects of high-frequency rTMS in individuals with

cocaine addiction. Camprodon and colleagues (2007) compared the effects of a single session

of rTMS (10 Hz) targeting either right or left DLPFC on spontaneous craving in six subjects.

Right but not left rTMS reduced craving although these findings were limited by the small

sample and absence of a sham control. Findings from a subsequent study show that targeting

the left DLPFC with high-frequency rTMS may also have an anti-craving effect (Politi et al.,

2008). This was an open-label study in which 36 cocaine-dependent individuals received 10

daily sessions of active rTMS and reported decreased spontaneous cocaine craving. More

recently, Terraneo and colleagues (Terraneo et al. 2015) also conducted another open-label

pilot study with 32 cocaine addicted patients randomly assigned to receive 8 sessions of highfrequency rTMS of the left or standard pharmacological treatment. rTMS was associated with

decreased craving and increased abstinence rates, as assessed by the number of cocaine-free

urine drug tests, compared to the control group.

On the basis of these findings, the aim of this study is to test whether rTMS of the left DLPFC

could be effective in treating CUD.

C. Study Overview

This is a between-subject double-blind, randomized, sham-controlled study with a 1:1

allocation into two parallel arms: 15 Hz, or sham rTMS stimulation. Participants will be 80

treatment-seeking patients, between the ages of 18-65, who meet diagnostic criteria for CUD

(moderate to severe). Criteria for study enrollment are listed below. All participants will be

6



informed about study procedures and will provide written informed consent prior to the

experiment, in line with the Helsinki Declaration developed by the World Medical Association.

Recruitment: We aimed to recruit patients from rural and urban areas, in order to take account

of possible differences in substance consumption and addiction severity. Therefore,

recruitment will take place in two different cities: Rome, a large metropolitan area, and Chieti,

a small city in the centre of Italy, where the majority of patients will be enrolled from rural

surroundings. Participants enrollment will be performed by a multidisciplinary team

(physicians, psychologists), who have been trained and have extensive experience in

performing the assessments included in the current study.



Inclusion criteria

1. Age 18 – 65;

2. Current DSM-V- diagnosis of cocaine use disorder (from moderate to severe);

3. Abstinence from cocaine for at least 48 hrs.



Exclusion criteria

1. Current DSM-V diagnosis of substance use disorders other than nicotine Current DSM-V

diagnosis of moderate to severe alcohol use disorders

2. Current DSM-IV diagnosis of schizophrenia, bipolar disorder, or other psychotic

disorder;

3. Use in the past 4 weeks of any medication with known pro-convulsant action; or current

regular use of any psychotropic medications (benzodiazepines, antipsychotic medications,

tryciclic antidepressants, anti-epileptics, mood stabilizers);

4. Any history of any clinically significant neurological disorder, including organic brain

disease, epilepsy, stroke, brain lesions, multiple sclerosis, previous neurosurgery, or

personal history of head trauma that resulted in loss of consciousness for &gt; 5 minutes and

retrograde amnesia for &gt; 30 minutes;

5. Any personal or family history (1st degree relatives) of seizures other than febrile

childhood seizures;
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6. Any psychiatric, medical or social condition whether or not listed above, due to which, in

the judgment of the PI and after any consults if indicated, participation in the study is not

in the best interest of the patient;

7. For female patients: Pregnancy/breastfeeding.

Participants enrollment will be performed by a multidisciplinary team (physicians,

psychologists), who have been trained and have extensive experience in performing such

assessments. Participants will be presented with information about the study prior to data

collection and they will be informed of their right to withdraw their information at any time,

and that by taking part they are providing consent for the research team to use their anonymised

data for research (including publications and other forms of dissemination). Furthermore, they

will provide written informed consent prior to the experiment, in line with the Helsinki

Declaration developed by the World Medical Association. The research team will not include

people if they are unable to give informed consent. The Health and Human Sciences Ethics

Committee at the University of Chieti approved the research before it commences.

D. Procedures

rTMS

Repetitive TMS will be delivered using a MagPro R30 with the Cool-B80 figure-of-eight coil

(MagVenture, Falun, Denmark). Such coil allows for a focal stimulation of the DLPFC.

Subjects will be seated in a recliner with their hands in a comfortable resting position, and the

study investigator will insert earplugs, while the participant will wear a cap over the scalp.

After skin preparation, surface electrodes will be taped over the region of the abductor pollicis

brevis (APB) belly and associated tendon of the right hand. The coil will be placed over the

hand-associated primary motor cortex of the right hemisphere with the handle directed

posteriorly. While supra-threshold stimuli will be applied, the coil will be moved in steps of 1

cm to determine the optimal scalp position for producing motor evoked potentials (MEP) of

maximal amplitude (lowest threshold) in the contralateral target hand muscle. This procedure

will be performed in order to identify the resting motor threshold (RMT), which will be used

to calculate the intensity of stimulation (100% of the RMT). Subsequently, the coil will be

placed over the left dorsolateral prefrontal cortex using a TMS Navigator. The motor hotspot

and the DLPFC location will be marked on the cap wore by the participant so to ensure

accuracy and consistency across sessions. Two consecutive rTMS sessions lasting 13 minutes
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each will be performed, with a minimum of 60 minutes interval between sessions. Each rTMS

session will be delivered at the intensity of 100% of individual resting motor threshold, for a

total of 40 trains (60 stimuli per train, inter-train interval of 15 seconds, for a total of 2400

stimuli). At the beginning of each session, participants will be exposed to cocaine-related cues

for approx. 2 minutes. While viewing pictures (approx. 60 images), participants will be

instructed to try to inhibit any craving elicited by the cues in an attempt to elicit activation in

networks specifically related to controlling responses and cocaine use/substance abuse in

general. At the end of each stimulation session, participants will rate their craving using a

Visual Anolog Scale (VAS).

Study days during which participants will receive stimulation will be planned as follow:

1. Arrival

2. Tox drug screen

3. Preparation (earplugs, cap)

4. RMT*

5. TMS (active or placebo) and cocaine-cues exposure

6. HR/PB monitoring

7. VAS cocaine craving

8. Side effects questionnaire and PANAS

9. Interval ≥ 60 minuti

10. Steps 6,7 and 8 will be repeated

Participants will receive 20 sessions of rTMS during the continued rTMS treatment phase (2

sessions daily, 5 days/week), and subsequently will undergo 24 sessions during the follow-up

(FU) phase (two consecutive sessions per day for 12 weeks), for a total of 44 sessions over the

course of the study.

Sham stimulation will use the same coil placement as that used for active stimulation, and will

match the number of pulses delivered during the 15Hz session. The selection of the operation

mode (15 Hz, sham) will be pre-programmed by a staff member that will not be involved in

data collection and analysis. Study personnel will not know which mode is being activated,

thus preserving the double-blind.
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