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Repetitive transcranial magnetic stimulation targeting
the insular cortex for reduction of heavy drinking
in treatment-seeking alcohol-dependent subjects:
a randomized controlled trial
Irene Perini1, Robin Kämpe1, Theodor Arlestig1, Hanna Karlsson1,2, Andreas Löfberg1,2, Michal Pietrzak1, Abraham Zangen3 and
Markus Heilig1,2

Insula responses to drug cues are correlated with cravings, and lesions in this area reduce nicotine seeking. Here, we investigated
the potential efficacy of repetitive transcranial magnetic stimulation (rTMS) targeting the insula in alcohol addiction. Treatment-
seeking alcohol-dependent patients (Diagnostic and Statistical Manual of Mental Disorder, Fourth Edition; N= 56) participated in
this double-blind, sham-controlled, randomized trial. Participants received 10 Hz rTMS or sham using an H8 coil, 5 days a week for
3 weeks. Stimulation targeted insular cortex and overlaying regions bilaterally, while excluding anterior prefrontal areas. Craving
and self-reported as well as biomarker-based drinking measures were collected at baseline, during treatment, and through
12 weeks. Resting-state magnetic resonance imaging (rsMRI) data were collected before and after treatment. Task-based MRI was
used to probe brain correlates of reward processing, affective responses, and alcohol following completion of treatment. A marked
overall decrease in craving and drinking measures was observed during treatment, but did not differ between rTMS or sham
stimulation. Both groups equally increased their alcohol use following completion of treatment and through the 12-week follow-up.
Analysis using seeds in the insula identified differences in resting-state connectivity between active and sham groups at completion
of treatment, potentially indicating an ability of treatment to modify insula function. However, while each task robustly replicated
brain responses established in the literature, no effects of rTMS were found. Collectively, this study does not support efficacy of
rTMS targeting the insula in alcohol addiction.

Neuropsychopharmacology (2020) 45:842–850; https://doi.org/10.1038/s41386-019-0565-7

INTRODUCTION
Alcohol dependence (equivalent to moderate–severe alcohol
use disorder according to Diagnostic and Statistical Manual of
Mental Disorder, Fifth Edition [1]; hereafter equated with alcohol
addiction, or simply alcoholism) has a global prevalence of 2.6%
(WHO 2018). Although alcoholism treatments with documented
beneficial effects exist, their effect sizes are limited (~d= 0.3)
[2, 3], and relapse rates remain high (~65% [4]).
Behavioral treatments remain the mainstay of alcoholism

treatment, while medical treatments are limited to pharma-
cotherapies that meet marginal patient and practitioner uptake,
and are prescribed to a small minority of patients [5].
Device-based therapies may offer this treatment toolkit to be
expanded. In particular, non-invasive neuromodulation using
repetitive transcranial magnetic stimulation (rTMS) has recently
demonstrated efficacy in some neuropsychiatric disorders [6–8].
Paralleling those findings, rTMS has also been suggested to hold
therapeutic potential in addictive disorders [9, 10]. Data have
provided initial support to the efficacy of this modality in
nicotine addiction [11–14]. In other substance use disorders,

including alcohol addiction, available data are more limited
and inconclusive.
Prior studies to evaluate rTMS in alcohol addiction

have focused on the dorsolateral prefrontal cortex (dlPFC).
A significant reduction in alcohol craving over the course of
1 month was initially reported following rTMS to the right dlPFC
(10 sessions, 10 Hz) compared to sham [15]. However, another
sham-controlled study that used 10 sessions of 20 Hz rTMS
targeting the left dlPFC in alcohol-dependent women failed to
find any effect on alcohol craving or mood [16]. More recently,
two double-blind sham-controlled pilot studies targeting
dlPFC bilaterally [17] and medial PFC bilaterally [18] reported
reductions in craving and drinking in patients with alcohol
dependence, with effects lasting 1–6 months. These data must,
however, be considered as highly preliminary, given the small
sample sizes (5 and 9, respectively).
In summary, while available evidence suggests that multi-

session, high-frequency rTMS merits evaluation for efficacy in
alcohol addiction [19], findings to date are inconclusive at best
[13, 20]. Randomized, sham-controlled studies that use larger
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sample sizes and obtain objective measures of alcohol use
are needed.
We therefore set out to carry out a double-blind, sham-

controlled randomized rTMS study in alcoholism. We chose to
target the insular cortex, a region whose activity is strongly
associated with craving [21], and which has been successfully
targeted in nicotine addiction [12]. Several studies have reported
the involvement of the insula in cravings for food, cocaine, and
cigarettes [22–24], as well as in decision-making processes [25].
The possibility that the link between insula and craving is causal
rather than merely correlational is suggested by the fact that
damage to the insula results in higher probability of quitting
smoking, compared to brain damage in other regions [26].
Accordingly, a recent “deep” rTMS study using the “H-coil” design
targeting the insula (but also prefrontal regions) bilaterally
showed promising effects in nicotine addiction [12].
Here, we evaluated whether rTMS targeting the insula would be

beneficial in alcohol addiction. Treatment-seeking alcohol-depen-
dent participants were randomized to active 10 Hz rTMS or sham
stimulation using a custom-made H8 coil that targeted the insula
and the overlaying regions, while excluding anterior prefrontal
areas and ensuring a more selective stimulation relative to the H4
coil used in the above-mentioned study [12]. Treatment was
5 days a week for 3 weeks, and outcome measures were collected
for 12 weeks post treatment. Outcomes included craving and
drinking self-reports, but also objective biomarkers of consump-
tion. To address mechanistic questions, we also obtained post-
treatment cerebrospinal fluid (CSF) samples, and both pre- and
post-treatment magnetic resonance imaging (MRI) scans. Struc-
tural and resting-state scans were collected before and after
treatment. Post-treatment scan also included tasks to investigate
the impact of rTMS on reward processing, assessed with the
classic monetary incentive delayed (MID) paradigm [27], and
processing of negative affect and responses to alcohol-related
pictures, using picture-matching paradigms modified from Hariri
et al. [28].

MATERIALS AND METHODS
Participants
Fifty-six treatment-seeking alcohol-dependent patients (24
recruited from the addiction clinics, 32 recruited by newspaper
advertisement and flyers) participated in this double-blind,
randomized, sham-controlled, clinical trial. Eligible participants
were formally included after providing a written informed consent
and were then randomly assigned to either sham or 10 Hz rTMS
with a 1:1 allocation ratio. Twenty nine were allocated to active
rTMS stimulation and 27 were assigned the sham (Fig. 1).
Detailed eligibility criteria are provided at ClinicalTrials.gov

(NCT02643264). Inclusion criteria included current Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition [29]
diagnosis of alcohol dependence, alcohol use during the last
month, age between 25–64 years, and right-handedness. Female
participants were included if postmenopausal, or following a
negative urine pregnancy test and when using an effective birth
control method. If clinically indicated, prospective participants
were treated for acute alcohol withdrawal according to standard
clinical guidelines at the addiction clinic before screening.
Exclusion criteria included more than mild cognitive impair-

ment, assessed using the Mini Mental State Examination (MMSE <
24; [30]). Schizophrenia, bipolar, or other psychotic disorder, any
clinically significant neurological disorder or lesion, hearing
impairment, or pregnancy were also exclusion criteria. If there
were reports of seizure-like events that were not confirmed by the
medical records, participants were clinically evaluated by a clinical
neurophysiology consult using electroencephalogram (EEG). Other
exclusion criteria were use of illicit drugs or medications known
to increase the risk for seizures, as defined by international

consensus guidelines for TMS delivery [31], as well as inability to
participate in an MRI scan, assessed using an MRI checklist.
Participants were recruited at the addiction and psychiatry clinic

of Linköping University Hospital, Sweden, using flyers handed out
at treatment locations and by advertisement in the local news-
paper. Recruitment was ongoing between September 2015 and
October 2018. The study was approved by the Regional Ethical
Board of Linköping (ref. no. 2015/130-31), and all participants
provided written informed consent.

Baseline assessments: Psychiatric interview and personality traits.
Alcohol dependence severity was assessed using the Alcohol Use
Disorder Identification Test (AUDIT) [32], the Alcohol Dependence
Scale (ADS) [33], and the Addiction Severity Index (ASI) [34, 35],
which measures the impact of addiction on medical and
psychosocial functioning. Psychiatric evaluation, including a formal
alcohol diagnosis, was performed using the Structured Clinical
Interview for DSM diagnosis (SCID [36]). Severity of depression,
anxiety, and compulsion symptoms was obtained by self-report
using the Comprehensive Psychopathological Rating Scale, Self-
Rate (CPRS-SA [37]) and the Clinical Global Impression (CGI [38]).
Baseline personality traits were obtained using the Abbreviated
Personality Assessment (NEO-FFI, [39]).

Study timeline
The study consisted of three phases: screening, treatment, and
follow-up (Table 1). During the screening phase, prospective
participants were evaluated for eligibility for up to 14 days by a
psychiatric research nurse. After inclusion and before treatment,
participants’ structural MRI and resting-state scans were collected.

Fig. 1 Consort diagram of study participants. *Reporting TLFB on
the last follow-up visit
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rTMS treatment parameters were based on an earlier deep
rTMS study in smokers [12]; however, while that study targeted
the anterior insula and PFC using the H4 dTMS coil, the present
study targeted the insula excluding anterior prefrontal regions
using the H8 coil. During the treatment phase, which lasted for
3 weeks, participants received one stimulation session daily for
5 days a week, for a total of 15 treatment sessions. After the
last treatment session, participants underwent an additional MRI
session, where structural, resting-state, and task-based scans were
collected. Finally, participants underwent an optional lumbar
puncture procedure where CSF was collected (see Supplementary
Material). Participants returned for follow-up visits 1, 2, 4, 8, and
12 weeks after last treatment to evaluate effects on alcohol use.
To assess effects of rTMS on nicotine consumption, we extracted
cotinine/creatine ratio (“COT/CRE”) in urine at baseline and follow-
up sessions.

rTMS stimulation
Deep rTMS was delivered via a Magstim Rapid magnetic
stimulator (Magstim, Whitland, Dyfed, UK) bilaterally over the
insula, using an “H8 coil” (Brainsway, Jerusalem, Israel), which is
designed to allow for stimulation of deeper brain regions than
regular “figure-of-eight” coils [40, 41]. The optimal spot on the
scalp for stimulation of the right motor cortex was localized and
resting motor threshold (MT) was defined using the right
component of the H8 coil before the first session and repeated
every week. The MT is defined as the minimum intensity that with
a ≥50% probability elicits a muscle response of the left abductor
pollicis brevis; this measure is used to determine the treatment
parameters to balance efficacy and safety [31]. The coil positioning
was tailored to participants’ head size, longitudinally at 40% of
nasion–inion distance. The lateral–medial positioning was tailored
to ear to ear distance over the head, by subtracting ear canal
distance from 52 cm to a measuring tape strap located inside the
coil. Each stimulation train consisted of 30 pulses, lasted 3 s, and

was delivered at an intensity of 120% of the MT as measured with
the right component of the coil, with a frequency of 10 Hz. A total
of 50 trains (1500 pulses) were delivered, with a 20-s inter-train
interval, as described previously [12]. There was about 10%
difference in stimulator output during unilateral thresholding and
bilateral active stimulation, with latter being lower. The resulting
electric field intensity at various relevant measures of depth was
measured in a model of the human head (15 × 13 × 18 cm3), filled
with physiologic saline solution. Average MT corresponded to 60%
of maximum stimulator output, and resulted in an electric field of
138 V/m on the cortical surface. At 5 mm depth from the lateral
edge of the insula (point A: MNI coordinates x= 39, y= 6, z= 14),
the stimulation induced an electric field of 79 V/m. At a point in
the insular most lateral edge (MNI coordinates x= 44, y= 6, z=
14), the induced electric field was 89 V/m. The H8 coil was placed
over the theoretical frontal cortex of the head model and
the field in each pixel was measured using a “pick-up” dipole
probe, attached to an oscilloscope. To inspect potential effects of
stimulation strength and drinking outcome, individual percentage
stimulation strength values, based on maximum stimulator
output, were extracted per participant receiving active stimulation
and regressed on delta phosphatidylethanol (PEth [42]) and delta
timeline follow back (TLFB [43]) scores. Delta scores reflected the
difference between scores at the end of treatment compared to
screening.
Sham treatment was performed using the H8-coil sham settings

(encased in the same helmet with the active coil), which was
designed to mimic the auditory artifact and the scalp sensations
evoked by the active coil, without stimulating the brain itself.
Randomization of the respective operation mode of the stimula-
tion (10 Hz or sham) was determined by a pre-programmed
magnetic treatment card individually assigned to each subject
through the double-blind randomization process. Participants,
operators, and the medical staff who collected assessments were
all blinded to stimulation type. Blood pressure and pulse were

Table 1. Study timeline and assessment

Screening Treatment Follow-up

Week 1 Week 2 Week 3 Week 1 Week 2 Week 4 Week 8 Week 12

Method

rTMS • • •

MRI • •

LP •

Consumption

AUDIT • • •

ADS •

PEth • • • • • • • • •

TLFB • • • • • • •

Craving

AUQ • • •

PACS • • • • • • • •

Other

MMSE •

SCID •

CRPS-SA • • • • • • • • •

CGI • • • • • • • •

NEO-FFI •

ASI • • • •

SETS •

COT/CRE • • • • • •
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monitored every 5 min during the treatment. When participants
exhibited strong facial twitches, they were provided with dental
cotton rolls to reduce discomfort.
Every rTMS session was preceded by a presentation of an

alcohol cue, since cue presentation was suggested to increase the
efficacy of rTMS in the nicotine trial on which our stimulation
parameters were patterned [12]. Participants were asked to first
pour a glass of water from a container, smell/handle the content
of the glass for 3 min, and refrain from consuming it. They were
then asked to repeat the same sequence with their pre-selected
preferred alcohol beverage. The self-report craving measure Acute
Urge Questionnaire (AUQ [44]) was obtained after water and
alcohol cue exposure during each treatment day. To assess
whether participants believed they received active treatment
or sham, participants completed the Stanford Expectations of
Treatment Scale (SETS) [45].

Psychometric and physiological measures
Table 1 shows the study timeline with assessment timepoints.

Alcohol consumption. Serum PEth [42] was assessed by the
SWEDAC accredited clinical chemistry laboratory at Linköping
University Hospital, and was used as a highly specific, sensitive,
and quantitative biomarker of alcohol use. PEth is a degradation
product in the blood that only forms in the presence of alcohol.
Using the accredited analysis, concentrations <0.05 μmol/L
indicate abstinence; those between 0.05 and 0.30 indicate
moderate use, while levels exceeding 0.3 μmol/L are considered
to reflect heavy alcohol use. In addition, measures of use were
obtained using the TLFB self-report, a retrospective estimation
of drinking during the past 91 days at screening, during the past
21 at end of treatment, and during the period preceding each
follow-up visits [43].

Alcohol craving. Craving for alcohol was obtained using the AUQ,
which addresses acute craving for alcohol at the moment of the
assessment and was administered each treatment day before
rTMS or sham stimulation. In addition, the Penn Alcohol Craving
Scale (PACS [46]), which reflects estimates of alcohol craving
during the previous week, was administered once a week during
treatment and during each follow-up sessions.

Statistical analysis. For dependent measures, individual scores for
each subject were entered in repeated-measures analysis of
variance (ANOVAs), with “time” as within-subject factor and
“group” as between-subject factor (two levels: rTMS and sham)
when appropriate. For pairwise comparisons, independent-sample
T tests or Mann–Whitney were performed depending on
assumption of normality of the data. The number of levels for
the ANOVA’s within-subject factor depended on the number of
assessments per measure (Table 1). For craving and drinking
measures that included treatment and follow-up assessments,
analyses were performed separately during treatment and follow-
up sessions and in both cases included screening scores, when
available. With “treatment” we refer to the 15 days of stimulation
period, disregarding whether the stimulation was rTMS of sham.
When sphericity was violated according to Maunchly’s test for
sphericity, Greenhouse–Geisser’s correction was implemented.
Analysis of follow-up measures controlled for participants on
disulfiram (Antabus). All behavioral measures were analyzed using
the IBM Statistical Package for the Social Sciences (SPSS) version
25 and graphs were made in GraphPad Prism8.

MRI procedure
MRI data preprocessing and analysis. MRI data acquisition,
preprocessing, and analysis details are presented in the Supple-
mentary Material. Preprocessing and analysis were performed
with the Analysis of Functional Neuro Images (AFNI) software

v.18.3.16 [47]. To achieve multiple comparison corrected results
not suffering from inflated false positives [48], activation maps
were thresholded at a per-voxel P value of 0.002 together with a
cluster α of 0.05, in accordance with current stringent AFNI
approach [49]. For resting-state data, full-brain connectivity
analysis was performed on six insula seed locations identified by
maximizing the bilateral connectivity of each seed location (see
Supplementary Material, Table S2). To address whether individual
anatomical differences in insular depth affected drinking and
resting-state fMRI outcome, we calculated the insular-to-scalp
distance and regressed on delta PEth, delta TLFB, and resting-state
β correlation coefficients. Insular depth was calculated in each
participants receiving active stimulation using the Image Proces-
sing and Analysis in Java (ImageJ) software, version 1.5 [50]. Using
T1 images in axial view, we averaged the distance between the
insular central gyrus and the scalp on right and left sides.

Power and interim analyses
To estimate target participant number, a power analysis was
performed, assuming a repeated-measures model on the primary
drinking outcome PEth. The model included four within-subjects
measures (screening, treatment w1, treatment w2, treatment w3)
and a between-subject factor (rTMS, sham). Based on these
assumptions, the study was designed to detect a medium or
greater effect size, that is, Cohen’s f ≥ 0.25, with a power ≥ 0.80 at
α= 0.05, at a sample size of 41 subjects per group. When
approximately half of the total required sample size was collected,
an interim analysis was performed on PEth scores. Effect size for
time × group interaction given current sample size was entered in
the power analysis and an estimation of power reached with
target sample size was performed.

RESULTS
Participants
For a CONSORT diagram of participant flow, see Fig. 1. Of the 56
included patients, 4 dropped out at screening (N= 2 assigned to
sham, N= 2 assigned to rTMS) and 7 did not complete treatment
(N= 4 assigned to rTMS, N= 3 assigned to sham). Baseline
characteristics and measures are given in Table 2. There were no
significant differences between rTMS and sham groups in
measures obtained during the screening, except for MMSE, where
a statistically significant, but not clinically meaningful difference
was found. Dropouts had significantly higher baseline AUDIT
scores (mean= 29, SD= 5.6, P= 0.04), but not other significant
differences were observed for all baseline measures presented in
Table 2 (P > 0.1). Five participants used disulfiram during the last
follow-up phase, and two of those during the last two follow-up
phases. The average intensity of stimulation in the present study
was about 60% of the total power output of the stimulator (mean
= 61%, SEM= 2.3). Facial twitches were common during both
rTMS and sham session and 23 of the participants (equally
distributed across sham and rTMS sessions) reported feeling
moderate to strong headaches after the session. There was no
difference between sham and active groups in whether they
believed they received active stimulation, assessed using the SETS
questionnaire (χ(1)= 0.36, P= 0.5; for sham N= 20/22, for rTMS
N= 21/22).

Alcohol use
Overall, alcohol use decreased significantly over time, both when
estimated by self-report and when analyzing the objective
biomarker, but the decrease in use was independent of group
(Fig. 2).
Specifically, a significant main effect of time during the course

of treatment was observed on both PEth [N= 23 rTMS, N=
20 sham, F(1.18, 48.6)= 10.3, P < 0.001, η2p= 0.2] and TLFB [N=
22 rTMS, N= 22 sham, F(1, 42)= 50.2, P < 0.001, η2p= 0.54],
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indicating decreased drinking during treatment, irrespective of
whether participants received rTMS of sham stimulation. For TLFB
there was an effect of time also during follow-up period [N= 21
rTMS, N= 18 sham, F(4.1, 150.2)= 6.3, P < .001, η2p= 0.15],
indicating that compared to screening, self-reports of alcohol
consumption were lower independently of whether participants
received rTMS or sham.
No main effect of group was observed on consumption as

assessed by PEth during treatment and follow-up (all Ps > 0.3), nor
was there a time × group interaction during treatment (P= 0.6)
and follow-up (N= 14 rTMS, N= 14 sham, P= 0.8, Fig. 2).
In agreement with the biomarker (PEth) data, there was also no
main effect of group on self-reported use assessed with
TLFB during treatment or follow-up (Ps > 0.3), nor was there
a significant time × group interaction during treatment and follow-
up (Ps > 0.4); Fig. 2).
PETth and TLFB results in the rTMS treatment group were not

affected by stimulation strength (Ps > 0.7) nor by insular depth
(Ps > 0.6).
An interim analysis was carried out on PEth results. The time ×

treatment interaction on PEth scores during treatment phase,
achieved an observed power of 0.098, given current sample size of
43 participants. Achieved power was estimated given target
sample size (N= 82), empirically assessed correlation among
measures (r= 0.5), and current effect size of f= 0.047. The analysis
estimated a power of 0.14, indicating that even with double
sample size, the power of our statistics would have remained
largely below our target. In order to achieve a power of 0.8 given

the current effect size, we would have needed to collect a total of
620 participants. This evidence led to the decision to terminate
the live phase of the study, and initiate final data analysis.

Alcohol craving
Acute and retrospective self-reports of alcohol craving revealed a
general decrease during treatment, which was independent of
group (Fig. 2).
There was a significant main effect of time during treatment, for

both AUQ [N= 20 rTMS, N= 22 sham, F(4.35, 174.1)= 17.27, P <
0.001, η2p= 0.3] and PACS [N= 22 rTMS, N= 22 sham, F(1.4, 59.2)
= 5.3, P= 0.01, η2p= 0.12]. However, no between group effect
was found in all measures (all Ps > 0.1), and no significant
time*group could be found in neither AUQ during treatment
(P= 0.4) nor for PACS during treatment and follow-up sessions
(P= 0.6, P= 0.4).

Psychiatric ratings, inflammation biomarkers and nicotine
consumption
Psychiatric symptoms also showed a significant decrease over
time. CPRS-SA results, revealed a significant long-term decrease in
self-report measures of depression and anxiety [depression N= 15
rTMS, N= 18 sham, F(4.13, 127.9)= 6.14, P < 0.001, η2p= 0.2;
anxiety N= 12 rTMS, N= 17 sham, F(3.47, 93.8)= 10.16, P < 0.001,
η2p= 0.3] (Fig. S1). Similarly to other measures, no group effects
were observed (all Ps > 0.6) together with no time × group
interaction (all Ps > 0.4). CGI scores decreased during treatment
[N= 22 rTMS, N= 22 sham, F(1.89, 79.5)= 7.64, P= 0.001, η2

Table 2. Baseline descriptive statistics

rTMS (mean (SD) Sham (mean (SD) P value

Number of subjects [n females] 23 [4] 22 [4] χ2= 0.05, P= 0.95

Age 50.6 (10.4) 53.5 (7.5) U= 213, P= 0.36

AUDIT 23.8 (6.3) 24.9 (7.5) t(43)=−0.5, P= 0.58

ADS 19.3 (8.2) 16.7 (6.8) t(43)= 1.1, P= 0.27

PEth 0.9 (0.6) 1.1(1.4) U= 238, P= 0.93

TLFB (%HDD) 39%(24) 48%(37) U= 232, P= 0.6

SCID (DMS-IV-RT) 6.2 (1.1) 5.6 (1.2) U= 179, P= 0.76

MMSE 28.6 (1.1) 29.3 (0.8) U= 160, P= 0.03

ASI

Employment 0.4 (0.3) 0.4 (0.3) U= 231, P= 0.61

Medical 0.3 (0.3) 0.2 (0.3) U= 199, P= 0.21

Psych 0.3 (0.2) 0.2 (0.2) U= 204, P= 0.27

Family 0.3 (0.2) 0.2 (0.2) U= 180, P= 0.09

Alcohol 0.6 (0.1) 0.6 (0.2) U= 248, P= 0.92

Drug 0.05 (0.1) 0.03 (0.1) U= 218, P= 0.37

Legal 0.05 (0.2) 0.05 (0.2) U= 244, P= 0.71

CPRS-SA

Depression 8.2 (5.3) 7.9 (4.8) U= 250, P= 0.95

Anxiety 7.0 (5.2) 6.9 (3.9) U= 244, P= 0.85

NEO-FFI

Neuroticism 23.7 (9.7) 19.4 (10.6) t(43)= 1.4, P= 0.16

Extraversion 22.1 (5.9) 25.1 (7.3) t(43)=−1.5, P= 0.14

Openness 25.3 (6.2) 25.4 (7.5) t(43)=−0.05, P= 0.96

Agreeableness 33.5 (5.9) 31.9 (6.7) t(43)= 0.8, P= 0.41

Conscientiousness 26.8 (7.5) 30.2 (7.7) t(43)=−1.5, P= 0.15

Baseline measures collected at screening of participants who completed treatment, indicating no significant differences between groups
SD standard deviation, P value two-tailed P value using independent-samples T test, MMSE Mini Mental Test, TLFB timeline follow back, AUDIT alcohol use
disorder identification test, scores of >20 indicate high-likelihood of dependence, ADS Alcohol Dependence Scale, CPRS-SA Comprehensive Psychopathological
Rating Scale, ASI addiction severity index, NEO-FFI abbreviated five factor personality assessment
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p= 0.1], but not at follow-up (P= 0.5). No significant differences
were found between treatment groups in inflammation and
neurotrophic factor biomarkers (all Ps > 0.1, see Supplemental
Material, Table S1). The proportion of subject who consumed
nicotine did not differ between groups neither at baseline or at
any follow-up timepoints (all χs < 1.38, all Ps > 0.3; baseline: sham
N= 22/26, rTMS N= 22/25; Fw1: sham N= 14/18, rTMS N= 12/20;
Fw2: sham N= 14/21 rTMS N= 15/20; Fw4: sham N= 13/20, rTMS
N= 13/18; Fw8: sham N= 12/21, rTMS N= 16/22; Fw12: sham
N= 17/24, rTMS 12/19).

MRI findings
Resting state. The resting-state seed-based correlation analysis
revealed a significant group effect in connectivity at follow-up for
bilateral posterior insula (PI) seeds (Fig. 3, N= 18 rTMS, N=
21 sham, per-voxel P < 0.002, cluster corrected at α= 0.05). Both
groups revealed a positive correlation between right PI and left
precuneus; however, the correlation was significantly lower in the
rTMS group [Fig. 3b, rTMS < sham, MNI= 1, −23, 31, cluster size=
8, F(1,36)= 22.88, P < 0.001 η2p= 0.4]. Correlation between left PI
and right cingulate was significantly different between groups
with positive correlations scores in the rTMS group and negative
for the sham group [N= 18 rTMS > N= 20 sham, MNI −11, −71,
28, cluster size 8, F(1, 36)= 15.88, P < 0.001, η2p= 0.3] (Fig. 3b).
β Correlation coefficients scores in the rTMS treatment group were
not affected by insular depth (Ps > 0.1).

Monetary incentive delay task. A main effect of anticipation
for all four of the factorial analyses replicated previous

findings from the literature and revealed significant clusters
in regions including striatum, insula, thalamus, and medial
wall premotor regions (Fig. S2, N= 18 rTMS, N= 21 sham,
per-voxel P= 0.002, cluster size threshold= 11). However, no
significant group nor group × stimuli interaction effects were
observed. Activation peaks for each factorial analysis are
presented in Table S3.

Negative-affect picture processing. A main effect of stimulus
across groups revealed significantly increased activity in several
regions including the insular cortex bilaterally to face pictures, and
increased activity in the lingual gyrus to pictures from The
International Affective Picture System (IAPS) (Fig. S3 and Table S4,
N= 17 rTMS, N= 21 sham, per-voxel P= 0.002, cluster size
threshold= 11). No significant group nor stimuli × group interac-
tions were identified. A 2 × 2 ANOVA on the extracted β values in
the insula confirmed a significant main effect of stimulus [left
anterior insula: F(1, 36)= 31.90, P < 0.001, η2p= 0.47; right anterior
insula: F(1, 36)= 32.23, P < 0.001, η2p= 0.47], driven by face
pictures (left anterior insula: t=−5.57, P < 0.001; right anterior
insula: t=−5.58, P < 0.001), and a non-significant stimuli × group
interaction (Ps > 0.2).

Alcohol beverage picture processing. Alcohol pictures compared
to non-alcohol pictures activated significantly more the visual
cortex (MNI 4, −83, −5) and left precuneus (MNI −14, −89, 4) (per-
voxel P= 0.002, cluster size threshold= 12). However, the 2 × 2
ANOVA showed no significant group and stimuli × group interac-
tion (N= 18 rTMS, N= 20 sham).

Fig. 2 Average consumption and craving scores measured in rTMS and sham groups at screening, treatment and follow-up visits. Upper level:
Consumption as measured by PEth and TLFB. For PEth, two separate ANOVAs were performed. In the first 2 × 4 ANOVA, the “time” factor
included four levels, corresponding to screening and treatment weeks 1, 2, and 3. In the second ANOVA, the “time” factor included six levels
(screening and all follow-up visits). For TLFB a 2 × 2 ANOVA was performed using scores collected at screening and end of treatment. In
addition, a 2 × 6 ANOVA was performed on screening and all follow-up visits. A significant effect of time during treatment period was
observed in both measures, independently of group. Lower level: craving scores by AUQ and PACS. For AUQ scores, a 2 × 15 ANOVA was
performed, the factor “time” included each day when AUQ was collected. PACS scores were entered in a 2 × 3 ANOVA, where the within-
subject “time” factor included assessments at treatment weeks 1, 2, and 3. Error bars show standard error of the mean. There was a significant
decrease in craving and drinking during treatment in all measures, independently of group. Tw[n]=week n of treatment; Fw[n]= follow-up
week n. Upper right: Treatment= the part of TLFB from the first follow-up visit covering the weeks of rTMS treatment. %HDD, percent heavy
drinking days
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DISCUSSION
rTMS is currently receiving considerable interest as an addiction
treatment [9], but evidence available to date does not provide
sufficient support for the efficiency of rTMS in treatment of
alcoholism [13]. A small number of studies have relied on
randomized controlled methodology considered standard when
evaluating pharmacological interventions. Here, we carried out a
double-blind, sham-controlled randomized trial to investigate
whether rTMS targeting the insula can produce persistent
neuromodulatory effects with a clinically meaningful impact on
alcohol craving and use. Although rsMRI analysis provided some
support for the ability of rTMS to modulate insula function in a
measurable manner, a broad range of objective, and self-reported
outcome measures did not support that this effect translated into
decreased alcohol craving or use.
An established role of the insula in craving across drug

categories [21] provided a strong mechanistic foundation for our
study. With its heterogeneous architecture and the wide degree of
connections organized according to a posterior–anterior gradient
[51, 52], the insula is a highly integrative yet functionally
specialized region [53]. It has been theorized that the anterior
portion of the insula represents a final stage of integration, in
which interoceptive information is progressively gathered “into”

awareness [54]. This model is consistent with the identification of
the anterior insula as a major hub of the salience network, a
network of critical importance in attention and awareness [55].
The connection between anterior insula with premotor regions in
the mid-cingulate cortex (another key node of the salience
network) highlight its influence on behavior, with important
implication in craving and addiction [56].
Our stimulation protocol paralleled that used in a prior positive

trial of rTMS in nicotine addiction [12], but used an H8 coil that more
selectively targeted the insula (and by necessity overlaying super-
ficial regions), while excluding rostral prefrontal regions. Primary
outcome measures included heavy drinking, as determined by
structured and validated self-reports of drinking assessed with TLFB
methodology that is standard in Food and Drug Administration-
regulated trials of alcoholism treatments, but also PEth, an objective,
highly selective and quantitative biomarker of alcohol use. Uniquely
among rTMS studies in addiction to date, we combined assessment
of these clinical outcomes with functional resting-state and task-
based brain measures to establish whether our intervention did
in fact modulate function of the targeted brain structure in a
measurable way.
Using this stringent design, rTMS did not affect how strongly

the subjects craved to drink, nor did it influence how much
alcohol they actually consumed. Nor it affected nicotine con-
sumption. The significant effect of rTMS stimulation in resting-
state connectivity between bilateral PI and precuneus/posterior
cingulate cortex suggests that rTMS might have introduced
changes in cortical connectivity, but that this occurred without
affecting addiction-related behavior. The lack of stimulation-
driven behavioral effect could be due to the fact that rTMS
stimulation might have reached the insula only partially, or at
insufficient intensity. However, several patients presented facial
muscle twitches induced by the TMS stimulation at surface (~138
V/m). This highlights the challenges that deep TMS studies suffer
in balancing the need to reach a sufficient electric field intensity in
deeper structures while containing patient discomfort. Alterna-
tively, it is possible that concomitant stimulation of the insula and
the PFC, as was done in Dinur-Klein et al. [12], is required in order
to induce effects on addictive behavior, while in this study the PFC
was not stimulated effectively. Cue exposure of the kind used
during our TMS treatment has been suggested as a therapeutic
intervention to decrease alcohol use. If effective in that regard, it
could potentially decrease the sensitivity to detect a TMS effect
through a floor effect. However, a meta-analysis of cue exposure
therapy does not support its efficacy in alcohol addiction [57],
while the nicotine addiction study by Dinur-Klein et al. [12] on
which we based our design in fact indicated that cue exposure
increased, rather than decreased the TMS effect.
Together with alcohol craving and consumption measures,

we examined blood oxygen level-dependent (BOLD) brain
responses during tasks that typically involve insula activity.
First, we addressed whether rTMS influenced reward processing
using the classic MID task [27]. There were no significant brain
differences between the rTMS and sham groups during
anticipation of reward or punishment. In both groups, we
identified regions typically associated with processing the
anticipation of reward and punishment, such as insula, caudate
nucleus, putamen, and thalamus.
Our findings of activation during reward anticipation parallel

those confirmed for healthy volunteers by a recent activation-
likelihood estimate (ALE) meta-analysis of some 50 studies in
healthy volunteers [58]. When compared to controls, it has been
reported that alcohol-dependent patients show altered activity in
ventral striatum on this task, although the directionality of the
altered response is a matter of debate [59]. In the present study,
we did not compare alcoholics with healthy participants, and our
data do not, therefore, address this issue. Our ability to replicate
these responses while complying with current stringent statistical

Fig. 3 Resting-state connectivity analysis at follow-up. a Insula seed
locations identified by maximizing the bilateral connectivity of each
seed location. b Brain regions showing significantly different
correlation scores in rTMS and sham groups between right PI seed
regions and left precuneus and left PI seed and right posterior
cingulate (per-voxel P < 0.002, cluster corrected at α= 0.05). The
rTMS group presented a significantly lower connectivity between
left PI and left precuneus [rTMS < sham, MNI= 1, −23, 31, cluster
size= 8, F(1, 36)= 22.88, P < 0.001 η2p= 0.384] and a significantly
greater connectivity between left PI and right cingulate [N= 18
rTMS > N= 20 sham, MNI −11, −71, 28, cluster size 8, F(1, 36)=
15.88, P < 0.001 η2p= 0.3]
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standards [49] suggests that the negative findings of a treatment
effect do not reflect a methodological artifact.
We found the same pattern for the other tasks, which included

negative-affect picture and alcohol-related picture processing. For
negative-affect picture processing, the insular cortex was signifi-
cantly more activated to faces depicting negative facial expressions
of fear and anger compared to negative-affect pictures from the
IAPS catalog, reflecting increased salience processing towards faces
[60]. The visual cortex and lingual gyrus were activated for the
opposite contrast, probably due to greater detail heterogeneity for
IAPS compared to faces pictures. Alcohol-related pictures compared
to non-alcohol-related pictures also triggered activity in the visual
cortex, indicating increased attention towards alcohol pictures [61].
Similar to the vast majority of RCTs aimed at evaluating

therapeutic interventions, we did not include a healthy control
group. Nevertheless, the baseline imaging measures obtained in
our patient sample would be of interest to compare against a
group of healthy controls. This comparison is in progress through
a meta-analysis within the EU-funded SyBil-AA consortium, of
which the present study is a part.
In summary, although the rsMRI analysis provides some support

for the ability of our rTMS intervention to exert measurable
neuromodulatory effects on insula function, this did not affect
alcohol craving or drinking, nor did it affect task-based brain
responses. Strategies for the future may include attempts to
increase stimulation intensity and extend the duration of
treatment, as well as explore other targets, such as the anterior
cingulate cortex. Similar to what is typically found in medication
trials of alcohol addiction, we found a large, statistically significant
decline in alcohol consumption and craving during treatment
irrespective of group allocation. Two factors may have contributed
to the large size of this effect. First, treatment delivery involved
interactions with qualified nursing staff daily for 3 weeks, a
frequency higher than that in medication trials. Second, the daily
induction of alcohol cravings through the use of alcohol cues
amounts to provocation with response inhibition, an established
cognitive behavioral therapy method to extinguish undesirable
responses that under the name Cue Exposure Therapy has support
for some efficacy of its own [57]. The overall reduction in drinking
was accompanied by improvements in depression and anxiety
(CPRS) that lasted up to 3 months follow-up, illustrating the
beneficial effects of reductions in drinking for a broad range of
psychiatric outcomes.
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