
Repe��ve Transcranial Magne�c S�mula�on (rTMS) is a 

promising treatment for tobacco use disorder (TUD). 

Although at a group level, ac�ve s�mula�on outperforms 

sham, at an individual level, variability exists in clinical 

response. The behavioral and neurobiological factors that 

differen�ate those who respond to rTMS from those who 

do not remain unclear. To explore individual factors that 

influence acute responses to rTMS, N = 60 human 

par�cipants received one session of rTMS to the 

dorsolateral prefrontal cortex (DLPFC) and to a control 

region (visual cortex; V5) in a randomized order. They 

completed behavioral assessments and neuroimaging 

before and a�er rTMS sessions. Hypotheses involving 

behavioral and neuroimaging predictors of response were 

pre-registered prior to comple�on of data collec�on. 

rTMS to the DLPFC led to significant reduc�ons in self-

reported cigare�e craving compared with rTMS to a 

control brain region (p = 0.0006) and par�cipants were 

classified as n = 38 responders and n = 22 nonresponders. 

Responders used significantly more cigare�es per day (M 
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= 11.441) compared to nonresponders (M = 7.952), 

reported higher levels of cigare�e craving (d = 1.059), and 

more severe nico�ne withdrawal (d = 0.803) prior to rTMS. 

Neuroimaging analyses based on preregistered 

hypotheses indicated that DLPFC-frontoparietal and 

insula whole-brain func�onal connec�vity did not differ 

Cigare�e smoking is the leading cause of preventable 

disease and death in the world (Benowitz & Liakoni, 2022; 

Vellappally et al., 2007; WHO, 2019). Two in three people 

who smoke want to quit, and most have tried to quit, yet 

smoking cessa�on rates are approximately 7% without 

medical or psychosocial interven�ons (Babb et al., 2017). 

Exis�ng interven�ons include electronic cigare�es, 

varenicline, bupropion, nico�ne replacement therapies, 

psychotherapies, and community-based interven�ons 

(Singh et al., 2026). Among these interven�ons,
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significantly between responders and nonresponders. 

However, exploratory analyses revealed that responders 

had reduced pre-rTMS func�onal connec�vity between 

the insula and nucleus accumbens, precuneus, and 

occipital pole. These findings suggest that response to 

rTMS for TUD is associated with greater baseline cigare�e 

consump�on, craving, and withdrawal, in addi�on to 

dis�nct func�onal connec�vity pa�erns related to 

salience, reward, and self-referen�al processes, providing 

candidate behavioral and neural markers for personalized 

rTMS interven�ons for TUD.  
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varenicline, a par�al agonist of α4β2 nico�nic 

acetylcholine receptors, has shown the greatest efficacy 

with reported abs�nence rates of 18 - 30% (Jiménez-Ruiz 

et al., 2009; C. J. Jordan & Xi, 2018). Despite this, 

varenicline and other exis�ng smoking cessa�on 

interven�ons display variable and limited success rates, 

including the fact that many smokers do not engage with 

exis�ng interven�ons, sugges�ng the need for novel 

therapeu�cs to help people quit smoking (Bryant et al., 

2011; Caponne�o et al., 2012; Ebbert et al., 2010; Gómez-

Coronado et al., 2018; Hartmann-Boyce et al., 2018; 

Koegelenberg et al., 2014; Vogeler et al., 2016). 

While the only FDA-cleared protocol relies on a unique, 

proprietary coil shape, the more commonly used figure-

eight coil has also shown considerable promise. Indeed, 

past work has indicated that rTMS using conven�onal 

figure-eight coils can reduce the severity of cigare�e 

craving (Abdelrahman et al., 2021; Amiaz et al., 2009; 

Apostol et al., 2023; Chang et al., 2018; Flores-Leal et al., 

2015; Johann et al., 2003; T. Jordan et al., 2024; X. Li et al., 

2013, 2020; Pripfl et al., 2014; Rakesh et al., 2024; 

Shevorykin et al., 2022; Upton et al., 2023), heaviness of 

smoking (Abdelrahman et al., 2021; Amiaz et al., 2009; 

Eichhammer et al., 2003; X. Li et al., 2020; Prikryl et al., 

Repe��ve transcranial magne�c s�mula�on (rTMS) is a 

promising interven�on for smoking cessa�on. rTMS is a 

type of non-invasive brain s�mula�on that uses a �me-

varying magne�c field to induce electrical currents in the 

brain. In principle, this can be used to modulate ac�vity 

within or func�onal connec�vity between regions that are 

implicated in cigare�e smoking. One rTMS protocol using 

a proprietary deep rTMS coil achieved FDA-clearance in 

2021, following a mul�center randomized clinical trial 

demonstra�ng that 19.4% of pa�ents remained abs�nent 

at week 18 of the trial in the intent-to-treat analysis 

(Zangen et al., 2021). Although promising, the smoking 

cessa�on rate reported in this trial is comparable to or 

lower than that produced by varenicline (C. J. Jordan & Xi, 

2018) and is significantly lower than response rates 

following rTMS for other indica�ons such as treatment-

resistant depression (e.g., 40-60%; Apostol et al., 2026 and 

as high as > 80%; Cole et al., 2020, 2022). Further, a 

replica�on study failed to find a difference between the 

ac�ve and sham groups (Bellini et al., 2024), implying that 

individual differences may be an important determinant 

of the rTMS protocol's effec�veness.  

2014; Upton et al., 2023), and withdrawal (Petersen et al., 

2025). Furthermore, ac�ve rTMS with figure-eight coils 

has led to higher smoking cessa�on rates compared to 

sham rTMS (X. Li et al., 2020; Sheffer et al., 2018).  

Despite these documented clinical effects, it is currently 

unknown which factors predict response to rTMS for 

smoking cessa�on. In other words, there may be 

neurobiological, psychological, sociodemographic, or 

behavioral factors that predict who experiences 

reduc�ons in nico�ne withdrawal or cigare�e craving 

following rTMS. Because rTMS is a par�cularly �me-

intensive treatment, prospec�vely iden�fying pa�ents 

who are likely to respond (or not), rather than relying on 

trial-and-error, may speed the �me to successful smoking 

cessa�on and reduce burden on providers. Therefore, 

there is an urgent need to systema�cally explore the 

factors associated with rTMS response, which will help 

improve smoking cessa�on outcomes by informing 

treatment stra�fica�on and personaliza�on. 

Past literature has iden�fied several behavioral and 

neurobiological factors that may be associated with rTMS 

response in substance use disorder popula�ons. Studies 

of rTMS treatment for s�mulant use disorder suggest that 

rTMS may be more effec�ve in individuals with lower 

levels of depression and anxiety (Chen et al., 2020; 

Pe�orruso et al., 2019). Studies focused on tobacco use 

disorder per se suggest stronger responses in those who 

smoke more cigare�es (X. Li et al., 2013) and have greater 

levels of nico�ne dependence (Addico� et al., 2015).  

Addi�onally, there may be age-dependent variability in 

rTMS efficacy (Abdelrahman et al., 2021; Beuzon et al., 

2017; Fregni et al., 2006; Kozel et al., 2000; Pallan� et al., 

2012).  

The neurobiology of tobacco craving, cessa�on, and 

relapse has been rela�vely welldefined, enabling a priori 

hypotheses of neuroimaging-based predictors of rTMS 

response in the context of smoking cessa�on. The insula is 

involved in sensorimotor, social, emo�onal, a�en�on, and 

salience processes (Uddin et al., 2017), is a cri�cal brain 

region in tobacco use. Pioneering work indicated that 

damage to the insula via stroke in humans led to 

immediate and las�ng smoking cessa�on, with one 

pa�ent repor�ng that his “body forgot the urge to smoke” 

(Naqvi et al., 2007). Subsequent work has further 

implicated the insula in nico�ne withdrawal symptoms
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(Abdolahi et al., 2015; Carroll et al., 2015; Fedota et al., 

2018; Ghahremani et al., 2021), cigare�e cravings (Bi et al., 

2017; Moran-Santa Maria et al., 2015; M. T. Sutherland et 

al., 2013), cigare�e consump�on (Y. Li et al., 2017; Morales 

et al., 2014; Stoeckel et al., 2016; Zanchi et al., 2015; Zhou 

et al., 2017), tobacco cue-reac�vity (Janes et al., 2015), 

and smoking cessa�on outcomes (Gaznick et al., 2014; 

Jordan et al., 2024; Joutsa et al., 2022; Suner-Soler et al., 

2012). Notably, greater insula func�onal connec�vity and 

tobacco cue-induced reac�vity are associated with 

successfully qui�ng smoking (Addico� et al., 2015; 

Gilman et al., 2018; Janes et al., 2010; Wilcox et al., 2017). 

Moving beyond the insula, the dorsolateral prefrontal 

cortex (DLPFC) plays a key role in execu�ve func�ons and 

top-down inhibitory control (Jung et al., 2022) and is 

implicated in cigare�e smoking (Franklin et al., 2021). A 

key finding from previous literature is that reduc�ons in 

drug craving following rTMS is associated with func�onal 

connec�vity between the DLPFC and regions implicated in 

reward valua�on, such as the orbital middle prefrontal 

cortex (OMPFC; X. Li et al., 2017), and regions implicated in 

a�en�onal processes, such as the inferior parietal lobule 

(IPL; Su et al., 2020).  

METHODS

Par�cipants 

To explore the factors associated with rTMS response, we 

performed a randomized, single-blind, within-subjects, 

ac�ve-control, crossover rTMS experiment. Based on our 

previous results in a subset of the same research 

par�cipants (Apostol et al., 2023), we hypothesized that 

rTMS to the le� DLPFC would lead to significant reduc�ons 

in cigare�e craving and rTMS to a control region (le� visual 

cortex; V5) would not. Next, we hypothesized that rTMS 

responders and nonresponders would differ in terms of 

depression symptoms, anxiety symptoms, nico�ne 

dependence, number of cigare�es smoked per day, and 

age. Finally, we hypothesized that responders and 

nonresponders would differ based func�onal 

connec�vity from the s�mulated region (le� DLPFC) to the 

le� OMPFC and le� IPL, and display increased func�onal 

connec�vity from the insula to other brain regions. These 

hypotheses were pre-registered prior to the comple�on 

of data collec�on.  

Par�cipants (N = 61) were adults with TUD (average age: 

33.33 +/- 6.66 years; n = 31 males and n = 29 females) who 

MATERIALS AND SUPPLIES 

reported smoking at least five cigare�es per day for 1 year, 

had posi�ve urinary co�nine measures, fluently spoke 

English, were right-handed, and were not undergoing 

smoking cessa�on treatment. Par�cipants were excluded 

if they met criteria for other substance use disorders in the 

past six months, or other psychiatric disorders assessed 

with the MINI Interna�onal Neuropsychiatric Interview 

(MINI; Lecrubier et al., 1997), which assess for  major 

depressive episode/disorder, suicidality/suicide behavior, 

manic/hypomanic episode, bipolar I/II disorder, other 

specified bipolar and related disorder, panic disorder, 

agoraphobia, social anxiety disorder, obsessive 

compulsive disorder, post-trauma�c stress disorder, 

alcohol use disorder, non-alcohol substance-use disorder, 

schizophrenia, any other psycho�c disorder, major 

depressive disorder with psycho�c features, bipolar I 

disorder with psycho�c features, anorexia nervosa, 

bulimia nervosa, binge-ea�ng disorder, generalized 

anxiety disorder or an�social personality disorder). 

Par�cipants were also excluded for serious medical 

illnesses (e.g., neurological, cardiovascular, hepa�c, renal, 

autoimmune diseases, cancer), posi�ve drug tests for 

other substances besides nico�ne and cannabis, 

pregnancy/breas�eeding, and magne�c resonance 

imaging (MRI) or rTMS contraindica�ons. One par�cipant 

was excluded due to missing data, yielding a final sample 

of N = 60 included in the analyses.  

Par�cipants completed ques�onnaires to assess nico�ne 

dependence and withdrawal, substance use, mood 

symptoms, demographics, medical history, psychiatric 

history, educa�on, and sleepiness. Craving, withdrawal, 

and mood assessments were completed at a baseline 

inperson screening session, and before and a�er rTMS 

treatment sessions. The Shiffman-Jarvik Withdrawal Scale 

(SJWS) measured nico�ne withdrawal and included 

subscales that measured craving, psychological 

withdrawal, physical withdrawal, s�mula�on/seda�on, 

and appe�te (Shiffman & Jarvik, 1976). The Urge to Smoke 

(UTS) scale measured feelings of cigare�e craving (Jarvik 

et al., 2000). The State-Trait Anxiety Inventory (STAI) form 

Y-1 was collected as a measure of state anxiety 

(Speilberger et al., 1983). The Fagerstrom Test for Nico�ne 

Dependence (FTND) was a measure of tobacco 

consump�on and dependence (Heatherton et al., 1991). 

Measures of depression symptoms were collected and
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Par�cipants completed a substance use ques�onnaire 

that measured whether they had previously used 

cannabis, cocaine, amphetamines, methamphetamine, 

hallucinogens, inhalants, an�depressants, seda�ves, 

heroin, methadone, opiates/opioids, or barbiturates. In 

the case of previous use of a substance, par�cipants were 

asked how much they used the substance, how o�en, and 

whether they were s�ll using it. Par�cipants completed a 

nico�ne-specific ques�onnaire that measured family 

nico�ne use, the desire to quit, ini�a�on of tobacco use, 

current use, and withdrawal symptoms. Addi�onally, a 

neurological history was completed that assessed past 

head injuries, hospital visits or medica�ons for emo�onal 

problems, neurological diseases, or past treatment for 

drug addic�on. Finally, demographics were collected 

including biological sex, gender iden�ty, race, ethnicity, 

and educa�on level. All ques�onnaires were administered 

by a member of the research team in a structured clinical 

interview or completed by par�cipants using a tablet 

(Apple, Cuper�no, CA, USA).  

Measures of expired carbon monoxide (CO) and 

carboxyhemoglobin (COHb) were collected using a 

Micro+ Smokerlyzer CO monitor (Bedfont Scien�fic, 

Harrietsham, England). 

An Alco-Sensor FST breathalyzer was used to measure 

recent alcohol use (Intoximeters, St. Louis, MO, USA). 

Urine samples were collected and assessed for pregnancy 

(Consult Diagnos�cs, McKesson Corpora�on, Irvine, TX, 

USA), other substances using eight-panel binary lateral 

flow immunoassay (Alere Toxicology Services, Waltham, 

MA, USA), and co�nine (Accutest, Jant Pharmacal 

Corpora�on, Encino, CA, USA). In the event of a posi�ve 

urine drug test for cannabis, addi�onal measures were 

taken to verify that par�cipants were not acutely 

intoxicated (e.g., Drager DrugTest 5000 saliva tests; 

Drager-werk, Lubeck, Germany). 

included the researcheradministered Pa�ent Health 

Ques�onnaire (PHQ; Kroenke et al., 2001) and the Beck 

Depression Inventory (BDI; Beck et al., 1987). The Posi�ve 

and Nega�ve Affect Scale (PANAS) measured posi�ve and 

nega�ve emo�ons (Watson et al., 1988). The Stanford 

Sleepiness Scale measured level of arousal and sleepiness 

(Maclean et al., 1992).  

Prior to data collec�on, approval was received from the 

UCLA Ins�tu�onal Review Board (18-000509-CR-00005). 

This study was performed in accordance with the 

Declara�on of Helsinki (Associa�on et al., 2013). Wri�en,

PROCEDURE 

This study involved a within-subjects, single-blind, ac�ve-

controlled, randomized, crossover experiment. 

Par�cipant recruitment was performed with ads posted to 

Craigslist, Reddit, Twi�er, Facebook, Instagram, and flyers 

posted to local businesses that sold cigare�es in Los 

Angeles from April 2019 - July 2024. A structured phone 

interview was first performed to inform par�cipants 

about the study procedures and to assess ini�al eligibility. 

Then, eligible par�cipants completed an in-person 

screening appointment that included obtaining informed 

consent, comple�ng structured clinical interviews, self-

report ques�onnaires, measures of recent drug/alcohol 

use, tobacco use measures, and MRI scans. 

Par�cipants who were eligible to con�nue in the study 

a�er the in-person screening completed two rTMS 

sessions separated by a minimum of 24 hours to provide a 

suitable washout (no upper limit). They were allowed to 

smoke ad libitum on the days between appointments but 

were asked to remain abs�nent from cigare�es and other 

forms of tobacco for at least 12 hours before each rTMS 

appointment. Abs�nence was biochemically verified 

using a Smokerlyzer and self-report last cigare�e �me was 

recorded. If par�cipants were unable to remain abs�nent 

for 12 hours before each rTMS appointment, the visits 

were rescheduled. At each appointment, par�cipants 

completed measures of expired CO and COHb, urine 

drug/pregnancy tests, vitals, ques�onnaires (SJWS, UTS, 

STAI, PANAS), MRI scans, and rTMS to the le� DLPFC or V5. 

The ques�onnaires and MRI scans were performed before 

and a�er each rTMS session. The order of s�mula�on was 

randomized and counterbalanced using a random 

number generator. Par�cipants completed a 15-minute 

rTMS session as described in the below TMS procedures 

sec�on. Each appointment lasted for 3-4 hours. 

Par�cipants were paid in cash for their par�cipa�on in the 

study and transporta�on was arranged on a case-by-case 

basis. All data collec�on occurred at the Semel Ins�tute for 

Neuroscience and Human Behavior at University of 

California, Los Angeles (UCLA).  

Ethics Statement 
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informed consent was obtained prior to data collec�on. 

MRI Data Acquisi�on 

MRI scans were performed at the UCLA Staglin Center for 

Cogni�ve Neuroscience or the Ahamason-Lovelace Brain 

Mapping Center. Both scanning centers house a Siemens 

3-Tesla Prisma Fit MRI scanner which were ou�i�ed with a 

32-channel head coil. At the baseline inperson screening 

appointment, a T1-weighted structural scan [echo �me 

(TE) = 2.24ms; repe��on �me (TR) = 2,400ms; voxel 

resolu�on = 0.8 × 0.8 × 0.8mm, flip angle=8°] and an 

8minute T2*-weighted mul�band res�ng-state func�onal 

image were collected [TE = 37ms; TR = 800ms; field of view 

= 208mm; slice thickness = 2mm; number of slices = 72; 

voxel Resolu�on = 2×2×2mm; accelera�on factor = 8, flip 

angle=52°]. The func�onal scan was also collected before 

and a�er each rTMS session. Imaging data were used for 

TMS targe�ng (see TMS Target Localiza�on in Methods) 

and in the primary analyses (see Sta�s�cal Analysis Plan in 

Methods). MRI scans were performed at the baseline in-

person screening, and immediately before and a�er each 

rTMS session. 

MRI data were preprocessed using fMRIB So�ware 

Library (FSL) v.6.0.4 (Jenkinson et al., 2012). The FSL brain 

extrac�on tool (Jenkinson et al., 2005) was used to skull-

strip the structural T1-weighted images and FSL's MCFLIRT 

tool was used for mo�on correc�on of the func�onal T2*-

weighted images (Jenkinson et al., 2002). B0 unwarping 

and slice-�ming correc�on were performed (Jenkinson et 

al., 2003). Co-registra�on of each par�cipant's func�onal 

image to their structural image was performed using FSL 

linear registra�on (Andersson et al., 2007). Subsequently, 

FSL's FNIRT tool was used to register and normalize the 

skull-stripped func�onal and structural images to 

standard space, which were then smoothed using a 5mm 

full-width at half-maximum smoothing kernel (Jenkinson 

et al., 2012). FSL's MELODIC independent component 

analysis (ICA) tool was used to deconstruct the func�onal 

images into 20 independent components. ICA-FIX was 

used for denoising of the res�ng state fMRI scans (Smith et 

al., 2004). 

MRI Data Preprocessing 

TMS Target Localiza�on, Parameters, and Procedures 

Personalized DLPFC and V5 s�mula�on targets were 

generated for each par�cipant. The DLPFC target within 

t h e  l e �  D L P F C  r e g i o n  o f  i n t e r e s t  ( R O I ; 

 

h�ps://neurosynth.org/analyses/terms/dlpfc/; retrieved 

26 March 2019) was the voxel with maximum func�onal 

connec�vity to the execu�ve control network that was 

defined by MELODIC ICA. As an alterna�ve to sham 

s�mula�on, ac�ve s�mula�on was applied to the le� V5. 

The V5 s�mula�on target was the voxel within the le� V5 

(h�ps://neurosynth.org/analyses/terms/v5/; retrieved 

25 March 2019) with maximum func�onal connec�vity to 

the primary visual network. Details of the personalized 

targe�ng method are provided in Petersen et al. (2025). 

See Figure 1 for a visualiza�on of the rTMS targets. 

rTMS was applied using either a Mags�m Super Rapid2 

Plus1 s�mulator (Roseville, MN, USA) paired with visor2 

neuronaviga�on (ANT Neuro, Hengelo, Netherlands) or a 

Magventure Magpro X100 s�mulator with a Cool-B65 coil 

(Alphare�a, GA, USA) paired with Brainsight 

neuronaviga�on (Rogue Research, Montreal, Quebec, 

Canada). The rTMS parameters were iden�cal for both 

devices: 10 Hz, 5 seconds on / 10 seconds off, 60 trains, 

3000 pulses total, applied at 100% ac�ve motor threshold 

(aMT). Prior to the first treatment, aMT was calculated by 

applying single pulses to the le� motor cortex (through 

visual iden�fica�on of the central sulcus and the 

precentral gyrus in each par�cipant's MRI scan). aMT was 

defined as the s�mula�on intensity that produced motor 

evoked poten�als in the right abductor pollicis brevis 

muscle in at least 5 out of 10 trials. At each rTMS session, 

par�cipants were asked to relax in a chair and remain as 

s�ll as possible. Neuronaviga�on was used to posi�on the 

rTMS coil over each par�cipants individualized DLPFC or 

V5 targets using an infrared camera that localized the 

par�cipant's head in space rela�ve to the TMS coil. 

Treatments were ini�ated by a physician at the UCLA TMS 

Clinical and Research Service, and par�cipants were 

monitored for tolerability and adverse events. If any signs 

of adverse events were observed, treatments were 

stopped and par�cipants underwent assessments by 

physicians. For each rTMS session, the coil distance-

toscalp, rota�on, and angle were collected. 

Sta�s�cal Analysis Plan 

The hypotheses and analysis plan for this study were pre-

registered prior to the comple�on of data collec�on and 

are available at the Open Science Framework data 

repository (behavioral analyses: h�ps://osf.io/m58rs/ 

and neuroimaging analyses: h�ps://osf.io/39kvr). 

Exploratory analyses were also performed and labeled as
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Effects of rTMS to DLPFC vs. V5  

such. Adjustments from the preregistra�on plan are 

described in the discussion sec�on. 

First, mixed effects linear models were built to confirm 

that DLPFC s�mula�on reduced cigare�e craving. Notably, 

a subset of par�cipants included in the present study were 

also included in previous reports demonstra�ng 

reduc�ons in cigare�e craving following DLPFC 

s�mula�on (Apostol et al., 2023; Petersen et al., 2025). 

Models were built with rTMS target (DLPFC/V5) and 

�mepoint (pre/post rTMS) as fixed effects, par�cipants as 

random effects, and the following outcome variables in 

separate models: SJWS overall scores, SJWS craving 

subscale, SJWS psychological subscale, SJWS physiological 

subscale, SJWS s�mula�on/seda�on subscale, and SJWS 

appe�te subscale. Bonferroni correc�on was applied 

across these six models (.05 / 6) yielding an adjusted 

significance threshold of .008. These models were built 

using the lmerTest package in R version 4.4.1 (RStudio 

Team, 2023). Based on these results, “responders” were 

defined as par�cipants who experienced any reduc�on in 

SJWS craving subscale scores, and “nonresponders” had 

an increase or no change in SJWS craving subscale scores. 

Behavioral Data Analysis 

Linear models were built using the lm command in R to 

compare behavioral variables that were hypothesized to 

differ significantly between responders and 

nonresponders. Models were built with the following 

outcome variables: PHQ, BDI, STAI, FTND, number of 

cigare�es in the past 30 days, and age. Addi�onal 

behavioral variables were collected in this study besides 

the variables included in the hypotheses. For these 

variables, rather than compu�ng null hypothesis 

significance tests with a risk of infla�ng Type 1 Error, two 

separate approaches were taken for con�nuous versus 

categorical variables. For con�nuous variables, 95% 

confidence intervals were computed using the rsta�x 

(Kassambara, 2020) and gtsummary (Sjoberg et al., 2021) 

packages in R, then effect sizes (Cohen's d) were 

computed using the cohens_d command. For categorical 

variables, Fisher's exact test, chi square tests, and effect 

sizes (Cramer's V) were computed using the fisher.test, 

chisq.test, and cramer_v commands in R, respec�vely. 

Neuroimaging Data Analysis 

Three par�cipants were excluded from the neuroimaging 

analyses due to incomplete fMRI scans. Pre-registered 

region-of-interest (ROI)-ROI analyses were performed to 

compare func�onal connec�vity between the s�mulated 

region (DLPFC) and brain regions hypothesized to be 

associated with reduc�ons in drug craving following rTMS 

(OMPFC and IPL). The DLPFC mask was generated from 

Neurosynth (h�ps://neurosynth.org/analyses/ 

terms/dlpfc/), thresholded to z = 5, lateralized to the le� 

hemisphere, and binarized using fslmaths. The OMPFC 

mask was created using fslmaths and was a 5mm sphere 

centered at MNI (-39, 45, -9) in line with (X. Li et al., 2017) 

and was binarized. The IPL mask was created using 

fslmaths and consisted of a 5mm sphere centered at MNI 

(-52, -58, 46) in line with (Su et al., 2020) that was 

binarized. Once the masks were created, mean ROI 

�meseries were extracted using fslmeants. Correla�ons 

were calculated between the �me-series and then z-

transformed, then t-tests were performed between 

responders and nonresponders using R. Func�onal 

connec�vity between the DLPFC-OMPFC and DLPFC-IPL 

was compared between responders and nonresponders 

at two �mepoints. Pre-rTMS func�onal connec�vity was 

first assessed between groups, then the change in 

func�onal connec�vity from pre-rTMS to post-rTMS was 

compared between responders and nonresponders. 

Pre-rTMS insula-whole brain func�onal connec�vity 

pa�erns were then compared between responders and 

nonresponders. Based on a probabilis�c insula atlas from 

Faillenot et al. (2017), 14 bilateral insula sub-region masks 

were constructed: anterior long gyrus, anterior inferior 

cortex, posterior short gyrus, middle short gyrus, anterior 

short gyrus, and posterior long gyrus. Whole le� and right 

insula masks were created by combining these sub-

regions using fslmaths. The 14 insula ROIs were 

transformed to 2mm MNI space, thresholded at 25%, and 

binarized. 

Each subject's preprocessed func�onal scans were then 

normalized to MNI space using applywarp, insula �me 

series were extracted for each of the 14 insula masks using 

fslmeants, then seed-based z-maps were created using 

fsl_glm. The z-maps were merged into a 4D file using 

fslmerge, and these merged z-map files were used in the 

randomise command (Winkler et al., 2014). The design 

matrix and contrast files were built to test two contrasts: 

responder > nonresponder and nonresponder > 

responder. Randomise was run separately for each of the
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To supplement the pre-registered analyses, addi�onal 

exploratory analyses were performed. First, the 

randomise pipeline was run with a le� DLPFC seed to 

explore poten�al connec�vity differences between 

responders and nonresponders from the s�mulated brain 

region. Next, given the arbitrary nature of the 

responder/nonresponder delinea�on (responders = any 

reduc�on in craving; nonresponders = increase or no 

change in craving), the randomise analysis pipeline was 

run with a new criteria for “responders” and 

“nonresponders” such that responders (n = 20) were 

defined as par�cipants who had a change of at least one 

point in the SJWS craving subscale (maximum SJWS 

craving subscale score reduc�on = 2.8; minimum 

reduc�on = 0.2) and nonresponders had less than a one 

point change in the SJWS craving subscale (n = 37). In other 

words, the “responders” were defined as the ~1/3 of 

par�cipants who experienced the greatest reduc�on in 

cigare�e craving for this exploratory analysis. These 

analyses were run with the le� and right whole insula seed 

regions. Finally, ROI-ROI func�onal connec�vity was 

computed between the le� and right whole insula and the 

following regions that are key components of addic�on 

circuitry: nucleus accumbens (NAc; Balfour, 2004), 

anterior cingulate cortex (ACC; Ghahremani et al., 2021), 

and hippocampus (Kutlu & Gould, 2016) defined by the 

Hammers atlas (Hammers et al., 2003), in addi�on to the 

s�mulated region (le� DLPFC) using the DLPFC ROI from 

Neurosynth (h�ps://neurosynth.org/analyses/terms/ 

dlpfc/; retrieved 26 March 2019). Func�onal connec�vity 

differences between responders and nonresponders 

were assessed using t-tests. If significant differences were 

iden�fied between responders and nonresponders for 

any of the above ROIs, then func�onal connec�vity for 

that ROI was computed with the 12 insula sub-regions, 

including the le�/right hemisphere anterior long gyrus, 

anterior inferior cortex, posterior short gyrus, middle 

short gyrus, anterior short gyrus, and posterior long gyrus 

of the insula. For these exploratory ROI-ROI func�onal 

connec�vity analyses, Bonferroni correc�on was applied 

within each hemisphere. 

14 insula ROIs with 5000 permuta�ons per run. 

Threshold-free cluster enhancement (TFCE) correc�on 

was applied for each randomise analysis. 

Exploratory Analyses  

Effects of rTMS to DLPFC vs. V5  

Mixed-effects linear models were computed to compare 

changes in SJWS scores from before to a�er rTMS to the 

DLPFC versus V5. Six models were built and the Bonferroni 

correc�on was applied (.05 / 6 = .008). With the corrected 

significance threshold, the SJWS craving subscale model 

had significant pre/post [t(168.235) = -3.239, p = 0.001] 

and TMS target [t(169.068) = -2.855, p = 0.005], but the 

interac�on term was not sta�s�cally significant 

[t(168.235) = 1.254, p = 0.211]. Following mul�ple 

comparison correc�on, there were no sta�s�cally 

significant effects for the SJWS psychological, 

physiological, s�mula�on/seda�on, appe�te, or overall 

models (all p-values > .05). Post-hoc t-tests revealed that 

s�mula�on to the DLPFC led to a significant reduc�on in 

SJWS Craving scores (t(59) = 3.6410, p = .0006). 

S�mula�on of V5 did not (t(55) = 1.8357, p = 0.0718; 

Figure 2). Although the pre-rTMS SJWS Craving scores 

were numerically higher for the DLPFC session compared 

to the V5 session, a paired samples t-test indicated that 

they did not differ significantly, t(55) = 1.090, p = .280. The 

SJWS craving subscale was the variable that was used to 

define the “responder” and “nonresponder” groups. 

“Responders” were defined as par�cipants with a 

reduc�on in SJWS craving subscale scores (n = 38) and 

“nonresponders” had worse or no change in SJWS craving 

subscale scores (n = 22; Figure 3).  

RESULTS  

07

Determinants of repetitive transcranial magnetic stimulation e�cacy in tobacco use disorder

J. res. appl. med., Volume 5, Number 2, Ar�cle 10



https://www.researchandappliedmedicine.com

08

FIGURE 1. RTMS WAS APPLIED TO THE LEFT DORSOLATERAL PREFRONTAL CORTEX (DLPFC; GREEN)
AS THE EXPERIMENTAL STIMULATION TARGET AND THE LEFT VISUAL CORTEX (V5; BLUE)

AS THE CONTROL STIMULATION TARGET.

FIGURE 2. RTMS TO THE DLPFC LED TO SIGNIFICANT REDUCTIONS IN SJWS CRAVING SUBSCALE SCORES,
P < .05 (LEFT TWO BOX-AND-WHISKER PLOTS). RTMS TO V5 DID NOT LEAD TO SIGNIFICANT REDUCTIONS

IN SJWS CRAVING SUBSCALE SCORES, P > .05 (RIGHT TWO BOX-AND-WHISKER PLOTS).
N = 60 PARTICIPANTS WERE INCLUDED IN THIS ANALYSIS, WHICH INVOLVED BUILDING A MIXED-EFFECTS

LINEAR MODEL TO COMPARE PRE/POST RTMS CHANGES IN SJWS CRAVING SUBSCALE SCORES
FOLLOWING DLPFC VS. V5 STIMULATION. MEAN VALUES (BLACK DOTS) ARE DISPLAYED IN THE

BOX-AND-WHISKER PLOTS, WHICH ARE SUPERIMPOSED OVER THE DATA POINTS, AND THE
DISTRIBUTIONS OF THE DATA ARE SHOWN TO THE RIGHT OF EACH BOX-ANDWHISKER PLOT. 

BOX-AND-WHISKER PLOTS SHOWTHE MEDIAN VALUES, UPPER AND LOWER QUARTILES,
AND THE MINIMUM/MAXIMUM VALUES. *P < 0.05.
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FIGURE 3. OF THE N = 61 WHO WERE RANDOMIZED TO RECEIVE RTMS TO THE DLPFC,
N = 60 COMPLETED ALL ASSESSMENTS AND WERE INCLUDED IN THE FINAL ANALYSIS. “RESPONDERS” 

WERE DEFINED AS PARTICIPANTS WHO EXPERIENCED A REDUCTION IN CRAVING FOLLOWING
RTMS TO DLPFC (N = 38) AND “NONRESPONDERS” WERE PARTICIPANTS WHO EXPERIENCED

TO CHANGE OR AN INCREASE IN CRAVING (N = 22).
ONE PARTICIPANT WAS EXCLUDED DUE TO MISSING DATA.

 

Behavioral Responder/Nonresponder Results 

M = 3.864, SD = 1.754). STAI: t(55) = -0.894, p = 0.375 

(Responders: M = 32.389, SD =8.706; Nonresponders: M = 

30.476, SD = 5.853). BDI: t(56) = -1.12, p = 0.268 

(Responders: M = 5.027, SD = 5.449; Nonresponders: M = 

3.571, SD = 3.155). PHQ: t(56) = -0.287, p = 0.775 

(Responders: M = 3.108, SD = 4.115; Nonresponders: M = 

2.809, SD = 3.188). See Figure 4 for raincloud plots of these 

models.  

The following a priori-defined behavioral variables were 

compared between responders and nonresponders using 

linear models: cigare�es per day in the last 30 days, age, 

PHQ, BDI, STAI, and FTND scores. The number of cigare�es 

per day in the last 30 days differed significantly between 

the two groups, t(53) = -2.363, p = 0.022, such that 

responders used more cigare�es per day (M = 11.44, SD = 

5.909) compared to nonresponders (M = 7.952, SD = 

4.165). The remaining variables did not differ significantly 

between responders and nonresponders. Age: t(58) = -

0.898, p = 0.373 (Responders: M = 33.921, SD = 6.582; 

Nonresponders: M = 32.32, SD = 6.813). FTND: t(58) = -

0.21, p = 0.834 (Responders: M = 3.974, SD = 2.060; 

Nonresponders: 

For other behavioral variables collected in this study 

without a priori hypotheses, confidence intervals and 

Cohen's d were computed for con�nuous variables, and 

Fisher's exact test and Cramer's V were computed for 

categorical variables. Three con�nuous variables were 

observed to have large effect sizes between responders 

and nonresponders immediately prior to rTMS. Baseline 

SJWS craving subscale scores: responder M = 5.242 (95% 

CI: 4.805, 5.679), nonresponder M = 3.664 ( 95% CI: 2.94, 

4.388), Cohen's d = 1.059. Baseline SJWS overall scores: 

responder M = 3.919 (95% CI: 3.625, 4.213), 

nonresponder M = 3.121 (95% CI: 2.64, 3.602), Cohen's d = 

.803. Baseline UTS scores: responder M = 5.066 (95% CI: 

4.509, 5.623), nonresponder M = 3.359, (95% CI: 2.536, 

4.182), Cohen's d = .960. See Figure 5 for a visualiza�on of 

these 3 variables with large effect sizes. The remaining 

variables had small-tomoderate effect sizes.
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FIGURE 4. LINEAR MODELS WERE BUILT TO COMPARE RESPONDERS AND NONRESPONDERS
BASED ON DEPRESSION SYMPTOMS (PHQ IN PANEL A AND BDI IN PANEL B), ANXIETY SYMPTOMS

(STAI; PANEL C), NICOTINE DEPENDENCE (FTND; PANEL D), AGE (PANEL E) AND NUMBER
OF CIGARETTES PER DAY (PANEL F). RESPONDERS ARE SHOWN IN ORANGE AND NONRESPONDERS

ARE SHOWN IN BLUE. MEAN VALUES (ORANGE DOTS FOR RESPONDERS; BLUE DOTS FOR
NONRESPONDERS) ARE DISPLAYED IN THE BOX-AND-WHISKER PLOTS, WHICH ARE SUPERIMPOSED

OVER THE DATA POINTS, AND THE DISTRIBUTIONS OF THE DATA ARE SHOWN TO THE RIGHT OF EACH 
BOX-AND-WHISKER PLOT. BOX-AND-WHISKER PLOTS SHOW THE MEDIAN VALUES, UPPER

 AND LOWER QUARTILES, AND THE MINIMUM/MAXIMUM VALUES. *P  < 0.05.

FIGURE 5. CONFIDENCE INTERVALS AND EFFECT SIZES ARE DISPLAYED FOR PRE-RTMS SJWS 
OVERALL SCORES (PANEL A), SJWS CRAVING SUBSCALE SCORES (PANEL B), AND UTS SCORES (PANEL C). 

THESE 3 VARIABLES WERE THE PRE-RTMS MEASUREMENTS. THE EFFECT SIZES (COHEN'S D)
WERE LARGE FOR THESE THREE VARIABLES. RESPONDERS ARE DISPLAYED IN ORANGE

AND NONRESPONDERS ARE DISPLAYED IN BLUE
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Pre-rTMS func�onal connec�vity between 1) L-DLPFC and 

L-OMPFC and 2) L-DLPFC and L-IPL was compared 

between responders and nonresponders. There were no 

significant differences in pre-rTMS func�onal connec�vity 

between the groups: L-DLPFC and L-OMPFC pre-rTMS 

func�onal connec�vity [t(48.413) = -1.303, p = 0.199]; L-

DLPFC and L-IPL prerTMS func�onal connec�vity 

[t(42.004,) = 0.923, p = 0.361]. The change in func�onal 

connec�vity from before to a�er rTMS was then 

compared between responders and nonresponders, but 

did not differ significantly between the two groups: L-

DLPFC and L-OMPFC func�onal connec�vity change 

[t(39.878) = -0.841, p = 0.405]; L-DLPFC and L-IPL 

func�onal connec�vity change [t(38.27) = 0.029, p = 

Neuroimaging Results 0.977]. Figure 6 displays the results for the DLPFC-OMPFC 

and DLPFC-IPL analyses.  

Insula seed-based func�onal connec�vity was compared 

between responders and nonresponders for the following 

14 le�/right hemisphere regions: whole insula, anterior 

long gyrus, anterior inferior cortex, posterior short gyrus, 

middle short gyrus, anterior short gyrus, and posterior 

long gyrus. No significant effects were observed following 

TFCE correc�on for mul�ple comparisons (all corrected p-

values > .05) for the responder > nonresponder contrasts. 

Similarly, no significant effects were observed following 

TFCE correc�on for mul�ple comparisons (all corrected p-

values > .05) for the nonresponder > responder contrasts.  

FIGURE 6. FUNCTIONAL CONNECTIVITY (FC) WAS CALCULATED BETWEEN THE DLPFC/OMPFC (PANEL A)
PRIOR TO RTMS (PANEL B), AND THE PRE/POST CHANGE IN FUNCTIONAL CONNECTIVITY (PANEL C)

WAS COMPUTED. SIMILARLY, FUNCTIONAL CONNECTIVITY WAS CALCULATED BETWEEN THE DLPFC/IPL
(PANEL D) PRIOR TO RTMS (PANEL E), AND THE PRE/POST CHANGE IN FUNCTIONAL CONNECTIVITY

(PANEL F) WAS COMPUTED. THERE WERE NO SIGNIFICANT DIFFERENCES IN FUNCTIONAL CONNECTIVITY
BETWEEN THE RESPONDERS (ORANGE) AND NONRESPONDERS (BLUE).

Exploratory Results  

The randomise pipeline was run with a le� DLPFC seed to 

compare le� DLPFC connec�vity pa�erns between 

responders and nonresponders. The analysis revealed 

that there were no significant differences in le� DLPFC 

seed-based func�onal connec�vity for either the 

responder > nonresponder contrast (all corrected p-

values > .05) or the nonresponder > responder contrast (all 

corrected p-values > .05).  

Next, le� and right insula func�onal connec�vity was 

compared between responders and nonresponders with 

“response” redefined as > 1-point reduc�on in the SJWS 

craving subscale (rather than as > 0-point reduc�on in 

craving in the pre-registered analyses). There were no 

significant differences between the two groups following 

TFCE correc�on for the responder > nonresponder 

contrast for the le� and right whole insula models (all 

corrected p-values > .05). However, the le� insula model 

indicated that there were significant clusters in which 

nonresponders had greater func�onal connec�vity 

compared to responders. Two clusters were iden�fied,
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ROI-ROI analyses were then performed between the le� 

and right whole insula and the following ROIs that are 

cri�cal for addic�on circuitry: NAc, hippocampus, and 

ACC, in addi�on to the rTMS s�mula�on target (le� 

DLPFC). Func�onal connec�vity between the le� insula 

and the right NAc was significantly lower in responders 

compared to nonresponders, t(49.978) = 3.58, corrected 

consis�ng of 691 (TFCE corrected p-value = 0.037; peak 

MNI coordinate: -2, -98, 6) and 232 (TFCE corrected p-

value = 0.035; peak MNI coordinate: 4, -62, 64) voxels, 

which corresponded to the occipital pole and the 

precuneus, respec�vely. Four addi�onal clusters of 7, 5, 2, 

and 1 voxels were iden�fied but not interpreted due to 

limited spa�al extent. Similarly, the right insula model 

indicated that there were significant clusters in which 

nonresponders displayed greater func�onal connec�vity 

compared to responders, including clusters of 396 (TFCE 

corrected p-value = 0.04; peak MNI coordinate: -4, -90, -4) 

and 187 (TFCE corrected pvalue = 0.039; peak MNI 

coordinate: -2, -98, 6) voxels which corresponded to two 

regions within the occipital pole. One addi�onal cluster of 

1 voxel was iden�fied but cannot be interpreted due to 

limited spa�al extent. See Figure 7 for the le� and right 

insula func�onal connec�vity maps.  

p-value = 0.005; Cohen's d = -0.924, 95% CI = -1.500 -0.347. 

Similarly, func�onal connec�vity between the right insula 

and right NAc was significantly lower in responders 

compared to nonresponders t(50.577) = -3.204, corrected 

p-value = 0.016; Cohen's d = -0.822, 95% CI = -1.394 - 0.251 

(Figure 8). Func�onal connec�vity between the le� and 

right insula and the le� DLPFC, bilateral hippocampus, and 

bilateral ACC did not differ significantly between the 

groups (all p-values > .05; see Table 4).  

Based on this finding, func�onal connec�vity was then 

computed between the right NAc and 12 insula 

subregions. The results suggested that func�onal 

connec�vity was significantly lower in responders 

between the right NAc and the following insula 

subregions: le� anterior long gyrus (Cohen's d = -1.091, 

95% CI = -1.6778 - 0.503); le� posterior short gyrus 

(Cohen's d = 1.011, 95% CI = -1.5932 -0.428); le� middle 

short gyrus (Cohen's d = -0.760, 95% CI = -1.329 0.1920); 

le� posterior long gyrus (Cohen's d = -0.817, 95% CI = -

1.385 -0.243); right anterior long gyrus (Cohen's d = -1.139, 

95% CI = -1.729 - 0.548); and right posterior short gyrus 

(Cohen's d = -0.981; 95% CI = -1.561 -0.401). There were no 

significant differences for the remaining Right NAc – insula 

subregion func�onal connec�vity measures (corrected p-

values >.05; see Table 4 and Figure 9).  

FIGURE 7. EXPLORATORY INSULA ANALYSES REVEALED THAT NONRESPONDERS HAD GREATER
CONNECTIVITY BETWEEN THE LEFT INSULA AND OCCIPITAL AND PARIETAL REGIONS (IMAGES)

COMPARED TO RESPONDERS. SIMILARLY, NONRESPONDERS HAD GREATER CONNECTIVITY
BETWEEN THE RIGHT INSULA AND OCCIPITAL REGIONS (BOTTOM) COMPARED TO RESPONDERS.

THE COLOR BARS SHOW A RANGE OF P-VALUES RANGING FROM < .05 TO < .001 (1 – P).

                    Le� Insula Connec�vity Pa�ern:   Right Insula Connec�vity Pa�ern:
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FIGURE 8. FUNCTIONAL CONNECTIVITY (FC) BETWEEN THE LEFT INSULA (L_INSULA) AND RIGHT NAC

R_NAC) SHOWN IN PANEL A WAS SIGNIFICANTLY LOWER IN RESPONDERS COMPARED TO NONRESPONDERS (PANEL B).

SIMILARLY, FUNCTIONAL CONNECTIVITY BETWEEN THE R_INSULA AND R_NAC (PANEL C)

WAS SIGNIFICANTLY LOWER IN RESPONDERS COMPARED TO NONRESPONDERS (PANEL D).

RESPONDERS ARE SHOWN IN ORANGE AND NONRESPONDERS ARE SHOWN IN BLUE. *P  < 0.05.

FIGURE 9. FUNCTIONAL CONNECTIVITY (FC) WAS CALCULATED BETWEEN THE RIGHT NAC AND 12 INSULA SUBREGIONS.

RESPONDERS (ORANGE), COMPARED TO NONRESPONDERS (BLUE), DISPLAYED REDUCED FUNCTIONAL CONNECTIVITY

BETWEEN THE RIGHT NAC AND 6 INSULA-SUBREGIONS INCLUDING THE LEFT ANTERIOR LONG GYRUS (PANEL A), LEFT MIDDLE

SHORT GYRUS (PANEL B), LEFT POSTERIOR SHORT GYRUS (PANEL C), LEFT POSTERIOR LONG GYRUS (PANEL D), RIGHT ANTERIOR

LONG GYRUS (PANEL E),  AND RIGHT POSTERIOR SHORT GYRUS (F). PANEL G IS A VISUALIZATION OF THE NAC-INSULA SUBREGION

CONNECTIVITY PATTERNS THAT WERE SIGNIFICANTLY LOWER IN RESPONDERS COMPARED TO THE NONRESPONDERS. *P  < 0.05.
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DISCUSSION

The goal of this study was to systema�cally test whether 

smoking-relevant behavioral, demographic, and 

neurobiological variables are associated with rTMS 

response in adults with TUD. rTMS to the le� DLPFC, but 

not a control brain region (V5) led to significant reduc�ons 

in self-reported cigare�e craving following 12 hours of 

abs�nence. Of the par�cipants who received rTMS to 

DLPFC, 38 experienced a reduc�on in cigare�e craving 

(responders) and 22 had no change in cigare�e craving or 

experienced an increase (nonresponders). Comparisons 

of behavioral and demographic variables indicated that 

responders used significantly more cigare�es per day and 

experienced greater nico�ne withdrawal symptoms and 

more cigare�e cravings, sugges�ng that rTMS is more 

effec�ve in heavier smokers who experience more severe 

psychological and physiological symptoms during 

abs�nence. Given the retrospec�ve nature of the analysis, 

floor effects in non-responders or a regression to the 

mean cannot be ruled out as alterna�ve explana�ons for 

these effects. However, these concerns are partly 

mi�gated by the lack of significant difference in pre-rTMS 

craving levels between DLPFC and V5 appointments, the 

use of pre-registra�on to iden�fy these predictors a priori, 

and previous studies that have reported similar effects (X 

Li et al., 2013; Addico� et al., 2015).  

The two groups did not differ significantly in age, 

depression symptoms, anxiety symptoms, or nico�ne 

dependence, which in part may be because psychiatric 

disorders such as current major depressive disorder or 

generalized anxiety disorder were exclusionary in this 

study. As such, any depression or anxiety symptoms were 

sub-clinical and may have had sufficient range to influence 

rTMS efficacy or be detected by our sta�s�cal models. 

Addi�onally, small effect sizes were observed for rTMS 

coil-to-scalp distance, coil �lt, and coil rota�on, indica�ng 

that small devia�ons in coil posi�on throughout 

treatment are unrelated to rTMS response in this dataset. 

Average aMT was lower in responders and displayed a 

moderate effect size, sugges�ng that differences in 

cor�cal excitability may be a representa�on of brain 

func�onal states that are associated with response to 

rTMS. Similarly, past substance use and treatment for 

substance use disorders generated small effect sizes, 

which indicates that rTMS may be a feasible treatment 

However, an alterna�ve explana�on is that our planned 

defini�on of “responders” was not op�mal. In contrast to 

the pre-registered insula seed-based connec�vity results, 

when exploring insula connec�vity differences with 

“responders” defined as the ~1/3 of par�cipants who 

experienced the greatest reduc�on in craving a�er rTMS 

(n = 20), the results indicated that nonresponders had 

significantly greater func�onal connec�vity between the

The pre-registered fMRI analyses were designed to test 

neurobiologically plausible mechanisms that may 

influence reduc�ons in cigare�e craving following rTMS to 

the DLPFC based on previous literature. Contrary to past 

work indica�ng that DLPFC func�onal connec�vity is 

associated with rTMS response in substance use disorders 

(X. Li et al., 2017; Su et al., 2020), there were no significant 

differences in DLPFC-OMPFC nor DLPFC-IPL func�onal 

connec�vity between responders and nonresponders. An 

exploratory whole-brain analysis reinforced this finding, 

sugges�ng that there were no significant differences in le� 

DLPFC whole-brain func�onal connec�vity between 

responders and nonresponders.  

Ghahremani et al., 2021; Gilman et al., 2018; Janes et al., 

2010, 2015; T. Jordan et al., 2024; Joutsa et al., 2022; Y. Li et 

al., 2017; Morales et al., 2014; Naqvi et al., 2007; Stoeckel 

et al., 2016; Suner-Soler et al., 2012; Wilcox et al., 2017; 

Zanchi et al., 2015; Zhou et al., 2017). In contrast to our 

hypotheses, insula seed-based connec�vity for the 

right/le� whole insula and 12 insula sub-regions did not 

differ significantly between responders and 

nonresponders. One possible explana�on is that 

differences between responders and nonresponders 

were not sufficiently robust to survive voxel wise whole-

brain correc�on. Other possibili�es are that func�onal 

connec�vity differences may emerge more consistently 

following mul�ple rTMS sessions rather than single 

session rTMS used in the current study, or a more stringent 

defini�on of “response” is required to detect differences 

between responders and nonresponders.  

op�on for individuals with varying personal substance use 

histories. 

In previous literature, associa�ons have been reported 

between insula structure/func�on and tobacco use 

topography, TUD severity, and smoking cessa�on 

outcomes (Abdolahi et al., 2015; Addico� et al., 2015; 

Carroll et al., 2015; Fedota et al., 2018; Gaznick et al., 2014; 
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The original plan was to analyze data from N = 45 

par�cipants, but the final sample included N = 60, and 

therefore a larger dataset was analyzed to increase power. 

Addi�onally, the preregistered plan did not specify 

differences in effect size calcula�ons between con�nuous 

and categorical variables and did not include compu�ng 

Fisher's exact test for categorical variables. 

le� insula, occipital pole, and precuneus. Similarly, 

nonresponders had significantly greater right insula 

func�onal connec�vity to the occipital pole. Although 

insula-based whole-brain connec�vity differences were 

not detected using the original “responder” defini�on, 

these results indicate that func�onal connec�vity 

differences are more prevalent in par�cipants who 

experienced the greatest benefit from rTMS. A plausible 

interpreta�on is that nonresponders experience an 

abs�nence-state characterized by increased coupling 

between brain regions responsible for interocep�ve 

salience signals (insula), self-referen�al processing 

(precuneus), and reac�vity to emo�on-inducing visual 

s�muli such as drug cues (occipital pole) that is less 

modifiable by top-down DLPFC s�mula�on (Amedi et al., 

2004; Dadario and Sughrue, 2023; McCalley et al., 2025). 

Subsequent exploratory ROI-ROI analyses indicated that 

responders had reduced func�onal connec�vity between 

the right NAc and the le�/right whole insula and insula 

subregions including the le� posterior short gyrus, le� 

middle short gyrus, le� posterior long gyrus, right anterior 

long gyrus, and right posterior short gyrus. This may 

r e p r e s e n t  r e d u c e d  i n t e g r a � o n  b e t w e e n 

salience/interocep�ve systems and reward circuitry 

(Uddin et al., 2017; Balfour, 2004), such that craving-

related func�onal connec�vity pa�erns are more 

modifiable with DLPFC s�mula�on. Importantly, this 

effect was observed for mul�ple insula subregions 

spanning the anterior, middle, and posterior insula. This 

suggests that dis�nct insula subregions involved in 

cogni�ve control (dorsal anterior insula), affect (ventral 

anterior insula), and sensorimotor processes (posterior 

insula) are interac�ng with reward circuitry (NAc) in 

contribu�ng to rTMS response (Faillenot et al., 2017; 

Menon & Uddin, 2010; Uddin et al., 2014; Uddin, 2015; 

Uddin et al., 2017).  

It is important to note adjustments from the pre-

registered hypotheses and analysis plan. 

Another adjustment was that the pre-registered analysis 

plan stated that the IPL ROI would be an 8mm sphere, but 

it was changed to a 5mm sphere to match the OMPFC ROI. 

Finally, although significant effects were detected in the 

exploratory analyses and the effects survived mul�ple 

comparison correc�on, they were not part of the pre-

registered analysis plan. As such, they should be 

interpreted cau�ously and be viewed as hypothesis-

genera�ng rather than hypothesisconfirming.  

Despite a rigorous, pre-registered design that explored 

variables that were predicted to be associated with rTMS 

response, the current study had limita�ons that can be 

used to guide future research. The main limita�on of the 

current study is the use of single-session rTMS. In order to 

generate clinically meaningful and las�ng effects, mul�ple 

rTMS sessions are required (Apostol et al., 2026). That 

said, single-session rTMS may be a useful tool for 

parameter op�miza�on or to test hypotheses about rTMS 

response. For instance, (Zangen et al., 2021) reported that 

responding to the first session of a mul�-session rTMS 

treatment course for smoking cessa�on was associated 

with responding to the overall treatment course. 

Therefore, it is possible that the factors that are associated 

with responding to single-session rTMS would predict 

responding to a mul�-session rTMS course, but future 

work is required to answer this ques�on. Addi�onally, it 

has not been empirically demonstrated that the rTMS 

targe�ng approaches used here confer advantages over 

other targe�ng approaches (e.g., Beam F3 method; Beam 

et al., 2009). While neuronaviga�on and func�onal 

connec�vity-based targets are associated with coil 

placement reproducibility (Caulfield et al., 2022), it is 

unclear if it generates improved reduc�ons in cigare�e 

craving or other clinically relevant variables. Future studies 

should focus on determining the rela�ve efficacy of fMRI-

based rTMS targe�ng compared to conven�onal rTMS 

targe�ng approaches in the context of smoking cessa�on 

treatment. With rTMS coil posi�oning and localiza�on, 

there may be tradeoffs between cost, �me, and efficacy, 

and exploring these factors in the context of addic�on 

treatment should be a focus of future work. Future studies 

should focus on the efficacy of other rTMS parameters in 

the context of smoking cessa�on. For instance, it is unclear 

if there are different predictors of rTMS response when 

using 10 Hz rTMS versus intermi�ent theta burst
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The sample in the current study is limited by the exclusion 

of other substance use disorders or psychiatric disorders. 

There is substan�al overlap between TUD, other 

substance use (Hughes, 1999), and psychiatric disorders, 

and exploring the effects of rTMS in individuals with 

comorbidi�es is a cri�cal future direc�on. Addi�onally, the 

study design is limited by the reliance of self-report 

nico�ne withdrawal and cigare�e craving measures as the 

primary outcome measures of treatment efficacy. 

Although these measures were biochemically verified 

using CO and co�nine as biomarkers, addi�onal steps 

could have been taken to increase rigor. For instance, the 

use of fitness tracker wristbands to measure physiological 

states could corroborate self-report findings. Finally, while 

there was a minimum 24-hour washout period between 

rTMS appointments, there may have been crossover 

effects (although, our previous results indicate this is not 

the case; Apostol et al., 2023; Petersen et al., 2025). 

The pre-registered analysis plan included a priori specified 

analyses. While this is an advantage in increasing 

experimental and sta�s�cal rigor, this approach is limited 

in the constrained ROIs and analyses that were 

performed. For instance, defining “response” as a 

con�nuous variable rather than dichotomizing 

par�cipants into “responder” and “nonresponder” 

categories is a viable alterna�ve approach. Alterna�vely, 

data-driven approaches examining whole-brain 

func�onal connec�vity pa�erns or other fMRI analysis 

modali�es should be explored in future work, such as 

dynamic func�onal connec�vity (Nomi et al., 2016) or 

brain signal variability (T. Jordan et al., 2024; Nomi et al., 

2017), as they may be�er detect differences between 

rTMS responders and nonresponders. Finally, based on 

data availability and sta�s�cal considera�ons, 

adjustments were made to the pre-registered analysis 

plan for this study.  

s�mula�on (iTBS). Finally, the results reported in this study 

could be used to inform treatment stra�fica�on in future 

randomized clinical trials tes�ng the efficacy of 

accelerated rTMS for smoking cessa�on (Cole et al., 2020, 

2022).  

CONCLUSION  

In summary, the goal of this study was to perform a within-

subjects, single-blind, ac�vecontrolled, randomized, 
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crossover experiment designed to iden�fy whether rTMS 

responders and nonresponders display significant 

differences in behavioral, demographic, and 

neuroimaging variables. rTMS to the DLPFC led to 

significant reduc�ons in cigare�e craving. Although 

responders reported greater levels of cigare�e 

consump�on, nico�ne withdrawal, and cigare�e craving, 

they exhibited reduced func�onal connec�vity between 

the insula and regions involved in reward (NAc), self-

referen�al processing (precuneus), and visual cue 

processing (occipital pole). One interpreta�on is that 

responders experienced a more intense nico�ne 

abs�nence state that is embodied by reduced func�onal 

connec�vity between regions implicated in salience and 

reward processing. Reduced func�onal connec�vity in 

these circuits, in turn, may be more modifiable with rTMS 

applied to the DLPFC. This study and future inves�ga�ons 

that aim to iden�fy predictors of rTMS will lead to a be�er 

understanding of rTMS as an addic�on treatment, more 

precise treatment stra�fica�on, personalized s�mula�on 

protocols, and be�er smoking cessa�on outcomes.  
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