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Simple Summary: Addiction to tobacco is a serious health and economical problem because it is one
of the most addictive and the most consumed substance in the world. Although well documented,
and despite the desire of numerous smokers to quit, maintenance of abstinence is a daily challenge
for most of them. The heterogeneity in achieving this maintenance raises the question of potential
differences in brain reactivity. An emerging field of research has been interested in brain markers
helping to identify individuals who are the most likely to relapse. Using brain imaging techniques
such as Magnetic Resonance Imaging (MRI), one can hope it will be possible to offer tailored care for
each patient.

Abstract: Chronic tobacco smoking remains a major health problem worldwide. Numerous smokers
wish to quit but most fail, even if they are helped. The possibility of identifying neuro-biomarkers in
smokers at high risk of relapse could be of incredible progress toward personalized prevention therapy.
Our aim is to provide a scoping review of this research topic in the field of Magnetic Resonance
Imaging (MRI) and to review the studies that investigated if MRI defined markers predicted smoking
cessation treatment outcome (abstainers versus relapsers). Based on the available literature, a meta-
analysis could not be conducted. We thus provide an overview of the results obtained and take stock
of methodological issues that will need to be addressed to pave the way toward precision medicine.
Based on the most consistent findings, we discuss the pivotal role of the insula in light of the most
recent neurocognitive models of addiction.

Keywords: smoking-cessation; addiction; MRI; neuro-biomarkers; insula; relapse

1. Introduction

Chronic tobacco smoking is one of the main risk factors of cancers and cardio-vascular
diseases and contributes to the death of more than 8 million people every year [1,2]. Hence,
it remains a major public health problem with huge economic consequences worldwide.
Despite numerous public health campaigns about the deleterious effects of smoking, the
recurrent increase of tobacco taxation and the ongoing development of different treatments,
few smokers achieve abstinence. Numerically, while most smokers declare a willingness to
quit, less than half of them will try, and only 5% will remain abstinent without any help at
6 months, a rate that will increase to about 50% using nicotine replacement therapies (NRT)
and/or pharmacological treatment [3,4].

One critical question is, therefore, why is it so difficult for smokers to quit? Numerous
factors with potential interactive effects have been associated with a higher risk of treatment
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failure or relapse, suggesting that a bio-psycho-social approach must be adopted to guide
clinical practice [5].

First, at the psychological level, personality characteristics related to poor inhibition
skills, such as sensation-seeking and impulsivity, or to increased hedonic sensitivity, such
as reward dependence, are thought to impact the cessation attempt. Moreover, in line
with the self-medication theory, smoking is commonly used as a coping strategy, to reduce
internal stresses or feelings of psychological distress. Relying on such a mood regulation
strategy could dampen the motivation to quit [6].

Second, at the behavioral level, routines in user behavior (such as lighting and holding
a cigarette) and environmental cues (such as cigarette stores or social situations) might
automatically launch the urge to smoke (i.e., the experience of craving [7]), which relates
to relapse. The greater the number of years of smoking and/or the number of cigarettes
smoked, the more difficult it is for smokers to quit.

Moreover, these psychosocial factors are supported by brain molecular changes. At
the cerebral level, nicotine is one of the most addictive drugs and modulates the mesolimbic
reward pathways [8]. Notably, each cigarette smoked triggers the release of an important
quantity of dopamine in the nucleus accumbens that mediates the rewarding and pleasure
effect of nicotine, which in turn reinforces tobacco dependence. However, the magnitude
of this effect and its consequences on global brain functioning is different between subjects,
depending on the individual genetic background encompassing a large setting of genes
involved in drug metabolism, susceptibility to addictive behaviors or susceptibility to
psychiatric diseases, but also changes in the brain structure and function [9].

Such consequences on the brain can be approached by neuroimaging studies, with
already existing reviews demonstrating that the brain is structurally and functionally
modified by chronic tobacco smoking [10,11]. Nowadays, there is hope that neuroimaging
studies will also help to establish not only “where’ and ‘how” in the brain smoking cessation
treatments work, but also why their effectiveness varies between patients. Indeed, from a
clinical perspective, it could improve, or even outperform, the current outcome predictive
factors of who will be a responder or not to smoking cessation treatment, and thus use
these biomarkers to tailor the treatment strategies. Until now, the major predictors used in
clinical practice are the number of cigarettes smoked by days and/or a scale of dependence,
such as the Fagerstrom Test for Nicotine Dependence (FTND) [12].

The idea that a given treatment should be provided according to the individual
susceptibility to respond or not to such treatment is the cornerstone of the precision
medicine concept, which “does not literally mean the creation of drugs or medical devices
that are unique to a patient, but rather the ability to classify subpopulations that differ in
their susceptibility to a particular disease, in the biology and/or prognosis of those diseases
they may develop, or in their response to a specific treatment” (see Appendix E [13]). In
this framework, the suggestion of using neurobiomarkers for predicting smoking cessation
success is not new and was further supported by the results of Naqvi et al. in 2007 who
reported the spontaneous cessation of smoking after a brutal acute insular brain insult
in a cohort of 69 smokers [14]. However, due to the traumatic nature of stroke, these
results are difficult to transpose to all the persons willing to stop smoking. Therefore,
examining brain structures as well as cerebral anatomical and functional networks among
treatment-seeking smokers, or nicotine-dependent individuals willing to quit, is important
to understand which of these markers can be used to predict the success or failure of
smoking cessation interventions.

The purpose of this article is thus to present an overview of the progress made in this
field of research and what would remain to be improved for offering, in a longer term,
more personalized programs.

2. Materials and Methods

We searched PubMed from MEDLINE for original articles for the following indication
terms: (nicotine OR tobacco OR smoke*) AND (abstinence* OR cessation OR relapse*) AND
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(fMRI OR MRI OR “real-time fMRI” OR neuroimaging OR neurobiomarker). Papers had to
be on humans, using brain magnetic resonance imaging (MRI), published in the English
language between January 2007 (publication date of the above-mentioned seminal paper
relating the beneficial effect of brain injury on successful smoking cessation) and December
2021 and restrained to tobacco consumption. We excluded studies with an endpoint other
than comparing abstainers versus relapsers, such as studies interested in the change in
smoking habits or tobacco craving or with an abstinence length of less than one week.

For each article, we reported the characteristics of the population, type and duration
of therapies, length of abstinence, the proportion of relapse at follow-up, methodologies of
brain MRI acquisition, and analysis and the conclusion from the authors.

3. Results

Twenty-four articles meeting our selection criteria were identified. Their main method-
ological characteristics are summarized in Table 1 (See Supplementary Material for the
flowchart). In addition, the MRI findings are presented graphically in Figures 1 and 2.
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Figure 1. Structures and connections highlighted as precursor to relapse after a quit attempt in
resting-state studies. <—> = lower connectivity between structures; 1 = greater fMRI activation;
| =lower fMRI activation; [J white rectangle = treatment use (NRT (Nicotine Replacement Ther-
apy), P (Pharmacotherapy with: V = Varenicline, EVP = selective alpha-7 nicotinic acetylcholine
receptor); PCS (Psychological Counselling Session)); U coloured rectangles = network implicated
(Blue = Default Mode Network; Gray = Undetermined network or not part of a specific network;
Green = Salience Network; Orange = Executive Control Network; Pink = Reward network; Purple
= Habit formation); (n) = number of the study (see Table 1); EC = Eigenvector centrality; ReHo
= Regional Homogeneity; Ant = anterior; d = dorsal; dl=dorsolateral; L = Left; v = ventral; va =
ventro-anterior; R = Right; m=medial; ACC = Anterior Cingular Cortex; IFG= Inferior Frontal Gyrus;
OFC = Orbital Frontal Cortex; NAc= Nucleus accumbens; SFG = Superior Frontal Gyrus.
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Table 1. Main characteristics of included studies comparing future abstainers and relapsers.

Authors and

Population; % of

Duration of ttt; End Point;

Scans: All Had at Least

N° ‘Abstainers Treatment Abstinence Criteria One MRI Before the Interpretation of the Authors
Treatment
Results: Relapse was associated with lower GMYV in the left
Treatment: 10 weeks . e A
o . putamen and right occipital lobe and greater GMV in bilateral
End point: 4 weeks point . -
N=18 rovalence abstinence hippocampus and right cuneus.
. (16w; 4 m) . P o Whole Brain Maintaining smoking abstinence is associated with higher prequit
Froeliger-2010 Single arm study Criteria: . . . : . . .
39.06 yo (9.37) . . 1.5 T GE NVi SIGNA brain volume in regions that subserve habit learning and visual
1 NRT (RNC + Patch) - Self-reported abstinence in the . . . .
10R/8A . scanner processing, and lower brain volume in regions that subserve
o 21 days leading up to the 4 . ; . .
44.44% O long-term memory processes and visual information processing.
weeks clinic visit S . .
-CO < 8 ppm Covariates: years smoked and cigarettes per day as covariates,
- Total Intracranial Volume TIV and sex.
Ragjf(:) I;Ziﬁ(: C?lrilttg);tglal Results: Relapsers had lower GMV in right IFG.
1 ’ Treatment: 10 weeks . Together, these findings suggest that reduced prefrontal gray
A _ Two-arms 30 days L Whole Brain o >
N =81 . - End point: 10 weeks . . matter volume may reduce inhibitory control over behavioral
N smoking cessation oo 3T scanners (Signa Excite .y AP . .
40R Criteria: response to conditioned drug-cues. This finding is consistent with
A . . program g . HD and MR750; GE . L2 .
Froeliger-2017 (21 w;19 m) : . - Daily diaries of cigarette use the extant literature implicating drug addiction-related
T Gp1: continue smoking Healthcare). . : .o, . :
2 41A - -CO <8 ppm . neuroplasticity in fronto-striatal circuitry, which mediates
18 . Gp2: low nicotine . Contingency management . ; . - .
(24 w;17 m) . - relapse was defined as 7 days ¢ cue-induced relapse as being associated with frontally mediated
M o cigarettes + NRT (patch) . . has been used during the o
50.62% . consecutive of smoking at least 1 . behavior inhibition.
I After the quit date: . post-scan behavioral task. o
NRT (patch) + PCS both cig/day Covariates:
C p FTND (nuisance covariate)
A groups
L Treatment: 12 weeks ROL Results: No association
N=74 . End point: last 4 weeks . Smoking cessation outcomes showed no correlations with the
Single arm study o Insula (anterior and .
Wang-2019a All men . Criteria: . gray matter volume and seed-based structural covariance
Pharm (Varenicline) . posterior) . . . . .
3 46R/28A - weekly self-reports of smoking : network of insular subregions prior to smoking cessation.
+PCS . 3.0 T GE Signa MR scanner .
37.83% behavior GMV + SCN Covariates:
-CO <6 ppm Not reported
Treatment: 12 weeks Results: Relapsers had lower GMV in the right post-central gyrus,
End point: last 4 weeks right dorsal striatum, and left OFC.
N=73 Sinele arm stud Criteria: Whole brain + ROI (OFC, Structural integrity of OFC is important for quitting smoking.
Qian-2019 All men Phar;sne(\a/arerslizlliri’e) Continuously abstinent for the dorsal striatum, postcentral ~ Smaller dorsal striatum grey matter volume may be associated
4 44R/29A +PCS last 4 weeks of treatment gyrus, thalamus) with a disturbance of DA functions, and it may contribute to the
39.73% - Weekly self-reports of smoking 3.0 T GE Signa MR scanner ~ neurobiology of nicotine abstinence symptomatology.

behavior
-CO <6 ppm

Covariates:
Age and education years.
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Table 1. Cont.

Authors and

Population; % of

Duration of ttt; End Point;

Scans: All Had at Least

N° ‘Abstainers Treatment Abstinence Criteria One MRI Before the Interpretation of the Authors
Treatment
Treatment: 12 weeks
End point: last 4 weeks Results: Relapsers had greater left thalamic GMV.
N=74 Sinele arm stud Criteria: ROL: Pre-existing abnormalities in the thalamus may potentially
Wang-2020 All men & rcy Continuously abstinent for the ) predispose individuals to the initiation of smoking and the
Pharm (Varenicline) Thalamus - .
5 47R/27A +PCS last 4 weeks of treatment 3.0 T GE Siena MR scanner development of nicotine dependence, such as the genetic factor.
36.49% - Weekly self-reports of smoking ‘ & Covariates:
behavior Not reported.
-CO <L 6ppm
Treatment: 12 weeks Results: Relapsers had higher fractional anisotropy in the right
End point: last 4 weeks cerebellum and in post-central gyrus.
N =66 Sinele arm stud Criteria: Considering the general function of these two structures and the
Huang-2017 All men Phar;sn (Varenicliri’e) Continuously abstinent for the Whole Brain related evidence, we suggested that the higher FA may indicate
6 38R/28A last 4 weeks of treatment 3.0 T GE Signa MR scanner  the formation of habitual /automatic smoking behaviors that
+PCS . .
42.42% - Weekly self-reports of smoking promote smoking relapse.
behavior Covariates:
-CO <6 ppm Age and education years.
Treatment: 12 weeks
End point: las.t 4 weeks Results: No association
N =58 . Criteria: ROL R . .
Single arm study . . . Cessation likelihood may be more susceptible to insula-related
Wang-2021a All men Pharm (Varenicline) Continuously abstinent for the Insular seed regions and functional connectivity than insula-related structural connectivi
7 38R/20A L PCS last 4 weeks of treatment OFC and NAc targets Covariates: v v
34.48% - Weekly self-reports of smoking 3.0 T GE Signa MR scanner )

behavior
-CO < 6ppm

Not reported
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Table 1. Cont.

Authors and

Population; % of

Duration of ttt; End Point;

Scans: All Had at Least

N° ‘Abstainers Treatment Abstinence Criteria One MRI Before the Interpretation of the Authors
Treatment
Treatment: 3 weeks
Endpoint: 18 days of abstinence
N =37 Criteria: 2 randomized MRI Modulation of striatal connectivity with the cingulo insula
. 23R Single arm study - Any smoking after achieving (condition: satiety and 24 h  network during early withdrawal may be associated with
Sweitzer-2016 L2 . . . . ?
() (13 w;10 m) PCS an initial 24 h abstinence (ie, two of abstinence) smoking cessation outcomes.
8 14A (Contingency consecutive abstinent samples), Whole brain: connectivity =~ Covariates:
(6 w; 8m) management) - Self-report with ventral and dorsal Age, sex, cigarettes smoked per day, and session order (i.e.,
37.84% -CO < 8 ppmor a50% striatum seed regions abstinent or satiated condition first).
reduction from baseline
Randomized control trial Treatm.ent: 10 weeks
. Endpoint: 10 weeks
R Before the quit date: Criteria:
E N =85 Two-a_rms 30 dgys - relapse = 7 days consecutive of 1 MRI in satiated state Relapse vulnerabﬂl.ty is associated v_\nth weaker connectivity
S smoking cessation . . . A between the posterior insula and primary sensorimotor cortices.
41R smoking cigarettes (at least one Whole brain: connectivity R 4 . 1
T . . program . . 11 . Perhaps greater connectivity in this network improves the ability
Addicott-2015 (23 w;18 m) : . per/day) following the quit day with bilateral posterior, R ; -
I Gp1: continue smoking P ; to inhibit a motor response to cigarette cravings when those
9 44A L or lost to follow-up (N = 14 *) ventroanterior and . . . . .
N . Gp2: low nicotine O - L cravings conflict with a goal to remain abstinent.
(23 w;22 m) . - Daily diaries of cigarette and dorsoanterior insula seed :
G o cigarettes + NRT (patch) . . Covariates:
51.76% . NRT use + expired CO on four regions.
- After the quit date: - Treatment group and FTND scores.
occasions spaced across the 10
S NRT (patch) + PCS both .
weeks of post-quit date
T groups
A treatment
T N =144 1 MRI in abstinence state (N
E (53 w;91 m) Randomized control trial Treatment: 12 weeks = 8 were not)
. N = 82 varenicline 1 End point: 12 weeks ROI network: No main effect of treatment group.
Wilcox-2017 Pharm (Varenicline) - o .
10 treatment, Gol: Varenicline + PCS Criteria: - 6 networks utilized Covariates:
N = 62 placebo g '2. Placebo + PCS - Number of cigarettes in Dorsolateral PFC, dorsal Treatment group and baseline smoking.
120R/24A p<: previous 30 days ACC, rostral ACC, Insula,
16.67% Caudate, Putamen
Treatment: 12 weeks . . Decreased thalamus-cerebellar FC may hinder the communication
End point: last 4 weeks 1 MRI in satiated state . N
L R between the frontal lobe and the cerebellum, invalidating the
N=73 Criteria: Whole brain top-down regulations. Therefore, the relapsers may experience
Qian-2019 y Single arm study Continuously abstinent for the connectivity with OFC, p-down regu aons. erore, e relap Y &P
44R/29A .1 . difficulties in utilizing cognitive abilities to reverse habitual
4 39.73% Pharm (Varenicline)+ PCS last 4 weeks of treatment dorsal striatum, postcentral behaviors.

- Weekly self-reports of smoking
behavior
-CO < 6ppm

gyrus and thalamic seed
regions

Covariates:
Age and education years.
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Table 1. Cont.

Authors and

Population; % of

Duration of ttt; End Point;

Scans: All Had at Least

N° ‘Abstainers Treatment Abstinence Criteria One MRI Before the Interpretation of the Authors
Treatment
Treatment: 12 weeks Relapsers showed lower left thalamo-precuneus functional
End point: last 4 weeks connectivity.
N=74 . . . .
. Criteria: . . Thalamo-precuneus functional connectivity degradation may be
All men Single arm study . . 1 MRI in satiated state - . ) : -
Wang-2020 - Continuously abstinent for the S .. associated with both the maintenance of smoking behavior and
47R/27A(#) Pharm (Varenicline) Whole brain: connectivity .
5 o last 4 weeks of treatment . . . smoking relapse.
36.49% +PCS . with thalamic seed regions .
- Weekly self-reports of smoking Covariates:
behavior White matter signal and corticospinal fluid signal in addition to
-CO <6 ppm head motion (nuisance covariates).
Treatment: 12 weeks Altered interregional functional connectivity but not regional
End point: last 4 weeks 2 MRI scanning sessions in  activity of insular subregions is associated with smoking cessation
N=30 Sinele arm stud Criteria: satiated state: outcome. Increased FC network of the anterior insula could help
Wang-2019b All men & ey Continuously abstinent for the - at baseline resist relapse to improve smoking cessation likelihood.
Pharm (Varenicline) .
11 14R/16A +PCS last 4 weeks of treatment - after treatment Covariates:
53.33% - Weekly self-reports of smoking Whole brain: connectivity =~ White matter signal and corticospinal fluid signal in addition to
behavior with insula seed regions. head motion (nuisance covariates). Age was added in the fALFF
-CO <6 ppm analysis.
Treatn.lent: 12 weeks 2 MRI SCanming SeSSIONS N 1 ;wer NAc-based functional connectivity with the frontoinsular
End point: last 4 weeks satiated state: o
N=30 o . areas may reflect both a lower awareness of subjective urge to
. Criteria: - at baseline s pe SO
All men Single arm study . . smoke and a lower ability of cognitive control for maintaining
Wang-2021b - Continuously abstinent for the - after treatment X
14R/16A Pharm (Varenicline) . .. abstinence.
12 o last 4 weeks of treatment Whole brain: connectivity .
53.33% +PCS . . . Covariates:
- Weekly self-reports of smoking with striatum (NAc, . . . . Sy . .
. White matter signal and corticospinal fluid signal in addition to
behavior caudate, putamen) seed . . .
. head motion (nuisance covariates); Age.
-CO <6 ppm regions.
Treatment: 12 weeks
End point: 12 weeks Relapsers had decreased ReHo in the bilateral PCC and increased
N =55 Single arm study . Crlterla.: 1 MRIin satiated state ReHo in the left STG, suggesting .that regional bram function
Wang-2017 All men . Continuously abstinent for 12 . variables may be promising predictors of smoking relapse.
Pharm (Varenicline) Whole brain: .
13 32R/23A +PCS weeks Reho Covariates:
41.82% - weekly self-reports of smoking Years of education, years smoked, cigarettes smoked per day and
behavior FTND score.
-CO <6 ppm
Treatrpent: 12weeks These findings suggest that the dIPFC, MTG, and cerebellum may
End point: last 4 weeks - P Ki ) ] i
Criteria: be important substrates of smoking relapse vulnerability.
N =57 Single arm study . N 1 MRI in satiated state The data also suggest that relapse-vulnerable smokers can be
Shen—2017 - Continuously abstinent for the - ; o : . .
36R/21A Pharm (Varenicline) Whole brain: Eigenvector identified before quit attempts, which could enable personalized
14 o last 4 weeks of treatment - . . . -
36.84% +PCS centrality (EC) mapping. treatment and improve smoking cessation outcomes.

- Weekly self-reports of smoking

behavior
-CO <6 ppm

Covariates:
Years smoked, cigarettes per day.
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Table 1. Cont.

Population; % of

Duration of ttt; End Point;

Scans: All Had at Least

(NAc+central caudate and
putamen)

Authors and N° . Treatment . I One MRI Before the Interpretation of the Authors
Abstainers Abstinence Criteria Treatment
Randomized cor.ltrol trial 1 MRI in satiated state
Before the quit date: ) ]
Two-arms 30 days Treatment: 10 weeks ROIL
N =81 . - End point: 10 weeks Right IFG, bilateral L. . . . L .
40R smoking cessation Criteria: thalamus, subthalamic Individual differences in corticothalamic circuitry function have
Froeliger—2017 21 w19 m) program - Dailv diaries of cih arette use  nucleus résu lementar important implications for smoking cessation and relapse
(Study 1) ! Gp1: continue smoking Y & P PP ntary vulnerability.
2 41A Go2: low nicotine -CO <8 ppm motor area and left primary Covariates:

[ (24 w;17 m) G argttles + NRT (patch) relapse was defined as 7 days motor cortex Baseline Fl;ND
T N 50.62% 8 - P consecutive of smoking at Contingency management ’
A H After the quit date: ) . ¢

east 1 cig/day has been used during the
S I NRT (patch) + PCS .
post-scan behavioral task.
K B both groups
- [ Randomized control trial
B T Pharm (EVP-6124 or
A [ placebo) . . S
S fe) . Treatment: 12 weeks Results from the current study suggest that while brain activation
E N N=22 NRT (patch or placebo)+ End point: 2 weeks 1 MRI in satiated state durmg m.h.lb.ltlon to smoking cues does not s1gn1f1car}tly differ
D Gilman—2018 12R (4 w8 m) PCS for all groups Criteria: ROL: from inhibition to neutral cues, decreased activation in the
15 10A (2 w;8 m) Gpl: EVP-6124 + NRT - Self-report of 2 weeks bilateral ant insula, right 32:ﬁrigfams:;ﬁg;n};ﬁifgszi ;I;nciklt?f C?Oeier;?i]f:bassgﬁgnatted

A 45.45% Gp2: EVP-placebo + NRT ~ abstinence - CO < 10 ppm IFG AR & phng :
C Gp3: EVP-6124 + - Cotinine < 50 ng/mL. FIND.
T NRT-placebo )
I Gp4: EVP-placebo +
\ NRT-placebo
A
T 3 MRI
I D (at baseline; quit date;
0 R 2-4weeks of abstinence)
N 8] N=16 Tr;z;:;n;gitr:ﬁ tlonzg\rﬁﬁks ventral ang(gllc;rsal ACG An extinction-based smoking cessation treatment could alter

G McClernon-2007 (14 w;2m) Single arm study Criteria: SFG, MFG, IFG, NAc, ka,;:cl)r::iise};ovﬁflf :fezr;?:;rt%s;i?:d these changes may be

C 16 12R/4A NRT (RNC + Patch) + PCS - Self-reports of no cigarette thalamus, caudate, Covariates: ’

U 25.00% smoking since the quit day putamen, amygdala, Not re orté d

E -CO<9ppm hippocampus, insula, P '

S ventral striatum
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Table 1. Cont.

Authors and

Population; % of

Duration of ttt; End Point;

Scans: All Had at Least

N° ‘Abstainers Treatment Abstinence Criteria One MRI Before the Interpretation of the Authors
Treatment
Treatment: 8 weeks Insula and amygdala activation might imply that smoking-related
End oint: 8 weeks images are more emotionally salient and may induce
N=21 Single arm study pCritéria' interoceptive awareness to a greater extent than neutral images in
Janes-2010 All women NRT: (Patch+ nicotine - 7 days or more consecutive or 1 MRI :ELogcetrs Sril;ln]izagsrteolfﬁﬁpsti (LI; ai?;g;no'r' ln)lt‘ll ;ltlenia(iloer
17 9R/12A gum (lozenge)) more than once/week for 2 or Whole brain ) Y Yy 10 prep: s I
57.14% +PCS more consecutive weeks responses geared toward reducing interoceptive sensations
’ . related to craving.
- Self-reported abstinence L
-CO<9ppm Covariates:
Not reported
Treatment: 9 weeks . . .
End point: 49 days Greater in ventral striatum, amygdala and ACC was associated
pCritéria' with less difficulty quitting, suggesting their activity is an
N=32 - Self-reported timéline follow 1 MRI (2 h of abstinence) indicator of less severe risk for lapse.
Owens—2018 23R/9A for 49 Single arm study %ack calendar ROL: Clinically, this implies that for smokers who have transitioned
18 days of treatment NRT (Patch) -CO < 10 ppm R&L ventral striatum, from incentive learning and more deliberative cognitive
28.13% +PCS At each sess}zon caudal and rostral ACC, left  processing to having habits learning and automatized drug
** Lost of follow-up are in relapser amygdala seeking, smoking cessation is more difficult.
rolfl P Covariates: Self-reported craving prior and during the MRI
grop session.
Treatme'nt: 5 weeks 2 MRI:
End point: 5 weeks . . . . . S . .
N =21 Sinele arm stud Criteria: - 1 at baseline (resist and Successful smoking cessation with varenicline is associated with
Hartwell-2013 (12w;9 m) Phar;gn (Vareniclir}‘:e) -7 davs point révalence crave during scan) increased activation, prior to a quit attempt, in brain areas related
19 11R/10A +PCS y al;stinelr)me - 1 month after quit date to attentiveness and memory while resisting the urge to smoke.
47.62% -CO <3 ppm Whole brain Covariates: Not reported.
= k4
- Cotinine < 200 ng/mL
Randomized control trial
Pharm (EVP-6124 or
placebo)
+ . .
N =23 NRT (patch or placebo) giz[m;nntt'v gzvmeeﬁs I MRl in Isgglﬁted state The current work supports prior results and builds on the concept
Janes—2017 7 W'_l 6m) + pCri te;ria‘ Bilate insula .s triatum that the insula and dorsal striatum work in concert to maintain
! PCS for all groups ] ¢ nicotine dependence.
20 13R/10A - - Self-report of 2 weeks (nucleus accumbens, S
43.48% Gpl: EVP-6124 + NRT abstinence - CO < 10 ppm, putamen, caudate), and Covariates:
' Gp2: EVP-placebo + NRT / ! ! Not reported

Gp3: EVP-6124 +
NRT-placebo
Gp4: EVP-placebo +
NRT-placebo

- Cotinine < 50 ng/mL.

thalamus.
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Table 1. Cont.

Population; % of

Duration of ttt; End Point;

Scans: All Had at Least

Authors and N ‘Abstainers Treatment Abstinence Criteria One MRI Before the Interpretation of the Authors
Treatment
. This study provides the first evidence that changes in smoking
Treatment: 1 weeks R . . .
- cue reactivity in the ACC during acute abstinence predict
N=75 End point: 1 weeks . : . . )
. - 2 MRI (satiety and 24 h of smoking relapse, thereby improving our understanding of the
Allenby-2020 (35 w;40 m) Single arm study Criteria: - : - -
. abstinence) neurobiology of smoking cessation.
21 52R/23A PCS - Self-report abstinence : .
o . L Whole brain Covariates:
30.67% - Urine cotinine < 100 ng /mL X . . . .
CO < 5 ppm Abstinence-induced changes in craving and withdrawal, sex, age,
=PP baseline smoking (cigarettes per day and CO at intake).
H
E Treatment: 10 weeks . . . .
A N=91 . 2 MRI (two tasks) The dmPFC region has been associated with the evaluative and
End point: 4 months after the . . ) - .
L (44 w,47 m) . . . Whole brain + ROI: decision-making aspect of self-related processing which could
Chua—-2011 Single arm study intervention . . : . . .
T 45A/42R - (dorsomedial PFC, underlie the efficacy of tailored message interventions.
22 NRT (Patch) + PCS Criteria: .
4 lost . precuneus/PCC, angular Covariates:
H 51.72% - Self-reported 7 days point rus) Number of cigarettes per day at baseline
Y e prevalence abstinence 8y & P y ’
M
E Treatment: 9 weeks Neurocognitive processes in the vmPFC may be critical to
S N =48 . L 1 MRI (2 h of abstinence) understanding how Graphic Warning Labels on cigarette
Single arm study End point: 30 days oo -
S Owens-2017 (17 w;31 m) I ROL packaging induce behavior changes and may be useful as a
NRT (Patch) Criteria: . . . . .
A 23 24R/24A vmPFC, Right and Left predictor of smoking cessation treatment prognosis.
o +PCS - Self reported .
G 50.00% CO < 10 ppm amygdala Covariates:
E = PP FIND
Treatment: 3 weeks . Results support the importance of blunted reward sensitivity as a
. 2 randomized MRI : o :
. End point: 18 days of i : risk factor for relapse and highlight the moderating effect of
N =36 Single arm study . (condition: satiety and 24 h . . - )
. abstinence . abstinence state. Early abstinence may be a particular period of
Sweitzer-2016 (a) (19 w;17 m) PCS . of abstinence) o
. Criteria: vulnerability.
24 23R/13A Contingency management . ROLI: )
R o . - Self-reported abstinence . . Covariates:
36.11% during treatment o Right and Left striatum . . . . .
E - CO < 8 ppm or a 50% Age, sex, abstinence-induced craving, and baseline cigarette per
. . (head of the caudate)
w reduction from baseline day
A Treatment: length not
R reported 2 MRI:
D N=44 End oIiDnt' 30 davs 1 at baseline iﬁ satiated Tobacco abstinence did not affect discounting behavior as well as
Grosskopf-2020 (21 w;23 m) Single arm study pomt: - ¥ related fMRI brain activity in smokers.
Criteria: state .
25 19R/25A PCS . . Covariates:
o - Smoking less than 1 day over -2 to 5 weeks after quit date . . .
56.82% . . ENTD and discounting behavior.
a 30-day period Whole brain:

- CO verified
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Table 1. Cont.

Authors and Population; % of

Duration of ttt; End Point;

Scans: All Had at Least

N° ‘Abstainers Treatment Abstinence Criteria One MRI Before the Interpretation of the Authors
Treatment
F
U
N Treatment: 8 weeks
C End point: 8 weeks Relapsers may have decreased top-down control of emotion
T N =21 Single arm study Criteria: 1 MRI regulation. This could result in increased interoceptive awareness
I Janes-2010 All women NRT: (Patch+ nicotine - 7 days or more consecutive or ROL of smoking-related cues, leading to enhanced smoking cue
fe) 17 9R/12A gum (lozenge)) more than once/week for 2 or ICA defined: reactivity, interference effects, and relapse vulnerability.
N 57.14% +PCS more consecutive weeks Bilateral insula et ACC Covariates:
A - Self-reported abstinence Not reported.
L -CO<9ppm
C
Y Randomized control trial
N ; .
N Before the quit date: Treatment: 10 weeks Baseline differences in corticothalamic circuitry function were
Two-arms 30 days : 1 MRI . . . . s

E N =81 smokine cessation End point: 10 weeks ROL: associated with mediated IC and smoking relapse vulnerability.
C 40R & Criteria: : These findings warrant further examination of interventions for

. ) program g . Thalamus - . . . .
T Froeliger—2017 (21 w;19 m) Col: : K - Daily diaries of cigarette use Inferior f ! augmenting corticothalamic neurotransmission and enhancing

2 41A pl: continue smoxing -CO <8 ppm nterior frontal gyrus inhibitory control during the course of tobacco use disorder
! (24w;17m) Gp2: low nicotine - Relapse was defined as 7 days Contingency management treatment
v l oo cigarettes + NRT (patch) pse . 4 has been used during the L
I 50.62% . consecutive of smoking at least 1 . Covariates:
After the quit date: . post-scan behavioral task. . .

T NRT (patch) + PCS cigarette/day FTND (nuisance covariate).
Y both groups

At baseline = before the treatment; ppm: parts per million; NRT: Nicotine replacement therapy; PCS: Psychological counselling session; RNC: Reduced nicotine cigarettes; Pharm.:
Pharmacotherapy; (#) Inconsistent reporting of the number of relapsers: 47 are announced in the Statistical analyses section while 54 are mentioned in the Thalamus based rsFC Result
Section; * = No information is provided on the proportion of Gp1 or Gp2 among these 14 participants lost to follow-up; ** = The abstinence rate did not take into account the fact that
14 /46 participants did not initiate a quit attempt so the adjusted abstinence prevalence is 19.57%; *** = 2 participants were excluded from the MRI analyses. As no information on
whether these participants were abstainers or relapsers, we do not know how many abstainers versus relapsers were included in the final MRI analyses. Gp: Group; w: women; m:
men; CO: Carbone monoxide; ROI: Region of Interest; fALFF: Fractional amplitude of low frequency fluctuation; dl: dorsolateral; vm: ventro medial; ACC: Anterior Cingulate Cortex;
ACG: Anterior Cingulate Gyrus; IFG: Inferior Frontal Gyrus; MTG: Middle Temporal Gyrus; MFG: Middle Frontal Gyrus; NAc: nucleus Accumbens; OFC: Orbito-Frontal Cortex; PCC:
Posterior Cingulate Cortex; PFC: Prefrontal Cortex; SFG: Superior Frontal Gyrus; FTND: Fagerstrom Test for Nicotine Dependance.
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In all these studies, participants had at least one MRI acquisition before any therapeutic
intervention and a predefined quit date. Nevertheless, the time-lapse between MRI acquisi-
tion and the beginning of treatment varied across studies. Moreover, therapeutic modalities
(type of treatment and duration), as well as the definition of abstinence, were specific to
each study. Given this heterogeneity, it was not possible to conduct a meta-analysis and we
focused on a descriptive analysis and critical synthesis.

The different studies were first grouped according to the MRI acquisition: anatomical,
resting state (RS), and task-based. They were further layered by the type of cessation
treatment used: NRT (but independently from the route of administration and dosage),
pharmacological treatment (but independently from the drug subtypes and dosage), and
psychological counselling sessions (PCS) (but independently from the number of sessions,

the qualification of the therapist, and the method used).
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Figure 2. Structures and connections highlighted as precursor to relapse after a quit attempt in
task-based studies (drugs-cues, monetary reward, or inhibition tasks). 1 = greater fMRI activation;
| =lower fMRI activation; [J white rectangle = treatment use (NRT (Nicotine Replacement Therapy),
P (Pharmacotherapy with: V = Varenicline, EVP = selective alpha-7 nicotinic acetylcholine receptor);
PCS (Psychological Counselling Session)); [ coloured rectangles = network implicated (Blue =
Default Mode Network; Gray = Undetermined network or not part of a specific network; Green =
Salience Network; Orange = Executive Control Network; Pink = Reward network; Purple = Habit
formation); * = visual inspection of the figure; (n) = number of the study (see Table 1); d = dorsal; dm
= dorso-median; L = Left; v = ventral; vin = ventro-median; R = Right; ACC = Anterior Cingular
Cortex; IFG = Inferior Frontal Gyrus; PCC = Posterior Cingular Cortex; PFC = Pre Frontal Cortex.

3.1. Anatomical

Five studies [15-19] addressed the question of macrostructural anatomical differences
underlying the ability to achieve abstinence. They differed in both the type of treatment
and the length of abstinence. Three used a whole brain (WB) voxel-based morphometry
(VBM [20]) analysis [15,16,18] and the other used different regions of interest (ROIs) [17,19].
The two studies from Froeliger et al. reported differences in grey matter volume (GMV) be-
tween abstainers and relapsers, either in different regions or in opposite direction (Table 1).
In the three studies using varenicline and PCS, relapse was associated with decreased GMV
in the right post-central gyrus, right dorsal striatum, and left OFC in one study [18], and
with increased left thalamic GMV in another one [19]. The third study found no association
between GMV in insular subregion (TIV corrected) and treatment outcome [17].
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Two studies from the same research team investigated if microstructural anatomical
alterations are associated with treatment outcome (varenicline + PCS) [21,22]. Using a
whole brain approach and comparing 28 abstainers and 38 relapsers, relapse was associated
with higher fractional anisotropy in the cerebellum and post-central gyrus [21]. In a further
study including as many relapsers but fewer abstainers and an insular ROI, no differences
were observed between the two groups [22].

3.2. Restings State (RS)

Functional MRI RS connectivity analyses are based on the demonstration of strong
temporal correlations between the spontaneous, intrinsic fluctuations at rest of the BOLD
signal (reflecting neuronal activity while people lie still and think of nothing in particular) in
different regions. The time-course of this signal from the seed-region is correlated with the
BOLD signal time-course in every other voxel in the brain. These communicating regions
tend to be engaged simultaneously throughout daily tasks and sustain a communication
activity even in resting conditions [23].

Brain networks reconstructed by RS analyses are highly consistent within and between
individuals and present high functional and anatomical coherence [24].

The more frequently reported and consistent networks across studies are the Default
Mode Network (DMN), the task-positive (in opposition of the DMN), the sensorimotor
network, the visual network, the fronto-parietal network (sometimes named the attentional
network), and the auditory network.

We identified nine studies that examined if the pre-cessation brain activity at rest
would predict the treatment outcome.

In the Sweitzer et al. (2016) study, participants underwent two fMRI sessions before
the initiation of a PCS: the first after smoking ad libidum and the second after 24 h of
abstinence. These authors used a whole-brain connectivity approach with the ventral and
dorsal striatum as seed regions and modelled age, sex, cigarettes smoked per day and
session order as covariates. Relapse was independently associated with weaker connectivity
after abstinence (relative to satiety) between the bilateral ventral striatum and the insula,
the superior temporal gyrus (STG), and the anterior/mid cingulate cortex [25].

In a study combining NRT and PCS, Addicott et al. (2015) focused on insula-based
networks and used treatment group and FTND scores as covariates. Relapse was indepen-
dently associated with weaker functional connectivity between (i) the posterior insula and
pre-central gyrus, the post-central gyrus, and bilateral putamen; (ii) the ventral anterior
insula and left superior frontal gyrus (SFG) and lingual gyrus; (iii) the right dorso-anterior
insula and left posterior insula [26].

The study by Wilcox et al. (2017) that included people treated either by pharmacother-
apy or placebo focused on the functional connectivity between six ROIs (Table 1) [27].
Taking the treatment group into account, they found no differences between the relapsers
and abstainers. Nonetheless, irrespective of treatment group, lower levels of connectivity
between the insula and dorsal anterior cingular cortex (dACC) predicted greater smoking
quantity prior the endpoint, and this was the case independently from the FTND score.

In four studies conducted by the same research team, the treatment combined vareni-
cline and PCS [18,19,28,29]. All studies used a whole brain approach but different seed
regions. Two studies assessed the association with baseline connectivity only [18,19], and
the two others compared post- versus pre-treatment changes in connectivity [28,29]. Re-
lapse was associated with reduced baseline functional connectivity between the thalamus
and cerebellum in the Qian et al. (2019) study, and between the thalamus and precuneus in
the Wang et al. (2020a) study. During treatment, relapse was associated with decreased
connectivity (from before to after the treatment) between the insula and the precuneus
as well as the medial frontal gyrus [28], and between the striatum and the insula, orbito-
frontal cortex (OFC), dorsolateral PFC, inferior frontal gyrus (IFG) and precuneus [29],
while abstainers showed the opposite pattern of changes.
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Another voxel-wise method to evaluate local functional connectivity is the measure
of regional homogeneity (ReHo), which is defined as the average functional connectivity
values of a voxel with its surrounding voxels and reflects how much each region is con-
nected to its neighbors [30]. Using this method, Wang et al. (2017) demonstrated that,
among people who received a pharmacological treatment combined to PCS, relapse was
associated with a decreased ReHo in the bilateral posterior cingulate cortex (PCC) as well
as an increased ReHo in the left STG, independently from baseline smoking and FTND
score [31].

Finally, Shen et al. (2017) used a voxel-wise eigenvector centrality (EC) measure to
identify key functional brain networks. EC gives information about the wide-reaching
influence of a functional area. The eigenvector value is relative to the number of connec-
tions to other highly connected areas [32]. In a sample under pharmacological treatment,
independently from baseline smoking, relapse was associated with increased EC in the
middle frontal gyrus (MFG) and SFG, the left middle temporal gyrus (MTG) and STG, and
the left anterior cerebellum [33].

3.3. Task-Based Studies
3.3.1. Functional Activation

Functional activation studies exploit endogenous brain activity for mapping brain
responses during periodic and specific cognitive/emotional tasks.

Inhibition

Several models consider that the development and maintenance of addiction is tightly
linked to impaired inhibitory control (IC) following exposure to a representation of the
substance. We found two articles that examined if the pre-cessation brain reactivity during
IC tasks predicted treatment outcome using an ROI approach.

Froeliger et al. (2017) investigated the activation of the right inferior frontal gyrus
(IFG), bilateral thalamus, subthalamic nucleus, presupplementary motor area, and left
primary motor cortex during a Go/NoGo task with various neutral stimuli. Following a
combined treatment of NRT and PCS, relapse was associated with increased activation in
the right IFG and thalamus, and this was the case independently from FITND score [15].
Moreover, greater right IFG activity was associated with worse behavioral performances.

Gilman et al. (2018) also used a Go/NoGo task with tobacco-related (versus neutral)
images and a ROI approach among people under four different treatments (pharmacother-
apy EVP-6124 and/or NRT in addition to PCS). Relapse was associated with decreased
activation in the bilateral anterior insula with tobacco-related stimuli NoGo trials indepen-
dently from FTND score but without taking the treatment group into account [34].

Drug Cues or Healthy Messages

Because people with a substance use disorder are more sensitive to environmental
cues specifically related to their drug consumption, drug-cues reactivity paradigms are
considered an ideal way to observe engaged pathways of reward- and /or cognitive-control-
related regions to predict substance use disorders treatment outcomes [35].

Smoking Cues vs. Neutral

Out of the six studies that were identified, all but three [36-38] used an ROI approach
but different ones.

Three studies included patients treated with NRT combined to PCS [37,39,40]. The
McClernon et al. study (2007) involved three fMRI sessions (baseline, quit date, 2—4 weeks
following quitting). At baseline, relative to abstainers, relapsers seemed to have lower
smoking cue reactivity in the ventral striatum and thalamus. Moreover, there was a Scan
session X Stimulus type X Treatment outcome interaction. For relapsers, the differences
between responses to smoking and control cues were negligible at all three scans; for
abstainers, there was a greater activation to smoking than control cues in the thalamus and
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ventral striatum before treatment, and this pattern was reversed after treatment. In the
Jane et al. study (2010), relapse was associated with greater smoking cue reactivity in the
bilateral insula, PCC, parahippocampal gyrus, thalamus, putamen, cerebellar hemispheres
and vermis, and prefrontal cortex (PFC). In the most recent study, relapse was associated
with lower smoking cue reactivity in the ventral striatum and amygdala independently of
the level of craving before and during the scanning session [40].

Two studies were conducted among smokers treated by pharmacotherapy either
alone [36] or in combination with NRT [41]. In the study by Janes et al. (2017), relapse
was associated with greater reactivity in the right insula and dorsal striatum (dorsolateral
putamen and dorsal caudate). Hartwell et al. (2013) designed a more complex paradigm
involving two fMRI sessions (baseline and post quit) with two experimental conditions
each [36]: while being allowed to experience craving, and conversely when being asked
to resist the craving. A whole-brain analysis at baseline revealed no specific brain acti-
vation associated with smoking cessation outcome when participants were allowed to
crave. Conversely, during craving resistance at baseline, relapse was associated with a
lower reactivity in the insular cortex, putamen, anterior thalamus, middle cingulate, and
PCC. When contrasting the baseline and post-quit sessions, no differences were found for
either the crave or resist conditions among the relapsers, while, for the abstainers, greater
activation was found at baseline in the bilateral SFG (extending into the PFC) but in the
resist condition only.

Finally, Allenby et al. (2020) also used two fMRI sessions during cue exposure but
both at baseline: the first after smoking ad libidum, and the second after 24 h of abstinence.
Using a whole-brain analysis, and contrasting the sessions (abstinence versus smoking),
relapse was associated with a greater cue reactivity in the ACC in people treated by PCS
independently from abstinence-induced changes in craving and withdrawal, sex, age, and
baseline smoking [38].

Health Messages

The two studies that investigated the brain reactivity to messages on the negative
health consequences of tobacco used a ROI approach in people under NRT combined with
PCS [42,43].

Based on the general evidence that tailored interventions are more effective than
generic ones, Chua et al. (2011) used audio-visual blocks of personally tailored, untailored
and neutral messages. Relapse was associated with decreased activation in the medial PFC,
IFG, and possibly in the precuneus following tailored (versus neutral) messages specifically,
and independently from number of cigarettes per day at baseline. Owens et al. (2017)
focused on the difference between graphic warning labels or text only warning labels and
control images. Relapse was associated with greater activation in the ventromedial PFC
during graphic warning labels (versus control images), and this was the case beyond the
influence of FTND score.

Reward

While smoking is known to be associated with a dysregulation of the reward system,
determining if a global (i.e., to multiple rewards, such as monetary and food stimuli) or
a domain-specific dysfunction (the substance) predicts the issue of the quit attempt is
believed to facilitate the identification of more targeted interventions such as contingency
management (i.e., providing monetary incentives for periods of abstinence).

This question was addressed by Sweitzer et al. in the same study sample described
above (see section B.Resting state) [44]. Relapse was associated with a decreased activity in
the striatum (right ventral caudate) with monetary reward anticipation during abstinence
(versus satiety), but not in the smoking anticipation condition. This effect remained after
controlling for age, sex, and the number of cigarettes smoked per day, as well as the level
of craving during the 24 h of abstinence.
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Based on the consistent finding that substance use disorders are associated with
poor abilities to delay gratification (e.g., choose 10 euros immediately over 30 euros in
3 months, also called temporal discounting), Grosskopf et al., (2020) examined if post- ver-
sus pre-treatment changes in brain activity during a temporal discounting task is associated
with treatment outcome. No significant differences were observed between relapsers and
abstainers [45].

3.3.2. Functional Connectivity

Cerebral areas’ interactions allow the study of the brain as a network justifying connec-
tivity approach. Using functional imaging data, researchers can investigate not only which
individual brain areas are involved in a task, but also how information flows between brain
areas [46] and how functional areas change their connectivity to participate in different
networks at different times (Smith et al., 2012) or under different behavioral circumstances.

We identified three studies that examined if the pre-cessation task-based functional
connectivity (tbFC) predicted treatment outcome.

Two included participants treated by a combination of NRT and PCS [15,37]. Janes
et al., (2010) used the presentation of smoking cues (vs neutral ones) and two Independent
Component Analysis (ICA) defined ROIs and found that relapse was associated with
weaker tbFC between left insula, PFC, ACC, cerebellum, and MTG [37]. Finally, using
functionally defined ROIs selected from the data collected during the IC task that has been
described above (NoGo versus Go trials, see section C.1.a) and baseline FTND scores as nui-
sance covariates, Froeliger et al. reported that relapse was associated with a decreased tbFC
between the right IFG and the thalamus [15]. Notably, the tbFC mediated the association
between behavioral inbibitory control performances and treatment cessation outcome.

4. Discussion

Despite the implementation and enforcement of tobacco control policies and the
development of different types of interventions, smoking remains a defining challenge in
global health with huge individual and economic consequences. Even with the help of
treatment, still about one out of two smokers fail to achieve successful abstinence. Tailored
strategies allowing the early identification of patients at high risk of relapse are urgently
required. Magnetic Resonance Imaging, which is able to capture brain anatomy and activity
in targeted areas and networks, might be one of the most interesting tools providing
biomarkers for this purpose.

In this overview on the characterization of MRI cerebral biomarkers predictive of smok-
ing cessation treatment outcome, we identified 25 studies including about 1250 patients
that investigated this topic over the past 15 years. The fact that we did our research only in
PubMed could have reduced our findings. However, as we also included studies that were
identified from reference lists, we think this had little impact on our findings. Two main ob-
servations can be drawn from these data: (i) the insula, along with its associated networks,
is the structure the most consistently associated with the ability to quit smoking, and (ii)
the methodology used in these studies is highly heterogeneous, impeding a quantitative
synthesis despite the significant number of patients evaluated.

While a meta-analysis could not be practicable, the insula appeared tightly involved
in smoking cessation treatment outcomes. This finding reinforces the observation from the
seminal work of Naqvi et al. (2007) showing that insular damage increased the likelihood to
quit smoking abruptly and easily. This was confirmed and extended by further prospective
studies [47] with an impact on longer abstinence [48] together with increased motivation
for remaining abstinent [49], less frequent and severe withdrawal symptoms [50], and
decreased smoking urges [51]. Notably, as summarized graphically in Figure 3, specific pat-
terns of connectivity of the insula were predictive of treatment outcome. This observation
adds to the evidence implicating the insula in tobacco addiction through the dysregulation
of a complex network rather than a mere macrostructural insular change.
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Figure 3. Main results of the structures and networks that predicted treatment outcome. Background
rectangle: graphical summary of all the findings. Forefront rectangle: most consistently reported
findings. Colours = network (Blue = Default Mode Network; Orange = Executive Control Network;
Green = Salience Network; Purple = Habit formation; Pink = Reward network; Gray = Undetermined
network or not part of a specific network).

At the anatomical and histological level, three major subdivisions of the insula have
been identified in humans and animals, including the granular insula, located in the poste-
rior dorsal portion, the agranular insula in the anterior ventral portion, and the dysgranular
part in the middle portion. Each subdivision has different connectivity features and there-
fore differs functionally. In humans, the insula has been described as the main node of
the saliency network and as an integral hub in mediating dynamic interactions between
other large-scale brain networks involved in externally oriented attention and internally
oriented cognition [52]. RS fMRI studies have also pointed out its rich connectivity both
with other regions and between its functional subdivisions, which may explain how the
saliency network participates in so many diverse functions. Interestingly, latency analyses
have revealed that insula activity temporally precedes activity in the other nodes of the
executive and Default Mode Network (DMN). This new understanding of the insula as
a critical node for network switching may explain its implication in substance use disor-
der. Indeed, it has been proposed that, first, sensory features of interoceptive signals are
processed in the posterior insular cortex, then, the corresponding information is passed
to the anterior insular cortex where it is remapped by integrating the motivational, emo-
tional, and cognitive inputs from its subcortical and cortical connections and then further
translated into a subjective feeling and/or conscious thought. This feeling will, in turn,
influence homeostatic goals and approach/avoidance behaviors by connecting to different
prefrontal regions.



Biology 2022, 11, 35

18 of 24

Besides the insula and prefrontal cortex, our review also points to an important
role of the basal ganglia and thalamus in smoking cessation. The ventral striatum has
classically been considered to play an important role in addiction through its role in the
anticipation and immediate response to rewards [53,54], as well as in abstinence-induced
craving [55-57]. A recent study showed that acquired damage in the dorsal striatum is
associated with an increased likelihood to quit smoking easily and immediately and to
remain abstinent [58]. The ventral striatum directly receives the projection of glutamate
neurons from the orbitofrontal cortex, while the dorsal striatum interacts with thalamic-
cortical circuits that are involved in the planning and execution of motor responses. Because
smoking behavior becomes highly automatic in people with smoking addiction, the entire
striatum might be a key determinant of addiction and relapse processes. Interestingly,
in a prospective lesion study on the combined effects of insula and basal ganglia lesions
(versus damage elsewhere) on smoking cessation, lesions including both regions were
associated with higher rates of abstinence over a one-year period. Moreover, the proportion
of abstainers over the follow-up period was 75% in the group with both basal ganglia
and insula lesions, while it was the case for 37% of the group with lesions to the basal
ganglia alone [59].

Overall, the findings highlighted in our graphical summary (Figure 3) support recent
integrative models of addiction. In the neurocognitive triadic model [60], the insula has
been described as a core hub, where the anterior part of the insula converts a bottom-
up interoceptive message into a subjective emotional state, which in turn modulates the
activity of both a subcortical “impulsive” (i.e., amygdalo-striatal) and a cortical “reflex-
ive” (i.e., prefrontal cortex) systems. In the integrated theoretical model from Naqvi and
Bechara [47], the insula is also viewed as a hub, playing a critical role in the balance between
a subcortical automatic mode of drug seeking (largely stimulus/cue driven) and a cortical
goal-directed one (manifested by cravings and the tendency to relapse), by engaging repre-
sentations of interoceptive drug effects in order to overcome drug-associated subjective
risks and conflicts (such as dealing with negative consequences or competing goals). From
a clinical perspective, these authors suggest that the most effective approach would be
a two-step treatment, first by promoting the goal-directed mode with interventions that
foster awareness/insight (i.e., heightened subjective riskiness of drug use) and second to
buffer the insula function with neuromodulatory medications or interventions.

Unfortunately, a relatively high proportion of the studies that have been conducted up
to now have methodological weaknesses that preclude strong conclusion(s) that could help
to guide clinical management.

First, the definition of abstinence is variable between studies and sometimes mixed up
with successful quitting. Because the determinants of early and late relapse are different [61],
and as relapses occur most often within the first year following smoking cessation [62], the
clinical endpoint should be at least evaluated after this delay to maximize the predictive
power of the brain marker.

Second, while a significant proportion of the studies were randomized clinical trials,
cessation outcome groups were defined regardless of the type of treatment, and this
potentially confounding variable was not systematically accounted for.

Third, there is a need for better phenotyping of the study population. Owing to the
cost of this approach, a biomarker designed to be used in patient’s treatment stratification
has to improve the prediction of success of the intervention on top of the simplest and/or
already known clinical factors. Accordingly, none of the neuroimaging findings should be
interpreted without considering the level of impregnation (i.e., the number of cigarettes
smoked per day, the number of years of exposure, carbon monoxide level, cotinine, etc . .. )
or the severity of the nicotine addiction (i.e., the level of dependence to the substance, the
frequency and intensity of craving episodes and withdrawal symptoms, etc ... ). Unfortu-
nately, not all the studies from this review used these factors as covariates, which mitigates
the interpretation of the results. In addition, because poly-drug use is not only frequent
among smokers but also a source of consumption cessation failure as well as a condition
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that impacts the brain, this parameter should be better documented and considered. In
this regard, investigating potential interactions between the patients” age and addictive
profile could be an important issue. In fact, nowadays, we witness in clinical practice
that smoking tobacco is increasingly associated with cannabis consumption among the
youngest, while alcohol daily consumption is most frequently observed in older patients.
Moreover, mood factors and their associated clinical conditions such as depression and
anxiety disorders, which are known to be associated with the susceptibility for relapse and
with functional brain changes, need to be investigated and modelled. This point might
be particularly critical as a recent metanalysis [63] further emphasized a bidirectional link
between smoking behavior and depression/anxiety, baseline depression/anxiety being
associated with future smoking consumption, while smoking exposure contributed to the
occurrence of later depression/anxiety. Besides the dysphoric state, other psychological
factors have still not yet received attention in the fMRI literature we reviewed. Other cogni-
tive functions than inhibition and cue-reactivity are considered to play a role in addiction,
notably interoceptive awareness and/or metacognitive skills [64,65]. This point is actually
raised in the new metacognitive hub model of craving defended by Flaudias et al. [66] who
proposed to refine the triadic neurocognitive model of addiction by considering craving as
a multidimensional phenomenon instead of a unitary process. These authors argue for a
triadic model that includes not only physiological craving (mediated by the interoceptive
system), but also automatic craving (mediated by the impulsive system) and cognitive
craving (mediated by the reflective system) as well as their interactions and reinterpretation
by metacognitive skills (playing the role of a hub between the systems).

Fourth, there are some cerebral potential confounding factors that should be given
consideration. With BOLD analysis, two main factors should be more systematically
taken into account: baseline perfusion status and the cortical brain volume. Arterial
Spin Labeling studies have reported decreased perfusion in multiple brain regions among
chronic smokers, including the orbito-frontal cortices and parietal lobules [67]. In addition,
several studies have highlighted that smoking constitutes a hypertension risk factor [68],
which has been found to reduce cerebrovascular reactivity [69] in brain networks such
as the DMN. This chronic perfusion deficit could underlie the smaller total gray matter
volume reported in people that ever smoked regularly [70,71]. In addition, as white matter
connections are at the foundation of neural networks, functional network analysis should
also consider the structural integrity of white matter bundles before drawing any firm
conclusion. It is of importance to note that smoking has been associated with a progression
of white matter hyperintensities [72,73], as well as with microstructural changes in the
normal-appearing white matter [21,70]. Most importantly, these microstructural brain
changes have been found to predict smoking cessation outcomes after pharmacological
intervention [21,28]. Altogether, these data support the need to assess more systematically
brain morphological data as potential confounders in functional neuroimaging results, a
methodological precaution that has been ignored in most of the studies.

In addition to the chronic perfusion changes observed in daily smokers, the significant
influence of short-term abstinence on regional cerebral blood flow [74] highlights the need
to standardize the acquisition of brain MRI in this population, ideally with a first acquisition
after overnight abstinence and a second after few cigarettes. Indeed, the physiological
changes associated with craving (i.e., transient increase in blood pressure and heart rate)
might also influence the regional cerebral blood flow.

Besides the consideration of these different biomarkers, any metanalysis is also pre-
cluded by the heterogeneity in methodologies used to evaluate brain activity. Not only ROI
and WB analysis were used, but also different types of images processing that follow the
recent advances in brain imaging. While interesting at a pathophysiological level, the repli-
cation of former results using the same methods would have been an important first step.
Moreover, the different tasks used to evaluate baseline brain networks recruit different brain
areas depending on their cognitive and /or emotional load, while the type of stimulation,
using visual, auditory or olfactory primary integration might simulate different pathways
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and could account for the discrepancies observed between studies. In addition, the inter-
pretation of the results has to take into account that participants were treatment-seeking
and may not necessarily be generalizable to all smokers. The fact that the participants were
volunteers could imply a strong involvement of prefrontal networks (Control Executive
Network) that could modulate RS and task-related brain activations networks.

Finally, the main objective of these studies has to be clarified, focusing either on the
investigation of the pathophysiological mechanisms of smoking relapse or the identification
of individual risk biomarkers that could be used in daily practice, this latter needing the
development of individual parameters rather than group analysis.

5. Conclusions

Although gaining knowledge on the neural substrates involved in smoking cessation
outcomes is crucial to guide treatments, our narrative synthesis of the literature emphasizes
that this field of research is still in its infancy, with too little empirical evidence and
important methodological heterogeneity. However, it is noteworthy that the findings
reported here seem to converge towards a pivotal role of the insula in the modulation of
inter-related brain networks. Adequately powered studies, allowing to take into account
heterogeneity across treatment-seeking smokers are needed to confirm this suggestion.
In addition, if functional connectivity analyses appear the most promising strategy, up
to now only static connectivity patterns have been examined. Given that the insula is
a well-known hub that exhibits versatile and highly flexible connectivity patterns with
disparate brain networks [75], we believe that characterizing its dynamic connectivity
patterns (i.e, modular architectures of evolving networks analyses, also called time-varying
changes in functional connectivity) would be a more ecologically valid and informative
method for understanding the timing of the balance between the implicated networks.
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Abbreviations

ACC  anterior cingular cortex

DMN  Default Mode Network

FIND Fagerstrom Test for Nicotine Dependence
GMV  grey matter volume

IC inhibitory control

IFG inferior frontal gyrus

MFG  middle frontal gyrus

MRI Magnetic Resonance Imaging

MTG  middle temporal gyrus

NRT nicotine replacement therapies
PCC posterior cingulate cortex
PCS psychological counselling sessions

PFC prefrontal cortex
ReHo  regional homogeneity
ROIs regions of interests

RS resting-state

SFG superior frontal gyrus
STG superior temporal gyrus
STG superior temporal gyrus

tbFC task-based functional connectivity
VBM  voxel-based morphometry
WB whole brain
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