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Abstract

Nicotine intake and cortical activity are closely related, as they can influence each other. Nicotine is implicated in the induc-
tion and modification of cortical plasticity and excitability, whereas a change on cortical plasticity and excitability can also
lead to a modification of the smoking behaviour of an individual. The aim of this systematic review was, on the one hand,
to evaluate the effects of nicotinergic modulation on cortical excitability and plasticity, and, on the other hand, to assess if
modifying the brain’s excitability and plasticity could influence one’s smoking behaviour. Two systematic literature searches
in the PubMed/MEDLINE and PsycINFO databases were conducted. Studies focusing either on the impact of nicotinergic
modulation on cortical activity or the treatment effect of non-invasive brain stimulation techniques (NIBS) on smoking
behaviour were included. A total of 22 studies for the first systematic search and 35 studies for the second one were included
after full-text screening. Nicotine’s effect on cortical activity appeared to depend on smoking status of the individual. While
deprived smokers seem to generally profit from nicotine consumption in terms of cortical excitability and plasticity, the
contrary was true for non-smokers. Regarding the questions of how changes in cortical excitability can influence smoking
behaviour, a trend points towards NIBS being a potential intervention technique for smoking cessation.
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Introduction published in 2010 including fourty-one studies demonstrated

that either smoking or nicotine administration led to bet-

Nicotine is widely known for its addictive properties; how-
ever, it has also shown to have an impact on brain plasticity,
attention and higher cognitive processes. A meta-analysis
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ter performance in motor abilities, attention and memory
in healthy adults (N=41, n ranging from 9 to 130) [1].
However, other studies found differential effects of nicotine
administration on cognition depending on the smoking status
of the individual, being a cognitive enhancer in smokers but
leading to poorer performance in non-smokers [2, 3]. These
results point towards a potential treatment approach for cog-
nitive deficits in mental disorders. These deficits can be trig-
gered by an altered brain plasticity occurring across several
neurodevelopmental and neurodegenerative disorders [4].
Nicotine is thought to be able to work as an intervention in
these patients cohorts, as it is implicated in the induction
and modification of neuronal plasticity and excitability [5,
6], which form the basis of learning and memory [7]. This
effect supposedly occurs through a modification of the neu-
ronal physiology via the interaction between nicotine and
nicotine acetylcholine receptors (nAChR) [5]. Past studies
have indeed found positive effects of nicotine on cognition in
samples consisting of, among others, depressive patients [8],
schizophrenia patients [9] or Parkinson patients [10]. Thus,
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nicotine administration could become a treatment strategy
used in such populations in need for better strategies to fight
cognitive impairment.

Nevertheless, not only smoking status and nicotine con-
sumption may modify an individual’s neuronal excitability
and plasticity, but the opposite may also be true, namely that
smoking behaviour can be influenced through modifying the
brain’s excitability. If so, neurostimulation techniques could
be used as intervention techniques for smoking cessation.
In 2015, 15.2% of the worldwide population were identi-
fied as smokers, translating into 110.7 deaths per 100,000
attributable to smoking behaviour [11]. Indeed, smoking
is one of the leading causes for disability and early death
worldwide, being the cause of 15.5% of the global deaths in
2015 [12]. Consequently, developing further smoking cessa-
tion strategies is of utmost importance. Furthermore, reduc-
ing tobacco consumption would not only reduce disability
and death rates, but has also proven to diminish depression,
anxiety and stress and to improve quality of life and positive
mood [13].

Brain reward systems could be tackled by neurostimula-
tion techniques, with the potential to influence areas that are
closely related to craving, relapse and continued nicotine
consumption. Treatment techniques able to influence brain
activity include transcranial magnetic stimulation (TMS)
and transcranial direct current stimulation (tDCS). TMS,
on the one hand, has been proven to be able to influence
cortical excitability and the metabolic activity of neurons
when applied repetitively [14]. TDCS, on the other hand,
has also shown its potential to influence brain excitabil-
ity, where in principle anodal tDCS increases brain excit-
ability and cathodal tDCS decreases brain excitability [15,
16]. When either TMS or tDCS techniques are applied for
a sufficient long time period or with sufficient repetition,
long-lasting neuroplastic after-effects are visible [14, 17]. In
sum, applying either repetitive transcranial magnetic stimu-
lation (r'TMS) or tDCS in smoker populations, e.g. combined
with psychotherapeutical interventions, can be an attractive
option for the reduction of smoking dependency symptoms.

This systematic review aims at, on the one hand, evaluat-
ing the effects of nicotinergic modulation in cortical excit-
ability and plasticity, by means of electroencephalography
(EEG), TMS, tDCS and Paired Associative Stimulation
(PAS) protocols. While there are other techniques avail-
able to measure cortical activity (e.g. functional Magnetic
Resonance Imaging or Positron Emission Tomography),
these only allow for indirect measures of such activity [18],
while neurophysiological measures (EEG, TMS) allow for
a rather direct measurement of cortical activity [18, 19].
On the other hand, this review also aims at examining the
reciprocal effect, namely assessing if also through modi-
fying the brain’s excitability and plasticity through either
rTMS or tDCS, the smoking behaviour of an individual can

be influenced. The recommendations from the Preferred
Reporting Items for Systematic Review and Meta-Analy-
ses (PRISMA) [20] were taken into account and followed
through the review process, excepting the risk of bias assess-
ment within studies.

Methods
Information sources and search

Two systematic searches were carried out for this systematic
review via the internet databases PubMed/MEDLINE and
PsycINFO. One search aimed at systematically identifying
studies evaluating the impact of nicotinergic modulation
on neurophysiological assessments, such as TMS, tDCS,
PAS or EEG. The second search focused on studies using
non-invasive brain stimulation techniques (NIBS) not for
evaluating brain functions as in search one, but the efficacy
of rTMS and tDCS to treat tobacco dependency. The rec-
ommendations for the standardized reporting of systematic
reviews (PRISMA) were taken into consideration during this
search. The first search was executed on the 9th of December
of 2019 and constrained studies published from January 1,
1929 to that day. The 1st of January of 1929 was chosen as
starting search point, as the first publication using EEG was
published in 1929. The second search was carried out on
the 24th of January of 2020 and included studies published
from January 1, 1985 until that day, as TMS was first imple-
mented in the field in 1985. The complete search terms are
displayed in the supplement.

Eligibility criteria

Results from all search terms were combined for each
systematic search and duplicates were removed using the
ENDNOTE X9 deduplication feature. Then, the citations
were screened by title and, when relevant, by abstract, and
each potentially relevant citation was then retrieved and
reviewed in a full-text basis. Exclusion criteria were case
reports and abstracts of congress presentations, publica-
tions in non-English or -German language (no publication
of potential interest was excluded due to this criterion),
and studies not fulfilling the following inclusion criteria.
Inclusion criteria were all research studies published either
between 1 January 1929 and 9 December 2019 for the first
systematic search or between 1 January 1985 (first publica-
tion with TMS) and 24 January 2020 for the second sys-
tematic search. For the first systematic search, additional
inclusion criteria were the presentation of cortical excit-
ability and plasticity measures (e.g. in terms of changes
in corticospinal excitability of brain synchronicity) and
the measurement of nicotinergic modulation. At full-text



level of this first search, four studies were excluded since
the outcome was not cortical plasticity or excitability and
three studies were excluded as no nicotinergic modulation
took place. For the second systematic search, the addi-
tional inclusion criteria were the presentation of smoking
behaviour measures (e.g. in terms of reducing or quitting
smoking) as primary or secondary outcome and the use
of neurostimulation techniques as treatment technique.
Reviews, systematic reviews and meta-analyses were
analysed regarding a possible overlap to our work and to
detect further publications of potential interest.

Data extraction

Data was extracted manually by one reviewer (CM) and
independently controlled by another reviewer (BP). For
search one we extracted 22 research articles and for search
two we extracted 35 research articles. For both systematic
searches first author, year, and sample characteristics were
extracted from the articles. Additionally, for the first sys-
tematic search the way of nicotine administration, dosage
and method, cortical excitability and plasticity measure-
ment parameters, as well as the main cortical excitability
and plasticity outcomes were extracted. For the second
systematic search, the NIBS technique, the target area,
the parameters used, the outcome measure in terms of
tobacco dependency and the main results in this regard
were extracted. Further information regarding the sociode-
mographic characteristics of the subjects are displayed in
supplementary Tables 1 and 2.

Results

For the first systematic search, a total of 873 studies
were identified. After removal of duplicates, 234 records
remained. A total of 205 records were excluded through
title or abstract screening (see Fig. 1 and supplementary
material). The remaining 29 were retrieved as full text and
then further evaluated for eligibility. Finally, 22 records
were included for this systematic review (see Table 1).
Therefore, seven records were excluded as they met at least
one of the exclusion criteria at full-text level (see Fig. 1).

For the second systematic search, we identified 691
records in total and 161 remained after removal of dupli-
cates. 126 of them were excluded on title/abstract level
(see Fig. 2). The remaining 35 studies were then retrieved
as full texts and further assessed for eligibility. As all
records met the inclusion criteria at full-text level, none
was excluded in this step (see Table 2).
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Study characteristics for the first systematic search

Twenty-two studies were identified that tested the effect of
nicotinergic modulation on cortical excitability and plastic-
ity [21-42] (see supplementary results for sociodemograph-
ics, Table 1). Nicotinergic brain functions were manipulated
in different ways across studies (see Table 1). From the 22
studies, seven used resting state EEG for measuring corti-
cal excitability [21-27], 15 used TMS measurements either
alone to measure cortical excitability [28, 29, 34], or in com-
bination with intermittent theta-burst stimulation (iTBS)
[30], tDCS [31-33, 35, 36, 38—40] and PAS [31-33, 35, 37,
38, 41, 42], therefore additionally allowing measurements
of cortical plasticity (see Table 1).

1. EEG

Seven studies analysed the effect of nicotinergic
stimulation on cortical excitability by means of resting
state EEG [21-27]. In terms of relative power, nicotine
administration led across several studies to lower theta
power [21, 22, 24, 25]. Similar findings applied to delta
power, where nicotine administration was found to be
related to a decrease of delta band power across several
studies [22-26]. For alpha and beta power values the
results were more mixed. When taking the whole alpha
band as a measure nicotine administration led to an
increase in alpha power in one study [22], while another
study found a decrease in alpha power [21]. However,
when dividing alpha into alphal and alpha2, alphal was
found to be either decreased [26] or not affected by nico-
tine administration, while alpha2 seemed to be increased
[24-26]. For beta power, although two studies found an
increase after nicotine administration of beta power [21,
26] and another an increase in beta2 power [24], the
remaining studies did not find such effects [22, 23, 25,
27]. Additionally, an increase of dominant alpha fre-
quency was found in four studies [21-23, 25]. Moreover,
smoking deprivation led to an increase in theta, delta
and alpha power, as well as to a reduction of alpha mean
frequency [27].

2. TMS to access motor-cortical excitability

Twelve studies used TMS to measure the effect of
nicotinergic modulation on cortical excitability [28-30,
32, 34-36, 38—42]. All studies evaluated the effects of
either nicotine administration or smoker status in corti-
cospinal excitability. While some studies failed to find
an overall effect of either nicotine administration or
smoking status on corticospinal excitability [30, 32, 35,
36, 38, 40-42], when focusing on intracortical inhibition
and facilitation, an effect of nicotinergic modulation was
visible [28, 29, 34]. In one study non-smoker healthy
controls were compared to non-smoker patients with
Tourette syndrome, and while before nicotine adminis-
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Table 2 (continued)

Study design NIBS technique, target, parameters ~ Outcome measure Summary of results

References

The effect of 5 sessions of active Active rITMS was delivered over Craving levels were assessed by a From the 2 participants receiving

Friedrich et al., 2019 [76]

active rTMS one showed a decrease

the left DLPFC at an intensity of self-reported questionnaire

rTMS in a single day on cigarette
craving was assessed in com-

in craving, while the other remained
stable. In the sham group,2 2 of

110% of the RMT. Each session

consisted of 3000 pulses of 10 Hz

parison to sham rTMS in healthy

smokers (N

the participants showed a decrease
in craving, whereas the other one

showed an increase

5)

The higher duration (12 weeks) stimu-

Active tDCS (either 20 sessions in ~ Active tDCS was delivered by Smoking abstinence was assessed

Ghorbani Behnam et al., 2019 [77]

lation treatment led to a significantly
higher abstinence rate at 6 months

via salivary cotinine. Additionally,
nicotine dependence and cigarette
consumption were recorded via
self-report. All outcomes were
measured at baseline, post-

placing the anode over the left

4 weeks or 12 weeks), sham tDCS
and 300 mg bupropion for 8 weeks

were compared in terms of their
efficacy in reducing smoking

DLPFC and the cathode at the

that the shorter stimulation protocol

right DLPFC. The stimulation was

and the sham protocols. However, it

performed with a current of 2 mA
intensity and applied for 20 min

was not significantly different than

treatment with bupropion

consumption in healthy smokers

(N

intervention, and at a 6 months

follow-up

170)

CO, carbon monoxide; DLPFC, dorsolateral prefrontal cortex; FPT, frontal-parietal-temporal association area; iTBS, intermittent theta-burst stimulation; RMT, resting motor threshold; rTMS,

repetitive transcranial magnetic stimulation; SFG, superior frontal gyrus; tDCS, transcranial direct current stimulation; VAS, visual analogue scale

tration short-latency intracortical inhibition (SICI) and
short-latency afferent inhibition (SAI) were reduced in
patients, these differences were abolished by nicotine
consumption [28]. However, when both groups were
analysed separately, nicotine consumption did not have
an effect on cortical excitability. The other two studies
both found deprived smokers to display a larger SAI
and a reduced intracortical facilitation (ICF) as com-
pared to non-smokers [29, 34]. Nevertheless, nicotine
administration via a 16 mg transdermal patch led to an
increase in SAI in smokers while it led to an enhanced
SICI and SAI in non-smokers [34]. Furthermore, one
study used a form of rTMS, iTBS, to test the effect of
nicotinergic modulation via 4 mg nicotine lozenges on
cortical plasticity in non-smokers [30]. Although in the
placebo condition a facilitation through iTBS took place,
this only lasted for 5 min, whereas in the nicotine arm,
the facilitation was more pronounced and still present
after 40 min.
tDCS

Eight studies tested the effect of nicotine on cortical
plasticity by means of a tDCS protocol [31-33, 35, 36,
38-40]. In non-smokers nicotine applied as transder-
mal patch, nasal spray or varenicline capsules abolished
anodal tDCS [31, 32, 35, 39, 40] and either abolished
also cathodal tDCS [31, 35] or the effect of cathodal
tDCS was weakened and delayed [32]. In smokers,
nicotine withdrawal led to an abolition of anodal tDCS
effect (i.e. facilitatory plasticity), which was restituted
after nicotine administration [33, 38]. Nevertheless,
for the effect of cathodal tDCS diverging results were
found. In one study, cathodal tDCS’s effect was abol-
ished under nicotine withdrawal and re-established after
nicotine consumption via varenicline capsules [38]. In
another study, however, inhibitory neuroplasticity was
not affected by nicotine withdrawal, and the inhibitory
effect of cathodal tDCS was abolished after nicotine
application via a 15 mg transdermal patch [33]. Lastly,
one study compared healthy smokers and non-smokers
and smokers and non-smokers suffering from schizo-
phrenia in terms of inhibitory cortical plasticity [36]. In
schizophrenia patients, smokers displayed a reduction of
excitability expressed as motor-evoked potential (MEP)
amplitudes after cathodal tDCS in terms of restituted
LTD-like plasticity, while this was not the case in non-
smoking schizophrenia patients. The opposite was found
to be true in healthy controls, where cathodal tDCS had
only a significant effect in non-smokers, whereas in
smokers only a trend was identified [36].
PAS

The effect of nicotinergic modulation on corticospinal
plasticity measured via a PAS protocol was researched
in eight studies [31-33, 37, 38, 41, 42]. In studies car-



ried out in non-smokers, three studies found nicotine
administration via transdermal patch, nasal spray or
varenicline capsules to abolish PAS 10 inhibitory effect
as compared to placebo [31, 32, 35]. For the effect of
PAS 25, diverging findings were detected. While two
studies showed that the excitatory effect of PAS 25 was
still present after nicotine administration via transder-
mal patch or varenicline capsules [31, 35], another study
found this effect to be abolished through nicotine con-
sumption [32]. In smokers the excitatory effect of PAS
25 was found to be abolished under nicotine withdrawal
across studies, but restored after nicotine administra-
tion via transdermal patch, nasal spray or varenicline
capsules [33, 38, 41]. For PAS 10 effects, one study
also encountered an abolition of the inhibitory effects in
deprived smokers before nicotine administration, how-
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Fig.1 PRISMA diagram summarizing the flow of information through all phases of the first systematic search

ever, inhibitory plasticity was re-established after nico-
tine consumption [38]. Nevertheless, in another study
no abolition of PAS 10 inhibition was found in deprived
smokers, although nicotine administration did lead to a
delayed and prolonged response as compared to placebo
[33]. Finally, one study compared the effect of PAS 25
on smokers and non-smokers [42]. While PAS 25 had an
excitatory effect on non-smokers, such a response was
not seen in smokers.

Study characteristics for the second systematic
search

Thirty-five records were identified which tested the
effect of neurostimulation on smoking behaviour [43-77]
(see Table 2, and sociodemographic information in
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Fig.2 PRISMA diagram summarizing the flow of information through all phases of the second systematic search

supplementary Table 2). Across studies, smoking behav-
iour was operationalised in different ways. Eighteen stud-
ies measured cigarette consumption [43, 46, 47, 49, 52,
56-59, 62, 64, 65, 68, 71-73, 75, 77], 24 assessed cigarette
craving [43-51, 53, 55-57, 60-63, 66, 67, 69-72, 76],
five measured cigarette dependency [46, 56, 62, 72, 77],
two assessed the ability to resist smoking [64, 75], four
tested withdrawal symptoms reduction [49, 69, 70, 72],
four focused on the maintenance of smoking abstinence
[55, 63, 75, 77], one measured the amount of smoking
cessations [54], one measured the visual attention to smok-
ing stimuli [58], one measured brain reactivity to smoking
cues [71] and two studies measure the motivation to quit
smoking [72, 73].

1. fTMS

Twenty records used rTMS as treatment strategy for
smoking behaviour [43, 44, 46, 48-52, 54-56, 59, 60,
63, 65, 68-70, 72, 76]. All in all, studies supported the
reductive effect of rTMS administration applied to the
dorsolateral prefrontal cortex (DLPFC) on cigarette con-
sumption, craving and dependence [43, 44, 46, 49-51,
56, 59, 60, 63, 65, 70], although some studies failed to
find such an effect [52, 55, 68, 69]. Moreover, several
studies also found an increase in abstinence rates after
rTMS administration [55, 56, 63, 72].
tDCS

From the selected articles, fifteen used tDCS as stimu-
lation procedure for influencing smoking behaviour [45,
47, 53,57, 58,61, 62, 64, 66, 67,71, 73-75,77]. In the
case of tDCS treatment, the results were rather mixed.
While some studies did find an effect of stimulation on



cigarette craving or consumption [45, 47, 57, 58, 64, 67,
71, 73], others failed to do so [53, 61, 62, 66, 74, 75].
Additionally, a study focusing on abstinence rates found
a positive effect of tDCS administration, namely that
more participants remained abstinent after 6 months in
the active tDCS condition as compared to sham [77].

Discussion

This is the first systematic review to investigate the relation-
ship between nicotininergic modulation and cortical excit-
ability and plasticity in both directions. However, previous
reviews have been published for the separate searches and
aims of this systematic review. Regarding the first aim of
this systematic review, only one review has examined the
effect of tobacco smoking on neuronal activity and it only
included studies using EEG measurements and is addition-
ally forty years old [78]. Therefore, this is the first systematic
review to date analysing the possible effect of nicotine on
cortical activity in human subjects. A better understanding
of this, could lead to potential treatment strategies through
the modulation of nicotine levels. Nevertheless, in the case
of the effect of neurostimulation on smoking behaviour more
reviews have been published. However, past reviews either
focused on one neurostimulation method only [79-82],
included other addictions and were therefore not only
focused on tobacco addiction [80, 83—-85] or were at least
four years old [86, 87]. Additionally, the largest study to date
regarding the efficacy of tDCS to treat tobacco addiction was
recently published [77], and is therefore not included in pre-
vious reviews. Moreover, no review to date did examine the
relationship between nicotine and cortical activity in both
directions. This examination of this two-way relationship
allows for a better understanding of the complex influence
exchange between nicotine and cortical activity.

Following two standardised literature searches and analy-
ses, a total of 64 full-text articles were assessed for eligibil-
ity, 29 of them regarding the impact of nicotinergic modula-
tion on cortical excitability and plasticity, and 35 of them
related to NIBS as treatment for smoking behaviour. From
these, 22 were finally included for the qualitative synthesis
for the first systematic search and 35 for the second one.
The quality of the included studies was variable, with some
having rather small sample sizes or not including a placebo
or control condition, limiting a meaningful interpretation of
the results. Moreover, distinct stimulation protocols, as well
as different nicotine administration techniques may have had
an influence on the findings. Moreover, the quality of the
included studies was not assessed formally, posing a greater
limitation for the interpretation of the results.

Nevertheless, several patterns became visible when
reviewing the studies that focused on how nicotinergic
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modulation may influence the individuals’ cortical excitabil-
ity and/or plasticity. EEG studies seem to agree in the effect
of nicotinergic modulation on reducing both delta and theta
power, while beta power seems to be increased by nicotine
consumption [21-27]. When it comes to alpha power, results
were rather mixed, although the trend was towards alphal
being decreased by nicotine and alpha2 increased [26]. In
sum, it seems like nicotine consumption tends to increase
fast-wave frequencies and to decrease slow-wave frequen-
cies. When looking at the nicotinergic modulation of cortical
excitability measured through TMS [29, 34], under smok-
ing withdrawal, a stronger intracortical inhibition was pre-
sent, while intracortical facilitation was decreased [29, 34].
When nicotine was administrated an increase in facilitation
in smokers was found, while in non-smokers an enhanced
intracortical inhibition was displayed, therefore signalling
an effect of nicotine administration on pronouncing facilita-
tion in smokers, while in non-smokers, nicotine consump-
tion leads to higher cortical inhibition [34].

With regard to the effect of nicotinergic modulation on
cortical plasticity, studies using iTBS, tDCS and PAS were
systematically reviewed. For smokers, similar effects on
excitatory plasticity were found for both focal (PAS) and
non-focal (tDCS) stimulation protocols. Nicotine with-
drawal led to an abolition of facilitatory focal and non-
focal plasticity, however, nicotine administration led to a
re-establishment of this plasticity [33, 38, 41]. There is also
a trend towards an abolition of inhibitory focal and non-
focal plasticity and further restitution via nicotine adminis-
tration in smokers [38, 41]. These findings point towards a
potential focusing effect of nicotine administration through
an improvement of the signal-to-noise ratio, as measured
by the combination of tDCS and PAS experiments. As both
facilitatory and inhibitory plasticity play a crucial role in
cognitive processes, such as memory and learning [7],
these results point towards a decrease in cognitive capa-
bilities when smokers are under nicotine withdrawal, where
these cognitive capabilities can be restored when nicotine is
again consumed. Several studies did encounter this finding,
namely that deprived smokers showed a decrease on cogni-
tive performance, however, when nicotine was administered,
the cognitive performance improved [2, 3, 41]. Concerning
non-smokers, the opposite pattern seems to fit. Non-focal
facilitatory plasticity, as well as focal and non-focal inhibi-
tory plasticity were abolished through nicotine consumption
in this population [31, 32, 35, 39, 40]. These outcomes sug-
gest a possible negative impact of nicotine administration
on cognitive processes, which is indeed also found in some
studies, namely that nicotine administration led to a poorer
cognitive performance in healthy non-smokers [2, 3].

Although similar patterns seem to arise across stud-
ies, these results should be interpreted with caution, as the
majority of the studies did not measure the levels of nicotine
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in blood and may therefore not be comparable to each other.
Only two studies calculated the correlation between plasma/
serum nicotine concentrations to cortical activity [26, 28].
While one of them did not find a significant correlation of
serum nicotine and cortical excitability [28], the other did,
showing that the effects of nicotine on EEG activity seem to
be more pronounced for higher amounts of plasma nicotine
(ca. 15-20 ng/ml) [26]. For the remaining studies, such cor-
relations were not estimated. However, many based their
doses and waiting period until the measurement on previous
studies. For example, the studies using nasal spray as admin-
istering method had a waiting time of 10 min, as this is the
estimated time for the plasma nicotine to peak, while stud-
ies using a nicotine patch had a waiting time of 6 h for the
same reason. Still, although they had a waiting time adjusted
for the nicotine peak, this peak signified a different level of
plasma nicotine for each nicotine dose and administration
technique. While 1 mg of nicotine administered via nasal
spray peaks at 8—9 ng/ml plasma nicotine [88], a nicotine
patch does it at 11-13 ng/ml [89] and 1 mg nicotine capsule
at 4-5 ng/ml [90]. Yet, since the administration technique
and dose were highly variable, and no study directly studied
the relationship between nicotine blood levels and outcomes,
no conclusion can be drawn in terms of which protocol will
lead to a better effect. For this, further studies should attempt
to find the optimal dose and administration method by con-
trolling for nicotine blood levels.

The second systematic search focused on the effect of
NIBS-treatment protocols on influencing smoking behav-
iour. Cigarette consumption, craving, dependence and absti-
nence rates were found to be improved via rTMS administra-
tion by the majority of reviewed studies [43, 44, 46, 49-51,
55, 56, 59, 60, 63, 65, 70, 72], supporting this technique
as a potential treatment for smoking cessation. In the case
of tDCS application for treatment purposes, although some
studies failed to find an effect on smoking behaviour [53,
61, 62, 74, 75], there is a trend towards a positive impact
of tDCS on craving levels, cigarette consumption or absti-
nence rates [45, 47, 57, 58, 64, 67, 71, 73, 77]. However, a
large inter-study variability in outcomes must be acknowl-
edged. The reasons for this variability are among others the
response variability to NIBS in general including patient
related factors like individual anatomy or genetic factors
[91], differences in study designs (inclusion and exclusion
criteria, endpoint definition, duration of treatment and fol-
low-up) and differences in the applied stimulation techniques
(see Table 2). In terms of craving symptoms, the results
point towards an effect when the number of sessions is five
or higher and this seems to be independent of the stimulation
site (i.e. right or left DLPFC). The only study done under
these conditions does not find an effect, however, this study
was carried in a population of Schizophrenia patients, which
might have an impact itself on the findings. For number of

cigarettes smoked and abstinence rates, the results suggest
that five or more sessions placing the anode over the left
DLPFC are effective, again with the only exception of the
study carried on the schizophrenic population. Additionally,
the placing of the cathode is heterogeneous across studies
and no clear pattern is recognizable from the findings. Thus,
more research is needed to identify the optimal tDCS place-
ment montage.

In conclusion, the effect of nicotinergic modulation
on both intracortical excitability and cortical plasticity,
and therefore its potential impact on cognitive processes,
depends on smoking status of the individual. In terms of
cortical excitability, while in smokers nicotine administra-
tion led to an increase of cortical facilitation, the contrary
was visible in non-smokers, namely an increase in cortical
inhibition. Regarding cortical plasticity, although nicotine
administration has a favourable effect on plasticity when
given to smokers, the opposite appears to be true with non-
smokers. From this physiological perspective, one may dis-
cuss that nicotine has focusing function improving signal-
to-noise ratios and paving the way for potential treatment
options targeting cognitive deficits. Moreover, in the basis
of these findings, nicotine receptors may be a potential target
as treatment aids for cognitive impairments in neurodevel-
opmental or neurodegenerative disorders (for animal data
review see: [92]). Nicotine receptors could be targeted either
by nicotine substitution techniques (e.g. nicotine patch) or
through influencing the calcium permeability of the recep-
tors, as was done in two studies, either through fluoxetine
[40] or dextromethorphan [39] or via novel compounds [93].
Nevertheless, studies confirming the efficacy of these tech-
niques are still needed and the risk to develop a nicotine
addiction, especially in psychiatric populations, must be
considered. Regarding treatment strategies, not only has nic-
otinergic modulation a repercussion on cortical activity, but
the inverse appears to be true as well, namely that a change
of cortical activity can influence smoking behaviour. Brain
stimulation protocols such as rTMS and tDCS constitute this
way promising treatment strategies for smoking cessation.
Nevertheless, it should be taken into account that the stated
findings regarding neuroplastic modes of action of nicotine
refer mainly to studies targeting the primary motor cortex,
and therefore the effects of either nicotine on cortical activ-
ity or neurostimulation to target tobacco addiction might not
translate to other brain areas.

Future research should focus on understanding how plas-
ticity functions related to nicotinergic modulation impact
the course of psychiatric disorders. Moreover, prospective
studies should target understanding how this nicotinergic
modulation effect can be used to develop NIBS-treatment
protocols that combine both neurostimulation with nicotin-
ergic stimulation. Additionally, since there is a high response
variability to NIBS, as noticed by diverse study outcomes,



additional research should aim attention at understanding to
which extent smoking contributes to this variability.
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