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Tables 665	  

Table 1. Resting state fMRI studies (in alphabetical order) included in the review 666	  

 Study 
Name: 

Nicotine 
intake: 

(FTND>6) 

Control 
Condition: 

Total N, sex, 
Age range 

 

Seed regions Analysis Main results (Smokers  compared 
to Non-smokers) 

a) Chronic Smokers v. Non-smokers (n=13) 
1 Breckel et 

al., 2013 
16.3 cigarettes 
per day for at 
least 2 years, 
last cigarette 
smoked 2 hours 
before scan  

Never smoked 35:16f, 19m,  
19-44 yrs 
 
18 CS, 17 NS 
 

Functional 
network 
integration 
(global efficiency 
and clustering)  

Graph theory, 
(nodes/vertices) 

↔ Left insula 
↔ Middle frontal gyrus 

2 Chu et al., 
2014 

Smoked 10 or 
more cigarettes 
per day during 
the previous 
year, had 
smoked for 
more than five 
years, had no 
period of 
smoking 
abstinence 
longer than 3 
months in the 
past year and 
met ICD 10 
criteria for 
nicotine 
dependence 
were eligible 
for the study. 

Never smoked 39 M, 
Chinese Han,  
23-40yrs 
 
20 CS, 19 NS 

Quantitative 
measurements of 
network of low 
frequency 
oscillations, 
correcting for 
physiological 
noise in non-
specific brain 
areas (fALFF) 

Fractional 
Amplitude of 
Low Frequency 
Fluctuation 
(fALFF) 

Smokers > non-smokers 
↑ fALFF in the left middle occipital 
gyrus, left 
limbic lobe and left cerebellum 
posterior lobe. 
↓ fALFF in the right middle frontal 
gyrus, right superior temporal gyrus, 
right extra nuclear, left postcentral 
gyrus and left cerebellum anterior 
lobe.  
 
Heavy smokers > light smokers 
↑ fALFF in the right superior 
temporal gyrus, right precentral 
gyrus, and right occipital lobe/cuneus  
↓ fALFF in the right/left limbic 
lobe/cingulate 
gyrus, right/left frontal lobe/sub gyral, 
right/left cerebellum posterior lobe 

3 Janes et al., At least 10 13 Never 29:29f (age Subcortical Independent ↑ coupling between left fronto-
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2012 cigarettes per 
day in the last 6 
months; 
“allowed to 
smoke until 
shortly before 
the study visit.” 

smoked; two 
smoked <2 
packs of 
cigarettes in 
their lifetime 
approximately 
30 years 
previously, 
and one 
smoked <10 
packs of 
cigarettes 14 
years 
previously. 

range not 
given) 
 
13 CS, 16 NS 

limbic network 
 
Medial prefrontal 
cortex network 
 
Left 
frontoparietal 
network 
 
Right 
frontoparietal 
network 

Components 
Analysis 
(ICA), and dual 
regression 
approach 

parietal and medial prefrontal 
networks 
↑ Subcortical limbic network 
amplitude 

4 Huang et 
al., 2014 

Smoked at least 
daily for the 
past 
year and have a 
lifetime history 
of smoking 
>100 cigarettes. 

Smoked no 
more than two 
cigarettes in 
lifetime, and 
none in the 
year prior to 
scan 

21 CS; ‘both 
genders’; 18-
39 yrs 
 
 

Anterior 
cingulate 
 
 

Independent 
Components 
Analysis 
(ICA), and 
seed-based 
approach 
 

↑ functional connectivity between the 
anterior cingulate cortex and the 
precuneus, 
caudate, putamen, and frontal cortex 

5 Lin et al., 
2015 

20 cigarettes 
per day for at 
least 5 years, no 
period of 
abstinence for 
more than 3 
months; no 
special 
instruction 
regarding 
whether they 
should or 
should not 
smoke before 
the study, but 

Smoked no 
more than 5 
cigarettes in 
their lifetime. 

64;12f, 52m;  
33 – 58 yrs 
 
31 CS 
(heavy) vs 33 
NS 
 

45 nodes of 
anatomical 
interest, repeated 
for each 
hemisphere, 
correlational 
matrices across 
the 90 regions 

Area Under the 
Curve (AUC) 
measures of 
topographic 
networks, 
graph network 
analysis 
(nodes/vertices) 

↓global efficiency.  
↑ local efficiency and clustering 
coefficients and greater path length.  
↓ nodal global efficiency mainly in 
brain regions within the default mode 
network. 
↑ nodal local efficiency in the visual-
related regions.  
Association between the altered 
network metrics and the duration of 
cigarette use or the severity of 
nicotine dependence. 
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no withdrawal 
symptoms 
before the 
study. 

6 Moran et 
al., 2013 

First degree 
smoking 
relatives of 
individuals 
diagnosed with 
schizophrenia: 
19.5 cigarettes 
per day; 17.5 
packs per year; 
smoke 1 
cigarette prior 
to scan but not 
30 mins before 
scan 

Never smoked  65 (gender 
not given) 
18-58 yrs 
 
37 CS, 28 NS 
 

dACC Seed-based 
analysis 

↓dACC – right limbic cluster (VS, 
parahippocampal, amygdalar, and 
posterior 
Insular) resting connectivity strength 
that correlated with nicotine addiction 
severity 
 

7 Pariyadath 
et al., 2014 

Scored at least 
6 on the 
Fagerstrom 
Test, smoking 
ad libitum 
before the scan 
(no details of 
number of 
cigarettes and 
number of 
years smoking) 

Never smoked 42, 20f, 22m 
28-48 yrs 
 

16 RS networks, 
including: 
sensorimotor, 
auditory, 
thalamus/caudate, 
ECN (mPFC, 
dlPFC, DS, 
midbrain), DMN 
(mPFC, 
cerebellum, 
cuneus), visual, 
frontal, 
cerebellum, 
frontoparietal, 
higher order 
network (dlPFC, 
parietal) 

Support vector 
machine 
(SVM) based 
classification 
applied to 
resting state 
networks 

Within-network functional 
connectivity measures better predict 
smoking status than between-network 
connectivity (the representativeness 
of each individual node with respect 
to its parent network). Connectivity 
measures between the executive 
control network and frontoparietal 
network predict smoking status. 

8 Tang et al., 10 or more Never smoked 89: 18f, 71m A measure of Whole Brain ↓ReHo in the right inferior frontal 
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2011 cigarettes per 
day during the 
previous year; 
no abstinence 
longer than 3 
months 

19-39yrs 
 
45 CS, 44 NS 

connectivity 
synchronization 
between brain 
regions 
 
 
 
 

Regional 
Homogeneity 
(Wb ReHo) 

cortex 
↑ ReHo in the left superior parietal 
lobe 

9 Wang et 
al., 2007 

No smoking at 
least 12 hours 
before the scan 

Never smoked 42 m,  
19-28 yrs 
22CS 
20NS 
 

T-tests of GBC 
between groups 

Global Brain 
Connectivity 
(GBC) 

State of abstinence smokers > 
controls 
↑GBC in the insula and superior 
frontal gyrus  
 
 

10 Weiland et 
al., 2015 

12.2 cigarettes 
per day on 
average  

Never smoked Total n=650 
 
452 CS, age 
31.4  (m 276, 
f 176)  
 
198 NS, age 
30.1 yrs (117 
m, 81 f) 

Dorsal DMN and 
the right 
and left executive 
control networks 
(RECN and 
LECN) 

ICA within 
DMN and 
ECNs, group 
differences in 
network 
connectivity 
strength using 
predefined 
algorithms. 
 

↓network strength in smokers than 
non-smokers in the left ECN and 
DMN. 
 
↓ lower connectivity than non-
smokers associated with key network 
hubs: the dorsolateral prefrontal 
cortex, and parietal nodes within 
ECNs. Further, ECN connectivity 
strength was negatively associated 
with pack years of cigarette use. 

11 Wu et al., 
2015 

37.26 cigarettes 
per day on 
average. 
Smoking for 
25.42 yrs, 
Fagerstrom 
Test score 8.87 

Never smoked Total n=68 
 
34 CS, age 
46.29 yrs (m 
24, f 7) 
 
34 NS, age 
46.91 yrs 
(m28, f 5) 

Voxel by voxel 
intrinsic brain 
activity 

ReHo with the 
RestingState 
fMRI Data 
Analysis 
Toolkit (REST) 
(Song et al. 
2011) 

Compared with non-smokers, heavy 
smokers showed 
decreased ReHo primarily in brain 
regions associated with the 
default-mode, frontoparietal attention, 
and inhibitory control 
networks; heavy smokers showed 
increased ReHo predominately 
in regions related to motor planning. 

12 Yu et al., 
2011 

 At least 15 
cigarettes per 

Never smoked 32m 
39-47yrs 

A measure of 
connectivity 

Regional  
Homogeneity 

↓ ReHo in medial and lateral PFC,  
↑ ReHo in insula and 
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day for at least 
10 years 

 
16 CS, 16 NS 

synchronization 
between brain 
regions 

with ROIs 
(ROI ReHo) 

posterior cingulate cortex. 

13 Zhang et 
al., 2011 

Average 21 
cigarettes per 
day for average 
12 years; no 
cigarette for at 
least 2 hours 
before the scan 

Never smoked 44: 21f, 23m 
21-50yrs 
 
For resting 
state analyses 
a sub-set was 
examined: 
 
18 CS, 18 NS 

6 regions that 
were more 
activated in 
smokers 
compared to non-
smokers during 
prior cue-induced 
fMRI: 
dorsal 
lateral prefrontal 
cortex (dlPFC), 
dorsal medial 
prefrontal cortex 
(dmPFC), dorsal 
anterior cingulate 
cortex/ 
cingulate cortex, 
rostral anterior 
cingulate cortex 
(rACC), occipital 
cortex, and 
insula/operculum. 
 
 
 
 

 
Seed based 
resting state 
functional 
connectivity, 
derived from 
cue-induced 
activations in 
smokers 

rsFC strength between rACC and 
dlPFC was positively correlated with 
the cue-elicited activity in dlPFC. 
rsFC strength between dlPFC and 
dmPFC was positively correlated with 
the cue-elicited activity in 
dmPFC while rsFC strength between 
dmPFC and insula/operculum was 
negatively correlated with the cue 
elicited 
activity in both dmPFC and 
insula/operculum 

b) Acute nicotine v. abstinence (n=10) 
1 Cole et al., 

2010 
4 mg Nicotine 
patch; current 
smokers who 
abstain during 
scan or prior 
smokers 

Placebo patch 17: 4f, 13m 
19-49yrs 
 
17 CS 

ECN/DMN Seed-based 
functional 
connectivity 

↑ inverse coupling between ECN and 
DMN. Improvements in withdrawal 
symptoms negatively 
correlated with altered functional 
connectivitywithin the DMN, and 
connectivity between 
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Double-blind, 
placebo 
controlled, 
cross-over 
design. 

the ECN and regions implicated in 
reward processing. 

2 Ding et al., 
2013 

>5 years, >15 
cigarettes/day. 
Scored at least 
6 on the 
Fagerstrom 
Test. Smoked 
before the scan 
until satisfied 

Repeat scan in 
smokers, but 
after 
abstaining for 
12 hours prior 
to scan (to 
evoke nicotine 
withdrawal) 

21 CS m (22-
30yrs) 

Initial ICA to 
obtain maps for 
default-mode 
network (DMN), 
executive-control 
network (ECN), 
and salience 
network (SN). 
Secondary 
analyses with 
GCA  

Independent 
Components 
Analysis (ICA) 
and Grainger 
Causality 
Analysis 
(GCA) 

↓ effective connectivity from SN to 
DMN after smoking 
↑ from ECN/DMN to SN was after 
smoking  
A paired t-test on ICA spatial 
patterns revealed functional 
connectivity variation in regions such 
as the insula, parahippocampus, 
precuneus, anterior 
cingulate cortex, supplementary 
motor area, and 
ventromedial/dorsolateral prefrontal 
cortex.  
These regions were later 
selected as the regions of interest 
(ROIs), and their effective 
connectivity was investigated using 
GCA.  
↑  insula effective connectivity with 
the other ROIs; while in smoking 
satiety, the parahippocampus had the 
enhanced inter-area effective 
connectivity. 

3 Janes et al., 
2014 

Current 
dependent 
smokers, 
average 7 pack 
years of 
smoking use 
(number of 
packs of 

One-hour 
abstinence 

17: 8m, 9f 
20-30yrs 
17 CS 

OMPFC resting 
state network, 
including the 
sgACC 
extending into 
the ventral 
striatum. 

Seed-based 
functional 
connectivity 
and correlation 
with craving 

↑coupling with greater craving 
between the OMPFC network and 
other cortical, limbic, striatal, and 
visceromotor brain regions 
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cigarettes 
smoked/day X  
years as a 
smoker) ≥10 
cigarettes per 
day for the last 
6 months  

4 Hong et 
al., 2009 

21-35 mg 
single dose 
nicotine patch; 
current smokers  
≥10 cigarettes 
per day, who 
abstain during 
the scan or 
prior smokers; 
double-blind 
place 
controlled, 
randomised, 
cross-over 
design. Two 
scans between 
5-14 days apart. 
Abstain from 
smoking for 2 
hours prior to 
scan and 4.5 
hours prior to 
patch 
administration. 

Placebo patch 19:14m, 5f 
18-50yrs 
 
19 CS 

LdACC, LvPCC, 
LdPCC, LsACC, 
RMCC, RvPCC, 
RdPCC 

Seed-based 
functional 
connectivity 
and correlation 
with craving 

↑ dACC-dorsal striatal functional 
connectivity circuits correlated 
positively with severity of nicotine 
addiction (not modified by nicotine 
patch administration) 
↑ cingulate-neocortical functional 
connectivity enhanced by acute 
nicotine administration 

5 Huang et 
al., 2014 

Smoked at least 
daily for the 
past 
year and have a 
lifetime history 

11h of 
abstinence 

21 CS; ‘both 
genders’; 18-
39 yrs 
 
 

Anterior 
cingulate 

Independent 
Components 
Analysis 
(ICA), and 
seed-based 

↑ connectivity 
between the anterior cingulate cortex 
and the precuneus, insula, orbital 
frontal gyrus, superior frontal gyrus, 
posterior cingulate cortex, superior 
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of smoking 
>100 cigarettes. 

approach temporal, 
and inferior temporal lobe 
 
↑ strength of connectivity with 
intensity of craving between the 
anterior cingulate 
cortex and the precuneus, insula, 
caudate, putamen, middle cingulate 
gyrus, 
and precentral gyrus 

6 Lerman et 
al., 2014 

Smoking satiety 
in smokers , 
who had 
cigarette 20 
minutes before 
scan.  Smokers 
having ≥10 
cigarettes per 
day for 
≥6months 
 

24 hours of 
abstinence 

37 
19-61yrs 
 
37 CS 

Strength of 
coupling between 
DMN, ECN and 
SN 

Resource 
Allocation 
Index (RAI) 

↓ RAI in the abstinent compared with 
the smoking satiety 
states suggesting weaker inhibition 
between the 
default mode and salience networks 
↓ abstinence-induced cravings to 
smoke and less suppression 
of default mode activity (vmPFC, 
PCC) 

7 Moran., et 
al., 2012 

21-35 mg 
Nicotine patch ; 
current smokers 
who abstain 
during the scan 
or prior 
smokers 

Placebo patch 24 CS: ns, 
18-50 
 
 

L pIns,  
R pIns, 
L dACC 
L daCC 
R dACC 

Seed-based 
functional 
connectivity 
and correlation 
with craving 

↓ correlations between ↑ smoking 
severity and rsFC between insula, 
dACC and striatum  
 

8 Tanabe, et 
al., 2011 

7mg Nicotine 
patch; All 
subjects 
were nicotine-
free for at least 
3 years prior to 
the study, and 
so were prior, 

Placebo patch 19 CS: 11m, 
8f 
Average age: 
30yrs 
 
 

DMN Group 
independent 
components 
analysis (ICA) 
was performed. 

↓ coupling in the default network in 
the posterior 
cingulate cortex, precuneus, 
paracentral lobule, and medial 
orbitofrontal cortex 
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not current 
smokers 

9 Wang et 
al., 2014 

Smokers 
allowed to 
smoke 2 
cigarettes 
before the scan 
(SOS) 

No smoking 
for 12 hours 
prior to scan 
(SOA) 

42 CS m,  
19-28 yrs 
 
 

T-tests of GBC 
between groups 

Whole Brain 
Regional 
Homogeneity 
(Wb ReHo) 

State of satisfaction smokers > state 
of abstinence  
↓ GBC in several regions of the 
DMN, as compared 
with smokers in the SOA condition. 

10 Wylie et 
al., 2012                                                                                                                  

All subjects 
were non-
smokers, 10 
had never 
smoked, while 
5 had minimal 
previous 
tobacco use. No 
subject had a 
lifetime use of 
more than 100 
cigarettes and 
all were 
nicotine-free 
for at least 3 
years prior to 
the study. 
Subjects were 
scanned before 
and 90 minutes 
after receiving 
a 7 mg 
transdermal 
nicotine 
patch. 

Placebo patch 15 CS: 9m, 
6f 
Average age: 
29yrs 
 
15 NS 

DMN, ECN Network 
topology using 
graph theory 
(nodes/vertices) 
based on 
previously 
published 
ROIs. 

No effect on average connectivity 
was observed. 
↑ in local efficiency  
↑global efficiency 
↑in the regional efficiency of limbic 
and paralimbic areas.  
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Summary of smoking versus non-smoking rsfMRI studies:  
Increased coupling between fronto-parietal (precuneus) networks, increased limbic (striatum, cerebellum) network amplitude. Increased connectivity 
between the insula and superior frontal gyrus and posterior cingulate.  Increased local efficiency and clustering coefficients and greater path length and 
amplitude frequency in visual networks.  Reduced dACC – right limbic cluster (VS, parahippocampal, amygdalar, and posterior insular).  Reduced 
global efficiency within the DMN, reduced frequency amplitude in a frontotemporal network. Within-network functional connectivity measures better 
predict smoking status than between-network connectivity.  Reduced regional connectivity within the right inferior frontal cortex but increased 
regional connectivity in the left superior parietal lobe.  Connectivity measures between the executive control network and frontoparietal network 
predict smoking status and nicotine dependence.  Main circuits implicated: Fronto-parietal increases, and increased DMN in general with reduced 
efficiency.  Reduced connectivity between anterior cingulate and limbic regions.  Greater connectivity in DMN and reduced ECN. 
 
Summary of acute nicotine versus abstinence rsfMRI studies: 
Increased inverse coupling between ECN and DMN.  Increased coupling with greater craving between the OMPFC network and other cortical and 
limbic brain regions.  Increased cingulate-neocortical functional connectivity enhanced by acute nicotine administration. Increased connectivity 
between the anterior cingulate cortex and the precuneus, insula, frontal cortex, posterior cingulate cortex and temporal lobe.	  Weaker inhibition between 
the default mode and salience networks in smoking abstinence versus smoking satisfaction. Higher smoking severity and lower rsFC between insula, 
dACC and striatum after nicotine. Main circuits implicated: Cingulate cortex and connections to the parietal and limbic regions, greater connectivity 
in ECNs.  

n=number of participants, f= female, m=male, ns=not specified, ROI=Region of Interest analysis; ↔ equal connectivity between two brain 667	  
regions, ↑=increase in connectivity,  ↓=decrease in connectivity, CS= Chronic Smoker, NS=Non-smoker, GBC=Global Brain Connectivity, 668	  
WB=Whole Brain Analysis, ReHo= Regional Homogeneity (functional coherence between neighbouring voxels), r= right, l=left, DMN=Default 669	  
Mode Network, ECN= Executive Control Network; OMPFC=orbitomedial prefrontal cortex 670	  

 671	  

 672	  


