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Abstract
Studying the neural correlates of craving to smoke is of great importance to improve treatment outcomes in smoking addiction.
According to previous studies, the critical roles of striatum and frontal brain regions had been revealed in addiction. However, few
studies focused on the hub of brain regions in the 12 h abstinence induced craving in young smokers. Thirty-one young male smokers
were enrolled in the present study. A within-subject experiment design was carried out to compare functional connectivity density
between 12-h smoking abstinence and smoking satiety conditions during resting state in young adult smokers by using functional
connectivity density mapping (FCDM). Then, the functional connectivity density changes during smoking abstinence versus satiety
were further used to examine correlations with abstinence-induced changes in subjective craving. We found young adult smokers in
abstinence state (vs satiety) had higher local functional connectivity density (lFCD) and global functional connectivity density (gFCD)
in brain regions including striatal subregions (i.e., bilateral caudate and putamen), frontal regions (i.e., anterior cingulate cortex (ACC)
and orbital frontal cortex (OFC)) and bilateral insula. We also found higher lFCD during smoking abstinence (vs satiety) in bilateral
thalamus. Additionally, the lFCD changes of the left ACC, bilateral caudate and right OFCwere positively correlated with the changes
in craving induced by abstinence (i.e., abstinence minus satiety) in young adult smokers. The present findings improve the under-
standing of the effects of acute smoking abstinence on the hubs of brain gray matter in the abstinence-induces craving and may
contribute new insights into the neural mechanism of abstinence-induced craving in young smokers in smoking addiction.

Keywords Resting state . Functional connectivity densitymapping (FCDM) .Abstinence-induced craving .Young adult smokers

Introduction

Cigarette smoking is a global public health problem
(Bloomfield et al. 2014), and it is themost common preventable
cause of morbidity andmortality in the developed world (Naqvi

et al. 2007). In a recent Word Health Organization (WHO)
report, smoking abstinence can slow down the progress of the
disease in smokers and decrease chronic obstructive pulmonary
disease (COPD)-related deaths (http://www.who.int/en/).
Although being aware of the negative outcomes of smoking,

Shuzhi Zhao and Yangding Li contributed equally to this work.

* Yangding Li
lyd271@126.com

* Likun Yang
beck_yang@163.com

* Kai Yuan
kyuan@xidian.edu.cn

1 College of Computer Science and Information Technology, Guangxi
Normal University, Guilin, Guangxi 541004, People’s Republic of
China

2 Guangxi Key Lab of Multi-Source Information Mining and Security,
Guilin, Guangxi 541004, People’s Republic of China

3 School of Life Science and Technology, Xidian University,
Xi’an, Shaanxi 710071, People’s Republic of China

4 Engineering Research Center of Molecular and Neuro Imaging,
Ministry of Education, Xi’an, People’s Republic of China

5 Information Processing Laboratory, School of Information
Engineering, Inner Mongolia University of Science and Technology,
Baotou, Inner Mongolia, People’s Republic of China

6 Department of Neurosurgery, No 101 Hospital of Chinese PLA,
Wuxi, People’s Republic of China

Brain Imaging and Behavior (2019) 13:953–962
https://doi.org/10.1007/s11682-018-9911-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s11682-018-9911-3&domain=pdf
http://orcid.org/0000-0002-3098-1124
http://www.who.int/en
mailto:lyd271@126.com
mailto:beck_yang@163.com
mailto:kyuan@xidian.edu.cn


most smokers found it hard to quit, and even those who had quit
experience urge to smoke and tend to relapse (Cooper 2001;
U.S. Department of Health and Human Services; USDHHS,
1988). Smoking abstinence can cause withdrawal symptoms
such as craving and negative mood, and the severity of
abstinence-induced craving is theorized to be a major motivator
for continued smoking and a significant predictor of smoking
relapse, especially during the early stage of smoking abstinence
(Addicott et al. 2014; Lerman et al. 2007; Xue et al. 2012).

In a previous study, the striatal morphology (volume, sur-
face area, and shape) was found to be associated with smoking
craving assessed by the brief questionnaire of smoking urges
(QSU) (Janes et al. 2015b). By using positron emission to-
mography (PET), researchers found that smoking could in-
crease dopamine release in striatum region, thus leading to
craving, withdrawal and smoking behavior (Le et al. 2014).
According to previous substance use disorder (SUD) studies,
it has been discovered that the vital roles of fronto-striatal
circuits, which were mainly related to reward (striatum) and
cognitive control (prefrontal cortex) mechanism (Feil et al.
2010; Kober and Ochsner 2010; Li et al. 2016; Yu et al.
2017; Yuan et al. 2017). Meanwhile, modular dysfunction
and structural abnormity within fronto-striatal circuits had also
beenmeasured in smokers (Jasinska et al. 2014; Li et al. 2015,
2016; Martin-Soelch 2013; Yuan et al. 2016, 2017). For ex-
ample, the structural and functional abnormities of striatum
were detected separately in previous studies of smoking ad-
diction (Hanlon et al. 2015; Li et al. 2015; Yip et al. 2014).
The abnormalities in frontal brain regions had also been de-
tected in smokers, such as reduced gray matter and dysfunc-
tion of orbitofrontal cortex (OFC), anterior cingulate cortex
(ACC), and dorsolateral prefrontal cortex (DLPFC) (Feil et al.
2010; Yu et al. 2011; Zhao et al. 2012). Furthermore, the
resting-state functional connectivity (RSFC) changes between
caudate (striatum subregion) and dorsolateral prefrontal cortex
(DLPFC), orbitofrontal cortex (OFC) were found in a resting-
state study (Yuan et al. 2016), and the fiber tract integrity of
the left DLPFC-caudate pathway was negatively correlated
with functional coupling within this circuit and activation of
the caudate induced by smoking cue in smokers (Yuan et al.
2017). In addition, both striatum and prefrontal cortex (PFC)
dopamine system changes had been discovered in smokers
(Newberg et al. 2007; Wing et al. 2015). Thus, we hypothe-
sized that striatum and frontal brain regions are the key nodes
of brain in the abstinence-induces craving in young smokers.

In the current study, by conducting a within-subject exper-
iment, we explore the brain resting-state properties after 12-h
smoking abstinence (vs satiety) in young adult smokers. In
previous researches, functional connectivity density mapping
(FCDM) approach was used in developing imaging bio-
markers for diagnostics/prognosis, such as neuropsychiatric
diseases of sex brain, Traumatic Axonal Injury (TAI), White
matter lesions (WMLs), and schizophrenia (Caeyenberghs et

al. 2015; Ding et al. 2016; Tomasi and Volkow 2012b). This
method showed commendably high functional connectivity
density of brain regions (hubs) and could reflect energy con-
sumption of the brain tissue (Tomasi et al. 2013; Tomasi and
Volkow 2011). However, few studies used FCDM method to
examine the hub of brain gray matter in the abstinence-
induces craving of young smokers. Therefore, we employed
FCDM method to compare the resting-state properties be-
tween 12-h abstinence and satiety conditions in young adult
smokers. We hypothesized that following 12 h of abstinence,
smokers would display higher striatal and frontal functional
connectivity density (hubs) values compared to satiety, and
these changes would be related to changes in individual crav-
ing. We hope this work could facilitate the understanding of
the roles of striatal and frontal brain regions in abstinence-
induced craving in young smokers.

Materials and methods

Ethics statement

The procedures of present study were approved by the ethic
committee of medical research in First Affiliated Hospital of
Baotou Medical College, Inner Mongolia University of
Science and Technology, Baotou, China. After understanding
our research objectives, all participants gave the written in-
formed consent. All experimental procedures followed the
guidelines of human medical research (Declaration of
Helsinki).

Participants

Thirty-one young male smokers (18.5 ± 1.5 years; ≥ 10
cigarettes/day for ≥1 year) with no attempt to quit or
experience in smoking abstinence in the past 6 months
had participated in this study (Table 1). All participants
were right-handed as measured by the Edinburgh
Handedness Inventor (Oldfield 1971). The nicotine-
dependent level is evaluated by the Fagerström Test for
Nicotine Dependence (FTND) (Heatherton et al. 1991).
Exclusion criteria for participates included any contrain-
dications (e.g., non-reversible metal implants, claustro-
phobia, etc.) for MRI scanning, any physical illness
(e.g., brain tumor, obstructive lung disease, etc.), or the
neurological and mental disorders (e.g., mental disorders
of the organism, bipolar depression, schizophrenia spec-
trum disorder, etc.). Alcohol use disorder measured by
Alcohol Use Disorders Identification Test was also ex-
cluded. The IQ of subjects score > 90 (measured by
Wechsler intelligence Scale). No any medications cur-
rently that may affect cognitive function.
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Procedure

We used a within-subject design with two identical functional
MRIs sessions occurring 1–3 weeks apart: the satisfied
(smoking as usual) and abstinent (12 h abstinence) partici-
pants. The satisfied participants smoked as usual about
20 min before scanning. During the abstinent session, partic-
ipants were prohibited from using cigarettes, alcohol or other
drugs (including caffeine, nicotine) at least 12 h before scan,
confirmed by results of a urine drug screen and a breath test
for alcohol. In addition, expiratory carbon monoxide (CO)
levels of all participants were measured by the Smokerlyzer

system (Bedfont Scientific Ltd., Rochester, UK). During ab-
stinence state, CO levels in the exhaled breath confirmed to
≤8 ppm (p.p.m), which showed a distinct reduction in CO
levels for each participant compared to that measured in sati-
ety state (> 10 p.p.m.). Before each scan, subjective craving
was assessed by the brief 10-item Questionnaire for smoking
urges (QSU) (Cox et al. 2001) and participants were required
to agree or disagree with each item in the questionnaire using
intensity of 1 (weakly agree) to 7 (weakly disagree).

Data acquisition

The experiment was carried out on a 3-Telsa Philips scan-
ne r (Ach ieva ; Ph i l ips Medica l Sys tems , Bes t ,
The Netherlands) at the First Affiliated Hospital of
Baotou Medical College, Inner Mongolia University of
Science and Technology, Baotou, China. Earplugs and a
head cervical fixation with foam pads were used to lessen
engine noise and head movements. Each individual high-
resolution structural MR images were acquired using the
three-dimensional MRI sequence of voxel size 1 mm3

employing a fast axial spoiled gradient recalled sequence
(TR = 1900 ms; TE = 2.26 ms; data matrix = 256 × 256;
field of view = 256 × 256 mm2). The structural images
were examined to exclude the possibility of clinically si-
lent lesions for all of the participants by two expert radi-
ologists. The resting-state functional images were obtain-
ed with echo-planar imaging (30 contiguous slices with a
slice thickness of 5 mm; TR = 2000 ms; TE = 30 ms; flip
angle = 90°; field of view = 240 × 240 mm2; data matrix =
64 × 64; total volumes = 180). During a 6-min functional
scan, subjects were ordered to close their eyes, did not
think anything, and stayed awake throughout the session.
After the scan, the participants were asked whether or not
they remained awake during the whole procedure.

Data analysis

All of the data preprocessing procedures were performed
using in Analysis of Functional NeuroImages (AFNI, http://
afni.nimh.nih.gov/) and FMRIB Software Library (FSL,
www.fmrib.ox.ac.uk), which included skull-stripping, slice
timing correction, and registration to a base EPI volume.
Due to the instability of early MRI signals and the
adaptation of the subjects in the scanning environment, the
first 10 volumes of every functional time series removed
from the analysis. The images were then corrected for the
latency of acquisition between slices, aligned with the first
image of each session for motion correction, and spatially
normalized to the standard MNI_152_2mm template in the
FSL. All data were resampled to 3 × 3 × 3 mm cubic voxels.
No headmotionhad beenmovedmore than 1mmor rotated 1°
in any direction. The nuisance signal regression including the

Table 1 The age of each smoke and the craving scores in both sessions
(satiety and abstinence)

Subjiect ID Items

Age (year) Craving scores

Satiety Abstinence

1 20 12 13

2 19 25 64

3 18 24 54

4 20 31 55

5 19 15 41

6 20 49 52

7 18 10 40

8 19 29 32

9 18 17 33

10 19 42 52

11 18 28 45

12 18 30 58

13 19 45 52

14 20 20 68

15 17 20 56

16 18 37 45

17 17 10 29

18 18 14 18

19 18 20 48

20 17 16 41

21 19 20 37

22 18 18 39

23 18 49 68

24 19 13 17

25 18 11 34

26 19 24 41

27 17 34 52

28 18 18 26

29 19 27 43

30 20 16 25

31 19 11 12
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motion parameters estimated in the rigid-body head motion
correction, their first-order temporal derivatives, white matter
and ventricular cerebrospinal fluid (CSF) signal. Lastly, the
bandpass filter (0.01 Hz < f < 0.08 Hz) was applied to elimi-
nate physiological and high frequency noise.

After data preprocessing, the number of significant func-
tional connections per voxel in the local cluster (k) was used to
evaluate functional connectivity density (Zhu et al. 2018;
Tomasi and Volkow 2010; Hu et al. 2016), which was per-
formed using Functional Connectivity Density Mapping tool-
box (Addicott et al. 2014; Tomasi and Volkow 2010). Two
parameters were used to calculate lFCD: the correlation
threshold (TC) and the MRI signal-to-noise ratio threshold
(TSNR). TC was used to determine significant correlations be-
tween voxels, while TSNR was used to evaluate which voxels
of the image will be subject to correlation analyses (Tomasi
and Volkow 2010; Zhu et al. 2017; Lei and Zhu 2017). In
order to minimize the false positive rate of lFCD maps espe-
cially near air/tissue interfaces, we fixed TC = 0.6 and TSNR =
50 for all calculations of functional connectivity density.
What’s more, we used Pearson’s linear correlation to establish
the functional connectivity strength between voxels. The
gFCD calculation had the same spatial resolution, preprocess-
ing and postprocessing (spatial smoothing) steps as for lFCD,
but the number of significant connections (R > TC) without
local cluster restrictions is different (Tomasi and Volkow
2010; Zhang et al. 2017; Zheng et al. 2017).

Statistical analysis was carried out using FMRIB
Software Library (FSL, www.fmrib.ox.ac.uk). A paired t-
tests was used to compare functional connectivity density
alteration of smokers between the two smoking states [p <
0.05, family-wise error (FWE) corrected] (Fig. 1).
Isotropic cubic masks were defined at the centers of rele-
vant functional connectivity hubs to extract the average
strength of the lFCD signal from individual lFCD maps.
The average and standard deviation values of the lFCD
were computed for each subject. Then, ROI values were
extracted from the different brain regions and then the
values were used to draw a bar chart with error bars
(Fig. 1). Bonferroni correction was conducted for six
higher local functional connectivity density (lFCD-hubs)
at the whole brain level (p < 0.001). For each lFCD-hub,
individual abstinence-induced lFCD map was generated
by applying the individual lFCD map for each subject in
abstinence state minus the lFCD map in satiety state.
Then, to evaluate the possible relationship between the
abstinence-induced lFCD changes of lFCD-hubs and sub-
jective craving changes, voxelwise whole-brain multiple
regression analysis with the craving changes (abstinence
minus satiety) included as covariates was applied. Besides,
a series of Pearson’s correlation analysis were performed
to evaluate the possible relationships between abstinence-
induced craving changes and FTND, CO levels.

FCD

FCDM overcomes the limitations of seed-based ap-
proaches for the identification of hubs in the human brain
(Tomasi and Volkow 2010). The gFCD-map reflects the
total number of functional connections per voxel in the
functional anatomy of the brain across subjects, while
the searching algorithm computes the lFCD as k(x0) (the
number of elements in the local functional connectivity
cluster) when no new neighbors can be added to the list
of neighbors of x0 (Tomasi and Volkow 2011). The lFCD
and the gFCD both reflects high functional connectivity
density (hubs) with energy efficient and minimizing glu-
cose consumption (Tomasi et al. 2013; Tomasi and
Volkow 2010, 2011). We had used a single scaling factor
for different states (abstinence and satiety), 1/k0,
reflecting the mean lFCD across subjects and voxels in
the brain, k0, allowed us to normalize its distribution
and merge the data sets from different participators
(Tomasi and Volkow 2010, 2012b). Totally, the functional
connectivity density (FCD) can reflect alterations in the
connection number (Liu et al. 2017). A detailed descrip-
tion can be seen in Tomasi and Volkow.

Results

Descriptive data

All 31 young male smokers (all right-handed subjects) had a
mean age of 18.5 (standard deviation, SD =0.9) years (range,
17–20 years) and a mean of 13.3 (SD = 1.1) years of educa-
tion. They smoked a mean of 15.8 (SD = 2.0) cigarettes per
day, had a mean FTND score of 4.9 (SD = 1.3), and smoked
for a mean of 5.2 (SD = 2.1) years. As expected, the smoking
abstinence manipulation produced significant differences in
craving across the two sessions [average craving scores of
41.6 (SD = 15.3) vs. 23.7 (SD = 11.4) for abstinence and sati-
ety, respectively; p < 0.0001].

FCDM results

Figure 1 showed the statistical map of average lFCD and gFCD
distribution in smoking abstinence (vs satiety). Higher local
functional connectivity density (lFCD-hubs) and global func-
tional connectivity density (gFCD-hubs) both were found in
anterior cingulate cortex (ACC), bilateral insula, orbital frontal
cortex (OFC), bilateral putamen and bilateral caudate [p < 0.05,
family-wise error (FWE) corrected]. lFCD-hubs were found in
bilateral thalamus [p < 0.05, family-wise error (FWE)
corrected]. No brain regions with lower lFCD and gFCD
values during smoking abstinence (vs satiety) were found in
this study. The prominent functional connectivity hubs are
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located in the brain regions with frontal-striatum circuit.
Whole-brain multiple regression analysis discovered that the
changes of craving (abstinence vs satiety) were significantly
correlated with the lFCD changes in the left ACC, the bilateral
caudate, the right orbital frontal cortex(OFC) (FWE corrected,
p < 0.05; Fig. 2). The results of whole-brain correlation analy-
sis were corrected for multiple comparisons by using family-
wise error correction, while Bonferroni correction was used to
examine the Pearson correlations analysis (p < 0.001). After
correction, significant positive correlations were found in the
left ACC (r = 0.5581, p < 0.001, Bonferroni correction), the

right Caudate (r = 0.6099, p < 0.001, Bonferroni correction),
the left Caudate (r = 0.6273, p < 0.001, Bonferroni correction),
the right orbital frontal cortex(OFC) (r = 0.5662, p < 0.001,
Bonferroni correction) (Fig. 2).

Discussion

The period from late adolescence to emerging adulthood
is associated with the high prevalence of cigarette
smoking (Bi et al. 2017b; Jin et al. 2016; Li et al. 2015,

Fig. 1 Statistical map of average lFCD and gFCDdistribution in smoking
abstinence (vs satiety). gFCD- and lFCD-hubs (Tomasi and Volkow
2011) both were found in anterior cingulate cortex (ACC), bilateral
Insula, orbital frontal cortex (OFC), bilateral putamen and bilateral
caudate. [p < 0.05, family-wise error (FWE) corrected]. Higher lFCD
was found in bilateral thalamus. [p < 0.05, family-wise error (FWE)

corrected]. Error Bars plot was also proved the result of lFCD- and
gFCD-hubs. lFCD: local functional connectivity density; gFCD: global
functional connectivity density; lFCD-hubs: high local functional
connectivity density; gFCD-hubs: high global functional connectivity
density connectivity density

Brain Imaging and Behavior (2019) 13:953–962 957



2016, 2017; Yu et al. 2017; Yuan et al. 2016, 2017).
According to previous study, the early smokers are more
likely to become life-long nicotine dependence than adult-
hood (Smith and Nichols 2009). Additionally, young peo-
ple from late adolescence to emerging adulthood are char-
acteristic of alterations in physical, psychological and so-
cial function, which were induced to a high prevalence of
cigarette smoking (Li et al. 2016). Therefore, the study of
adolescent smoking is particularly important.

The present study examined the effects of 12 h of
smoking abstinence on the functional connectivity density
(lFCD and gFCD) of brain gray matter in young smokers,
as well as the correlations between the changes of
abstinence-induced lFCD and the changes of abstinence-
induced craving to smoke. We found that, after 12 h of
abstinence from smoking, the brain regions within frontal-
striatum circuit (i.e., OFC, ACC, bilateral caudate, bilat-
eral putamen), bilateral thalamus and bilateral insula ex-
hibited higher functional connectivity density in brain
gray matter. These regions were commonly implicated in
craving, which was consist with previous studies (Bi et al.
2017b; Goldstein and Volkow 2011; Hayashi et al. 2013;
Li et al. 2016, 2017; Yu et al. 2017; Yuan et al. 2016,
2017). According to previous studies, brain regions with
higher functional connectivity density (hubs) were associ-
ated with higher energy consumption and cerebral blood
flow (CBF) (Tomasi et al. 2013; Tomasi and Volkow
2011). Therefore, we think that the brain regions with

high functional connectivity density can predict higher
energy consumption and cerebral blood flow (CBF) at rest
during smoking abstinence.

As we expected, gFCD- and lFCD-hubs in striatum and
frontal brain regions were found. In a previous study, Li et al.
had found smoking abstinence can induce Regional homoge-
neity (ReHo) changes of brain regions within fronto-striatal
circuits in smokers (Li et al. 2016). Our results were consisted
with these previous findings. In other previous studies, DA and
nAChRs (nicotinic acetylcholine receptors) changes that occur
in the striatum as might be the case with cigarette smoking
(Bloomfield et al. 2014; Hilario et al. 2012; Kim et al. 2014),
and smoking was significantly associated with gray matter vol-
ume changes in the prefrontal cortex (PFC) and the anterior
cingulate cortex (ACC) (Fritz et al. 2014; Yu et al. 2011).
Additionally, the prefrontal cortex (PFC) was greatly crucial
in cognitive control in smokers (Feil et al. 2010; Feng et al.
2016; Nees et al. 2013), and the striatum was mainly associated
with reward (Feil et al. 2010; Li et al. 2016; Yuan et al. 2016).
The interactions between reward and cognitive control play
extremely crucial roles in investigating the underlying neural
mechanisms of smoking craving (Chua et al. 2011; Kober and
Ochsner 2010). The higher gFCD and lFCD in abstinence than
satiety would predict higher energy consumption and higher
CBF per unit weight of brain. Therefore, we suggested that
smoking abstinence would greatly change neural mechanisms
underlying information interactions, which in turn may affect
the balance between rewards and cognitive controls.

Fig. 2 Association of abstinence-induced craving with lFCD changes.
Multiple regression analysis revealed significant positive correlations be-
tween the lFCD changes and the changes in craving induced by 12-h
abstinence (i.e., abstinence minus satiety) in the left ACC, the bilateral
caudate, the right orbital frontal cortex(OFC) (FWE corrected, p < 0.05).

Significant positive correlations were also found in the left ACC (r =
0.5581, p < 0.001, Bonferroni correction), the right Caudate(r = 0.6099,
p < 0.001, Bonferroni correction), the left Caudate (r = 0.6273, p < 0.001,
Bonferroni correction), the right orbital frontal cortex(OFC) (r = 0.5662,
p < 0.001, Bonferroni correction) in the scatter plot
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Through the whole brain correlation analysis, we found
that the abstinence-induced lFCD changes of left ACC,
right OFC and bilateral caudate (striatum subregion) were
significantly correlated with the craving changes in young
smokers. According to previous studies, caudate showed a
single relationship with craving measures (i.e., QSU) (Di et
al. 2016; Janes et al. 2015b), and the smoking cues could
activate the OFC brain region (Charboneau et al. 2013).
Additionally, both OFC and ACC are implicated in
reinforcement-guided decision-making, emotion and social
behavior (Campbell-Meiklejohn et al. 2012; Rushworth et
al. 2007; Walton et al. 2010). It has been shown that the
ACC has the ability to control the urge to smoke, and the
activation of this area is related with craving measures
(Azizian et al. 2010; Li et al. 2013, 2015). The human
OFC was linked with reward to hedonic experience
(Elliott et al. 2000; Kringelbach 2005; Rolls 2000). On
the circuit level, the dorsal ACC–insula coupling is asso-
ciated with enhanced brain reactivity to smoking cues
(Janes et al. 2015a). The intermittent dopaminergic activa-
t ion of reward c i rcui ts secondary to drug sel f -
administration can lead to dysfunction of the orbitofrontal
cortex via the striato-thalamo-orbitofrontal circuit (Volkow
and Fowler 2000; Volkow et al. 2013). Based on these
observations, we speculated that abstinence can change
the hubness of these brain regions, which was associated
with neural mechanisms of craving and reward processing.

We also found gFCD- and lFCD-hubs in the bilateral
insula. Through a converging lines of neuroimaging find-
ing, insula paly critical roles in maintaining smoking
addiction (Addicott et al. 2015; Naqvi et al. 2007), espe-
cially in the interoceptive awareness of smoking craving
(Bi et al. 2017a; Moran-Santa Maria et al. 2015). The
damage of the insula may cause no response to craving
after quitting (Contreras et al. 2007; Gaznick et al. 2014;
Naqvi et al. 2007). Our experimental result exactly ver-
ified that insula was closely related to smoking addic-
tion. With respect to previous studies, the increased
RSFC between ACC and insula was found to be corre-
lated with the intensity of abstinence-induced smoking
craving (Huang et al. 2014). Additionally, our previous
study also showed that the right anterior insula plays an
important roles in craving in young smokers (Bi et al.
2017a, b). Thus, abnormal functional connectivity densi-
ty of the insula possibly reflects the inefficiency of in-
hibitory control ability of conscious feeling of urge. In
addition, the lFCD-hubs in bilateral thalamus regions
were found in this study. According to previous study,
smoking has been demonstrated to be associated with the
abnormity of structure and function in the thalamus,
which plays a crucial role in distributing incoming sen-
sory information (Sutherland et al. 2016; Scholpp and
Lumsden 2010; Yu et al. 2017).

The FCDMmethod can accurately measure the most prom-
inent functional hub with fast communication of minimal en-
ergy cost in the brain (Tomasi and Volkow 2010). The primary
indicators of FCDM method include lFCD and gFCD, which
indicate the energy-efficient regions (densely connected
nodes), and the nodes serve as the interconnection hubs
(Tomasi and Volkow 2010, 2011). In this study, we use both
lFCD and gFCD indicators to evaluate FCDM during 12-h
abstinence (vs satiety). The lFCD mainly reflects functional
connectivity of the local cluster, while the gFCD included both
local and distal functional connections (Ding et al. 2016;
Tomasi and Volkow 2010; Tomasi and Volkow, 2012a). We
had used both lFCD and gFCD to analyze the relationship
between craving and these two indicators (lFCD and gFCD).
However, only the changes of brain lFCD were related to the
changes of craving in our experiment (Fig. 2). From Fig. 1,
there is a strong coupling between gFCD- and lFCD-hubs
results during 12-h abstinence (vs satiety). Particularly, the
mostly coupling regions are the key nodes within fronto-
striatal circuits. The present findings from functional connec-
tivity density may provide new insights into the neurobiolog-
ical mechanisms underlying the abstinence-induced craving.

Limitations

The strength of within-subject design extremely increased
statistical power and reduced the error variance associated
with individual differences (Li et al. 2016; Bi et al. 2017b).
Several limitations should be considered. First, the lack of a
neutral control condition made it difficulty to determine
whether the status of abstinence or satiety can cause func-
tional connectivity density changes. In future, we should
use a design that would allow test–retest reliability to be
determined, which may contribute to the following studies.
Another limitation is that only male smokers were included
in this study. In previous studies, abstinence-induced crav-
ing to smoke and the neural mechanism of craving (e.g.
smoking cue-induced craving) differed by sex (Mcclernon
et al. 2008; Bi et al. 2017b). In future studies, our findings
should be generalized to female smokers.

Conclusion

In conclusion, we used the FCDM to assess the brain proper-
ties between 12 h of abstinence condition and satiety condition
during resting state in young adult smokers by employing a
within-subject design. We found young adult smokers in ab-
stinence state (compared with satiety) had higher lFCD and
gFCD in brain regions involved in fronto-striatal circuits and
bilateral insula. Additionally, we found that significant posi-
tive correlations between the lFCD changes and the changes
in craving induced by 12-h abstinence in the left ACC, right
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OFC and bilateral caudate. The present findings improve the
understanding of the effects of acute smoking abstinence on
spontaneous brain activity and may contribute new insights
into the neural mechanism of craving in smoking addiction.
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