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Introduction: We studied the regulatory mechanism of the habitual brain network in
tobacco dependence to provide a theoretical basis for the regulation and cessation of tobacco
dependence.

Methods: We used resting-state functional magnetic resonance imaging (rs-fMRI) to
explore the Fractional amplitude of low-frequency fluctuations (fALFF) and functional
connectivity (FC) of the habitual brain network in tobacco-dependent subjects and to
evaluate the relationship between the FC level and tobacco selection preference behavior.
In total, 29 male tobacco-dependent participants and 28 male nonsmoking participants were
recruited. rs-fMRI was used to collect blood oxygen level-dependent signals of the partici-
pants in the resting and awake states. After rs-fMRI, all subjects completed cigarette/coin
selection tasks (task 1 and task 2).

Results: Compared with the control group, the tobacco dependence group showed increased
fractional amplitude values of fALFF in the left posterior cingulate cortex and right para-
hippocampus. FC in the tobacco-dependent group was increased in the right inferior tem-
poral gyrus, left middle frontal gyrus, left cingulated gyrus, and bilateral superior frontal
gyrus, compared with that in the control group. Moreover, the preference selection behavior
was associated with the enhancement of FC about parts of the brain regions in the habitual
brain network of the tobacco-dependent participants. Thus, habitual network activity was
significantly enhanced in tobacco-dependent participants in the resting state. Moreover,
a positive correlation was found between the cigarette selection preference of the smokers
and certain brain regions related to the habitual network.

Discussion: This suggests that increased activity of the habitual brain network may be
essential in the development of tobacco-dependent behavior.

Keywords: tobacco dependence, behavioral decision preference, habitual brain network,
resting-state functional magnetic resonance imaging, functional connectivity, fractional
amplitude of low-frequency fluctuations

Introduction

Among the risk factors for chronic diseases in the elderly, behavioral and habitual
factors account for approximately 60% of the total risk." The incidence of chronic
diseases, such as hypertension, diabetes, and arteriosclerosis, is increased in the
long term in people who smoke, drink, and are overweight. Thus, behaviors and
habits have an important influence on the occurrence and development of chronic
diseases in the elderly, and changing bad behaviors and habits can prevent more
than 75% of the chronic diseases.' Behaviors are controlled by the goal-directed
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and habitual control systems in the brain.”* Normally,
behavioral responses are formed through close cooperation
and smart switches between the goal-directed and habitual
control systems in response to changes in the external
environment.> Although habits are an effective manner of
processing information, excessive reliance on habitual
control may result in addiction®> and alterations in habi-
tual brain network functional activities, which may be an
important cause for the formation and maintenance of bad
habits or dependent behaviors.®’

Tobacco dependence is a major public health problem
worldwide and the main cause of preventable death in most
countries. Although most people who depend on tobacco
hope to stop, few succeed in doing so. Berrendero et al®
found that tobacco dependence is a chronic brain disorder
characterized by forced tobacco use and loss of control of
smoking behavior. Nicotine is the main addictive compo-
nent of tobacco. Nicotine exerts pharmacological effects by
activating nicotinic acetylcholine receptors (nAChRs),
which are widely distributed in the central nervous
system.” The activation of nAChRs by nicotine increases
the release of various neurotransmitters, including dopa-
mine, glutamate, and gamma aminobutyric acid
(GABA),'*"3 thereby altering a large number of physiolo-
gical processes and producing many behavioral responses
directly related to addiction, including reward effects and
physical dependence.'*'> Everitt and Robbins'® found that,
at the neurological level, addiction involves a transition
from prefrontal cortical to striatal control and from ventral
to dorsal striatal control in a process mediated by the
dopaminergic nerves. Dopaminergic innervation forms an
ascending spiral between the different striatal regions: the
shell in the ventromedial striatum affects the nucleus, the
nucleus affects the central striatum, and the central striatum
affects the dorsolateral striatum, creating a hierarchy of
information flows and providing an anatomical basis for
dependence.'” Glutamate and GABA are involved in reg-
ulating this process.'® Several studies have investigated
brain activation in response to smoking-related stimuli
using functional magnetic resonance imaging (fMRI).
Baker et al'® found that compared with monetary rewards,
cigarette rewards induced a higher reward response in smo-
kers. This suggests that addicts show deficits in the recruit-
ment of brain reward pathways.”® A study on the
neurological effects of electronic cigarette smoking using
task-state fMRI showed brain activation in the motor cortex,
cingulate cortex, putamen, thalamus, globus pallidum, and
cerebellum, and relative inactivation of the ventral striatum

and orbitofrontal cortex.”! Together, these findings show
that overreliance on the habitual system may contribute to
the development of tobacco dependence behavior.

In recent years, with the development of resting-state
functional magnetic resonance imaging (rs-fMRI) technol-
ogy, a large number of studies have been carried out to
clarify the effects of tobacco dependence on brain circuits
and activation of brain regions, thus providing objective
evidence for human understanding of the changes in brain
function caused by tobacco dependence. Stein et al** used
fMRI imaging to examine the acute effects of intravenous
nicotine on the central nervous system. Three groups were
intravenously injected with different doses of nicotine and
normal saline (control group) at different times, and the
brain activation pattern was observed within 1min after
each dose. They found increased neural activity in several
brain regions with increasing doses of nicotine, including
nucleus accumbens, amygdala, cingulate gyrus and frontal
lobe, and these activated brain areas have the nature of
human behavior awakening and behavior strengthening.
Due et al*® found that activation of dopamine reward
circuitry in limbic midbrain (right posterior amygdala,
posterior hippocampus, ventral tegmental area, central tha-
lamus and other brain regions) increased when tobacco
addicts viewed smoking pictures compared with non-
smoking pictures. For tobacco addicts, exposure to
tobacco cues often produces a range of physical and psy-
chological responses, including impulsivity and craving.

1* showed that the activation of parietal

McClernon et a
lobe, prefrontal lobe, occipital lobe, central cortex, puta-
men, thalamus and other brain regions were enhanced
when smokers in withdrawal state were shown smoking

pictures and general pictures. Lee et al*®

observed changes
in brain functional activities of tobacco addicts in simu-
lated real smoking scenes, and found that signals in the
prefrontal cortex, anterior cingulate gyrus and left supple-
mentary motor area were enhanced. With the deepening of
the understanding of nicotine dependence, fMRI technol-
ogy is used to reveal the changes of neurotransmitters and
neural circuits of nicotine dependence. Tobacco depen-
dence affects the reward circuitry of the brain and the
goal-directed network that directs cognitive and behavioral
behavior. Does it also affect the habitual brain network?
When a dependent behavior is formed, the functional
activity of the goal-directed network in the brain
weakens.?'?%27 However, it is not clear how the habitual
network changes. Task-state fMRI does not allow to
explore whether habitual brain network remodeling occurs
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after habit formation. rs-fMRI can be used to measure the
blood oxygen level-dependent (BOLD) response of
patients in the resting and awake states and can reflect
the association of the functions of specific brain regions
and neural networks with the anatomic structure of the
network. This method may also allow observing internal
relationships between disease characteristics and beha-
vioral representations.**?’

The striatum is a group of subcortical nuclei that has been
associated with motor control since the 19th century.’® In
1877, Sir David Ferrier showed that the striatum is the center
of the integration of voluntary and involuntary movements.
Since then, substantial research has been conducted on beha-
vior and movement related to the striatum. Through fMRI
studies in rodents, a functional model of behavioral regula-
tion strategies has been gradually established. The dorsolat-
eral striatum (DLS: mainly putamen) and dorsomedial
striatum (DMS: mainly caudate) receive projections from
different cortical regions to regulate behavior. Interaction
between the DMS and the prefrontal cortex (PFC) mainly
regulates goal-directed behavior, whereas interaction
between the DLS and the sensorimotor cortex mainly regu-
lates habitual behavior.>' The two pathways are independent
but interact with each other. The goal-directed system mainly
selects behaviors through prefrontal-DMS—globus pallidus
and reticula nigra—thalamus—prefrontal pathways, whereas
the habit learning system acts mainly through sensorimo-
tor—DLS—globus pallidus and reticula nigra—thalamus—sen-
sorimotor area pathways to modulate repetitive
behaviors.**>** Studies have shown that the putamen and
caudate are the core regions of the habitual and goal-
directed networks.** 3¢ Dysfunction of both structures is
considered the neuroanatomical basis of dependence.’’

In this study, rs-fMRI technology was used to analyze the
activity of the putamen and whole-brain resting-state connec-
tivity, using 6-mm-diameter spherical seeds centered on the
putamen region of interest (ROI).>* Our aim was to observe
the activity pattern of the habitual brain network in smoke-
dependent subjects in the resting state and to verify the
hypothesis that increased activity in this network promotes

approach behavior towards tobacco cues in these subjects.

Participants and Methods

General Data Acquisition

Between October 2018 and February 2020, 31 male
tobacco-dependent subjects (tobacco dependence group)
were recruited from the Health Care Department and

Physical Examination Center of the Affiliated Hospital of
Qingdao University, and 30 sex-, age-, and educational
level-matched non-smokers were recruited as the control
group. Three subjects (two in the tobacco dependence
group and one in the control group) were excluded due
to head movement exceeding 1.5°, and one case in the
control group quit halfway during the study. Thus, we
collected data from 57 cases, including 29 cases in the
tobacco dependence group and 28 cases in the control
group. All subjects were of Han ethnicity. This study
was approved by the Ethics Committee of Medical
College of Qingdao University, and all subjects provided
informed consent. All subjects met the following inclusion
criteria: (1) no contraindication for undergoing MRI exam-
ination; (2) no abnormal brain structure on routine MRI
examination (such as space-occupying infarction or
ischemic focus); (3) no serious diseases of the heart,
lungs, liver, kidneys, and brain; and (4) no cognitive dis-
order and an intelligence quotient (IQ) score of above 90.
In addition, subjects in the tobacco dependence group met
the following criteria: (1) smoking -dependence diagnosed
according to the Diagnostic and Statistical Manual of
Mental Disorders Fourth Edition (DSM-IV) criteria.*®
They were all right-handed, and were free of medication
and of any other psychiatric diagnosis; (2) smoked >10
cigarettes per day, >2 years of smoking or <3 months of
smoking cessation in the past year; (3) completed the
questionnaire survey, including age at initiation of smok-
ing, daily cigarette consumption, and years of smoking;
and (4) completed Fagerstrom test for nicotine dependence
(FTND).*

Procedure

All subjects completed the questionnaire surveys, including
the FTND and a mental cognitive assessment. Mental cogni-
tion, including (1) 1Q; (2) cognitive function: Mini-Mental
State Examination (MMSE) for the rapid screening of cog-
nitive function; and (3) emotion detection: Hamilton Anxiety
Scale and Hamilton Depression Scale (HAMD) for determin-
ing anxiety and depression, respectively, was evaluated by
trained geriatric physicians. The participants underwent rest-
ing-state MRI scans. After the scanning, two cigarette/coin
decision tasks were completed in the office.

Cigarette/Coin Decision Task

The E-Prime 2.0 software was used to compile a cigarette/
coin decision task. Before the task began, the participants
practiced the operation steps based on Iowa gambling and
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multiple-choice procedure tasks.**** The detailed procedure
was as follows. The first task was a cigarette/coin preference
selection task. A picture of a cigarette or coin was randomly
presented on the computer screen for 4 s. The subjects were

asked to select the items in the picture:

press key “1” for choice and key “3” to give up. Whether
you choose or give up, you should press as many buttons
as possible within the specified time to get more cigarette

or coin rewards.

After the test, the total number of cigarettes or coins selected
was displayed on the computer screen for 2 s, which was
used as the basis for giving rewards in kind after the experi-
ment. If the subjected pressed key 3 to give up, there was no
reward or loss. Each image was repeated 15 times, for a total
of 30 rounds. The computer automatically recorded the
subjects’ choice mode (choose or give up), and the total
number of choices and types of items were collected
(Figure 1 task 1). The second task was a cigarette/coin
forced selection task. The pictures of cigarettes and coins
seen in the first task were randomly and simultaneously
presented on the computer screen. The subjects were asked
to choose one of the two pictures: “press key “1” to select
the left picture and press key “3” to select the right picture.”
The picture was presented for 4 s at a time, for a total of 14
times. There was no result feedback after each choice
(Figure 1 task 2). The computer automatically recorded the

computer screen Select the keyboard

B-8

total amount of
cigarettes or money

B.8

25 nyuan| or [ nzhi

2st pa—
........................... Py @ or ~
omOR

END!
Task 1

subjects’ choice mode, which was expressed as the number
of cigarettes or coins selected.

rs-fMRI

The subjects were awake and lying flat on an examination
bed, with the eyes closed, and breathing normally. Brain
scans were acquired using the GE Discovery MR750 3.0T
(GE Healthcare, Waukesha, MI, USA) superconducting
whole-body magnetic resonance imaging system. For
three-dimensional magnetization-prepared rapid gradient
echo (3D MP-RAGE) sequence scanning, T1-weighted
image parameters were as follows: TE = 2.3 ms, Prep
Time = 450 ms, FA = 150, band with = 19.23, FOV =
23 x 23, slice thickness 1.0 mm, spacing 0 mm, matrix 230
x 230, NEX 1.0, 178 slices. For gradient echo planar
imaging, T1-weighted image parameters were as follows:
TE/TR = 30/2000 ms, slice thickness = 4.0 mm, slice
spacing = 0 mm, matrix 64 x 64, FA = 90°, FOV =
23x23, NEX = 1, 45 slices in total. The scanning time
was 5 min and 10 s.

Data Analysis

Data of the cigarette/coin decision task were statistically ana-
lyzed using SPSS 17.0 software. Quantitative data are
expressed as the mean =+ standard deviation. Means of the
two groups were compared using the two-sample z-test.
Qualitative data are expressed in cases and percentages and
were compared using the chi-square test. Pearson or Spearman

computer screen Select the keyboard

B.-8

Figure | n Each button selects the total number of cigarettes or money; | On behalf of want; 3 Do not want.
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correlation was used for correlation analysis. P < 0.05 was
considered statistically significant. Data are shown in Table 1.

For resting-state image processing and functional con-
nectivity analysis, all rs-fMRI data were analyzed on the
MATLAB 2010b platform, using DPARSF 2.1, SPM 8§,
REST 1.6, and BrainNet Viewer software packages for
data processing, low-frequency amplitude analysis, func-
tional connectivity value calculation, correlation analysis,
and simulated brain mapping. Image preprocessing
included removal of the first 10 time points to reduce
magnetization disequilibrium, followed by time correction,
spatial normalization, smoothing, head movement correc-
tion, and filtering. After processing, a data file for each
examinee was automatically generated. If the subject’s
head moved more than 1.5 mm on any of the x, y, and
z axes, or the rotation range exceeded 1.5°, the subject was
excluded. Nuisance covariates, including six head motion
parameters and signals of white matter and cerebrospinal
fluid, were regressed out. The sampling rate was (3 x
3x3) mm?>, and spatial Gaussian smoothing (Full Width at
Half Maximum, FWHM) of the functional image used (6 X
6x6) mm® as the smoothing kernel. Detrending and tem-
poral band-pass filtering (0.01-0.08 Hz) were performed to
remove respiratory and cardiovascular noise. Using REST
1.6 software, a single-sample #-test was used to compare the
tobacco dependence and control groups, and P < 0.001 was
considered significant. A whole-brain Fractional amplitude

Table | Demographic Data, Psychological Data, and Cigarette/
Coin Decision Task Data

Smokers Nonsmokers P
(n=29) (n=128)
Age 63.97 £ 475 61.75 £ 498 0.092
Length of education 13.34 £ 3.73 14.14 £ 431 0.46
(years)
[0) 95.86 + 2.25 95.32 £ 2.89 0.43
MMSE 2931 £ 081 29.35 £ 0.78 0.83
HAMA 3.00 + 1.49 3.00 + 1.68 1.00
HAMD 272 £ 1.79 2.60 £ .64 0.80
Number of cigarettes | 115.66 + 33.03 | 31.6]1 +£22.15 | <0.00l
selected in task |
Number of cigarettes 12.52 £ 2.13 2.68 + 2.94 < 0.001
selected in task 2
FTND 5.45+2.04 / /
Duration of tobacco 32.1%11.49 / /
dependence

Note: Means + standard deviations are presented.
Abbreviations: HAMA, Hamilton anxiety scale; HAMD, Hamilton depression
scale; 1Q, intelligence quotient; MMSE, mini-mental state examination.

of low-frequency fluctuations (fALFF) activation map
(using the whole-brain default mask, corrected using
Alphasim, cluster > 13 voxels) with higher-than-average
values was generated for the two groups at resting state.
Using the BrainNet Viewer software, the single-sample
t-test brain maps for both groups were accurately and
clearly presented in stereo brain maps. The green nodes in
the map indicate the brain regions that contribute to the
goal-directed system, and the red nodes are the regions that
participate in the habitual control system. The node size
was set according to the ¢ value for each brain region. The
REST software was used to combine the two brain regions
based on the formula (il > 0+i2 > 0) > 0 to make a mask.
A two-sample #-test was utilized to identify brain regions
with a difference in low-frequency amplitude between the
two groups (using the union mask, corrected using
Alphasim, cluster > 41 voxels). The size of the ROI (puta-
men) was selected on the basis of a previous study.**
Montreal Neurological Institute (MNI) coordinates (28, 5,
and 2) were applied to draw a sphere with a diameter of
6 mm. Time courses of the ROI were extracted by aver-
aging the time courses of all voxels within the ROIL
Subsequently, correlation coefficients between the ROI
and the whole brain were calculated. Fisher’s r-to-z trans-
form was applied for the appropriate degrees of freedom.
After the removal of covariates, the functional connectivity
between the putamen and the whole brain was calculated.
By the same method, a single-sample #-test was used to
compare the tobacco dependence and control groups with
REST 1.6, and a functional connectivity network (the habi-
tual system brain network) and the activity intensity were
obtained, using the putamen as the seed point. BrainNet
Viewer was employed to render a 3D brain image. In the
image, green represents the putamen. The pink nodes and
lines indicate the functional connectivity network in the
tobacco dependence group, with the putamen as the ROL
The blue nodes and lines indicate the functional connectiv-
ity network of the control group. Node size was set accord-
ing to the r value for each brain region: the larger the node,
the stronger the activity. Union masks for the two groups
were generated, and a two-sample #-test was conducted to
obtain the brain regions with a significant difference in
functional connectivity between the two groups (P < 0.01,
threshold = 2.7116, df = 55, corrected using Alphasim,
cluster > 41 voxels).

The REST software was utilized for simple linear correla-
tion analysis of the FTND score and the strength of the func-
tional connectivity with the putamen in the tobacco

Neuropsychiatric Disease and Treatment 2021:17

3757

Dove!


https://www.dovepress.com
https://www.dovepress.com

Tan et al

Dove

dependence group. In addition, the correlation between the
number of cigarette choices in the cigarette/coin selection
preference task and the intensity of the habitual network
activity in the tobacco dependence group were analyzed (P <
0.01, cluster > 41 voxels, threshold = 0.56144, corrected using
Alphasim). To this end, we identified the brain regions that
were significantly correlated with the FTND score, with the
total number of cigarette choices in the tobacco dependence
group in the first cigarette/coin selection preference task, and
with the number of cigarette choices in the tobacco depen-
dence group in the second cigarette/coin selection preference
task.

Results
Comparison of Demographic and

Neuropsychological Data

There were no significant differences in age (P = 0.09),
educational level (P = 0.46), IQ (P = 0.43), and MMSE
(P = 0.83), HAMA (P = 1.00), and HAMD (P = 0.80)
scores between the two groups (Table 1).

Comparison of Cigarette/Coin Selection

Preference Data

In the first task, there was a significant difference in the
total number of cigarette choices between the tobacco
dependence group (115.66 + 33.03 times) and the control
group (31.61 + 22.15 times) (P = 0.00). Likewise, in
the second task, there was a significant difference in the
number of cigarette choices between the tobacco depen-
dence group (12.52 £ 2.13 times) and the control group
(2.68 £ 2.94) (P = 0.00). These data indicated that the
tobacco dependence group was more inclined to choose
cigarettes than the control group.

Comparison of Habitual Brain Networks
In the tobacco dependence group, the fALFF values in the
left posterior cingulate gyrus and right parahippocampal
gyrus were increased (P < 0.01) (Table 2, Figure 2).

group, the functional

Compared with the control

connectivity between the whole brain and the putamen
was increased in the right inferior temporal gyrus, left
middle frontal gyrus, left cingulate gyrus, and bilateral
superior frontal gyrus in the tobacco dependence group
(P < 0.01) (Table 3, Figure 3). The results of fALFF and
functional connectivity (FC) analysis by a single-sample
t-test for the two groups are shown in Figures 4 and 5.

Correlation Analysis of FC, Cigarette/
Coin Decision Making, and Cigarette

Dependence

We took smoking duration as a covariable. In the tobacco
dependence group, the brain regions where FC values of
the whole brain and putamen were positively correlated with
the total number of cigarette choices in the first task were the
anterior central gyrus of the left frontal lobe and the right
precuneus lobe. The brain regions that were positively cor-
related with the number of cigarette choices in the second
task were the left middle temporal gyrus and left posterior
central gyrus. (all P < 0.01; Tables 4, 5, Figures 6 and 7).

We use FITND score as covariable. In the tobacco
dependence group, FC values in the whole brain and puta-
men were not positively correlated with the total number
of cigarette choices in the first task. The Inferior Parietal
Lobule was negatively correlated (= —0.84). The brain
regions that were positively correlated with the number
of cigarette choices in the second task was the Precuneus
(Table 6, Figure 8, r=0.77).

In the tobacco dependence group, the left superior
temporal gyrus was positively correlated with the FC
value of the putamen and the FTND score, and the right
posterior lobe of the cerebellum was negatively correlated
with these indices (Figure 9).

Discussion

rs-fMRI was used to observe neural network activity in the
habitual brain system of cigarette addicts in the resting state
and to assess the relationship between habitual network
activity and cigarette preference. The fALFF value is an

Table 2 Comparison of fALFF Between the Tobacco-Dependent and Control Groups

Region Brodmann Area Clusters Peak MNI (Peak Coordinates) t
Smokers > nonsmokers

Left posterior cingulate gyrus / 132 —-12 (-60 12) 5.42
Right parahippocampal gyrus / 49 18 (-36 -3) 4.36

Notes: P < 0.0, cluster = 4] voxels, threshold = 2.71 16, corrected using Alphasim. Brodmann area: Brodmann partitioning is a system that divides the cerebral cortex into
a series of anatomical regions based on cellular structure. Here, it represents the BA brain region where the peak coordinates are located.
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5.42

2.71

Neg

Figure 2 Brain regions in which fALFF significantly differed between the two groups. Blue to red indicates a gradual increase in the degree of activation. P < 0.01, cluster 2

41 voxels, threshold = 2.7116, corrected using Alphasim.

index reflecting the intensity of spontaneous brain activity in
the resting state.*> Our results showed that activities in the
left posterior cingulate gyrus and the right parahippocampal
gyrus were higher in the tobacco dependence group than in
the control group. Studies have shown that the posterior
cingulate gyrus may play an important role in assessing
familiarity and personal relevance.*** In the functional
brain network, the posterior cingulate gyrus is an important
functional structure in the self-directed network. In addicted

individuals, increased self-directed network activation
reportedly is associated with an increase in self-reported
desire and use impulse as well as with the formation of
dependent behavior.?”***” In accordance herewith, the
results of the current study indicate that the formation of
tobacco dependence is associated with enhanced activation
of the habitual system. The parahippocampal gyrus is
involved in learning memory storage and memory of reward

cues. The prefrontal cortex-hippocampus pathway is an

Table 3 Comparison of FC Between the Tobacco Dependence and Control Groups

Region Brodmann Area Clusters Peak MNI (Peak Coordinates) t
Smokers > nonsmokers
Right inferior temporal gyrus 20 52 63 (24 -33) 5.06
Left middle frontal gyrus 10 48 -39 (60 9) 3.72
Left cingulated gyrus 32 185 —12 (24 39) 4.28
Right superior frontal gyrus 8 118 27 (27 39) 4.75
Left superior frontal gyrus 8 70 -9 (39 51) 451
Notes: P < 0.01, cluster 2 41 voxels, threshold = 2.7116, corrected using Alphasim.
Neuropsychiatric Disease and Treatment 2021:17 https: 3759
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Figure 3 Brain regions in which the FC of the tobacco dependence group differed from that in the control group. Blue to red indicates a gradual increase in activation. P <
0.01, cluster 2 4| voxels, threshold = 2.7116, corrected using Alphasim.
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Figure 4 Whole-brain fALFF activation maps for (A) the tobacco dependence group and (B) the control group. Red dots represent areas of the habitual system, and green

dots are areas of the goal-directed system. Dot size represents the t value. A larger value indicates a higher activation intensity. P < 0.001, cluster = 13 voxels, threshold =
3.8834, corrected using Alphasim.
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Figure 5 Maps of brain FC with the putamen. Pink dots and lines represent the tobacco dependence group, blue dots and lines represent the control group, and green dots
represent the putamen. Node size indicates the t value. The larger the value, the greater the activation intensity. P < 0.001, cluster 2 13 voxels, threshold = 3.8834,

corrected using Alphasim.

important pathway for the formation of dependent
behavior.®® In this study, the level of spontaneous brain
activity in the parahippocampal gyrus was increased in the
tobacco-dependent group, suggesting that the formation of
tobacco-dependent behavior may be related to enhanced
hippocampus memory for reward cues. In rodent studies,
the marginal cortex has been proven to also promote the
implementation and control of habitual behavior,* >

which was consistent with the increased spontaneous activity

level of the hippocampus in tobacco-dependent individuals
in this study. The increased spontaneous activity level in the
posterior cingulate and parahippocampal gyrus in the
tobacco dependence group indicates that the desire for cigar-
ettes and the memory of cigarette stimulation reward pro-
mote the occurrence of tobacco dependence.

The purpose of seed point-based FC analysis is to
calculate the correlation coefficient of the BOLD time
series between the seed point and all other voxels or

Table 4 Correlation Between FC in the Tobacco Dependence Group and the Number of Cigarette Choices in the First Cigarette/

Coin Decision Task

Region Brodmann Partition Clusters Peak MNI (Peak Coordinates) r
Positive correlation

Left anterior central gyrus 6 41 —45 (-9 33) 0.74
Left precuneus 7 50 -3 (-78 33) 0.70
Negative correlation

Right posterior cerebellar lobe / 76 30 (-60 -57) -0.76

Notes: P < 0.01, cluster 2 41 voxels, threshold = 0.56144, corrected using Alphasim. The duration of smoking dependence took into the statistical analyses as co-variables.
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Table 5 Correlation Between FC in the Tobacco Dependence Group and the Number of Cigarette Choice in the Second Cigarette/

Coin Decision Task

Region Brodmann Partition Clusters Peak MNI (Peak Coordinates) r
Positive correlation

Left medial temporal gyrus 22 41 —57 (-6 3) 00.71
Left central posterior gyrus 6 83 —45 (-9 33) 00.77
Negative correlation

Right posterior cerebellar lobe / 76 30 (—60 -57) -0.78

Notes: P < 0.01, cluster 2 4| voxels, threshold = 0.56144, corrected using Alphasim. The duration of smoking dependence took into the statistical analyses as co-variables.

Table 6 Correlation Between the FTND Score and FC Value in the Tobacco Dependence Group

Region Brodmann Partition Clusters Peak MNI (Peak Coordinates) r
Positive correlation

Left superior temporal gyrus 22 44 -57 (-93) 0.73
Negative correlation

Right posterior cerebellar lobe 18 207 12 (60 —42) -0.72

Notes: P < 0.0, cluster 2 4| voxels, threshold = 0.56144, corrected using Alphasim.

0.76

0.56
-0.56

-0.78

Figure 6 Brain regions in which the FC of the putamen in the tobacco dependence group correlated with the total number of cigarette choices in decision task I. Blue to
red indicates a gradual increase in the activation level. P < 0.01, cluster = 4| voxels, threshold = 0.56144, corrected using Alphasim.
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-0.78

Figure 7 Brain regions in which the FC of the putamen in the tobacco dependence group correlated with the number of cigarette choices in decision task 2. Blue to red
indicates a gradual increase in the activation level. P < 0.0, cluster 2 4| voxels, threshold = 0.56144, corrected using Alphasim.

058
| os8

084 077

Figure 8 Brain regions in which the FC of the putamen in the tobacco dependence group correlated with the task | (A) and task 2 (B). Blue to red indicates a gradual
increase in the activation level. P < 0.01, cluster 2 41 voxels, threshold = 0.56144, corrected using Alphasim. The FTND score took into the statistical analyses as co-
variables.

ROIs in the brain.>® In this study, the putamen of the showed that the FC between the whole brain and the
dorsolateral striatum was used as the ROI** to study the putamen in the tobacco dependence group was increased
strength of its FC with the whole brain. The results in the right inferior temporal gyrus, left middle frontal
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0.76

0.56
-0.56

Figure 9 Regions of the brain associated with FC and FTND in the tobacco dependence group. Blue to red indicates a gradual increase in the activation level. P < 0.01,

cluster 2 4| voxels, threshold = 0.56144, corrected using Alphasim.

gyrus, bilateral superior frontal gyrus, and left cingulate
gyrus. The putamen is the core area of habit formation.**
The habitual system mainly involves the core brain region
of the frontal motor cortex-dorsolateral striatum (putamen)
circuit loop. Studies have demonstrated that the frontal-
striatum-hypothalamus-frontal direct pathway is strongly
associated with habit formation,>* and the prefrontal lobe
The

between the prefrontal cortex (PFC) and thalamus plays

is also associated with addiction.” interaction
a key role in sensory processing, multimodal integration,
and higher cognition. Cortical sensory processing is
mainly achieved through cross-modal modulation of inhi-
bition and de-inhibition circuits mediated by orientation
selectivity of layer (L)1 neurons and L2/3 VIP- cells.’®
The lateral posterior thalamic nucleus activity can modu-
late auditory processing in superficial layers of primary
auditory cortex. This is achieved by subtractive suppres-
sion of auditory evoked responses together with suppres-
sion of spontaneous firing activity.”’ The thalamus
ventrolateral thalamus is densely connected with cognitive

control substrates in the prefrontal cortex.”® The hippo-
campus, posterior cingulate cortex and parietal cortex play
a role in attentional guidance of working memory and
long-term memory.>>**® All these functions are related to
the establishment of habitual control.

According to Brodman areas (BA), the FC in the puta-
men of the tobacco dependence group was enhanced in the
right inferior temporal gyrus, left middle frontal gyrus, left
cingulate gyrus, and bilateral superior frontal gyrus. The
bilateral superior frontal gyrus is located in the premotor
cortex of BAS. The temporal lobe is related to sensory
learning. The supplementary motor complex-dorsolateral
striatum pathway®' regulates habitual behavior, which is
consistent with our results. The FC between the cingulate
gyrus (BA32) and putamen was also enhanced in tobacco
dependence group, which was consistent with the fALFF
values. BA32 lies in the anterior cingulate cortex, which is
part of the self-directed network and closely related to the
formation of habitual behavior. The left middle frontal
gyrus is located in BA10 and belongs to the medial
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prefrontal cortex (mPFC). The mPFC is responsible for
contingency and behavioral result detection to guide
behavior.®” Damage of the mPFC renders rats insensitive
to a change in reward probability.® This suggests that
impairment of the mPFC may weaken goal-directed beha-
vior and promote the acquisition of habitual behavior. The
infralimbic (IL) and prelimbic (PL) cortex reportedly exert
opposite effects on the mPFC. The IL cortex participates
in the expression of habitual behavior and suppresses the
goal reward effect of the basolateral amygdala, highlight-
ing the role of the central amygdala in habitual reinforce-
ment learning.®*** The PL is involved in goal-directed
behavior. A study of PL lesions in rats suggested that the
neural input of the PL-dorsal medial striatum is very
important for goal-directed learning.®> These results cor-
roborate that chronic smoking may enhance and remodel
the habitual brain network.

This study showed that tobacco addicts exhibited pre-
ferential cigarette selection behavior. We took smoking
duration as a covariable. In the first cigarette/coin deci-
sion-making task, the total number of cigarette choices
was positively correlated with the FC values of the puta-
men left anterior central gyrus and putamen left anterior
cuneiform lobe (BA6,7). These brain regions are in sen-
sory motor areas, which are also necessary parts of the
habit learning system.”* According to Vergara et al 2017,°
the connectivity of precuneus and angular gyrus is
increased while putamen and thalamus are decreased con-
nectivity specifically in tobacco dependent subjects.
Precuneus is associated with episodic memory and can
be used to search for smoking memory under tobacco
cues.®’ This may promote tobacco choiceo The thalamus
is a main hub of information in the brain important in the
study of nicotine addiction. Lack of connectivity between
putamen and thalamus can be an indication of reward
dysregulation that enhances nicotine-seeking behavior in
smokers.®® This further supports our experiment showing
that tobacco dependence is biased towards cigarette
choice. We use FTND score as covariable. The brain
regions where FC values of the whole brain and putamen
were positively correlated with the total number of cigar-
ette choices in the first task were the Inferior Parietal
Lobule. A previous study demonstrated that the left infer-
ior parietal lobule, one of the crucial brain regions of the
attentional control network, was involved in executive
function.®® The current results suggested that such abnor-
mal intrinsic connectivity may indicate cognitive and
executive deficits in Tobacco dependent individuals.®”

That means the goal-directed function is weakened. As
the first task mainly assessed cigarette choice motivation,
this experiment showed that the enhanced habitual net-
work activity might be associated with an increased moti-
vation of cigarette choice, which is consistent with
findings reported by.** In the second task, the number of
cigarettes selected was positively correlated with the left
middle temporal gyrus and left posterior central gyrus,
which also indicated that the reinforced effect of cigarette
cues on tobacco-dependent behaviors was related to an
increase in habitual brain network activity. In the tobacco
dependence group, the brain region where the FC value
was positively correlated with the FTND score contained
the left superior temporal gyrus, which is consistent with
the above results for the habitual brain network.
A previous study indicated that enhanced putamen-
temporal cortex connection may enhance the formation
of habitual behavior.”” This suggests that habitual brain
network remodeling in tobacco addicts may be associated
with the degree of tobacco dependence. In the tobacco
dependence group, the brain region that was negatively
correlated with all indexes in the three correlation analyses
was the right posterior lobe of the cerebellum. The struc-
tural volume of the cerebellum and the cognitive level are
decreased in tobacco addicts,71 which was consistent with
the results of this study.

BrainNet Viewer’? is a brain network visualization tool
that can help researchers quickly, easily, and flexibly
visualize different levels of structural connectivity and
FC patterns. Figure 4 and Table 2 show that the sponta-
neously activated brain areas in the tobacco dependence
group in the resting state mainly were brain areas that
process habitual behaviors. The activation intensity and
number of brain regions involved in goal-directed beha-
viors were significantly reduced in tobacco addicts when
compared with those in the control group, indicating that
the functional activity of the goal-directed system was
weakened in this group. Comparison of the two groups
using the striatum putamen as the ROI to extract the
habitual system brain networks (Figure 3, Table 3)
revealed that the connection to the putamen in the tobacco
dependence group was biased towards the frontal lobe.
According to the results of the two-sample ¢ test
(Table 3), the brain area with enhanced FC in the tobacco
dependence group was located in the frontal motor cortex,
and the frontal motor cortex-dorsolateral striatum pathway
is the main pathway for habitual formation.>' These results
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indicate that the FC of the habitual brain network in
smokers is enhanced after the formation of dependence.

Conclusion

In summary, the spontaneous activity and connectivity of the
habitual control brain network were enhanced in tobacco-
dependent subjects, who were more inclined to choose
cigarettes. This preference behavior was remarkably corre-
lated with the FC of the habitual network. The tobacco
dependence score was associated with alterations in the FC
mode of the habitual network. Our findings indicate that
enhanced spontaneous activity and connectivity in the habi-
tual brain network may be the neural functional bases for the
occurrence and persistence of tobacco-dependent behavior.
This is consistent with a previous finding that an imbalance
between the goal-directed and habitual learning systems
leads to addiction. In future studies, neuroimaging methods
can be used for observational research on the treatment and
withdrawal of behavioral disorders.
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