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Abstract

Betel quid (BQ) is the fourth most commonly consumed psychoactive substance in the world. However, comprehensive
functional magnetic resonance imaging (fMRI) studies exploring the neurophysiological mechanism of BQ addiction are lacking.
Betel-quid-dependent (BQD) individuals (n = 24) and age-matched healthy controls (HC) (n = 26) underwent fMRI before and
after chewing BQ. Multivariate pattern analysis (MVPA) was used to explore the acute effects of BQ-chewing in both groups. A
cross-sectional comparison was conducted to explore the chronic effects of BQ-chewing. Regression analysis was used to
investigate the relationship between altered circuits of BQD individuals and the severity of BQ addiction. MVPA achieved
classification accuracies of up to 90% in both groups for acute BQ-chewing. Suppression of the default-mode network was the
most prominent feature. BQD showed more extensive and intensive within- and between-network dysconnectivity of the default,
frontal-parietal, and occipital regions associated with high-order brain functions such as self-awareness, inhibitory control, and
decision-making. In contrast, the chronic effects of BQ on the brain function were mild, but impaired circuits were predominately
located in the default and frontal-parietal networks which might be associated with compulsive drug use. Simultaneously
quantifying the effects of both chronic and acute BQ exposure provides a possible neuroimaging-based BQ addiction foci.
Results from this study may help us understand the neural mechanisms involved in BQ-chewing and BQ dependence.

Keywords Betel-quid addiction - Functional magnetic resonance imaging - Multivariate pattern analysis - Acute effect - Chronic
effect

Introduction

Drug addiction encompasses a relapsing cycle of intoxication,
bingeing, withdrawal, and craving that results in excessive
drug use despite adverse consequences (Goldstein and
Volkow 2011), and has been identified as a chronic brain
disease (Leshner 1997). With the development of neuroimag-
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ing techniques such as functional magnetic resonance imaging
(fMRI), researchers began to investigate the neurobiological
mechanisms of substance addiction, in which psychoactive
substances such as nicotine, alcohol, and caffeine have
attracted wide attention (Doyle et al. 2010; Zahr et al. 2011,
Lerman et al. 2014; Cheng et al. 2019). Betel quid (BQ), the
fourth most commonly consumed psychoactive substance in
the world after the three drugs above (Boucher and Mannan
2002), is a mixture of ingredients that typically includes areca
nut, Piper betel leaf, slaked lime (calcium hydroxide), tobac-
co, and a Chinese herb (Acacia catechu) for flavor, but the
ingredients vary considerably from region to region (Lee et al.
2014.). Chewing BQ has produced positive effects such as
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increased concentration, mild euphoria, and relaxation, post-
prandial satisfaction, heightened alertness, and increased ca-
pacity to work for habitual users, but long-term BQ exposure
has also been associated with negative effects such as habitu-
ation, addiction, and withdrawal (Osborne et al. 2017).
However, such a neuroimaging study on BQ is not as exten-
sive compared with that of the above substances because of
the limited geographical localization of BQ users (Gupta and
Warnakulasuriya 2002). Independent of stimulus-biased re-
sponses, resting-state fMRI (rs-fMRI) provides useful infor-
mation about the natural mode of brain function, which has
been proven immensely valuable for neuroimaging study.

Recently, a review systematically assessed previous rs-
fMRI studies on BQ addiction (Sariah et al. 2019). Using
functional connectivity density (FCD), Liu et al. (2016a) re-
ported that addicts had altered long-range and short-range
FCD in the right anterior cingulate cortex (ACC), dorsolateral
prefrontal cortex (dIPFC) and part of the default-mode net-
work (DMN). With ACC as the seed region, Liu et al.
(2016b) found that functional connectivity (FC) from ACC
to reward networks was enhanced in addicts, while FC from
ACC to DMN was weakened. They also showed that the PFC
of addicts had a lower amplitude of low-frequency fluctuation
(ALFF) and regional homogeneity (ReHo) (Liu et al. 2016c¢).
Zhu etal. (2017) indicated the dysfunction of DMN in addicts.
Using various metrics such as FC, ALFF, ReHo, graph theory
and network-based statistics, a recent rs-fMRI study showed
that there might be an enhanced reward system and visual-
spatial processing ability in addicts (Weng et al. 2018). Using
independent component analysis, we reported that for the
healthy individuals, chewing BQ can immediately increase
connectivity of the frontal networks (e.g., the orbital frontal
and frontoparietal networks) and decrease that of DMN
(Huang et al. 2017a). We also found increased FC in the
networks (e.g., the orbital frontal network) related to reward
sensitivity and affective decision-making and decreased FC in
the parts of DMN (e.g., medial frontal/ACC network) in ad-
dicts (Huang et al. 2017b).

It is worth noting that, except Huang et al. (2017a) studying
the acute effects (i.e., instantaneous changes in the functional
brain after chewing BQ) of healthy individuals, the above-
mentioned rs-fMRI studies only focused on the chronic effects
(i.e., functional brain differences between long-term addicts
and healthy controls under normal conditions). Indeed, acute
drug administration may have different drug responsiveness
between naive users and habitual users because of related
tolerance, while chronic effects are more related persistence
consequence of acute and long-term drug use. Combining
these two different research perspectives would help us devel-
op a profound and comprehensive understanding of the neural
mechanisms of BQ addiction.

It is also worth noting that the above studies on BQ addic-
tion are based on the conventional univariate analysis, namely
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region-by-region or connectivity-by-connectivity group-level
statistical comparisons. Although localized to regions associ-
ated with changes caused by BQ addiction, the univariate
analysis compares individual brain regions or connections in
isolation, which is an overly simplistic assumption about brain
function (Bullmore and Sporns 2012). Because brain func-
tional organization is not necessarily discrete, and our goal is
to understand the entire brain, not single brain regions/con-
nections, it is also necessary to detect the correlation between
brain regions/connections (Nicholas and Turk 2013).

Multivariate Pattern Analysis (MVPA), based on machine
learning, decodes difference patterns between brain regions/
connections by learning a discrimination rule from a data set,
which can subsequently categorize new samples. Compared
with the univariate approach, MVPA considers variables to-
gether to take better advantage of the inherent multivariate
nature of high-dimensional neuroimaging data (Norman
et al. 2006), and it can identify the features that contribute
the most to the classifier (Meier et al. 2012). Therefore,
MVPA has been widely used in neuroimaging studies (Ding
et al. 2015; Guo et al. 2018; Loos et al. 2019). Among many
MVPA methods, support vector machine (SVM) is widely
used for its excellent classification performance and its ability
to handle very high-dimensional data.

In this study, SVM was used to explore the acute effects of
BQ-chewing in addicts and controls respectively and a cross-
sectional comparison was conducted to explore the chronic
effects. The main aims were to: (Andrews-Hanna et al.
2010a) use MVPA to obtain the corresponding predictive fea-
tures of two effects (i.e., the acute effect on controls and ad-
dicts and the chronic effect); (Andrews-Hanna et al. 2010b)
characterize the features of the two effects from three levels
(i.e., connectivity, region, and network), and (Andrews-Hanna
et al. 2014) further study the relationship between the altered
circuits and BQ dependence severity measures.

Materials and methods
Participants

This study was approved by the Ethics Committee of the
Second Xiangya Hospital of Central South University.
Written informed consent was obtained from all 54 partici-
pants including 25 betel-quid dependence (BQD) subjects
and 29 healthy controls (HC). All subjects are right-handed
male, with 9 years of education or above. The severity of
addiction was assessed by the Betel Quid Dependence Scale
(BQDS)which follows the DSM-IV criteria (Lee et al. 2012),
and duration (year) of BQ-chewing habit of BQD individuals
was also gathered. In addition, 4 subjects were excluded due
to excessive motion (>2.5 mm translation or> 2.5° rotation)
during the scans. The final sample was composed of 50
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subjects, including 24 BQD individuals (see Table 1 for de-
mographics and sec supplementary material for more par-
ticipants’ information description).

Data acquisition and preprocessing

All subjects underwent two rs-fMRI scans. After first scanning,
they were brought out of the scanner and given BQ. The partici-
pants were instructed to chew the nut and swallow the saliva as fast
as possible in 3 min. The second rs-fRMI scan was started another
3 min later. Images were acquired on a Philips Gyroscan Achieva
3.0 T scanner (Best, Netherlands) at the Second Xiangya Hospital
of Central South University (see Supplementary material for
more specific acquisition methods and parameters). In this paper,
the scans of HC before and after BQ-chewing are denoted as
HC B and HC A, respectively, while the scans of BQD are de-
noted as BQD_B and BQD A, respectively.

Statistical Parametric Mapping (SPM12: http://www.fil.
ion.ucl.ac.uk/spm) and Data Processing Assistant for resting-
state fMRI (DPARSF: http://rfmri.org/dpabi) (Yan et al.
2016) were used for preprocessing. Detailed descriptions of
the data preprocessing were in the supplementary material.
After preprocessing, blood oxygen level-dependent (BOLD)
time-series were generated for 160 regions of interest (ROIs)
derived from a series of meta-analyses of task-related fMRI
studies that cover much of the brain (Dosenbach et al. 2010).

Analysis overview

Figure 1 illustrates the analytical pipeline of this study.
Pearson correlation coefficient between the BOLD time-
series of all ROI was calculated and then underwent Fisher’s
r-to-z transformation to improve its normality. This resulted in
a 160 x 160 FC matrix for each of the 2 scans in every subject,
whose lower triangle (12,720 elements) was taken as the fea-
tures in the follow-up analysis.

Table 1 Demographics of the participants

HC BQD P value
Number 26 24 NA
Age (Year) 25.00 2.66) 23.50(3.87) 0.12
Education (Year) 16.26 (1.37) 1512 (1.72)  0.01
BDI 3.85(4.63) 10.58 (6.69)  <0.01
BAI 23.16 (2.66) 2830 (6.20) <0.01
Symptom
Duration of addiction (Year) NA 7.12 (3.78) NA
BQDS NA 7.58 (2.16) NA

Note. BQDS: the Betel Quid Dependence Scale; BDI: the Beck
Depression Inventory; BAI: the Beck Anxiety Inventory; NA: not
applicable

Classification analysis was performed independently for HC
and BQD. First, the scans of the BQD group were divided into a
training set (80% of the total samples) and an independent test set
on a basis of subjects; the same applied to HCs. Then, classifiers
were trained with a leave one subject out cross-validation
(LOSOCYV) framework on the training set and were validated
against the independent testing set using majority voting. We iter-
ated 100 times the entire process above to avoid biased selection of
the independent testing set, identifying consistent features that
were always selected to form part of the classifiers for the subse-
quent analysis: 1) Characterization of consistent features from
three levels (connection, region, network); 2) Exploration of the
chronic effects of chewing BQ by cross-section comparing the
acute effects between two groups; 3) Examination of the relation-
ship between consistent features of the BQD group and symptoms.

SVM classifier

SVM is a popular classifier among many MVPA technologies
because of its ability to handle small samples with high di-
mensional features, successfully applied to many brain dis-
eases (Ding et al. 2015; Liao et al. 2018; Zhao et al. 2019).
For a detailed description of the SVM, see (Burges 1998). To
alleviate the risk of over-fitting and facilitate follow-up char-
acterization of contributing features, we chose linear-SVM as
the classifier (Pereira et al. 2009) and set the hyperparameter C
to 1 (Dosenbach et al. 2010), which is the trade-off between
the marginal width and the misclassification penalty.

Based on Ding et al. (2015), the scans of each group were
divided into a cross-validation set and an independent test set
(i.e. 10 scans from 5 subjects). Then, LOSOCV was used in
the cross-validation set: similar to leave one out cross-
validation (LOOCYV), two scans of each subject were desig-
nated as validation samples in turn whereas the two scans of
remaining subjects were used to train SVM, which then pre-
dicted the validation samples to obtain validation accuracy. To
speed up computation and improve performance (Pereira et al.
2009; Esterman et al. 2010), feature selection was conducted:
12,720 paired-sample t-tests comparing every feature across
the classes (before or after chewing BQ) were performed sep-
arately on the training set of each LOSOCV fold, selecting
significant features (P(FDR) < 0.05) as final training features.
Finally, several SVM classifiers generated by LOSOCV were
tested on the independent test set, and classes were determined
by majority voting that selects the class that gets more than
half of the votes of the SVM classifiers.

The above steps were iterated 100 times. To assess the
statistical significance of the validation accuracy and test ac-
curacy of each analysis in 100 repetitions, a nonparametric
permutation test (1000 permutations) was conducted
(Golland and Fischl 2003) (seeing supplementary material
for detailed calculation procedure).
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Fig. 1 Flow diagram of the analysis approach employed in the study

Connectivity-level: Exploration of consistent
functional connectivity

The selected features (i.e., functional connectivity) in each
fold of LOSOCYV slightly differed from that of other folds
because of feature selection. We selected those features that
always form part of the classifier as consistent FC. Further,
consistent FC with 100% overlap from the 100 iterations was
selected as final consistent FC, considered for follow-up
study. Feature coefficient w of linear SVM represents the
contribution of different features to the classifier, named as
feature weight. If the scanned images before chewing BQ
are taken as negative classes and after chewing BQ as positive
classes, the positive weight features can be understood as the
enhanced FC after chewing BQ while the negative weight
features as weakened FC. In this study, the feature weight of
consistent FC is the cumulative weight of 100 iterations.

ROI-level: Exploration of strong contributing brain
regions

Different ROIs have different contributions to classifiers. Some
ROIs formed many strongly weighted consistent connections
with other ROIs while some did not form any. To identify the
brain regions that contribute significantly to the classifier, the
relative contribution (“region weight”) of each ROI in 160
ROIs was calculated by 1/2 sum of the absolute weights of all
the consistent connections to and from that ROI. In particular, an
ROI was given a region weight of zero if it doesn’t form part of
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any consistent FC. Then, ROI weight was scaled into [0,1] and
those with a scaled weight strength greater than 0.1 were visual-
ized using BrainNet Viewer (Xia et al. 2013).

Network-level: Exploration of functional network

We partitioned 160 ROIs into six functional networks, namely
default-mode, frontal-parietal, cingulo-opercular, sensorimotor,
occipital, and cerebellum (Fig. S1). To assess the relative con-
tributions of different functional networks, the consistent FC
was divided into within-network or between-network connec-
tions based on whether they connected ROIs belonging to the
same or different networks. If a functional connection was be-
tween two networks, half of the feature weight was assigned to
each network, otherwise, the feature weight was assigned to the
network to which the FC belong. Therefore, the relative contri-
bution of within-network and between-network FC of six net-
works were calculated.

Chronic effects

Different parts of the consistent FC (i.e., acute effects) be-
tween HC and BQD were identified as candidate connections.
Then, focusing on these candidate connections, we selected
those connections with statistical significance (FDR-
corrected) as aberrant circuits related to chronic effects.
Specifically, we compared these candidate FCs between the
HC group and the BQD group before chewing BQ via a two-
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sample t-test, then identified those significantly different FCs
corrected by multiple comparisons.

Correlation between consistent features and
symptoms

To investigate the relationship between consistent FCs of
BQD and symptoms, consistent connections (including before
and after chewing BQ) separately regressed against the dura-
tion of addiction and BQDS, while controlling for age, edu-
cation and mean FD.

Results

Classification performance and its statistical
significance

Over the 100 random iterations, the classifiers achieved vali-
dation accuracy of 93.4% +2.8% (mean + SD) and test accu-
racy of 94.2% + 6.2% in the HC group, and validation accu-
racy of 96.2% + 1.6% and test accuracy of 95.7% +5.4% in
the BQD group. Permutation testing showed that the accura-
cies reported by real-labels samples are significantly different
from that of random-labels samples (see Table 2).

Acute effects of BQ chewing in the HC group

For the HC group, an average of 130 (+ 40) consistent
FCs were selected in each of 100 round LOSOCV,
among which 24 FCs were final to consider in follow-
up analysis (Fig. 2A, Table S1). Most of these consis-
tent FCs (23/24) were negative weight FCs, mainly in-
cluding links of left precuneus—PFC [bilateral ventro-
medial PFC (vmPFC), medial PFC (mPFC), and orbital
PFC (orbPFC)] and bilateral posterior cingulate cortex
(PCC); left vmPFC—Ileft anterior-PFC; the cerebellum—
left PCC; left orbPFC—Ileft ACC; etc. The regions that
strongly contributed to the classifiers were left
precuneus/PCC, occipital lobes and PFC (including
orbPFC, anterior-PFC, and bilateral vmPFC) (Fig. 2B,

Table S3). From the network level, the consistent FCs
were mainly the negative weight connections within
DMN (Fig. 20).

Acute effects of BQ chewing in the BQD group

For the BQD group, an average of 298 (£79) consistent FCs
were selected in each of 100 round LOSOCV, among which
77 FCs were final (Fig. 3A, Table S2). Similarly, most of these
consistent FCs (73/77) were negative weight FC, mainly in-
cluding links of left precuneus—PFC (including vimPFC and
orbPFC), right superior frontal gyrus (SFG), PCC and right
inferior parietal lobules (IPL); right precuneus—bilateral PCC
and occipital lobes; right angular gyrus—bilateral ACC,
dIPFC, precuneus/PCC and right SFG; etc. The powerful con-
tribution ROIs were the SFG, angular gyrus, and bilateral
precuneus/PCC, etc. (Fig. 3B, Table S4). The consistent FCs
were also mainly the negative weight within DMN connec-
tions, whereas between-network FCs are mainly links be-
tween DMN and frontoparietal network (FPN) (Fig. 3C).
Furthermore, positive weight connections all were between
DMN and FPN.

Chronic effects of chewing BQ

There were 7 identical consistent FCs (Table S5), while
87 were different from each other in the two groups.
Twelve of these 87 FCs had discrepancy (FDR-
corrected) between BQD and HC, and 5 of them weak-
ened in BQD compared to HC (Fig. 4, Table S6). Brain
regions including right SFG, vimnPFC, dIPFC, PCC, etc.,
were the core regions of the chronic effect of BQ-
chewing from the perspective of ROIs. As shown in
Fig. 4(B), these discrepant connections were largely
within and between DMN and FPN. In addition, 11 of
12 discrepant FCs still differed between the HC group
and the BQD group after chewing BQ, and the corre-
sponding sign of the t-value is the opposite of those
obtained before chewing BQ (Fig. 4(C)).

Table 2 Classification accuracy

and statistical significance Validation Test
Accuracy P, permutation Accuracy P, permutation
HC A vs. HC B 93.4 % +2.8% 0+0 94.2 % +6.2% 7.0x10°£2.6x107*
BQD_A vs. BQD_B 96.2 % +1.6% 0+0 95.7 % +5.4% 6.0x10°+£42x107*

Note. Ppemurarion TEPresents permutation testing p value, calculated by (number of permutation errors < observed

error) / (number of permutations)

All measures are calculated as mean + SD of 100 repetition
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Fig. 2 Acute effects of BQ in the HC group from consistent features (a),
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in (a) represents a positive weight feature (FC), while the blue line
represents a negative weight feature (FC). In (b), the size of ROIs

Relationship between consistent FCs and clinical
characteristics

Multiple connections showed a significant regression co-

efficient of P<0.05 (Table S7, Table S8). Before
chewing BQ, connections between occipital, right

@ Springer

characterizes relative contribution to the classifiers, namely the greater
the size, the more important it is. In the left panel of (¢) shows within-
network connections weighting, whereas the right panel of (C) shows
between-network connections weighting

precuneus, PCC, left angular gyrus were negatively cor-
related with Duration, whereas the connections between
occipital, right angular gyrus, left dIPFC and right IPL
were negatively correlated with BQDS. After chewing
BQ, connections between occipital, right precuneus,
PCC and angular gyrus was negatively correlated with
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Duration, whereas connections between right SPG and
left angular gyrus was negatively correlated with BQDS.
However, due to a large number of connections, these
results did not withstand rigorous multiple comparisons
correction and should be considered exploratory.

characterizes relative contribution to the classifiers, namely the greater
the size, the more important it is. In the left panel of (¢) shows within-
network connections weighting, whereas the right panel of (¢) shows
between-network connections weighting

Discussion
In this study, MVPA was used to explore two different effects

on the two groups, that is, (Andrews-Hanna et al. 2010a) the
acute effects of BQ in HC, (Andrews-Hanna et al. 2010b) the
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Fig. 4 Chronic effects of chewing BQ. The red lines indicate FCs for
which BQD is stronger than HC, while the blue lines indicate FCs for
which BQD is weaker than HC. (a) and (b) demonstrate 12 FCs
discrepants between HC and BQD before chewing BQ. In (a), the size
of the ROI is quantified by the t-value obtained from the two-sample t-

acute effects of BQ in BQD, and (Andrews-Hanna et al. 2014)
the chronic effects in BQD. To the best of our knowledge, this
is the first comprehensive study on the effects of BQ-chewing
on the functional brain, providing a new understanding of the
neural mechanisms involved in acute and chronic BQ expo-
sure. Consistent features were extracted as aberrant circuits
and further explored from three levels of FC, ROIs, and net-
works to characterize the acute and chronic effects. The results
showed that acute BQ-chewing would result in decreased FC
predominantly in the DMN, and dysfunctional patterns were
more extensive and intensive in BQD compared with HC.
Furthermore, exploration of the chronic effects based on the
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test, and the ROIs with an absolute t-value greater than 3 are visualized.
(¢) demonstrates 11 of 12 FCs with chronic effects still have group-level
discrepancy after BQ-chewing and in many cases the direction changes
(blue-to-red or red-to-blue)

acute effects indicates that long-term BQ-chewing alters the
connections between PFC, SFG, and parietal lobes.
Simultaneously quantifying the effects of both chronic and
acute BQ-chewing may contribute new neuroimaging-based
insight to BQ addiction.

Methodology

During training SVM, due to the particularity of the data (two
scans per subject), we developed LOOCV into LOSOCV and
used paired-sample t-test for feature selection, which effec-
tively eliminates the confounding factors caused by the
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heterogeneity of the subjects and successfully decoded the
acute effect (high and statistically significant accuracy). A
crucial aspect of MVPA is displaying and analyzing the fea-
tures that drive the multivariate classifier. Since data division
occurs over 100 iterations, consistent features of each iteration
may be slightly different. To reduce the bias caused by data
partitioning, we used the overlapped consistent features of 100
iterations as the final, which are discriminative and robust in
each analysis and are not subject to data segmentation; they
are therefore considered in the follow-up analysis.

We took the scans before chewing BQ as a negative class
and the scans after chewing BQ as a positive class, so positive
weight features can be understood as enhanced FC after
chewing BQ, while negative weight features as weakened
FC. Indeed, we carried out paired-sample t-tests on those con-
sistent features, and the sign of the t-values obtained is con-
sistent with the weight.

Acute effects of BQ chewing

Whether HC or BQD, the predictive features for the classifiers
were dominantly the diminished connectivity within DMN.
The DMN consists of three parts including the midline core
network, a medial temporal subsystem (MTL-DMN and a
dorsal medial prefrontal subsystem (dMPFC-DMN)
(Andrews-Hanna et al. 2010b; Fox et al. 2005). For instance,
the midline core of DMN— including the ventral medial pre-
frontal cortex, the dorsal medial prefrontal cortex, and the
PCC/precuncus plus the lateral parietal cortex—plays a key
role in internally directed or self-generated thought and is
active when people are engaged in self decision-making pro-
cesses (Andrews-Hanna et al. 2010b). The dIMPFC-DMN (in-
cluding the dMPFC, temporoparietal junction, and temporal
pole) (Andrews-Hanna et al. 2010a) subsystem participates in
facial emotion recognition and in understanding others’ men-
tal states (Andrews-Hanna et al. 2014). The medial temporal
lobe (MTL)-DMN subsystem is activated by personal past
and future episodic/semantic thoughts, and greater resting-
state FC was observed in individuals with such thoughts
(Andrews-Hanna et al. 2010b).

Both groups have shown reduced FC between anterior
(vmPFC, mPFC, orbPFC) and posterior (PCC/Precuneus)
DMN. The mPFC and PCC are structurally (Greicius et al.
2007) and functionally (Buckner et al. 2008) connected. Both
of them are recruited for self-related thoughts. Reduced con-
nectivity in the anterior-posterior DMN after acute BQ
chewing may impair self-awareness after acute BQ chewing,
which supports the uncontrolled drug-taking behavior ob-
served in BQD individuals. Similar results regarding disrup-
tion of the DMN function stemming from acute psychoactive
drug use have been found in other addiction studies (Cole
et al. 2010; Tanabe et al. 2011; Lerman et al. 2014; Huang
et al. 2014; Wang et al. 2014; Fedota and Stein 2015; Zhang

and Volkow 2019). For example, acute nicotine administra-
tion may improve cognitive performance by suppressing the
task-negative, internally driven DMN to focus attention on
external goals (Lerman et al. 2014); Tanabe et al. (2011) dem-
onstrated decreased coupling in the DMN after nicotine ad-
ministration, specifically between the PCC, precuneus, and
medial cortex; Wang et al. (2014) found reduced global brain
connectivity in several regions of the DMN in the smoking, as
compared with smokers in the abstinence condition. Similarly,
decreased FC was observed in the precuneus (a key region in
the DMN) of electronic cigarette users immediately after use.
The decreased FC was associated with reduced craving, de-
creased withdrawal symptoms and improved concentration
(Hobkirk et al. 2018), presenting features that facilitate con-
tinual drug use. Further, our findings suggest that BQ may
have a positive effect on treatments of some psychiatric dis-
orders with enhanced connections or activations on DMN,
such as depression (Greicius et al. 2008; Posner et al. 2013)
and schizophrenia (Woodward et al. 2011; Guo et al. 2014).
Usually, the acute effects of drug administration differ be-
tween naive users and habitual users (Zhang and Volkow
2019). In this study, BQD individuals have more extensive
and intensive reduced connectivity after chewing BQ than
controls similarly to a study investigating acute electronic cig-
arette use, indicated overall reductions in FC from abstinence
to satiety via e-cigarette, which relieved withdrawal symp-
toms (Hobkirk et al. 2018). Long-term BQ exposure may have
contributed to the anatomical or structural abnormalities in the
brain regions of addicts as it has been reported in previous
studies (Chen et al. 2015; Yuan et al. 2017a; Yuan et al.
2017b). Such abnormalities may cause BQ to have more dra-
matic psychopharmacological effects on individual brain re-
gion. Specifically, BQD individuals have more dysfunctional
connections within the posterior DMN (e.g., PCC/ precuneus)
and with other parts of the DMN. The PCC/precuneus is the
most prominent functional hub of the brain as demonstrated
by previous studies involved in self-referential thoughts and
strong interactivity, as well as cognitive tasks of self-
processing (Fransson and Marrelec 2008; Tomasi and
Volkow 2010). Hyperconnectivity of PCC/Precuneus with
other parts DMN observed in other drug addicts during absti-
nence might present the ruminative behavior, resulting in the
observed distress and unhappiness (Killingsworth and Gilbert
2010); whereas weaker connections after acute BQ chewing
may produce the feelings of euphoria, relaxation and a sense
of wellbeing in BQD individuals. The SFG, the most predic-
tive ROI in the BQD group (Table S4), has excitatory and
inhibitory influences on cravings and the modulations of re-
activity to cravings (Rose et al. 2011), where its abnormality
might be involved in drug relapses. Moreover, some altered
(decreased or increased) connections were found within and
between fronto-parietal network involved in various cognitive
processes such as attention control (Markett et al. 2014),
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inhibitory control (Dodds et al. 2011), and decision-making
(Bogdanov et al. 2017). Users of BQ reported experiencing
heightened alertness, euphoria, relaxation, arousal, improved
motor responses, and a sense of wellbeing, suggesting that the
altered connectivity (e.g. dIPFC—mPFC) may enhance cog-
nitive abilities and thus perpetuate addictive behavior. In fu-
ture studies, such findings may need to be further confirmed
by cognitive and behavioral data.

Taken together, our findings suggest that acute BQ-chewing
does not alter the functionality of the entire brain but does affect
certain brain regions associated with advanced functions such
as attention, inhibition, and self-consciousness, in line with a
previous EEG study which demonstrated that BQ intoxication
does not affect gross human behavior but influences the psy-
chological features of perception including perceived increased
arousal, reduced ability to think and slowing of perception of
the passage of a single minute time interval (Osborne et al.
2011). In addition, our findings were reproduced in the data
that removes global signals. The results showed similar patterns
(including consistent FCs, contributing ROIs and network dis-
tribution) to previous studies, indicating the reliability of our
findings (see Supplementary Materials).

Chronic effects of BQ chewing

A more intuitive understanding of the chronic effect of BQ use is
a direct comparison between HC and BQD before chewing BQ
(i.e., HC B vs. BQD B). MVPA approach was employed to
explore the chronic effects, unfortunately, the classification accu-
racy was low and statistically insignificant (see Supplementary
Material). Our previous study found discrepancies between
HC B and BQD_B using a two-sample t-test which were not
corrected for multiple comparisons (Huang et al. 2017b).

It is also reasonable to obtain the chronic difference by
cross-sectionally comparing the acute effects of the two
groups because the difference may be caused by the prolonged
effects of BQ on the BQD’s brain. Indeed, there were as many
as 87 different consistent FCs between BQD and HC, which
indirectly reflects the brain dysfunction caused by long-term
BQ dependence. The 12 discrepant connections identified
(FDR-corrected) were predominantly across regions of
DMN (PFC, SFG, precuneus/PCC, angular gyrus, etc.) and
FPN (dIPFC, IPL, etc.), which are involved in higher brain
functions such as reward (orbPFC), decision-making (dIPFC),
and impulse control (orbPFC, ACC). These results are not
surprising since multiple studies suggest that FC changes in
these areas are critical to addiction (Kober et al. 2010; Lin
et al. 2015; Weiland et al. 2015; Cheng et al. 2019). For
example, enhanced ACC—orbPFC in BQD may be associat-
ed with inhibitory control of reward-related behavior
(Goldstein and Volkow 2002), which may result in the inabil-
ity of addicted individuals to control short-term and immedi-
ate gratification of habitual drug use regardless of existing or
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anticipated negative consequences (Cheng et al. 2019). The
DMN also interacts with the subcortex, the executive control
network (ECN) and salience network (SN) (Li et al. 2018;
Raichle 2015) a feature believed to influence cognitive pro-
cessing, emotional regulation, impulsivity, and attention in
goal-directed tasks (Fox et al. 2005). Evidence shows that
abnormal DMN function and disrupted interaction with other
networks impairs emotional and cognitive processing, leading
to craving behavior and relapse (Zhang and Volkow 2019).
For example, our study found great dysconnectivity between
the DMN and the frontal-parietal network. The frontoparietal
network is linked with top-down cognitive control such as
working memory, attentional control, mental flexibility and
decision-making (Cole et al. 2013). Our results are consistent
with findings from other addiction studies. For instance,
cocaine-dependent individuals had weaker connectivity be-
tween the DMN and frontoparietal ECN (Liang et al. 2015).
Additionally, patients with heroin dependence had reduced
connectivity between dMPFC and left dorsolateral PFC (a
key node in ECN) (Li et al. 2018). We argue that reduced
connectivity between the DMN and the FPN may lead to a
lack of control over BQ craving and poor decision making,
leading to continual use of BQ. Interestingly, most of these 12
connections (11/12) still have significant differences between
the two groups after chewing BQ. Taken together, these cir-
cuits were noticeably altered by both chronic and acute BQ
exposure, providing a reliable neuroimaging-based BQ addic-
tion foci. Although it may miss some information to explore
chronic effects by cross-sectional comparison, this is a practi-
cal assessment that identified several significantly different
connections, providing useful information for future research.

Unlike the acute effects, the chronic effects are sparse and
difficult to detect; in other words, functional brains of addicts
are “similar” to the controls, with little difference variability be-
tween the two groups. Two possible speculations are proposed
here. (Andrews-Hanna et al. 2010a) Exploration of chronic ef-
fects may be disturbed by various confounding factors, including
individuals’ differences in lifestyle and withdrawal symptoms
(craving, anxiety, irritability, etc.) of BQD individuals (Brooks
et al. 2017). In contrast, we used paired-sample t-tests to reduce
the contribution of confounding factors due to individual hetero-
geneity in exploring acute BQ-chewing. (Andrews-Hanna et al.
2010b) Guo et al. (2016) found that schizophrenia patients
showed a dynamic structural reorganization as the disease
progressed, making the brain of patients “closer” to that of
healthy people, or more difficult to distinguish from them. We
suspect that the functional brain has a similar remodeling mech-
anism. In this study, addicts have been chewing BQ for an aver-
age of more than 7 years, and their functional brains may have
been dynamically reorganized with the course of addiction to
accommodate daily neural activities. Therefore, a longitudinal
experimental design may be considered in the future to validate
these two possible speculations.
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Limitation

This study has several limitations. First, because of the partic-
ularity of the sample and experimental requirements, this
study, like many other studies on drug addiction, has a rela-
tively small sample size with only male participants from
Hunan Province, China. In future studies, a larger sample size
consisting of both male and female participants from other
regions in China may ensure unbiased results. Second, the
use of other psychoactive substances, such as cigarettes or
alcohol could have influenced the results, even though all
recruited participants met the inclusion and exclusion criteria.
Finally, future studies using longitudinal data may reduce
possible confounders and may also lead to a better understand-
ing of the mechanisms fundamental for the neuro-transition
from initial BQ use to dependence..

Conclusion

Existing fMRI studies on drug addiction focus either on
chronic effects or on the acute effects, with few studies con-
sider these two effects together(Lerman et al. 2014; Fedota
and Stein 2015). Here, MVPA technology was used to com-
prehensively study the acute and chronic effects of BQ-
chewing, which is unprecedented in previous studies on rs-
fMRI of BQ dependence, and even rare in other drug addic-
tion studies. We found that acute BQ-chewing can cause dys-
function of DMN, which is more severe and widespread in
addicts than controls, while many of these acute changes in
brain function are part of chronic changes of long-term BQ-
chewing. Our findings provide support and supplement for
previous MRI studies on BQ dependence and help us under-
stand the neural mechanisms involved in acute BQ chewing
and BQ dependence.

All measures are calculated as mean (SD);P value is ob-
tained by a two-sample t-test. Age and education are
covariables in this study.
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