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Abstract
Rationale TheWorld Health Organization regards betel quid (BQ) as a human carcinogen, and DSM-IVand ICD-10 dependence
symptoms may develop with its heavy use. BQ’s possible effects of an enhanced reward system and disrupted inhibitory control
may increase the likelihood of habitual substance use.
Objectives The current study aimed to employ resting-state fMRI to examine the hypothesized enhanced reward system (e.g., the
basal forebrain system) and disrupted inhibitory control (e.g., the prefrontal system) in BQ chewers.
Methods The current study recruited three groups of 48male participants: 16 BQ chewers, 15 tobacco- and alcohol-user controls,
and 17 healthy controls. We used functional connectivity (FC), mean fractional amplitude of low-frequency fluctuations
(mfALFF), and mean regional homogeneity (mReHo) to evaluate functional alternations in BQ chewers. Graph theoretical
analysis (GTA) and network-based statistical (NBS) analysis were also performed to identify the functional network differences
among the three groups.
Results Our hypothesis was partially supported: the enhanced reward system for the BQ chewers (e.g., habitual drug-seeking
behavior) was supported; however, their inhibitory control was relatively preserved. In addition, we reported that the BQ chewers
may have enhanced visuospatial processing and decreased local segregation.
Conclusions The current results (showing an enhanced reward system in the chewers) provided the clinicians with important
insight for the future development of an effective abstinence treatment.
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Introduction

Betel quid (BQ; Bbin lang^ in Taiwanese Mandarin) is the
fourth most commonly used drug worldwide, after tobacco,
alcohol, and caffeine (Winstock 2002). The World Health
Organization regards BQ as a human carcinogen (IARC
2004), and DSM-IV and ICD-10 dependence symptoms may
develop with heavy use (Benegal et al. 2008; Lee et al. 2014).
The Ministry of Health and Welfare reported some 15.8%
male chewers and 1.0% female chewers among the population
of Taiwan (MHW2008). Chewers place a whole BQ into their
mouths and macerate it by biting for approximately 2–3 min;
they then spit out the saliva, which has turned red from
chewing the BQ. However, the limited understanding of
chronic BQ chewing makes it difficult for development of
effective treatment (Osborne et al. 2017).
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In this study, we used resting-state functional magnetic
resonance imaging (rs-fMRI) to examine the brain’s function-
al alterations in BQ chewers. Recently, Chen et al. (2015)
reported the first structural imaging, suggesting that BQ
chewers exhibited a decrease in gray matter (GM) volume in
the midbrain, the right anterior cingulate cortex (ACC), the
bilateral dorsolateral prefrontal cortex (dlPFC), and the right
superior temporal gyrus (STG), and an increased volume in
the right hippocampus and the right precuneus. Liu et al.
(2015) reported brain biochemical alterations (e.g., lower N-
acetyl-aspartate/creatine) in the ACC in the BQ chewers, re-
vealing possible impaired control abilities. Using resting-state
fMRI (rs-fMRI), Liu et al. (2016a) found that the BQ chewers
had increased functional connectivity (FC) from the ACC to
the reward network and decreased connectivity from the ACC
to the default mode network (DMN). Liu et al. (2016c) report-
ed that the BQ chewers had alternations in the distant and local
FC densities primarily in the brain areas involved in the DMN
(e.g., right rostral ACC and bilateral inferior parietal lobule)
and inhibitory control (right ACC and dorsolateral prefrontal
cortex (dlPFC)). Another rs-fMRI study (Liu et al. 2016b)
found decreased ALFF and ReHo in the PFC in BQ
chewers. Huang et al. (2016) reported that for the non-
chewers, chewing BQ can immediately increase the FC of
the frontal networks (e.g., the orbital frontal and frontoparietal
networks) and decrease that of the DMN. In BQ chewers,
Huang et al. (2017) 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 net-
works (e.g., medial frontal/anterior cingulate network) parts of
DMN. Zhu et al. (2017) reported disrupted FC within the
DMN in the BQ chewers. Yuan et al. (2017) revealed struc-
tural differences between the BQ chewers and non-chewers,
particularly in the areas involved in inhibitory control (e.g.,
dlPFC) and affective decision-making (e.g., ventral medial
prefrontal cortex (vmPFC)).

By using generalized q-sampling imaging (GQI), Weng
et al. (2017) reported that the BQ chewers might not have
disrupted inhibitory control (e.g., the increased diffusion
anisotropy in the right ACC). They also reported an enhanced
basal forebrain reward system in the BQ chewers. In
sum, the recent BQ imaging studies consistently showed
a hyperactive basal forebrain reward system and overvalued
the reinforcement effect of BQ on the chewers.

Functional magnetic resonance imaging (fMRI), based
on the blood oxygenation level-dependent (BOLD) effect
to measure brain activity, provides an opportunity to refine
pathoetiological models of chewing BQ. The use of rs-fMRI
simplifies and facilitates the examination of brain activity
during the resting status of the participant with highly
standardized and reproducible procedures and without
any task-requirement (Biswal et al. 1995; Greicius et al.
2003; Raichle et al. 2001). Therefore, rs-fMRI has attracted

the attention of interested researchers and its use has widened
in clinical applications. The amplitude of low-frequency fluc-
tuation (ALFF) is used to approximate the absolute intensity
of spontaneous brain activity. These spontaneous low-
frequency fluctuations have numerous similarities with fluc-
tuations in the neural metabolic, hemodynamic, and neuro-
physiological parameters (Zhang et al. 2014). The ALFF dur-
ing the resting state is considered to be physiologically mean-
ingful and reflective of spontaneous neural activity (Yue et al.
2015). Regional homogeneity (ReHo) is based on the concept
that BOLD signal fluctuations in a specific region reflect near-
neuronal activity arising at the same frequency and that this
temporal synchrony is confined to groups of neurons
performing related functions (Philip et al. 2013).

The functional connectome has recently been proposed as a
conceptual framework for brain research (Bullmore and
Bassett 2011; Chen et al. 2016; Gong and He 2015; Lo et al.
2011; Zhang et al. 2011). Tacit to this model is the functional
organization of the human brain into complex networks,
allowing for the segregation and integration of information
processing. Based on topology, graph theoretical analysis
quantitatively provides novel insight into the functional
connectome by using nodes, edges, and several additional
topological parameters, such as clustering coefficient, charac-
teristic path length, and small-worldness (Bullmore and
Sporns 2009; Hosseini et al. 2012).

In the current study, we examined the functional alterna-
tions in the BQ chewers by using rs-fMRI and network anal-
ysis. The recent rs-fMRI studies on BQ chewers (Liu et al.
2016a, b) suggested enhanced reward system (e.g., the basal
forebrain system) and disrupted inhibitory control (e.g., the
prefrontal system and the ACC); therefore, we hypothesized
that these functional alternations may be observed, in terms of
the following rs-fMRI indexes. The FC provides the time-
based BOLD-signal correlations within the brain regions.
The ALFF and ReHo provide information regarding the re-
gional properties of brain activity during the resting state.
Graph theoretical analysis (GTA) and network-based statisti-
cal (NBS) analysis provide network-based information for a
more comprehensive understanding of the functional brain
network in BQ chewers.

Recently, (Liu et al. 2016a, b) have employed some of
these indexes (FC, ALFF, and ReHo) in their studies.
These indexes are commonly adopted in the studies using
rs-fMRI. In addition, the adoption of these indexes is nec-
essary in the current study for at least two reasons. First,
the preparation of BQ in China (Liu et al. 2016a, b) and
Taiwan (the current study) may differ (Lee et al. 2014;
Osborne et al. 2017) and may somehow affect chewers’
brains to different extent. For example, in China (except
Hainan), the BQ was prepared with dried husk of the areca
fruit rather than the unripe areca fruit in Taiwan. In addi-
tion, in Taiwan, the betel leaf and the betel inflorescence
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are the common additives. Second, the Taiwanese BQ
chewers are usually cigarette smokers and alcoholic bever-
age drinkers (Ho 2014; Ko et al. 1992; Wen et al. 2005).
The effect of the concurrent usage of cigarette and alcohol
was assessed in the current study.

Methods and materials

Participants

The current study recruited three groups of 48 male partici-
pants: 16 BQ chewers (age 22–62 years, mean = 37.13 years,
SD = 10.44 years), 15 tobacco- and alcohol-user controls
(hereafter, TA controls) (age 23–41 years, mean = 30.07 years,
SD = 4.88 years), and 17 healthy controls (hereafter, HC) (age
24–37 years, mean = 31.59 years, SD = 3.61 years). All par-
ticipants were at least 20 years of age and right-handed. The
participants were recruited via three methods: human re-
sources or employment agencies, recruitment advertisements,
and introduction by former participants.

The inclusion criteria for the BQ chewers were (a) current
status as BQ chewers, and (b) dependence scores higher than
the cut-off point of 24 on the Betel Nut Dependency Scale
(BNDS) (Li et al. 2012). The BNDS consists of three factors:
craving and desire (four items; e.g., if possible, I would like to
chew BQ right now), withdrawal response (four items; e.g.,
when BQ is not available, I feel so upset that my work and
activities are disturbed), and tasting habits (three items; e.g., I
care about types, textures, and the feeling that comes from
chewing BQ). Higher scores (range 11 to 44) indicate a higher
level of dependence on BQ chewing. The three factors
accounted for 63.10% of total variances, and α coefficients
of reliability were between 0.73 and 0.89. Most of the model-
fit indexes showed good fitting results (RMSEA = 0.070,
SRMR = 0.038, AGFI = 0.90, GFI = 0.94, NFI = 0.97,
NNFI = 0.98, CFI = 0.98, IFI = 0.98, RFI = 0.96), suggesting
optimal construct validity of the scale. The scale also had good
criterion-related validity. For example, the BNDS score corre-
lated positively to the number of days per week on which
chewing occurred and the average number of BQ chewed
per day. The BNDS score correlated negatively to the extent
of willing to quit chewing BQ. The TA controls were included
if they had never chewed BQ and if they were current cigarette
and alcohol users. The HC were included if they had never
used BQ, cigarettes, or alcohol.

All participants signed the informed consent, approved by
the Institutional Review Board of Chung-Shan Medical
University Hospital. All participants completed the BNDS
(Li et al. 2012), the Fagerstrom Test for Nicotine
Dependence (FTND) (Fagerström 1978; Huang et al. 2006),
and the Alcohol Use Disorders Identification Test (AUDIT)
(Chen et al. 2005; Saunders et al. 1993).

Exclusion criteria for all participants were any eye diseases
(e.g., cataract and glaucoma), history of another primary
mental disorder (e.g., schizophrenia) or alcohol/illicit-
substance-use disorder during the past year, any neuro-
logical illnesses, the current taking of any prescription or
psychotropic medications, and metallic implants or other
contraindications on the MRI.

Participants with a family history of substance-use disor-
ders were ruled out. It was critical to rule out these partici-
pants, particularly when comparing the HC versus the
substance-use group (Ersche et al. 2012, 2013). The HC with
a family history of substance-use disorders might have brain
abnormalities similar to those in the substance-use groups,
possibly due to genetic or epigenetic influences (Ersche
et al. 2012, 2013).

MRI data acquisition

All participants were scanned using a 3-T MRI (Skyra,
Siemens, Germany) imaging system with an echo planar im-
age (EPI) sequence to obtain resting-state functional images.
All subjects were asked to relax, close their eyes, and not think
of anything, although they could not fall asleep when the
resting-state fMRI was performed. The parameters of the im-
ages were: TR/TE = 2000/30 ms, field of view (FOV) =
250 mm× 250 mm, matrix size = 94 × 94, in-plane resolution
(pixel size) = 2.7 × 2.7 mm2, thickness = 4 mm, number of
repetitions = 240, and 28 axial slices aligned along AC-PC
lines without gap to cover the whole cerebrum.

Functional image preprocessing

Preprocessing was conducted using statistical parametric
mapping 8 (SPM8, Wellcome Department of Cognitive
Neurology, London, UK) software. After slice-timing correc-
tion, we calculated the center of each image and realigned the
data to the first volume for motion correction (if the result of
six head motion parameters exceeded 1 mm translation or 1°
rotation, it was excluded from this study). All of the partici-
pants fitted the criteria and no one was excluded. Following
motion correction, data were normalized to standard Montreal
Neurological Institute (MNI) space with affine transform and
the data were resampled to isotropic 3-mm voxels. The data
were then spatially smoothed using a 6-mm full width at half
maximum (FWHM) Gaussian kernel for a better signal-to-
noise ratio gain. Nuisance regression was then performed
using the six head motion parameters as covariates. Then,
the whole brain, WM, and CSF masks were used to remove
the physiological noise. Linear detrending and band-pass tem-
poral filtering were performed on the time series of each voxel
to minimize the effects of low-frequency drifts and physiolog-
ical signals by the Resting-State Data Analysis tool kit v1.8
(REST v1.8, Center for Cognition and Brain Disorders,
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Hangzhou Normal University, Zhejiang, China). Previous
studies suggested that the frequencies with important phys-
iological information were in the range of 0.01–0.08 Hz
(Cordes et al. 2001; Raichle et al. 2001). However, some
research suggests that complex functional networks may
be observed in the range of 0.1–0.12 Hz (Baria et al.
2011). Therefore, we extended the frequency range from
0.01 to 0.12 Hz to mitigate the influence of low-frequency
drift and high-frequency physiological noise.

Functional connectivity and seed-based correlation
analysis

As spontaneous, coherent, and low-frequency fluctuations of
the BOLD-signal were used for the resting-state analysis, the
BOLD time series for each participant was extracted and
band-pass-filtered (0.01–0.12 Hz). Correlation maps at the
voxel level were constructed by correlating the averaged
BOLD signal of the user-defined region of interest to the
BOLD signal of every other single voxel for each participant.
To enforce a Gaussian distribution of the correlation data, the
Pearson’s correlation r was then transformed into z scores
using the Fisher’s r to z transformation. After seed-based cor-
relation analysis (SCA), we averaged the threshold FCmap of
each individual with the same seed from the control group as
the standard. Then we followed the standard FC map of each
seed to draw the opposite side using the ROIs to calculate the
correlation between bilateral seeds by image processing and
analysis with ImageJ (National Institutes of Health, Bethesda,
MD, USA). Finally, we averaged the three sections of each
seed with the strongest signals to quantify the correlation
between the bilateral seeds.

Amplitude of low-frequency fluctuations

The ALFF was calculated in the frequency range of 0.01 to
0.12 Hz. The procedure for calculating ALFF is briefly
described as follows: for a given voxel, the time series was
first converted to the frequency domain using a Fast Fourier
Transform. The square root of the power spectrum was
computed, averaged, and normalized across a predefined
frequency interval, which was termed the ALFF at the given
voxel (Yue et al. 2015). The mean fractional ALFF (mfALFF)
can be regarded as a normalized mean ALFF and is calculated
using the total energy over the detectable frequency range.
The mfALFF can provide a more specific measure of low-
frequency oscillatory phenomena than mALFF (Zou et al.
2008). We then performed two-sample t tests with false dis-
covery rate (FDR) correction to assess the difference in
mfALFF between the BQ chewers and the healthy controls.
In addition, age and years of education were used as the co-
variates. To view the results, we used a T1-weighted MNI
template to create the underlying map.

Regional homogeneity

To analyze ReHo, linear detrending and band-pass filtering
(0.01–0.12 Hz) were performed on the time series of each
voxel by REST v1.8. The ReHo approach was used to evalu-
ate the resting state cortical activity in the BQ chewers and the
healthy controls. Each individual ReHomap was generated by
calculating the Kendall’s coefficient of concordance (KCC),
which computes the ReHo of the BOLD time series data in
each voxel and its 26 nearest adjacent voxels (Zang et al.
2004). A mask was then used to remove non-brain tissues
and noise on the ReHo maps, and the individual ReHo maps
were divided by their own mean KCC within the mask for
standardization purposes to compute the mean ReHo
(mReHo). To evaluate group differences in mReHo between
the BQ chewers and the healthy controls, we conducted a
whole-brain voxel-wise comparison using two-sample t tests
with FDR correction. Age and years of education were used as
the covariates. To view the results, we used a T1-weighted
MNI template to create the underlying map.

Graph theoretical analysis

In GTA, we first defined a set of nodes and edges. Using
the functional connectivity toolbox (CONN, the Gabrieli
Lab., McGovern Institute for Brain Research, MIT, USA),
the whole brain was divided into 90 regions of interest
(ROIs) (45 per hemisphere) with an automated anatomical
labeling (AAL) template, each of which was considered a
node (Behzadi et al. 2007; Whitfield-Gabrieli and Nieto-
Castanon 2012). The brain’s functional connectivity be-
tween two nodes could be represented as an edge. The
degree of a node is the number of edges connecting it to
the rest of the network, which allows characterizing the
edge distribution of all nodes in the network (Bullmore
and Bassett 2011).

The resting-state functional image was registered to the T1-
weighted image and then to MNI space. The transformation
matrix from the resting space to MNI space was calculated by
the transformation matrices created in the two aforementioned
register processing steps and was stored for later use. We
spatially normalized the resting-state functional images to
the AAL template in MNI native space, and the connectivity
matrix was obtained after functional connectivity analysis.
The functional connectivity matrix was acquired from the
functional connectivity toolbox (CONN, Neuroimaging
Informatics Tools and Resources Clearinghouse, NITRC).
Finally, we used the connectivity matrix to perform a graph
theoretical analysis.

Analyses of network properties were performed using
the Graph Analysis Toolbox (GAT, Stanford University
School of Medicine, Stanford, CA, USA) (Hosseini et al.
2012). Previous analysis produced a 90 × 90 association
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connectivity matrix for each individual. GAT extracted the
regional mean time series of each of the 90 ROIs, and
partial correlation was used to construct undirected weight-
ed networks. Before statistical analyses, the density range
in which a network comparison is meaningful needs to be
identified (i.e., the density range in which the networks are
not fragmented) (Hosseini et al. 2012). After all of the
networks were examined, the minimum network density
at which no individual network was fragmented was iden-
tified as 0.16. The maximum density of the network was
determined by the percent of connections present using the
most lenient threshold applied, which was 0.5. Next, the
networks of the two groups were created at different cor-
relation thresholds, ranging from 0.16 to 0.5, in 0.01 incre-
ments. The topological parameters of the brain network
were also calculated using graph theoretical analysis, in-
cluding clustering coefficient (C), normalized clustering
coefficient (γ), local efficiency (Elocal), characteristic path
length (L), normalized characteristic path length (λ), global
efficiency (Eglobal), small-worldness (σ), and transitivity.
To determine the statistically significant differences be-
tween the groups in the network topology and regional
network measurements, we manually extracted the area
under the curve between 0.16 and 0.5 of the density to
calculate the p value of the two-sample t test.

Network-based statistical analysis

NBS analysis was used to identify the significance of any
connected subnetworks evident in the set of altered con-
nections found in BQ chewers. NBS analysis tries to iden-
tify any potentially connected structures formed by an
appropriately chosen set of suprathreshold links. The to-
pological extent of any such structure is then used to
determine its significance. The test statistic (i.e., primary
threshold) computed for each pairwise association is used
to construct a set of suprathreshold links (Zalesky et al.
2010). The null distribution of the number of edges was
empirically obtained using nonparametric permutation
(5000 permutations) to assess the significance of each of
the connected edges.

Results

Participants

Table 1 shows the demographic characteristics. There were
significant differences in age, years of education, and BNDS
scores among the three groups. Therefore, age and years of
education were used as covariates for subsequent analysis.
There were no significant differences in FTND or AUDIT
between the BQ chewers and the TA controls.

FC and SCA

In FC analysis between the BQ chewers and the HC, we found
higher FC of the right precuneus (Fig. 1a) and the left
precuneus (Fig. 1b) in the BQ chewers, and lower FC of the
right insula in the BQ chewers compared with the HC (Fig. 1c,
p < 0.05). In FC analysis between the BQ chewers and the TA
controls, we found higher FC of the right hippocampus in
the BQ chewers (Fig. 1d) and lower FC of the right insula
(Fig. 1e) and left insula (Fig. 1f) in the BQ chewers compared
with the TA controls (p < 0.05). In FC analysis between the
TA controls and the HC, we found higher FC of the right
precuneus (Fig. 1g) and the left precuneus (Fig. 1h) in the
TA controls compared with the HC (p < 0.05).

Voxel-based analysis (VBA) of mfALFF and mReHo

In VBA analysis of mfALFF between the BQ chewers and the
HC (Fig. 2a), we found higher mfALFF activation of the left
cuneus and precuneus in the BQ chewers compared with the
HC (Fig. 2b, p < 0.05 with FDR correction). In VBA analysis
of mReHo between the BQ chewers and the HC (Fig. 2c),
higher regional homogeneity of the right caudate and right
ACC was found in the BQ chewers compared with the HC
(Fig. 2d, p < 0.05 with FDR correction).

In VBA analysis of mfALFF between the TA controls and
the BQ chewers (Fig. 3a), we found higher mfALFF activa-
tion of the right fusiform in the BQ chewers compared with
the TA controls (Fig. 3b, p < 0.05 with FDR correction). In
VBA analysis of mReHo between the TA controls and the BQ
chewers (Fig. 3c), we found higher regional homogeneity of
the left amygdala, left pallidum, left hippocampus, left puta-
men, left middle frontal gyrus (MFG), left and right superior
frontal gyri (SFG), left ACC, and right precuneus in the BQ
chewers compared with the TA controls (Fig. 3d, p < 0.05
with FDR correction). We also found lower regional homoge-
neity of the right superior temporal gyrus (STG) in the BQ
chewers compared with the TA controls (Fig. 3d, p < 0.05
with FDR correction).

In VBA analysis of mfALFF between the TA controls and
the HC (Fig. 4a), we found higher mfALFF activation of
the left calcarine in the TA controls compared with the HC
(Fig. 4b, p < 0.05 with FDR correction). In VBA analysis
of mReHo between the TA controls and the HC (Fig. 4c),
higher regional homogeneity of the right insula was found
in the TA controls compared with the HC (Fig. 4d, p < 0.05
with FDR correction).

Graph theoretical analysis

In the GTA among the three groups, i.e., BQ chewers, TA
controls and HC, we found a significant tendency in the
clustering coefficient (Fig. 5a, TA >HC>BQ), local efficiency
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(Fig. 5b, TA >HC >BQ), and transitivity (Fig. 5c, TA >HC>
BQ). However, no significant tendency was found in the char-
acteristic path length (Fig. 5d), normalized characteristic path
length (λ) (Fig. 5e), small-worldness (σ) (Fig. 5f), or other
topological parameters. Although all participants maintained
the small-worldness functional brain network according to
the σ calculation, the network was more like a random network
in the BQ chewers.

Network-based statistical analysis

In NBS analysis, we compared the edges of the brain net-
works between the BQ chewers and the HC. More edges in
two subnetworks were found in the HC compared with the
BQ chewers (p < 0.05). The first subnetwork (Fig. 6a) in-
cluded the connections from the right SFG to the right
MFG, right superior orbital frontal gyrus (OFG) to right
middle OFG, right MFG to right middle OFG, right SFG
to right inferior triangularis frontal gyrus, right SFG to
right ACC, right superior OFG to right ACC right middle
OFG to right ACC, right inferior triangularis frontal gyrus
to left calcarine, left insula to left calcarine, right inferior
triangularis frontal gyrus to left lingual gyrus, and left
insula to right lingual gyrus.

The second subnetwork (Fig. 6b) included the connections
from the left rolandic operculum to the left posterior cingulate
cortex (PCC), left rolandic operculum to right PCC, right
rolandic operculum to right PCC, left middle cingulate
cortex (MCC) to left precuneus, left precuneus to left pu-
tamen, left precuneus to right putamen, right precuneus to
right putamen, left PCC to left Heschl’s gyrus, right PCC
to left Heschl’s gyrus, left PCC to left superior temporal
gyrus (STG), right PCC to left STG, and left precuneus to
left STG.

We also compared the edges of the brain networks between
the BQ chewers and the TA controls. One subnetwork
showed more edges in the TA controls compared with the
BQ chewers (Fig. 6c, p < 0.05), including the connections
from the left gyrus rectus to the left insula, right rolandic
operculum to right PCC, left gyrus rectus to right amygda-
la, left rolandic operculum to right precuneus, left gyrus
rectus to right putamen, right PCC to right putamen, right
precuneus to right putamen, right PCC to left Heschl’s
gyrus, and right PCC to left STG.

Another subnetwork showed that more edges were found
in the BQ chewers compared with the TA controls (Fig. 6d,
p < 0.05), including the connections from the left SFG to the
right MOG, right MOG to left superior parietal gyrus (SPG),
left MOG to right SPG, right MOG to right SPG, left SPG to
right precuneus, left olfactory to left middle temporal gyrus
(MTG), left SFG to right MTG, and left olfactory to right
MTG. However, no significant difference was found between
the TA and the HC.

Discussion

In the current rs-fMRI study, we investigated the possible
alternations of brain functions in the current BQ chewers.
Our hypothesis was partially supported. That is, the enhanced
reward system for the BQ chewers (e.g., habitual drug-seeking
behavior and react inappropriately to the substance cues) was
supported; however, their inhibitory control was relatively
preserved. In addition, we reported that the BQ chewers may
have enhanced visuospatial processing and decreased local
segregation. We discussed these findings in terms of different
indexes next.

Table 1 Demographic and
clinical characteristics. Standard
deviations are in parentheses

Betel-quid
chewers (BQ)
(n = 16)

Tobacco- and
alcohol-user
controls (TA)
(n = 15)

Healthy controls
(HC) (n = 17)

F p

Mean (SD) Mean (SD) Mean (SD)

Age 37.1 (10.4) 30.1 (4.9) 31.6 (3.6) F(2,45) = 4.502 0.017

Education Years 13.6 (2.1) 15.5 (1.9) 15.8 (2.3) F(2,45) = 4.771 0.013

BNDS 28.4 (3.2) 11.0 11.0 F(2,44) = 444.311 <0.001

FTND 4.7 (2.5) 4.2 (2.0) n / a F(1,26) = 0.343 0.563

AUDIT 10.9 (6.5) 8.1 (7.5) n / a F(1,26) = 1.168 0.290

Months 173.5 (151.9) n / a n / a

Days 4.8 (2.3) n / a n / a

Number of BQ 20.8 (26.1) n / a n / a

BNDS, Betel-Nut-Dependency Scale; FTND, Fagerstrom Test for Nicotine Dependence; AUDIT, Alcohol Use
Disorders Identification Test; months, the average months of chewing BQ; days, the average number of days per
week on which chewing occurred; number of BQ, the average number of BQ chewed per day
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Functional connectivity: enhanced visuospatial
processing, inappropriate reactivity to BQ, possible
anti-depressant property

Higher FC of the bilateral precuneus was observed in the BQ
chewers (vs. HC) and the TA controls (vs. HC). A recent struc-
tural imaging study (Chen et al. 2015) found an increased gray
matter (GM) volume of precuneus in BQ chewers. The

precuneus is related to identifying the salience of visual, appe-
titive cues (e.g., BQ for the habitual chewers) (Gearhardt et al.
2014; Tang et al. 2012), suggesting that it plays an important
role in visuospatial processing (e.g., directing attention in space
and among objects) (Cavanna and Trimble 2006).

Lower FC of the insula was found in the BQ chewers, as
compared to the HC and TA controls. Neuroimaging studies
have shown that addicted individuals had lower GM volume

Fig. 1 The higher functional connectivity of (a) the right and (b) the left
precuneus was found in the BQ chewers compared with the HC (left BQ;
right HC). (c) The lower functional connectivity of the right insula was
found in the BQ chewers compared with the HC (left BQ; right HC). (d)
The higher functional connectivity of the right hippocampus was found in
the BQ chewers compared with the TA controls (left BQ; right TA). The

lower functional connectivity of (e) the right and (f) the left insula was
found in the BQ chewers compared with the TA controls (left BQ; right
TA). The higher functional connectivity of (g) the right and (h) the left
precuneus was found in the TA controls compared with the HC (left TA;
right HC)

Fig. 2 (a) Two-sample t test results of mfALFF between the BQ and the
HC (BQ>HC; color bar represents t score). (b) Higher mfALFF of the
left cuneus and precuneus was found in the BQ chewers compared with
the HC (cluster size = 6, p < 0.05 with FDR correction). (c) Two-sample t

test results of mReHo between the BQ and the HC (BQ >HC; color bar
represents t score). (d) Higher mReHo of the right caudate and the right
ACC was found in the BQ chewers compared with the HC (cluster size =
22 and 6, p < 0.05 with FDR correction)
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of insula and reduced activity of the insula (Droutman et al.
2015). The insula has a critical role in generating conscious,
interoceptive experiences (McClernon et al. 2009; Verdejo-
Garcia et al. 2012). A desensitized interoceptive insula in
BQ chewers may make them misadjust the reward value of
the substance to optimize their choices to satisfy their internal
and external need (Naqvi and Bechara 2010; Paulus and
Stewart 2014). Another possibility is that the insula and the
ACC form a salience network (Menon 2015) that is responsi-
ble for detecting the salient event (e.g., BQ for the chewers)
and initiating the network switch between the default mode
and the central executive networks (Menon and Uddin 2010).
The weaker FC of the insula in the BQ chewers may suggest
an inappropriate reactivity to salient stimuli, followed by en-
hanced impulsive substance use and/or decreased engagement
of the central executive system (Bechara 2005).

Higher FC of the right hippocampus was found in the BQ
chewers, compared to the TA controls. A recent structural
imaging study (Chen et al. 2015) also reported increased
GM volume of the hippocampus in the BQ chewers. The
hippocampus is involved in memory and emotion (Phelps
2004). For example, the intake of arecoline (a primary ingre-
dient in BQ) has been shown to have an acute effect on im-
proving memory (e.g., verbal memory) in patients with
Alzheimer’s disease (Asthana et al. 1995; Raffaele et al.
1996). However, a recent behavioral study (Chiu et al. 2016)
reported impaired spatial short-termmemory in dependent BQ
chewers. Areca catechu fruit extract has been shown to in-
crease serotonin and noradrenaline levels (Abbas et al.
2013), suggesting a possible anti-depressant property. Since
the hippocampus is related to emotion, particularly depression
(Videbech and Ravnkilde 2004), the stronger FC in the

Fig. 3 (a) Two-sample t test results of mfALFF between the TA and the
BQ (TA > BQ; color bar represents t score). (b) Higher mfALFF was
found in the right fusiform in the BQ chewers compared with the TA
controls (cluster size = 20, p < 0.05 with FDR correction). (c) Two-
sample t test results of mReHo between the TA and the BQ (TA >BQ,
color bar represents t score). (d) Higher mReHo of the left amygdala, the
left pallidum, the left hippocampus, and the left putamen was found in the

BQ chewers compared with the TA controls (cluster size = 50, p < 0.05
with FDR correction). Higher mReHo of the left MFG, left and right
SFG, left ACC, and right precuneus was also found in the BQ chewers
compared with the TA controls (cluster size = 50, p < 0.05 with FDR
correction). Lower mReHo of the right STG was found in the BQ
chewers compared with the TA controls (cluster size = 5, p < 0.05 with
FDR correction)

Fig. 4 (a) Two-sample t test results of mfALFF between the TA and the
HC (TA >HC, color bar represents t score). (b) Higher mfALFF of the
left calcarine was found in the TA controls compared with the HC (cluster
size = 3, p < 0.05 with FDR correction). (c) Two-sample t test results of

mReHo between the TA and the HC (TA >HC, color bar represents t
score). (d) Higher mReHo of the right insula was found in the TA
controls compared with the HC (cluster size = 2, p < 0.05 with FDR
correction)
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hippocampus in BQ chewers may be a possible neural mech-
anism underlying the anti-depressant property.

mfALFF: enhanced basic visual processing

Higher mfALFF activation of the left cuneus and precuneus
was found in the BQ chewers compared with the HC. The
cuneus is important for basic visual processing (e.g., texture
and orientation) projected from the retinas. None of the BQ
imaging studies reported the enhanced basic visual processing
in the BQ chewers. It is possible that repeated addictive sub-
stance use may result in the brain’s hypersensitivity to the

substance and substance-related cues (Ho et al. 2013;
Robinson and Berridge 2003; Shen et al. 2016). Future studies
are needed to examine the hypothesis of enhanced visual
processing.

mReHo: enhanced reward system, preserved
attentional control

Higher mReHo activation of the right caudate nucleus and
the right ACC was found in the BQ chewers compared
with the HC. The dorsal striatum (including the caudate
nucleus) in the basal forebrain system has also been

Fig. 5 The topological parameters, including (a) clustering coefficient, (b) local efficiency, (c) transitivity, (d) characteristic path length, (e) normalized
characteristic path length (λ), and (f) small-worldness (σ), among the three groups, i.e., the BQ chewers, the TA controls, and the HC
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reported to relate to substance cue reactivity (Chase et al.
2011; Jasinska et al. 2014; Kühn and Gallinat 2011). It also
plays an important role in habitual drug seeking and in
reinforcing learning (Koob and Volkow 2010). The ACC
is believed to play a role in inhibitory control over the
amygdala-striatal reward system (Ersche et al. 2013;
Koob 2006; Volkow et al. 2012). Recent BQ imaging stud-
ies appear to have inconsistent results. Some have reported
impairment of the ACC in BQ chewers manifested in
forms such as decreased GM volume (Chen et al. 2015)
and decreased spontaneous brain activity (Liu et al.
2016b), showing impaired inhibitory control. On the other
hand, Weng et al. (2017) reported increased diffusion an-
isotropy in the ACC, possibly showing facilitated inhibito-
ry control in the BQ chewers. A recent behavioral study by
Ho et al. (2015) reported that acute and chronic BQ
chewing did not affect BQ chewers’ inhibitory control
(Ho et al. 2015). It is possible that BQ is a weakly addic-
tive substance and that current BQ chewers may not devel-
op dependence symptoms in terms of DSM-IV or ICD-10
(Benegal et al. 2008; Lee et al. 2014).

The BQ chewers had higher mReHo activations in the left
putamen, the left amygdala, the left hippocampus, the left
pallidum, the left MFG, the left and right SFG, the left
ACC, and the right precuneus as compared to the TA controls.
The dorsal striatum (putamen and caudate nucleus) and the
amygdala are parts of the basal forebrain reward system
(Chase et al. 2011; Jasinska et al. 2014; Kühn and Gallinat
2011). The dorsal striatum plays an important role in habitual
drug seeking and in reinforcing learning (Koob and Volkow
2010). The amygdala mediates cue-induced reinstatement of
drug-seeking behavior (Everitt et al. 2000; See et al. 2003) and

promotes negative reinforcement associated with compulsive
drug use (Koob and Volkow 2010). The processing of contex-
tual information by the hippocampus and reinforcement by the
amygdala together contribute to the preoccupation with sub-
stance use (Koob and Volkow 2010). The pallidum in the
basal ganglia receives projections primarily from the striatum;
therefore it is critical for further processing of the drug reward
signal (Koob and Volkow 2010). The BQ chewers may expe-
rience the enhanced basal forebrain reward system. This result
is consistent with many recent BQ imaging studies (Chen
et al. 2015; Liu et al. 2016a; Weng et al. 2017).

The ACC, MFG, and SFG are involved in attentional con-
trol. As mentioned earlier, the ACC plays an important role in
inhibitory control. The MFG is involved in reorienting atten-
tion from stimulus-driven, exogenous attention to top-down
guided endogenous attentional control (Chica et al. 2013;
Japee et al. 2015). Chen et al. (2015) reported that a longer
period of BQ chewing is related to a larger reduction of GM of
MFG (Chen et al. 2015). However, Chen et al. did not report a
significant between-group GM difference in MFG. The SFG
supports working memory and top-down attentional orienting
(Du Boisgueheneuc et al. 2006; Hopfinger et al. 2000). A
recent structural imaging study reported decreased diffusion
anisotropy in the bilateral SFG in BQ chewers (Weng et al.
2017). The current rs-fMRI study reported the possible en-
hancement of attentional control in the BQ chewers; however,
the structural imaging studies (Chen et al. 2015; Weng et al.
2017) may suggest structural abnormalities in the BQ
chewers.

The BQ chewers had lower mReHo activations in the right
STG as compared to the TA controls. Chen et al. (2015) re-
ported atrophy in the right STG in the BQ chewers, but Liu

Fig. 6 The NBS results. Two disrupted subnetworks (a) and (b) were
found in the BQ chewers compared with the HC (HC>BQ, p < 0.05).
(c) A disrupted subnetwork was found in the BQ chewers compared with

the TA controls (TA > BQ, p < 0.05). (d) An alternative subnetwork was
found in the BQ chewers compared with the TA controls (BQ > TA,
p < 0.05)
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et al. (2016b) reported increased neural synchronization in this
area. A recent meta-analytic paper (Ersche et al. 2013) sug-
gested that the pattern of reduced volume of STG is not
strongly reported in chronic cocaine and amphetamine users.
The STG has been involved in auditory processing (Moerel
et al. 2014), perception of facial emotions (Bigler et al. 2007),
and social cognition (Jou et al. 2010). Liu et al. (2016b) ar-
gued that the increased activity in the temporal regions (in-
cluding the STG) may be a positive reinforcement factor for
developing repetitive BQ chewing behavior. More imaging
studies on BQ chewers are needed to clarify the role of the
STG in BQ chewers and in their development of addiction.

The TA controls had higher mReHo activations in the right
insula than the HC. This finding of increased mReHo in the
insula is consistent with imaging studies that recruited
smokers (Yu et al. 2013) and alcoholic drinkers (Kim et al.
2015). The enhanced synchronization in local regional activ-
ity in the insula in TA controls may reflect an atypical urge to
use cigarettes and alcohol (Naqvi et al. 2007). On the other
hand, however, structural imaging studies showed reduced
GM volume of the insula in the addicted individuals
(Droutman et al. 2015). Similarly, functional imaging studies
showed weaker FC of the insula in opioid (Upadhyay et al.
2010) and cocaine (Gu et al. 2010) users. Alternatively, task-
based functional imaging studies showed mixed results; that
is, reduced insular activity in the decision-making task and the
cue-reactivity task, but increased activity in the Go/No-Go
task. More task-based imaging studies are needed to under-
stand the role of the insula in addiction (Droutman et al. 2015).

GTA: decreased local segregation

In the graph theoretical analysis, we reported that the TA con-
trols had the largest clustering coefficient, local efficiency, and
transitivity whereas the BQ chewers had the lowest (i.e., TA >
HC >BQ). The current results suggest that the BQ chewers
may have worse segregated neural processing (lower clustering
coefficient, local efficiency, and transitivity), as compared to the
HC and TA controls. Alternatively, the TA controls have better
segregated neutral processing than the HC and BQ chewers.

The clustering coefficient quantifies the extent of local in-
terconnectivity in the network. The local efficiency indicates
how well a node exchanges information with its immediate
neighbors. The transitivity refers to the extent to which the
relation between two nodes in a network that are connected
by an edge is transitive. These measures reflect the extent of
local segregation of the neural network: higher scores on these
measures correspond to a higher extent of segregated neural
processing (e.g., higher local interconnectivity, higher effi-
ciency of local information exchanges, and higher transitivity
between nodes). On the other hand, the three groups exhibit
small-world properties (σ) and have a similar extent of global
integration of the neural network (e.g., characteristic path

length and normalized characteristic path length). The three
groups exhibit small-world properties, suggesting a balance
between local segregation and global integration among the
brain regions and networks (Bullmore and Bassett 2011;
Hosseini et al. 2012). Path length is defined as the minimum
number of edges between all pairs of nodes (Bullmore and
Bassett 2011; Hosseini et al. 2012). Increased path length
indicates decreased global integration of the network. The
three groups have a similar extent of global integration. We
suggest that the BQ chewers have decreased local segregation
and relatively intact global integration, which may lead to a
reduction in the specificity with which distinct neural struc-
tures mediate particular processing functions (e.g., long-term
memory) (Chan et al. 2014).

NBS analysis: disrupted subnetwork of the control
system and DMN and facilitated subnetwork
of visuospatial processing

The BQ chewers had two disrupted subnetworks (Fig. 6a, b)
in comparison to the HC (HC >BQ) and one disrupted sub-
network (Fig. 6c) compared to the TA controls (TA > BQ).
Alternatively, the BQ chewers had one enhanced subnetwork
(Fig. 6d) as compared to the TA controls (BQ > TA).

The first disrupted subnetwork (HC > BQ, Fig. 6a) may
involve primarily the brain areas playing important roles in
the control system and in decision-making. For example, the
OFG integrates the emotional/somatic states and working
memory for decision making (Li et al. 2010). The ACC is
believed to play a role in inhibitory control over the amygda-
la–striatal reward system (Ersche et al. 2013; Koob 2006;
Volkow et al. 2012). The SFG supports working memory
and top-down attentional orienting (Du Boisgueheneuc et al.
2006; Hopfinger et al. 2000).

The second disrupted subnetwork (HC > BQ, Fig. 6b)
may involve primarily the brain areas in the DMN (e.g.,
the precuneus and the PCC) (Fransson and Marrelec 2008).
Liu et al. found that the BQ chewers had decreased con-
nectivity from the ACC to the DMN (Liu et al. 2016a). The
disrupted DMN may impair the chewers’ awareness of dis-
ease, their need for treatment, and/or their strong desire for
the drug (Buckner et al. 2008; Goldstein et al. 2009;
Volkow et al. 2012).

The third disrupted subnetwork (TA > BQ, Fig. 6c)
involves primarily the DMN and the amygdala-striatal
reward system (e.g., the putamen and amygdala). The dorsal
striatum (including the putamen) plays an important role in
habitual drug seeking and in reinforcing learning (Koob and
Volkow 2010). The amygdala mediates the cue-induced rein-
statement of drug-seeking behavior (Everitt et al. 2000; See
et al. 2003) and promotes negative reinforcement associated
with compulsive drug use (Koob and Volkow 2010). The re-
ductions of resting-state connectivity in these areas may
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reflect a possible difficulty in appropriately engaging the cir-
cuitry associated with reward, motivation, and emotion, such
as decreased reward systems driven by natural rewards (Koob
and Le Moal 2005; Sutherland et al. 2012).

The only enhanced subnetwork (BQ > TA, Fig. 6d)
involves primarily visual (e.g., the MOG) and spatial process-
ing (e.g., the SPG). The MOG is primarily involved in the
spatial and nonspatial processing of visual stimuli (Renier
et al. 2010). The SPG is primarily involved in spatial attention
and perception (Cabeza andNyberg 2000). This result is similar
to the recent finding (Huang et al. 2016), showing that acute
BQ chewing can increase new participants’ visuospatial pro-
cessing. Previous behavioral studies (Ho and Wang 2010,
2011) also reported that BQ chewing can immediately facilitate
the habitual chewers’ visuospatial processing (e.g., making it
easier to detect a parafoveal target).

Conclusions

In this study, we used rs-fMRI to examine the brain functional
alterations in BQ chewers compared to the TA controls and
the HC. The data were analyzed by FC, mfALFF, mReHo,
GTA, and NBS analyses. To summarize, we report that the BQ
chewers may have inappropriate reactivity to BQ, an en-
hanced reward system, preserved attentional control, en-
hanced visuospatial processing, and decreased local segrega-
tion. In the future, the task-based fMRI studies are encouraged
for better understanding of higher-level functional changes
(e.g., attentional control) for the chronic BQ chewers. This
study was limited in relatively small sample size, which may
affect the significance and possibly bias the results.
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