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ABSTRACT

Background:

The abuse of amphetamine-type stimulants has continued to increase, leading to new
challenges to human health. However, the effects of the abuse of amphetamine-type
stimulants on brain functional networks are unclear. The aim of the current study was to
use resting-state functional magnetic resonance imaging (rs-fMRI), a technique that is used
to study the brain’s intrinsic functional organization, to characterize the brain functional
architecture influenced by amphetamine-type stimulant abuse.

Methods:

The present study recruited seventeen male amphetamine-type stimulant abusers (ATSAs)
and twenty-two healthy male controls. We used degree centrality (DC) and seed-based
resting-state functional connectivity (RSFC) analyses to identify brain functional architecture
differences between ATSAs and healthy controls (HCs).

Results:

The ATSA group showed a decreased DC, especially in a large cluster including the right
anterior, middle, and posterior insula. Furthermore, seed-based RSFC analyses revealed
decreased functional connectivity in a network composed of the right posterior insula, medial
prefrontal cortex, visual and sensorimotor cortices as well as in a network composed of the
right middle insula and visual cortices in the ATSA group.

Conclusion:

These results provide evidence that the resting-state brain functional architecture is disrupted
in amphetamine-type stimulant abusers from a network perspective.
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Introduction

Drug abuse is a severe public issue that poses a
global threat to human health, social stability,
and economic development. Worldwide, the
proportion of people abusing amphetamine-
type stimulants experiences a large growth
every year (http://www.unodc.org/wdr2016/).
For example, in China, the proportion of
amphetamine-type stimulant abusers (ATSAs)
exceeded that of heroin abusers for the first
time in 2014 (http://www.nncc626.com/2015-
06/24/c_127945747_2.htm),and the proportion
of ATSAs has maintained a continuous upward
trend over the past five years. In comparison
with the abuse of opioid drugs, such as heroin,
abuse of amphetamine-type stimulants (a group
of drugs whose principal members include
amphetamine and methamphetamine) is a new
trend [1]. Abuse of synthetic mephedrone,
whose derivatives are similar to amphetamine,
has been found to cause psychotic episodes of
hallucinations, aggression, paranoia, suicidal
thoughts or impulses, and homicidal tendencies
[2]. Moreover, amphetamine-type stimulants
lead to extensive neural damage and abnormal
functional and structural organization of the
brain [3-5]. The structural abnormalities are
mainly related to a smaller grey matter volume
within all cerebral cortices (temporal, frontal,
occipital, and parietal lobe) and increased striatal
and basal ganglia gray matter volume, as well as
the invariably accompanied trend of increased
white matter volume [5]. Multiple brain region
abnormality (e.g., frontal and temporal systems)
contributes to amphetamine users’ impaired
cognitive abilities, such as episodic memory,
to some extent [4], and prefrontal and insular
hypoactivtion during a decision-making task can
predict amphetamine relapse [6].

Resting-state functional magnetic resonance
imaging (rs-fMRI) has provided a new venue
to understand the brain’s intrinsic functional
organization [7-10]. Rs-fMRI involves analysis of
spontaneous brain function using blood oxygen
level-dependent contrasts in the absence of a task,
rendering it suitable for clinical applications [11].
Rs-fMRI has been successfully applied to the
characterization of brain function disturbances
in substance-dependent populations, including
individuals addicted to heroin [12-15], nicotine
[16-19], and cocaine [20,21]. These rs-fMRI
findings provide evidence that regions related to
reward, memory and learning, cognitive control,
motivation, and salience evaluation are involved
in addiction [22].

Compared with opiate addiction, there are
fewer imaging studies focused on the abuse
of amphetamine-type stimulants [23-26].
Considering that the most serious frequently
reported problems by ATSAs were psychological
rather than physical [27], it is possible that
amphetamine-type stimulants have specificeffects
on brain function. In healthy volunteers, acute
effects of 3,4-methylenedioxymethamphetamine
(MDMA) on spontaneous brain function
have been found, specifically as indicated by
decreased resting-state functional connectivity
(RSFC) between the ventral medial prefrontal
cortex (vMPFC) and medial temporal lobe
(MTL) and between the vMPFC and posterior
cingulate cortex (PCC) as well as increased
RSFC between the amygdala and hippocampus
[23]. In amphetamine-type stimulant abusers,
Kohno, et 4l. found increased RSFC related to
the midbrain, and they also found a negative
correlation between the midbrain RSFC and
right dorsolateral prefrontal cortex (DLPFC)
activity that was modulated by risk during a
decision-making task in these abusers [28]. Dean,
et al. found that denial (a lack of recognition
that a problem exists and needs to be changed)
in methamphetamine users was associated with
functional connectivity between the frontal
lobe and rostral anterior cingulate [26]. These
studies indicate that rs-fMRI can detect changes
in the brains of amphetamine-type stimulant
abusers. However, the regions influenced by
amphetamine-type stimulants are inconsistent
across studies.

In this study, we aimed to identify differences
between the resting-state brain functional
architecture of ATSAs and healthy controls
(HCs) using a method combing whole-brain
exploration of functional networks and seed-
based RSFC. We first used voxel-wise degree
centrality (DC) analysis, a method that is
widely used to detect changes in resting-state
functional networks [29-33], to characterize
the functional relationships of a given voxel
(node) within the entire connectivity matrix of
the brain [29,34,35]. Due to the inconsistent
findings of previous rs-fMRI studies of ATSAs,
this examination of voxel-wise DC allowed us to
identify brain regions that might be influenced
by amphetamine-type stimulants without
requiring a priori selection of nodes or networks
of interest. Next, seed-based RSFC analysis was
used to further reveal the details of the functional
networks that were associated with the identified
regions [29,33].
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Materials and methods
m Subjects

Male ATSAs (n = 17) were recruited from
the Wuhan Mental Health Centre affiliated
with the Huazhong University of Science and
Technology during the period from October
2012 to December 2012. Healthy male
controls (n = 22) were recruited from the local
community and Huazhong University of Science
and Technology using posted advertisements.
The inclusion criteria for both groups were as
follows: 18-40 years of age, male, at least 9 years
of education, normal or corrected-to-normal
vision and hearing, and no reported history of
neurological problems, severe head injuries, or
ophthalmic diseases. HC subjects were screened
by telephone interviews and excluded when they
met the current or past criteria for any Axis I
psychiatric disorder according to the Diagnostic
and Statistical Manual for Mental Disorders, 4th
Edition (DSM-1V) [36]. All enrolled ATSAs met
the DSM-1V criteria for drug dependence and
were assessed using the Chinese version of the
Addiction Severity Index (ASI-C) [37], in which
clinicians assessed each participant on seven
potential problem areas: medical, employment/
support status, alcohol, drug, legal, family/social,
and psychiatric [38]. Furthermore, the enrolled
ATSA participants all had used amphetamine-
type stimulants for more than one year, and the
accumulated dosage of the amphetamine-type
stimulants they used was above 50g. Based on self-
reports of these abusers, among the 17 ATSAs, 8
participants used methamphetamine only and
9 participants used two or three amphetamine-
type stimulants, such as methamphetamine,
ecstasy or ketamine. None of the ATSAs and
HCs had a history of abuse or dependence on
other substances, with the exceptions of nicotine,
caffeine, and alcohol. All of the ATSAs were
inpatients, so they were in a state of withdrawal
from any substance, including amphetamine-
type stimulants, nicotine, caffeine, and alcohol.
One ATSA and one HC subject were later
excluded from the study because of excessive
head motion during the fMRI scan (see the
following section). This study was approved by
the Ethics Committee of Wuhan Mental Health
Centre, and all experiments were performed
in accordance with relevant guidelines and
regulations. All participants or families of ATSAs
provided informed consent before participation.

= MRI data acquisition

Images were acquired with a 1.5 Tesla MRI

scanner (Model: GE Signa HDxt) in Zhongshan
Hospital, Wuhan City, Hubei Province, China.
Whole-brain functional scans were collected
in 33 axial slices using an echo-planar imaging
(EPI) sequence (repetition time = 3000 ms; echo
time = 40 ms; flip angle= 90°% matrix = 64 x 64;
field of view = 220 x 220 mm?; slice thickness
= 3 mm; slice gap = 1 mm). Each functional
run contained 180 volumes. High-resolution
T1-weighted images were acquired in a sagittal
orientation employing a fast SPGR sequence
(repetition/echo time = 9.176/2.956 ms; flip
angle = 207; slice thickness = 1.2 mm (no gap);
number of slices = 128).

= Data preprocessing

Unless otherwise stated, all preprocessing was
performed using the Data Processing Assistant
for Resting-State fMRI (DPARSF 2.3, http://
www.restfmri.net) [39], which is based on
the Statistical Parametric Mapping (SPMS8)
program (http://www.fil.ion.ucl.ac.uk/spm) and
the Resting-State fMRI Data Analysis Toolkit
(REST 1.8, http://www.restfmri.net) [40].
Prior to preprocessing, the first 10 volumes were
discarded to allow for signal stabilization. The
remaining volumes acquired from each subject
were corrected for differences in slice acquisition
times. The resultant images were then realigned
to correct for small movements that occurred
between scans. Based on the recorded motion
correction estimates, subjects with a maximum
displacement of more than 3 mm (in the x, y, or
z direction) or more than 3° of angular rotation
about any axis for any of the 170 volumes were
excluded from the study. Based on these criteria,
one amphetamine-type stimulant abuser and
one healthy volunteer were excluded from the
analyses. The realigned EPI images were co-
registered to individual T1-weighted structural
images. The transformed structural images were
then segmented into gray matter, white matter,
and cerebrospinal fluid [41]. The Diffeomorphic
Anatomical Registration Through Exponentiated
Lie algebra (DARTEL) tool [42] was used to
compute the transformations from individual
native space to MNI space and vice-versa. Several
sources of spurious or regionally nonspecific
variance were removed from the realigned data
by regression of nuisance variables, including (i)
24 parameters (6 head motion parameters, 6 head
motion parameters one time point before, and
the 12 corresponding squared items) obtained
by rigid body head motion correction, (ii) the
signal averaged over the lateral ventricles, (iii)
the signal averaged over a region centered in the
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deep cerebral white matter, (iv) and linear and
quadratic trends [43]. Finally, temporal filtering
(0.01-0.1 Hz) of the time series was performed.
To characterize differences in in-scanner micro-
head motion, the mean frame-wise displacement
(FD), which includes measures of voxel-wise
differences in motion in its derivation [44], was
used as a measure of the micro-head motion of

each subject [43].
m Degree centrality

Degree centrality (DC) was computed as the
number of significant correlations (binarized) of
each voxel or as the sum of the weights of the
significant connections (weighted) of each voxel
[35]. A grey matter mask was used to exclude
artifactual correlations from non-gray matter
voxels as previously described [33,35].

Within the study mask, individual DC maps were
generated in a voxel-wise manner. In brief, we
calculated the number of significant correlations
or the sum of the weights of significant
correlations between the time course of a voxel
and that of every other voxel by requiring each
connection’s strength to exceed a threshold of
r > 0.25 [29,35,43,45]. Next, the individual-
level, voxel-wise DC was converted into a z-score
map by subtracting the mean DC across the
entire brain and dividing the resulting value by
the standard deviation of the whole-brain DC
[35,43]. The resulting maps were then registered
into MNI space with 3 x 3 x 3-mm? cubic voxels
using the transformation information acquired
from DARTEL. A smoothing kernel of 8 mm
was applied after registration.

Two-sample rtests were performed to analyze
the differences between the DC values of the
ATSA and HC subjects while accounting for
the confounding effects of the education level
and Jenkinson’s mean FD as recommended by
a previous study [45]. The two-sample #test was
restricted (masked) to voxels in which the DC
values were significant within the HC group
or ATSA group using one-sample #-tests. For
one-sample #tests, a correction for multiple
comparisons was applied at the cluster level
following Monte Carlo simulations conducted
in the 3dFWHMx/3dClustSim modules of
AFNI (Version 17.0.18, http://afni.nimh.nih.
gov). According to the simulations, a corrected
significance level of P < 0.05 was obtained with
an individual voxel height threshold of P <
0.001 (cluster-defining threshold) and a cluster
size dependent on the simulation based on

the observed smoothness of the data. For two-
sample #-tests, an overall significance level of P
<0.05 corrected for multiple comparisons across
the mask (37861 voxels) was calculated using
the 3dFWHMx/3dClustSim modules of AFNI
(cluster-defining threshold P = 0.005, a cluster
size > 184, 10,000 Monte Carlo simulations).

m RSFC networks

To reveal the specific networks influenced by
amphetamine-type stimulant abuse, the regions
selected based on the results of the DC analyses
were used as seed regions for RSFC analyses.
For large clusters (e.g., right insula), including
several anatomical regions/subregions, seed
regions were selected for each anatomical region/
subregion. That is, we obtained anterior, middle,
and posterior insula seed regions by calculating
the intersection between the subregion template
of the right insula as defined using the FreeSurfer
Atlas (htep://surfer.nmr.mgh.harvard.edu/) and
the cluster obtained by DC analyses using the
“Image Calculator” utility in spml12 (http://
www.fil.ion.ucl.ac.uk/spm). The mean time series
of each seed region was acquired by averaging the
time series of all of the voxels within that region.
Pearson’s correlation coeflicients were computed
between the mean time series of the seed region
and time series of each voxel in the study mask.
The correlation coeflicients were converted into
zvalues using Fisher’s r-to-z transformation
to improve their normality. The z-values were
analyzed by one-sample #tests to identify brain
regions that exhibited significant positive or
negative correlations with the seed region within
each group. Finally, the z-values were analyzed by
two-sample #tests to identify brain regions that
exhibited significant differences in connectivity
with the seed region in the ATSA group and HC
group while accounting for the confounding
effects of the education level and Jenkinson’s
mean FD. The two-sample t-test was restricted
(masked) to voxels in which connections of the
seed region in the network were significant within
the HC group or within the ATSA group using
one-sample t-tests (cluster-defining threshold P =
0.001, cluster size dependent on the simulation
based on the observed smoothness of the data).
The statistical threshold of the two-sample t-test
was set at 3dFWHMx/3dClustSim corrected
P < 0.05 (cluster-defining threshold P = 0.005,
cluster size dependent on the simulation based
on the observed smoothness of the data for
multiple comparison corrections, 10,000 Monte
Carlo simulations).
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Results
= Demographic data and head motion

Table 1 shows the characteristics of the
subjects and head motion information. The
mean ages of the ATSA group and HC group
were not significantly different (7 = 1.36, P =
0.18). However, the educational level of the
ATSAs was significantly lower than that of the
HC subjects (Chi-square = 21.45, P < 0.001).
Therefore, the educational level was included as
a covariate in the following analyses. The mean
FDs of the ATSA group and HC group were
not significantly different (7" = 1.49, P = 0.14).
However, considering the influence of head
motion on intrinsic functional connectivity [46],
we also included it as a covariate in the following
analyses.

= Degree centrality

In the HC group, the spatial distribution of
the weighted DC was highly localized in the
posterior cingulate/ventral precuneus, occipital
lobe, middle cingulate cortex (MCC), anterior
cingulate cortex/medial prefrontal ~cortices,
lateral prefrontal cortex, inferior parietal regions,
and insula (Figure S1). This distribution was
similar to that reported in previous studies
[33,35]. In the ATSA group, the spatial
distribution of the weighted DC was also
localized in the abovementioned regions, but the
clusters were smaller (Figure S1). In comparison

with the HC group, significant decreases in the
weighted DC were found in a large cluster that
included the right anterior insula, middle insula,
posterior insula, and superior temporal gyrus in
the ATSA group (Table 2 and Figure 1). The
weighted DC in the left inferior temporal gyrus
(ITG) of the ATSA group was significantly
increased in comparison with that of the HC
group (Figure 1). The findings obtained from
the binarized graphs were highly similar to those
obtained from the weighted graphs and thus are
not presented.

m RSFC networks

We separately selected three subregions of the
insula in which the DC was disrupted in the
ATSA group as seed regions to reveal the specific
networks that were influenced by amphetamine-
type stimulant abuse. In general, the spatial
distribution of the RSFC of each seed region in
the HC group was larger than that of the ATSA
group (Figure 2). Functional connectivity for
the right middle and posterior insula showed
significant group differences  (3dClustSim
corrected, P < 0.05) (Table 3). Specifically, in
the ATSA group, the right middle insula showed
a decreased RSFC for a cluster that included the
left lingual gyrus and inferior occipital gyrus
(3dClustSim corrected P < 0.05, cluster-defining
threshold P =0.005, cluster size > 93 voxels in the
mask with 33036 voxels) (Figure 3). The right

posterior insula showed a decreased RSFC with

Research

Table 1: Demographic data and subject head motion.

HC ATSA

Sample size 21 16
Age (years) 29.52 + 2.54(25.00-35.00) 28.00 + 4.24(20.00-38.00)
Education

Junior high school 1 9

Senior high school 0 2

College degree 7 5

Bachelor degree 13 0
Mean FD 0.06 +0.03(0.02-0.13) 0.05 +0.02 (0.03-0.11)
Note: Data reflect mean + standard deviation (range).

Table 2: Group differences in degree centrality between the amphetamine-type stimulant abuser (ATSA) group and the healthy

control (HC) group.

Brain region BA MNI coordinates Peak T value Cluster size
HC > ATSA

R. insula/superior temporal gyrus ‘13/41/42/40 ‘57, -24,15 ‘4.99 ‘272

HC < ATSA

L. inferior temporal gyrus 20 -39,-12,-36 4.71 273

Note: Threshold is voxel-wise P < 0.005 in conjunction with a cluster-wise P < 0.05 (3dClustSim corrected).
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Figure 1: Group differences in degree centrality (DC) between the amphetamine-type stimulant abuser (ATSA) group and the healthy control (HC)
group.

Threshold is voxel-wise p<0.005 in conjunction with cluster-wise p<0.05 (3dClustSim corrected). (A) Surface view of the DC group difference. The
images were created using BrainNet Viewer (http://www.nitrc.org/projects/bnv/). (B) Slice view of the DC group difference. The images were created
using xjview (http://www.alivelearn.net/xjview/).

anterior insula middle insula posterior insula

3.36 12.50
T-value

Figure 2: Spatial distribution of the resting-state functional connectivity of three seed regions (the right anterior, middle, and posterior insula) within
the healthy control (HC) group and the amphetamine-type stimulant abuser (ATSA) group.

The spatial distribution of the RSFCs was projected onto a surface brain using BrainNet Viewer (http://www.nitrc.org/projects/bnv/).
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Table 3: Group differences in functional connectivity between the amphetamine-type stimulant abuser (ATSA) group and the

healthy control (HC) group.
Seed ROI

HC > ATSA

R. middle insula

Brain region

R. posterior insula -
occipital gyrus/ cuneus

B. MPFC/ ACC

occipital gyrus
HC < ATSA

none

L. lingual gyrus/ inferior occipital gyrus
L. middle occipital gyrus/ inferior

R. middle occipital gyrus/ fusiform gyrus
L. precentral gyrus/ postcentral gyrus 6/4
R. precentral gyrus/ postcentral gyrus 6/4
R. superior temporal gyrus/ insula
R. inferior occipital gyrus/ middle

BA MNI coordinates
18/17 -6,-99,-18

19/18 -42,-93,-6
11/47/10/32 -18,51,-9
19/37/18 33,-54,-24

-54,-9, 51

39,-15,33
22/13 57.-18,3
18 24,-87,-12

Peak T value

5.40
4.60

417
3.86
3.99
4,51
4.47

3.93

Cluster size

203
467

330
290
219
166
124

99

T-value

Figure 3: Regions showing altered functional connectivity in the (A) right middle insula and (B) right posterior insula in the amphetamine-type stimulant
abuser (ATSA) group compared with the healthy control (HC) group.

Threshold is voxel-wise p<0.005 in conjunction with cluster-wise p<0.05 (3dClustSim corrected). The images were created using BrainNet Viewer (http://www.

nitrc.org/projects/bnv/).

a cluster that included the MPFC and anterior
cingulate cortex (ACC), bilateral precentral gyrus
and postcentral gyrus, and bilateral occipital lobe
(3dClustSim corrected P < 0.05, cluster-defining
threshold p = 0.005, cluster size >118 voxels in
the mask with 23398 voxels) (Figure 3). No
increased functional connectivity was found in
the ATSA group compared with the HC group.
No significant difference between the HC
group and ATSA group was detected when the
left ITG was used as the seed region for RSFC
(3dClustSim corrected P < 0.05).

Discussion

In the current study, we demonstrated that the
resting-state brain functional architecture was
disrupted in ATSAs. The ATSA group showed

a decreased spatial distribution of weighted

DC, especially in a large cluster that included
the right anterior insula, middle insula, and
posterior insula. Furthermore, seed-based RSFC
analyses revealed that the decreased RSFC
related to the right middle and posterior insula
involved regions in the MPFC and visual and
sensorimotor cortices in the ATSA group.

The insula is a brain structure with a complex
functional  and
Recent studies employing a diverse range of
methodological approaches appear to converge
on the functional parcellation of the insula

structural  organization.

into at least 3 functionally distinct subregions
[47-52]. The anterior insula is involved in
interoceptive processes, including pain sensing
and emotional processing [53], and plays an
important role in social emotions [54] and

decision-making [55-57]. The middle insula
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clusters are associated with sensory perception,
somesthesis, and interoception [58]. The
posterior insula is most strongly associated with
somatosensory, vestibular, and motor integration
[59]. In addition, the posterior insula also serves
as an integrative heteromodal association area
for information received by the five senses
(gustatory, olfactory, auditory, somesthetic and
visual) [60].

Previous functional and structural studies have
suggested a probable role for the insula in drug
abuse and addiction [59,61,62]. In comparison
with healthy controls, methamphetamine-
dependent subjects exhibited an attenuated
anterior insula response [63-65] and reduced
activity in the dorsal and posterior insula
when  performing  decision-making  tasks
[65-67]. Dysfunction in the insula cortices
of abstinent methamphetamine  abusers
contributes to impaired vigilance [68] and
cognitive control deficits [69]. Hypoactivation
of the insula in methamphetamine abusers
suggests compromised emotional awareness to
threatening scenes and empathy for another’s
pain [70]. In addition to functional abnormalities
in the insula, ATSAs have been found to possess
structural abnormalities in the insula, including
a decreased cortical density, grey and white
matter volume, and cortical thickness [71-77].
Our finding that the DC in the insula of the
ATSA group was decreased suggests that there
is less interaction between the right insula and
other brain regions in ATSAs during the resting
state, thus providing new evidence of insula
dysfunction associated with amphetamine-type
stimulant abuse from a brain network perspective
using resting-state fMRI.

Using seed-based RSFC, we showed that ATSAs
had altered functional connectivity between the
posterior insular and medial prefrontal cortex, in
line with the hypothesis that cocaine dependence
is related to an altered functional interaction
of the insular cortex with prefrontal networks
[78]. The posterior insula showed decreased
connectivity strength with the more rostral part
of the MPFC, including the medial orbitofrontal
cortex (OFC). In comparison with the healthy
control group, cocaine-addicted subjects showed
a significant increase in metabolic response in
the right medial prefrontal cortex [79,80]. The
orbitofrontal cortex has also been reported to
show hypoactivity after detoxification [81]. In
addition to functional alterations, imaging studies
using MRI have documented morphological
abnormalities in the medial OFC of substance-

dependent individuals [71,82-84]. Our findings
are consistent with these previous studies.
Similar to our findings, abnormal insula-MPFC
functional connectivity has also been reported in
smoking studies, e.g., a weakened right anterior
insula—ventral MPFC functional circuit in
smoking abstinent subjects [85]. This similarity
suggests that amphetamine-type stimulants may
interfere with functional networks similar to
smoking. In brief, the decreased insula-MPEFC
RSFC reported in this study provides new
evidence for dysfunction of the prefrontal-insula
circuit in substance addiction.

We also found that the right middle and
posterior insula in the ATSAs showed reduced
functional connectivity with the visual cortex and
its association cortices. The RSFC between the
posterior insula and occipital cortices has been
found using resting-state fMRI [50,52,58,86,87].
We speculate that these abnormalities observed
in ATSAs may be correlated with psychotic
symptoms, such as visual hallucinations, which
have been documented in previous studies
[88]. Future studies should aim to illuminate
the relationship between changes in functional
connectivity and psychotic symptoms in ATSAs.
In addition, we found reduced functional
connectivity between the posterior insula and
sensorimotor cortices. Cauda et al. suggested that
the links between the middle-posterior insula
and premotor, sensorimotor and supplementary
motor cortices indicated the insular role of
sensorimotor integration [50]. We speculate
that these reduced functional connections
may reflect the reduced functional integration
between multiple senses and may be related
to the perturbed homeostatistic steady state
suggested in drug addiction [89]. However, this
speculation needs to be tested in future stuies.

Another finding in this study is the increased
DC in the left inferior temporal gyrus. The
left inferior temporal gyrus is likely involved
in retrieval load [90] and visual perception
[91,92]. The inferior temporal gyrus shows a
significantly greater response to novel versus
familiar stimuli across visual, auditory and
tactile sensory modalities [93]. A previous
study also discovered that in students who were
referred to a college alcohol and drug assistance
program, polydrug (containing club drugs such
as methamphetamine, LSD and ketamine)
cues produced significantly greater left inferior
temporal gyrus activity compared with neutral
cues [94]. Cocaine-dependent participants had
increased neural functioning of the left inferior
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temporal gyrus in the “reward” compared to
the “no-reward” condition during reward-based
spatial learning (a form of episodic memory)
[95]. In comparison to a placebo, the left inferior
temporal gyrus of those who used designer drugs
containing benzylpiperazine (a worldwide safe
and legal alternative to illicit recreational drugs,
such as MDMA and methamphetamine) showed
decreased activation in a Stroop task, especially
during the incongruent condition [96].
Therefore, we speculate that the ATSAs might
pay more attention to thinking about obtaining
and using amphetamine-type stimulants, and
thus show higher resting-state activity of the left
inferior temporal gyrus.

The present study has several limitations. First,
only male participants were recruited to eliminate
the confounding factor of sex differences. After
all, some factors could potentially vary the
developmental timecourses of vulnerability to
amphetamine toxicity in different genders [5].
Therefore, we cannot infer the RSFC pattern
in female ATSAs based on the current findings.
Second, considering small differences in head
motion were sufficient to produce specific effects
in seed-based functional connectivity maps
[46], the current results could not completely
eliminate the impact of head motion, even after
we included it as a covariate. Third, the ATSAs
were scanned during substance withdrawal,
whereas the HCs were not, so we were not able
to absolutely exclude the influence of smoking,
drinking or caffeine. In addition, the sample
size of this study was relative small due to the
practical difficulties in recruitment of ATSAs in
a clinical hospital, such as difficulty in building
cooperation between patients and researchers
and difficulty in obtaining informed consent
from patients or their families. The relative
smaller sample size may also account for the
insignificant group differences while using the
left ITG as the seed region for RSFC analyses.
Therefore, the findings obtained in the current
study need to be validated in studies with larger
sample sizes in the future. Finally, in this study,
we were not able to exclude the possibility that
the abnormal resting-state activity observed in
the ATSAs was independent or dependent on
some clinical characteristics, such as depression,
anxiety, or impulsivity. For example, a recent
study that compared insular RSFC of drug-naive
major depressive disorder (MDD) and healthy
controls found that the RSFCs between the right
insula and left middle frontal gyrus and right
middle occipital gyrus were decreased in the

MDD patients [86], suggesting that depression
may lead to disrupted insula RSFC. In a future
study, it is necessary to measure these clinical
indices to explore the correlation between the
clinical characteristics and insular resting-state
functional networks or controlling individual
differences in various clinical symptoms.

Conclusions

In the present study, we demonstrated a disrupted
resting-state brain functional architecture in
ATSAs from a new brain network perspective
using resting-state fMRI. The ATSA group
showed decreased DC in the right insula. The
decreased functional connectivity in the insula
may have resulted from the decreased functional
interaction between the insula and MPFC as well
as visual and sensorimotor cortices. These results
provide important new information on the
manner in which amphetamine-type stimulants
alter resting state brain activity in male abusers.
In addition, these findings should facilitate
the development of improved biomarkers for
amphetamine-type stimulant abuse.
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