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Abstract

Background: The formation of compulsive pattern of drug use is related to abnormal regional neural activity and functional
reorganization in the heroin addicts’ brain, but the relationship between heroin-use-induced disrupted local neural activity
and its functional organization pattern in resting-state is unknown.

Methodology/Principal Findings: With fMRI data acquired during resting state from 17 male heroin dependent individuals
(HD) and 15 matched normal controls (NC), we analyzed the changes of amplitude of low frequency fluctuation (ALFF) in
brain areas, and its relationship with history of heroin use. Then we investigated the addiction related alteration in
functional connectivity of the brain regions with changed ALFF using seed-based correlation analysis. Compared with NC,
the ALFF of HD was obviously decreased in the right caudate, right dorsal anterior cingulate cortex (dACC), right superior
medial frontal cortex and increased in the bilateral cerebellum, left superior temporal gyrus and left superior occipital gyrus.
Of the six regions, only the ALFF value of right caudate had a negative correlation with heroin use. Setting the six regions as
“seeds”, we found the functional connectivity between the right caudate and dorsolateral prefrontal cortex (dIPFC) was
reduced but that between the right caudate and cerebellum was enhanced. Besides, an abnormal lateral PFC-dACC
connection was also observed in HD.

Conclusions: The observations of dysfunction of fronto-striatal and fronto-cerebellar circuit in HD implicate an altered
balance between local neuronal assemblies activity and their integrated network organization pattern which may be
involved in the process from voluntary to habitual and compulsive drug use.
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Introduction related fMRI reveals heroin-use-induced abnormal brain respons-
es to external stimuli, including inhibitory control, decision making
and stress regulation cognitive functions [10-13], and involving in
reward, cognitive control, motivation and/or drive and salience
evaluation, learning and memory circuitry [14].

Resting-state functional connectivity analysis and networks
assessment are more effective in elucidating brain pathophysio-
logic state both in rest and task state and even in predicting
subsequent stimulus-related neural responses from an integrated
perspective. For example, through graph theory analysis, Liu et al.
identified the dysregulated neural networks which might be
contributed to deficits in self-control, inhibitory control and stress
regulation [15]. Ma et al. [16] applied seed based correlation
analysis verified abnormal functional organization in the neural
circuits responsible for increased salience value and reduced
cognitive control observed in task-related {MRI in heroin addicted

Drug addiction is viewed as the transitions from a pattern of
voluntary drug use to dysfunctional stimulus-response habit or
even to compulsive behavioral phenotype [1]. Considerable
evidence now attributes the transitions to drug-induced adaptive
changes in the brain structure and function. These changes may
lead to reorganization of brain microzones and functional
networks, presenting with brain structural disturbance, extensive
brain functional abnormalities and disrupted networks [2-3].

Heroin is a highly addictive drug [4]. Past years witnessed the
achievements of neuroimaging studies in revealing the neural
substrates underlying heroin addiction process. Specifically,
structural MRI discloses the impaired white matter integrity
induced by chronic heroin use (CHU) in the right frontal sub-
gyral, corpus callosum, thalamic radiation, inferior longitudinal
fasciculus [5—6], parietal lobule, and insular [7], and the reduced
gray matter volume and density within frontal, cingulate and
temporal cortices in heroin-dependent individuals [8-9]. Task-

brain. Moreover, they demonstrated a abnormal default mode
network functional connectivity which may involved in addiction-
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related enhanced memory processing and decreased attention and
self-monitoring using independent component analysis method
[17].

It must be pointed out that, from a view of the balance between
local neuronal assemblies activities and global integrative processes
upon which normal brain functions is primarily dependent [18],
these researches mentioned above are all characterized with
separately or isolatedly focusing on the effects of CHU either on
regional brain activity or on a set of brain regions within a
network. So, it is still difficult to generalize the findings of these
separated studies for deep understanding heroin addiction
mechanism.

At present, there are only a few studies dedicated to explore the
heroin addiction mechanism from the view of altered balance or
interrelationship between local neuronal reactivity and high-order
neuronal network in heroin addicts’ brain. Daglish et al. [19]
adopted H,'?O position emission tomography (PET) to exam the
drug-related cue induced change of regional cerebral blood flow
and its correlation with craving score. And then by functional
connectivity analysis they identified the neuronal circuitry involved
in opiate craving. Liu etal [20] analyzed the functional
connectivity intensity of brain region in resting state networks of
heroin dependence (HD) and correlated it with neural blood-
oxygen-level dependent (BOLD) activation in the same brain
region in task-related fMRI. These studies successfully identified
several networks involving neural responses to drug-related cue
from a task-resting view, a view of interaction between the specific
brain regions having abnormal responses to external stimuli
(operational) and its relevant networks under resting-state. Because
there is still no theoretical interpretation made for the relationship
between brain activity of resting and operational task so far [21],
we think a restrest interaction view which addressing the
relationship between the nature of segregated neuronal activity
and their high-order neuronal organization pattern integrative in
resting state can better reflect the nature of disease-involved
neuronal activity.

Amplitude of low frequency fluctuation (ALFF), representing as
the square root of the power spectrum in a low frequency range,
was recently applied as a new biomarker for assessing brain
physiopathological state by calculating the regional intensity of
spontaneous fluctuation in BOLD signal in resting state [22].
Multiple psychological and neurological disorders were assessed
with ALFF, such as attention deficits hyperactivity disorder [22],
epilepsy [23] and Parkinson disease [24]|, demonstrating that
ALFF is reliable approach to evaluate the nature and extent of
physiopathological BOLD signal change of regional spontaneous
neural activity (SNA) in resting-state [22,25].

ALFF measurement was also used by Jiang et al. to investigate
heroin-use-related SNA alteration in the HD individuals [26].
They found that compared with healthy controls, the ALFF of HD
individuals was decreased in the dorsal anterior cingulated cortex
(dACCQ), bilateral medial orbit frontal cortex, left dorsal lateral
prefrontal cortex (dIPFC), left middle temporal gyrus and left
cuneus, and was increased in the posterior and parietal regions,
bilateral precuneus, bilateral angular, bilateral supramarginal
gyrus and left posterior cingulated cortex (PCC). These findings
were known brain regions contributing to psychological and
mental presentation of heroin addicts which reported in previous
studies [8,27], indicating that ALFF measurement can character-
ize the nature and extent of SNA in HD brains. However, their
study did not provide evidence for the correlation between CHU
and SNA changes and not elucidate the altered balance between
regional neuronal activity and brain integrative process in resting
state in HD.
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This study planed to investigate the relationship between
heroin-use-induced disrupted local neural activity and its func-
tional organization in resting state, by which we hope to explore
the neural substrates contributing to the development of heroin
addictive behavior pattern. We firstly used ALFF measurement to
investigate the heroin-use-related altered baseline brain function of
CHU patients, and then we identified which brain regions with
changed SNA were correlated with CHU. After that, we applied
region-based network analysis to provide a good visualization of
heroin-use-induced functional connectivity properties of the brain
regions with altered ALFF. We hypothesized that HD would have
some brain regions with altered ALFF compared with normal
controls (NC) and these regions would be mainly located in the
prefrontal cortex and limbic system just as a previous study found.
Meanwhile, we surmised that the altered ALFF value in these
brain regions could be correlated with heroin use and these CHU-
assoclated areas would be related to the dysfunctional connectivity
of interacting brain subsystems in resting state.

Materials and Methods

This present study was approved by Institutional Board of the
Fourth Military Medical University, China, and conducted in
accordance with Declaration of Helsinki.

2.1 Subjects

Seventeen HD patients (male, right-handed, mean age
33.9%6.3 years, age range 25~42 years) were recruited from the
Outpatient of Xi’an Methadone Substitution Treatment Center.
From the very beginning they were on their own initiative to come
to that Outpatient for seeking medical help and they all completed
this study before receiving formal methadone maintenance
treatment. By means of advertising we recruited fifteen male NC
from local community, their mean age 34.3%£7.3 years and age
range 20~43. They had not the history of drug use and were
matched with the HD patients in the aspects of age, gender, right-
handed, educational level and cigarette smoking ($>0.05). More
detailed demographic information was given in Table 1.

The inclusion criteria for the HD were as follows: a) they were
screened by the Structural Clinical Interview (SCID-IV) at first
and diagnosed as opioid dependence according to the diagnostic
criteria of the DSM-IV-TR (American Psychiatric Association,
2002); b) their heroin use history was longer than 12 months and
their mean daily dosage of heroin more than 0.3 g; 3) their urine
test of heroin usage before methadone treatment was positive.

All the participants, NC or HD, would be excluded if they
had any history of active neurological disease, a history of head
trauma, medical disorders requiring immediate treatment,
psychiatric  disorders other than heroin dependence, and
contraindications to MRI scan, or if they were taking any
prescription drugs which might affect central nerves system

Table 1. Demographic information of HD and NC.

Characteristics NC (n=15) HD (n=17) Pvalue
Age (years) 34.3%£7.3 33.946.3 p=0.875
Education (years) 10.6+2.4 10.2+2.8 p=0.699
Nicotine (no. cigarette/day) 18.3%+2.1 20.016.1 p=0.308
Duration of heroin use (months) N/A 81.5+33.9
Dosage of heroin use (g/day) N/A 0.71+0.35

doi:10.1371/journal.pone.0058098.t001
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within 1 week before MRI scanning. In accordance with the
requirements of the Institutional Review Board of the Fourth
Military Medical University, all the participants were fully
informed of the details of the experiment and provided with the
written consents for their involvement. All subjects finished this
procedure before scanning.

2.2 Brain Imaging Methodology and Data Analysis

2.2.1 MRI scanning. MRI data were acquired on a 3.0 T
GE-Signa MRI scanner using an eight-channel head coil (GE
Healthcare, Milwaukee, U.S.A.) in the Department of Radiology,
Tangdu Hospital, the Fourth Military Medical University. Lying
supine with head fixed by a belt and foam pads, subjects were
instructed to keep their heads still, close their eyes and not to think
anything specific. A routine structure MR scan was conducted to
exclude gross cerebral pathology. After that, the resting-state fMRI
data were abstained using T2*-weighted gradient-echo planar
imaging (GRE-EPI) and single-shot gradient echo-echo planar
imaging (EPI) pulse sequence, settings: 30 axial slices,
TR =2000 ms, TE =30 ms, flip angle =90°,
FOV =256 mm x256 mm, slice thickness = 5.0 mm, skip =0 mm,
Matrix = 64 x64. This session lasted for 5 minutes and 10 seconds.
And then, a high-resolution structure session was performed with
contiguous slices to cover the whole brain in a steady state using an
axial fast spoiled gradient recalled echo (3D-FSGPR) for
anatomical reference, scanning parameters: TR =7.8 ms,
TE = 3.0 ms, TI=450 ms, FOV =256 mm x192 mm, slice thick-
ness = 1.0 mm, skip =0 mm, matrix = 256 x256. After scanning,
all subjects reported they were awake during all scans.

2.2.2 Data preprocessing, ALFF calculation. The imaging
data were mainly processed with SPM 8 (http://
www.filion.ucl.ac.uk/spm). The resting-state data were prepro-
cessed by cutting the first five time points to eliminate
nonequilibrium effects of magnetization and effect of fMRI
scanning noise. The remaining time points (150 volumes) were
used for fMRI analysis. For each subject, all functional images
were realigned to the first volume. Translation and rotation were
checked and subjects with head movements greater than 1 mm in
any direction or head rotations greater than 1° were discarded. All
the 17 HD and 15 NC participants met the movement criterion.
Followed by spatially smoothed with a Gaussian Kernel (full width
at half maximum =8 mm) and spatial normalization to the
Montreal Neurological Institute (MNI) template (Resampling
voxel size=3x3x3 mm?). The TIl-weighted high-resolution
image volume was also spatially normalized to the MNI template.
All images spatially normalized to MNI template were trans-
formed to Talairach and Tournoux coordinates and then filtered
by using a band-passed filter (0.01 Hz—0.08 Hz) to reduce the
effect of low-frequency drifts and high-frequency noise.

Further ALFF calculation was performed with REST software
(http:/ /resting-fmri.sourceforge.net) with an approach similar to
that used in the previous study [26,28]. In brief, after bandpass
filtering (0.01-0.08 Hz) and linear-trend removal, the time series
were transformed to the frequency domain using fast Fourier
transform and the power spectrum was obtained. Since the power
of a given frequency is proportional to the square of its amplitude
in the original time series, the square root was calculated at each
frequency of the power spectrum and then averaged across 0.01 to
0.08 Hz to yield a measure of ALFI from each voxel. For
standardization purposes, this ALFF was then divided by the
global mean ALFF value to standardize data across subjects
analogous to approaches used in PET study [29].

Two-sample ¢ test was used to assess the differences in age,
education level, cigarette smoking between HD and NC group,
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P<0.05 being considered significant. The voxel-by-voxel-based
ALFTF comparisons between the two groups were also performed
with two-sample ¢ test (P<<0.01, AlphaSim correction, cluster
size>16). In addition, partial correlation was introduced to
identify the association between ALFF alterations and heroin use
after controlling for age, education, and nicotine usage in HD
group (P<<0.05). Here, the average values of ALFF in those brain
regions of HD individuals where the ALFF values were
significantly decreased or increased compared to the NC were
considered as the ALFF alterations.

2.2.3 Functional connectivity analysis. The resting-state
properties in HD and NC were assessed using a seed-voxel-
correlation-based functional connectivity method. We determined
the “seeding” region as the brain regions where the ALFF value
changed significantly between HC and NC group (diame-
ter =6 mm), identified the voxels with the largest difference from
the NC’s in those regions, and then set the voxels as the centers to
draw a sphere with a diameter of 6 mm, by which we obtained the
regions of interest (ROIs) or the seeds. In current study, all ROIs
with altered ALFF were used as “seeds” to explore the relationship
between heroin-use-induced disrupted local neural activity and its
functional organization in resting state as much as possible. The
correlation between the seeds and the rest of the whole brain was
analyzed in a voxel-wise manner by regressing out the effects of
head motion parameters. The correlation coefficients were
converted to an approximately normal distribution using Fisher’s
z-transformation and then analyzed with a random effect one-
sample t-test to identify voxels that showed a significantly positive
correlation to the seed time series within HD and NC. The
between-group comparison of z value maps between HD and NC
was conducted with two-sample #tests. Statistical significance was
considered at p<<0.05 (family-wise-error corrected) and p<<0.01
(AlphaSim corrected, cluster>16).

Results

3.1 ALFF Results and the Correlation between ALFF
Alteration and Heroin Use

Relative to NC, the HD group showed a significant decreased
ALFT in the right caudate, right dACC (BA 32), right superior
medial frontal cortex (BA 9, dIPFC) and a significant increased
ALFF in the bilateral cerebellum, left superior temporal gyrus (BA
22) and left superior occipital gyrus (BA19) (Fig. 1). The ALFF
value in the right caudate in HD individuals was negatively
correlated with the duration of heroin use (r=—0.642, p=0.010)
and with the heroin daily dosage (r=—0.817, p=0.000) (Fig. 2).

3.2 Functional Connectivity Results

Compared with NC, the HD showed reduced functional
connectivity between the right caudate and the right superior
temporal gyrus, bilateral middle frontal gyrus (BA 46, dIPFC),
right superior frontal gyrus (BA 6), and left angular gyrus. Instead,
an enhanced functional connectivity was found between the right
caudate and the right cerebellum. The HD also showed increased
functional connectivity of the right dACC with right lingual gyrus
(BA 18), bilateral inferior frontal gyrus (BA 45,9), right inferior
parietal lobule (BA 40). In addition, the functional connectivity of
the right dACC in HD with several other brain regions was
observed, including the bilateral middle temporal gyrus (BA21,38),
left temporal gyrus (BA 21), right medial frontal gyrus (BA 10), left
posterior frontal gyrus (BA 31) and left superior frontal gyrus (BA
8/6)(p<<0.01, AlphaSim corrected, cluster>16). More details
related sees Table 2.
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Figure 1. ALFF differences between HD and NC groups. The differences map from the bottom to the top, (every 12 mm), (p<<0.01, corrected,
T>2.7633 or <—2.7633, cluster size >16). Blue indicates HD individuals had decreased ALFF compared with NC and the red indicates the opposite.

doi:10.1371/journal.pone.0058098.g001

Discussion

This is the first study to explore the relationship between the
CHU-induced disrupted local neural activities and its high-level
functional organization pattern using a combined method of ALFF
measurement and functional connectivity analysis. Consistent with
previous study [26], this study also presents an extensive and
systemic ALFF abnormalities in the cortical and subcortical
regions of HD. Meanwhile, this study revealed via correlation
analysis that only the ALFF value of right caudate had a negative
correlation with heroin use duration and heroin daily dosage.
Setting the brain regions with altered ALFF as the “seeding”
region, we found the functional connectivity of right caudate with
bilateral dIPFC, right superior frontal gyrus, left angular gyrus and
right superior temporal was lower and the functional connectivity
of right caudate with right cerebellum higher in HD. Furthermore,
an opposite trend of functional connectivities between the right
dACC, the posterior part of the left dIPFC and the left lateral PFC
was observed. These findings may confirm the existence of

A
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-4.00+4

R=-0.642

-4.50+

Standardized ALFF of the Right Caudate

-5.00

T T Y
50.00 100.00 150.00

Duration of the heroin use

hypoconnection of fronto-striatal circuitry, dysfunction of fronto-
cerebellar circuitry, and abnormal lateral PFC-dACC connection
in HD. These results support our hypothesis that the brain regions
with ALFF alterations induced by CHU are associated with
dysfunctional connectivity of interacting brain subsystems which
may contribute to the process from first voluntary drug use to
compulsive drug seeking and taking.

4.1 Decreased ALFF in Caudate

Caudate (dorsal striatum) is a principal brain region of
mesostriatum  Dopamine (DA) pathway and recognized to
contribute to drug addiction [30]. Studies demonstrated that in
the caudate existed significant DA changes when addicts were
exposed to drug-related cues, and the magnitude of these changes
were correlated with self-reports of craving [31-34]. All these
disclose that the caudate is a crucial link between conditional and
behavioral responses to procure drug and the DA activity
responding to drug-related cues which mediates the habitual

3.00

3.50+

4.00+

4.50

Standardized ALFF of the Right Caudate

5.00

T T L L] T L L
.00 1000.00 2000.00  3000.00 4000.00 5000.00 16000.00

Heroin daily dosage

Figure 2. Bivariate scatter plots. A shows the negative correlation between the duration of the heroin use and the standardized ALFF of the right
caudate, and B the negative correlation between the heroin daily dosage and the standardized ALFF of the right caudate.

doi:10.1371/journal.pone.0058098.9g002
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corrected, T>2.7633 or <—2.7633, cluster>16).
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Table 2. Differences in the functional connectivity of the regions with altered ALFF value between HD and NC (p<<0.01, AlphaSim

Seed Brain Regions BA X Y z T-value Cluster
R Caudate (9, 12, 3) R Cerebellum 39 —69 —51 4.0046 39
R Superior Temporal Gyrus 57 —45 12 —4.5091 44
R Middle Frontal Gyrus 46 51 36 21 —4.2914 43
L Middle Frontal Gyrus 46 =51 30 24 —4.7831 38
L Angular Gyrus 40 -39 —48 33 —3.5858 32
R Superior Frontal Gyrus 6 27 -3 60 —3.4915 28
R Dorsal Anterior Cingulate Cortex R Lingual Gyrus 18 18 —87 -9 5.965 48
(3, 48, 9)
R Inferior Frontal Gyrus 45 57 21 3 4.4644 23
L Inferior Frontal Gyrus 9 -39 33 45 4.3174 25
R Inferior Parietal Lobule 40 54 —42 45 4.3981 29
L Precentral Gyrus 6 —42 3 45 4.6489 34
L Middle Temporal Gyrus 21 —42 9 —42 —4.5096 28
R Middle Temporal Gyrus 38 36 12 —42 —4.685 18
L Inferior Temporal Gyrus 21 —63 -6 —18 —4.1035 21
R Medial Frontal Gyrus 10 9 57 3 —6.3597 107
L Posterior Frontal Gyrus 31 —12 48 12 —4.3827 60
L Superior Frontal Gyrus 8/6 —6 36 63 —4.3518 28
R Superior Medial Frontal Gyrus L Precentral Gyrus 6 —42 0 42 3.8874 26
(6, 57, 30)
R Superior Frontal Gyrus 9 9 57 30 —5.2232 42
L Cerebellum Anterior Cingulate 32 0 36 ) 3.7873 21
(—9, —84, —27)
R Cuneus 18 18 —96 15 —3.4007 16
L Inferior Temporal Gyrus 37 —48 —48 -12 —3.4553 20
L Middle Occipital Gyrus 18 —12 —96 12 —3.4614 22
R Inferior Frontal Gyrus 48 30 —12 —3.687 17
L Superior Frontal Gyrus 9/46 46 35 33 —4.7454 45
L Superior Temporal Gyrus (—60, —30, 22)L Inferior Frontal Gyrus 47 —42 15 —6 3.3711 21
Middle Frontal Gyrus 6 51 9 48 3.4194 28
R Superior Frontal Gyrus 6 5 37 3.9542 81
L Parahippocampa Gyrus 36 —30 =9 =33 —4.5746 41
R Parahippocampa Gyrus 36 30 —15 24 —4.5748 41
L Posterior Cingulate cortex —18 —54 6 —3.3971 18
L Superior Frontal Gyrus 8 —25 33 54 —4.1690 65
L Superior Occiptal Gyrus L Caudate —12 18 9 3.5670 19
(—24, —87, 33)
R Inferior Occipital Gyrus 18/19 42 —81 —12 —3.7264 22
R Posterior Temporal Lobe 45 =75 27 —3.4564 19

doi:10.1371/journal.pone.0058098.t002

nature of subjective experience of caving and compulsive drug-
seeking behaviors in addicts (habits development) [35-36].
Reportedly, impaired DA neuron and under-active DA system
can be detected in the caudate of chronic opioid users [37]. Our
correlation analysis revealed that only the ALFT value of right
caudate has a negative correlation with heroin use, indicating that
CHU may impair low-frequency oscillations of brain neuronal
activity. In view of ALFF property, a convincing index to reflect
the nature and extend of SNA, we suggest the changed ALFF in

PLOS ONE | www.plosone.org

Notes: X, Y, Z: coordinates in the Talairach-Tournoux atlas. BA: Broadmann area. L, R: Left and right. T values from the t-test of a peak voxel (showing the greatest
statistical differences within a cluster), a positive T value indicates increased functional connectivity in heroin dependent individuals.

the caudate of HD might imply CHU-induced neural impairment
and dopaminergic neuron function disruption.

In animal studies, the caudate was though to be involved in
stimulus-response habit learning over the course of repeated cycles
of drug-taking [38]. Volkow et al. observed the cue-elicited DA
changes in caudate were associated with the estimates of addiction
severity and the withdrawal symptoms scores in cocaine users,
reflecting the strengthening of habits as chronicity of addiction
progresses [31-32]. Thereby, we may consider that the reduced
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ALFT value in the caudate is a reflection of habitual behaviors of
addiction, and its correlation with heroin use can reflect the
strengthening of habit. Moreover, according to the postulation in
ALFF abnormalities in heroin addicts [26], we think that the
altered ALFF in caudate might be seen as a reliable neurobiolog-
ical indicator of the habitual nature of drug-seeking behavior.

4.2 Increased ALFF Value in Cerebellum

Cerebellum is involved in addictive behavior [39-41]. Previous
PET and fMRI studies observed that drug-conditioned cue elicited
the increased metabolism and activation of cerebellum [40,42].
When addicts performed reward expectation tasks, glucose
metabolism was increased greatly in the cerebellum [43]. These
suggest the cerebellum is also involved in drug-conditioned
memories in addicts. And it has been noted and described that
the cerebellum plays a compensatory role in inhibitory control
[44] and decision-making behavior in addicts [45].

The cerebellum has many molecular targets where addictive
substance can act on, such as glutamate receptor, dopamine
receptor, cannabinoid receptor, etc [46-48]. The molecular and
cellular actions of addictive drug on these receptors lead to the
adaptive changes of neurotransmitter and intracellular signaling
transduction pathway, and followed by reorganization and
rewiring of cerebellum microzone [49-50]. It has been proposed
that the drug-related neuroadaptation in cerebellum is associated
with conditioned emotional memory, behavioral sensitization and
perseverative behavioral phenotype transition, and all the associ-
ations contribute to the consolidation and performance of
automatic goal-directed behavioral (habit) [39,45,51-52].

Our data demonstrated that, besides in the superior temporal
gyrus and superior occipital gyrus in heroin users, the ALFF was
also increased in the bilateral cerebellum. Based on this and the
previous studies above, we argue that the altered ALFF in
cerebellum might reflect the neuroadaptation and reorganization
of cerebellar functional network caused by CHU, that there would
be a correlation between ALFF alteration and addiction severity,
and that the increase of ALFT value in cerebellum could be seen as
an objective index for addiction degree assessment. These, of
course, need further researches.

4.3 Functional Connectivity between Caudate and dIPFC

dIPFC is responsible for executive cognitive activities, such as
focusing attention, self-control, working memory, planning in
order to produce adaptive behavior automatically, and these
activities are all robustly proven compromised previously in drug
addiction through employing other methods [53]. In this present
study, the functional connectivity between dIPFC and caudate was
reduced in HD. We think this finding may implicate the
dysfunction of fronto-striatal circuit in HD.

The dIPFC plays a role in the urge/craving of substance and
behavioral addiction. For example, a previous fMRI study
demonstrated that the activation of the dIPFC under drug cue
corresponded to the cue-elicited craving in substance dependence
[53]. And the resemble phenomenon was also found in
pathological gamblers, online gaming addiction [54-55].

Reportedly, overnight abstinence from cigarette smoking was
associated with higher brain activity in the dIPFC during a low
demanding working memory load when compared with a non-
deprivation state [56]. Cocaine addicts were observed having less
cerebral blood flow in the dIPFC when performing decision-
making task [57]. These suggest that when substance cues are
presented and a positive expectancy is generated, the dIPFC may
contribute to various processes in addiction, such as maintaining
and coordinating the representations received from other regions
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during craving response, forming memory that is biased towards
drug-related stimuli, inaccurate predictions or action planning,
and choosing the immediate reward finally despite potential or
future negative consequences.

Makris et al. found that a significant thinner dIPFC in addicts
was associated with judgment and decision-making deficits when
they compared the thickness of neocortical brain regions between
cocaine-dependent and healthy control [58]. In the patients with
internet addiction disorders, similar gray matter abnormalities in
dIPFC were observed [59]. In addition, serial studies showed that
the repeated high-frequency transcranial magnetic stimulation
over the dIPFC reduced cue-induced craving and substance
consumption, such as cigarette and food [60-61]. These findings
reveal that dIPFC structure abnormalities are linked with the
cognitive deficits and that impaired fronto-striatal connectivity is
involved in the behavioral impairments and compulsive drug
taking in addicts.

4.4 Functional Connectivity between Caudate and
Cerebellum

Interestingly, our results demonstrated the functional connec-
tivity between caudate and dIPFC was reduced but that between
caudate and cerebellum was enhanced, implicating the functional
reorganization of fronto-cerebellar circuitry. This happens to
support an earlier proposal by Ito et al. that the prefrontal cortex
and cerebellum work in parallel with a competitive manner [62—
63]. Previous studies on drug addicts found that cerebellum
activation correlated inversely with the prefrontal cortex activity
when addicts were required to perform some cognitive tasks, such
as GO-NOGO, IOWA gambling task or reward task [44-45,64].
These indicate that the relevance of the cerebellum to external
incentive stimuli might be enhanced when the prefrontal cortex
are impaired by chronic drug use. It seems that the cerebellum
control function in addicts is normally managed by the prefrontal
cortex via repeated drug exposure. Ito et al. explained this
procedure as internal models in cerebellum, namely a copy of
the information is stored in the prefrontal and recruited when
automatic processing and voluntary behavioral is required [62—
63]. Evidently, the cerebellum is involved in drug-induced long-
term emotional memory, behavioral sensitization and inflexible
behavioral phenotype. Thereupon, we suggest that this reverse
change of functional connectivity in fronto-cerebellar circuitry
may reflect that cerebellar hyper-responsiveness is crucial for
alleviating the prefrontal control on behavioral executive control
and contributes to the transmission from instrumental behavior to
habit. And we think that the functional connectivity between
caudate and cerebellum might be taken as an objective index for
addiction severity. Certainly it needs further verifications.

Our results also demonstrated that the functional connectivities
of caudate with superior temporal gyrus, angular and superior
frontal gyrus (BA 6) were reduced in HD, which may suggest a
visual-spatial attention processing deficits in chronic heroin users.
Researches have evidenced the existence of visual-spatial attention
abnormalities in substance abusers which present with the ability
to focus attention on drug-relevant stimuli and away from other
alternatives [65-66].

4.5 Functional Connectivity of the Right dACC

It has been well documented that dACC and the posterior part
of left dorsal lateral prefrontal cortex (dIPFC, BA6/8) are the key
regions that contribute to top-down attention control and
adjusting performance based on contextual demands [67]. Left

dIPFC imposes a top-down attentional set and biasing which
precedes late-stage selection performed by dACC [68]. dACC
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must enhance its activity to compensate to the low activity of left
dIPFC when implementing top-down attentional control [69]. In
the current study, the functional connectivity between the left
superior frontal gyrus (BA 8/6) and dACC is decreased, indicating
that heroin addicts may have difficulty in attentional allocation or
attentional modulation. Meanwhile, the dACC is closely connect-
ed with the lateral PFC (BA9/46). When perceiving a conflict in a
task, dJACC impacts on allocation of attention and motor response
in reward/ cognition interactions by sending a signal to lateral PFC
to achieve appropriate goal-directed behavior [27,70]. Therefore,
the altered functional connectivity between the left inferior frontal
gyrus (BA 9), left superior frontal gyrus and dACC may suggest a
disrupted attentional control and selection behavior, reflecting a
neurophysiological substrate for characteristic pattern of behavior
in heroin addicts.

The enhanced functional connectivities between the lingual
gyrus, inferior parietal gyrus (BA 40) and right dACC are in line
with the crucial role that dACC plays in voluntary attention and
selective attention [71]. In heroin addicts, brain visual regions
receive inputs from frontal and parietal areas, which biases sensory
processing in favor of drug-related features [72]. The middle
temporal gyrus (MT, BA21), dIPFC, PCC, temporal polar, dorsal
medial frontal gyrus (dmMPFC) are the main components of
human social brain [73-74]. So, a finding in this current study, the
decreased functional connectivities of dACC with the right middle
temporal gyrus (BA 38, temporal polar), the left middle temporal
gyrus (BA 21), the left inferior temporal gyrus (BA 21), the right
medial frontal Gyrus (BA 10, dmPFC), the left posterior frontal
gyrus (BA 31, dPCC), may suggest the impaired ability of
meaningful social interactions in heroin addicts.

Previous experiments demonstrated that the neuronal assem-
blies and their higher-level organization were a shot-term
topological combination underlying multisensory integration,
memory coding and retrieval during neuronal responses to
external stimuli (drug cue) [19-20]. In contrast, our findings
may reflect the CHU caused neuron mass self-assembling process
which is closest to the real brain’s baseline activity. And from a
view of the multivaribility and metastability of neuronal networks,
these findings partly reveal a new relationship between CHU
related neuronal assemblies and metastable pattern in resting state,
which may explain the neural basis of compulsive behavioral
phenotype in heroin addicts.
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We’d like emphasize that our final results could be impacted by
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findings are hard to be interpreted as the reflection of drug-use-
related changes of brain regions according to existing literature,
they may be the new clues to explore the profound mystery of
human brain and deserve more investigations in future.

Conclusion

Using ALFF measurement and functional connectivity analysis,
we demonstrate an altered balance between local neuronal
assemblies activity and their integrated network organization
patterns in chronic heroin users, verify that the brain regions with
ALFFT alterations induced by CHU are associated with dysfunc-
tional connectivity of interacting brain subsystems. Moreover, our
results may disclose the dysfunction of fronto-striatal circuitry and
the dysfunction of fronto-cerebellar circuitry elicited by CHU in
HD individuals, and the latter is in favor of Ito’s earlier theory
about internal model in cerebellum and its contribution to the
transition from instrumental behavioral to habit in addiction.
These, we hope, might cast new light on the mechanisms
underlying heroin addiction.
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