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Abstract

The default mode network is associated with senior cognitive functions in humans. In this study, we
performed independent component analysis of blood oxygenation signals from 14 heroin users and
13 matched normal controls in the resting state through functional MRI scans. Results showed that
the default mode network was significantly activated in the prefrontal lobe, posterior cingulated
cortex and hippocampus of heroin users, and an enhanced activation signal was observed in the
right inferior parietal lobule (P < 0.05, corrected for false discovery rate). Experimental findings
indicate that the default mode network is altered in heroin users.
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INTRODUCTION

Heroin addiction, a serious social and health
problem, is defined as a chronic mental
disorder characterized by enhanced and
permanent saliency value for the drug,
craving, loss of inhibitory control and
compulsive drug intake™?. It is a disorder
that involves many systems in the brain,
such as the memory and reward systems
Studies using functional MRI (fMRI) have
demonstrated that certain brain regions,
including the posterior cingulate cortex and
the ventral anterior cingulate cortex,
consistently show greater activity during a
resting state than during a tasking state.
This network is commonly referred as the
“default mode network” (DMN)®®. According
to leading hypotheses, deactivation of these
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areas could signal a reduction in inhibitory
processes but also in the ability to redirect
attentional processes from self-reflection to
goal-directed behavior™. There is a vivid
discussion concerning the role of DMN
dysfunction in normal aging and in diseases,
such as dementia, depression, or
schizophrenia®*%. In heroin addiction, the
DMN has been poorly investigated, although
the functionality of the DMN might be
specifically perturbed in this disease.
Dysfunction of the reward system is a
hallmark of heroin addiction. It is widely
accepted that this leads to a relative
functional disconnection of the limbic
system loop, ultimately resulting in impaired
modulation of reward system activity™*. We
predicted impaired deactivation of the DMN
in heroin users relative to controls. To test
this hypothesis, we used fMRI to examine
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brain activity in a group of 27 subjects under resting state.

Independent component analysis was applied to

compare the resting state data collected in heroin users

and normal controls.

RESULTS

Quantitative analysis and baseline data of subjects

A total of 15 heroin users and 15 normal controls were

selected in the experiment. One heroin user and two

normal controls were lost because of head motion during

MRI scanning. Thus, 14 heroin users and 13 normal
controls were involved in the analysis of results. The
clinical information of the heroin users and normal

controls is summarized in Table 1.

DMN of heroin users and normal controls

In the DMN, both heroin users and normal controls
showed activation in the prefrontal cortex, posterior
cingulated cortex, precuneus, lateral parietal lobe and
medial temporal cortices (P < 0.05, corrected for false
discovery rate; Figure 1).

Heroin users, compared to normal controls, showed a
decrease in the blood-oxygen level-dependent signal in
the prefrontal cortex, posterior cingulated cortex and
hippocampus. Concurrently, heroin users showed a
significantly increased activation signal in the inferior
parietal lobule (P < 0.05, corrected for false discovery
rate; Figure 2 and Table 2).

Table 1 Clinical information of heroin users and normal controls

Education

Cigarette use  Addiction time

Treatment time

No. Gender  Age (year) (year) Nationality (n/d) (yean) Handedness Urine tests (year)
Heroin users
1 Male 26 6 Han 10 4.5 Right Positive 8
2 Male 26 9 Han 20 58 Right Positive 1
8 Male 34 10 Han 30 9.5 Right Positive 8
4 Female 25 9 Han 10 5.0 Right Positive 1
5 Male 28 10 Han 20 9.5 Right Positive 0.5
6 Female 25 9 Han 10 6.5 Right Positive 0.5
7 Male 24 12 Han 15 6.5 Right Positive 0.5
8 Male 17 8 Han 10 2.0 Right Positive 0.5
9 Male 27 14 Han 15 5.5 Right Positive 1
10 Male 38 5 Han 30 115 Right Positive 1
11 Male 34 8 Han 40 12.0 Right Positive 1
12 Male 28 9 Han 20 8.5 Right Positive 3
13 Male 27 14 Han 15 7.5 Right Positive 2
14 Male 26 13 Han 10 6.5 Right Positive 1
Normal controls

1 Male 23 11 Han 10 No addiction Right No test No treat
2 Male 18 8 Han 20 No addiction Right No test No treat
3 Male 28 9 Han 15 No addiction Right No test No treat
4 Male 30 9 Han 30 No addiction Right No test No treat
5 Male 27 8 Han 20 No addiction Right No test No treat
6 Male 26 9 Han 15 No addiction Right No test No treat
7 Female 29 13 Han 0 No addiction Right No test No treat
8 Female 34 6 Han 5 No addiction Right No test No treat
9 Male 27 10 Han 30 No addiction Right No test No treat
10 Male 32 7 Han 20 No addiction Right No test No treat
11 Male 85 8 Han 10 No addiction Right No test No treat
12 Male 34 8 Han 30 No addiction Right No test No treat
13 Male 27 9 Han 10 No addiction Right No test No treat

-9.91
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-8.36

Figure 1 Default mode network of heroin users and
normal controls.

Different colors represent varying degrees of activation.
A cold color means negative activation while a warm
color means positive activation.

(A) Normal controls showed activation in the prefrontal
cortex, posterior cingulated cortex, precuneus, lateral
parietal lobe and medial temporal cortices.

(B) Heroin users showed activation in the prefrontal
cortex, posterior cingulated cortex, precuneus, lateral
parietal lobe and medial temporal cortices.
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normal controls.

Figure 2 Heroin users showed a decrease in blood-oxygen level-dependent signal
in the prefrontal cortex, posterior cingulated cortex, and hippocampus compared with

Concurrently, heroin users showed a significantly increased activation signal in the
inferior parietal lobule (P < 0.05, corrected for false discovery rate).

Different colors represent varying degrees of activation. A cold color means negative
activation while a warm color means positive activation.

Table 2 Changes in the default mode network in heroin users and normal controls

Cluster size Maximal z-score Primary peak location (Talairach coordinates)

DISCUSSION

Following the observation that specific regions of the
brain are consistently activated during the resting state
and deactivated during engagement with a task, the
DMN has been hypothesized to be an important system
in the human brain. This network includes the posterior
cingulate cortices, anterior cingulate cortices, medial and
inferior parietal lobules, ventro-medial prefrontal cortex,
and lateral temporal areas, which are all consistently
deactivated during tasks relative to rest. Functionally, the
DMN has been thought to govern spontaneous,
stimulus-independent, self-referential, and social
cognitive functions™?. Similar analyses have also
identified activity in the DMN in the anesthetized state, in
coma, and even in slow-wave sleep™?. Heroin use is
associated with cognitive deficits and altered
stimulus-independent performance™. There is little
evidence regarding whether heroin users are also
impaired in regional brain activation of the DMN. Thus,
we used independent component analysis to identify
differences in DMN activity between heroin users and
normal controls. Heroin users showed a decrease in
blood-oxygen level-dependent signal in the prefrontal
lobe, posterior cingulated cortex and hippocampus
compared to normal controls, as well as a significantly
increased activation signal in the right inferior parietal
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Brain region Automatic anatomical labeling .
(voxels) primary peak - y 2
Medial frontal gyrus/orbital gyrus Frontal_Med_Orb_L (AAL) 121 -3.3255 0 36 -18
Frontal_Med_Orb_R (AAL)
Rectus_L (AAL)
Inferior parietal lobule Parietal_Inf_R (AAL) 66 2.9535 66 -42 27
Posterior cingulate/ hippocampus ~ Cingulum_Post_R (AAL) 381 3.6231 15 42 3
Cingulum_Post_L (AAL)
Hippocampus_R (AAL)
AAL: Automated Anatomical Labeliry regions.
lobule.

The function of the prefrontal lobe is complex, and
contributes to cognitive processes such as inhibitory and
attentional control, behavior monitoring and memory™®.
Drug dependence is commonly characterized as an
affective or emotional phenomenon, given the central
roles of psychological functions such as reward,
reinforcement, craving, and stress*®. Hedonic processes
of liking and craving may be at the core of the motivation
to consume drugs. However, certain cognitive processes
such as memory likely contribute to these drives whereas
others, such as impulse control, contribute to the
individual's efforts to resist these drives™" ™. Results of
this study found dysfunction in the prefrontal lobe in the
heroin users at rest. This means that the prefrontal lobe
may be recruited at a lower level by DMN activity in drug
addicts during the resting state, which may explain
addiction-related weakened cognitive processes. The
hippocampus plays an important role in learning and
memory functions in the brain. Behavioral studies
proposed that heroin addiction is a learning process, and
the brain of heroin users creates new circuits in response
to signaling induced by heroin®*?%, In the DMN,
hippocampal activity was less in heroin users than in
normal controls. This result supported the conclusion of
the behavioral studies. In this study, heroin users
showed an increased activation signal in the inferior
parietal lobule. The parietal lobule is part of the DMN?Y,
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In previous cognitive studies, reports about the function
of parietal lobule were limited; most of the studies
focused on memory and executive functions. The heroin
users showed different activation signals in the parietal
lobule, suggesting that DMN activity had changed with
regard to memory and executive functions. However,
future research is necessary to explore the exact reason
for these changes®®?.

In conclusion, heroin dependence is associated with
DMN dysfunction in the cerebral cortex, and the changes
in DMN activity in heroin users indicate disorders in
several brain functions, especially in memory and
cognitive processing.

SUBJECTS AND METHODS

Design
A functional neuroimaging, clinical research study.

Time and setting

The study was performed at the Anhui Provincial
Hospital Affiliated to Anhui Medical University, China
from September 2010 to July 2011.

Subjects

Heroin users

Heroin users were chronic heroin addicts recruited from
the Anhui Detoxification and Rehabilitation Center (Hefei,
Anhui Province, China). All participants filled in the
survey questionnaires for baseline information of heroin
addicts (supplementary Table 1 online), scale of heroin
addiction (supplementary Table 2 online) and opiate
withdrawal scale (Chinese version; supplementary Table
3 online).

Criteria for inclusion in the study: (1) Cases had a
diagnosis of heroin dependence or abuse according to
the Diagnostic and Statistical Manual of Mental Disorders
(Fourth Edition); (2) Urine tests were positive for heroin
before enrolling in the treatment program; (3) Cases
aged from 16-45 years; (4) Chinese Han population; (5)
Right-handed cases; (6) No history of head injury or
psychiatric disorders; (7) No history of substance
dependence (other than cigarette smoking and heroin);
(8) The time of addiction was at least 2 years; (9) No
contraindication for MR exam; (10) Under methadone
treatment every day; (11) No illicit drug use during the
treatment; (12) History of smoking.

Fifteen chronic heroin users were included in the study,
including 13 males and 2 females; their age ranged from
18-35 years, with a mean age of 27.5 + 3.2 years. The
length of heroin use (from the time of their initial heroin
use to the time of scanning) was 7.11 + 2.82 years
(ranging from 2-10 years), and the length of their

education was 9.71 + 2.7 years (ranging from 5-14
years).

Normal controls

Normal controls were volunteers recruited through
advertisements in Anhui Medical University or Anhui
Provincial Hospital, China.

Criteria for inclusion: (1) Aged from 16-45 years; (2)
Chinese Han population; (3) Right handed; (4) No history
of head injury; (5) No psychiatric disorders or history of
substance dependence (other than cigarette smoking);
(6) No contraindication for MR exam; (7) History of
smoking.

Fifteen normal controls were included in the study,
including 12 males and 3 females. Their ages ranged
from 17-38 years, with a mean age of 28.6 + 4.3 years,
and the length of their education was 10.8 + 1.6 years
(ranging from 8-13 years).

The heroin users and normal controls were well matched
in age and years of education (P > 0.05). Informed
consent was obtained from all participants.

Methods

fMRI scanning and image preprocessing

The fMRI scan was performed on a Siemens
MAGNETOM Trio 3T MRI scanner (Munich, Germany)
within 24 hours after the subjects’ last methadone use.
blood-oxygen level-dependent responses were
measured with a T2-weighted single-shot gradient-echo
echo planar imaging sequence (echo delay time/
repetition time = 20/3 000 ms, 4 mm slice thickness, no
gap, typically 33 coronal slices, 20 cm field of view, 64 x
64 matrix size, 90° flip angle, 200 kHz bandwidth with
ramp sampling, 90 time points, 4 dummy scans). For the
scan, all subjects were instructed to keep their eyes
closed and think of nothing in particular. Padding was
used to minimize head motion, which was inside the
accepted threshold of 1 mm maximum displacement and
1.5° rotation as determined immediately after each run. A
T1-weighted three- dimensional-modified driven
equilibrium Fourier transform sequence was used for
structural imaging; all MRI images were inspected to rule
out gross morphological brain abnormalities
(supplementary Figure 1 online).

Data analysis

Data were analyzed with statistical parametric mapping
(SPM5; Wellcome Department of Imaging Neuroscience,
University College, London, UK). First, images from the
first ten TRs at the beginning of each trial were discarded
for the signal to achieve steady-state equilibrium
between radio frequency pulsing and relaxation. Images
of each individual subject were realigned
(motion-corrected) and corrected for slice timing. Second,
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a mean functional image volume was constructed for
each subject for each run from the realigned image
volumes. These mean images were co-registered with
the high resolution structural image and then segmented
for normalization to an Montreal Neurological Institute
EPI template with affine registration followed by
nonlinear transformation®?*. Finally, images were
smoothed with a Gaussian kernel of 8 mm at full width at
half maximum, and band pass temporal filtering (0.01 Hz
to 0.08 Hz) was performed on the residual signals.

We used the Group Internal Carotid Artery fMRI Toolbox,
version 2.0a (http://icatb.sourceforge.net) to analyze the
fMRI data®>?®. We first used a minimum description
length algorithm to find the optimal number of spatially
independent components®”. The data were then further
compressed with principal component analysis. Spatial
internal carotid artery analysis was applied to this
reduced data-set and performed on all of the subjects at
once with the Infomax algorithm®®., The internal carotid
artery output consisted of series of spatial maps and their
respective time courses.

Component selection

We were interested in the DMN. First, we discarded the
components that were obvious artifacts. Second, we set
a DMN model; this model includes the posterior and
anterior cingulate cortices (Automated Anatomical
Labeling regions 31, 32, 35, 36), medial and inferior
parietal lobules (Automated Anatomical Labeling regions
61, 62), ventro-medial prefrontal cortex (Automated
Anatomical Labeling regions 7, 8) and lateral temporal
areas (Automated Anatomical Labeling regions 89, 90),
which are all main regions in the DMN. Third, we
compared each component spatial map with this model.
Components that had a higher correlation with this model
were considered meaningful activations and were kept.
We qualitatively selected the component that best
matched the model for future analysis.

Statistical analysis

Data were statistically analyzed with SPM5 software. In
the first analysis, we constructed a one-sample t test
each for normal controls and heroin users, and in the
second analysis, we used a two-sample t test to compare
normal controls and heroin users. The P value was set
as 0.05, corrected for false discovery rate®®. Brain
regions were identified using Automated Anatomical
Labeling regions®®. All voxel activations are presented in
MNI coordinates, and the functional results were shown
on a CH2 structure model.
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