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Abstract

Advanced neuroimaging studies have identified brain correlates of pathological impulsivity in a
variety of neuropsychiatric disorders. However, whether and how these spatially separate and
functionally integrated neural correlates collectively contribute to aberrant impulsive behaviors
remains unclear. Building on recent progress in neuroeconomics towards determining a biological
account of human behaviors, we employed resting-state functional MRI to characterize the nature
of the links between these neural correlates and to investigate their impact on impulsivity. We
demonstrated that through functional connectivity with the ventral medial prefrontal cortex, the &-
network (regions of the executive control system, such as the dorsolateral prefrontal cortex) and
the B-network (regions of the reward system involved in the mesocorticolimbic pathway), jointly
influence impulsivity measured by the Barratt Impulsiveness Scale scores. In control nondrug-
using subjects, the functional link between the - and 8-networks is balanced, and the 6-network
competitively controls impulsivity. However, in abstinent heroin-dependent subjects, the link is

© 2015 Published by Elsevier Inc.
TCorresponding Authors: Zheng Yang, MD, PhD, Beijing Institute of Basic Medical Science, 27 Taiping Road, Beijing, PR China,
Tel.: +86 10 68210161; Fax: +86 10 68210161., Yangzhengchina@aliyun.com. Shi-Jiang Li, PhD, Department of Biophysics,
Medical College of Wisconsin, 8701 Watertown Plank Road, Milwaukee, Wis. 53226 USA, Tel: 414-955-4029; Fax: 414-955-6512,
sili@mcw.edu.

These authors contributed to this manuscript equally.
Disclosure
All authors have made substantial intellectual and physical contributions to this paper in one or more of the following areas: design or
conceptualization of the study, data acquisition, data analysis and interpretation, drafting and revising the manuscript. All authors have
given final approval of this manuscript. None of the authors of this paper have reported any possible conflict of interest, financial or
otherwise, related directly or indirectly to this work.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhai et al.

Page 2

imbalanced, with stronger B-network connectivity and weaker §-network connectivity. The
imbalanced link is associated with impulsivity, indicating that the - and 8-networks may mutually
reinforce each other in abstinent heroin-dependent subjects. These findings of an aberrant link
between the B- and 8-networks in abstinent heroin-dependent subjects may shed light on the
mechanism of aberrant behaviors of drug addiction and may serve as an endophenotype to mark
individual subjects’ self-control capacity.

Keywords

neuroeconomics; valuation networks; resting-state functional connectivity MRI; heroin addiction;
self-control

Introduction

Aberrant behaviors related to impaired self-control have been observed in a variety of
neuropsychiatric disorders, including substance addiction (Baler and VVolkow, 2006),
pathological gambling (Limbrick-Oldfield et al., 2013), and ADHD (Sonuga-Barke and
Fairchild, 2012). Advanced neuroimaging studies identifying brain correlates of impulsivity
may provide insights into the nature of these aberrant self-control behaviors. Interestingly,
the brain correlates underlying these disorders bear striking similarities. For example, it is
well documented that drug addicts, pathological gamblers and ADHD subjects exhibit high
impulsivity reflected by steep value discounting. This elevated impulsivity is usually
correlated with weak top-down executive neural networks (including brain regions such as
the DLPFC), and with hypersensitive reward networks (including brain regions such as
OFC, dorsal striatum, thalamus, vmPFC, and NAcc) (Lawrence et al., 2009; Limbrick-
Oldfield et al., 2013; Peters and Biichel, 2011; Sonuga-Barke and Fairchild, 2012). Obesity
also shows significant functional abnormalities in discrete brain regions, especially in the
ventral and dorsal striatal networks (Volkow et al., 2012; Tomasi and Volkow, 2013).
Similar to the above findings, Shannon et al. demonstrated that the functional connectivity
of the default mode and attention/control networks may predict juvenile offenders’
impulsivity (Shannon et al., 2011). These converging results strongly suggest that many
aberrant behaviors that are associated with impaired self-control may be supported by
competing interactions between the reward networks and the executive control networks
(Bechara, 2005; Bickel et al., 2007; Monterosso and Piray, 2012; Peters and Biichel, 2011).

However, less is known about the competing mechanisms among these networks. In
particular, it is not well understood how these regionally separate yet functionally integrated
brain correlates interact, and how these interactions further result in aberrant behavioral
manifestations. Previous studies demonstrated that, in a single-valuation network model, the
major regions of the valuation network were the vmPFC, OFC, and striatum (Kable and
Glimcher, 2007, 2009). In contrast to the single-valuation network model, McClure et al.
proposed a dual-valuation network model (McClure et al., 2007; McClure et al., 2004). In
this model, the valuation network is defined as a “B-network” for mediating the short-term
or immediate value, whereas the executive control systems are defined as a “8-network”,
which modifies the long-term value. Hare et al. proposed a self-control model (Hare et al.,
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2009) and more research results suggested that the executive control system (involving the
DLPFC and parietal cortex) modulates the valuation network (including the OFC, striatum,
thalamus and vmPFC) (Bartra et al., 2013; Baumgartner et al., 2011; Figner et al., 2010;
Peters and Biichel, 2011; Steinbeis et al., 2012). These studies advanced the single- and
dual-valuation models and suggested that although the - and 6-valuation networks are
spatially separate and functionally distinct, they are integrated to determine valuation.
Nevertheless, the question remains as to why the 8-network, when confronted with a
decision or choice, can exert its modulating function over the B-network in healthy people,
but not in subjects with aberrant self-control behaviors. Indeed, it is simply not clear how the
B- and 8-valuation networks are linked to bias the preference in individuals with aberrant
self-control behavior.

This study assessed these valuation networks using resting-state functional MRI with the
vmPFC as a connective node or a “seed” region. The selection of the seed region is based on
the critical functions of vmPFC in the valuation network. The vmPFC plays a significant
role in encoding and integrating subjective value signals, in assigning and optimizing
decision-making processes, and in coordinating and evaluating the significance of
alternative rewards (Bartra et al., 2013; Grabenhorst et al., 2011; Hare et al., 2010; Hare et
al., 2009; Kable and Glimcher, 2007, 2009). We focused on characterizing - and 5-network
features and on investigating the nature of their links in heroin-dependent (HD) and control
nondrug-using (CN) subjects to test our hypothesis that alterations exist in the natural links
between the - and 8-networks in heroin addiction, and that these alterations are associated
with exhibited impulsivity.

Materials and methods

Participants

Thirty abstinent HD subjects were recruited from Beijing Ankang Hospital (Beijing, China),
and 20 CN subjects also participated in this study. Both participant groups consisted of
right-handed males, of normal intelligence, who were well-matched for age and years of
education. Inclusion and exclusion criteria for heroin abusers and control subjects were
described previously (Fu et al., 2008). In summary, each HD subject met DSM-IV criteria
for heroin dependence, used heroin for more than two years, and was abstinent for at least
two weeks. They also tested negative for morphine through urinalysis and negative for HIV
in a blood test. None of the subjects had a history of neurological or psychiatric diseases,
seizures, or head injury. None of the subjects were shown to have other structural
abnormalities by an anatomical MRI scan. Two experienced psychiatrists assessed the
inclusion and exclusion process, in accordance with the SCID. The study was approved by
the Research Ethics Committee of Beijing Ankang Hospital and Beijing Institute of Basic
Medical Science. The entire experiment was conducted in accordance with the Declaration
of Helsinki. Written informed consent was obtained from all individual subjects prior to the
study. Eight HD and five CN subjects were excluded from this study due to excessive
motion artifacts (i.e., translational movement exceeded 1 mm or more than 1° rotational
movement), thus leaving 22 and 15 subjects in the HD and CN groups, respectively, for
further analysis.
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Behavioral Measurement

The BIS-11 (Chinese version) was employed to assess study subjects’ impulsivity (Patton et
al., 1995). The BIS-11 has 30 4-point Likert-type items, which provide an overall total score
and three subscale scores for Attention, Motor and Nonplanning impulsiveness. Higher
scores signify higher impulsivity.

MRI Acquisition

MR images were acquired by a 3T Signa GE scanner with a standard quadrature transmit
and receive head coil. The whole-brain resting-state fMRI data was acquired with a single-
shot gradient-recalled EPI sequence, and the scanning parameters were as follows: TE of 25
ms, TR of 2 sec, flip angle of 90°, 20 slices, slice thickness of 5 mm (with an additional 1-
mm gap space), imaging matrix size of 64 x 64, FOV of 24 cm x 24 cm. All 180 time points
of images were collected in 6-minute resting scans without task performance. All subjects
were instructed to not fall asleep, keep their heads still, and close their eyes. We also
acquired high-resolution anatomical images of each individual subject, using a T1-weighted
3D-SPGR pulse sequence with the following scanning parameters: TE of 4.8 ms, TR of 10.4
ms, flip angle of 15°, 140 slices without spacing, slice thickness of 1 mm, matrix size of 256
x 256, FOV of 24 cm x 24 cm. In addition, we also recorded each subject’s cardiac and
respiratory signals for physiological noise corrections during image preprocessing.

Image Preprocessing

All imaging data preprocessing and functional synchrony analyses were conducted using the
AFNI software (http://afni.nimh.nih.gov/afni/), and the SPM8 package (http://
www.fil.ion.ucl.ac.uk/spm/software/spm8/) on Matlab platform. For imaging preprocessing,
the first five dataset volumes were discarded due to the T1 nonequilibrium effect, then slice
timing correction and volume registration (3dvolreg, AFNI), linear detrend (3dDetrend,
AFNI), and physiological noise correction for respiratory and cardiac signals (3dretroicor
and 3dDeconvolve, AFNI) were performed. Also, noise from WM, CSF, global signal and
six-way motion vectors was regressed out (3dDeconvolve, AFNI). A band-pass filter was
then applied to keep the low-frequency fluctuations between 0.015Hz and 0.1 Hz
(3dFourier, AFNI) (Fox and Raichle, 2007; Fransson, 2005).

Statistical Analysis

Structural Image Analysis—An 0-VBM analysis was conducted using SPM8 (Good et
al., 2001) to calculate the GM volume of subjects within each group. All subjects’ individual
T1-weighted 3D-SPGR images were first segmented into three parts — GM, WM, and CSF.
The segmented GM was then normalized into MNI space. Meanwhile, the anatomical
images were also normalized into MNI space, using the deformation field generated by the
normalization of GM. The normalized anatomical images were then segmented for the
second time and smoothed with an 8-mm FWHM Gaussian kernel. The o-VBM procedure
was completed and the current segmented (second time) GM (modulated images) could be
extracted to determine each individual’s GM volume using a cluster detection method
(3dclust, AFNI, cluster detection size set as voxel size = 2 mm x 2 mm x 2 mm). Each
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individual’s GM volume was further used as a covariate of no interest when conducting the
ANCOVA test, as described below.

The vmPFC functional network maps using the seed-based method—The
widely-employed, seed-based functional connectivity analysis has been reviewed
extensively (Biswal et al., 1995; Fox and Raichle, 2007). Specifically, the predefined
bilateral vmPFC regions, as ROIs that were centered on the Talairach coordinates (X, y, z) of
[-6, 48, —6] for the left vmPFC and [6, 48, —6] for the right vmPFC, were selected
spherically with a 6-mm radius (3dcalc, AFNI) in accordance with previous literature
(Bartra et al., 2013; Grabenhorst et al., 2010). The seed vmPFC regions were transformed
onto each individual’s original image space with reference to his anatomical images
(3dfractionize, AFNI). Only voxels in EPI functional images that occupied more than 70%
of the masked anatomical images in the resampled ROI masks were included in the
voxelwise analysis (Zhai et al., 2014). For each individual, the averaged time courses within
the seed ROIs were then extracted from the preprocessed EPI functional images and
correlated with whole-brain voxel time courses using Pearson CC. Two CC maps (the left-
and right- vmPFC CC maps) were calculated for each individual subject. The CC maps were
converted to z maps with r-to-z transformation [z = 0.5*In(1+r)/(1-r)]. Each individual’s z
maps were then spatially normalized to the Talairach template, resampled to 2-mm isotropic
voxels, and smoothed with a 6-mm Gaussian kernel, resulting in two normalized z-maps (the
left- and right- vmPFC z-maps). One-sample t-tests were conducted to obtain the group-
level functional connectivity patterns for both the left- and the right- vmPFC, using the
normalized left- and right- z-maps of each individual as input data, with voxelwise
significance level p <0.05, and corrected for multiple comparison using the Alphasim
method.

Group difference in vmPFC functional connectivity strength—In order to
determine the difference in vmPFC functional connectivity strength between HD and CN
groups, a voxelwise ANCOVA was conducted, based on the normalized z-maps across all
subjects (3dRegAna, AFNI). The factors, such as each individual’s left and right vmPFC
side’, age, years of education and GM volume, were regressed out from the main group
effects as covariates of no interest. The difference map in the vmPFC functional
connectivity was obtained with the familywise multiple comparison correction method
(3dClustSim, AFNI, @=0.025, p <0.05, cluster size > 6808 mm3).

To quantitatively assess the nature of the link between the - and 3-networks through the
vmPFC, we converted the voxelwise difference map of regional FC strengths in the - and &-
network regions into a composite numerical index and defined it as the B-index or 8-index,
respectively. The predefined - and 8-network regions were selected in the Talairach space,
in accordance with previous research reports (McClure et al., 2007; McClure et al., 2004).
The bilateral precuneus, nucleus accumbens, caudate, putamen, medial OFC, thalamus, and
PCC were selected for the f-network regions, and the bilateral DMPFC, DLPFC, right IFG,
and right IPL were selected for the 6-network regions. The conjunction analysis was
conducted between the FC difference map and the predefined - and 8-network regions. The
z values in the overlapping voxels were averaged within the B-network regions for each
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individual subject (i), and then grouped for the CN and HD subjects. A similar calculation
was conducted within the 8-networks. We further measured the difference between the -
and &-index. For each individual subject, the difference in connectivity strength between the
[3- and 8-networks was calculated as the (&; — B;) index, where &; and pB; represented indices
for the it" individual subject.

Neural correlates of impulsivity measured by BIS scores in HD and CN groups
—To understand the behavioral significance of HD subjects’ imbalanced - and 8-network
strengths, a voxelwise multivariate linear regression analysis was conducted (3dRegAna,
AFNI) between the individual z-map and the measured BIS total score (and also between the
individual z-map and the three subscores of BIS). This analysis was conducted for the HD
group and the CN group, respectively, to avoid group effects. In the same manner as noted
previously, each subject’s factors, such as side,” age, years of education, and GM volume
were controlled as covariates of no interest. The neural correlates maps also were corrected
for multiple comparisons (3dClustSim, AFNI, @=0.025, p <0.05, cluster size > 6060mm3).

The relationship between the impulsivity and the g- and &-network activity—To
test whether the spatially segregated - and 8-networks are functionally integrated to predict
the impulsivity of each individual in the HD and CN groups, we utilized multivariate linear
regression analyses between the - and 3-network indices and the measured impulsivity
values, using the following fitting model:

BIS=ag+a18+asd+e

To obtain the # and &index, we first calculated the union of neural correlate maps between
the HD and the CN groups. The union maps then underwent conjunction analysis with the
group difference map in functional connectivity and the predefined - and 8-network regions
(McClure et al., 2007; McClure et al., 2004). From the conjunction analysis results, we
obtained both the B-network mask and the 5-network mask. Second, we averaged the z
values within the B-network mask across subjects to determine the B-index. Similarly, we
averaged the z values within the 3-network mask to determine the 5-index across subjects.
Third, we utilized multivariate linear regression analyses, using the above-mentioned model.
The regression analyses were conducted for two separate subject groups. The three
dimensional results were projected onto the - and 8-network axis, respectively, to obtain
two-dimensional presentation. The factors of age, years of education, and GM volume of
each individual were regressed out in all abovementioned regression analyses. Finally, we
applied the LOO method to cross-validate the regression analysis results (Theodoridis and
Koutroumbas, 2006). We applied these procedures to predict the relationships between the
f3- and 6-network connectivity strength and the BIS total score, as well as its subscores of
Attention, Motor, and Nonplanning.
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Results

Demographic information and behavioral measurement

Thirty-seven right-handed male volunteers, including 20 HD subjects and 15 CN subjects,
were recruited. Table 1 outlines the study subjects’ demographic information and
characterization. No significant differences in age or years of education were evident when
the HD and the CN groups were analyzed. The measured BIS-11 total score was
significantly higher in HD subjects than in CN subjects (p = 0.007). Also, the BIS-11
subscale scores were higher in HD subjects than in CN subjects, (p = 0.03 for Attention, p =
0.02 for Motor and p = 0.049 for Nonplanning). The higher BIS-11 scores represented
higher impulsivity in HD subjects relative to CN subjects. In addition, the 0-VBM
comparison also identified a decrease in GM volume in HD subjects compared with CN
subjects (p = 0.02).

The patterns and group difference of vmPFC FC for the HD and CN group

Supplementary Fig. 1A illustrates the FC patterns of the left vmPFC (-6, 48, —6) for the CN
group (left panel) and the HD group (right panel). Supplementary Fig. 1B shows the FC
patterns of the right vmPFC (6, 48, —6) for the CN group (left panel) and the HD group
(right panel). The voxelwise significance level of these two maps was set at the threshold of
p <0.05 (Alphasim corrected for multiple comparison).

Fig. 1A shows the difference map of the vmPFC functional network between the CN and
HD subject groups, using the ANCOVA method. Specifically, we discovered that the FC
strength between the vmPFC and the various f-network components including the bilateral
caudate, NAcc, right medial OFC, right thalamus, and right PCC, was significantly
increased in the HD group compared with the CN group. In contrast, the FC strength
between the vmPFC and various 8-network components including the bilateral DMPFC,
DLPFC, right IFG, and right IPL, was significantly decreased in the HD group compared
with the CN group, as listed in Supplementary Table 1.

Figs. 1B and 1C illustrate that, in the HD group, the B-index is higher, whereas the 5-index is
lower, in contrast to the CN group. As shown in Fig. 1D, the strong B-network activity
overdrives the 8-network activity in HD subjects, resulting in a negative (8; — f3;) value in
most of the HD subjects, whereas most of CN subjects showed balanced FC (the &; — Bj is
around zero). These results demonstrated that through the links to the vmPFC, the
interaction between the - and 8-networks was balanced in the CN group but imbalanced in
the HD group. Further, the degree of the balance between the network connectivity (8; — ;)
can be quantitatively measured and may be employed to index the neurophysiological deficit
of HD subjects’ self-control capacity.

The association between BIS total impulsivity and the FC strength of B- and 8-networks in
HD subjects

We conducted two experiments to test whether - and 8-network connectivity strengths
correlate with individual subject impulsivity. First, we identified neural correlates between
the measured BIS total score and the vmPFC FC in both the CN and HD groups, as shown in
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Figs. 2A and 2B. Second, we conducted a conjunction analysis to obtain the overlapping
regions among 1) the neural correlate impulsivity maps; 2) the FC group difference map as
shown in Fig. 1A; and 3) the predefined regions involved in the - and 5-networks (see
Methods). The conjunction analysis maps are shown in Fig. 2C and listed in Table 2. These
conjunction maps demonstrate that both B-network components (red) and &-network
components (green), rather than either one alone, are significantly associated with
impulsivity.

We performed a multivariate linear regression analysis in which the BIS-11 total score
served as a function of the variables of - and 5-index (see Methods). The measured p3- and
8-index of individual HD subjects and the corresponding impulsivity measured with the
BIS-11 total score fit the model significantly (F(2 19) = 4.94, p=0.019, RZ = 0.34). Displaying
plots into two dimensions, Fig. 2D shows that BIS-11 total score positively correlates with
B-network connectivity (F(y,20) = 5.00, p=0.037, RZ = 0.20, left panel), and negatively
correlates with the 8-network connectivity (F(; 20) = 9.34, p=0.006, RZ = (.32, middle
panel). In other words, an HD subject who has higher impulsivity would present stronger f3-
network FC strength and weaker 5-network FC strength. It appears that 3-network and 8-
network are mutually reinforced to tilt the network balance toward impulsive behaviors. In
addition, the LOO cross-validation results are shown in Fig. 2D (right panel). The LOO
method cross-validated the relationship and impulsivity may be predicted, according to -
and &-network strength.

The association between Motor impulsivity and the FC strength of p- and &§-networks in HD

subjects

The above conjunction analyses and the multivariate linear regression model were also
performed with the BIS Il Motor subscale of impulsivity. The results are shown in
Supplementary Fig. 2 and Fig. 3A and listed in Table 3. The conjunction maps of the HD
group demonstrate that both - and 8-network components are significantly associated with
subscale BIS Il Motor impulsivity, rather than either the - or 3-network alone. Individual
subjects’ calculated - and 8-index and the corresponding impulsivity, as measured by BIS 11
Motor score, also fit the model significantly (F,,19) = 6.72, p=0.006, R2 = 0.41). The plots
are displayed in two dimensions, as shown in Fig. 3B. BIS Il Motor impulsivity positively
correlates with B-network FC strength (F(1 20y = 9.99, p=0.005, R2 = 0.33, left panel), and
has a negative correlation with 8-network FC strength (F(y 20) = 11.00, p=0.03, RZ=0.35,
middle panel). This result is similar to that shown in Fig 2D. For other BIS subscales, there
is no significant relationship with imbalanced - and 8-network FC strength in HD subjects.

The association between Nonplanning impulsivity and the FC strength of - and &-
networks in CN subjects

We also applied the above analyses to CN subjects, using the BIS total score of impulsivity
and its three subscales. Only the BIS I1l Nonplanning impulsivity subscale was significantly
fitted to the multivariate linear regression model (F,,12) = 7.11, p=0.009, R2 = 0.54).
Supplementary Fig. 3 shows the neural correlates of BIS 111 Nonplanning impulsivity in the
CN (Supplementary Fig. 3A) and HD (Supplementary Fig. 3B) groups. Fig. 4A shows the
conjunction map results, which are listed in Table 4. The -network components are
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significantly associated with subscale BIS |11 Nonplanning impulsivity in the CN group.
Compared with the above-mentioned HD group results, fewer 3-network components (red
color) were involved. The two-dimensional scatterplots from the multivariate linear
regression model results show that although the B-network index does not significantly
correlate with Nonplanning impulsivity (F( 13) = 0.02, p=0.87, RZ = 0.001, left panel), the
8-network index is positively correlated with Nonplanning impulsivity (F(,13) = 10.87,
p=0.006, R? = 0.35, middle panel (Fig. 4B). Nonplanning impulsivity seemed to be
mediated by -network FC strength in CN subjects. The multivariate linear regression model
was also cross-validated with the LOO method to predict that 6-network competitively
mediates Nonplanning impulsivity (right panel).

Discussion

This study is primarily grounded in the neuroeconomic model, which indicates that the -
and 8-networks jointly influence neural processes in valuation, although they are spatially
separate and functionally distinct (McClure et al., 2007; McClure et al., 2004). Traditionally,
task-driven functional MRI studies characterized these network properties in a wide variety
of control-demanding tasks. In contrast, resting-state functional MRI studies examine
spontaneous activity between networks (Bullmore and Sporns, 2009; Fox and Raichle, 2007;
Meehan and Bressler, 2012). In the functional connectivity literature, the f-network is
generally referred to as the short-term reward network mediated by the mesocorticolimbic
systems, while the §-network is generally termed the “executive” or “control” network for
long-term valuation properties mediated by the lateral prefrontal cortex and parietal cortex
(McClure et al., 2007; Reuben et al., 2010; Sharp et al., 2012). It has been reported that, in
normal subjects, resting-state functional connectivity may predict impulsivity in economic
decision-making tests (Li et al., 2013). In addicted subjects, the FC patterns have been well
characterized, and altered FC patterns were demonstrated in heroin- (Ma et al., 2010; Xie et
al., 2011; Zhai et al., 2014) and cocaine-dependent subjects (Gu et al., 2010).

Despite these advancements, however, scientists and clinicians remain puzzled by the
question why CN subjects can control their impulsivity in terms of resisting drugs, while HD
subjects cannot. Previous studies proposed a competitive neural mechanism between the 8-
network and the -network (Bechara, 2005; Bickel et al., 2007). In testing this mechanism,
there are two challenges. One is the methodological issue of how to establish the links
between the - and 8-networks to test whether they are balanced. The other challenge is the
conceptual framework related to the duality of valuation networks. It is unclear whether the
impulsivity is jointly determined by the 8-network and the B-network, or by the -network
alone.

In order to tackle the methodological challenge, we employed iBOLD signals measured by
resting-state functional MRI methods to construct the neural network (Auer, 2008; Biswal et
al., 1995; Engel et al., 2001; Fox and Raichle, 2007; Fransson, 2005; Greicius, 2003; Li et
al., 2002). Compared with task-driven functional MRI methods, the resting-state functional
MRI-based functional connectivity maps proved to be similar to task-induced activation
maps, and they provide connectivity patterns measured by the synchrony of iBOLD signals
among spatially distributed brain regions (Fair et al., 2007; Fox and Raichle, 2007). Our
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current study is just building on the advancements of this large-scale brain network
characterization and also on our current understanding of structure-function relationships
(Park and Friston, 2013). We used vmPFC as a seed region to generate the vmPFC FC maps
because it plays a central role in the valuation function (Bartra et al., 2013). We discovered
that the - and 8-network components are linked with the vmPFC, and there were significant
differences between the CN and HD groups. This approach helped us to establish links
between the - and 8-networks, thereby allowing us to study their interactions. Such an
approach is not based on the traditional task-driven functional MRI method, which tests
ongoing stimulus-response activity. Rather, it is based on the iBOLD signals reflecting
different aspects of intrinsic brain functional organization.

With regard to the conceptual duality framework of valuation networks, the present study
demonstrated that - and 5-networks jointly influence neural processes in valuation. There is
an ongoing debate about valuation models, which are the single, dual, and self-control
models (Hare et al., 2009; Kable and Glimcher, 2007; McClure et al., 2007; McClure et al.,
2004). Our findings indicate that the interactive link between the - and 8-networks might
mutually modulate behavioral impulsivity. This strongly suggests that decision-making
processes and impulsive behaviors not only depend on the §-network for top-down control
(Dalley et al., 2011), but also rely on the f-network for bottom-up drive. We believe our
findings have implications for understanding aberrant behaviors and the manner in which
the B- and 8-networks interactively regulate conflicting decision-making processes.

Our results corroborate earlier findings and also extend them in three important ways. First,
it was suggested that - and 8-network might engage in competing processes (Bickel et al.,
2007). According to the competing account, subjects with strong impulsivity would have
strong 6-network FC strength (executive control) to competitively balance motivational
drive. Our CN subject results support the competing hypothesis. We demonstrated that the
B- and 3-network FC strength of our CN subjects are in balance (i.e., & — Bj value is around
zero). In addition, the FC strength of 5-network positively correlated with Nonplanning
impulsivity, indicating in the case of stronger impulsivity, there is stronger 8-network FC
strength, implicating the influence of executive control over impulsive behavior. In contrast,
in HD subjects, the 8-network FC strength was negatively correlated with impulsivity. The
stronger the impulsivity was, the weaker the 8-network FC strength. The 6-network
surrendered its ability to competitively balance the B-network. As a result, the weaker §-
network FC strength, coupled with stronger B-network FC strength, implicated the mutually
reinforcing pattern to synergistically tilt the network balance toward motivational drive and
lead to impulsive behaviors (i.e., §; - Bj value is negative). It has been suggested that this
imbalanced neural mechanism may be the neural underpinning of aberrant behaviors in drug
addiction (Volkow et al., 2013; Xie et al., 2014).

Second, our results provide insight into the “loss of control mechanism”, which is a
hallmark of drug addiction and the source of its societal stigma. Quantitatively measuring
the degree of control loss has proved difficult. We propose that by using neuroeconomic
approaches it can be objectively quantified with “8; — B;” as an index to mark individual
subjects’ self-control capacity. The balanced index (hear zero) may indicate that the subject
has the capacity to make a volitional decision, whereas the negative index may characterize

Neuroimage. Author manuscript; available in PMC 2016 July 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhai et al.

Page 11

drug-taking and -seeking behaviors as non-volitional behaviors. The negative value of the
index may define a pathological state that facilitates the activation of a metaphorical switch,
thereby rendering subjects more vulnerable to relapse (Leshner, 1997).

Third, in translational practice, the imbalanced tilt between the B-5-networks represents a
pathological state and could be regarded as a functional endophenotype which not only
characterizes drug abuse, but also characterizes many other disorders with aberrant behavior.
This endophenotype has the potential to guide informed treatment and to monitor whether a
medication targets either the 3- or 8-networks, or both.

Finally, we realize that this study has several limitations. Certainly, differences between
heroin addicts and nondrug-using healthy controls extend beyond the reported age and
education variables. There is insufficient information to address whether the imbalanced
activity between the - and 3-networks is due to factors such as the neural effects of heroin
use itself, the heroin users’ lifestyles and impulse control, or other factors that might
predispose an individual to heroin use. Further study will be needed to determine whether
the pathological state between the - and 8-networks is long-lasting and how it may interact
with environmental and genetic factors, and different drugs of abuse (Ersche et al., 2012).
Second, it should be noted that we employed global signal regression in our preprocessing
procedure. We base our rationale for using this preprocessing step mainly on recent studies
suggesting that the observed anticorrelation cannot be explained solely as a consequence of
preprocessing using global signal regression (see supplementary text for detailed description
and references). Third, when conducting voxelwise ANCOVA and linear regression
anlaysis, we used both the left and the right z-maps of each individual as input, and further
regressed out the effect of side’ to obtain a non-lateralized result. This approach is utilized to
remove the possible laterality effects between two groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

3D-SPGR three-dimensional spoiled gradient-recalled echo
ADHD attention deficit hyperactivity disorder

AFNI Analysis of Functional Neurolmages (software)
ANCOVA analysis of covariance

BIS Barratt impulsiveness scale
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CC Cross-correlation coefficient
CN control nondrug-using
DLPFC dorsolateral prefrontal cortex
DMPFC dorsal medial prefrontal cortex
DSM-IV diagnostic and statistical manual of mental disorders, 4th edition
EPI echo planar imaging
FC functional connectivity
FOV field of view
FWHM full width at half maximum
GM gray matter
HD heroin-dependent
iBOLD intrinsic spontaneous blood oxygen level-dependent
IFG inferior frontal gyrus
IPL inferior parietal lobule
LOO leave-one-out
MNI Montreal Neurological Institute
NAcc neucleus accumbens
0-VBM Optimized Voxel-Based Morphometric
OFC orbitofrontal cortex
PCC posterior cingulate cortex
ROI region of interest
SCID structured clinical interview for DSM-IV
SPM8 Statistical Parametric Mapping, version 8 (matlab package)
TE echo time
TR repetition time
vmPFC ventral medial prefrontal cortex
WM white matter
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Fig. 1. Differences in vmPFC-based functional connectivity between the HD and CN groups and

their numerical presentations in the §- and 8-networks

(A) Brain regions with enhanced functional connectivity (warm color) and decreased
functional connectivity (cold color) in HD subjects compared with CN subjects; the white
circles indicate the locations of the bilateral vymPFC as the seed ROIs. (B) and (C), Numeric
representations of the map shown in (A) with averaged functional connectivity in the - and
8-networks in CN and HD subjects, respectively. (D) The boxplot of the difference in
functional connectivity strength between the 8- and B-networks in individual subjects.

mOFC: medial OFC.
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Fig. 2. The behavioral (BIS Total) significance of the imbalanced B- and 8-networks in HD
subjects
The neural correlates of the BIS total score in the CN group (A) and the HD group (B). (C)

Overlapping regions from the conjunction analysis among 1) the neural correlates of
impulsivity measured with the BIS total score; 2) the difference maps in vmPFC-based
functional connectivity between CN and HD groups; and 3) the predefined regions of 8- and
8-networks. The red color represents the spatially segregated -network components and the
green color represents the spatially segregated 8-network components. (D) The two-
dimensional scatterplots of the multivariate linear regression model with integrated - and 8-
network indices (BIS=ag+af+ap5te) for HD subjects. The p-network index positively
correlated with impulsivity (left panel) and the 8-network index negatively correlated with
impulsivity (middle panel), measured by the BIS total score. The multivariate linear
regression model was cross-validated with the LOO method (right panel).
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Fig. 3. The behavioral (BIS-11 Motor) significance of the imbalanced B- and 8-networks in HD
subjects

(A) and (B) are the same, as described in Figs. 2C and 2D, respectively, except that the
BIS-11 Total score was replaced with the BIS-11 Motor score in HD subjects.
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Fig. 4. The behavioral (BIS-111 Nonplanning) significance of the balanced B- and 8-networks in
CN subjects

(A) Overlapping regions from the conjunction analysis among 1) the neural correlates of
impulsivity measured with the BIS-111 Nonplanning score; 2) the difference maps in
vmPFC-based functional connectivity between NC and HD groups; and 3) the predefined
regions of B- and 8-networks. The red color represents the spatially segregated p-network
components and the cyan color represents the spatially segregated 5-network components.
(B) The two-dimensional scatterplots of multivariate linear regression model with integrated
f3- and 8-network indices (BIS=ag+ayf+apst+ée) for CN subjects. The B-network index did
not correlate with impulsivity (left panel). In contrast, the 8-network index positively
correlated with impulsivity (middle panel), measured by the BIS-111 Nonplanning score. The
multivariate linear regression model was cross-validated with the LOO method (right panel).
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Table 1

Demographic information and behavioral evaluation.

HD (n=22) CN (n=15) p value
Mean + SD Mean + SD
Age (years) 33.05 + 6.04 28.87 +8.12 0.10
Education (years) 10.86 +2.40 9.60 2+.16 0.10
Duration of heroin use (years) 6.59 +3.72 N/A N/A
Dosage of heroin used (g/day) 0.96 + 1.26 N/A N/A
Abstinent period (days) 56.09 + 17.50 N/A N/A
BIS total score 66.45 + 10.07 59.33 +6.51 0.007
BIS I Attention 18.27 + 2.69 16.4 +2.82 0.03
BIS 11 Motor 23.09 £5.20 20.27 £ 2.63 0.02
BIS 111 Nonplanning 25.09+4.21 22.67+4.27 0.049
Gray matter volume (mm3) 600.79 +57.94  668.28 + 89.04 0.02

SD: standard deviation.

Neuroimage. Author manuscript; available in PMC 2016 July 15.

Page 21



Page 22

Zhai et al.

040 [eIpaW :D4OW ‘pajst] S8IL_UIPI00D 8y} JO UONIBIIP 8] :|dT ‘eale uuewpolg g

€9°€- 09 vS- 194 or <] adl ST10d
99°€- 9 9€ 6€ 14 d o4l ¥T10d
09°¢- ey 6¢ 944 6 o J4d1ad €T 10d SLIOMIBN-Q Ui paddelsne
€Ce- 9¢€ €e - 6 1 J4d71a <1 10d
8L'¢— x4 514 14 8 d OddNd 1T 10d
9 e- e Y4 L= 8 1 O4dNa 0T 10d
S¢'¢ 9 ov- 4 €¢ <] 00d 6104
ST'e 8 €T- 14 <] snwefeyl 810d
6T°¢ S¢- 194 9 T o J40uw L 10d
9.'¢ - 4% T <] srepned 910d
6€¢C 6 L 0T- 1 ajepned G109  domiaN-d yum paddejsno
9T'e 9- T T o VN 7104
29¢ 6- 0T 6— 1 VN €10d
ev'e Ly V- 14 L d Snaundald ¢ 10d
68'C 8y Sh- - L 1 Snaundald T10d
$9100S Z z A X va 9pIS uolbey ureig

(1) sereuIpI00D YoelTefeL

'sdnoJb ND pue gH ul

$8100S [2101 S|g JO S818|a.I00 [R4NaU BY) PUB SHIOMIBU-Q pue - ay) Ut suoiBal paulyspaid ay1 ussmiag sisAjeue uonounfuod e woJj paurelqo s1asn|D ayL

Author Manuscript

¢ ?olgel

Author Manuscript

Author Manuscript

Author Manuscript

Neuroimage. Author manuscript; available in PMC 2016 July 15.



Page 23

Zhai et al.

Author Manuscript

"pasI| SAYRUIPI00D B} JO UONDAIIP BU} i |4 ‘eale uuewpolg g

€9°€- 09 G- 144 or d adl ¥110d
69°€- 8 43 144 14 o o4l €T10d
6v'¢— or 6¢ 474 6 <] J4d71a <1 10d SLIOWISN-g LM padclelano
70'€- Ge T€ 87— 6 1 O04d7d 1T 10Yd
18°¢C- LC 14 14 8 o O4dNa 0T 10d
75— e 12 L- 8 1 J4dNa 610d
e L2 - S €¢ d 00d 810d
ST'E 8 €T- 14 <] snwereyl L 10d
9.'¢ - 4% 17 <] srepned 910d
LEC 0T 9 1T- 1 ajepned G104 sL1OMIaN-g L1 paddepiano
€€ L- €T 4" o VN 7104
T0°€ 6— T 6— 1 VN €10d
ev'e Ly - € L d Snaundald ¢ 10d
19°¢C 6v €G- 4 L | snaunJald T10d
$9100S Z z A X va 9pIS uolbey ureig

(1) sereuIpI00D YoelTefeL

€9l|qel

Author Manuscript

Author Manuscript

'sdnolfb ND pue H Ul $8109s
010Nl [1-S19 JO S81e|a1103 [ednau ay) pue SYJ0M18U-Q pue-¢ ayl ul suolbiai pauljapaid syl usamiag sisAfeue uonounfuod e woiy paurelqo sialsn|d ayl

Author Manuscript

Neuroimage. Author manuscript; available in PMC 2016 July 15.



Page 24

Zhai et al.

Author Manuscript

*040 [e1paw yBL :D4QW {palsi| SATUIPI00D U} JO UONDBIIP U} :|1d ‘BaJe uuewpolg g

€9°€- 09 G- 14 or o dl TT10d
18°2- z €e oy & o o941 0T 10
09°2- 34 62 4 6 o o4d7a 610d SIOVION-Q Uit poddeLione
v0'€- 9€ z€ - 6 1 J4d7a 810y
18°2- 1z 14 14 8 o O4diNa 2 10d
vS€e- 7€ 1z L- 8 1 O4dNa 910y
vS'Z 12 ar- 8 € o 20d  §lod
06'C € 2 L o snweeyr v 10d
82'¢ 9z- 184 9 T o odows €104 4omeN-g yum padderssno
ev'e A4 er- € L o snaundsld  Z10d
68'C 8y ay- - L 1 snaundaid  T10Yd
$9100S Z z A X va 9pIS uolbey ureig

(1) sereuIpI00D YoelTefeL

v alqel

Author Manuscript

'sdnolfb ND pue @H ul $a109s BuluuejduoN
111-S19 10 S81e[2.1102 [einau 3yl pue SyJoMiau-Q pue-g ayl ul suoibal pauliepald ay) usamiaq sisAfeur uonounfuod e Woiy paulelqo siaisn| ayl

Author Manuscript

Author Manuscript

Neuroimage. Author manuscript; available in PMC 2016 July 15.



