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Neurobiology of Disease

Interactions between the Salience and Default-Mode
Networks Are Disrupted in Cocaine Addiction
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Cocaine dependence is a complex neuropsychiatric disorder manifested as dysregulation of multiple behavioral, emotional, and cogni-
tive constructs. Neuroimaging studies have begun to identify specific neurobiological circuit impairments in cocaine-dependent (CD)
individuals that may underlie these symptoms. However, whether, where, and how the interactions within and between these circuits are
disrupted remain largely unknown. We used resting-state fMRI and modularity network analysis to identify brain modules of a priori
interest (default-mode network [DMN], salience network [SN], executive control network [ECN], medial temporal lobe [MTL], and
striatum) in 47 CD and 47 matched healthy control (HC) participants and explored alterations within and between these brain modules as
a function of addiction. At the module level, intermodule connectivity decreased between DMN and SN in CD. At the nodal level, several
regions showed decreased connections with multiple modules in CD: the rostral anterior cingulate connection strength was reduced with
SN and MTL; the posterior cingulate had reduced connections with ECN; and the bilateral insula demonstrated decreased connections
with DMN. Furthermore, alexithymia, a personality trait previously associated with addiction, correlated negatively with intramodule
connectivity within SN only in cocaine users. Our results indicate that cocaine addiction is associated with disrupted interactions among
DMN, MTL, and SN, which have been implicated, respectively, in self-referential functions, emotion and memory, and coordinating
between internal and external stimuli, providing novel and important insights into the neurobiological mechanisms of cocaine addiction.
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Introduction

Cocaine dependence presents with multiple emotional and cog-
nitive impairments along with impaired behavioral and social
interactions (Goldstein and Volkow, 2002). Neuroimaging stud-
ies using functional connectivity have begun to identify altered
relationships within and between specific brain regions/circuits
associated with cocaine dependence (Gu et al., 2010; Koob and
Volkow, 2010; Tomasi et al., 2010; Sutherland et al., 2012; Ding
and Lee, 2013; Konova et al., 2013; McHugh et al., 2013). To date,
studies have used seed-based or independent components anal-
yses to focus on individual regions or networks based on findings
from preclinical and task-induced activation studies. Because
cocaine dependence involves multiple behavioral dysfunc-
tions (Hasin et al., 2006), likely relating to dysregulation within
and between multiple brain circuits, a network analysis approach
(Bullmore and Sporns, 2009; Menon, 2011) that incorporates all
circuits of interest within a single analytical framework is likely
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better able to account for the behavioral complexity associated
with the disease and place neurobiological findings within a larger
context unavailable when using a seed approach to improve in-
terpretability (Menon, 2011; Sutherland et al., 2012).

Although the mesolimbic dopamine system underlies the re-
inforcing effects of abused drugs (Everitt and Robbins, 2005; Nes-
tler, 2005), it has long been recognized (e.g., Oades and Halliday,
1987) that this system does not act in isolation but rather partic-
ipates in numerous functionally distinct circuits. Large-scale brain
networks have been consistently identified using various functional
connectivity approaches, with three networks in particular that
demonstrate good reproducibility and have been suggested to
contribute to various neuropsychiatric disorders, including sub-
stance dependence (Menon, 2011). The default mode network
(DMN) is involved in self-referential functions and tends to de-
activate during cognitive task performance (Raichle et al., 2001;
Buckner et al., 2008). The frontoparietal executive control net-
work (ECN) is associated with cognitive functions, such as work-
ing memory and decision making, whereas the salience network
(SN, including dorsal anterior cingulate cortex [dACC] and an-
terior insula) has been implicated in directing attention to the
most current homeostatically salient events (Seeley et al., 2007).
Individual components within these large-scale networks have
been implicated in learning the cue and context associations that
support addiction (Everitt and Robbins, 2005).

To better understand connectivity differences in cocaine de-
pendence within a network framework, we conducted a modu-
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larity analysis on resting-state fMRI data (Power et al., 2011;
Sporns, 2014). From the modules identified, we selected those
likely related to cocaine dependence based on the extant literature
to examine further. We hypothesized that (1) cocaine-dependent
(CD) subjects would have altered interactions within and/or be-
tween modules related to motivational, affective, cognitive and
interoceptive functions; and (2) alexithymia, a personality trait
associated with addiction and characterized by difficulty identi-
fying and describing one’s feelings and previously associated
with insula and anterior cingulate functions, would predict
individual differences in functional interactions within the SN
in CD subjects.

Materials and Methods

Subjects. Data from 47 active, non—treatment-seeking CD (36 males and
11 females) and 47 healthy control (HC, 30 males 17 females) individuals
were included in the study. Potential subjects were assessed with a com-
prehensive history and physical examination, general laboratory panel, a
computerized SCID with clinical interview follow-up, and a guided in-
terview assessing substance use. Subjects were excluded if they had any
major illness, history of neurological or psychiatric disorders other than
current dependence on cocaine or nicotine (i.e., meeting full criteria
within the past month). In an attempt to control for the potential influ-
ence of other drugs and alcohol in the CD group, inclusion criteria for the
HC group allowed some current or prior substance use, but no current or
past DSM-IV dependence (except nicotine). On the day of scanning, all
subjects were assessed for recent alcohol use with breathalyzer and for
other recent drug use with urine drug screen for amphetamine, bar-
biturates, benzodiazepines, cocaine, methadone, PCP, tricyclic anti-
depressants, and THC. Participants with a positive breathalyzer were
rescheduled or discharged from the study. Urine screen-positive partic-
ipants underwent a neuromotor assessment and were rescheduled if they
showed signs of acute intoxication. Cigarettes smokers were allowed to
smoke ad libitum before scanning. The cocaine urine screen results were
used to assess the impact of any recent cocaine use in the absence of acute
intoxication on our connectivity results. Written consents were obtained
from all participants before study enrollment. All the protocols contrib-
uting data to this analysis were approved by the Institutional Review
Board of the National Institute on Drug Abuse Intramural Research
Program.

Data acquisition. Resting-state fMRI data were collected on a 3-T Sie-
mens Allegra MR scanner (Siemens). Head movement was minimized by
using a foam helmet individually made for each participant. During the 6
min resting scan, participants were instructed to keep still and not to
think of anything in particular. Thirty-nine 4-mm-thick AC-PC parallel
slices without interslice gap were prescribed to cover the whole brain. The
resting data were acquired using a single-shot gradient-echo echo-planar
imaging sequence with repetition time of 2 s, echo time of 27 ms, flip
angle of 77°, field of view of 220 X 220 mm, and an in-plane resolution of
3.44 X 3.44 mm. High-resolution anatomical images were acquired us-
ing a 3D MPRAGE T1-weighted sequence with TR 0of 2.5 s, TE 0f 4.38 ms,
flip angle of 7°, and a voxel size of 1 X 1X1 mm.

Data processing. Data preprocessing was conducted in AFNI (Cox, 1996)
and included slice-timing correction, motion correction, quadratic de-
trending, and low-pass temporal filter with a cutoff frequency of 0.1 Hz
to retain the low-frequency fluctuation components that contribute to
functional connectivity (Biswal et al., 1995; Lowe et al., 1998). Resting
data were then spatially normalized to standard Talairach space with a
resampled resolution of 3 X 3 X 3 mm and spatially smoothed with a 6
mm Gaussian kernel. To further align the resting data across subjects, an
unbiased groupwise nonlinear registration method was used to deform
each spatially smoothed image to an implicit group reference image
based on a small deformation elastic model (Geng et al., 2009). Nonspe-
cific variance due to physiological noise was removed by regression of
nuisance variables, including head motion, signal averaged over ventri-
cle, white matter, and whole brain. Given that global signal regression is
still controversial (Fox et al., 2009; Murphy et al., 2009; Saad et al., 2012),
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we repeated our analyses without global signal regression, and all our
results remained qualitatively unchanged.

Network construction. For each subject, we constructed a voxelwise
brain functional network as follows. The time course from each voxel
within the gray matter mask was extracted, and the Pearson correlation
between any pair of voxels was calculated to form an N X N correlation
matrix (N is the number of gray matter voxels, here N = 12,884). Of note,
because the removal of global signal mathematically induces negative
correlations (Fox et al., 2009; Murphy et al., 2009; Saad et al., 2012) and
most network algorithms cannot handle negative edges, we set the neg-
ative correlations to zero and restricted our analysis to only positive
correlations. To remove weak correlations that might arise from signal
noise, we applied a threshold on the brain network so that only the
correlations whose corresponding p values passed a statistical threshold
(p < 0.05) were retained. The false discovery rate method was used to
correct for multiple comparisons by setting the false discovery rate level
to 0.001. Using this threshold, we constructed a binary connection ma-
trix, whose element was 1 if its corresponding correlation value was
statistically significant and 0 otherwise. Group-averaged brain networks
were generated by first averaging the binarized subject-specific networks
and selecting all connections that were present in at least 50% of the
group of subjects.

Modular analysis. Modules refer to groups of nodes that are highly
connected with each other but less connected with other nodes in a
network. The modularity Q quantifies the efficacy of partitioning a net-
work into modules by evaluating the difference between the actual num-
ber of intramodule connections and the expected number for the same
modules in a randomized network (Newman, 2004). The objective of a
modular detection procedure is to find a specific partition that maxi-
mizes the modularity Q. In theory, Q ranges between 0 and 1 (Newman
and Girvan, 2004). Q approaches to 0 when nodes are randomly parti-
tioned or all nodes belong to the same module, whereas higher Q indi-
cates significant modular structure deviating from random networks. In
practice, the modularity of a network with a strong modular structure
typically ranges from 0.3 to 0.7 (Newman and Girvan, 2004). In the
current study, we adopted a random-walk-based algorithm for module
detection based on its ability to handle very large networks and its suc-
cessful performance in benchmark tests (Danon et al., 2005; Pons et al.,
2005). Also, this algorithm is deterministic and so it will always give the
same partition no matter how many times is has been performed (Pons et
al., 2005). This algorithm offers two quality functions for community
detection: the modularity Q and the increase ratio mj, of which the latter
is proposed to overcome the resolution limit of modularity optimization
that may fail to detect modules smaller than a scale (Pons et al., 2005;
Fortunato and Barthélemy, 2007). In our study, we chose to use the
modularity Q to identify modular structures because the modules it pro-
duced, especially the modules in which we are particularly interested,
have been already well mapped and are spatially similar with those iden-
tified using other methods (e.g., group independent component analysis,
gICA) by visual inspection.

We conducted the modular detection procedure for each subject to
obtain the subject-specific maximal modularity Q. We also performed
modular detection procedure on group-averaged networks of the co-
caine and control cohorts separately. To quantify the similarity of mod-
ular structure between the two groups, we computed the variation of
information, an information-theoretic-based measure of distance be-
tween partitions (Meild, 2007).

Module assignment provides the basis for assessing the patterns of
intramodule and intermodule connectivity at both module and nodal
levels. At the module level, we calculated intramodule connectivity and
intermodule connectivity as follows:

Intramodule connectivity (C,) of module s is defined as follows:

E €ij

iLjEs
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here, N is the number of nodes within module s, and &, ; are the existing
edges within module s.
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Intermodule connectivity (C_,) between module s and module ¢ is
defined as follows:

where N, is the number of nodes within module s, whereas N, is the
number of nodes within module £, and &, ; are the existing edges between
module s and module ¢.

At the nodal level, two standard network metrics were calculated as
follows (Guimera and Amaral, 2005):

Normalized within-module degree (WD):

where k; is the number of intramodule connections of a node 7 within
module s and k, is the average number of intramodule connections of all
nodes in module s. o is the SD of the intramodule connection numbers
of all nodes in module s.

Participation coefficient (PC):

Ny /k.\?
PC=1-, <?)

s=1

where N, is the number of modules and k;, is the number of connections
between the node i and module s. k; is the total number of connections of
node i to all other nodes in the N,, modules.

As a control analysis, we also computed the above network metrics
using another modular mask, which was generated from the average
connectivity matrix over all subjects of both groups, and the results were
consistent with those reported in the main text.

Head motion. To moderate the effects of head motion on estimates of
functional connectivity (Power et al., 2012; Satterthwaite et al., 2012; Van
Dijk etal., 2012), we first calculated the average root mean square of head
motion and found no significant between-group difference (+ = —1.18,
p = 0.24). The average root mean square of head movement for both
groups was considerably below the cutoff of 1 mm (one-third of a voxel’s
width, average root mean square = 0.13 for CD, 0.16 for HC). Second, we
censored volumes within each subject’s fMRI time-series that were asso-
ciated with sudden head motion. For each subject, fMRI volume was
censored if its frame-wise displacement was >0.35. Subjects with <125
frames (~5 min) of data remaining after motion censoring were ex-
cluded (1 CD excluded). There was no group difference in the number of
remaining data points after motion censoring (t = —0.68, p = 0.49).

Statistical analysis. Between-group differences in network measures
were assessed by two-sample ¢ tests. For module-wise measures (i.e.,
intramodule/intermodule connectivity), the significance threshold was
set at p < 0.003 (0.05/15: 5 intra plus 10 intermodule statistical tests)
using a Bonferroni correction method for multiple comparisons. For
nodal-wise within-module degree and participation coefficient, the
group difference maps were first thresholded with a voxelwise signifi-
cance of p < 0.01, followed by multiple comparison correction using a
cluster size threshold derived from Monte Carlo simulations as imple-
mented in AFNI program “3dClustSim.” The smoothness for the Monte
Carlo simulation was estimated using AFNI program “3dFWHMXx” from
the residual time-series of the regression analysis. The estimated smooth-
ness values for each subject were averaged to compute a single smooth-
ness value (mean = 10.3 mm, SD = 0.48 mm). This resulted in a
minimum cluster size threshold of 20 voxels to reach a cluster level sig-
nificance of p < 0.05.

To investigate the relationship between defined networks and cocaine
use characteristics, multiple linear regression analyses were performed
between module-wise network measures and cocaine use behaviors:
years of cocaine use and current cocaine use (in dollars spent/week).
Significance threshold was set at p < 0.0017 (0.05/30: 15 modular-wise
metrics X 2 use characteristics) by Bonferroni method for multiple tests
correction. Furthermore, given that alexithymia has been associated with
drug use severity and relapse propensity in addicted individuals, which

J. Neurosci., May 27, 2015 - 35(21):8081—8090 + 8083

might be mediated by the functional interactions of its underlying brain
structures of the key SN regions of the insular and ACC (Sutherland et al.,
2013), we correlated the intramodule connectivity within the SN module
with the Toronto Alexithymia Scale (TAS-20) scale, which is a psycho-
metrically valid measurement of alexithymia that includes three sub-
scales: difficulty identifying feelings (DIF), difficulty describing one’s
feelings (DDF), and the presence of externally oriented thinking (EOT)
(Bagby et al., 1994a, b; Haviland and Reise, 1996). Bonferroni-corrected
significance threshold was set at p < 0.0125 (0.05/4: 3 TAS-20 subscales
and total scale). For the nodal-wise network metrics (WD and PC), we
estimated these relationships using an ROI approach. Specifically, we
extracted averaged metrics from those ROIs showing significant group
differences and performed the regression analysis against cocaine use
characteristics and TAS-20 scores. Significance threshold was set at p <
0.002 (0.05/24: 4 ROIs X 6 behavior characteristics) by Bonferroni
method for multiple tests correction.

To mitigate possible effects of age, gender, IQ (WAIS vocabulary
score), education years, and smoking status, we included these factors
as covariates in group comparisons and correlation analyses. Addi-
tionally, to control for the possible influences of any residual head
motion (after censoring) on group-related results, we also included
individual mean motion estimates (i.e., mean frame-wise displace-
ment) as a nuisance covariate.

Results

Demographics

CD and HC individuals (n = 47 each) were well matched for
gender, age, WAIS vocabulary score, and education years. All but
14 CD and 18 HC subjects reported regular use of tobacco, and
the distribution of heavy (>10 cigarettes per day) and light (=10
cigarettes per day) smokers were well matched between the two
groups (Table 1). On the day of scanning, the urine screens of
22 CDs were negative for all the drugs tested. There were 21 CD
individuals showing positive urine results for cocaine, one of
which was also positive for THC. One CD participant was urine
positive for amphetamine and THC, one for THC only; urine
data from 2 CD participants were unavailable.

To assess the impact of recent cocaine use, the CD group was
divided into those who presented on the scan day with a cocaine-
positive urine and those with a cocaine-negative urine. The
cocaine-positive group consisted of 20 CDs positive for cocaine
only and one CD positive for cocaine and THC. The cocaine-
negative group included 23 CDs negative for all drugs tested and
one CD urine positive for THC only, which added balance to the
cocaine-positive group. There were no significant differences be-
tween the two groups on age, gender, race, education years, 1Q,
years of cocaine use, and current cocaine use.

The 46 HC and 44 CD subjects were in the clinically normal
range of total TAS-20 score (=60) (Bagby et al., 1994b), although
the total TAS-20 score and the DIF subscale in CDs were signifi-
cantly higher than those in HCs (Table 1). TAS-20 scores from 1
HC participant were not available.

Modular structures of functional brain networks

Module analysis found that both groups were modular (modu-
larity Q = 0.450 = 0.032 for CDs and 0.452 =+ 0.035 for HCs).
There was no significant between-group difference in Q (t =
—0.19, p = 0.84). We then conducted modular analysis on group
mean networks for CD and HC subjects to summarize network
modular structure over subjects within each group. Modular de-
tection revealed 15 modules in the HC group and 16 modules in
the CD group, most of which have been previously identified
using other analytical methods (e.g., group independent compo-
nent analysis) and associated with specific brain functions (Fig. 1).
The modular partitions were very similar between the two
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Table 1. Demographic Characteristics
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(D (n=47) HC (n = 47) Group test
Age (years) 40 = 5.87 38 = 7.68 t=151 p =014
Education (years) 128 £1.24 133£1.84 t=—138 p =017
WAIS vocabulary score 54 + 8.85 56 = 8.60 t=—1.02 p =031
Gender (male/famale) 36/11 30/17 X2 =183 p =017
Race (African American/Caucasian/Asian/Mixed) 39/6/0/2 35/10/2/0 X2 =511 p=10.16
Current cocaine usage ($/week) $224 + 161 — — —
Years of cocaine use 13264 — — —
DSM-IV cocaine dependence 46+ 13 — — —
Smoking status (Non-smoker/light-smoker/heavy-smoker) 14/22/11 18/17/12 x2=118 p=055
TAS-20
DIF 12.02 = 5.85 857 =585 t=372 p = 0.0003
DDF 10.15 = 3.90 893 +3.91 t=156 p=0.12
EOT 18.79 = 4.38 17.19 £1.37 t=173 p=0.08
Total 40.96 = 10.13 34.69 = 10.12 t=338 p =0.001

HC, Healthy control group; CD, cocaine dependent group; Toronto Alexithymia Scale (TAS-20); DIF, difficulty identifying feelings; DDF, difficulty describing one’s feelings (DDF); EOT, externally oriented thinking.

groups, which resulted in a low variation of information level of
0.185. We then visually identified the five a priori modules of
interest in each group: the DMN, SN, ECN, MTL, and striatum
(ST). As illustrated in Fig. 2, the DMN module is composed of
regions of the rostral ACC (rACC), mPFC, superior frontal cor-
tex, inferior temporal lobe, PCC/precuneus (PCu), and inferior
parietal cortex. The SN module includes regions of dorsal ACC
and bilateral insula. The ECN module includes primarily the bi-
lateral frontal and parietal cortices. The MTL module consists of
regions of the hippocampal gyrus and amygdala. Finally, the ST
module consisted of the caudate, putamen, and lentiform nu-
cleus. Of note, hippocampus is sometimes considered part of
DMN, whereas amygdala and nucleus accumbens have been in-
cluded within the SN (Buckner et al., 2008; Menon, 2011). In our
analysis, hippocampus and amygdala formed a separate MTL
module, whereas nucleus accumbens was incorporated within an
independent ST module. We included in our analyses the over-
lapped spatial content of these modules between the two groups,
which resulted in a common modular spatial map for both
groups. This map was then used as a mask to compute the follow-
ing modular network measures for each subject.

Intramodule and intermodule connectivity

The above module assignment provides the basis for assessing the
patterns of intramodule and intermodule connectivity at both
modular and nodal levels. Figure 3A, B shows the intraconnec-
tivity and interconnectivity for all five a priori modules. For both
groups, each of the five modules showed high intramodule con-
nectivity but relatively low intermodule connectivity (there was
no significant difference between the two cocaine subgroups in
any network metrics). When examining differences in module
connectivity between the two groups, we observed a significantly
reduced intermodule connectivity between SN and DMN (¢t =
—3.2,df =92, p =0.002) in the CD group compared with the HC
(Fig. 3C,D), and a trend of reduced intermodule connectivity
between DMN and MTL module (t = —2.7, df = 92, p = 0.008).
Although there was no significant difference in the overall net-
work connectivity (i.e., the total sum of all connections within the
network) between the two groups ( = —1.52,df = 92, p = 0.13),
to rule out its potential impact, we used overall network connec-
tivity as a covariate and found that the reduction in SN-DMN
connectivity in CD group remained significant (t = —3.3, df = 92,
p = 0.0014). We also conducted group comparisons in module
connectivity with respect to four other canonical brain networks,
including the visual, sensorimotor, and anterior and posterior

temporal networks, and found no significant difference between
the two groups in any of the intramodule or intermodule connec-
tivity regarding these four brain networks (all p values >0.05),
which indicates that these four brain networks are not likely to be
relevant to the cocaine addiction.

At the nodal level, we characterized the role of each functional
network node (i.e., voxel) by measuring WD and PC. Figure 4A,
B shows the spatial distribution of WD and PC for the HC group.
For both HC and CD groups, we identified the module hubs with
high WD (more than mean * SD), which included the PCC/PCu
and angular gyrus in DMN, bilateral insula in SN, middle frontal
and superior parietal cortices in ECN, hippocampus/amygdala in
MTL, and putamen/lentiform nucleus in ST. We further divided
the module hubs into two categories based on their PC: provin-
cial hubs (PC = 0.25), having the most connections within their
own modules, which were located primarily in the PCC/PCu and
connector hubs (PC > 0.25), which have connections to multiple
modules, comprised the remaining hub regions.

Group comparisons at the nodal level revealed that, compared
with HCs, there were no significant differences in WD between
HC and CD individuals. However, CD participants showed sig-
nificantly decreased participation coefficient ( p., ecreq < 0.05) in
the rACC and PCC (DMN components), and bilateral insula (SN
components) (Fig. 4C). Given the lack of WD differences, these
likely reflect fewer connections from these regions to other mod-
ules in CD. To further assess this, we next took each identified
region of reduced PC as a seed ROI and calculated the ROI-
module connectivity by summing the number of connections
between every voxel in the ROI and those in each of the other four
modules. Our results revealed that CD participants had signifi-
cantly decreased average connectivity between the rACC and the
SN and MTL modules; between the PCC and the ECN module;
and between the bilateral insula and the DMN (Fig. 4D). Trends
of decreased average connectivity were also observed between the
left insula and the MTL and striatum.

Network relationships to drug use and TAS-20

For the module-level network metrics, no significant correlations
with any drug use parameters were found in the CD group. How-
ever, we observed significant negative correlation between the
DDF subscale in the TAS-20 and the intramodule connectivity
in the SN of the CD (p = 0.004) but not HC group (p = 0.42)
(Fig. 5). There is no significant difference of variance in DDF
between the cocaine and control group (F = 1.25, p = 0.48), and
the correlations between DDF and SN connectivity are signifi-
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z=1 x=-10 y=-3

Figure 1. Modularity analyses on group average networks detected 15 modules in the HC group and 16 modules in the (D
group. These modulesincluded 5 modules that are shown to be related to cocaine addiction: DMN (a), ECN (b), SN (c), MTL (d), and
ST (e) as well as modules in visual (f), sensorimotor (g), pTG (h), and aTG (i) areas. We also found that the cerebellum was divided into six
modules in the HC group and seven modules in the CD group (j). pTG, Posterior temporal gyrus; aTG, anterior temporal gyrus.

g Sensorimotor
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cantly different between the two groups
(z=2.03, p = 0.042). We also correlated
the TAS-20 scores with the intramodule
connectivity of the other four interested
brain networks (i.e., DMN, ECN, MTL,
and ST). No significant correlation was
found in any of the four brain networks in
either group (all p values >0.05), which
demonstrates that the salience network
might be selectively related to alexithymia
in cocaine-dependents. For the nodal-
level network metrics, focusing on the re-
gions that have shown between-group
differences in PC, we found a trend of
negative correlations between current co-
caine use and the averaged PC values
within the right insula (p = 0.047) and the
left insula (p = 0.077).

Discussion

Using network modularity analysis in a
well-matched and relatively large sample
of cocaine-dependent and healthy control
participants, we identified a modular or-
ganization of brain functional networks in
both groups that, in general, is in accor-
dance with previous findings of func-
tional brain networks (He et al., 2009;
Power et al., 2011). Because of their hy-
pothesized role in CD, we selected five
modules implicated in computing re-
ward, emotional, cognitive, and intero-
ceptive processes (DMN, SN, ECN, MTL,
and ST) to elucidate functional network
differences between groups. Compared
with control participants, CD individuals
exhibited significantly decreased inter-
module connectivity between the DMN
and SN modules. Moreover, the rACC (a
key component of the DMN) showed de-
creased participation coefficient in CD
and reduced connectivity to the SN mod-
ule, whereas insula (a key component of
the SN) showed reduced PC in CD and
reduced connectivity to the DMN, point-
ing to specific subregions within these
modules that may be responsible for the
intermodule result. Rostral ACC (rACC)
and PCC (also a key DMN component
showing reduced PC in CD) demon-
strated reduced connectivity to the MTL
module. Both of these DMN components
(rACC and PCC) also showed decreased
average connectivity to the ECN module,
although there was no intermodular con-
nectivity difference between DMN and
ECN associated with cocaine addiction as
a whole. In addition, the bilateral insula
were also less connected to the DMN
module and their PCs showed a trend
level negative relationship to intensity of
current use of cocaine (dollars/week). Fi-
nally, we found a significant negative rela-
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X =45 X =24 Xx=3 X=-18 X = -39
DMN SN EEWECN MTL ST
Figure2. lllustration of brain modules of interest: DMN (yellow), SN (orange), ECN (green), MTL (pink), and ST (purple). Modules were defined based on the spatial map overlap between the (D
and HC groups.
HC CD
A 0.25 B 0.25
DMN DMN
0.2 0.2
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MTL MTL
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C D DMN-SN
P
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SN 3 0.03
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tionship between the trait alexithymia TAS-20 subscale reflecting
difficulty identifying and describing one’s feelings, the DDF, and
the intramodule connectivity within the SN module only in CD
subjects.

Recently, a triple network model proposed by Menon (2011)
and adapted to addictive disorders by Sutherland et al. (2012)
suggested a putative role of the SN in biasing dynamic switching
between the DMN (internally oriented processing) and the ECN
(externally oriented executive functioning) based on attribution

of saliency to internal and external stimuli. In the context of this
model, we observed alterations primarily between SN and DMN.
In addition to reduced connectivity at the modular level, insula (a
connector hub in SN) had reduced connectivity to DMN in CD,
whereas rACC, a portion of the DMN that has been implicated in
regulating emotional functions (Etkin et al., 2006), was less con-
nected to SN suggesting compromised SN function in CD partic-
ularly in relation to the DMN. We did not find alterations in SN
connectivity to ECN, as might be expected based on the triple
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network model, but did find reduced connectivity directly from
two important DMN regions, rACC and PCC, to ECN. PCC,
especially dorsal PCC, has been previously suggested to have a
role in regulating cognition (Hampson et al., 2006; Mohanty et
al., 2008; Leech et al., 2012; Li et al., 2013). Rostral ACC has been
implicated in regulating emotions in the service of completing
cognitive tasks (Etkin et al., 2006). Thus, our finding of DMN
regions interacting less with ECN may relate to cognitive difficul-
ties seen in CD. It should be noted that our modules differ slightly
from those networks described by Menon (2011) and identified
using a different analytical approach in that hippocampus (part
of Menon’s DMN) and amygdala (part of Menon’s SN) formed a
module of their own (MTL) and nucleus accumbens (part of

Menon’s SN) formed a separate module (ST) with the rest of
striatum.

Numerous abnormalities in rACC in CD have been previously
reported, including reduced gray matter density (Franklin et al.,
2002) and more robust deactivation related to suppression of
cue-induced craving (Goldstein et al., 2009). Our finding of de-
creased connectivity from rACC to MTL is consistent with pre-
vious reports of reduced connectivity between medial frontal
cortex and amygdala (Gu et al., 2010; Wang et al., 2010) and has
been associated with early relapse risk (McHugh et al., 2014).

The insula is implicated in several of our findings. It is a con-
nector hub for SN whose PC is reduced in CD, possibly in pro-
portion to the intensity of current cocaine use (trend level result),
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suggesting that the difference seen may be a result of chronic
cocaine use rather than a preexisting difference. Insula showed
reduced connectivity with DMN, MTL, and ST. Abnormalities in
insula activation (Garavan et al., 2000; Kaufman et al., 2003) and
connectivity (Cisler et al., 2013; McHugh et al., 2013; Wisner et
al., 2013) in CD are common in the literature. Insula has attracted
considerable attention in addiction since Naqvi et al. (2007) first
showed that damage to the insula, a key SN component, can
resultin a sudden and profound disruption of addiction to smok-
ing. Although loss of all insula input may disrupt addictive be-
haviors by removing or vastly attenuating interoceptive signals of
withdrawal that likely prompt seeking the next cigarette, in-
adequate integration of interoceptive signals in a dysregulated
insula with other regions involved in a coordinated response
to the internal and external environment may hamper optimal
decision making in a given situation. Our results add to the
growing body of literature implicating insula as having aber-
rant responses and interactions with other regions in CD and
in other addictions.

Alexithymia, a personality trait incorporating an externally
oriented cognitive style and characterized by difficulty identify-
ing and describing one’s feelings (Taylor and Bagby, 2004; Parker
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etal., 2008), in the context of addiction has been shown to medi-
ate the relationship between negative emotionality and emo-
tional arousal to substance use (Bonnet et al., 2013), greater
substance use severity (Bruce etal., 2012; Saladin etal., 2012), and
shows a relationship to the structure and/or function in the insula
and anterior cingulate cortex (ACC), key SN regions (Paradiso et
al., 2008; Reker et al., 2010; Goerlich-Dobre et al., 2014). The
relationship we found between the TAS-20 DDF subscale and SN
intramodule connectivity is similar to our previous findings in
smokers where reduced resting-state functional connectivity
strength between anterior insula and ventromedial PFC fully
mediated a relationship between alexithymia and more in-
tense cravings during nicotine withdrawal (Sutherland et al.,
2013). Consistent with this result, the same relationship between
connectivity and alexithymia was not seen in healthy controls.
Alexithymia is associated with emotional processing in the insula
(Kano et al., 2007; Karlsson et al., 2008) and ACC (Walter et al.,
2011). Thus, our observation that CD individuals with reduced
functional connections within the SN tend to exhibit greater trait
alexithymia suggests that organizational disruptions within the
SN may give rise to deficiencies in integrating sensations from the
internal bodily milieu into coherent emotion experiences, which
may, in turn, contribute to sustaining cocaine (and other drug)
use, as consuming a drug may alleviate uncomfortable internal
sensations without needing to identify an associated emotional
state. While alexithymia is generally considered a stable person-
ality trait that does not change over time (Picardi et al., 2005),
there are data suggesting it may vary across the course of illness in
substance use disorders (de Haan et al., 2012). Thus, finding these
relationships only in drug-dependent individuals (CD and smok-
ers) may reflect alterations in the relationship of SN function to
alexithymia that are unique to dependence and warrant further
exploration.

The bilateral insula, ACC, and PCC have been identified as
highly connected hubs in previous anatomical and functional
studies (Hagmann et al., 2008; Buckner et al., 2009; Tomasi and
Volkow, 2010). We identify insula and PCC as hubs, and most of
our findings relate to insula and PCC. Hubs are functionally valu-
able in integrating information across brain regions and are met-
abolically costly (Liang et al., 2013). Hubs, therefore, could be
more vulnerable when facing pathological attacks (Crossley et al.,
2014). Thus, it is not surprising that the these same networks are
found to be involved not only in CD but in nicotine dependence
and other substance use disorders and indeed in numerous other
neuropsychiatric disorders not directly related to substance mis-
use (Menon, 2011).

In conclusion, cocaine addiction was found to be associated
with disruptions of network-level interactions involving the de-
fault mode, salience, and emotional networks. The differential
interactions between SN and DMN appear broadly consistent
with the “triple network model,” although we see alterations di-
rectly between components of the DMN and the ECN but no
alterations between SN and ECN. We also observed that CD in-
dividuals with higher difficulty in describing their feelings tend to
show less within SN connectivity, suggesting that the higher alex-
ithymia often seen in CD individuals may be associated with an
impaired SN system. When combined in a pretreatment/post-
treatment intervention design, this network analysis approach
may provide novel insights into the neurobiological mechanisms
of cocaine addiction, facilitating development of new treatment
strategies and serving as a predictive biomarker of disease severity
and treatment outcome.
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