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Abstract: Substance use disorders (SUD) have been associated with dysfunction in reward processing, habit formation, and cognitive-behavioral control. Accordingly, neurocircuitry models of addiction highlight roles for nucleus accumbens, dorsal striatum, and prefrontal/anterior cingulate cortex.
However, the precise nature of the disrupted interactions between these brain regions in SUD, and
the psychological correlates thereof, remain unclear. Here we used magnetic resonance imaging to
measure rest-state functional connectivity of three key striatal nuclei (nucleus accumbens, dorsal caudate, and dorsal putamen) in a sample of 40 adult male prison inmates (n 5 22 diagnosed with
SUD; n 5 18 without SUD). Relative to the non-SUD group, the SUD group exhibited significantly
lower functional connectivity between the nucleus accumbens and a network of frontal cortical
regions involved in cognitive control (dorsal anterior cingulate cortex, dorsolateral prefrontal cortex,
and frontal operculum). There were no group differences in functional connectivity for the dorsal
caudate or dorsal putamen. Moreover, the SUD group exhibited impairments in laboratory measures
of cognitive-behavioral control, and individual differences in functional connectivity between nucleus
accumbens and the frontal cortical regions were related to individual differences in measures of
cognitive-behavioral control across groups. The strength of the relationship between functional connectivity and cognitive control did not differ between groups. These results indicate that SUD is
associated with abnormal interactions between subcortical areas that process reward (nucleus accumbens) and cortical areas that govern cognitive-behavioral control. Hum Brain Mapp 00:000–000, 2014.
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connectivity [Upadhyay et al., 2010]. Additionally, several
studies have failed to identify any association between substance use and striatal connectivity [Gu et al., 2010; see
Sutherland et al., 2012 for a review]. The failure to replicate
connectivity findings across studies may result from several
factors, including divergence of substances of abuse (e.g.,
cocaine vs. opiates), the choice of seed regions in connectivity (cortical seeds vs. striatal seeds), the concurrent use of
drugs of abuse (actively using vs. prolonged abstinence), or
the suitability of the “control” group used for betweengroup comparisons. Further, among the published rsFC
studies, none have specifically examined connectivity for
both dorsal and ventral striatum, and none have related the
functional connectivity within specific fronto-striatal circuits to particular domains of psychological function.
In this study, we used rsFC to investigate differences in
striatal connectivity between a population of prison
inmates with SUD and a matched sample of prisoners
without SUD. We hypothesized that inmates with SUD
would exhibit deficient rsFC between striatal nuclei and
cortical regions involved in cognitive-behavioral control.
Moreover, we administered behavioral-task and self-report
measures to test the hypothesis that functional connectivity between the striatum and identified cortical regions
would be related to individual differences in cognitive
control abilities.

INTRODUCTION
Substance Use Disorder (SUD) involves a chronic, recurrent pattern of drug or alcohol use that negatively impacts
physical and psychological well-being, occupational and
family obligations, and social relationships [APA, 1994].
Across substances of abuse, a similar pattern of SUD etiopathology is apparent, progressing from an initial stage in
which occasional use elicits a rewarding hedonic effect, to a
pathological stage characterized by escalated use, loss of
control over intake, and the emergence of compulsive drug
seeking behaviors [Everitt and Robbins, 2005; Koob and
Volkow, 2010]. This framework highlights the ventral striatum/nucleus accumbens (NAc) and dorsal striatum (caudate and putamen) as key subcortical nuclei involved in the
progression from the initial reinforcing effects of drug use
to habitual, compulsive drug seeking and drug taking
[Everitt and Robbins, 2005]. Dysfunction in neocortex, particularly in frontal lobe structures implicated in cognitivebehavioral control (e.g., dorsal anterior cingulate cortex and
dorsolateral prefrontal cortex), has been linked to loss of
control over drug intake, a critical step in the progression
of SUD pathology [George and Koob, 2010]. Accordingly,
previous neuroimaging studies of SUD have revealed structural and functional changes throughout the striatum, as
well as in cortical regions implicated in cognitivebehavioral control [Baler and Volkow, 2006; Hester and
Garavan, 2004; Jentsch and Taylor, 1999; Kaufman et al.,
2003; Volkow et al., 2003, 2006; Vollstadt-Klein et al., 2010].
In addition to modular dysfunction within discrete brain
regions, neurobiological models of SUD posit that
impaired communication between brain regions may contribute significantly to behavioral deficits characteristic of
SUD [Koob and Volkow, 2010; Sutherland et al., 2012].
Thus, neuropsychological studies relating circuit-level
interactions between brain regions to particular dimensions of behavioral dysfunction are critical for testing the
leading psychobiological models of SUD. Rest-state functional connectivity (rsFC) magnetic resonance imaging,
which permits in vivo measurement of the degree of correlated activity (i.e., the strength of interaction) between
macroscopic brain regions, offers a unique opportunity to
examine interactions between brain regions implicated in
SUD [Biswal et al., 1995; Fox and Raichle, 2007].
A number of previous studies have examined rsFC in
substance-using populations, albeit with mixed results.
Among the studies that have explicitly tested connectivity
with the striatum, some have observed increased frontostriatal connectivity [Ma et al., 2010; Wilcox et al., 2011],
whereas others have identified decreased fronto-striatal
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METHODS
Participants
Participants were adult male inmates recruited from a
medium-security Wisconsin correctional institution.
Inmates were eligible if they met the following criteria: 45
years of age or younger, IQ greater than 70, no history of
psychosis or bipolar disorder, no history of significant
head injury or post-concussion symptoms, and not currently taking psychotropic medications. Diagnosis of SUD
was determined with the Structured Clinical Interview for
DSM-IV Disorders (SCID) [First, 2002]. Participants were
classified as SUD if they met criteria for abuse or dependence on any of the following substances: alcohol, cannabis,
cocaine, opioids, stimulants, sedatives, or hallucinogens. In
addition, inmates were assessed for psychopathy prior to
participation, as they were originally recruited for a study
on the neural correlates of psychopathy [Ly et al., 2012;
Motzkin et al., 2011]. Of the 41 participants who underwent MRI data collection, 1 was excluded for excessive
motion. Of the remaining 40 participants, 22 met criteria
for SUD (SUD group) and 18 did not (non-SUD group).
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SUD and non-SUD inmates did not significantly differ
with respect to age, general intellectual ability (IQ or backward digit span), or overall psychopathy severity (Table I).
The vast majority of individuals in the SUD group (18/22)
met abuse/dependence criteria for multiple substances,
with an average of 3.2 6 1.5 abused substances per subject. Only 4 of the 22 SUD participants met criteria for
SUD on a single substance (3 alcohol, 1 cocaine), 3/22
abused 2 substances (alcohol or cocaine with cannabis),
and 15/22 abused 3 or more substances. For each of the
other five substances assessed (sedatives, cannabis, stimulants, opiates, and hallucinogens), abuse always cooccurred with abuse of at least one other substance.
Although the most recent version of the DSM (DSM-5)
abolished separate abuse/dependence criteria in favor of a
single substance use diagnosis with graded manifestations
[APA, 2013], the preponderance of subjects meeting DSMIV “dependence” criteria (17/22) highlights the severity of
substance abuse problems in our sample. In addition to
the SCID, we collected self-report data relevant to SUD
with two other instruments, the Externalizing Spectrum
Inventory-Substance Abuse subscale (ESI-SUB) and Michigan Assessment Screening Test for Alcohol and Drugs
(MAST-AD). Problem drug use was assessed with the SUB
subscale of the 100-item version of the ESI [Hall et al.,
2007; Krueger et al., 2007], which has been validated in
criminal offender populations [Venables and Patrick,
2012]. ESI-SUB items include marijuana use, marijuana
problems, drug use, drug problems, alcohol use, and alcohol problems. The MAST-AD is a modification of the 24item Michigan Alcohol Screening Test in which questions
have been broadened to reference drug use, and has been
shown to be a sensitive indicator of both alcohol and drug
related problems [Reid et al., 1999; Selzer, 1971; Westermeyer et al., 2004]. A subset of n 5 19 SUD and n 5 12
non-SUD participants completed both scales. Groups were
significantly different on both measures (Table I).
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TABLE I. Participant group characteristics
Variable
Demographic
Age
Race (Cauc:AA:Oth)
Neuropsychological
IQa
Digit Span Backward
Anxiety/Neg Affectb
Psychopathyc
PCL-R total
Factor 1
Factor 2
P:NonP
SUDd
Alcohold
Prevalence
Age of onset
Cannabisd
Prevalence
Age of onset
Cocained
Prevalence
Age of onset
Stimulantsd
Prevalence
Age of onset
Opioidsd
Prevalence
Age of onset
Sedativesd
Prevalence
Age of onset
Hallucinogensd
Prevalence
Age of onset
ESI-SUBe
MAST-ADf

SUD
(n 5 22)

non-SUD
(n 5 18)

P

32.0 (7.0)
21:0:1

31.7 (7.5)
12:6:0

0.90
0.03

98.7 (11.6)
6.7 (2.4)
11.9 (8.4)

102.7 (10.8)
7.0 (3.5)
12.7 (9.7)

0.29
0.96
0.77

24.4 (9.5)
8.1 (4.4)
13.9 (4.8)
13:9

21.4 (9.2)
8.3 (3.8)
11.0 (5.5)
7:11

0.33
0.88
0.08
0.34

20/22
20.6 (5.2)

0/18
n/a

<0.0001

18/22
18.7 (5.9)

0/18
n/a

<0.0001

9/22
20.0 (4.5)

0/18
n/a

0.001

6/22
20.3 (5.5)

0/18
n/a

0.02

9/22
21.3 (6.3)

0/18
n/a

0.001

3/22
23.0 (3.6)

0/18
n/a

0.23

5/22
18.6 (2.5)
16.0 (3.0)
12.0 (3.7)

0/18
n/a
9.3 (3.6)
5.5 (3.3)

0.05
<0.0001
<0.0001

a

Based on Shipley Institute of Living Scale (Zachary, 1986).
Based on Welsh Anxiety Scale.
c
Based on Psychopathy Checklist-Revised (Hare, 2003).
d
Based on diagnosis of abuse or dependence in the SCID.
e
ESI–SUB subscale.
f
Michigan Assessment Screening Test for Alcohol and Drugs. Pvalues for race distribution, psychopath to nonpsychopath ratio
(P:NonP) and SUD prevalence were computed with Fisher’s Exact
Test. All other P-values are based on t-tests (means presented followed by standard deviations in parentheses).
b

MRI DATA COLLECTION
All MRI data were acquired using the Mind Research
Network’s Siemens 1.5 T Avanto Mobile MRI System on
correctional facility grounds. Rest-state functional images
were collected while subjects passively viewed a fixation
cross (T2*-weighted gradient-echo echoplanar functional
images: TR 5 2000 ms, TE 5 39 ms, flip angle 5 75 , FOV
5 24 3 24 cm, matrix 5 64 3 64, slice thickness 5 4 mm,
gap 5 1 mm, voxel size 5 3.75 3 3.75 3 5 mm, 27 sequential axial oblique slices). Rest-state scans lasted 5.5 min (158
volumes). A high-resolution T1-weighted structural image
was acquired using a four-echo MPRAGE sequence (TR 5
2530; TE 5 1.64, 3.5, 5.36, 7.22 ms; flip angle 5 7 , FOV 5
256 3 256 mm, matrix 5 128 3 128, slice thickness 5 1.33
mm, no gap, voxel size 5 1 3 1 3 1.33 mm, 128 interleaved
sagittal slices). All four echos were averaged into a single
high-resolution image for subsequent analysis.
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MRI DATA PROCESSING
Preprocessing
All fMRI data analysis was performed using AFNI [Cox,
1996] and FSL software. Individual EPI data were slice
time corrected, motion corrected, despiked, bandpass filtered (0.009 < f < 0.08), and spatially smoothed with a
four-millimeter full width at half maximum Gaussian

3

r

r

Motzkin et al.

r

Figure 1.
Striatal functional connectivity. A: Location of the three striatal
seeds in two coronal sections (with Talairach y coordinates).
Each seed included regions in both hemispheres. NAc (69, 18,
27); Putamen (625, 18, 15); Caudate (613, 115, 18). B:
Within-groups functional connectivity maps for each seed region

are presented at a PFWE < 0.05. Colors indicate the magnitude
of the T-statistic, set to a peak value of 11 for display purposes.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

kernel [Fox et al., 2005; Sacchet and Knutson, 2012]. Any
subject with motion greater than two millimeters between
adjacent volumes was excluded from further analysis (one
SUD participant). There was no significant difference
between groups in root mean squared head position
change (P 5 0.42). EPI time series data and highresolution T1 images were normalized to the Talairach
coordinate system [Talairach and Tournoux, 1988] using a
12-parameter linear warp. EPI data were resampled to
three-millimeter cubic voxels for subsequent functional
connectivity analyses.

The selected seeds have been shown to exhibit distinct,
but overlapping, patterns of connectivity at rest, which
correspond to known anatomical connections between
striatum and cortex [Di Martino et al., 2008; Selemon and
Goldman-Rakic, 1985].
Functional connectivity was assessed by computing
whole brain correlations with the mean time series derived
separately from each of the three seed ROIs. The mean
time series was included in a GLM with eight regressors
of no interest, including six motion parameters from
motion correction (three translations, three rotations), the
ventricular time series, the white matter time series, and a
second order polynomial to model baseline signal and
slow drift [Fox et al., 2005]. Voxelwise correlation coefficients for each ROI were converted to z-scores via Fisher’s
r-to-z transform and the resulting z-score maps were
entered into second level statistical analyses.

Region of Interest (ROI) Selection and
Correlation Analysis
To calculate the functional connectivity of key striatal
nuclei implicated in SUD, we seeded three bilateral ROIs
(Fig. 1A): NAc, caudate, and putamen. Seed coordinates
correspond respectively to the inferior ventral striatum
(VSi), dorsal caudate (DC), and dorsal rostral putamen
(DRP) ROIs reported in a previous rsFC study [Di Martino
et al., 2008], which was based on a large-scale meta-analysis of striatal connectivity [Postuma and Dagher, 2006].

r

Statistical Analyses of Correlation Maps
To compare striatal functional connectivity between
SUD and non-SUD inmates, we performed voxelwise twosample t-tests on the z-score maps derived from each seed
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used to examine the association between connectivity and
more general measures of cognitive function (IQ and digitspan backward) and externalizing behavior (ESI callous/
aggressive subscale). Group differences in cognitive control performance (CWIT) and self-reported behavioral disinhibition (ESI-DIS) were examined using Welch’s twosample t-tests.

ROI. Group difference maps were family wise error (FWE)
corrected for multiple comparisons across the whole brain
at the cluster level (Pcorrected < 0.05), using a height threshold of P < 0.005 [Carp, 2012; Forman et al., 1995]. Cluster
extents were calculated with 3dClustSim and 3dFWHMx
in AFNI, using the estimated smoothness of voxelwise
residual maps from the whole-brain connectivity analysis
and the number of voxels in the brain mask. A Bonferronicorrected alpha of 0.0166 was used to account for multiple
comparisons at the group level, based on the three striatal
ROIs (a 5 0.05/3 5 0.0166). In our data, a corrected PFWE
< 0.0166 was achieved using a minimum cluster extent
threshold of 49 voxels (1323 mm3).

RESULTS
rsFC Results
The three striatal seeds (Fig. 1A) yielded distinct but
overlapping patterns of functional connectivity (Fig. 1B).
Consistent with previous studies, the dorsal striatal seeds
(caudate and putamen) had significant functional connectivity with more dorsal, lateral, and posterior areas of cortex than did the ventral striatum seed [Di Martino et al.,
2008]. This general qualitative pattern was obtained in
both the SUD and non-SUD groups. Relative to the nonSUD group, the SUD group exhibited significantly
reduced functional connectivity between the NAc seed
and four regions of cortex: the right frontal operculum
(fO), left dorsal anterior cingulate cortex, and adjacent
dorsomedial prefrontal cortex (hereafter referred to simply
as dACC), left dorsolateral prefrontal cortex (dlPFC), and
left inferior parietal lobule (IPL; Table II; Fig. 2A). As predicted, group differences in NAc connectivity corresponded to a network of brain regions previously
implicated in cognitive-behavioral control [Corbetta and
Shulman, 2002; Dosenbach et al., 2007; Miller and Cohen,
2001; Seeley et al., 2007]. We observed no significant
group differences in connectivity for either of the dorsal
striatal seeds (caudate and putamen). This pattern of
results indicates reduced connectivity between NAc and
brain regions involved in cognitive control in the SUD
group.

Assessment of Cognitive-Behavioral Control
To measure participants’ capacity for cognitivebehavioral control, we administered two psychological
assessments: one performance-based test and one selfreport scale. Cognitive control performance was measured
with the Color-Word Interference Test (CWIT), a subtest of
the Delis-Kaplan Executive Function System [Delis et al.,
2001] that models the classic Stroop test [Stroop, 1935]. A
subset of n 5 16 SUD and n 5 9 non-SUD participants
completed the CWIT. This test requires inhibition of a prepotent word-reading response (e.g., the word “blue”
printed in red letters). Scaled reaction time and error rate
measures were used to index performance. Higher scores
indicate better performance (shorter reaction times and
fewer errors). Self-report measures of disinhibited realworld behavior were obtained with the “disinhibition”
(DIS) subscale of the ESI. ESI-DIS items measure impulsive
and/or irresponsible behaviors and traits (e.g., skipping
work, failing to pay debts, and shoplifting), but do not
explicitly involve substance use/abuse (“substance use”
and “callous/aggressive” are separate subscales of the
ESI).

Data analysis
Relationship Between rsFC Strength and
Cognitive-Behavioral Control

To assess whether either cognitive-behavioral control
measure was related to individual differences in connectivity, we regressed CWIT and ESI-DIS scores on connectivity estimates extracted from cortical clusters in which
SUD and non-SUD groups had significantly different striatal connectivity. We reasoned that if the identified pattern
of cortico-striatal connectivity were related to cognitive
control processes, individual differences in connectivity
between striatal ROIs and identified cortical regions would
be related to psychological measures of cognitive control,
across groups. However, to test whether the relationship
between connectivity and behavior differed depending on
SUD diagnosis, we also performed follow-up regression
analyses modeling the interaction between group and
behavior. To determine the specificity of any observed
relationship between cortico-striatal connectivity and cognitive control, the same multiple regression procedure was

r

As expected, the SUD group committed significantly
more errors than the non-SUD group in the inhibition condition of the CWIT [t(22.4) 5 3.78, P 5 0.001], but not in
the other two conditions, which did not require cognitive
control [color naming: t(17) 5 0.47, P 5 0.64; word reading: t(16.9) 5 0.47, P 5 0.65]. There were no significant differences between SUD and non-SUD groups in the total
completion time for any of the three CWIT conditions
examined: color naming [t(13.7) 5 0.44, P 5 0.66], word
reading [t(12.7) 5 0.83, P 5 0.42], and inhibition [t(18.3) 5
1.46, P 5 0.16]. Similarly, the SUD group scored significantly higher on the disinhibition subscale of the trait
externalizing measure (ESI-DIS) than the non-SUD group
[t(22.7) 5 3.89, P < 0.001]. There were no significant group
differences on the ESI callous/aggressive subscale [t(23.2)
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TABLE II. Cortical regions with significant differences in NAc connectivity between SUD and non-SUD groups
Coordinates: Peak T
Region
dlPFC (MFG)
IPL
dACC
fO (IFG)

Cluster

BA

Hemisphere

x

y

z

T

Size

9
40
32
45/47

L
L
L/R
R

230
251
0
48

33
221
24
21

36
30
33
3

5.92
5.52
4.84
4.30

51
54
58
69

Coordinates are reported in Talairach atlas space. Cluster size indicates the number of contiguous voxels (3 3 3 3 3 mm3). BA: Brodmann area; dACC: dorsal anterior cingulate cortex, dlPFC: dorsolateral prefrontal cortex, fO: frontal operculum, IFG: inferior frontal
gyrus, IPL: inferior parietal lobe, MFG: middle frontal gyrus.

5 1.12, P 5 0.27], highlighting the specificity of group differences to behavioral disinhibition. Together, these behavioral results are consistent with previous work linking

SUD to poor behavioral control [Giancola and Moss, 1998;
Li and Sinha, 2008; Lyvers, 2000; Mintzer and Stitzer,
2002].

Figure 2.
performance) and z-transformed NAc connectivity with the
dACC cluster. C: Scatter plot depicting the relationship between
scores on the ESI-DIS subscale and z-transformed between NAc
connectivity with the dACC cluster. Open circles: SUD participants; filled circles: non-SUD participants. Dashed lines represent the best-fit line across groups. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

Group differences in functional connectivity and relationship to
cognitive-behavioral control. A: Group differences in connectivity based on the NAc seed (Pcorrected < 0.05). The SUD group
had significantly lower connectivity with four brain regions: fO,
dACC, dlPFC, and IPL. Clusters are color-coded based on
uncorrected P-values (dark blue: 0.001 < P < 0.005; light blue: P
< 0.001). B: Scatter plot depicting the relationship between
scaled performance on the CWIT (higher scores indicate better
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work of cortical regions implicated in cognitive-behavioral
control. Importantly, individual differences in NAc rsFC
with these regions were related to individual differences
in measures of cognitive-behavioral control, supporting
the proposed behavioral relevance of the identified circuit.
This convergence of functional brain imaging and behavioral results supports neuropsychological accounts of SUD
that highlight deficient interactions between subcortical
structures known to represent reward (NAc) and cortical
areas involved in cognitive-behavioral control (fO, dACC,
dlPFC, and IPL) [Baler and Volkow, 2006; Jentsch and Taylor, 1999; Koob and Volkow, 2010, Volkow et al., 2003].
The role of NAc in reward processing is well documented. NAc is a major target of mesolimbic dopamine
neurons, which have been shown to signal the receipt and
prediction of pleasurable, rewarding stimuli [Drevets
et al., 2001; Schultz, 2010; Schultz et al., 1997]. Accordingly, human functional imaging studies have reliably
demonstrated NAc activation in response to innately
pleasurable stimuli (including drugs of abuse), as well as
to abstract stimuli predicting their occurrence [Drevets
et al., 2001; McClure et al., 2004; O’Doherty, 2004].
Likewise, a wealth of empirical data converge to implicate a network of interconnected cortical regions—comprised principally of dACC, fO, dlPFC, and lateral parietal
cortex—as core neural substrates of cognitive-behavioral
control [Dosenbach et al., 2007]. The dACC and fO exhibit
highly correlated activity at rest and have been deemed
critical nodes of an intrinsic salience network, involved in
error-detection and performance monitoring [Botvinick
et al., 1999; Carter et al., 1998; Dosenbach et al., 2006;
Kerns et al., 2004; Mesulam and Mufson, 1982; Ridderinkhof et al., 2004; Seeley et al., 2007]. Activity in these
regions is thought to signal the need for behavioral adaptation, recruiting prefrontal executive structures like the
dlPFC and lateral parietal regions involved in attentional
control [Braver et al., 2003; Corbetta and Shulman, 2002;
Miller and Cohen, 2001; Selemon and Goldman-Rakic,
1988; Vincent et al., 2008]. Each of these prefrontal regions
is known to have robust functional and structural connections with NAc [Cauda et al., 2011; Di Martino et al., 2008;
Haber and Knutson 2010; Haber et al., 2006; Selemon and
Goldman-Rakic, 1985]. Hence, the cortical regions exhibiting reduced connectivity with NAc in the SUD group in
this study correspond directly to the cortical network previously implicated in cognitive-behavioral control.
Our psychological test data support this interpretation.
Relative to the non-SUD group, the SUD group exhibited
significantly poorer performance on a standard behavioral
measure of cognitive control (inhibition errors on the
CWIT) and reported a significantly greater degree of disinhibited real-world behavior on the ESI. Moreover, we
observed significant correlations between performance on
these behavioral measures and the strength of NAc connectivity with the identified cortical regions. In follow-up
analyses modeling the interaction between group and
behavior on NAc connectivity, we found no significant

Across groups, functional connectivity between the NAc
seed and the identified fO and dACC clusters was significantly correlated with the number of errors during CWIT
inhibition, such that stronger connectivity was associated
with fewer errors (Fig. 2B; fO: r 5 0.48, P 5 0.02; dACC: r
5 0.51, P 5 0.01). Similarly, functional connectivity
between the NAc seed and each of the four identified clusters was negatively correlated with self-reported disinhibition (ESI-DIS), such that stronger connectivity was
associated with lower disinhibition scores (Fig. 2C; fO: r 5
0.41, P 5 0.02; dACC: r 5 0.45, P 5 0.01; dlPFC: r 5 0.43,
P 5 0.01; IPL: r 5 0.49, P 5 0.005). For neither measure
(CWIT and ESI-DIS) did we observe a significant interaction between group and NAc functional connectivity (all
P-values > 0.27), indicating that the brain-behavior correlations between rsFC and test performance did not differ
between the SUD and non-SUD groups. Importantly, NAc
functional connectivity with the cortical regions was unrelated to more general measures of intelligence and cognitive function (IQ and digit span backward; all P-values >
0.11) as well as other subscales of externalizing (callous/
aggressive; all P-values > 0.13), highlighting the specificity
of the relationship to psychological measures of cognitivebehavioral control. These findings support the hypothesis
that individual differences in connectivity between the
NAc seed and the cortical clusters derived from the
between-groups analysis is related to individual differences in cognitive-behavioral control across groups.

Follow-Up Analyses
Psychopathy
In light of previous work associating psychopathy with
altered patterns of functional connectivity [Ly et al., 2012;
Motzkin et al., 2011], we performed separate whole-brain
analyses covarying for psychopathy diagnosis (psychopath
vs. non-psychopath) to determine whether psychopathy
modulated SUD-related group differences. There were no
significant interactions between psychopathy and SUD for
any of the three striatal seeds, nor were there any group
differences in connectivity between psychopathic and nonpsychopathic inmates for these seeds. Further, when controlling for psychopathy, our main findings of altered connectivity between the NAc seed and each of the four
identified clusters remained significant at the corrected
threshold.

DISCUSSION
In this study, we used a combination of neuroimaging
and behavioral analyses to demonstrate a distinct and
behaviorally relevant pattern of circuit-level dysfunction in
the brains of individuals with SUD. Relative to inmates
without SUD, inmates diagnosed with SUD exhibited
decreased functional connectivity between NAc and a net-
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could obscure differences in dorsal striatum-mediated
processes. The potential limitations of this study are discussed in greater detail below.
Ours is not the first study to examine rest-state NAc
functional connectivity among individuals with SUD
[Sutherland et al., 2012]. One recent study of chronic heroin users reported increased functional connectivity
between NAc and rostral/ventral ACC (among other
abnormalities), but no significant decrease in connectivity
between NAc and the regions reported here [Ma et al.,
2010]. The difference in results could be due to concurrent
methadone treatment in the previous study (12 of the 14
heroin users were being treated with daily methadone at
the time of fMRI data collection); methadone treatment
has been shown to acutely reduce fMRI-BOLD activity in
areas outside of ventral ACC among heroin-dependent
individuals [Langleben et al., 2008]. However, similar
increases in ventral ACC connectivity with a NAc seed
were obtained in a study of chronic cocaine abusers [Wilcox et al., 2011]. A study of prescription opioid-dependent
patients yielded a notably different pattern of results, finding decreased resting functional connectivity between NAc
and rostral ACC, fO, and IPL, but not dACC or dlPFC
[Upadhyay et al., 2010]. A separate study comparing
cocaine users to non-drug users reported no significant
group differences in resting functional connectivity using a
NAc seed [Gu et al., 2010]. Thus, our study is the first to
associate SUD with significantly reduced connectivity
between NAc and the network of cognitive control regions
reported here.
The divergence of the present results from previous
findings may reflect methodological differences in our
approach. Given the inconsistency of results in the extant
literature prior to our study (none of the four previous
studies revealed the same pattern of SUD-related group
differences), we sought to systematically assess connectivity with three key striatal nuclei that have been widely
implicated in neurocircuitry models of addiction [Everitt
and Robbins, 2005; Koob and Volkow, 2010], and that
have well-characterized and consistent connectivity patterns in healthy subjects [Di Martino et al., 2008; Postuma
and Dagher, 2006]. In addition to the theoretical relevance
of our chosen striatal seed regions, we elected to restrict
our analysis to subcortical nuclei because they allow for
more precise anatomical localization relative to cortical
ROIs, which can vary significantly in functional organization across subjects [Feredoes et al., 2007]. Previous studies
of striatal connectivity in SUD have been rather broad in
their anatomical approach, assessing group differences in
connectivity from several cortical and subcortical seeds
simultaneously. These studies examined striatal connectivity in as few as four [Wilcox et al., 2011] or as many as ten
[Ma et al., 2010] different cortical and subcortical seeds.
Unlike this work, none of the previous studies corrected
for multiple comparisons based on the number of seeds
used in the functional connectivity analysis. Thus, our
study has a more anatomically focused experimental

interaction with group. Thus, although individual differences in NAc connectivity were significantly correlated with
cognitive control measures across subjects, this association
between NAc connectivity and cognitive control did not
differ between SUD and non-SUD groups. It is interesting
to note that the relationship with CWIT performance was
only significantly related to connectivity with fO and
dACC (regions specifically implicated in error monitoring),
whereas self-reported disinhibition was related to connectivity with all four regions. To our knowledge, this is the
first study linking NAc functional connectivity with psychological measures of cognitive-behavioral control.
(Although, it should be noted that our approach of linking
brain functional connectivity to cognitive task performance
parallels a recent study of cocaine-dependent individuals
in which perigenual ACC-lateral PFC connectivity was
found to be correlated with performance on reversal learning and delay discounting tasks [Camchong et al., 2011]).
There is a growing literature associating SUD with deficits
in executive function and cognitive control using tasks,
like the CWIT, that require inhibition of prepotent
response tendencies [Giancola and Moss, 1998; Li and
Sinha, 2008; Lyvers, 2000; Mintzer and Stitzer, 2002]. The
dACC and dlPFC clusters identified in the present functional connectivity analysis are particularly notable for
their overlap with regions shown to be hypoactive during
a response inhibition task in cocaine users [Hester and
Garavan, 2004; Kaufman et al., 2003]. The concordance of
our rsFC and behavioral task results with previous fMRItask data supports the assertion that the regions identified
in the present between-groups analysis (fO, dACC, dlPFC,
and IPL) are involved in cognitive-behavioral control, and
moreover, that functional coherence between the NAc and
these regions may be a neurobiological correlate of cognitive control efficacy that is compromised in SUD.
Interestingly, we did not observe any group differences
in connectivity between the caudate or putamen seeds and
any region of cerebral cortex. In light of the proposed role
of these brain regions in mediating the compulsive, habitual drug taking behaviors that characterize the late stages
of SUD, we might have predicted relative increases in connectivity between dorsal striatum and cortical regions
involved in motor function, such as the primary motor
cortex or cerebellum. The absence of group differences in
connectivity with these regions may reflect the central
importance of interactions between regions implicated in
reward (NAc) and those implicated in cognitive control
(e.g., fO, dACC, dlPFC, and IPL) in the development of
SUD, or may simply reflect our unique sample characteristics. For example, it is possible that prolonged, enforced
abstinence from drug use in the prison setting may have
interrupted some of the habitual behaviors characteristic
of long-term substance users (however, despite strict regulations against drug use in prison, several studies suggest
that drugs of abuse may be commonly available to prisoners [Dolan et al., 2007; Gillespie, 2005]). It is also possible
that the heterogeneity of drugs of abuse in our sample
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cal functions for which the relationship between connectivity and behavior is divergent in SUD. Future work
investigating interactions between group, functional connectivity, and other domains of SUD-relevant psychological functions (e.g., reward processing) at the whole-brain
level will be required to examine such a hypothesis.
In conclusion, the results reported here associate SUD
with reduced functional connectivity between NAc and a
network of cortical regions including the fO, dACC,
dlPFC, and lateral parietal cortex. Importantly, this circuitlevel neural dysfunction relates to deficits in behavioral
inhibition. Despite extensive convergent evidence for local
dysfunction within dorsal striatum in SUD, we did not
observe any circuit-level differences in either dorsal caudate or putamen in this study. Thus, our results highlight
the key role of cognitive-behavioral control processes relevant to reward in SUD. Although remarkably consistent
with extant models of neuropathology in SUD, our results
reveal heretofore unidentified SUD-related differences in
functional connectivity between the NAc and frontal executive structures. Future research in larger populations
with and without polysubstance abuse and subsequent
meta-analysis will be essential for disentangling the functional changes most critical for developing SUD from those
more specific to particular substance-using populations.
Nonetheless, the present findings underscore a key role
for disrupted connectivity between the subcortical structures implicated in reward processing and frontal executive structures implicated in cognitive-behavioral control
in SUD pathology, providing a neuropsychological framework for future research.

hypothesis and more stringent corrections for multiple
comparisons than previous work on this topic.
The unique characteristics of our sample also warrant
additional consideration. The SUD population studied
here were prison inmates, some of whom had psychopathic personality. This population may have especially
pronounced deficits in cognitive-behavioral control related
to their substance use problems. Without a separate comparison population of non-incarcerated SUD participants,
we are unable to determine whether the patterns of functional connectivity observed here relate only to this specific population or to SUD more generally. However,
groups were well-matched for psychopathy diagnosis
(Table I) and follow-up whole-brain connectivity analyses
covarying for psychopathy revealed identical SUD-related
group differences, indicating that psychopathy likely did
not contribute to our observed results. Additionally, our
sample diverges from previous studies in the heterogeneity of drug use in the SUD group; the majority of our SUD
sample met the criteria for dependence on more than one
substance. Thus, whereas previous studies may be observing substance-specific neurobiological differences, our
results may reflect neurobiological differences that are
common across different substances of abuse, or related
specifically to polysubstance abuse—although it is also
possible that our findings are driven primarily by participants with abuse or dependence on alcohol (n 5 20/22
SUD participants) and/or cannabis (n 5 18/22 SUD participants). Another limitation of this study is the lack of data
on nicotine use, which has previously been associated
with changes in brain functional connectivity [Cole et al.,
2010; Hong et al., 2009, 2010]. It is possible that differences
in current and/or past nicotine use could have contributed
to our findings. However, given that nicotine is itself an
addictive substance of abuse and that the majority of our
SUD sample are polysubstance abusers anyway, allowing
that nicotine use could contribute to the observed rsFC
data does not appreciably alter the basic findings of this
study. Future work in larger samples will be necessary to
distinguish the neurobiological and psychological mechanisms related to individual substances from those that are
common across substances.
Finally, although the behavioral data strongly support
our assertion that NAc connectivity with the cortical
regions identified here is related to cognitive-behavioral
control, this design is not well suited to investigate the
possibility of breakdowns in the brain-behavior relationship in individuals with SUD. In other words, it is possible
that SUD involves a disruption in the typical association
between neurobiological indices of brain function and
behavior (which would present as a significant interaction
with group in our regression analyses). Although we
found no significant interaction with group for cortical
clusters identified in the whole-brain between-groups analysis (indicating that the relationship between connectivity
and behavior did not differ between groups for these
regions), there may be other brain regions and psychologi-

r

r

ACKNOWLEDGMENTS
The authors thank Keith Harenski for his assistance
with MRI data collection. They thank many at the Wisconsin Department of Corrections for making this research
possible. They are especially indebted to Deputy Warden
Tom Nickel and Dr. Kevin Kallas.

REFERENCES
APA (1994): Diagnostic and Statistical Manual of Mental Disorders, 4th ed. Washington D.C.: American Psychiatric Press.
APA (2013): Diagnostic and statistical manual of mental disorders,
5th edition. Arlington, VA: American Psychiatric Publishing.
Baler RD, Volkow ND (2006): Drug addiction: the neurobiology of
disrupted self-control. Trends Mol Med 12:559–566.
Biswal B, Yetkin FZ, Haughton VM, Hyde JS (1995): Functional
connectivity in the motor cortex of resting human brain using
echo-planar MRI. Magn Reson Med 34:537–541.
Botvinick M, Nystrom LE, Fissell K, Carter CS, Cohen JD (1999):
Conflict monitoring versus selection-for-action in anterior cingulate cortex. Nature 402:179–181.
Braver TS, Reynolds JR, Donaldson DI (2003): Neural mechanisms
of transient and sustained cognitive control during task
switching. Neuron 39:713–726.

9

r

r

Motzkin et al.

Camchong J, MacDonald AW III, Nelson B, Bell C, Mueller BA,
Specker S, Lim KO (2011): Frontal hyperconnectivity related to
discounting and reversal learning in cocaine subjects. Biolo
Psychiat 69: 1117–1123.
Carp J (2012): The secret lives of experiments: Methods reporting
in the fMRI literature. Neuroimage 63:289–300.
Carter CS, Braver TS, Barch DM, Botvinick MM, Noll D, Cohen
JD (1998): Anterior cingulate cortex, error detection, and the
online monitoring of performance. Science 280:747–749.
Cauda F, Cavanna AE, D’Agata F, Sacco K, Duca S, Geminiani
GC (2011): Functional connectivity and coactivation of the
nucleus accumbens: A combined functional connectivity and
structure-based meta-analysis. J Cogn Neurosci 23:2864–2877.
Cole DM, Beckmann CF, Long CJ, Matthews PM, Durcan MJ,
Beaver JD (2010): Nicotine replacement in abstinent smokers
improves cognitive withdrawal symptoms with modulation of
resting brain network dynamics. Neuroimage 52:590–599.
Corbetta M, Shulman GL (2002): Control of goal-directed and
stimulus-driven attention in the brain. Nat Rev Neurosci 3:
201–215.
Cox RW (1996): AFNI: Software for analysis and visualization of
functional magnetic resonance neuroimages. Comput Biomed
Res 29:162–173.
Delis DC, Kaplan E, Kramer JH (2001): Delis–Kaplan Executive
Function System (D-KEFS): Examiner’s manual. San Antonio,
TX: The Psychological Corporation.
Di Martino A, Scheres A, Margulies DS, Kelly AM, Uddin LQ,
Shehzad Z, Biswal B, Walters JR, Castellanos FX, Milham MP
(2008): Functional connectivity of human striatum: A resting
state FMRI study. Cerebral cortex 18:2735–2747.
Dolan K, Khoei EM, Brentari C, Stevens A (2007): Prisons and
Drugs: A global review of incarceration, drug use and drug
services. Report 12. p. 1–2.
Dosenbach NU, Visscher KM, Palmer ED, Miezin FM, Wenger
KK, Kang HC, Burgund ED, Grimes AL, Schlaggar BL,
Petersen SE (2006): A core system for the implementation of
task sets. Neuron 50:799–812.
Dosenbach NU, Fair DA, Miezin FM, Cohen AL, Wenger KK,
Dosenbach RA, Fox MD, Snyder AZ, Vincent JL, Raichle ME,
Schlaggar BL, Petersen SE (2007): Distinct brain networks for
adaptive and stable task control in humans. Proc Natl Acad
Sci USA 104:11073–11078.
Drevets WC, Gautier C, Price JC, Kupfer DJ, Kinahan PE, Grace
AA, Price JL, Mathis CA (2001): Amphetamine-induced dopamine release in human ventral striatum correlates with euphoria. Biol Psychiatry 49:81–96.
Everitt BJ, Robbins TW (2005): Neural systems of reinforcement
for drug addiction: From actions to habits to compulsion. Nat
Neurosci 8:1481–1489.
Feredoes E, Tononi G, Postle BR (2007): The neural bases of the
short-term storage of verbal information are anatomically variable across individuals. J Neurosci 27:11003–11008.
First MB, editor. (2002): Structured Clinical Interview for DSM-IVTR Axis I Disorders, Research Version, Non-patient Edition.
(SCID-I/NP). New York: Biometrics Research, New York State
Psychiatric Institute.
Forman SD, Cohen JD, Fitzgerald M, Eddy WF, Mintun MA, Noll
DC (1995):. Improved assessment of significant activation in
functional magnetic resonance imaging (fMRI): Use of a
cluster-size threshold. Magn Resonan Med 33:636–647.

r

r

Fox MD, Raichle ME (2007): Spontaneous fluctuations in brain
activity observed with functional magnetic resonance imaging.
Nat Rev Neurosci 8:700–711.
Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC,
Raichle ME (2005): The human brain is intrinsically organized
into dynamic, anticorrelated functional networks. Proc Natl
Acad Sci USA 102:9673–9678.
George O, Koob GF (2010): Individual differences in prefrontal
cortex function and the transition from drug use to drug
dependence. Neurosci Biobehav Rev 35:232–247.
Giancola PR, Moss HB (1998): Executive cognitive functioning in
alcohol use disorders. Recent Dev Alcohol 14:227–251.
Gillespie W (2005): A multilevel model of drug abuse inside
prison. Prison J 85:223–246.
Gu H, Salmeron BJ, Ross TJ, Geng X, Zhan W, Stein EA, Yang Y
(2010): Mesocorticolimbic circuits are impaired in chronic
cocaine users as demonstrated by resting-state functional connectivity. Neuroimage 53:593–601.
Haber SN, Knutson B (2010): The reward circuit: Linking primate
anatomy and human imaging. Neuropsychopharmacology 35:
4–26.
Haber SN, Kim KS, Mailly P, Calzavara R (2006): Reward-related
cortical inputs define a large striatal region in primates that
interface with associative cortical connections, providing a substrate for incentive-based learning. J Neurosci 26:8368–8376.
Hall JR, Bernat EM, Patrick CJ (2007): Externalizing psychopathology and the error-related negativity. Psychol Sci 18:326–333.
Hare RD (2003): The Hare psychopathy checklist-revised, 2nd ed.
Toronto: Multi-Health Systems.
Hester R, Garavan H (2004): Executive dysfunction in cocaine
addiction: Evidence for discordant frontal, cingulate, and cerebellar activity. J Neurosci 24:11017–11022.
Hong LE, Gu H, Yang Y, Ross TJ, Salmeron BJ, Buchholz B,
Thaker GK, Stein EA (2009): Association of nicotine addiction
and nicotine’s actions with separate cingulate cortex functional
circuits. Arch General Psychiat 66:431–441.
Hong LE, Hodgkinson CA, Yang Y, Sampath H, Ross TJ,
Buchholz B, Salmeron BJ, Srivastava V, Thaker GK, Goldman
D, Stein EA (2010): A genetically modulated, intrinsic cingulate
circuit supports human nicotine addiction. Proc Natl Acad Sci
USA 107:13509–13514.
Jentsch JD, Taylor JR (1999): Impulsivity resulting from frontostriatal dysfunction in drug abuse: Implications for the control
of behavior by reward-related stimuli. Psychopharmacology
(Berl) 146:373–390.
Kaufman JN, Ross TJ, Stein EA, Garavan H (2003): Cingulate
hypoactivity in cocaine users during a GO-NOGO task as
revealed by event-related functional magnetic resonance imaging. J Neurosci 23:7839–7843.
Kerns JG, Cohen JD, MacDonald AW III, Cho RY, Stenger VA,
Carter CS (2004): Anterior cingulate conflict monitoring and
adjustments in control. Science 303:1023–1026.
Koob GF, Volkow ND (2010): Neurocircuitry of addiction. Neuropsychopharmacology 35:217–238.
Krueger RF, Markon KE, Patrick CJ, Benning SD, Kramer MD
(2007): Linking antisocial behavior, substance use, and personality: An integrative quantitative model of the adult externalizing spectrum. J Abnormal Psychol 116:645–666.
Langleben DD, Ruparel K, Elman I, Busch-Winokur S, Pratiwadi
R, Loughead J, O’Brien CP, Childress AR (2008): Acute effect
of methadone maintenance dose on brain FMRI response to
heroin-related cues. Am J Psychiatry 165:390–394.

10

r

r

Neuropsychological Correlates of SUD

Li CS, Sinha R (2008): Inhibitory control and emotional stress regulation: Neuroimaging evidence for frontal-limbic dysfunction in
psycho-stimulant addiction. Neurosci Biobehav Rev 32:581–597.
Ly M, Motzkin JC, Philippi CL, Kirk GR, Newman JP, Kiehl KA,
Koenigs M (2012): Cortical thinning in psychopathy. Am J Psychiat 169:743–749.
Lyvers M (2000): “Loss of control” in alcoholism and drug addiction: A neuroscientific interpretation. Exp Clin Psychopharmacol 8:225–249.
Ma N, Liu Y, Li N, Wang CX, Zhang H, Jiang XF, Xu HS, Fu XM,
Hu X, Zhang DR (2010): Addiction related alteration in
resting-state brain connectivity. Neuroimage 49:738–744.
McClure SM, York MK, Montague PR (2004): The neural substrates of reward processing in humans: The modern role of
FMRI. Neuroscientist 10:260–268.
Mesulam MM, Mufson EJ (1982): Insula of the old world monkey.
III: Efferent cortical output and comments on function. J Comp
Neurol 212:38–52.
Miller EK, Cohen JD (2001): An integrative theory of prefrontal
cortex function. Annu Rev Neurosci 24:167–202.
Mintzer MZ, Stitzer ML (2002): Cognitive impairment in methadone maintenance patients. Drug Alcohol Depend 67:41–51.
Motzkin JC, Newman JP, Kiehl KA, Koenigs M (2011): Reduced prefrontal connectivity in psychopathy. J Neurosci 31:17348–17357.
O’Doherty JP (2004): Reward representations and reward-related
learning in the human brain: Insights from neuroimaging.
Curr Opin Neurobiol 14:769–776.
Postuma RB, Dagher A (2006): Basal ganglia functional connectivity based on a meta-analysis of 126 positron emission tomography and functional magnetic resonance imaging publications.
Cerebral cortex 16:1508–1521.
Reid MC, Fiellin DA, O’Connor PG (1999): Hazardous and harmful alcohol consumption in primary care. Arch Intern Med 159:
1681–1689.
Ridderinkhof KR, Ullsperger M, Crone EA, Nieuwenhuis S (2004):
The role of the medial frontal cortex in cognitive control. Science 306:443–447.
Sacchet MD, Knutson B (2012): Spatial smoothing systematically
biases the localization of reward-related brain activity. Neuroimage 66C:270–277.
Schultz W (2010): Dopamine signals for reward value and risk:
Basic and recent data. Behav Brain Funct 6:24.
Schultz W, Dayan P, Montague PR (1997): A neural substrate of
prediction and reward. Science 275:1593–1599.
Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, Kenna
H, Reiss AL, Greicius MD (2007): Dissociable intrinsic connectivity networks for salience processing and executive control. J
Neurosci 27:2349–2356.

r

r

Selemon LD, Goldman-Rakic PS (1985): Longitudinal topography
and interdigitation of corticostriatal projections in the rhesus
monkey. J Neurosci 5:776–794.
Selemon LD, Goldman-Rakic PS (1988): Common cortical and subcortical targets of the dorsolateral prefrontal and posterior
parietal cortices in the rhesus monkey: Evidence for a distributed neural network subserving spatially guided behavior. J
Neurosci 8:4049–4068.
Selzer ML (1971): The Michigan alcoholism screening test: The
quest for a new diagnostic instrument. Am J Psychiat 127:
1653–1658.
Stroop JR (1935): Studies of interference in serial verbal reactions.
J Exp Psychol 18:643–662.
Sutherland MT, McHugh MJ, Pariyadath V, Stein EA (2012): Resting state functional connectivity in addiction: Lessons learned
and a road ahead. Neuroimage 62:2281–2295.
Talairach J, Tournoux P (1988): Co-planar Stereotaxic Atlas of the
Human Brain. New York: Theime Medical.
Upadhyay J, Maleki N, Potter J, Elman I, Rudrauf D, Knudsen J,
Wallin D, Pendse G, McDonald L, Griffin M, Anderson J,
Nutile L, Renshaw P, Weiss R, Becerra L, Borsook D (2010):
Alterations in brain structure and functional connectivity in
prescription opioid-dependent patients. Brain 133:2098–2114.
Venables NC, Patrick CJ (2012): Validity of the externalizing spectrum inventory in a criminal offender sample: Relations with
disinhibitory psychopathology, personality, and psychopathic
features. Psychol Assess 24:88–100.
Vincent JL, Kahn I, Snyder AZ, Raichle ME, Buckner RL (2008):
Evidence for a frontoparietal control system revealed by intrinsic functional connectivity. J Neurophysiol 100:3328–3342.
Volkow ND, Fowler JS, Wang GJ (2003): The addicted human
brain: Insights from imaging studies. J Clin Invest 111:1444–
1451.
Volkow ND, Wang GJ, Telang F, Fowler JS, Logan J, Childress
AR, Jayne M, Ma Y, Wong C (2006): Cocaine cues and dopamine in dorsal striatum: Mechanism of craving in cocaine
addiction. J Neurosci 26:6583–6588.
Vollstadt-Klein S, Wichert S, Rabinstein J, Buhler M, Klein O,
Ende G, Hermann D, Mann K (2010): Initial, habitual and compulsive alcohol use is characterized by a shift of cue processing from ventral to dorsal striatum. Addiction 105:1741–1749.
Westermeyer J, Yargic I, Thuras P (2004): Michigan AssessmentScreening Test for Alcohol and Drugs (MAST/AD): Evaluation
in a clinical sample. Am J Addict 13:151–162.
Wilcox CE, Teshiba TM, Merideth F, Ling J, Mayer AR (2011):
Enhanced cue reactivity and fronto-striatal functional connectivity in cocaine use disorders. Drug Alcohol Depend 115:137–
144.
Zachary RA (1986): Shipley Institute of Living Scale: Revised Manual. Los Angeles: Western Psychological Services.

11

r

