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Abstract

Chronic cocaine use is associated with enhanced cue reactivity to drug stimuli. However, it may
also alter functional connectivity (fcMRI) in regions involved in processing drug stimuli. Our aims
were to evaluate the neural regions involved in subjective craving and how fcMRI may be altered
in chronic cocaine users. Fourteen patients with a confirmed diagnosis of cocaine abuse or
dependence (CCA) and 16 gender, age, and education-matched healthy controls (HC) completed a
cue reactivity task and a resting state scan while undergoing functional magnetic resonance
imaging. CCA showed increased activation compared to HC in left dorsolateral prefrontal and
bilateral occipital cortex in response to cocaine cues but not to appetitive control stimuli.
Moreover, CCA also showed increased activation within the orbital frontal cortex (OFC) for
cocaine cues relative to the appetitive stimuli during a hierarchical regression analysis. A negative
association between subjective craving and activity in medial posterior cingulate gyrus (PCC) was
also observed for CCA. CCA exhibited increased resting state correlation (positive) between cue-
processing seed regions (OFC and ventral striatum), and negative connectivity between cue-
processing regions and PCC/precuneus. These alterations in fcMRI may partially explain the
neural basis of increased drug cue salience in CCA.
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1. Introduction

Neuroadaptations secondary to longstanding drug use are a major cause of drug addiction
and may compromise the addict’s ability to suppress drug seeking when exposed to cues
associated with drug use (Kalivas and O’Brien, 2008; Kalivas and VVolkow, 2005).
Unfortunately, in the case of cocaine dependence, few effective pharmacologic treatments
exist (Poling et al., 2007). Further identifying the networks involved in the maladaptive
decision to use cocaine upon cue exposure may help development of more effective
treatments.

Research suggests an abnormal functional organization in addictive brains in which there is
enhanced salience of drug-related cues but weakened strength of cognitive control (Baler
and Volkow, 2006). In chronic cocaine abusers (CCA), the cue-elicited functional magnetic
resonance imaging (fFMRI) literature demonstrates that cocaine cues activate the anterior
cingulate cortex (ACC), dorsolateral prefrontal cortex (DLPFC), posterior cingulate cortex
(PCC), amygdala, orbitofrontal cortex (OFC), thalamus, insula, dorsal striatum (DS), and
ventral striatum (VS) (Bonson et al., 2002; Childress et al., 1999; Duncan et al., 2007,
Garavan et al., 2000; Grant et al., 1996; Kilts et al., 2004; Kosten et al., 2006; Maas et al.,
1998; Wang et al., 1999; Wexler et al., 2001). However, the reliability of these activations
across studies is mixed (Wilson et al., 2004).

One potential reason for mixed findings is that previous studies have not isolated the unique
contribution of subjective craving to neural activation during cue exposure. Instead, post-
scan subjective craving ratings are typically correlated with neural activation, resulting in
activation of the DLPFC, ACC, amygdala, insula, and caudate (Grant et al., 1996; Maas et
al., 1998; Sinha et al., 2005; Wang et al., 1999). Subjective craving is an important predictor
of clinical outcomes and relapse risk when it is elicited in the context of drug cues
(Drummond et al., 2000; Waters et al., 2004), although a consistent association between
subjective craving and relapse behavior has not always been observed (Rosenberg, 2009;
Tiffany and Carter, 1998). Dissociating subjective craving and cocaine cue processing
networks has yet to be done in CCA, and may provide important information about the
neurobiological substrates responsible for relapse.

Recent studies suggest that persistent functional changes within motivational networks
associated with addiction can be measured through functional connectivity (fcMRI) analyses
(Daglish et al., 2003; Gu et al., 2010; Hong et al., 2009; Ma et al., 2009; Tomasi et al.,
2010). Resting-state fcMRI analyses examine low frequency oscillations in the blood-
oxygen level dependent response occurring spontaneously in spatially distributed networks
(Fox and Raichle, 2007). Despite being task-independent, they may provide information
about critical brain networks overseeing basic sensory processes, memory, executive
function, and salience detection (Fox and Raichle, 2007; Smith et al., 2009). Two recent
studies investigating differences in functional connectivity in CCA reported decreased
connectivity between mesocorticolimbic regions previously implicated in addiction (Gu et
al., 2010; Tomasi et al., 2010).

Research suggests lateral OFC may be primarily involved in processing reward associated
cues, whereas medial OFC may be more involved in the hedonic response to reward (Elliott
et al., 2010; Kringelbach, 2005; Kringelbach and Rolls, 2004). VS has strong anatomical
connections with OFC (Haber et al., 2006) and is involved in acquiring and expressing cue-
elicited drug seeking and encoding salient events (Everitt and Robbins, 2005). The
involvement of VS and lateral OFC in reward cue processing render them excellent
candidates for examining fcMRI differences within the cocaine cue- processing network.
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We predicted that there would be increased connectivity within the cocaine cue-processing
network in CCA as a result of increased utilization of this circuit following drug exposure.

The current study employed a novel task to investigate the contributions of cue-elicited
versus subjective craving elicited brain activation. Recently abstinent CCA and matched
healthy controls (HC) continuously rated their subjective craving during videos depicting
drug usage and an appetitive control while undergoing fMRI, with hierarchical regression
determining the potential contribution of subjective craving ratings. The second aim
investigated whether CCA exhibited altered fcMRI within the reward cue processing
network, which we defined a priori using the lateral OFC and VS as seed regions based on
previous literature (Kringelbach and Rolls, 2004).

2. Methods
2.1 Participants

Sixteen subjects with a confirmed diagnosis of chronic cocaine abuse and/or dependence
and 16 gender, age, and education-matched HC were recruited. Two CCA were excluded
from the study because of excessive head motion (three standard deviations) compared to
the rest of their cohort. Informed consent was obtained according to institutional guidelines
at the University of New Mexico. All CCA participants were abstinent from cocaine for a
minimum of three days prior to their MRI scan (confirmed by urine screen: One Step Multi-
Drug, Multi-Line Screen Test) to allow for elimination of the majority of active cocaine
metabolites. Thus CCA were unlikely to be in significant acute withdrawal (Walsh et al.,
2009). CCA participants were excluded from the study if they had a history of DSM-IV
opiate or sedative dependence, learning disorder, attention-deficit hyperactivity disorder,
any major neurological condition, diagnosis of a schizophrenia spectrum disorder, or any
contraindications for MRI. HC were excluded based on similar criteria, with the additional
criteria of any history of diagnosed psychiatric disorders (with the exception of a remote
history of substance abuse). For additional clinical details, see the online supplementary
materials.

2.2 Clinical Assessment

2.3 Tasks

Participants completed a battery of measures, including the Fagerstrom Test for Nicotine
Dependence (FTND), the Cocaine Craving Questionnaire (Brief-NOW and Brief-
GENERAL forms) (CCQ-N and CCQ-G) (Heinz et al., 2006), and the Structured Clinical
Interview for DSM Disorders | Module E (SCID-I-E) for substance abuse and dependence.
In addition, the Timeline Followback calendar was used to determine cocaine usage during
the previous 30 days.

To reduce redundancy amongst similar neuropsychological measures, composite indices
were calculated for the domains of memory, processing speed, executive functioning, and
attention (see the online supplementary materials). The Wechsler Test of Adult Reading
(WTAR) provided an estimate of pre-morbid intelligence. Measures of emotional status
[State-Trait Anxiety Index (STAI) and Beck Depression Inventory-Second Edition (BDI)]
were also assessed.

All participants completed two tasks. In the first task, participants viewed 14 videos (see
acknowledgments and supplementary materials) depicting cocaine consumption (e.g.,
someone snorting powder) or preparation (e.g., Someone preparing a syringe). Participants
also viewed 14 videos depicting food consumption (e.g., someone eating ice cream) or
preparation (e.g., roasting tomatoes). Video presentation was pseudo-randomized, with
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average video duration equal to 12 seconds. Participants were instructed to continuously rate
their desire to use cocaine on an 8-point Likert scale (0-7) as their cravings changed. The
rating scale was presented at the bottom of the screen, and anchors reminded participants of
scalar values (0 = None at All; 7 = Very Strong). Participants could increase (middle finger
button) or decrease (index finger button) their craving ratings throughout the experiment,
and rating levels were updated at a 50 Hz frequency. Subjects practiced the task prior to
entering the scanner environment.

For the connectivity analyses, participants maintained fixation on a centrally presented cross
(visual angle = 0.92°) for approximately five minutes, which occurred after the craving task.

High resolution TI anatomic (voxel size = 1x1x1 mm?3) and whole brain echo-planar images
(TR = 2000 ms; TE = 29 ms; flip angle = 750°; voxel size = 3.75x3.75x4.55 mm3) were
collected on a 3T Siemens Trio scanner (supplementary material).

2.4 Craving Task: Image Processing and Statistical Analyses

Functional images were generated using Analysis of Functional Neurolmages (AFNI)
software package (Cox, 1996). Time series images were spatially registered to the second
EPI image of the first run to minimize effects of head motion, temporally interpolated to
correct for slice-time acquisition differences and de-spiked. Separate regressors for the food
and cocaine videos (identical for all subjects) were created by convolving the experimental
time-course for each condition with a double gamma variate function (S-Figure 1).
Moreover, two additional regressors were created for each participant based on their
subjective craving response (if present). The first regressor modelled each button press as a
single event regardless of subjective craving amplitude level (i.e., a 1 was modelled the
same as a 5) or direction of change (i.e., increase or decrease in craving). The second
regressor resembled a step function, with each button press signalling the onset of either
increasing or decreasing subjective levels of craving (i.e., craving magnitude modelled).

Two voxel-wise multiple regression analyses were conducted for all participants. A high-
pass filter was included in all multiple regressions to remove low-frequency drifts. The first
analysis entered all four regressors (if subjective craving was present) simultaneously into a
single model. This was done to parse out variance associated with the videos and self-report
of craving, which was expected to be different across the two groups. Next, a hierarchical
multiple regression analysis was performed in which the food video regressor was entered
first into the model, followed by the cocaine video regressor, the button-press regressor and
finally the subjective craving regressor (if latter regressors were present). The incremental
change in variance (R2) captured by the addition of each successive regressor could be
calculated, converted to a signed correlation coefficient equivalent to a semi-partial

correlation (7= /B3 = R X (B2/IB21), and finally to a z-score using Fisher’s method. The
hierarchical regression achieved two objectives. The first was to identify regions exhibiting
unique activation during the drug videos relative to the food videos within each group.
Second, it identified unique variance modelled by the subjective craving response. The most
conservative approach was adopted by entering the craving regressor last in the model.

The resulting beta values (standard regression) and z-scores (hierarchical regression) were
transformed to a standard stereotaxic coordinate space (Talairach and Tournoux, 1988)
using a 12 degree-of-freedom affine transformation and spatially smoothed using a 8 mm
Gaussian kernel. Group differences (CCA versus HC) in cue (cocaine and food videos)
reactivity and fcMRI were directly contrasted using independent sample t-tests. Z-scores
(unique variance for different regressors) from hierarchical regression were compared
against baseline separately for each group using a two-tailed t-test.
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2.5 fcMRI: Image Processing and Statistical Analyses

Individual anatomical images (T1) were segmented into maps of cerebral spinal fluid (CSF),
white matter, and gray matter (Zhang et al., 2001). Resultant CSF and white matter masks
were used to obtain an average time-series for these tissues during the extended resting state
runs for each individual. Finally, six movement parameters, the ROI-based time-series for
CSF, the ROI-based time-series for white matter, a constant, and a linear term were entered
into the regression against extended resting state time-series to remove noise variance
associated with each of these variables (Fox et al., 2005). Resultant data were then
transformed to a standard stereotaxic coordinate space (Talairach, 1988).

The residual resting-state time courses were averaged across a 12 mm diameter sphere for a
priori determined regions in lateral OFC and VS. Seeds were chosen a priori based on
published literature (Kringelbach and Rolls, 2004) rather than deriving seed regions from the
craving task to avoid bias and to increase the generalizability of findings. Resultant
correlation coefficients were then converted to z-scores using Fisher’s method.

Group-wise comparisons were performed with independent samples t-tests. For all whole-
brain contrasts (fcMRI and cue-reactivity maps), a significance threshold corresponding to p
< .005 was applied in combination with a minimum cluster size threshold of 32 native
voxels to correct for false positives (p < .05) based on 10,000 Monte Carlo simulations
(Forman et al., 1995). Region of interest analyses (connectivity analyses) were also
performed to interrogate the a priori hypothesis of increased fronto-striatal connectivity,
which were corrected (p < .05) at a spatial size of 20 native voxels (see the online
supplementary materials).

3. Results

3.1 Neuropsychological and Clinical Data

Neuropsychological testing indicated a significant group difference on pre-morbid
intelligence (t,g = —2.8, p < .01), with CCA exhibiting lower estimates than HC. Therefore,
pre-morbid intelligence was used as a covariate for all other behavioral and functional
analyses. ANCOVAs suggested higher scores (F2 27 = 4.3, p <.05) on the BDI for CCA than
HC (although both were within the normal range) and a trend towards higher scores on the
STAI Trait (F, 27 = 3.8, p = .06). The two groups did not differ on measures of STAI State
or on FTND scores (p > .10). As expected, compared to HC, CCA demonstrated increased
craving on scores for the CCQ-G (tpg = —5.9 p <.01) and CCQ-N (t,g = —6.1, p<.01). A
MANCOVA suggested no group differences on neuropsychological composite scores (Table
1).

3.2 Behavioral Data

Cue-elicited craving behavioral analyses were restricted to CCA as only 2 HC reported any
degree of craving during the fMRI video task. A 2 x 2 [Time (run 1 versus run 2) x Video
(cocaine versus food)] mixed-measures ANOVA was performed on the mean maximum
rating for cocaine craving during each video type. Results indicated a significant effect of
video (F1 13 = 5.8, p <.05), with greater craving ratings during cocaine (2.3 +/— .4) than
food (1.1 +/-.3) videos. A similar analysis was conducted for the baseline state (i.e.,
fixation) following video presentation, which suggested that subjective levels of craving
continued into the baseline state following the cessation of the drug videos (see the online
supplementary materials).
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3.3 Cue-elicited Functional Comparisons

Two MANOVAs comparing rotational and translational motion parameters suggested that
there were no group differences in head motion (p > 0.10). Group-wise comparisons of cue-
elicted brain activation for both food and cocaine videos were conducted using estimates of
pre-morbid intelligence as a covariate. There were no group differences in response to the
food cues. However, CCA exhibited increased activation compared to HC within the left
DLPFC (BAs 9/46) and predominantly left occipital cortex (BA17/18/19; Figure 1) for the
cocaine cues.

3.4 Hierarchical Regression with CCA Group

The unique variance associated with the cocaine video (after entering the food video) was
also examined separately for both HC and CCA through a hierarchical multiple regression.
HC exhibited widespread deactivation of the default-mode network (Raichle et al., 2001)
during the presentation of cocaine videos, which was absent in CCA (Figure 2). Principal
regions of deactivation included the ACC (BAs 24/32), PCC (BAs 23/29/30/31, angular
gyrus (BAs 39/40), inferior and middle temporal gyri (BAs 20/21) and middle and superior
frontal gyri (BAs 8/9/10). In contrast to HC, cocaine videos resulted in additional activation
for CCA within the bilateral OFC (BAs 10/11/47), DLPFC (BAs 9/46), pre-supplementary
motor area (pre-SMA,; BAs 6/8), insulae (BA 13), parahippocampal gyri (BAs 27/28/35)
extending into the amygdalae, and anterior thalamus.

Although 13/14 CCA reported experiencing some cue induced cravings, the relationship
between subjective ratings and the presentation of the cocaine videos was highly variable
across participants (correlation = 0.0 — 0.92; see supplemental results). However, only a
single cluster within the bilateral PCC (BAs 29/30/31) and medial visual areas (BAs
17/18/19/23/30) demonstrated a negative association with subjective craving levels (S-
Figure 2).

The monitoring of subjective craving states likely introduced additional cognitive demands.
Therefore, a separate analysis (see the online supplementary materials) was conducted (CCA
only) in which the cocaine video regressor was entered last into the hierarchical regression
following the other three regressors (food video, motor response and subjective craving) to
statistically control for motor, attention and decision making processes involved in
subjective ratings. These results (see S-Figure 3) were subsequently compared to the
previously described model where the cocaine video was entered second following the food
video. However, the only regions that did not exhibit significant unique activation when
cocaine videos were entered last into the hierarchical regression were the bilateral insulae
and pre-SMA.

3.5 Resting State fcMRI Analysis

Increased connectivity (i.e., positive correlations) between the left VS seed and right OFC,
extending into rostroventral ACC (BAs 10/11//32), was observed for CCA relative to HC
(Figure 3A) in our region of interest analyses. Whole brain analyses (Figure 3B) indicated
that CCA demonstrated increased anticorrelations for several bilateral posterior cortical
regions including precuneus and PCC (BAs 7/31), middle temporal gyrus (BA 37), inferior
parietal lobule (BA 40) and occipital cortex (BA 19) across multiple seeds (right VS,
LOFC1 and LOFC2).

4. Discussion

Consistent with previous findings (Bonson et al., 2002; Garavan et al., 2000; Grant et al.,
1996; Kilts et al., 2004; Kosten et al., 2006; Maas et al., 1998; Sinha et al., 2005; Wang et
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al., 1999), CCA exhibited increased activation in the left DLPFC and occipital cortex for
cocaine cues relative to HC. In addition, hierarchical analyses indicated that cocaine videos
were associated with increased activation within the OFC, DLPFC, amygdalae and anterior
thalamus in CCA relative to an appetitive control stimulus. Hierarchical analyses also
suggested that specifically modeling subjective craving responses captured additional unique
variance within the PCC (negative association) and medial visual areas for CCA. Finally,
CCA exhibited increased connectivity between the ventral striatum and OFC, as well as
higher anti-correlations between these structures and the precuneus, PCC and ventral visual
stream.

Our functional results showed greater DLPFC activation in response to cocaine videos for
CCA compared to HC, consistent with previous literature implicating DLPFC in
motivational decision making and inhibitory control (Barraclough et al., 2004; Fassbender et
al., 2006). In addition, OFC, DLPFC, amygdalae and thalamic activation were also found to
be associated with cocaine videos in a hierarchical analysis in CCA. Increased activation in
the thalamus (Garavan et al., 2000; Sinha et al., 2005) and amygdala (Childress et al., 1999;
Grant et al., 1996; Kilts et al., 2004) has also been previously reported for CCA following
cue exposure. In addition, the OFC has previously been implicated in reward cue processing
in HC (Kringelbach, 2005; Kringelbach and Rolls, 2004) and in response to cocaine videos
(Garavan et al., 2000; Grant et al., 1996) and scripts (Bonson et al., 2002; Wang et al., 1999)
in CCA. Collectively, these results emphasize the role that these structures play in response
to cue exposure, although they do not necessarily indicate increases in subjective craving
levels.

Specifically, although CCA endorsed increased craving on clinical measures and during
exposure to cocaine stimuli, they continued to report craving during the baseline periods
following the drug cues. Moreover, the relationship between cue exposure and subjective
cravings exhibited considerable variation across subjects. These findings are consistent with
previous work suggesting that cue time course and subjective craving time course do not
perfectly coincide (Wexler et al., 2001), and that subjective craving may be elicited by
triggers other than cue presentation (Drummond et al., 2000; Rosenberg, 2009).

A hierarchical regression approach was adapted to isolate variance associated with
subjective craving after statistically controlling for cue exposure. However, this analysis did
not reveal any additional activation in traditional areas associated with craving, which may
have resulted from the conservative statistical approach that was adopted (i.e., craving
regressor entered last). Instead, a negative correlation was observed between the subjective
craving regressor and activation in the PCC and medial visual cortex. Previous studies have
also reported an inverse relationship between subjective craving during stress imagery and
PCC activation (Li et al., 2005), although others have found that PCC activation predicts
relapse (Kosten et al., 2006). Such conflicting results emphasize the need for future study on
the role of the PCC in addiction.

The hierarchical regression also indicated deactivation of the default-mode network during
the presentation of cocaine videos for HC but not for CCA (Buckner et al., 2008; Raichle et
al., 2001). This was unexpected, as the default-mode network generally exhibits task-
induced deactivations during attention-demanding tasks (McKiernan et al., 2003) and has
previously been resulted in greater task induced deactivations in CCA compared to HC
(Tomasi et al., 2007; Tomasi et al., 2010). In our hierarchical analysis, subjective craving
ratings were negatively associated with activation in the PCC, one of the default-mode’s
central hubs (Buckner et al., 2008). Therefore, the lack of task-induced deactivations within
the default-mode in CCA may have been secondary to the persistent presence of craving
beyond the video. This could have also been due to the potential effect of psychoactive
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medications on default-mode network functional connectivity (Greicius et al., 2008). In
addition, CCA may indeed be characterized by differences in functional connectivity within
the default-mode network, as has been reported for several other neuropsychiatric conditions
(Broyd et al., 2009).

Current results suggest that the relationship between regions of the cocaine cue processing
network may also be altered in the absence of external stimuli, as has been recently reported
by others (Gu et al., 2010; Tomasi et al., 2010). However, whereas previous work indicated
decreased connectivity between selected mesocorticolimbic regions in CCA relative to HC
(Gu et al., 2010; Tomasi et al., 2010), we observed increased fcMRI between the ventral
striatum and OFC. The increased connectivity between reward and reward cue processing
regions like VS (Everitt and Robbins, 2005) and medial OFC (Elliott et al., 2010;
Kringelbach, 2005; Kringelbach and Rolls, 2004), with regions which have a larger role in
motivational decision making and inhibitory control like rostroventral ACC (Beckmann et
al., 2009; Margulies et al., 2007), may mediate the increased salience of drug cues and the
greater potential for drug cues to trigger drug use. However, increased connectivity between
regions involved in reward cue processing and motivation like OFC, ACC, and VS has also
been reported in healthy controls (Beckmann et al., 2009; Di Martino et al., 2008; Margulies
et al., 2007). Therefore, future studies should determine whether alterations in functional
connectivity may also be directly related to the magnitude of the task-evoked BOLD
response following cue exposure in CCA.

By contrast, the increased anti-correlation between cue processing regions and PCC,
precuneus and visual cortex in CCA compared to HC may mediate the increased ability of
cocaine cues to trigger subjective craving. Precuneus has been previously implicated in
mediating craving resistance (Brody et al., 2007), and PCC, which is activated by cocaine
cues in other studies (Duncan et al., 2007; Garavan et al., 2000; Kilts et al., 2004; Kosten et
al., 2006), has been implicated in motivation and flexibility during decision making (Daw et
al., 2006; Maddock, 1999; Mohanty et al., 2008). The increased anti-correlation between cue
processing seed regions and precuneus/medial PCC in CCA compared to HC may mediate
their increased perseveration on drug-related cues and craving.

Current findings are limited by several factors. Foremost, the current sample size was small.
Therefore, null effects should be interpreted with caution. Second, current results may have
been biased by other clinical differences (depression, co-morbid use of other substances,
presence of pharmacological agents, etc.) between the two populations. Specifically,
benzodiazepines may decrease prefrontal activation during tasks requiring memory and
attention (Coull et al., 1999; Sperling et al., 2002), and may decrease amygdalar, insular, and
cingulate gyrus activation to stress cues (Paulus et al., 2005; Schunck et al., 2011; Schunck
et al., 2010). SSRIs may decrease OFC, amygdalar, parahippocampal and ventral striatal
activation to rewarding, aversive, or other emotional stimuli (McCabe et al., 2010; Murphy
et al., 2009; Windischberger et al., 2009). Unfortunately, these limitations are not easily
controlled in most clinical studies of substance users, and are more likely representative of a
true clinical sample of cocaine users. Third, our craving task by design involved the active
rating of subjective experience rather than just passively viewing stimuli, which likely
involved the recruitment of additional neuronal resources. However, the only regions which
demonstrated a change in activation when cocaine videos were entered last into the
regression were the insulae and pre-SMA. Finally, current fcMRI analyses were conducted
following the presentation of the craving task, which may have resulted in residual
activation within this circuit (Beckmann et al., 2005; Greicius et al., 2009; Toro et al., 2008),
and thus connectivity findings could have been influenced by subjective craving.
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In summary, our findings add to the literature describing the neural mechanisms by which
environmental cues trigger craving and drug use in individuals with drug dependence
(Bechara, 2005; Kalivas and Volkow, 2005). Our findings suggest increased fcMRI between
regions involved in attribution of incentive salience (OFC and VS), as well as higher anti-
correlations between selected seeds and regions (PCC and precuneus) implicated in
motivational decision making (Daw et al., 2006) and resisting craving (Brody et al., 2007).
Continuing to clarify how these different regions underlie compulsive drug seeking behavior
is imperative as we move forward to develop effective treatments for cocaine dependence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

This figure depicts the regions exhibiting differences in activation between chronic cocaine
abuser (CCA) and healthy control (HC) groups during presentation of cocaine cues.
Significant clusters included the left dorsolateral prefrontal cortex (DLPFC) and left
occipital cortex (OCC). Warm colors indicate greater activation for CCA compared to HC
(red: .001 < p <.005; yellow: p <.001). Axial (z) slice location is provided according to the
Talairach atlas (L= left and R = right). Bar graphs present percent signal change (PSC)
values for each cluster (red bars = CCA, blue bars = HC).
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Figure 2.

This figure presents the regions exhibiting unique variance associated with the cocaine
videos in the hierarchical regression analysis for chronic cocaine abuser (CCA; Panel A) and
healthy control (HC; Panel B) groups. Cocaine videos elicited activation (warm colors; red: .
001 < p <.005, yellow: p <.001) within the frontal craving network areas for CCA,
including bilateral orbital frontal cortex (OFC) and dorsolateral prefrontal cortex (DLPFC),
with minimal deactivation of the default-mode network. In contrast, deactivation (cool
colors; blue: .001 < p <.005, cyan: p <.001) of the default-mode network was prominent
for HC and included the anterior cingulate gyrus (ACC) and posterior cingulate gyrus
(PCC). Axial (z) and sagittal (x) slice locations are provided according to the Talairach atlas
(L= left and R = right).
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Figure 3.

This figure presents regions showing differential functional connectivity for chronic cocaine
abusers (CCA,; red) and healthy controls (HC; blue) based on seeds in the ventral striatum
(VS). Panel A presents increased positive correlations between the left (L) VS and right
orbital frontal cortex (OFC) for CCA. Panel B presents regions showing increased anti-
correlations with the right (R) VS for CCA, including the middle temporal gyrus (MTG) and
precuneus (PRC), which were also observed for several other seeds (see Table 2). Bar
graphs indicate mean z-score within these clusters for CCA (red bars) and healthy control
(blue bars) groups. Axial (z) and sagittal (x) slice locations are provided according to the
Talairach atlas (L= left and R = right).
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