Neural Correlates of Stress-Induced and
Cue-Induced Drug Craving: Influences of Sex and

Marc N. Potenza, M.D., Ph.D.
Kwang-ik Adam Hong

Cheryl M. Lacadie, B.S.
Robert K. Fulbright, M.D.
Keri L. Tuit, Psy.D.

Rajita Sinha, Ph.D.

Objective: Although stress and drug cue
exposure each increase drug craving and
contribute to relapse in cocaine depen-
dence, no previous research has directly
examined the neural correlates of stress-
induced and drug cue-induced craving
in cocaine-dependent women and men
relative to comparison subjects.

Method: Functional MRI was used to as-
sess responses to individualized scripts
for stress, drug/alcohol cue and neutral-
relaxing-imagery conditions in 30 absti-
nent cocaine-dependent individuals (16
women, 14 men) and 36 healthy recre-
ational-drinking comparison subjects (18
women, 18 men).

Results: Significant three-way interac-
tions between diagnostic group, sex, and
script condition were observed in multi-
ple brain regions including the striatum,
insula, and anterior and posterior cingu-
late. Within women, group-by-condition

Cocaine Dependence

these regions and were attributable to
relatively increased regional activations
in cocaine-dependent women during
the stress and, to a lesser extent, neutral-
relaxing conditions. Within men, group
main effects were observed involving
these same regions, with cocaine-depen-
dent men demonstrating relatively in-
creased activation across conditions, with
the main contributions from the drug and
neutral-relaxing conditions. In men and
women, subjective drug-induced craving
measures correlated positively with corti-
costriatal-limbic activations.

Conclusions: In cocaine dependence,
corticostriatal-limbic  hyperactivity ap-
pears to be linked to stress cues in wom-
en, drug cues in men, and neutral-relax-
ing conditions in both. These findings
suggest that sex should be taken into ac-
count in the selection of therapies in the
treatment of addiction, particularly those

interactions were observed involving

targeting stress reduction.

(Am J Psychiatry 2012; 169:406-414)

While behavioral treatments are efficacious for co-

caine dependence (1), relapse to cocaine use is prevalent,
and stress response and stress-induced drug craving are
predictive of relapse outcomes (2-4). Although stress- and
drug-related stimuli produce similar stress arousal and
compulsive drug-seeking responses in cocaine abusers
(5), preclinical studies document important neurobiologi-
cal differences in responses to stress- and drug cue-relat-
ed stimuli (6) that are not well understood in humans (7,
8). Moreover, sex differences have been observed in preva-
lence estimates of cocaine dependence, course of illness,
and treatment response (9-11). Thus, a better understand-
ing of factors promoting drug craving and relapse, as well
as potential sex differences in those mechanisms, could
significantly benefit the development of treatments for
cocaine dependence.

Cocaine-related neuroadaptations in corticostriatal-
limbic circuits may underlie behavioral and cognitive
aspects of cocaine dependence (12, 13). Human studies

show hyporesponsivity of the anterior cingulate to behav-
ioral tasks requiring cognitive control in cocaine abus-
ers relative to comparison subjects (14-16). Brain activ-
ity in the amygdala, anterior cingulate, and striatum has
been associated with exposure to drug-related stimuli in
cocaine abusers (17-21). For example, the striatum and
striatal dopamine D2/D3 receptor functioning have been
associated with cue-induced drug craving and drug intake
(21-24), and greater activity in the striatum is observed
with increasing levels of stress (25-27). We showed pre-
viously (25) that stress exposure in cocaine-dependent
individuals increases activity in the striatum, and this
activation is associated with stress-induced cocaine crav-
ing. These data suggest similarities in neural responses to
stress and drug cue exposure, but no study has directly
compared these exposures in subjects with and without
cocaine dependence.

Sex differences have been noted in brain organiza-
tion, structure, chemistry, and function (28, 29). Sex
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hormones modulate reinforcing effects of cocaine and
influence stress- and drug cue-related responses in co-
caine-dependent women (10, 30-32). Sex differences in
stress responses have been observed in nonaddicted and
cocaine-dependent samples (33, 34). The amygdala and
hippocampus, involved in emotional associative learning
and memory, exhibit sex-specific differences in drug cue-
related responses (29, 35). Cocaine-dependent women as
compared with cocaine-dependent men show less acti-
vation of the amygdala during drug cue-induced craving
(35). Sex differences have been described in dopamine
pathways in striatal regions associated with instrumental
learning, habits, and chronic cocaine abuse (36), and sex
differences in prefrontal cortical responses to stress and
reward tasks have been observed in cocaine-dependent
and nonaddicted subjects (37). The insula has been im-
plicated in cocaine cravings, at times with sex differences
(20, 35, 37, 38). These data suggest that a sex-specific un-
derstanding of the neural mechanisms involved in drug
craving and relapse risk is warranted in order to develop
more effective treatments for addictions.

In this study, we directly investigated the main and in-
teractive influences of diagnostic group (with and without
cocaine dependence), sex, and cue state (stress, drug-
related, neutral-relaxing) on regional brain activation,
thus allowing the comparison of neural activity during
stress- and drug cue-induced craving states and neutral-
relaxing states in individuals with and without cocaine de-
pendence, as well as assessment of the role of sex in these
responses. We utilized a well-established, individualized-
script-driven imagery paradigm that has been used in pre-
vious studies of cocaine dependence and other psychiatric
disorders (see reference 39 for a review). Based on previ-
ous neuroimaging research, our hypotheses addressed
corticostriatal-limbic circuits involved in emotion, stress,
and motivation. We hypothesized that we would observe
a three-way interaction of sex, diagnostic group, and cue
condition with respect to corticostriatal-limbic activation.
Given the data summarized above, we hypothesized that
this three-way interaction would involve cocaine-depen-
dent women showing greater corticostriatal activation to
stress cues than comparison women and cocaine-depen-
dent men showing greater activation to drug/alcohol cues
than comparison men. We also hypothesized that among
cocaine-dependent women, subjective measures of stress-
induced craving would correlate positively with stress cue
condition-related corticostriatal-limbic activation and that
among cocaine-dependent men, subjective measures of
drug-induced craving would correlate positively with drug
cue condition-related corticostriatal-limbic activation.

Method

Participants

Thirty cocaine-dependent patients between the ages of 21 and
50 years participated in the study. Cocaine-dependent patients
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were treatment-seeking on admission and treatment-engaged
while residing on a locked inpatient research unit and participat-
ing in treatment there for at least 2 weeks before functional MRI
(fMRI) scanning. Inclusion criteria included a current diagnosis
of cocaine dependence as determined by the Structured Clinical
Interview for DSM-1V (40) and weekly self-reported use of cocaine
before admission as verified by urine toxicology. Individuals who
met criteria for DSM-IV dependence on a substance other than
alcohol or tobacco were excluded. Thirty-six comparison subjects
(18 of them women) participated. Comparison subjects were
free of psychiatric disorders, were of similar age to the cocaine-
dependent group, and were not hospitalized. All comparison
subjects reported recreational alcohol consumption (an average
of six drinks per week) and had never met criteria for abuse or
dependence. Comparison subjects had not consumed alcohol for
at least 72 hours before scanning.

The study was approved by the Yale Human Investigations
Committee, and all participants provided written informed con-
sent.

Imagery Script Development

Individualized scripts for stress, drug/alcohol cue, and neu-
tral-relaxing conditions were generated in structured clinical
interview sessions using scene development questionnaires,
as described previously (25, 37). Two stress, two substance cue,
and two neutral-relaxing scripts were developed for each par-
ticipant. The substance cue scripts involved cocaine for cocaine-
dependent subjects and alcohol for comparison subjects. Stress
and neutral-relaxing scripts did not involve substance-related
material. Each stress situation was individually calibrated by the
participant using a 10-point Likert scale ranging from 1 (“least
stressful”) to 10 (“most stressful”), and only items that were rated
8 or above were selected for script development. Sample scripts
are provided in the data supplement that accompanies the online
edition of this article.

fMRI Acquisition and Analysis

Images were obtained using a 3-T Siemens Trio MRI system
equipped with a standard quadrature head coil, using T»*-sen-
sitive gradient-recalled single shot echo planar pulse sequence
and analyzed as described previously (25) and in the online data
supplement. The AFNI software package (http://afni.nimh.nih.
gov/afni) was used for whole-brain random-effects analysis (41)
to investigate the hypothesized three-way interaction of sex, di-
agnostic group, and script condition as described in the online
data supplement. To identify sources of the identified three-way
interaction, main and interactive effects were investigated using
2x3 analyses of variance (ANOVAs) in men and women separate-
ly. To identify sources of the interactive and main effects of the
within-sex ANOVAs, comparisons between cocaine-dependent
and comparison subjects were investigated for each script condi-
tion in men and women separately.

Whole-brain correlational analyses, in which individual acti-
vation patterns were correlated with self-report ratings of stress-
induced craving in the stress condition and drug-induced craving
in the drug cue condition, using the neutral condition as a com-
parison condition (as has been done previously [20]), were exam-
ined in men and women separately. Analyses were conducted in
BioImageSuite with application of AFNI AlphaSim family-wise er-
ror correction for multiple comparisons set at p<0.05 (two-tailed)
(42, 43).

Subjective and Physiological Measures

Subjective measures of craving and anxiety, along with record-
ed heart rate, were assessed using mixed-effects models (PROC
MIXED) in SAS, version 9.0 (SAS Institute, Cary, N.C.). Main ef-
fects and interactions for group, sex, and cue condition were

ajp.psychiatryonline.org 407



NEURAL CORRELATES OF STRESS-INDUCED AND CUE-INDUCED DRUG CRAVING

TABLE 1. Demographic and Clinical Characteristics of Cocaine-Dependent and Comparison Women and Men in a Study of

Stress- and Cue-Induced Craving

Cocaine-Dependent Group

Comparison Group

Analysis
Characteristic Female (N=16) Male (N=14) Female (N=18) Male (N=18) Stati\s/tic df p
N % N % N % N % X

Caucasian 7 43.7 7 50.0 8 44.4 11 61.1 1.3 3 0.73
Current tobacco smoker 13 81.2 11 78.6 2 11.1 3 16.7 29.2 <0.0001

Mean SD Mean SD Mean SD Mean SD F
Age (years) 36.9 6.4 359 5.2 31.2 8.8 33.4 9.8 1.75 3 0.17
Education (years) 12.6 1.1 12.1 1.8 15.1 2.1 14.7 2.2 10.28 3 <0.0001
Cocaine use (days/past 30 days) 20.2 9.1 18.1 8.9 0 0 0 0 2.252 1 0.14
Alcohol use (days/past 30 days) 121 9.2 8.7 8.3 2.2 3.0 6.0 7.1 5.87 3 0.002
Years of cocaine use 8.4 6.7 11.3 6.5 0 0 0 0 1.38? 1 0.25
Years of alcohol use 11.9 6.3 15.75 8.0 4.5 4.7 14.0 10 6.36 3 0.0009
Days in hospital prior to fMRI (days)  23.3 5.7 223 3.0 0 0 0 0 1.38? 0.32 0.58

2 For cocaine-dependent sample only.

assessed. Significant interactions were examined further using
simple effects to understand sources of interactions.

Results

Thirty cocaine-dependent patients (16 of them women)
and 36 comparison subjects (18 of them women) par-
ticipated in the study (Table 1). There were no significant
between-group differences in race or age between male
and female cocaine-dependent and comparison subjects.
Cocaine-dependent patients had less education on aver-
age than comparison subjects and reported more cocaine
and alcohol use. Cocaine-dependent women and men re-
ported similar recent and chronic use of cocaine and simi-
lar lengths of abstinence before scanning.

Subjective and Physiological Responses

Consistent with previous studies (5, 37, 44), a main ef-
fect of condition was observed for anxiety (F=66.15, df=2,
124, p<0.0001), craving (F=37.09, df=2, 124, p<0.0001), and
heartrate (F=4.14, df=2, 122, p=0.02). In each case, respons-
es were higher for the stress and drug/alcohol cue condi-
tions as compared with the neutral-relaxing one (p values,
<0.0001) (see Figure S1A-F in the online data supplement).
Significant group main effects and group-by-condition
interactions were observed for anxiety (group: F=7.25,
df=1, 62, p<0.009; group-by-condition: F=8.95, df=2, 124,
p=0.0002) and craving (group: F=25.14, df=1, 62, p<0.0001;
group-by-condition: F=12.21, df=2, 124, p<0.0001), with
cocaine-dependent patients relative to comparison sub-
jects reporting greater increases for craving (p<0.0001) and
anxiety (p<0.0001) in the drug cue condition (see Figure
S1A-B). No significant main or interaction effects of sex
were observed.

Influences of Sex, Diagnostic Group, and Cue
Condition on Brain Activations
A three-way interaction of sex, diagnostic group, and

cue condition was observed with respect to corticostria-
tal-limbic activations in the striatum, insula, and anterior
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and posterior cingulate cortices (Table 2; see also Figure
S2 in the online data supplement). To investigate the na-
ture of the three-way interactions, main and interaction
effects were examined in women and men separately.

Influences of diagnostic group and cue condition on brain
activation in women. In women, a robust main effect of
condition involving a diffuse network of corticostriatal-
limbic circuitry was observed (see Figure S3A and Table
S1B in the online data supplement). A main effect of di-
agnostic group identified the lateral and medial ventral
prefrontal cortices, ventral striatum, and insula (see Fig-
ure S4A and Table S2A in the online data supplement). An
interaction between diagnostic group and cue condition
was observed in a broader network involving the lateral
and medial ventral prefrontal cortices, ventral striatum,
insula, anterior and posterior cingulate, temporal and pa-
rietal cortices, and dorsomedial and dorsolateral prefron-
tal cortices (see Figure S4B and Table S2B in the online
data supplement).

Between-group differences by cue condition in women.
To examine the nature of the main and interactive effects
related to diagnostic group and cue condition in women,
between-group contrasts for each condition were exam-
ined. Of the three conditions, the most diffuse and robust
differences were observed for the stress comparison, in
which cocaine-dependent women showed greater activa-
tion than comparison women in the amygdala, hippocam-
pus, lateral and medial ventral prefrontal cortices, ventral
and dorsal striatum, insula, anterior cingulate, temporal
and parietal cortices, and dorsomedial and dorsolateral
prefrontal cortices (Figure 1; see also Figure S5A and Table
S3A-iin the online data supplement). Cocaine-dependent
women showed greater activation than comparison wom-
en during the neutral-relaxing condition in the medial and
lateral ventral and dorsal prefrontal cortices and in the
ventral striatum (Figure 1; see also Figure S5B and Table
S3A-ii in the online data supplement). In contrast, the
cocaine-dependent women showed less brain activation
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TABLE 2. Three-Way Interaction of Sex, Diagnostic Group, and Cue Condition in Cocaine-Dependent and Comparison
Women and Men in a Study of Stress- and Cue-Induced Craving?

Talairach Coordinates

Volume Volume

Region (mm?) (Voxels) X y z Mean t SD

Right insula, hippocampus, amygdala, putamen, and
Brodmann areas 38 and 20 15,437 572 37 -7 -9 3.75 0.57
Right Brodmann areas 38 and 20 3,773 140 32 -3 -26 3.88 0.68
Right putamen 1,748 65 27 -10 0 3.57 0.40
Right amygdala, hippocampus 2,078 77 27 —4 -12 3.79 0.44
Right insula 3,557 132 37 3 3 3.49 0.32
Right Brodmann area 44 1,666 62 49 10 2 3.70 0.45
Right Brodmann area 22 2,615 97 36 -3 -8 4.03 0.69

Caudate, anterior cingulate, and Brodmann areas 47
and 46 19,802 733 -20 31 6 3.90 0.64
Left Brodmann area 10 8,175 303 -30 41 18 3.94 0.72
Left and right caudate, ventral striatum 4,027 149 1 17 -2 3.81 0.55
Left Brodmann area 45 4,430 164 -28 34 6 3.94 0.59
Left Brodmann area 46 2,321 86 —44 38 6 3.99 0.64
Left anterior cingulate 849 31 -13 40 14 3.59 0.35
Posterior cingulate and Brodmann areas 39 and 7 63,152 2339 8 -51 35 4.16 0.93
Left Brodmann area 6 11,571 429 -19 -6 50 4.30 1.20
Right Brodmann area 21, fusiform, Brodmann area 19 15,787 585 41 -54 -2 3.85 0.67

2 The table lists the results of the family-wise error whole brain corrected voxel-based analyses (p<0.05) for the three-way interaction of sex,
diagnostic group (with and without cocaine dependence), and cue condition (stress, drug/alcohol-related, and neutral-relaxing).

than comparison women during the drug/alcohol cue
condition in the posterior cingulate, dorsal frontal, and
parietal cortices (Figure 1; see also Figure S5C and Table
S3A-iii in the online data supplement).

Secondary analyses to explore whether effects varied in
women being tested in the follicular versus luteal phases
of the cycle were also conducted. No family-wise-error-
corrected between-phase brain activation differences
were observed in either cocaine-dependent or compari-
son women.

Influences of diagnostic group and cue condition on brain
activation in men. As in women, a robust main effect of
cue condition involving a diffuse network of corticostria-
tal-limbic circuitry was observed in men (see Figure S3B
and Table S1C in the online data supplement). In contrast
to the findings in women, the main effect of diagnostic
group analysis identified a broader network of regions (the
lateral and medial ventral prefrontal cortices, ventral stri-
atum, insula, anterior and posterior cingulate, temporal
and parietal cortices, and dorsomedial and dorsolateral
prefrontal cortices) (see Figure S4C and Table S2C in the
online data supplement), whereas the group-by-condition
interaction identified fewer regions (the posterior cingu-
late and parietal cortices) (see Figure S4D and Table S2D
in the online data supplement).

Between-group differences by cue condition in men.
Across the drug and neutral-relaxing conditions, cocaine-
dependent men relative to comparison men showed in-
creased activation in the amygdala; hippocampus; ventral
and lateral prefrontal cortices; insula; ventral and dorsal
striatum; thalamus; anterior and posterior cingulate, tem-
poral, and parietal cortices; and dorsolateral and dorso-
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medial prefrontal cortices (Figure 1; see also Figure SSE-F
and Table S3A-v—vi in the online data supplement), with
increased activation seen in a more restricted subset of
these regions (the striatum, thalamus, and temporal cor-
tex) during the stress condition (Figure 1; see also Figure
S5D and Table 3B-iv in the online data supplement). Rela-
tively decreased activation in the precuneus was seen in
the stress condition (Figure 1; see also Figure S5D and
Table S3A-iv in the online data supplement).

Associations Between Regional Brain Activations and
Subjective Craving

Given sex differences in the neural correlates of stress-
and drug-induced craving response, we investigated sepa-
rately in cocaine-dependent women and men correlations
between subjective measures of craving and brain activa-
tions. In women, subjective craving elicited during the
drug cue condition correlated positively with brain acti-
vations in the drug cue-versus-neutral-condition contrast
in the midbrain, hippocampus, ventrolateral prefrontal
cortex, temporal cortex, cerebellum, and thalamus (see
Figure S6A and Table S3B-i in the online data supple-
ment). In women, subjective craving elicited during the
stress condition did not correlate with brain activations in
the stress-versus-neutral-condition contrast at a whole-
brain-corrected level.

Among cocaine-dependent men, subjective craving
elicited during the drug cue condition correlated posi-
tively with brain activations in the contrast of drug cue
versus neutral condition in the hippocampus, insula, pos-
terior cingulate, dorsolateral and dorsomedial prefrontal
cortices, temporal and parietal cortices, and cerebellum

409

ajp.psychiatryonline.org



NEURAL CORRELATES OF STRESS-INDUCED AND CUE-INDUCED DRUG CRAVING

FIGURE 1. Brain Activation Maps for Cocaine-Dependent and Comparison Women and Men in Three Cue Conditions?

Cocaine-Dependent Versus Comparison Subjects

Women

Stress

Drug

Neutral

p<0.000001 NN r<0.05 M

t=2 t=5.45

t=5.45

Men

N

p<0.000001

2 Images show between-diagnostic-group contrast maps highlighting regions where cocaine-dependent patients showed more activation than
comparison subjects (in yellow to red color) and regions where cocaine-dependent patients showed less activation than comparison subjects
(in blue to purple color) during the stress, drug, and neutral-relaxing cue conditions for women and men. Maps are thresholded at p<0.05,
with a family-wise error correction. Color bars indicate the magnitudes of between-group differences. Regions are selectively labeled to high-
light key findings. AC=anterior cingulate cortex; dIPFC=dorsolateral prefrontal cortex; dmPFC=dorsomedial prefrontal cortex; PC=posterior
cingulate cortex; vIPFC=ventrolateral prefrontal cortex; vmPFC=ventromedial prefrontal cortex.

(see Figure S6B and Table S3B-ii in the online data supple-
ment). In men, subjective craving elicited during the stress
condition correlated with brain activations in the contrast
of stress versus neutral condition in the cerebellum and
parietal cortices (see Figure S6C and Table S3B-iii in the
online data supplement).

Discussion

To our knowledge, this is the first study to systematically
investigate sex differences in the subjective, physiological,
and neural correlates of both stress-induced and cue-in-
duced craving in cocaine dependence. Given the differen-
tial associations between these two types of craving and
treatment outcome (2), the findings have significant clini-
cal implications. A more precise understanding of similar-
ities and differences in the biological correlates of stress-
induced and cue-induced craving in cocaine-dependent
women and men will help identify targets for treatment
development and lead to improved therapies. The inclu-
sion of a recreational-drinking comparison group facili-
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tated the identification of neural correlates of stress- and
cue-related craving that are specific to pathological in-
volvement in substance use behaviors. The clinical impli-
cations of the identification of sex-related influences on
neural activations related to stress- and drug cue-related
craving are described below.

Subjective and Physiological Measures

Consistent with previous studies (25, 37, 39, 44), the
script-driven guided imagery method successfully elic-
ited subjective distress and drug craving. Robust main
and interactive effects of cue condition and diagnostic
group on self-reported craving and anxiety were observed
as expected: stress and drug cue conditions (as compared
with the neutral-relaxing condition) were associated with
greater subjective anxiety and craving, with stronger crav-
ing reported in cocaine-dependent patients than in rec-
reational drinkers, consistent with previous findings (5).
A main effect of condition was observed on heart rate, a
finding driven by the least change in the neutral-relaxing
condition as compared with elevations in the stress and
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drug cue conditions. However, no main or interactive ef-
fect of diagnostic group was observed on heart rate. Argu-
ably most significantly, and as in several (33, 45) but not
all (46, 47) previous investigations of sex differences in
physiological responses in cocaine-dependent subjects,
no main or interactive influences of sex were observed
on self-report or heart rate measures. These findings
highlight the importance of exploring alternative meth-
odologies such as brain imaging to understand clinically
relevant sex differences related to stress and drug respon-
siveness in cocaine-dependent and comparison subjects.

Brain Activations

Consistent with our first hypothesis, a three-way interac-
tion of sex, diagnostic group, and script condition involving
corticostriatal-limbic circuitry was observed. Our hypoth-
esis that this interaction would involve cocaine-dependent
women showing greater corticostriatal-limbic activation
relative to comparison women during the stress condition
was also supported, although this pattern of increased cor-
ticostriatal-limbic activation extended to the neutral-relax-
ing condition, albeit to a lesser degree. Also consistent with
our hypothesis, cocaine-dependent men showed greater
corticostriatal-limbic activation relative to comparison
men during the substance cue condition. However, in men,
cocaine-dependent status was associated to a greater de-
gree with increased corticostriatal-limbic activation across
conditions, an effect particularly evident during the drug
cue and neutral-relaxing conditions. These differences in
brain activation patterns during stress and drug cue con-
ditions in cocaine-dependent men and women cannot
be explained by current mood or anxiety ratings, as there
were no sex differences in these scores. Thus, these find-
ings suggest that corticostriatal-limbic hyperactivity may
be particularly linked to stress cues in cocaine-dependent
women and drug cues in cocaine-dependent men, with
both cocaine-dependent groups also showing corticostria-
tal-limbic hyperactivity during neutral-relaxing conditions.

Areas identified as showing overactivation in cocaine-
dependent women but not in cocaine-dependent men
during the stress condition include the amygdala, hippo-
campus, insula, anterior cingulate, and ventromedial, ven-
trolateral, dorsomedial, and dorsolateral prefrontal corti-
ces, regions implicated in emotional regulation, memory
function, interoceptive processing, cognitive control, and
emotional and motivational processing (48-50). Areas
identified as being overactive in cocaine-dependent men
during the drug condition overlap substantially with those
that were overactive in cocaine-dependent women during
the stress condition, suggesting that similar neural circuits
are responsive to varying degrees in different environ-
mental contexts (stress for women, drug cues for men) for
the drug-seeking behavior of cocaine-dependent women
and men.

Both similarities and differences were observed in neu-
ral responses to stress and drug cues in cocaine-dependent
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women and men. In men, between-group differences dur-
ing the stress condition involved predominantly increased
activation in the striatum, thalamus, and temporal cortex,
regions involved in stress responsiveness, motivation, and
auditory processing (48, 51), and these differences were
also seen in women, suggesting an effect of cocaine de-
pendence across the sexes.

Although mainly hyperactivation was observed in co-
caine-dependent subjects, hypoactivated regions war-
rant consideration. During the stress condition, cocaine-
dependent men showed relatively diminished activation
of the precuneus, a region implicated in attention and
impulse control and showing relatively less activation in
cocaine abusers during sustained attention (52, 53). Thus,
stress in cocaine-dependent men may interfere with the
ability to attend to and control behavior in part through
poor recruitment of the precuneus. Analogously, during
the substance cue condition, cocaine-dependent women
relative to comparison women showed less activation in
predominantly dorsal and cortical brain regions, includ-
ing the inferior parietal lobule, precuneus, and posterior
cingulate, suggesting that drug cues in women may inter-
fere with recruitment of attentional processing and im-
pulse control regions.

The relatively increased activation of corticostriatal-
limbic circuitry during the neutral-relaxing condition in
cocaine-dependent subjects is noteworthy. In cocaine-de-
pendent women, this hyperreactivity involved the ventral
striatum, ventromedial prefrontal cortex, lateral orbito-
frontal cortex, and inferior frontal gyrus, regions implicat-
ed in motivation, reward processing, decision making, and
impulse control (49, 54, 55). These regions were also over-
active in cocaine-dependent men during the neutral-relax-
ing condition, as were the amygdala, hippocampus, insula,
and anterior and posterior cingulate cortices, regions im-
plicated in emotional regulation, memory function, intero-
ceptive processing, cognitive control, and emotional and
motivational processing (48-50). The neutral-relaxing con-
dition served as a nonspecific control condition and is as-
sociated with decreases in negative emotion and increases
in relaxation and positive emotional responses (56, 57). In
previous studies, cocaine-dependent subjects showed less
relaxation and lower positive emotion during neutral-re-
laxed states relative to comparison subjects (5), and absti-
nent, treatment-engaged cocaine-dependent individuals
showed higher subjective, behavioral, and physiological
responses to stress at baseline and in response to stress,
drug cue, and neutral-relaxing imagery exposure (4, 5, 31,
33). In light of our findings in the present study, this higher
baseline distress state in cocaine-dependent subjects ap-
pears to be represented as hyperreactivity in the cortico-
striatal-limbic circuitry during neutral-relaxing imagery.

Correlations With Subjective Craving

Our hypotheses regarding correlations with self-re-
ported craving were partially supported. Consistent with
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our hypothesis, correlations in men between drug cue-
related craving and corticostriatal-limbic activation were
observed and involved the hippocampus, insula, and
anterior and posterior cingulate, consistent with previ-
ous findings (19, 20, 35, 58). Drug cue-related cravings in
cocaine-dependent women also positively correlated with
corticostriatal-limbic activation in the hippocampus, in-
sula, orbitofrontal cortex, putamen, and midbrain regions.
However, in contrast to our hypothesis, no significant cor-
relations between stress-related brain activations and
stress cue-related cravings in cocaine-dependent women
survived whole-brain correction, whereas those in men
implicated the cerebellum and parietal cortices, regions
previously associated with subjective craving, albeit to
cocaine cues (58), and particularly in women (35). Taken
together, the more diffuse correlations between drug cue-
related craving and brain activations suggest that subjec-
tive drug cue-related craving may be more closely linked
to a broader activation of corticostriatal-limbic circuitry
than are stress cue-related subjective responses. Further-
more, the similarities between men and women in neural
correlates of drug cue-related craving are consistent with
preclinical and clinical studies of cocaine self-adminis-
tration, chronic cocaine exposure, and drug craving that
show similarities across sexes in corticostriatal-limbic
contributions (13, 59, 60).

Clinical Implications

Our findings have several clinical implications. First,
they suggest that regional brain activation responses
during provoked stress cue states in women, drug cue
states in men, and neutral-relaxing states in both might
serve as neural markers in evaluating the efficacy of new
behavioral and pharmacological treatments for cocaine
dependence (8, 61, 62). Direct investigation of this hy-
pothesis (e.g., by using this paradigm in conjunction with
clinical trials) is warranted. Second, increased corticostri-
atal-limbic activity during stress, particularly in cocaine-
dependent women, suggests the importance of teaching
stress reduction, perhaps with mindfulness techniques
(63, 64), in order to decrease hyperresponsiveness of cor-
ticostriatal-limbic regions and restore the brain’s ability to
discriminate between relevant and irrelevant stimuli and
sharpen adaptive and regulatory responses that rely on
such information. Given the increased stress cue-related
neural activations in cocaine-dependent women in con-
junction with an absence of significant neural correlations
with subjective responses, techniques to increase patients’
ability to utilize contextual cues to identify emotion and
improve learning and memory abilities may help during
emotional processing and in regulation of emotions and
craving states. The observed increased corticostriatal-lim-
bic activity during the drug cue condition in cocaine-de-
pendent men suggests that training to manage exposure
or responses to drug cues, through 12-step or cognitive-
behavioral approaches, may be particularly helpful for
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men. The observed increased corticostriatal-limbic activ-
ity during the neutral-relaxing state in cocaine-dependent
subjects, and particularly men, suggests the importance
of exploring methods for decreasing basal corticostriatal-
limbic activation, perhaps through mindfulness medita-
tion or exercise.

Strengths, Limitations, and Future Directions

We used a large, well-defined sample to investigate the
neural correlates of stress- and drug cue-related craving in
cocaine-dependent and comparison subjects. A strength
of the study lies in the whole-brain analytic approach
used to assess neural activity. Limitations include possible
susceptibility artifacts during fMRI and the potential for
cues to have lingering subjective or neural effects. Specific
design and analytic approaches (e.g., pre-fMRI training
in progressive relaxation, relaxation components follow-
ing each cue, counterbalancing of cue presentation or-
ders, inclusion of baseline neural response as a regressor
in analyses) were used to diminish lingering influences.
Frequent tobacco smoking was observed among cocaine-
dependent subjects. Although imaging findings persisted
after correcting for smoking and other differences (e.g., in
education level), future studies should examine the po-
tential influence of tobacco use and other individual dif-
ferences (e.g., in emotional dysregulation) on stress, drug
cue, and neutral-relaxing responses. Although there were
no sex differences in unprovoked craving measures dur-
ing early abstinence (days 1 and 4 after admission), future
studies should examine subjective and neural correlates
of stress- and drug cue-induced craving at different stages
of addiction. Although our exploratory analysis did not
find a significant influence of menstrual cycle phase in the
group and condition effects in women, the sample sizes for
women in each phase were small. Future research should
examine the influence of sex hormones on the neural cor-
relates of craving. As this study is the first to examine in-
teractive effects of sex and cocaine dependence on neural
responses to both stress and drug/alcohol cue exposure,
its identification of clinically relevant sex differences has
important implications for treatment development.
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Brain Activation Differs Between Cocaine-Dependent Men and Women

Activity in brain regions linked to substance abuse was greater in cocaine-dependent women than in non-sub-
stance-abusing women after stress but not after exposure to drug-related cues. For men with cocaine dependence,
the pattern was reversed: more widespread hyperactivation after drug-related cues than after stress. Clinical pos-
sibilities raised by Potenza et al. include targeted treatment for cocaine dependence: stress reduction for women
and 12-step or cognitive-behavioral approaches for men. The editorial by Moeller (p. 351) relates the findings to
the three stages of the addiction cycle: binge/intoxication, withdrawal/negative affect, and preoccupation/an-
ticipation.
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