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We have extended our previous work investigating the 
neural correlates of cue-induced cocaine craving through the 
use of positron emission tomography with greater spatial 
resolution (

 

�

 

4.6 mm), an evocative script, and a pixel-
by-pixel analysis. Craving and cerebral glucose metabolism 
were measured after presentation of cocaine-related or 
neutral cues to 11 cocaine abusers. Cocaine cues elicited a 
higher degree of craving than has been previously reported 
and resulted in left hemispheric activation of lateral 
amygdala, lateral orbitofrontal cortex, and rhinal cortex and 
right hemispheric activation of dorsolateral prefrontal cortex 

and cerebellum. The intensity of activation in these areas 
(except cerebellum), as well as left insula, was also correlated 
with craving. Deactivation occurred in left ventral pole and 
left medial prefrontal cortex. The results suggest that 
induction of drug craving involves a neural network that 
assigns incentive motivational value to environmental 
stimuli through the coactivation of brain regions that 
process information about memories and emotions.
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Cocaine craving is a complex phenomenon that contrib-
utes to relapse after abstinence from drug use. Self-

reports of drug craving can be evoked reliably in a labo-
ratory setting by presenting cocaine-related stimuli to
cocaine abusers (Childress et al. 1993; Ehrman et al.
1992). Our research group has previously demonstrated
that exposing cocaine abusers to a videotape depicting
persons engaged in cocaine use and paraphernalia re-
lated to cocaine use induced craving and increases in
regional cerebral metabolic rates for glucose in many
cortical areas, including the dorsolateral prefrontal cor-
tex, the medial orbitofrontal cortex (OFC), and the tem-
poral lobe (Grant et al. 1996). Cue-induced craving was
also correlated with an increase in rCMRglc (regional
cerebral metabolic rate for glucose) in the medial tem-
poral lobe (amygdala), dorsolateral prefrontal cortex,
and cerebellum. These regions have been implicated in
several forms of memory (Molchan et al. 1994; Tulving
et al. 1999), suggesting that a distributed neural net-
work that integrates emotion with memory may link
environmental cues with cocaine craving. Subsequent
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brain imaging studies that investigated cocaine craving
using positron emission tomography (PET) (Childress
et al. 1999; Kilts et al. 2001; Volkow et al. 1999; Wang et
al. 1999) and functional magnetic resonance imaging
(fMRI) (Breiter et al. 1997; Garavan et al. 2000; Maas et
al. 1998; Wexler et al. 2001) have supported our original
evidence that a number of cortical and subcortical brain
regions involved in emotional memory are activated
during craving.

In this study, we sought to extend our previous ob-
servations using a positron emission tomograph with
greater spatial resolution (

 

�

 

4.5 vs. 8.6 mm, within-plane
full width at half maximum [FWHM]), a script that de-
scribed in detail the physiological and psychological
sensations associated with being high on cocaine, and a
pixel-by-pixel analysis (rather than a region-of-interest
analysis). The accumulation of published studies per-
mitted the generation of a priori hypotheses regarding
activation of specific brain regions in response to co-
caine-related cues. Seven brain areas were selected for
these a priori hypotheses: anterior cingulate, amygdala,
dorsolateral prefrontal cortex (DLPFC), OFC, ventral
striatum, cerebellum, and parahippocampal gyrus. Three
additional regions (paracentral cortex, posterior thala-
mus, and caudate nucleus) were predicted a priori to
not show changes in response to cocaine cues and thus
served as a check for false positives or generalized brain
activation.

 

METHODS

Research Participants

 

Structured psychiatric interviews were conducted with
each participant before admission using the Diagnostic
Inventory Survey (DIS), an instrument based on psychi-
atric criteria in the Diagnostic and Statistical Manual
(DSM-IV-TR; American Psychiatric Association 2000).
The diagnosis of cocaine dependence was not an inclu-
sionary criterion; however, those included in the study
had to be current cocaine users who identified cocaine
as their drug of choice. Exclusionary criteria included
lifetime history of any DSM-IV axis I diagnosis other
than a substance abuse disorder, evidence of physical
disease, history of head trauma, claustrophobia, or
pregnancy. Dependence (as defined by DSM-IV-TR) on
any drug other than nicotine or cocaine was also exclu-
sionary. All participants had urine toxicology on ad-
mission to the inpatient unit to document recent illicit
substance use.

 

Experimental Procedures

 

All procedures were reviewed and approved by the
National Institute on Drug Abuse (NIDA) Institutional
Review Board, and every subject signed a statement of

informed consent before participation in this study.
Subjects participated in two study sessions; one in-
volved exposure to arts cues (neutral condition) and the
other involved exposure to cocaine cues (experimental
condition). As in our prior study, the neutral session al-
ways came before the cocaine session in order to pre-
vent an association effect between the experimental en-
vironment and drug-related stimuli. Sessions were
separated by at least 1 week for male subjects, whereas
female subjects typically returned for their second ses-
sion 4 weeks later to approximate the same phase of
their menstrual cycle. Cocaine abusers resided on a
closed ward at the NIDA Intramural Research Program
for two nights before each test session to ensure absti-
nence from drugs. Before the first PET session, subjects
were familiarized with the experimental environment
and procedures. During this time, they were fitted with
a custom-molded thermoplastic mask that served to
minimize head motion and facilitate alignment within
the scanner.

All volunteers abstained from nicotine and caffeine
and had not eaten any food for at least 6 h before con-
suming a nonketogenic breakfast on the morning of
each test session. Upon arrival at the PET center, a
venous catheter was placed in the antecubital vein of
each subject for injection of the radiotracer. After place-
ment of the catheter, subjects were placed in the scan-
ner for a transmission scan that utilized three internal
rotating 

 

68

 

Ge/

 

68

 

Ga rod sources. The transmission scan
served as the basis for measured attenuation correction.
Subjects were then seated in a comfortable chair facing
a video monitor in a separate room, and baseline psy-
chometric measures were obtained. Ambient sounds
were masked with “pink” noise (70 dB).

During each experimental session (arts cues or co-
caine cues), subjects listened to an evocative script,
watched a videotape, and viewed items placed in front
of the video monitor that were related to the experi-
mental session. The videotapes and paraphernalia were
identical to those used in our previous study (Grant et
al. 1996). Briefly, the arts-related video showed art sup-
plies and natural objects being handled in a manner
that was meant to parallel the handling of drug-related
objects in the cocaine-related video. Items related either
to art (paint brush, paper, art pencils, leather punch,
items used by participants in the activity room,) or to
cocaine (glass crack pipe, mirror, razor blade, straw,
rolled $20 bill, lactose powder and simulated “crack
rocks” that subjects were told to think of as “pharma-
ceutical cocaine”) were displayed on a table in front of
the video monitor.

Immediately before injection of the radiotracer, an
investigator read a script detailing the stimuli that the
subject would view (arts cues or cocaine cues). Depend-
ing on the session, the investigator encouraged subjects
to imagine themselves in a setting where they would
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have been making art or would have been using co-
caine. The script was constructed to vividly describe the
emotions and sensations associated with either making
art or using cocaine, and it was read in an effusive man-
ner. Concurrent with the start of exposure to the session
video, 4–5 mCi of [

 

18

 

F]fluorodeoxyglucose (FDG) was
infused intravenously over 1 min. Exposure to the neu-
tral or cocaine cues continued throughout the 30-min
period after the FDG injection.

An experimenter was in the room during the entire
30-min period to ensure that the subject sat quietly and
kept his or her attention focused on the video and cue
objects. Before the cue exposure and at 10, 20, and 30
min during cue exposure, the experimenter adminis-
tered six self-report questions to the subject: “How
good do you feel?”; “Do you have a craving or urge for
cocaine?”; “Do you want cocaine?”; “Do you need co-
caine?”; “Are you turned off?”; “How awake are you?”.
Participants were instructed to respond verbally on a
scale of 0 to 10, with “0” indicating “not at all” and “10”
indicating “extremely.” The responses at 10, 20, and 30
min were averaged within each session, and changes
across sessions were evaluated using paired 

 

t

 

-tests.
Subjects were then encouraged to void, and they

were positioned on the scanner bed. PET images were
acquired on a Siemens (Knoxville, TN) ECAT EXACT
HR

 

�

 

 whole-body scanner in 3D mode. The scanner si-
multaneously acquires 63 slices, with an axial field of
view of 15.5 cm and a resolution of 4.6 mm (within-
plane FWHM) at the center of the field of view. Scan-
ning began 

 

�

 

45 min after FDG injection and continued
for 20 min. Subjects then returned to the ward and were
released on the day after the PET study.

 

Analysis of PET Data

 

PET images were reconstructed using filtered back-pro-
jection with a ramp filter (0.5 Hz cutoff). Scatter and at-
tenuation correction were applied by using the ECAT-7
software provided by the scanner manufacturer (CTI PET
Systems, Knoxville, TN). The reconstruction resulted in
images with a 128 matrix size and transaxial pixel size
of 1.9 mm. Changes between sessions across the entire
brain volume were assessed via a pixel-by-pixel analy-
sis with SPM99 (Wellcome Dept of Cognitive Neurol-
ogy; http://www.fil.ion.ucl.ac.uk/spm). Briefly, pairs of
PET images (decay-corrected raw counts) from the two
sessions for each subject were coregistered and then
spatially transformed to a space using the PET template
image supplied with the SPM99 package (Ashburner
and Friston 1997). This template image is based on the
space defined by the International Consortium for
Brain Mapping Project (ICBMP). The spatially trans-
formed images consisted of isotropic 2-mm voxels, but
smoothing with an 8 mm 

 

�

 

 8 mm 

 

�

 

 8 mm Gaussian fil-
ter yielded an effective resolution to 9 mm. Before sta-

tistical analysis, the smoothed images were proportion-
ally scaled to the global brain value to yield normalized
(relative) rates of regional cerebral glucose metabolism
(nrCMRglc). Statistical analysis was performed using
the general linear model method implemented in
SPM99, using the method of Friston to estimate residual
variance (Holmes et al. 1997; Poline et al. 1997). The fac-
tors of interest were session and craving scores.

Based on previous studies, a set of seven brain areas,
identified a priori, were expected to show either
changes across sessions or correlations with craving:
anterior cingulate, amygdala, DLPFC, OFC, ventral stri-
atum, cerebellum, and parahippocampal gyrus. Three
additional regions—paracentral cortex, posterior thala-
mus, and caudate nucleus —were predicted a priori to
not show changes in response to cocaine cues and thus
served as a check for false positives or generalized brain
activation. A statistical significance threshold of 10 con-
tiguous pixels with Z-scores of at least 2.58 (

 

p

 

 

 

�

 

 .005 un-
corrected for multiple comparisons) was used to assess
changes in nrCMRglc across sessions within these re-
gions. This statistical threshold represents an 

 

�

 

 level cri-
terion of 

 

p

 

 

 

�

 

 .05 adjusted for 10 a priori regions. To
limit spurious regressions driven by outlier data points,
a more stringent threshold was used when analyzing
the correlations between the change in nrCMRglc and
change in self-reported craving for cocaine (10 contigu-
ous pixels with a t-score of at least 3.09, 

 

p

 

 

 

�

 

 .001 uncor-
rected for multiple comparisons). This threshold re-
quired correlations to account for at least 66% of the
variance (i.e., |r| 

 

�

 

 0.82). Regions not specified a priori
that exceeded this threshold were noted on an explor-
atory basis. Anatomical identification of the regions
was based on the set of structural MRI scans provided
by the ICBMP and published atlases of the human brain
(Damasio 1995; Duvernoy 1999; Mai et al. 1998), except
for the OFC, for which we followed the nomenclature
of Ongur and Price (2000).

 

RESULTS

Research Participants

 

Eleven cocaine abusers completed this study (age range
32–39 years; nine men, two women; nine black, two
white). Eleven additional subjects were enrolled but did
not complete the study due to failure to appear (three),
medical reasons (six), or technical problems (two). All
participants reported regular current use of cocaine
(mean use 2.3 gm/wk, range 0.4–5.1 gm/wk) with a
mean history of use of 6.4 years (range 14 months to 10
years). Seven participants met criteria for current de-
pendence on cocaine, and one additional participant
who did not meet criteria for current dependence did
meet criteria for a history of cocaine dependence within
the past 6 months. Participants also reported current
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use of opioids (1/11 subjects), marijuana (4/11 sub-
jects), alcohol (8/11 subjects), and nicotine (10/11 sub-
jects). One participant met criteria for nicotine depen-
dence.

 

Subjective Reports

 

Self-reports of cocaine craving increased significantly
from an average of 1.4 

 

�

 

 0.6 (SEM) during presentation
of neutral stimuli to 5.1 

 

�

 

 1.1 after presentation of drug-
related stimuli (t 

 

�

 

 4.23, 10 d.f., 

 

p

 

 

 

�

 

 .001) in response to
the question “Do you have a craving or urge for co-
caine?” The time course of the craving response during
the two sessions is shown in Figure 1. There were also
corresponding increases for the self-reports of wanting
cocaine (neutral cues 

 

	

 

1.3 

 

�

 

 0.6, cocaine cues 2.4 

 

�

 

 0.6,
t 

 

�

 

 3.35, 

 

p

 

 

 

�

 

 .005) and needing cocaine (neutral cues 0.6 

 

�

 

3.4, cocaine cues 3.4 

 

�

 

 1.0, 

 

p

 

 

 

�

 

 .01). Substantial individ-
ual differences in response to the cocaine cues were in-
dicated by the wide range of changes in craving (0–8.7).
For more than half of the participants (6/11), the
change in self-reported craving for cocaine exceeded 4.0
(range 4.3–to 8.7), but three participants reported no
change in craving. There was no correlation between
degree of cocaine craving and years of cocaine use (r 

 

�

 

0.012, n.s.) or amount of weekly cocaine use (r 

 

�

 

 0.051,
n.s.). There were no significant differences between ses-
sions in self-reports of mood (3.8 

 

�

 

 1.0 vs. 4.1 

 

�

 

 1.0, t 

 

�

 

0.43, n.s.) or wakefulness (5.8 

 

�

 

 0.5 vs. 5.9 

 

�

 

 0.7, t 

 

�

 

0.47, n.s.).

 

PET Data

 

Table 1 lists the coordinates and Z-scores of the peak
voxel in each region exhibiting significant changes in
nrCMRglc across the two sessions. Data from four of
the expected a priori regions, but none of the a priori
comparison regions, reached the threshold criterion. As
predicted, significant increases in nrCMRglc during the
cocaine cues session relative to the neutral session were
observed in the DLFPC (right superior frontal gyrus,
BA 9), left lateral OFC (BA 12/47), and right cerebel-
lum. Activation was also present in an area of the left
anterior temporal cortex that encompassed both the
ventrolateral aspect of the amygdala and surrounding
rhinal (entorhinal and perirhinal) cortex. Because the
borders between the rhinal cortex and amygdala or in-
dividual nuclei within the amygdala cannot be distin-
guished given the limits of resolution of the scanner
used, this region of activation is hereafter collectively
labeled as amygdala/rhinal cortex. Significant de-
creases in nrCMRglc during the cocaine cues session
were observed in a region of DLPFC (a priori region,
left medial prefrontal cortex, BA10m) and in the ventro-
medial frontal pole (BA10r), for which we did not have
an a priori hypothesis.

Table 2 shows the coordinates and Z-scores of the
peak voxel in regions that exhibited significant correla-
tions between brain activations and self-reports of co-
caine craving. Positive correlations with craving were
observed in four brain regions that also exhibited acti-
vations during the cocaine cues session: right DLPFC
(superior frontal gyrus; BA 9), left lateral OFC (BA 12/
47), left insula (BA13), left amygdala/rhinal cortex. In
addition, a correlation between craving and activation
of the anterior cingulate was present at a lower thresh-
old (Z 

 

�

 

 2.32, r 

 

�

 

 0.74, 

 

p

 

 

 

�

 

 .01). None of the a priori re-
gions exhibited negative correlations with craving, in-
cluding the comparison regions. Three other regions,
however, that had not been selected a priori also ex-
ceeded the threshold criteria: negative correlations
were present in the right retrocalcarine gyrus and right
pons and a positive correlation was present in the supe-
rior temporal gyrus. These correlations did not remain
significant after correction for multiple comparisons.
Figures 2 and 3 show brain images of regional activa-
tions, deactivations, and correlations between activa-
tions and craving.

 

DISCUSSION

 

Cocaine-related stimuli, consisting of visual cues and an
evocative script, elicited an increase in self-reports of
craving for cocaine and increased brain activations in left
amygdala/rhinal cortex, left lateral OFC, right superior
frontal cortex, and right cerebellum. Deactivations dur-

Figure 1. Cocaine craving self-reports. Average time
course of self-report of craving for cocaine during presenta-
tion of neutral (open squares) and cocaine (solid circles)
cues. Note that self-reports of craving were approximately
equal before presentation of the cues across both sessions
and that craving tended to remain elevated throughout the
30-min cocaine cues presentation period.
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ing the cocaine session occurred in the left frontal pole
and left medial prefrontal cortex. The regional pattern of
brain activation closely paralleled the correlations be-
tween cue-induced changes in brain metabolism and
craving. Consistent with our a priori predictions, self-re-
ports of craving correlated positively with activity in
right superior frontal cortex, left lateral OFC, and left
amygdala/rhinal cortex as well as the left posterior in-
sula. Because none of the a priori defined comparison re-
gions exhibited significant metabolic changes, it is un-
likely that the observed effects are due to false positives
or reflect generalized brain activation in response to the
cocaine cues. The deactivations in the frontal pole are
more difficult to interpret. One likely possibility is that
the deactivations may have been an artifact of the fixed
order design and represent habituation to the experi-
mental environment (Stapleton et al. 1997). On the other
hand, a number of studies have shown deactivations of
the frontal pole during the transition from a “resting”
condition to a “task condition” (Binder et al. 1999; Christ-
off and Gabrieli 2000), which may be similar to the tran-

sition in the present study from the neutral cues session
to the cocaine cues session.

The results presented here show substantial overlap
with the regional changes reported in previous studies
of brain activation during cocaine craving (Breiter et al.
1997; Childress et al. 1999; Garavan et al. 2000; Grant et
al. 1996; Kilts et al. 2001; Maas et al. 1998; Volkow et al.
1999; Wang et al. 1999; Wexler et al. 2001). Inconsisten-
cies between studies likely reflect methodological dif-
ferences in image acquisition (PET with either 

 

18

 

F-FDG
or 

 

15

 

O-H

 

2

 

O; fMRI-BOLD), data analysis (regions of in-
terest vs. pixel-by-pixel, absolute quantification vs. glo-
bal normalization, correlations with self-reports of crav-
ing), craving induction (exposure to a narrative video,
brief video imagery, script-driven imagery, and/or
stimulant administration), and subject selection (open
enrollment or prescreening for subjects with high crav-
ing responses). For example, anterior cingulate activa-
tion during cue-elicited drug craving has been reported
in most other studies, including our prior study (Chil-
dress et al. 1999; Garavan et al. 2000; Grant et al. 1996;

 

Table 1.

 

Brain Activations as Identified by SPM99 (Pixel-by-Pixel) Analysis (

 

n

 

 

 

�

 

 11)

 

Region X Y Z Z-Score

 

Activations Frontal
Right superior frontal gyrus (BA9) 24 50 44 3.50
Left lateral orbitofrontal cortex (BA12/47)

 

	

 

28 42

 

	

 

20 3.12

Limbic
Left lateral amygdala/entorhinal cortex

 

	

 

18

 

	

 

12

 

	

 

36 3.15

Other
Right cerebellum 24

 

	

 

50

 

	

 

42 3.10
Deactivations Frontal

Left ventral frontal pole (BA10r)

 

	

 

16 54

 

	

 

8 4.13
Left medial prefrontal cortex (BA10m)

 

	

 

2 54 12 3.01

 

Intensity threshold: Z 

 

�

 

 2.85, 

 

p

 

 

 

�

 

 0.005, uncorrected; extent threshold: 10 voxels.

 

Table 2.

 

Correlations between Cocaine Craving and Brain Activations as Identified with SPM99 (Pixel-by-Pixel) Analysis 

 

(

 

n

 

 

 

�

 

 11)

 

Region X Y Z Z-Score

 

Positive Correlations (r 

 

�

 

 0.82)
Frontal

Right superior frontal (BA9) 28 46 44 3.85
Left lateral OFC (BA12/47)

 

	

 

22 44

 

	

 

8 3.42
Limbic

Left lateral amygdala/entorhinal cortex

 

	

 

24

 

	

 

8

 

	

 

36 4.05
Left posterior insula (BA13)

 

	

 

32

 

	

 

6 10 3.73
Other

Left superior temporal gyrus (BA22)

 

	

 

56

 

	2  0 4.33
Negative Correlations (r � 	 0.82)

Other
Right pons 8 	20 	36 3.59
Right fusiform gyrus (BA18) 30 	72 	2 3.34

Intensity threshold: r � 0.82, Z � 3.09, p � .001, uncorrected; extent threshold: 10 voxels.
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Kilts et al. 2001; Maas et al. 1998; Wexler et al. 2001). In
the current study, a correlation between craving and ac-
tivation of the anterior cingulate was present, but only
at a threshold (p � .01) that does not reach statistical
significance after our correction for multiple compari-
sons. Thus, the failure to detect changes in regions re-
ported in previous studies may have reflected con-
straints on the statistical power of the analysis due to
the limited sample size and number of scans in the
present study.

Nonetheless, a remarkably consistent pattern of re-
gional brain activation during the subjective state of co-

Figure 2. Statistical parametric maps of changes in nrCM-
Rglc across sessions and correlations with craving. Regions
of activation during the cocaine cues session are shown in
red, and areas of deactivation are shown in blue (threshold,
10 contiguous voxels at p � .005, uncorrected). Regions
where changes in self-report of craving for cocaine were
positively correlated with changes in nrCMRglc are shown
in green (threshold, 10 contiguous voxels at r � 0.82, p �
.001, uncorrected). Note overlap of activation and correla-
tions in the DLPFC, orbitofrontal cortex, and anterior ven-
tromedial temporal lobe (rhinal cortex).

Figure 3. Statistical parametric maps of positive correla-
tion of self-report of craving for cocaine with changes in
nrCMRglc (threshold, 10 contiguous voxels at r � 0.82, p �
.001, uncorrected). Crosshairs (blue) are centered on the
peak voxel. The activation in the anterior medial temporal
lobe can be most clearly seen in saggital plane (top image) as
extending down from the ventral portion of the left
amygdala into the surrounding rhinal cortex. Regions of cor-
relation are also visible in the left OFC in the saggital section
(top) and the left insula in the coronal section (bottom).
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caine craving emerges despite the many methodologi-
cal differences among these studies. Those brain
regions most consistently identified across studies are
the following: DLPFC, OFC, anterior cingulate cortex,
insular cortex, and amygdala. The challenge at this
point is to explain the functional contribution of these
different regions. We previously stressed that regions
activated during exposure to cocaine cues are also acti-
vated in studies of memory. The regional activation
that occurs during exposure to drug-related stimuli
most likely is not unique to drug craving but instead
constitutes a general circuit that integrates emotion and
cognition in the representation and ongoing evaluation
of incentive value (LeDoux 2000, Maddock 1999). The
regions in this proposed network might share an inter-
related set of functions that translate drug-related stim-
uli into a representation of the expected outcomes of
drug use, including direct drug effects and psychoso-
cial sequelae. This representation consists not only of
the identity of the goal object but also its current value
to the organism and how close the organism is to ob-
taining it. Thus, each node in this network might make
a specific contribution to this multidimensional con-
struct.

Of all the regions implicated in drug craving, the
amygdala has attracted the most attention because of its
prominent role in emotional responses and memories
(Canli et al. 2000; LeDoux 2000). In the present study,
activation of the amygdala occurred during exposure to
cocaine cues and was correlated to cocaine craving,
similar to results from other studies of cocaine craving
(Childress et al. 1999; Grant et al. 1996; Kilts et al. 2001).
Although the scatter inherent in PET and spatial
smoothing during data analysis makes identification of
specific nuclei activated by cocaine cues problematic,
animal studies indicate that only specific parts of the
amygdala play a critical role in drug-associated re-
sponses. Lesions of the basolateral nucleus of the
amygdala prevents establishment of cocaine-condi-
tioned place preference (Brown and Fibiger 1993) and
abolishes the ability of cocaine cues to reinstate cocaine
self-administration (Meil and See 1997; Whitelaw et al.
1996), even though the amygdala is not involved in the
direct reinforcing effects of cocaine (Lyons et al. 1996;
Whitelaw et al. 1996). The limited amygdala activation
in the present study supports the contention that only
particular regions of the amygdala mediate memories
of stimuli associated with prior drug reinforcement
(Kruzich and See 2001).

In the present investigation, the activations and cor-
relations with craving in the anterior medial temporal
lobe extended ventrally beyond the amygdala into the
surrounding rhinal (perirhinal and entorhinal) cortex.
In fact, the peak activations were in the rhinal cortex,
not amygdala per se. Substantial data indicate that both
the rhinal cortex and the amygdala contribute to the

evaluation of drug-related cues. There are prominent
reciprocal connections between the amygdala and the
rhinal cortex (McDonald and Mascagni 1997). In human
and nonhuman primates, rhinal cortical areas are criti-
cal to visual object recognition (Buckley and Gaffan
1998; Erickson and Desimone 1999; Mishkin et al. 1997;
Murray 1996) and the integration of object memory
with incentive motivation. Although the rhinal cortex
does not set the reward value of the goal object (Thorn-
ton et al. 1998), it identifies environmental stimuli in
terms of their established value. Recent data show that
the activity of neurons in the rhinal cortex track the
progress that an individual makes toward a reward by
identifying how much work remains to be done to ob-
tain the reward (Liu et al. 2000). Conversely, lesions of
the rhinal cortex impair an animal’s ability to modulate
its efforts to obtain a reward, based on stimuli that pro-
vide information about the proximity of reward delivery
(Liu et al. 2000). Overall, these investigations suggest
that the rhinal cortex may participate in the maintenance
of cocaine abuse by using environmental cues to set ap-
propriate motivational levels for action.

Similar to the amygdala, the anterior cingulate is ac-
tivated during most studies on cocaine craving and
may be involved in the formation of emotional memo-
ries. In this study, activity in the anterior cingulate was
correlated with the self-reports of craving, but only at a
threshold (p � .01) that does not reach statistical signifi-
cance after correction for multiple comparisons. Even
so, the correlation in the anterior cingulate accounted
for 50% of the variance (r � 0.74). The correlation of the
anterior cingulate in this study may have been attenu-
ated by wide subject inclusion criteria and subsequent
variability in the level of craving elicited. In other stud-
ies in which strong activation of the anterior cingulate
was reported, subjects were included only if they had
exhibited robust craving responses during a screening
session or had met criteria for current cocaine depen-
dence (Childress et al. 1999; Garavan et al. 2000, Kilts et
al. 2001, Maas et al. 1998; Wang et al. 1999, Wexler et al.
2001). It is possible that the inclusion of subjects in the
current study who did not meet these criteria contrib-
uted to a lower level of activation in the anterior cingu-
late. The anterior cingulate has long been known to be
important for emotional processing and executive con-
trol of cognition (Carter et al. 1999), especially with re-
gard to motivated attention and allocation of attention.
In human studies, activation of the anterior cingulate
has been shown to correlate with recall of specific feel-
ings presented in emotional films (Lane et al. 1998).
Overall, these investigations suggest that the anterior
cingulate plays a critical role in the maintenance of co-
caine abuse through its ability to integrate the associa-
tion between environmental cues and emotional states
in which expectancy of a positive outcome has been re-
peatedly fulfilled.
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Activation of regions that process the affective va-
lence or reinforcement value of stimuli may not be suf-
ficient to produce the experience or expression of co-
caine craving, however. Damasio (1999) has suggested
that the conscious recognition of an emotional sensa-
tion in the body involves a representation of the rela-
tionship between body and emotions in the insula, the
major cortical target of visceral afferents. In other
words, one does not “feel” an emotion until it has been
processed in the insula. In the present study, activation
of the insula was correlated with cocaine craving, and
others have also reported activation of the insula dur-
ing presentation of drug cues (Garavan et al. 2000; Sell
et al. 2000; Wang et al. 1999). The insula also shares sub-
stantial reciprocal connections with the rhinal cortex
(Burwell and Amaral 1998), and the “gut feelings”
abusers have during craving may only be experienced
as emotionally significant after information signaling
occurs between these two brain regions. Although it
has been posited that the physical sensations reported
during craving are akin to being high on a drug (Chil-
dress et al. 1999), it is notable that the pattern of neural
activity during cue-induced craving is not identical to
the response after drug administration (Breiter et al.
1997; Grant et al. 1996; London et al. 1990). For example,
striatal activity only seems to be related to craving after
drug administration (e.g., cocaine or methylphenidate)
(Breiter et al. 1997; Volkow et al. 1999). Damasio (1999)
has suggested that perception of the body and one’s in-
ternal milieu provide and represent one’s first level of
self-identity. As discussed in more detail below, the
bodily sensations experienced during craving may re-
flect a variety of higher order cognitive and psychologi-
cal processes rather than a simple replication of the
pharmacological effects of drugs.

In contrast to the role of the aforementioned limbic
regions in evaluating associations with past events, the
OFC may participate in the creation and maintenance
of expectations about possible outcomes by integrating
experiential history with changing current events. Lat-
eral OFC neurons are activated by both the expectation
and delivery of reward (Elliott et al. 2000; Rolls 2000;
Schultz et al. 2000). Neurons in the OFC are also active
during presentation of stimuli associated with a rein-
forcer in a manner that directs behavior (Tremblay and
Schultz 1999). Information flow between the lateral
OFC and amygdala/rhinal cortex may be particularly
critical during periods when the predictive reliability of
stimuli associated with reward or the value of the re-
ward itself is uncertain or undergoing change. The OFC
and connected regions are active when an organism
must decide between conflicting choices (Bechara et al.
2000; Elliott and Dolan 1998,), such that activity of OFC
increases with the degree of conflict in a decision (Rog-
ers et al. 1999). Furthermore, interactions between the
amygdala/rhinal cortex and OFC play a critical role in

setting the incentive value of such stimuli and thereby
the overall motivation state of the organism (Baxter et
al. 2000; Gallagher et al. 1999; Schoenbaum et al. 2000).
These results suggest that as long as outcomes do not
satisfy the expectations of an organism, the OFC will be
activated. The insula may play a contributing role be-
cause it is activated when violations of expectancy oc-
cur (Casey et al. 2000), suggesting that increased con-
flict involves an increase in somatic sensations.

Although it has been suggested that two behavioral
syndromes often associated with OFC activation—crav-
ing for drugs (Grant et al. 1996; Maas et al. 1998; Wang
et al. 1999; Volkow et al. 1999) and obsessive-compul-
sive disorder (OCD) (Breiter and Rauch 1996; McGuire
et al. 1994; Perani et al. 1995; Rauch et al. 1997; Swedo et
al. 1989)—represent parallel disorders (Volkow and
Fowler 2000), these syndromes might better be charac-
terized as the opposite consequences of emotional
memories for which expectations do not accurately re-
flect reality. Drug craving, then, could represent the ex-
pectation of a positive outcome despite minimal reward
and/or a large aversive outcome, whereas the obses-
sions of OCD could represent the expectation of a nega-
tive outcome despite minimal aversive results and/or a
large positive outcome.

Once cocaine cues have been evaluated and positive
expectations have been generated, a cocaine abuser
may continue to focus on and plan to obtain reward-
related goals (i.e., cocaine). The DLPFC may function to
maintain and coordinate representations received from
the other regions during cocaine craving. In this study
as well as in our prior investigation, DLPFC activation
was correlated with cocaine craving (Grant et al. 1996).
It is notable that the portion of the DLPFC associated
with craving (BA9) has strong anatomical links to the
OFC (Ongur and Price 2000). It is well known that the
prefrontal cortex is critical in planning for the future
and in working memory. During tasks that require ex-
tensive monitoring of complex information within
working memory, it is the DLPFC (rather than the ven-
tromedial prefrontal cortex) that is activated (Barch et
al. 1997; Curtis et al. 2000; Dagher et al. 1999; Hartley
and Speer 2000; MacDonald et al. 2000; Stern et al.
2000). Involvement of DLPFC may be the mechanism
by which multifactored cocaine cues are processed to
hold the attention of abusers and produce a consistent
craving response across a 30-min session.

In this study, our stimulus complex included a script
designed to evoke emotions and memories associated
with the cocaine experience. Emotionally intense mem-
ory has been characterized as “hot” memory (Metcalfe
and Mischel 1999), whereas “cool” memory represents
emotionally neutral contemplation. In this theory, hot
and cool memory work in opposition to each other, so
that under hot memory control, behavior becomes more
reflexive than reflective. The addition of the script to
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the videotape and paraphernalia we used in our previ-
ous study (Grant et al. 1996) increased response scores
to the questions of how much abusers craved, wanted,
or needed cocaine, suggesting high functioning of hot
memory systems. In the present sample, 6 of 11 abusers
had changes in craving scores that ranged from 4.3 to
8.7 (mean � 5.1), much greater than the moderate (2.0–
3.0) change scores typically seen in studies of induced
craving. The induction of a high craving response in
most of our subjects is notable because generally only
one-third or fewer research participants have reported
high levels of experimentally evoked craving (Avants et
al. 1995).

Because abusers have personal experiences with the
cocaine-related events described in the script, it is inter-
esting that the patterns of activation similar to those
that occur during craving are also seen during recall of
autobiographical memories (Andreasen et al. 1995; Fink
et al. 1996; Maguire and Mummery 1999). A key to un-
derstanding the phenomenon of craving may be de-
rived from Andreasen and coworkers’ (1995) observa-
tion that recall of personal history “permits human
beings to experience personal identity.” Although crav-
ing may appear to be driven only by the desire for co-
caine or the feeling that the drug produces, an abuser
ultimately may be seeking the positive personal iden-
tity that was experienced while high on cocaine. This
view is consistent with the contention that cravings are
metacognitive statements about desires to modify on-
going cognitive experience rather than statements
about the desire for the physiological responses to drug
use (Toneatto 1999). Behavioral therapy might therefore
be useful in curbing cocaine craving, given the success
in modifying behavioral outcomes of hot memory un-
der a variety of cognitive experimental conditions (Met-
calfe and Mischel 1999).
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