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The construct of craving has been central to addiction
research for more than 50 years. Only recently have
investigators begun to apply functional neuroimaging
techniques to the study of drug cue reactivity, and a small 
but growing number of studies implicate a distributed system
of brain regions in the pathogenesis of craving. The internal
consistency of this burgeoning literature has thus far been
disappointing, however, leaving open the question of which
brain regions contribute to craving. Here we review
neuroimaging studies of cue-elicited craving in the context of
a framework drawn from behavioral research indicating that
perceived drug use opportunity significantly affects responses
to the presentation of drug cues. Using this framework
provides a way to reconcile discrepant findings among 
brain-imaging studies of cue-elicited craving.

The cue-reactivity paradigm has been among the most prominent
methods for investigating drug craving for the past several
decades1,2. Cue reactivity involves exposing drug-addicted individu-
als to stimuli designed to elicit craving while assessing concomitant
changes in one or more response systems (such as self-reported urge,
cognitive task performance or physiological reactivity). Within the
past 5 years, a rapidly growing body of functional neuroimaging
studies has adopted the traditional cue-reactivity procedure as a
means for elucidating the neural bases of craving. Thus far, a distrib-
uted network of brain regions has been linked to cue-elicited crav-
ing; in 19 neuroimaging studies of cue reactivity, the amygdala,
anterior cingulate cortex (ACC), orbitofrontal cortex (OFC) and
dorsolateral prefrontal cortex (DLPFC) are the most commonly
reported loci of activation (Fig. 1)3,4.

Although activation of these regions is frequently reported, the
data has unfortunately been inconsistent across studies. For example,
significant cue-elicited activation of the OFC—a region that has a
prominent role in contemporary neurobiological models of crav-
ing5–7—has been reported by only 6 of 18 studies (OFC activity not
assessed by ref. 8)9–14 . Results are similarly discrepant for the 

amygdala (7 of 18 studies; not assessed by ref. 15)9,11,12,16–19, DLPFC
(8 of 19)8,9,11,14,17,20–22 and ACC (10 of 19)8,10,12,14,16,18,20,22–24. To
date, conflicting results have been largely ignored or vaguely attrib-
uted to inter-study methodological variance9,19,21,25. No framework
has yet been offered that sufficiently accounts for the pattern of
results observed across studies.

Contextual modulation of cue reactivity
Many of these contradictory findings may be reconciled by attending
to psychological factors that affect drug craving. Recent behavioral
studies have shown that cue reactivity may be modulated by the con-
text associated with cue presentation. One contextual factor that sig-
nificantly influences the response to drug cues is whether or not
participants anticipate actually using the drugs to which they are
being exposed (perceived drug use opportunity)26. When instructed
that drugs are available for consumption during an experiment, drug
users report substantially higher craving on being presented with
drug cues than when instructed that drugs are not available for an
extended period of time or until after the experiment has con-
cluded27–29. Affective27,30 and cognitive processes28,31 are also differ-
entially influenced by drug cue presentation as a function of whether
or not drug use is expected. Similarly, physiological responses
thought to reflect arousal, such as skin conductance2, heart rate32 and
asymmetrical frontal electrocortical activity33, are heightened in con-
texts predictive of impending drug use. Many of these effects transfer
to arbitrary stimuli (for example, colored cards) that come to be asso-
ciated with the opportunity, or lack thereof, to consume32,34,35.

Effects of treatment status mirror the effects observed with manip-
ulations of perceived availability in laboratory settings. Samples of
drug users not seeking treatment (and thus perceiving drug use
opportunity after experimental participation) consistently show
greater cue reactivity (that is, greater cue-elicited craving) than sam-
ples of drug users who are actively seeking or undergoing treatment
(which presumably precludes the anticipation of post-study drug
use)26. It also is possible that treatment status may affect neurobiolog-
ical responses to drug cues.

Prefrontal cortex contributes to context-dependent processing 
If treatment-seeking status does affect neural activity elicited by
drug cues, such effects would be most readily apparent in neural
regions capable of integrating motivational or affective (e.g., cur-
rent desires) and cognitive information (e.g., knowledge of the
probability and means of acquiring desired outcomes). The pre-
frontal cortex (PFC), an area thought to be largely responsible for
supporting such flexibility36,37, has not been well investigated in
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the context of human drug craving. However, an emerging litera-
ture indicates that the neural basis for adaptive processing of incen-
tive stimuli may be mediated by specific regions of the PFC37–39.
The two PFC regions that have received the most attention vis-à-vis
craving are the OFC6,40 and DLPFC9,11,41. The OFC is thought to
contribute to goal-directed behavior through the assessment of the
motivational significance of stimuli and the selection of behavior
to obtain desired outcomes42. The OFC has extensive connections
with the striatum as well as limbic regions (such as the amygdala)
and, as a result, is well situated to integrate the activity of several
limbic and subcortical areas associated with motivational behavior
and reward processing36.

The DLPFC also contributes to regulatory processing under condi-
tions requiring the integration of cognitive and motivationally rele-
vant information43, possibly by integrating information provided by
the OFC and other regions with which it is
connected36. The DLPFC is centrally
involved in reward processing and decision
making, particularly when information must
be maintained over a delay or when multiple
sources of information must be used to guide
behavior37.

Taken together, converging evidence
indicates that treatment-seeking status may
influence neurobiological responses to drug
cues, particularly in specific subregions of
PFC. Notably, of 19 neuroimaging studies
of cue-elicited craving, 10 recruited indi-
viduals actively using drugs8–13,17,20–22 and
the other 9 recruited individuals seeking or
receiving treatment for drug addic-
tion14,16,18,19,23,24,44,45. Thus, variability
across these studies may reflect, in part, an
unappreciated effect of drug use expecta-
tions on cue-elicited neural activity46.

Table 1 presents DLPFC and OFC activa-
tion in studies categorized according to
whether or not participants were seeking drug
treatment at the time of study participation.
Studies were included if they exposed partici-
pants to drug-related cues. Cue exposure
could be accomplished through a variety of
methods (such as holding a cigarette or view-
ing a video of cocaine use). As shown, activa-
tion of the DLPFC and OFC has been found in
the majority of studies in which participants
were active drug users. In contrast, studies
involving treatment-seeking participants

have, with one exception, not found signifi-
cant activation of the DLPFC and OFC.

As mentioned, brain regions besides the
DLPFC and OFC have been implicated in
cue-elicited craving. Interestingly, the inci-
dence of significant activation of other
regions commonly associated with craving
(such as amygdala) is approximately equally
distributed across studies involving actively
using and treatment-seeking drug users,
indicating that the effects of treatment status
may be most robust in these subdivisions of
PFC. One possibility is that the amygdala is

less sensitive than are the DLPFC and OFC to aspects of craving that
differ between drug-addicted individuals who are seeking treatment
and those who are not (for instance, differences in the intensity of the
craving state produced by cue exposure). It does not seem, however,
that the amygdala is simply activated at a lower threshold than are
these subdivisions of PFC. Significant activation of the amygdala, a
region strongly linked to conditioned drug-seeking responses in ani-
mal models of craving4, has been reported by fewer studies than sig-
nificant activation of the DLPFC and OFC. A second possibility is
that the consideration of methodological factors not addressed here
may help explain the conditions under which the amygdala and other
regions are activated in response to drug cues, although an inspection
of available data shows that obvious candidate factors (such as differ-
ences in imaging modality, craving-induction technique and addic-
tive substance) do not readily provide such an explanation.
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Figure 1  Lateral (left), mid-sagittal (middle) and coronal (right) sections of the brain illustrating
neural regions that have been implicated in cue-elicited craving. DLPFC, dorsolateral prefrontal
cortex; OFC, orbitofrontal cortex; ACC, anterior cingulate cortex; AMG, amygdala. (Images modified
from ref. 50.)

Table 1 Activation of DLPFC and OFC during drug-cue exposure

Study Imaging Addictive
modality substance Drug cue DLPFC OFC

Drug users currently not seeking treatment

Bonson et al. (2002) PET Cocaine Video, script, paraph. Y Y

Brody et al. (2002) PET Cigarette Video, tactile Y

Due et al. (2002) fMRI Cigarette Pictures Y

Garavan et al. (2000) fMRI Cocaine Video Y

George et al. (2001) fMRI Alcohol Pictures, gust. Y

Grant et al. (1996) PET Cocaine Video, paraph. Y Y

Maas et al. (1998) fMRI Cocaine Video Y NA

Tapert et al. (2003) fMRI Alcohol Pictures Y

Tapert et al. (2004) fMRI Alcohol Words Y

Wang et al. (1999) PET Cocaine Script, tactile Y

Drug users currently seeking treatment

Braus et al. (2001) PET Alcohol Video

Childress et al. (1999) PET Cocaine Video

Daglish et al. (2001) PET Opiate Script

Kilts et al. (2001) PET Cocaine Script

Schneider et al. (2001) fMRI Alcohol Olfact.

Modell et al. (1995) SPECT Alcohol Gust., olfact.

Sell et al. (1999) PET Opiate Video, drug

Wexler et al. (2001) fMRI Cocaine Video

Wrase et al. (2002) fMRI Alcohol Pictures Y Y

Y, significant within- or between-group activation; NA, not assessed. Abbreviations: OFC, orbitofrontal cortex; DLPFC,
dorsolateral prefrontal cortex; fMRI, functional magnetic resonance imaging; PET, positron emission tomography; SPECT,
single-photon emission computed tomography; drug, drug administration; gust., gustatory stimulation with drug-related
taste; olfact., olfactory stimulation with drug-related scents; paraph., visual presentation of drug paraphernalia; pictures,
visual presentation of drug-related pictures; tactile, tactile stimulation with drug cues; script, drug-related craving
induction script/interview; video, audiovisual presentation of drug-related scenes; words, visual presentation of drug-
related words.
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Functional significance
Increased cue-elicited activation of the DLPFC and OFC when drug
use is anticipated may reflect explicit representation of this
expectancy (by OFC) and the generation and maintenance of behav-
ioral goals aimed at obtaining drug reward (by DLPFC)5,9,41. OFC
neurons are more active during delay periods when rewards are
expected than when no such reward is expected47. Similarly, DLPFC
neurons encode reward expectancy during a delay38,43. Moreover,
delay activity of DLPFC neurons been shown to predict subsequent
behavioral responses in rewarded tasks38. Lesions both of the OFC42

and of rat prelimbic cortex39 (the functional homolog of the nonhu-
man primate and human DLPFC) impair the acquisition and modifi-
cation of behavior guided by contingencies between responses and
outcomes, indicating that these regions may be crucial for the control
of goal-directed behavior.

Summary
The burgeoning literature examining neurobiological responses to
drug cues thus far has yielded a complex and contradictory pattern
of findings. This review makes clear that variables relating to partici-
pant characteristics, such as treatment status, are crucial factors that
may reconcile otherwise discrepant findings. Specifically, we
observed across multiple studies that the treatment-seeking status of
the participants influenced PFC activation by drug cues. Our review
suggests that the two most investigated prefrontal regions (OFC and
DLPFC) may process drug cues in a context-dependent manner. We
find that activation in these two areas is reliably produced in cue-
exposure studies of drug-addicted individuals who are still actively
using. In contrast, these regions are rarely activated among patients
preparing to quit.

Our interpretation of this pattern of results has emphasized per-
ceived drug use opportunity as a factor differentiating drug-using
participants seeking treatment from those who are not. There are sev-
eral possible ways in which treatment-seeking and non-treatment-
seeking participants may differ, however, that could contribute to the
observed findings (including their history of drug use, number of
attempts at abstinence and exposure to abstinence promotion materi-
als). Therefore, the degree to which perceived opportunity and other
factors related to treatment-seeking status account for these data
awaits direct investigation.

There are several potential mechanisms by which drug use
expectancy may influence neurobiological responses to drug-cue
presentation in addition to that discussed above (that is, goal-directed
processing under conditions in which drug use is expected). For
example, those seeking treatment may be motivated to maintain
abstinence and therefore may attempt to inhibit cue-elicited craving,
perhaps through the use of techniques acquired during treatment26. It
is quite possible that such efforts to inhibit would produce a different
pattern of neural activation compared to the eager anticipation of
future drug use. Indeed, in the latter case one might even be moti-
vated to process information in a manner that promotes drug use
(i.e., ‘indulging their urge’; see ref. 26).

Moreover, it is likely that perceived drug use opportunity produces
different effects in different contexts. For instance, the pattern of neu-
ral activity elicited by drug cues in drug-addicted individuals entering
treatment may significantly differ from that produced in actively
using addicts who are explicitly told that they cannot consume for a
long period of time. In the former case, individuals do not intend to
consume drugs because they are trying to quit (they are abstinence
seeking), whereas in the latter circumstance individuals desire to seek
and consume drugs, but are prevented from doing so by situational

constraints (they are abstinence avoidant)48. Future research is desir-
able to examine these different ways in which perceived drug use
opportunity can be manipulated and, more importantly, whether
they produce different patterns of neural activation.

Nonetheless, it is readily apparent that factors such as treatment-
seeking status must be considered in the design and interpretation of
neuroimaging studies of craving. Conceptually, these findings indi-
cate that craving is a complex phenomenon involving both cognitive
and affective processes. They also indicate that it may be unwise to
consider craving to be a unitary construct. Rather there may be more
than one type of craving elicited by drug cues (for example, as a func-
tion of perceived drug use opportunity), each with its own behavioral
presentation and neurobiological underpinnings30,49.
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