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Objective: Studies of the neurobiological
processes underlying drug addiction pri-
marily have focused on limbic subcortical
structures. Here the authors evaluated
the role of frontal cortical structures in
drug addiction.

Method: An integrated model of drug
addiction that encompasses intoxication,
bingeing, withdrawal, and craving is pro-
posed. This model and findings from neu-
roimaging studies on the behavioral, cog-
nitive, and emotional processes that are
at the core of drug addiction were used to
analyze the involvement of frontal struc-
tures in drug addiction.

Results: The orbitofrontal cortex and the
anterior cingulate gyrus, which are re-
gions neuroanatomically connected with
limbic structures, are the frontal cortical
areas most frequently implicated in drug
addiction. They are activated in addicted
subjects during intoxication, craving, and

bingeing, and they are deactivated during
withdrawal. These regions are also in-
volved in higher-order cognitive and mo-
tivational functions, such as the ability to
track, update, and modulate the salience
of a reinforcer as a function of context
and expectation and the ability to control
and inhibit prepotent responses.

Conclusions: These results imply that
addiction connotes cortically regulated
cognitive and emotional processes, which
result in the overvaluing of drug reinforc-
ers, the undervaluing of alternative rein-
forcers, and deficits in inhibitory control
for drug responses. These changes in ad-
diction, which the authors call I-RISA (im-
paired response inhibition and salience
attribution), expand the traditional con-
cepts of drug dependence that emphasize
limbic-regulated responses to pleasure
and reward.

(Am J Psychiatry 2002; 159:1642-1652)

Addiction is a complex disease process of the brain
that results from recurring drug intoxication and is modu-
lated by genetic, developmental, experiential, and envi-
ronmental factors. The neurobiological changes that ac-
company drug addiction are not well understood. While
until recently it was believed that addiction predomi-
nantly involved reward processes mediated by limbic cir-
cuits (see, for example, the reward deficiency syndrome
[1]), results from recent neuroimaging studies have impli-
cated additional brain areas, especially the frontal cortex.
Here we summarize the findings from these neuroimaging
studies and incorporate them with pertinent results from
preclinical studies in suggesting a basis for an integrated
model of drug addiction.

Most imaging studies have concentrated on the in-
volvement of dopamine in the process of drug addiction
because the ability of drugs of abuse to increase brain
dopamine concentration in limbic brain regions is con-
sidered crucial for their reinforcing effects (2, 3). However,
the increase in dopamine per se is insufficient to account
for the process of addiction, since drugs of abuse increase
dopamine in naive as well as in addicted subjects. In fact,
in the case of cocaine addiction, the magnitude of drug-
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induced dopamine increases, and the intensity of self-re-
ports of the drug’s reinforcing properties (the “high”), ap-
pears to be smaller in addicted than in naive subjects (4).
This implies that dopamine involvement in drug addic-
tion is likely to be mediated by means of functional and
structural changes in the circuits that are modulated by
dopamine, including the frontal cortex. In support of this
suggestion are the findings of several recent structural/
volumetric magnetic resonance imaging studies docu-
menting morphological changes in the frontal lobe in var-
ious forms of drug addiction. For example, frontal lobe
volume losses have been identified in cocaine-dependent
subjects (5, 6), alcoholic subjects (7-9), and heroin-de-
pendent subjects (5). The latter study noted negative cor-
relations between normalized prefrontal volumes and
years of either cocaine or heroin use, implying a cumu-
lative effect of substance abuse on frontal volumes. Ad-
ditional support is provided by studies done in rats. For
example, it has been recently shown that self-administra-
tion of cocaine, but not food, results in morphological
changes in dendrites and dendritic spines in the prefron-
tal cortex and nucleus accumbens (10). Dopamine activa-
tion, as seen during amphetamine administration, also
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suppresses the inhibition of the amygdala by the medial
prefrontal cortex, possibly leading to a disinhibition of
sensory-driven affective responses (11). A similar process
may be occurring in human drug addiction, in which
prefrontal top-down processes (see reference 12) are re-
duced, releasing behaviors that are normally kept under
close monitoring and simulating stress-like reactions in
which inhibitory control is suspended and stimulus-
driven behavior is accentuated.

If the frontal cortex and its supervisory functions are
indeed down-regulated in human drug addiction, the rel-
evance of motivational, higher cognitive, and self-moni-
toring processes to this affliction cannot be overstated.
Specifically, we propose that the behaviors and associated
motivational states that are at the core of drug addiction
are distinctly the processes of loss of self-directed/willed
behaviors to automatic sensory-driven formulas and attri-
bution of primary salience to the drug of abuse at the ex-
pense of other available rewarding stimuli. We hypothe-
size that these states are first evoked in the presence of the
drug of abuse or cues conditioned to the drug but then be-
come chronic action tendencies, contributing to relapse/
bingeing (behavioral compulsion) and withdrawal/crav-
ing (mental compulsion, i.e., obsessiveness), respectively.
We thus conceptualize drug addiction as a syndrome of
impaired response inhibition and salience attribution and
name it the “I-RISA” syndrome of drug addiction.

The I-RISA syndrome encompasses four clusters of be-
haviors that are interconnected in a positive feedback loop
(Figure 1) and depend on the functioning of the prefrontal
circuits vis-a-vis the subcortical reward pathway.

I-RISA Syndrome of Drug Addiction

Drug Intoxication

The process of short-term drug administration is one
that has been traditionally associated with higher extra-
cellular dopamine concentrations in limbic brain regions,
in particular, the nucleus accumbens (13, 14). However,
there is also evidence of increased concentration of dopa-
mine in frontal regions (15).

Drug Craving

Craving is associated with the learned response that
links the drug and its environment to a pleasurable or an
intensely overpowering experience. The neuroanatomical
substrates for consolidation of this memory are likely to
involve the amygdala (16, 17) and the hippocampus (18),
but activation of the thalamo-orbitofrontal circuit and the
anterior cingulate might be a defining element in the ac-
tual experience of craving (19).

Compulsive Drug Administration

Compulsive drug self-administration in addicted indi-
viduals occurs even when the drug is no longer perceived
of as pleasurable and in the presence of adverse physical
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FIGURE 1. Behavioral Manifestations of the I-RISA (Impaired
Response Inhibition and Salience Attribution) Syndrome of
Drug Addiction
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reactions to the drug (20). This process of loss of control
and drug bingeing is associated with dopaminergic, sero-
tonergic, and glutamatergic circuits (21, 22) and probably
involves the activation of the thalamo-orbitofrontal circuit
and the anterior cingulate gyrus.

Drug Withdrawal

Recurrent drug administration and subsequent drug
withdrawal result in disruption of behavioral circuits that
culminate in dysphoria, anhedonia, and irritability (23),
possibly contributing to relapse (24, 25). These changes
are likely to involve disruption of frontal cortical circuits
and neurotransmitters that include dopamine, serotonin,
and corticotropin-releasing factor (26).

Involvement of the Frontal Cortex

Intoxication

Here we review the results from neuroimaging studies
that have assessed the effects of drug administration on
functional measures, such as glucose metabolism and ce-
rebral blood flow (CBF). Few studies have measured re-
gional brain activity during drug intoxication, and most of
these studies have employed a single drug exposure. Such
studies have shown lower glucose metabolism throughout
the brain, including the frontal cortex, during cocaine,
morphine, or alcohol intoxication (27-30). In contrast,
marijuana intoxication is associated with higher levels of
glucose metabolism in the prefrontal cortex, orbitofrontal
cortex, and striatum in marijuana abusers but not in non-
abusers (31). Similarly, faster metabolism in the prefrontal
cortex, anterior cingulate, orbitofrontal cortex, and stria-
tum has been reported in cocaine abusers after sequential
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FIGURE 2. Orbitofrontal Cortical Activation in Active Cocaine Abusers During a Cocaine Theme Interview and a Neutral

Theme Interview, as Measured by FDG PET
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administration of intravenous methylphenidate, which
cocaine abusers report to be similar to intravenous co-
caine (19). It should be noted that activation in the orbito-
frontal cortex was only observed in the subjects in whom
methylphenidate induced intense craving and in the pre-
frontal cortex in the subjects in whom it enhanced mood.

Studies measuring the effects of short-term drug ad-
ministration on CBF have consistently reported higher
levels of prefrontal CBF during intoxication with nicotine
(32), marijuana (33), and alcohol (34-36). Moreover, the
activation of the right prefrontal cortex during alcohol in-
toxication was associated with euphoria (35) and during
marijuana intoxication with the subjective sense of intoxi-
cation (33). In contrast, cocaine lowered CBF throughout
the brain, including the frontal cortex, an effect that could
be attributed to cocaine’s vasoconstricting effects (37).

Mapping studies during drug intoxication with func-
tional magnetic resonance imaging (fMRI) to measure the
blood-oxygenation-level-dependent (BOLD) response
have reported activation of the prefrontal cortex and ante-
rior cingulate gyrus during cocaine intoxication, an effect
that has been strongly correlated with drug reinforcement
properties (38). Studies of nicotine administration have
also shown activation in the frontal cortex and anterior
cingulate gyrus coinciding in time with the subjective ex-
periences of “rush” and “high” (39).

The discrepancies in activation patterns reported could
reflect vasoactive and drug-specific effects or the differ-
ence in the temporal course of the processes measured
(metabolism studies, 30 minutes; CBF-water studies, 60
seconds; BOLD studies, 3-5 seconds). Since the metabo-
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lism and CBF-water studies are limited by their poor time
resolution, the BOLD method may be better suited for as-
sessing the relationship between regional changes and
drug-induced fast behavioral effects, such as “rush” and
“high.” On the other hand, the BOLD method is limited by
its sensitivity to vasoactive changes that may occur during
drug administration.

To summarize, most of the studies show activation in
the prefrontal cortex and anterior cingulate gyrus during
drug intoxication when using either the CBF or BOLD
methods. Also, prefrontal activation appears to be associ-
ated with the subjective perception of intoxication, the re-
inforcing effects of the drug, or enhanced mood. It is also
intriguing that in the case of marijuana or methylpheni-
date, the activation of the frontal regions was predomi-
nantly observed in the abusers but not in the nonabusing
subjects. This suggests that prefrontal regions and the an-
terior cingulate are involved in the intoxication process
and that their response to drugs is in part related to previ-
ous drug experiences.

Craving and Bingeing

Acute drug administration is not necessary for the acti-
vation of the frontal cortex in individuals previously ex-
posed to the drug of choice, in whom, because of prior ex-
posure, craving alone is possibly sufficient to activate
frontolimbic circuits. Thus, higher levels of brain activa-
tion (CBE glucose metabolism, or BOLD) in frontolimbic
areas, primarily in the prefrontal cortex and anterior cin-
gulate, has been demonstrated in cocaine abusers ex-
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FIGURE 3. Lower Relative Glucose Metabolism in the Prefrontal Cortex and Anterior Cingulate Gyrus of a Cocaine Abuser

Than in a Normal Comparison Subject
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posed to videotapes depicting drug-related stimuli (40—
44). Self-reports of craving significantly correlated with
glucose metabolism changes in the dorsolateral prefrontal
cortex in one study (42) and with the spatial extent of acti-
vation in the dorsolateral prefrontal cortex and anterior
cingulate in another (43). In all five studies, the drug-re-
lated stimuli elicited craving only in the cocaine abusers
and not in the comparison subjects, again pointing to the
importance of prior drug experience.

The mechanism that underlies craving may entail recall
of emotionally laden previous experiences. Indeed, crav-
ing correlated with activation of the amygdala in one study
(42), and activation of the orbitofrontal cortex was ob-
served when cocaine abusers recalled and described their
own method of preparing cocaine but not when they de-
scribed their family genealogical tree in a study from our
laboratory (45) (Figure 2). In addition, craving may involve
anticipation of a future drug reward. The role of the dorso-
lateral prefrontal cortex in the anticipation of immediate
drug self-administration was previously suggested (42), al-
though the dissociation of craving from anticipation and
of both from the actual drug experience has not been sup-
ported. Nevertheless, the actual drug experience may be
related with more circumscribed activations than the an-
ticipation phase (42), in line with evidence for a similar
dissociation of anticipation from an actual sensory (tac-
tile) experience (46).

Another line of evidence supporting the role of the fron-
tal cortex in craving derives from studies conducted shortly
after the subjects’ last drug use. For example, we have dem-
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onstrated higher regional brain glucose metabolism, in-
cluding in the orbitofrontal cortex and striatum, in cocaine
abusers tested during early withdrawal (<1 week since last
cocaine use) than in normal comparison subjects (47).
These higher levels were proportional to the craving inten-
sity, such that the higher the metabolism, the greater the
drug craving. A central role for craving in orbitofrontal cor-
tex activation has also been suggested by the results of a
study from our laboratory in which methylphenidate in-
creased orbitofrontal cortex and striatal metabolism only
in the subjects in whom it enhanced craving (19).

The problem remains that cocaine craving is not a direct
measure of compulsive cocaine use, and, in fact, its asso-
ciation with drug use and relapse continues to be chal-
lenged (48). Demonstrating the involvement of the orbito-
frontal cortex in compulsive drug self-administration
would require investigation of the abuser during actual
use in which drug supply is unrestricted. Alternatively, a
paradigm that simulates compulsive behavior (such as
gambling when it is clearly no longer beneficial) might of-
fer invaluable insight into the circuits underlying loss of
control in addiction.

Withdrawal

Abnormalities in the human cortex associated with
withdrawal from cocaine in regular cocaine abusers were
documented as early as 1988 in our laboratory (49). We
demonstrated that the relative CBF values for the pre-
frontal cortex and the left lateral frontal cortex were sig-
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FIGURE 4. Lower Striatal Dopamine D5 Receptor Binding in
Drug Users During Withdrawal From Cocaine, Meth-
amphetamine, and Alcohol Than in Normal Comparison
Subjects
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nificantly lower in the cocaine users than in the normal
comparison subjects. A follow up study in active cocaine
abusers demonstrated differences in regional brain glu-
cose metabolism between cocaine abusers tested within 1
week of last cocaine use and cocaine abusers tested 2—4
weeks after last cocaine use (47). Of interest, glucose me-
tabolism was higher in the orbitofrontal cortex and in the
striatum in the former group than in the normal compari-
son subjects. During more protracted withdrawal (1-6
weeks since last use), brain metabolism was found to be
lower in cocaine abusers than in normal comparison sub-
jects, an effect that was most accentuated in the frontal
cortex (Figure 3) (50).

Studies of alcohol abusers have provided similar evi-
dence. For example, glucose metabolism abnormalities
(including in the frontal cortex) were documented in oth-
erwise healthy alcoholic subjects with mean duration of al-
cohol withdrawal of 11 days (51). Persistent lower striatal
metabolism has been shown in regional metabolism stud-
ies after more protracted alcohol withdrawal (52). In addi-
tion, alcoholic subjects have shown less sensitivity to the
lower metabolism induced by lorazepam, a benzodiaz-
epine that facilitates y-aminobutyric acid neurotransmis-
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sion in the striatal-thalamo-orbitofrontal cortex circuit
during early (1-4 weeks) detoxification (53) and in the orb-
itofrontal cortex during protracted (8-11 weeks) detoxifica-
tion (54), suggesting long-lasting drug-related adjustments
in these brain regions. Persistent abnormalities after alco-
hol detoxification were also documented for the anterior
cingulate (54). Lower activity in the prefrontal cortex in
alcoholic subjects during detoxification was also docu-
mented in other laboratories using slightly different study
groups (Cloninger-type 2 alcoholics) and techniques (sin-
gle photon emission computed tomography) (55).

Alcoholic subjects show less sensitivity in the striatal-
thalamo-orbitofrontal cortex circuit to the serotonin ago-
nist m-chlorophenylpiperazine, which provides evidence
for the relevance of serotonin in these abnormalities (56).
Studies from our laboratory also point to the relevance of
dopamine in withdrawal. First, we documented that in co-
caine abusers during early (up to 1 month since last co-
caine use) and protracted (up to 4 months since last co-
caine use) withdrawal, striatal dopamine response or
receptor availability was significantly lower (4, 57, 58) than
in normal comparison subjects. We also reported lower
striatal dopamine D, receptor binding in heroin (59) and
methamphetamine (60) abusers and in alcoholic subjects
(61) (Figure 4). Moreover, the lower levels of striatal D, re-
ceptors were found to be associated with lower metabo-
lism in the orbitofrontal cortex and anterior cingulate gy-
rus in cocaine addicted subjects (58) (Figure 5) and in the
orbitofrontal cortex in methamphetamine abusers (62).
Finally, higher metabolism in the anterior cingulate gyrus
has been shown in response to methylphenidate, which
increases dopamine by blocking the dopamine trans-
porter (19), providing further support for the role of lower
dopamine activation in frontal hypometabolism in drug
addiction.

I-RISA Syndrome and Dopamine
Circuits

For a review of the role of the mesolimbic and mesocor-
tical dopamine system in inhibitory control and motiva-
tional processes in the rodent and primate brain and their
putative impact on drug seeking, see Jentsch and Taylor
(63). Here we will mention the mesolimbic and the meso-
cortical dopamine systems, which are classically associ-
ated with drug reinforcement and addiction. The me-
solimbic dopamine circuit, which includes the nucleus
accumbens, amygdala, and hippocampus, has been tradi-
tionally associated with the acute reinforcing effects of a
drug and with the memory and conditioned responses
that have been linked to craving. It is also likely to be in-
volved in the emotional and motivational changes seen in
drug abusers during withdrawal. The mesocortical dopa-
mine circuit, which includes the prefrontal cortex, orbito-
frontal cortex, and anterior cingulate, is likely to be in-
volved in the conscious experience of drug intoxication,
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FIGURE 5. Relation of Striatal Dopamine D, Receptor Avail-
ability and Orbitofrontal Cortical Metabolism in Cocaine
Users>P
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br=0.7, p<0.0001.

drug incentive salience, drug expectation/craving, and
compulsive drug administration. Because these circuits
operate in parallel and interact with one another, it is
likely that a given behavior involves, to a greater or lesser
extent, their joint participation. The nature of these inter-
actions affects response to the drug. For example, the acti-
vation of memory circuits (the hippocampus and amyg-
dala) in association with a drug-related context activates
the orbitofrontal cortex and anterior cingulate in expecta-
tion of the reinforcer, which in turn activates the dopa-
mine cells (64), leading to a further increase in the craving
sensation and a possible decrease in inhibitory control.
Note the circular nature of this interaction: the attribution
of salience to a given stimulus, which is a function of the
orbitofrontal cortex, depends on the relative value of a re-
inforcer compared to simultaneously available reinforcers
(65), which requires knowledge of the strength of the stim-
ulus as a reinforcer, a function of the hippocampus and
amygdala. Consumption of the drug in turn will further
activate cortical circuits (the orbitofrontal cortex and an-
terior cingulate) in proportion to the dopamine stimula-
tion by favoring the target response and decreasing non-
target-related background activity (66). The activation of
these interacting circuits (Figure 6) may be indispensable
for maintaining the compulsive drug administration ob-
served during bingeing and to the vicious circle of drug
addition (Figure 7).

A question remains why some people become addicted
and others, under similar circumstances, do not. This
question is one of the most challenging issues in drug
abuse research. The neurobiological mechanisms under-
lying vulnerability to drug addiction are poorly under-
stood and are likely to involve a balance between factors
that confer vulnerability and those that protect against it.
On the basis of imaging studies, one cannot rule out the
possibility that the changes in frontal activity in drug-ad-
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FIGURE 6. Interactions of the Mesocortical and Mesolimbic
Circuits in Drug Addiction
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dicted subjects may have antedated their drug use and
could have enabled the loss of control and compulsive
drug intake in these subjects. But it is also possible that the
changes in frontal activity are secondary to recurrent drug
use and that other variables are responsible for the addic-
tion vulnerability. We and others have hypothesized that
the decrease in activity of D, receptors may put individu-
als at risk for addictive behaviors as a means of tempo-
rarily compensating for the fewer D,-regulated reward cir-
cuits (67). Moreover, we have shown that overexpression
of D, receptors in the nucleus accumbens of rats previ-
ously trained to self-administer alcohol markedly reduces
their alcohol intake (68). Since D; receptor availability is
positively associated with frontal activity in the human
brain (reviewed in reference 69), this suggests that one of
the mechanisms by which D, receptors regulate drug self-
administration, and possibly the potential for addiction, is
by modulating frontal activity.

Neurocognitive Mechanisms

In the next several paragraphs, we summarize the func-
tional neuroimaging studies conducted in healthy com-
parison subjects or non-drug-abusing populations that
have recently implicated the striatal-thalamo-orbitofron-
tal cortex circuit in the I-RISA components. Specifically,
we target perception of response-reinforcement relations
and response inhibition, but we will also discuss the ex-
pectation of reward and depression. These four compo-
nents can be viewed as intricately related to the four di-
mensions of our drug-addiction model (Figure 1), each
potentially predisposing to drug addiction; thus

1. Drug intoxication is associated with the experience of
its strong positive and negative reinforcement effects, an
association that is strengthened through repeated self-ad-
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FIGURE 7. Integrative Model of Brain and Behavior: the I-RISA (Impaired Response Inhibition and Salience Attribution)
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ministration and that possibly hinders the formation of
similar associations; attribution of primary salience to the
drug occurs at the expense of less powerful reinforcers.

2. We conceive impairment in response inhibition as
underlying the experience of relapse and bingeing. When
response-reinforcement regulation is down because of
impaired salience attribution, response disinhibition, or
impulsive responding to immediately salient, drug-re-
lated rewards is expected.

3. Expectation of the effects of the drug of abuse, whether
itis the “high” or a lower negative state, is integral to drug
craving.

4. Dysthymia is a core symptom of withdrawal, possibly
reflecting adaptation responses to repeated dopamine en-
hancement by drugs of abuse in the reward circuits that
render the latter less responsive to natural reinforcers (70—
72). Behaviorally, this lower sensitivity in the reward cir-
cuits may represent a generalized impairment in the abil-
ity to derive pleasure from non-drug-related stimuli, lead-
ing to a state of anhedonia, which puts drug-addicted
individuals at greater risk for seeking drug stimulation.
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Response-Reinforcement Relations
and Salience Attribution

Regarding perception of response-reinforcement rela-
tions, several recent fMRI studies have monitored brain
hemodynamic changes during performance of game-
playing tasks with monetary reinforcers (see reference 73
for review). Responses to monetary gains and losses or to
winning and losing game points have been noted in the
prefrontal cortex, orbitofrontal cortex, anterior cingulate,
and thalamus. Activations of these areas in guessing, com-
pared to reporting (the orbitofrontal cortex was exclu-
sively activated in the guessing task in the more difficult
condition, in which probability of being correct was down
to 25% from 50%), point to a unique role of the correctness
of a response and greater dependence on feedback under
conditions of inherent uncertainty (74). Indeed, a recent
fMRI study documented that unpredictability of a reward
(water or juice) correlated with activity in the orbitofrontal
cortex, thalamus, and nucleus accumbens (75). Positron
emission tomography (PET) studies have similarly dem-
onstrated striatal-thalamo-orbitofrontal cortex activa-
tions (including the anterior cingulate and dorsolateral
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prefrontal cortex) in association with gambling (76, 77),
receiving a salient feedback (78), or receiving a monetary
reward (79).

The processing of emotionally salient and behaviorally
adaptive information may be at the core of advantageous
assessment of response-reinforcement relations. Indeed,
the role of the frontal cortex, and specifically the anterior
cingulate, in emotional processing has been demonstrated
in several PET studies (e.g., references 80-83). Consistent
with these studies are the results of a fMRI study (84) in
which the inferior frontal gyrus and dorsal anterior cingu-
late were involved in making a semantic, emotionally
laden versus an orthographic decision in a verbal go/no-go
task. Other fMRI studies have implicated the orbitofrontal
cortex and anterior cingulate in the experience of pleasant
sensations (85) and the orbitofrontal cortex in recognizing
fearful, angry, and disgusted emotional facial expressions
compared to neutral expressions (86). Of interest, in a PET
study (87), angry but not sad faces specifically activated the
orbitofrontal cortex, proportionally with the increasing in-
tensity of the emotion, while the anterior cingulate cortex
was coactivated by both expressions. Taken together, the
results of these studies suggest an important integrative
role for the orbitofrontal cortex and anterior cingulate in
the analysis of the information that carries emotive, evalu-
ative, and, in the long-term, survival significance for an in-
dividual, which comprise salience attribution, an integral
part of our I-RISA syndrome of drug addiction.

Response Inhibition

The other component of the proposed I-RISA syndrome
is the control of behavior, which is assumed to break down
in periods of relapse and drug bingeing. Response inhibi-
tion has been relatively well studied in neuroimaging par-
adigms. For example, the orbitofrontal cortex, anterior
cingulate cortex, and striatum were activated in a go/no-
go task in two fMRI studies (88, 89). Better response inhi-
bition was associated with greater volume of activation in
the orbitofrontal cortex and a smaller magnitude of acti-
vation in the anterior cingulate cortex, possibly implicat-
ing the orbitofrontal cortex in the effort exerted when in-
hibiting a response and the anterior cingulate cortex in
error detection (88). Further support for the role of the an-
terior cingulate in response inhibition, including response
competition and selection, is provided by other fMRI (84,
90-92) and PET (e.g., reference 93) studies of the go/no-go
paradigm. In addition, the role of the anterior cingulate in
response inhibition has been established in studies of the
suppression of prepotent response tendencies by using
the Stroop effect (e.g., reference 94). We have recently pro-
vided more direct evidence for the role of the prefrontal
circuit in response inhibition in drug addiction (95). We
examined the association between Stroop interference
and relative glucose metabolism in selected prefrontal
brain regions in cocaine-addicted subjects, alcoholic sub-
jects, and comparison subjects. The results revealed that
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for the cocaine-addicted subjects and alcoholic subjects,
higher levels of orbitofrontal cortex metabolism at base-
line was associated with lower conflict (higher Stroop
interference score), while for the comparison subjects,
higher orbitofrontal cortex metabolism was associated
with higher conflict (lower Stroop interference score), sug-
gesting a change in the role of the orbitofrontal cortex as a
function of addiction.

Expectation

Supporting the role of the frontal cortex in expectation is
an fMRI study that demonstrated distinct brain regions
and different response characteristics in anticipation of
pain versus the experience of pain, with the former activa-
ting more anterior regions (including the anterior medial
frontal cortex) than the latter (46). Activation of the orbito-
frontal cortex has also been associated with expectation in
several PET studies, including expectation in tasks of visual
attention (96) and in tasks involving a shock (97, 98).

Dysthymia

Finally, an association between depression and prefron-
tal abnormalities has been demonstrated in neuroimaging
studies conducted in depressed patients, with suggested
disruptions of frontostriatal (99) and corticolimbic (100)
networks. Results of these studies revealed resting abnor-
malities in the dorsolateral, ventrolateral, and medial as-
pects of the prefrontal cortex and the anterior cingulate,
blunted responses in the anterior cingulate and medial
prefrontal cortex to behavioral and pharmacological chal-
lenges, and abnormalities localized to the orbitofrontal
cortex (100, 101). Lower activity in the striatum of de-
pressed patients in the resting state and in response to a
reaction-time task and feedback have also been reported
(102, 103).

Summary

The imaging studies reviewed here provide evidence for
the involvement of the frontal cortex in the various as-
pects of drug addiction, including reinforcing responses to
drugs during intoxication, activation during craving, and
deactivation during withdrawal. The involvement of the
frontal cortex throughout these cyclical stages of addic-
tion is likely to play an important role in the cognitive be-
havioral and emotional changes that perpetuate drug self-
administration and that are highlighted in the I-RISA syn-
drome of drug addition.

Future investigations should target the interplay be-
tween impaired salience attribution and response inhibi-
tion and their possible causal or predisposing effects to-
ward developing drug addition.
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