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Abstract
Similar to patients with ventromedial prefrontal cortex (VMPC) lesions, substance abusers show
altered decision-making, characterized by a tendency to choose the immediate reward, at the expense
of negative future consequences. The somatic-marker model proposes that decision-making depends
on neural substrates that regulate homeostasis, emotion and feeling. According to this model, there
should be a link between alterations in processing emotions in substance abusers, and their
impairments in decision-making. A growing evidence from neuroscientific studies indicate that core
aspects of addiction may be explained in terms of abnormal emotional/homeostatic guidance of
decision-making. Behavioural studies have revealed emotional processing and decision-making
deficits in substance abusers. Neuroimaging studies have shown that altered decision-making in
addiction is associated with abnormal functioning of a distributed neural network critical for the
processing of emotional information, and the experience of “craving”, including the VMPC, the
amygdala, the striatum, the anterior cingulate cortex, and the insular/somato-sensory cortices, as well
as non-specific neurotransmitter systems that modulate activities of neural processes involved in
decision-making. The aim of this paper is to review this growing evidence, and to examine the extent
of which these studies support a somatic-marker theory of addiction. We conclude that there are at
least two underlying types of dysfunctions where emotional signals (somatic-markers) turns in favor
of immediate outcomes in addiction: (1) a hyperactivity in the amygdala or impulsive system, which
exaggerates the rewarding impact of available incentives, and (2) hypoactivity in the prefrontal cortex
or reflective system, which forecasts the long-term consequences of a given action.
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1. Introduction
Various models have been applied to the phenomenon of compulsive drug use, but in so far as
they are rooted in neuropsychology, compulsive drug use can be described as a condition
associated with dysfunctional brain mechanisms that subserve the ability to make decisions.
Thus the decision-making capacity of drug abusers is seen as similar to that of patients with
mesial orbitofrontal/ventromedial prefrontal cortex lesions (VMPC) characterized by marked
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obliviousness to the long term consequences of their decisions, and failure to learn from
repeated mistakes. Such patients tend to preserve normal intelligence, memory and other
complex cognitive functions, but their ability to experience and express emotions normally,
and their social behaviour, undergo marked changes. These patients begin to make choices that
often lead to financial losses, loss in social standing, and even loss of family and friends. By
comparing the cognitive and behavioural profiles of VMPC lesion patients and those of
individuals with substance abuse or dependence problems, an argument has been made that
individuals with drug abuse or dependence problems are afflicted with a decision-making
impairment reminiscent of that of VMPC patients, such that when confronted with a decision
that involves a conflict between an immediate reward but a long term negative consequence,
these patients tend to choose the immediate reward, at the expense of severe negative future
consequences. Thus individuals with substance abuse or dependence problems share with
VMPC patients a certain degree of “myopia” for the future. Furthermore, like VMPC patients,
these individuals seem unaware that they have a problem; they tend to deny it, minimize it, or
have a hard time explaining their behavior (Verdejo-García and Pérez-García, 2008).

The aim in this article is to apply a “somatic marker” model of addiction to explain the “myopia
for the future” manifested in the behavioural decisions of many individuals with a history of
chronic drug use. We will first outline the neural framework of the somatic marker model and
the scientific evidence that support its validity. Second, we will review the neuropsychological,
pharmacological, structural and functional imaging studies on drug addiction, and we will
illustrate how the wide range of findings from such studies can be understood in terms of the
proposed model of addiction.

2. A somatic marker model of drug addiction
2.1. Overview

The somatic marker framework originally proposed by Damasio (1994) provides a systems-
level neuroanatomical and cognitive framework for decision-making, and for choosing
according to long-term outcomes rather than short-term ones. The term “somatic” refers to the
collection of body- and brain-related responses that are hallmarks of affective and emotional
responses. Somatic markers are a special instance of feelings generated from emotions and
feelings that have been connected by learning to anticipated future outcomes of certain
scenarios. When a negative somatic marker is juxtaposed to a particular future outcome the
combination functions as an alarm bell. When a positive somatic marker is juxtaposed instead,
it becomes a beacon of incentive. This is the essence of the Somatic Marker Hypothesis
(Damasio, 1994).

We attribute drug users’ difficulty to make advantageous decisions in real-life to a defect in
the neural circuitry that subserves the action of this affective/emotional mechanism (somatic
markers). More specifically, the conflict of whether to decide to take a drug or not is resolved
when somatic signals triggered by either the impulsive neural system, in which the amygdala
is a key structure, or the reflective neural system, in which the mesial orbitofrontal/VMPC is
a key structure, prevail. The amygdala detects or recognizes the environmental features that
are potential sources of immediate pleasures, or satisfaction of homeostatic needs, such as an
immediate stress or withdrawal relief (Koob and Le Moal, 2005; Sinha and Li, 2008). In turn,
this triggers responses in other brain areas that may become translated into feelings of desire,
anticipation, and urges to seek the drug right at that moment. It is important to note that the
operation of the reflective system, in which the VMPC is a key structure, is dependent on the
integrity of two sets of neural systems: one is critical for working memory and its executive
processes (inhibition, planning, cognitive flexibility), in which the DLPFC is a critical neural
substrate. The other system is critical for processing emotions, in which the insular cortex, and
the posterior cingulate (precuneate area) are key structures (Bechara and Van der Linden,
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2005). The VMPC serves the role of coupling these two systems together. Damage or
dysfunction of either of these systems, including the DLPFC, can indirectly alter the normal
function of the VMPC, and thus impair the normal operation of the reflective system. In prior
studies, we have shown that impaired working memory and other executive functions in
substance abusers can also lead to poor decision-making capacity, which is known to primarily
depend on the integrity of the VMPC (Bechara and Martin, 2004; Verdejo-García and Pérez-
García, 2007a, b). However, it is important to note that the relationship between decision-
making and working memory (and its executive processes) is asymmetrical in nature, i.e., poor
decision-making, linked to the VMPC, can occur independent of any working memory deficits;
however, poor working memory compromises decision-making (Bechara and Van der Linden,
2005).

Thus during the process of pondering decisions, the immediate and future prospects of an option
may trigger numerous affective/emotional (somatic) signals that conflict with each other.
However, at the end of the process, an overall positive or negative signal emerges. The
mechanism that determines the valence of this dominant signal has been suggested to be
consistent with the principles of natural selection (Bechara, 2005; Paulus, 2007). In other
words, stronger signals gain selective advantage over weaker ones until a winner takes all, and
an overall, more dominant, pattern of affective signaling emerges, which then can act on
appropriate neural systems to modulate feeling, cognition and the behavioral decision as to
whether to seek the drug or not. There are at least two underlying types of dysfunctions where
this overall signal turns in favor of immediate outcomes: (1) a hyperactivity in the amygdala
or impulsive system, which exaggerates the rewarding impact of available incentives, and (2)
hypoactivity in the prefrontal cortex or reflective system, which forecasts the long term
consequences of a given action. Individuals with substance dependence may be afflicted with
either one or both of these dysfunctions.

2.2. Induction of Somatic States: Role of the Amygdala, Insula, and Prefrontal Cortex
Somatic states can be induced from (1) primary inducers, and (2) secondary inducers. Primary
inducers are innate or learned stimuli that induce pleasurable or aversive (somatic) states
automatically and obligatorily. The actual encounter of a drug by a drug user is an example of
primary inducers. We have argued that the amygdala is a critical substrate in the neural system
necessary for triggering somatic states from primary inducers. This somatic state is evoked via
effector structures such as the hypothalamus and autonomic brainstem nuclei that produce
changes in internal milieu and visceral structures along with other effector structures such as
the ventral striatum (which includes the nucleus accumbens), periacqueductal gray (PAG), and
other brainstem nuclei, which produce changes in facial expression and specific approach or
withdrawal behaviors (Bechara et al., 2003). A recent event-related fMRI study has shown that
cocaine abusers display increased activation of the amygdala and the ventral striatum in
response to “unseen” cocaine images presented outside the attention time-window (roughly
<33 miliseconds) (Childress et al., 2008). This pre-attentive response has been also linked to
amygdala activity in phobics exposed to “unseen” images of the phobic object (Öhman et al.,
2001). Both cases reflect the automaticity of the emotional signals triggered by the amygdala
to content-specific primary inducers.

When a drug user encounters drug cues, affective/emotional (somatic) signals triggered by
these cues may remain unconscious, or they may become subjectively experienced as a feeling
of desire, anticipation, or urge to take the drug. It has been suggested that the insula plays a
key role in translating the raw physiological signals that are the hallmark of a somatic state
into what one subjectively experiences as a feeling (Damasio, 1994; Craig, 2002). However,
additional neural regions have also been suggested to be important for this process, and this
includes the adjacent somatosensory cortices (referred to as S2 and S1), as well as the cingulate
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cortex, and specifically the posterior cingulate (or precuneate region) (Damasio, 1994). This
same neural system is also important for the development of somatic state patterns that may
be evoked at a future time when recalling a previous emotional experience. In other words,
after a somatic state has been triggered by a primary inducer and experienced at least once, a
pattern for this somatic state is formed. The subsequent presentation of a stimulus that evokes
memories about a specific primary inducer will then operate as a secondary inducer. Secondary
inducers are presumed to re-activate the pattern of somatic state belonging to a specific primary
inducer. For example, recalling or imagining the experience of a drug re-activates the pattern
of somatic state belonging to the actual previous encounter of that drug. This notion has been
elaborated in the I-RISA model of addiction (Goldstein and Volkow, 2002), which posits that
the enactment of secondary inducers activates the orbitofrontal and cingulate cortices
producing an increase of the craving sensation and possibly a decrease in inhibitory control.
However, the somatic state generated by the recall or imagination of using a drug (secondary
inducer) is usually fainter than one triggered by an actual use of that drug (primary inducer).

Provided that somatic state representations in the insula (and related somatosensing cortices)
develop normally, triggering somatic states from secondary inducers becomes dependent on
cortical circuitry in which the mesial orbitofrontal/ventromedial prefrontal cortex (or what we
define here as the VMPC) plays a critical role. While in primary induction the amygdala couples
sensory features of the environmental cues to effector structures involved in the triggering of
somatic states, in secondary induction the VMPC couples (1) recalled or imagined scenarios
supported by neural systems important for memory, such as the DLPC (for working memory)
and the hippocampus, to (2) neural systems involved in the representations of somatic states,
such as the insula, somatosensory cortices, and posterior cingulate/precuneate region. Thus
secondary inducers are entities generated by “thoughts” and “memories” of the primary
inducer. This process is more reflective and focuses more on affective/emotional responses
associated with anticipated outcomes (i.e., the reflective system) (Bechara, 2005). The recall
or imagination of a drug experience, or reflecting on the awful feeling of hang over and drug
withdrawal, are all examples of secondary inducers. There is growing evidence that the VMPC
becomes dysfunctional in chronic drug users (Franklin et al., 2002; Matochik et al., 2003;
Volkow et al., 2003). Moreover, functional neuroimaging studies have demonstrated
prominent VMPC activation when drug users are exposed to drug-related cues (Wang et al.,
1999), or when they undergo pharmacological challenges that mimic the effect of the drug of
choice (Adinoff et al., 2001). These results establish a link between chronic drug use and VMPC
function, which is known to be critical for making decisions that are advantageous in the long
term.

In light of more recent evidence showing that strokes that damage the insula tend to literally
wipe out the urge to smoke in individuals previously addicted to cigarette smoking (Naqvi et
al., 2007), we may have to refine the specific role played by the insula in addiction.
Anatomically, the insula is well connected to both the impulsive system (where the amygdala
is a key structure) and the reflective system (where the VMPC is a key structure). However,
as indicated earlier, the insula, and especially the anterior insula, is also anatomically organized
in such a way that it receives signals from the entire viscera (i.e., the body proper). Thus
incentive stimuli (e.g., drug cues) can generate motivation in the individual and instigate
approach responses in relation to themselves through the “impulsive system”. However,
internal factors associated with deprivation states (such as withdrawal) are viewed as a “gate”
that determines how effective the incentive input is in exciting the motivational circuits related
to the impulsive system. This view regarding the importance of these homeostatic states in
addiction has begun to draw attention (e.g., see [Paulus, 2007] for a review). This process
appears to depend on the insula. Feedback loops arising from the body, reflecting the status of
the viscera and homeostasis, and mediated through the insula, will adjust the strengths of
activities within the impulsive and reflective systems, thereby sensitizing the impulsive system,
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and potentially over-riding the inhibitory control of the reflective system. An additional
possibility is that increased insula signaling may “hijack” the function of the reflective system,
in such a way that it forces it to formulate plans for action to seek and procure drugs in order
to satisfy urgent body needs (e.g., see [Contreras et al., 2007]), instead of forecasting the
negative consequences of such actions, and controlling the impulsive system.

2.3. Operation of Somatic States: Role of the Striatum, Anterior Cingulate, and
Supplementary Motor Area

During the pondering of a decision, somatic states are triggered by primary (drug cues) or
secondary inducers (thoughts about drugs and potential negative consequences associated with
drug use) (See Figure 1, a and b). Once induced, they participate in at least two important
functions (see Figure 1, c):

(i) Feeling the somatic state—From several recent studies, the insular cortex has emerged
as a key neural substrate involved in translating the raw physiological signals associated with
an emotion into what becomes a subjectively experienced as a feeling (Craig, 2002; Damasio,
1994). This can include the subjective feeling that accompanies drug use (not action related),
or perhaps what has been referred to as the “liking” effect of drug use (Berridge and Robinson,
1995), and also the subjective feeling associated with the action of seeking, obtaining, and
consuming the drug, i.e., the feeling of an urge or desire for the drug; or what has been referred
to as the “wanting” effect of drug use (Berridge and Robinson, 1995). Although the insula may
be a necessary structure for translating visceral signals into a subjective feeling, evidence
suggests that it may not be the only structure that mediates this function. For instance, studies
on the subjective experience of pain has shown that in addition to the insular and adjacent
somatosensory cortices, the discomfort and the desire to avoid the pain, so called “pain affect”,
was also attributed to the supracallosal sector of the anterior cingulate (Rainville et al., 1997).
Similarly, studies have revealed changes in activity in the insular and somatosensory cortices
in association with the “high”, or euphoric experience of acute doses of opiate and stimulant
drugs (Breiter et al., 1997; Risinger et al., 2005; Langleben et al., 2008; Sell et al., 2000).
Furthermore, human lesion studies suggested that damage to the insula can drastically interrupt
addiction to cigarette smoking, presumably by wiping out the feeling of the urge to smoke
(Naqvi et al., 2007). However, other studies using functional neuroimaging have shown that
the anterior cingulate is also important for the feeling associated with drug craving (Childress
et al., 1999; Daglish et al., 2001, 2003). Although the anterior cingulate may compliment the
insula in generating subjective feelings, it is important to note that the anterior sector of the
cingulate (as opposed to its posterior and retrosplenial sectors) is anatomically in close
proximity to the Supplementary Motor Area (SMA). Furthermore, a wide range of functional
neuroimaging studies has linked this anterior cingulate region to conflict monitoring and motor
response selection (Botvinick et al., 1999; Kerns et al., 2004; Pardo et al., 1990). Given that
craving is a feeling connected with the action of seeking, obtaining, and consuming the drug
(i.e., wanting), the question arises as to whether the anterior cingulate is related to the feeling
associated with craving, or perhaps to the tendency to act on that feeling, i.e., to select response
options and generate plans for action and behaviour.

(ii) Biasing behavioural decisions—In order for somatic signals to influence decisions,
they must act on appropriate neural systems. One target for somatic state action is the striatum.
The striatum has been functionally subdivided into two parts: One is the ventral striatum, and
in connection with the dopamine projection that it receives from the ventral tegmental area
(known as the mesolimbic dopamine projection), this region has strongly been implicated in
the motivation and drive associated with the seeking of drug reward (Robinson and Berridge,
1993, 2003). The other is the dorsal striatum, which has strongly been linked to habits and
learning of implicit actions, which are all characteristics of the phenomenon of addiction
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(Everitt and Robbins, 2005). Evidence suggests that in the striatum, the operation of somatic
states is implicit, i.e., the subject learns to select a correct response, but without awareness of
whether the response is correct. Using “the weather forecast task,” Knowlton et al., 1996)
showed that normal and amnesic subjects implicitly learned to predict the weather without
awareness of the complex rules governing performance of the task. The behavioral guidance
that occurred without awareness of the rules of the task was absent in subjects with Parkinson
disease (PD), who did poorly on this task. These findings have been further replicated in PD
using different implicit learning tasks (Perretta et al., 2005; Wilkinson and Jahanshahi, 2007).
In addition, patients whose brain damage involves both medial temporal lobes, a portion of the
orbital prefrontal cortex and the anterior cingulate, but spare the striatum/basal ganglia
completely, demonstrated covert, but not overt, learning of affective valences (Tranel and
Damasio, 1993). These studies suggest that the striatum is both necessary (Knowlton et al.,
1996) and sufficient (Tranel and Damasio, 1993) to modify behavior through the influence of
somatic states at a covert (implicit) level. This supports the notion that this region plays a role
in “knowledge without awareness”. This is consistent with several investigations that suggested
that the amygdala-ventral striatum system is important for drug stimulus-reward (incentive)
learning (Knowlton et al., 1996; White, 1996), and the control of drug-related cues over
behaviour (Cador et al., 1989; Knowlton et al., 1996). Consistent with this notion, a recent
fMRI experiment showed prominent amygdala, ventral striatum and ventral pallidum
activation to cocaine images presented at an implicit level in cocaine dependent individuals.
Furthermore, the degree of amygdala and ventral pallidum activation significantly predicted
“off-scanner” conscious emotional evaluation of these same images.

Other relevant target structure for somatic state action on behaviour is the supracallosal sector
of the anterior cingulate, and adjacent supplementary motor area (SMA). In the supracallosal
sector of the anterior cingulate, and perhaps the adjacent supplementary motor area (SMA),
the biasing mechanism of response selection is conscious or explicit, i.e., there is “action with
awareness of what is right or wrong”; the decisions are “voluntary” or “willful”, and guided
by knowledge, awareness, and premeditation. Evidence shows that the anterior cingulate and
adjacent regions (i.e., SMA) play a role in the implementation of “voluntary” or “willful”
decisions; decisions that are guided by “knowledge with awareness”, or in response selection
when a wide range of novel choices is required, and when the response selection is driven by
conscious/explicit knowledge (Bechara and Damasio, 2005). This conceptualization is
consistent with the studies on drug abuse. Indeed, a number of studies have indicated that these
areas are often involved in the experience of craving, which is related to the action of seeking
the drug (Childress et al., 1999; Daglish et al., 2001).

There are other neural sites where ascending somatic signals exert influence on cognition. At
the level of the lateral orbitofrontal and dorsolateral prefrontal region, the biasing mechanism
of somatic states is explicit, but it is at the level of “thought” or “memory”, and not behavioral
action. In other words, as one is deliberating on several options and scenarios held in their
working memory, the biasing effect of somatic states is to endorse some options and reject
other ones, before any of these options are translated into actions.

2.4. The biological nature of somatic markers: Role of neurotransmitter systems
Although the Damasio view has insinuated that different emotions and bodily states (or somatic
states) are characterized by a unique signature of visceral responses (see (Rainville et al.,
2006 for an example), the fact remains that the preponderance of evidence do not seem to
support this depiction (e.g., see Cacioppo et al., 1993, 2000 for reviews). However, the
cumulative evidence suggesting that there are no physiological response profiles that
differentiate discrete emotions is not necessarily fatal to the concept of the somatic marker
hypothesis, as interoception from visceral responses is still likely to be playing a role (see the
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discussion of the somatovisceral afference model of emotion – SAME – which was first
proposed in 1992 to explain precisely how the undifferentiated visceral responses might
produce immediate, discrete, and indubitable emotions (Cacioppo et al., 1993, 2000). Thus
somatic markers can be viewed as becoming differentiated at the level of the central nervous
system, and not necessarily in the periphery, although peripheral visceral input still plays a key
role.

Once somatic states from primary and/or secondary inducers are induced in the body, a large
number of channels convey body information to the central nervous system (e.g., spinal cord
and vagus nerve). Evidence suggests that the vagal route is especially critical for relaying
somatic signals to the brain (Martin et al., 2004). Although research in this area is still in
progress, early evidence suggests that the biasing action of somatic states on behavior and
cognition is mediated by the release of neurotransmitters. Indeed, the cell bodies of the
neurotransmitter dopamine (DA), serotonin (5-HT), noreadrenaline (NA), and acetylcholine
(Ach) are located in the brainstem; the axon terminals of these neurotransmitter neurons
synapse on cells and/or terminals all over the cortex (Blessing, 1997). When somatic state
signals are transmitted to the cell bodies of dopamine neurons, for example, the signalling
influences the pattern of dopamine release at the terminals, such as in the nucleus accumbens
or other regions. In turn, changes in dopamine release will modulate synaptic activities of
neurons subserving behaviour and cognition within the reflective system. This chain of neural
mechanisms provides a way for somatic states to exert a biasing effect on decisions (see
Nieuwenhuis et al., 2004). Thus somatic markers do not cause behaviours or decisions; they
only modulate and bias the mechanisms that support these functions. In other words, decisions
can still be made in the complete absence of somatic states, except that the decisions are likely
to be disadvantageous, and driven primarily by what the impulsive system is in favour.

The suggestion that changes in neurotransmitter levels can influence decisions is supported by
several findings. A dietary reduction of dopamine function has been shown to alter decision-
making performance in a double-blind placebo controlled trial in healthy volunteers (Sevy et
al., 2006). Furthermore, buprenorphine but not methadone has been shown to improve
decision-making in the framework of opioid substitution treatment (Pirastu et al., 2006).
Manipulation of noradrenaline levels has failed to modulate complex decision-making
(O’Carroll and Papps, 2003), whereas reduction of serotonin levels through tryptophan
depletion has yielded mixed results (Rogers et al., 2003; Talbot et al., 2006).

3. Empirical Support for the Somatic Marker Model
The first line of empirical support comes from experiments that examined the decision-making
capacity of individuals with substance dependence problems using laboratory instruments that
measure decision-making, such as the Iowa Gambling Task (IGT). The neural circuitry that is
critical for processing emotions (or somatic state activation) overlap considerably with that
subserving decision-making, as measured by complex laboratory decision-making tasks, such
as the IGT. In other words, performance on this task is impaired by damage to various key
structures that make up somatic marker circuitry. Alternatively, performance of this task
activates neural components of the somatic marker circuitry in functional neuroimaging
studies. In a PET activation study, which examined patterns of brain activation during IGT
performance in healthy participants (Ernst et al., 2002), the authors observed that decision-
making was associated with increased activation in the VMPC, anterior cingulate, parietal/
insular cortices and the amygdala, predominantly on the right side. Later imaging studies have
confirmed and extended these findings, and implicated additional neural regions, e.g., the
striatum (Verney et al., 2003), and the nucleus accumbens (Mathews et al., 2004), in processes
that are critical for decision-making.
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In substance dependent individuals (SDI), Bolla et al. (2003) used oxygen labelled PET to
examine brain activation in 25-day abstinent cocaine dependent patients while performing the
Iowa Gambling Task (IGT). Group analyses showed increased activation during IGT
performance in the right orbitofrontal cortex, and less activation in the left dorsolateral cortex
of cocaine patients, with regard to healthy subjects. Activation of the orbitofrontal cortex was
directly correlated with better performance on both groups, and negatively correlated with
amount of cocaine used in the patient group. In another study, Ersche et al. (2005) tested current
opiate and amphetamine users and ex-users in the Cambridge Gamble task. SDI and matched
healthy comparison participants were subjected to oxygen labelled PET while performing this
decision-making task. Results revealed that drug abusers performing the risk task showed
increased activation of the left orbitofrontal cortex and decreased activation of the right
dorsolateral cortex (identical localization but reversed lateralization with respect to the results
of the Bolla et al. study). No significant differences were found between the current users
consuming pharmacologically different components (amphetamine vs. opiates). A more recent
study scanned three different groups including polydrug abusers with pathological gambling,
polydrug abusers without pathological gambling and healthy controls while performing a fMRI
version of the IGT (Tanabe et al., 2007). Results were broadly consistent with the somatic
marker framework; both groups of drug abusers showed reduced task related activation in the
VMPC, the key structure to trigger somatic states associated with long-term prospects, when
compared to controls. In addition, only non-gambling drug abusers had reduced superior frontal
and frontal pole activation in comparison with gambling drug users and controls. This finding
was supported by behavioral results, where both gamblers and controls outperformed drug
abusers for the IGT learning curve.

Other studies have examined patterns of brain regional activation in abstinent
methamphetamine abusers and young stimulant recreational users using a two-choice
prediction task (Paulus et al., 2002, 2003, 2007). This task also taps into decision-making
function under conditions of uncertainty, by requiring the prediction of an uncertain outcome,
which can be predicted correctly (success) or incorrectly (failure). However, unlike the IGT
or Cambridge Gamble tasks, this task does not involve incentive evaluation of rewards and
punishments. Overall, the behavioural results of these studies demonstrated a more rigid
stimulus driven decision-making pattern in the methamphetamine group, as opposed to a more
outcome driven pattern in the healthy participants. Imaging patterns in methamphetamine
individuals while performing the two-choice prediction task showed decreased activation of
the orbitofrontal, dorsolateral, insular and inferior parietal cortices; orbitofrontal activation was
inversely correlated with duration of methamphetamine use (Paulus et al., 2003). This
decreased activation was particularly observed in low error-rate phases of the task (i.e., when
the subjects successfully predicted the correct outcomes). Interestingly, the patterns of brain
activation during this task were strong predictors of amphetamine relapse in a 1-year follow-
up study (Paulus et al., 2005). In a later study that tested young stimulant recreational users
employing the same task, results showed that these users were less able to flexibly modify their
choice pattern in response to the frequency of errors, which was related to the degree of insular
activation (Paulus et al., 2007).

Consistent with the somatic-marker model, we predict that addiction is a condition in which
(1) the reflective system becomes weakened, and the triggering of somatic states is altered;
this can arise from dysfunctions in any of the neural components of the reflective system,
including working memory and its related executive processes (i.e., the DLPFC and also the
ventrolateral region of the prefrontal cortex and extending inferiorly into the lateral region of
the orbitofrontal cortex), the emotional systems responsible for holding representations of
somatic states (e.g., posterior cingulate, insula and somatosensory cortices), or the VMPC
region, which couples the two systems together (in the VMPC region we are including the
mesial orbitofrontal region); (2) the impulsive system becomes sensitized; this can arise from
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over-activity in the amygdala system, which ultimately translates into increased activity of the
dopamine system, and specifically the mesolimbic dopamine projections to the nucleus
accumbens/ventral striatum; or (3) a combination of the two conditions. As indicated earlier,
in light of more recent evidence showing that strokes involving the insula are associated with
increased likelihood of wiping out the urge to smoke (Naqvi et al, 2007), sensitization of the
impulsive system may be mediated by the insula, where internal factors associated with
deprivation states (such as withdrawal) are translated into urges, and adjustment in the relative
strengths of the impulsive and reflective systems.

In the remaining sections we will review the evidence that examined various aspects of the
addictive syndrome and we will highlight how the results from such a variety of studies fit and
support the predictions made by the somatic marker model of addiction.

3.1. Behavioural and Physiological Studies
If decision-making is a process guided by emotions (Bechara, 2004; Damasio, 1994), then there
should be a link between abnormalities in expressing emotions and experiencing feelings in
substance dependent individuals (SDI) on the one hand, and impairments in decision-making
on the other hand.

The most frequently used paradigm to assess decision-making is the Iowa Gambling Task
(IGT) (Bechara et al., 2001; Ernst et al., 2003; Grant et al., 2000; Monterosso et al., 2001;
Petry et al., 1998), which was initially developed to investigate the decision-making defects
of neurological patients with VMPC damage, and to provide empirical support for the somatic-
marker hypothesis. This task factors a number of aspects: immediate rewards and delayed
punishments, risk, and uncertainty of outcomes (Bechara, 2003). The task has been described
in detail elsewhere (Bechara et al., 1994, 2000); briefly, in this task, the participants have to
choose between decks of cards that yield high immediate gain but larger future loss (long-term
disadvantageous decks), and decks that yield lower immediate gain but a smaller future loss
(long-term advantageous decks). A number of studies that used this paradigm have shown
impairments in decision-making performance among alcohol, cannabis, cocaine, opioids,
MDMA and methamphetamines abusers (Bechara et al., 2001; Fein et al., 2004; Grant et al.,
2000; Hanson et al., 2008; Quednow et al., 2007; Verdejo-García et al., 2007a,b; Whitlow et
al., 2004). Decision-making deficits have also been reported in populations who are at high
risk for drug abuse, such as drug-naive individuals with higher familiar density of alcohol abuse
(Fein and Chang, 2008; Lovallo et al., 2006), adolescents with externalizing behaviour
disorders (Ernst et al., 2003), or adolescent binge drinkers (Johnson et al., 2008; Goudriaan et
al., 2007). Interestingly, impaired decision-making has been observed also in individuals with
Antisocial Personality Disorder (APD) (Mazas et al., 2000; van Honk et al., 2002), a psychiatric
disorder that is robustly associated with substance dependence, and which involves severe
disturbances in emotion processing (Blair and Utah, 2000); and pathological gambling, a form
of behavioral addiction where the neurotoxic effects of drugs are minimized (Goudriaan et al.,
2006).

Additional evidence for impaired decision-making in SDI stems from studies that used different
decision-making paradigms, including tasks of delay discounting (Kirby et al., 1999;
Monterosso et al., 2001), tasks that involve betting, such as the Cambridge Gamble task (Rogers
et al., 1999), and probabilistic choice tasks (Heiman and Dunn, 2002; Paulus et al., 2002,
2003). Although the behavioural results from these studies reveal evidence for impaired
decision-making among SDI, they do not necessarily link poor decision-making capacity to
any abnormality in emotional processing. However, other psychophysiological studies have
attributed these decision-making impairments to defective processing of affective/emotional
signals (or somatic markers) (Bechara et al., 1997; Crone et al., 2004). Furthermore, cognitive
modelling analyses (Stout et al., 2004, 2005) strongly support the notion that affective/
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emotional factors associated with the processing of reward and punishment play a significant
role in the decision-making performance of SDI on the IGT.

More specifically, in a series of studies using the IGT, the performance of SDI was compared
to that of patients with damage to the VMPC (Bechara and Damasio, 2002; Bechara et al.,
2002). These studies also included physiological measures of autonomic activity before and
after making a choice in the IGT. The physiological responses triggered after making the choice
and seeing the outcome (i.e., gain or loss of a certain amount of money) were called (i) reward/
punishment responses; and those generated before making the choice were called (ii)
anticipatory response, i.e., responses triggered during the time the participant was pondering
from which deck to chose. Good performance in the IGT has been shown to be linked to the
development of these anticipatory emotional responses, which in this case were changes in the
skin conductance response (SCR), especially before selecting cards from the disadvantageous
decks (A and B). It was suggested that these anticipatory emotional responses help guide
decision-making away from disadvantageous choices (i.e., avoid decks A and B, and choose
from decks C and D) (Bechara et al., 1997). In a study that used the IGT to measure behavioural
decisions, and the skin conductance response to measure anticipatory and reward/punishment
responses in SDI, the behavioural and physiological results revealed that there were at least
two different subgroups within this SDI population (Bechara and Damasio, 2002). One
subgroup of SDI (a minority of the sample) showed a behavioural profile similar to that of
healthy participants, i.e., they selected more cards from the advantageous decks. They also
showed a physiological profile similar to healthy participants, in that they began to trigger
anticipatory SCRs before selecting cards from the bad decks. By contrast, another subgroup
of SDI (a majority of the sample) exhibited behavioural and physiological profiles that were
different from healthy participants, and more similar to patients with VMPC damage, i.e., they
chose disadvantageously on the task, and they failed to acquire anticipatory SCRs.

In a subsequent study, a variant version of the IGT was used, in which they reversed the order
of reward and punishment contingencies, so that the advantageous decks yielded high
immediate punishment but even higher future reward, and the disadvantageous decks had lower
immediate punishment, but even lower long-term reward (Bechara et al., 2002). The
combination of the behavioral results from the original and variant tasks, in conjunction with
physiological responses recorded during the performance of both tasks, helped discriminate
between two other sub-groups: those who were hypersensitive to immediate reward and those
who were insensitive to long-term consequences. In this way, they identified three sub-
populations of SDI: one small sub-population of SDI that was indistinguishable from healthy
participants, a second small subpopulation that was indistinguishable from VMPC lesion
patients, and a third larger sub-population of SDI that was different from the other two; these
SDI exhibited signs of hypersensitivity to reward, as evidenced by impaired performance on
the original IGT, normal performance on the variant version, and abnormally high reward SCR
in both tasks. Interestingly, these subpopulations did not differ in terms of basic
neuropsychological abilities or clinical characteristics such as severity of drug use. A
subsequent study has replicated this pattern of behavioral and physiological response using the
Cambridge Gamble Task paradigm (Fishbein et al., 2005) that was designed to isolate different
components of the IGT (see Clark and Robbins, 2002). In this study, polydrug users selected
more risky choices in the high-risk conditions of the task, and failed to generate increased SCR
responses when making riskier decisions with regard to healthy participants. Similar results
have been obtained in a sample of pathological gamblers with negligible exposure to alcohol
and drugs (Goudriaan et al., 2006).

It is important to note here that the problem in one of the subpopulations of SDI is not apparently
linked to a primary dysfunction in the VMPC (or reflective) system itself, but rather an
overactivity in the impulsive system, thereby exaggerating the incentive impact of reward
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stimuli. This deficit is still consistent with the proposed somatic marker model of addiction,
except that the deficit is related to a different part of the neuronal circuitry. The one surprising
finding is that one subpopulation of SDI seemed normal and did not exhibit any signs of
“somatic marker” deficits. As a result, one argument can be made that the proposed somatic
marker model does not explain all instances of addiction. We argue that the somatic marker
model should explain all instances of addiction, except that this particular subgroup should not
be considered as true addicts, although they meet the DSM-IV diagnostic criteria for drug
dependence. We have suggested the use of the term “functional addicts” since this particular
subgroup seem functional in their real-life (Bechara et al., 2002). Nonetheless, further research
should be conducted to investigate if the emotional/decision-making profile of this subgroups
is associated with better prognosis of their dependence problems.

Importantly, decision-making deficits are strong predictors of clinical outcome and relapse in
addiction. Recent studies in alcohol and opiate users have demonstrated that poor performance
on the IGT and the Cambridge Gamble Task predicts treatment retention and the probability
of relapse (Bowden-Jones et al., 2005; Passetti et al., 2008). In addition, imaging studies have
revealed that patterns of brain activation within the neural substrates of the somatic marker
model can prospectively predict drug use relapse as far as one year after cessation of drug use
(Grüsser et al., 2004; Paulus et al., 2005).

There are relatively few studies that examined emotional perception and experience, and its
relationship to decision-making, in SDI. Most studies on emotional perception have focused
on analyzing possible alterations in the processing of emotional facial expressions in long-term
substance abusers, which seem to vary depending on drug of choice (Hoshi et al., 2004;
Kemmis et al., 2007; Kornreich et al., 2001, 2003). Cocaine abusers have particular difficulties
in recognizing emotional expressions of fear (Kemmis et al., 2007; Verdejo-García et al.,
2007). In the first study, recently abstinent regular cocaine users had lower recognition hits for
expressions of fear than occasional cocaine users and healthy controls. In the latter study,
cocaine polysubstance users abstinent for at least four months had lower recognition hits for
expressions of fear, surprise, and the global recognition score (including all emotions).
Furthermore, the fear recognition and global scores were positively correlated with decision-
making performance in the IGT, supporting the link between emotion processing and decision-
making. In alcoholics, several studies have revealed significant alterations in the processing
of facial expressions, although the range of emotions affected is still controversial. One study
showed that alcohol dependent individuals showed specific impairments for recognizing facial
expressions portraying happiness and anger (Kornreich et al., 2001). These alterations were
characterized as overestimation of the intensity of the emotion displayed. By contrast, other
studies showed that overestimation of the intensity of emotion in facial expressions reported
by alcoholics related mainly to the facial expression of fear (Townshend and Duka, 2003); the
degree of this overestimation correlated with the number of prior detoxifications. In this study,
alcoholics also presented with difficulties in distinguishing between the facial expressions of
anger and disgust. The significant alteration in anger and fear processing among SDI was
supported by a recent fMRI study, where alcoholics showed lower task-related activation in
several regions of the somatic marker neural system, including the subgenual anterior cingulate
cortex (which is included in what we define here as the VMPC region), the insular cortex, the
amygdala, and the striatum, when exposed to angry and fearful facial expressions (Salloum et
al., 2007). Alcohol abusers also have problems in identifying prosody in sentences with
incongruent semantic content, and in matching affective prosody with facial expression
(Uekermann et al., 2005). In opiate users, results have shown a generally slower reaction time
and poorer emotion recognition accuracy (Kornreich et al., 2003; Martin et al., 2006). Other
studies have analyzed the effects of controlled acute doses of different drugs on the perception
of emotions. These studies have shown that acute low doses of alcohol and MDMA can improve
the recognition of emotional facial expressions in current users, although recognition accuracy
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significantly decreased during the following days (Hoshi et al., 2004; Kano et al., 2002).
Detrimental effects of acute drug doses on the recognition of emotions in facial expressions
have also been reported using ketamine (Abel et al., 2003). These results indicate that SDI are
impaired in the recognition of facial expressions portraying different emotions, including fear,
anger, disgust, and happiness. The poorer recognition of facial emotional expressions can affect
SDI’s interpretation of social cues, so that they can be less able to manage and regulate
emotions, and to make decisions and solve problems of an interpersonal or social nature. In
this sense, their poor ability to recognize facial emotional expressions has been attributed to
several aspects of their addictive behaviors, such as diminished empathy, increased levels of
aggression (Hoshi et al., 2004), and a higher frequency of relapse and ensuing alcohol
detoxification (Townshend and Duka, 2003). In particular, poor recognition of fear
expressions, which is thought to depend on the amygdala, can be associated with impaired
conditioning of fear responses to drug related environments, increasing the probability of
relapses.

Finally, very few studies have examined the emotional experience of SDI. The most frequently
used paradigm in the study of the experience of emotions in SDI is the presentation of affective
images that induce emotional states, such as the International Affective Picture System (IAPS).
The IAPS consists of a large set of images classified according to their normative values in
three relevant dimensions: valence (indicating if the emotional response induced is pleasant or
unpleasant), arousal (if the emotional response induced is arousing or relaxing), and control
(if the emotional response induced can/can not be controlled by the subject). Gerra et al.
(2003) used this paradigm to analyze the neuroendocrine response of SDI and healthy
participants to experimentally induced pleasant and unpleasant emotions. Their results showed
that in response to unpleasant images, SDI showed decreased activity in several neuroendocrine
markers, including norepinephrine, cortisol, and adrenocorticotropic hormone levels. Similar
results have been obtained using a different response modality, the subjective affective
response to IAPS images (Aguilar de Arcos et al., 2005). SDI showed a more flattened response
pattern to both pleasant and unpleasant images. SDI scored as less positive the images
considered by normal participants to be very pleasant and arousing. SDI also scored as less
negative the images considered by normal participants to be highly unpleasant and arousing.
A subsquent study used the same IAPS images to examine the emotional experience of current
heroin users enrolled in a clinical trial and using heroin as a prescribed treatment. It was
observed that these current heroin users had even lower arousal response to pleasant affective
images when compared to both abstinent opioid users and healthy individuals (Aguilar de
Arcos et al., 2008). The fact that SDI showed such a flattened emotional response to pleasant
affective images may suggest that they also have a diminished emotional response to natural
reinforcers in general, except for drugs, which begin to exert exaggerated rewarding effects.
This notion is strongly supported by imaging studies on craving in drug addiction, which show
that drug related stimuli are able to strongly activate brain regions involved in emotional
evaluation and reward processing (Garavan et al., 2000; George et al., 2001; Grant et al.,
1996; Kilts et al., 2001, 2004; Wang et al., 1999; Wexler et al., 2001). In contrast, the same
brain regions show blunted activation to other natural reinforcing stimuli such as food or sex
(Garavan et al., 2000). Although these studies are consistent with Somatic Marker Model in
that neural systems supporting affective and emotional processing become altered among SDI,
the proposed model does not really explain the specificity of these alterations. In other words,
the proposed model does not really explain why, for example, the trigger structures for somatic
states begin to exaggerate the reward signals elicited by drug related cues, at the expense of
blunting the reward signals from non-drug related rewards. However, the implications of these
differences are such that somatic states associated with natural reinforcers may not be strong
enough to bias decisions in SDI, while strong somatic states associated with the prospect of
abusing drugs become so powerful to drive decisions towards drug use.
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3.2. Neuroimaging and Neuropharmacological Studies
As mentioned earlier, it has been suggested that the mechanism by which somatic states
influence decision-making is via non-specific neurotransmitter systems (Bechara, 2003;
Bechara and Damasio, 2005; Blessing, 1997). The goal of this section is to review
neuroimaging and neuropharmacological findings that provide support for this notion.

3.2.1. Structural and Functional Neural Abnormalities Associated with
Substance Addiction—Franklin et al. (2002) were the first to use a focal structural analysis
of images from the brain scans of crack-cocaine dependent individuals. They used voxel-based-
morphometry analyses (VBM) from magnetic resonance imaging (MRI) in a sample of cocaine
dependent individuals. They found significant decrements in grey matter concentrations
(ranging from 5% to 11%) in a number of neural regions considered critical for the operations
of the somatic-marker circuit, including the VMPC bilaterally, the anterior insular cortex,
bilaterally, in addition to changes in some temporal cortices, and also in the right anterior
cingulate cortex, which is also a target region in the somatic marker neural circuitry.
Interestingly, these reductions in grey matter volume were not significantly correlated with
measures of severity of drug dependence. Matochik et al. (2003) used VBM analyses to
examine grey and white matter composition of the brains of abstinent cocaine dependent
individuals. However, these authors focused on the analysis of tissue composition in the frontal
lobe, and its main structural subdivisions: dorsolateral, cingulate, and orbitofrontal regions.
Their results showed significant grey matter decrements in the lateral prefrontal cortex,
cingulate gyrus/cortex, and medial and lateral aspects of the orbitofrontal cortex,
predominantly in the right hemisphere. All these findings reflect changes in areas that are
known as critical components of the somatic marker circuitry (Figure 1). This study also failed
to report significant correlations between indices of severity of drug abuse and reductions in
grey matter volume, although the years of cocaine use were associated with lower tissue density
in the inferior white matter adjacent to the frontal cortex. In a later study, Makris et al.
(2004) specifically measured the volume of the amygdala on both sides using segmentation-
based morphometric analysis in cocaine dependent individuals. They found decreased absolute
volume, primarily in the right amygdala (23% volume reductions, although total volume was
also decreased); and absence of laterality asymmetry in the cocaine group. The reduced
volumetric measures of the amygdala were not correlated with measures of drug use severity
or co-morbid psychiatric conditions, and these volume reductions were present in all cocaine
dependent individuals, including those who used the drug for a short time period (1–2 years
of abuse). Furthermore, Fein et al. (2006) showed that long-term abstinent alcoholic patients
who had impaired performance on the IGT also had significant reductions of grey matter in
the amygdala. Alcohol users also have structural abnormalities, and reductions of the left-right
assymetry in the insular cortex (Jung et al., 2007). Interestingly, gray matter density in the
insula and the anterior cingulate cortices differentiated alcohol abstainers vs relapsers in a
follow-up imaging study (Cardenas et al., 2007). Although all these studies reveal structural
abnormalities in neural structures known to be critical for somatic state activation (or
processing emotions), the critical question that remains unanswered, is whether some degree
of dysfunction preceded the substance abuse condition (Glahn et al., 2007), or whether these
abnormalities were the consequences of the abuse of these drugs.

Other studies have focused on white matter microstructure (Bartzokis et al., 1999; Lim et al.,
2002). White matter abnormalities were consistently found in pathways that connect regions
thought to be critical components of the somatic-marker circuit. For instance, Bartzokis et al.
(1999), in a MRI study; they compared male cocaine dependent individuals to healthy
participants. The results revealed age-related, higher incidence of white matter lesions within
the insular cortex of the cocaine group. Using diffusion tensor MRI, Lim et al. (2002) analyzed
the white matter composition of the different subregions of the prefrontal cortex in cocaine
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dependent individuals. Their results also showed altered white matter microstructure in the
inferior frontal regions. These abnormalities seem to reflect disruption of functional
connectivity between the VMPC and a number of paralimbic regions involved in the processing
of emotional/somatic states, such as the insular cortex. These results have been recently
replicated by Lyoo et al. (2004), who found white matter abnormalities in prefrontal and insular
regions in cocaine dependent individuals. A recent study using diffusion tensor imaging have
also demonstrated that cocaine dependent individuals present with white matter abnormalities
in the anterior region of the corpus callosum, and that the severity of these abnormalities
correlate with measures of impulsivity (Moeller et al., 2005). It is important to note that deficits
in impulse control are often observed in both SDI and neurological patients with lesions in
target regions of the somatic-marker circuit, and that these problems in impulse control may
contribute to their poor decision-making abilities. Therefore, future studies should investigate
the relationship between structural abnormalities and behavioural domains associated with
decision-making in SDI. Another important question to be addressed in future studies is to
conduct longitudinal studies to determine whether underlying brain alterations in decision-
making and impulse control are pre-existing characteristics, or perhaps they are a consequence
of drug abuse.

Alterations in neural regions that represent critical components of the somatic-marker circuit
have also been shown in functional imaging studies, such as functional abnormalities in the
frontal, parietal, and subcortical (including paralimbic) regions of the brains of SDI. Chang et
al. (2002), using perfusion MRI, analyzed the regional cerebral blood flow of long-term
abstinent methamphetamine dependent individuals. Their results showed decreased regional
CBF in the insular cortices and inferior frontal regions, bilaterally, and in the right lateral
parietal region. Nonetheless, methamphetamine dependent individuals showed increased
regional CBF in the occipital, and right dorsal/posterior parietal regions. This pattern of
alterations in functional activity was attenuated in the female methamphetamine abusers,
relative to male drug abusers. The authors interpreted this finding as reflecting a
neuroprotective effect of estrogens, in females, on the potential neurotoxic action of
methamphetamine. Volkow et al. (2001) also demonstrated higher cortical (mainly parietal),
and lower subcortical (thalamus and striatum) metabolism in abstinent methamphetamine
abusers, although no significant gender differences were reported in this sample of drug
abusers. Thus the issue of gender and vulnerability to drug abuse remains unsettled, and the
question should be addressed in future research.

In a large sample of ecstasy abusers, functional abnormalities were found, bilaterally, in the
cingulate cortices, amygdala, striatum, and hippocampus (Obrocki et al., 2002). Although no
significant relationships were observed between severity of ecstasy use and brain regional
functional activity, earlier exposure to ecstasy was associated with decreased functional
activity in the amygdala and striatum. However, one should interpret with caution the effects
of ecstasy on cognition since the drug is almost always co-abused with marijuana, thus
rendering it difficult to determine whether the deficits are linked to ecstasy or marijuana use.

Overall, findings from both structural and functional imaging studies consistently indicate that
several key neural substrates in the circuitry of somatic state activation and decision-making
are affected in SDI. Decreased grey matter volumes have been detected in regions involved in
the triggering of somatic markers, i.e. the amygdala and VMPC, and in the covert and overt
processing of emotional (somatic) signals in the brain, i.e. the striatum, insular/anterior
cingulate cortices (Franklin et al., 2002; Makris et al., 2004; Matochik et al., 2003).
Additionally, studies of brain white matter of individuals addicted to substances showed
abnormalities in white matter pathways that connect the VMPC to several other limbic
structures involved in core aspects of somatic state activation and decision-making (Bartzokis
et al., 1999; Lim et al., 2002; Lyoo et al., 2004).
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One interesting and consistent finding among all these studies was the asymmetry of these
abnormalities in terms of their presence in the right, as opposed to the left, hemisphere (Franklin
et al., 2002; Makris et al., 2004; Matochik et al., 2004). Such a finding is congruent with the
suggested predominant role of the right hemisphere in somatic state activation and decision-
making (Clark et al., 2003; Tranel et al., 2002). Finally, it is also striking that almost none of
these studies found significant correlations between abnormalities in some morphological and
structural indices of the brain, and various measures of the severity of drug abuse, including
age of onset, frequency of drug use, peak use, or amount of money spent in illegal drugs. This
lack of correlations may suggest that these brain abnormalities, to some extent, precede the
onset of drug use, thus predisposing the individual to drug addiction (Bechara, 2005).
Nonetheless this is a very controversial issue, since some studies have been able to correlate
brain imaging and drug use measures (Obrocki et al., 2002). More research is needed to settle
the issue about the relationship between drug use patterns and alterations in certain brain
structures and functions.

3.2.2. Neuropharmacological Changes Associated with Substance Addiction—
Several studies have demonstrated that pharmacological manipulations of the dopamine,
serotonin, and noradrenaline systems can significantly affect different aspects of emotional
experience (Murphy et al., 2002) and decision-making (Sevy et al., 2006; Rogers et al.,
2004) in healthy participants, as measured by various experimental paradigms.

In humans, there is a compelling evidence for a major role of dopamine (DA) in the increased
sensitization of the incentive motivational properties of drugs of abuse (see Volkow et al.,
2004 for a review). This increased sensitization to the reinforcing effects of drugs tends to
facilitate the continuous administration of drugs of abuse, even when they lose their pleasurable
hedonic effects (i.e., wanting vs. liking) (Robinson and Berridge, 1993, 2003), thus
contributing to the reinstatement of drug consumption after protracted abstinence (Fresnois et
al., 2005; Heinz et al., 2004; Lu et al., 2004; Wang et al., 1999). Recent theoretical accounts
(Everitt et al., 1999, 2002) have proposed that during the sensitized state, there is an enhanced
DA mediated response to the incentive motivational value of drugs in the striatum and the
amygdala. This enhanced response coincides with a weakened activity with the prefrontal
cortex, which reflects a weakened inhibitory control of the prefrontal cortex to the hyperactive
amygdala-striatum system. This weakens the capacity of the individual to self-regulate the drug
seeking behaviour, thus leading to a persistent and compulsive use of drugs, irrespective of the
long-term negative consequences.

In support of this view, a number of studies using PET have shown persistent reductions of
dopamine receptors at the level of the striatum in SDI, including alcohol, heroin, cocaine and
methamphetamine dependent individuals (Volkow et al., 1996, 1997). Interestingly, related
studies have demonstrated an association between striatal dopamine post-synaptic receptor
densities and the metabolic activity of the orbitofrontal cortex in cocaine and methamphetamine
addicts (Volkow et al., 2001; Wang et al., 2004). This association is proposed to reflect a higher
sensitivity of the orbitofrontal cortex to dopamine modulation stemming from limbic structures
involved in emotional signalling and reward processing. Also it may reflect the mechanism by
which altered somatic signals may bias decision-making in SDI towards immediate reward.
This notion is consistent with experiments showing increased striatal dopamine response to
craving cues (Volkow et al., 2008). The reductions of dopamine receptor densities tend to
recover in certain brain regions, such as the thalamus, but the reductions seem to be long lasting
at the level of the striatum (Wang et al., 2004).

Abnormal DA functions in several neural regions known to be components of the somatic-
marker circuit have been reported in studies showing decreased DA transporter density in the
striatum (including nucleus accumbens) and prefrontal cortex of cocaine, methamphetamine
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and heroin dependent individuals (Volkow et al., 1997; Sekine et al., 2001; Shi et al., 2008).
Other studies revealed reduced occupancy of striatal DA receptors in response to the addition
of competitive radioligands (e.g. [11C]raclopride) and mimetic drugs like methylphenidate
(Schlaepfer et al., 1997; Volkow et al., 1999, 2002a, b) or amphetamine (Martinez et al.,
2007). These findings suggest that there are significant alterations in DA release in several
neural structures, considered as key components of the somatic-marker neural circuitry, in SDI.
Some investigators have interpreted these alterations as reductions in DA activity, which may
explain the blunted response of SDI to a variety of natural reinforcers, beside drugs, which has
been reported in several neuroimaging (Garavan et al., 2000; Martin-Soelch et al., 2001) as
well as subjective self-report studies (Aguilar de Arcos et al., 2005, 2008). Furthermore, this
has been used toexplain the sensitized response of addicted individuals to the reinforcing effects
of drugs of abuse, since they are probably the only powerful stimuli that are capable of inducing
reward (Heinz et al., 2004). However, the issue of whether reduced DA receptors really means
reduced dopamine release, or in fact the opposite, i.e., increased dopamine release has been
debated, and there has been a strong argument in favour of the possibility that decreased DA
receptors relates to increased DA release and hyperdopmaniergic activity, which gives rise to
a sensitized motivational response (e.g., see Robinson and Berridge, 1993, 2003).

The serotonin (5HT) system has also been implicated in mediating the biasing effects of
somatic-markers on cognition, including decision-making (Bechara et al., 2001). Nonetheless,
studies of the role of 5HT in addiction have been far less extensive in comparison to DA. Some
studies have proposed that low 5HT activity contributes significantly to the dysphoric, or
anhedonic, state associated with abstinence from drugs of abuse (Kish et al., 2001). Other
studies showed that low 5-HT activity is associated with decreased prefrontal activity, which
is necessary for exerting inhibitory or impulse control over behaviour (Robbins, 2000). Thus
low 5-HT and prefrontal activity observed in SDI may relate not only to compulsive drug use,
but also several to other co-morbid conditions, such as their depressed mood, or antisocial
behaviour (Roiser and Sahakian, 2004; Schreckenberger et al., 1999).

3.3. Somatic Markers and Neural Correlates of Craving
People still disagree on how craving should be defined (Franken, 2003; Tiffany, 1999). We
will define craving as the accompanied emotional state that is produced by emotionally
competent stimuli that are associated with the reinforcing effects of drugs of abuse (Bechara,
2003). To study craving in the laboratory, a number of studies have used different strategies
to induce craving. These strategies include the visual presentation of the drug, or drug related
paraphernalia, through images (pictures), or videos; the auditory presentation of audio-taped
scripts containing autobiographical experiences related to drug use; or the direct infusion of
the drug itself. The aim of this section is to review the evidence showing an overlap between
the neural structures that represent critical components of the somatic marker neural circuitry,
and neural structures activated during states of craving in substance abusers.

Grant et al. (1996) used PET to study craving in recently abstinent cocaine abusers. In the
scanner, participants were shown videos of drug related paraphernalia, and cocaine self-
administration. A pattern of significantly increased activation associated with craving was
detected primarily in frontal (VMPC and dorsolateral –DLPC), parietal, temporal, and striatal
regions. The correlation analyses showed that the subjective response of craving was associated
with changes in the activation of the amygdala in cocaine abusers. A follow up study by the
same group (Bonson et al., 2002) used auditory presentation of drug cues, i.e., a script
describing sensations associated with being “high” on cocaine. The results revealed increased
activation in the DLPC, orbitofrontal cortex, amygdala and adjacent entorhinal cortices. The
correlation analyses showed that the subjective response of craving correlated with the degree
of activity within these neural regions.
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Numerous subsequent PET studies in cocaine abusers have also revealed a significant overlap
between the neural regions activated during craving and those considered as components of
the somatic marker neural circuitry. Wang et al. (1999) detected higher metabolism in the
orbitofrontal and insular cortices of abstinent cocaine abusers after an interview in which
participants were allowed to manipulate drug paraphernalia. Furthermore, activation of the left
insular cortex was significantly correlated with self-reported craving. Similarly, Childress et
al. (1999) found amygdalar and anterior cingulate activation in cocaine abusers exposed to a
drug-related video.

In two subsequent PET studies, Kilts et al. (2001, 2004) examined the craving response of
cocaine dependent men and women to auditory scripts describing events from their own
previous drug experience. These studies reveal that there are important gender differences in
regional patterns of brain activation in relation to drug cue induced craving. However,
irrespective of these differences, the general neural circuitry engaged during craving, in both
males and females tend to reveal activation within neural regions that are considered critical
components of the neural circuitry underlying somatic state activation and decision-making.

Using a different neuroimaging technique (functional magnetic resonance imaging, fMRI),
Garavan et al. (2000) contrasted the responses of crack-cocaine dependent individuals to films
containing natural outdoors, sexual explicit, and drug use related scenes. The drug-associated
film induced increased activation of an extensive neural circuitry that included the prefrontal
and parietal regions, temporal, insular, anterior and posterior cingulate cortices, and the
striatum. A similar pattern of activation was observed in healthy participants when exposed to
the film containing explicit sexual scenes (an emotionally competent natural reinforcing
stimulus), which contrasted with the fainter activation of these regions in the cocaine abusers.
These findings suggest that cocaine dependent individuals present with a reduced sensitivity
to the rewarding properties of natural reinforcers, while at the same time, they present with an
increased sensitivity to drug related stimuli. Although the somatic-marker model does not
explain to the differential response to drug related stimuli versus non-drug stimuli or natural
reinforcers, this abnormal capacity to process the emotional value of a stimulus has a significant
impact on decision-making, in that it can shift the decision-making process towards short-term
horizons, i.e., the seeking of drugs. In support, several fMRI studies have shown an exaggerated
brain response to drug cues (George et al., 2001; Maas et al., 1999; Tapert et al., 2004; Wang
et al., 1999; Wexler et al., 2004), even when they are presented at a pre-attentive level (Childress
et al., 2008).

The brain activation studies on craving were not restricted to individuals who abused stimulant
drugs, but similar findings were obtained from individuals addicted to opioids (Daglish et al.,
2002, 2003;Langleben et al., 2008). A relevant finding from these studies was the correlation
between length of abstinence and anterior cingulate activation, i.e. longer abstinence duration
predicted larger cerebral blood flow changes in the anterior cingulate. This finding seems to
suggest that the affective evaluation of drug related stimuli do not decrease. Rather it increases
after prolonged abstinence, thus suggesting a persistent sensitization effect.

To mimic the acute dopamine response induced by cocaine, Volkow et al. (1999) injected two
sequential doses of the drug methylphenidate to a sample of cocaine dependent individuals.
The correlation analyses showed that changes in the subjective report of craving were
significantly correlated with changes in the right striatum and orbitofrontal cortex. Further
studies using raclopride traced PET in cocaine dependents have shown that craving was
specifically associated with the rate of D2 receptor occupancy in the dorsal striatum (Volkow
et al., 2006; Wong et al., 2007). Another pharmacological study showed that cocaine patients,
compared to controls, had increased response to a procaine challenge in the right orbitofrontal,
midfrontal, midtemporal, and parietal cortices, and in the brainstem (Adinoff et al., 2001). In
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contrast, saline administration was associated with deactivation of the orbitofrontal region in
the cocaine patients. There was also a trend of a significant relationship between duration of
cocaine abuse and right orbitofrontal cortex change rate in response to craving.

Another set of studies has directly employed the administration of the abuser’s drug of choice
to evoke craving states. Breiter et al. (1997) administered repeated cocaine infusions to examine
the “rush” and “craving” patterns of brain activation using fMRI in cocaine dependent patients.
Their results showed a wide array of regional activations on regions involved in the ongoing
evaluation of the emotional significance of emotionally competent stimuli, and the
modification of behaviour through somatic signals (Fresnois et al., 2005; Kilts, 2001).
Similarly, Kufahl et al. (2005) showed that cocaine users had significantly increased activation
in the anterior prefrontal cortex, striatum, amygdala and ventral tegmental area after
administration of a 20 mg/70 kg cocaine infusion. Using a cocaine “self-administration”
paradigm during fMRI (i.e., participants were asked to press a buttom each time they wanted
to receive a small cocaine dose, although the doses were indeed constantly administered at 5
minutes intervals) Risinger et al. (2005) also showed prominent activation of the orbitofrontal
cortex, anterior cingulate, insula, striatum, thalamus and cerebellum which were correlated
with self-reports of “high” and “craving”. In another study (Sell et al., 2000), a combination
of heroin injection and visual presentation of films containing drug related scenes was used to
induce craving in a sample of heroin dependent individuals undergoing methadone treatment.
The correlation analyses showed that the subjective response of “urge to use heroin” was
significantly associated with increased activation in the inferior frontal, right orbitofrontal, and
insular cortices of the patients. The insula activation was significantly correlated with
physiological measures of pulse rate, outlining its role in autonomic regulation. Significant
activations were also observed in the brainstem in response to both the heroin injection and
the drug-related film.

Together, these studies reveal a great overlap between the neural structures known to be critical
components of the somatic-marker neural circuit, and the neural systems engaged in emotional
states such as craving in substance abusers. Activities within the orbitofrontal cortex (included
in what we define here as VMPC) and amygdala, two key areas for triggering somatic states,
were shown to correlate with subjective self-reports of craving across several different studies
(Adinoff et al., 2001; Bonson et al., 2002; Grant et al., 1996; Tapert et al., 2004). Areas involved
in body mapping and emotional representation, as well as the generation of feelings, such as
the insula and anterior cingulate, were also engaged during the experience of craving (Breiter
et al., 1997; Daglish et al., 2001; Wang et al., 1999).

Most of the regions activated during the experience of craving induced by drug cues in SDI
were also engaged in healthy participants when they were exposed to natural reinforcers, such
as sex cues (Garavan et al., 2000). This suggests that the neural substrates that mediate craving
in drug addicts have actually evolved to subserve natural emotional functions, such as those
related to food and sex. Nonetheless, it is important to note that drug addicts present with some
degree of dissociation between the emotional responses to drug versus non-drug related stimuli.
In other words, drug addicts tend to trigger strong emotional responses (or somatic states) in
response to drug related cues, but they trigger relatively weak somatic states in response to
non-drug related, natural reinforcers.

4. Conclusion
The somatic-marker model of addiction proposes that the process of decision-making depends
in many important ways on neural substrates that regulate homeostasis, emotion, and feeling.
The evidence reviewed in this article shows that numerous studies in SDI point to abnormalities
in key neural components of the neural circuitry necessary for somatic state activation and
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decision-making. According to this model, addiction is viewed as a condition in which the
person becomes unable to choose according to long-term outcomes. Choosing according to
long-term outcomes rather than short-term ones requires that the pain signals triggered by
thoughts about the future negative consequences of seeking drugs dominate those triggered by
the immediate rewarding consequences of consuming the drug. Based on the somatic marker
model, we suggest that two broad types of conditions could alter this relationship and lead to
defective decision-making, and the poor ability to resist the temptation of drug use. (1) One
condition may involve a dysfunction in the VMPC system, which is critical for processing
emotional (somatic) states from secondary inducers. This is a sort of a “reflective” system,
which looses its ability to process and trigger somatic signals associated with future prospects,
such as the negative consequences associated with drug use. (2) Another condition may involve
hyperactivity in the amygdala system, which is critical for processing emotional (somatic)
states from primary inducers. This is a sort of an “impulsive” system, which activity becomes
altered in such a way that it diminishes the emotional/somatic impact of natural reinforcers,
but it exaggerates the emotional/somatic impact of the immediate prospects of obtaining drugs.
Thus drug cues acquire properties for triggering bottom-up, automatic, and involuntary somatic
states through the amygdala. Once they do, this bottom-up somatic bias can modulate top-down
cognitive mechanisms, in which the ventromedial prefrontal cortex is a critical substrate. If
strong enough, this bottom-up influence can interfere or “hijack” the top-down cognitive
mechanisms necessary for triggering somatic states about future outcomes. In other words,
drugs acquire properties of triggering bottom-up, involuntary signals through the amygdala
that modulate and bias top-down goal-driven attentional resources needed for the normal
operation of the reflective system, which is critical for exerting control enabling an individual
to resist the temptation to seek the drug.

There is evidence to suggest that somatic-markers may exert their biasing influence on
decisions through the release of specific neurotransmitters (Bechara et al., 2001; Pirastu et al.,
2006; Rogers et al., 2004; Sevy et al., 2006). Advances in the ability to prevent relapse and
break the cycle of addiction may be made from pharmacological research aimed at
understanding the modulatory influence of different neurotransmitter systems, such as DA,
5HT and NA, in the reflective/prefrontal system of SDI, which underlies their decision-making
impairment and loss of control over their drug abuse behaviour. Although some evidence
suggests that pharmacological interventions influence decision-making, we argue that
pharmacological treatments alone, i.e., without cognitive and behavioural rehabilitation, may
not be the most effective strategy for treating addiction. The idea is that poor prefrontal
mechanisms of decision-making in SDI are in part related to learning in the presence of a
deficiency in the neurotransmitters that modulate, unconsciously or consciously, the cognitive
and emotional resources involved in decision-making. In other words, poor decision-making
and poor learning to control certain behaviours are due in part to this deficiency. Reversal of
this chemical deficiency alone is not sufficient for improving decision-making. The individual
must re-learn how to think and behave in a particular situation related to drugs while treated
with medications, which correct the deficiency in the neurotransmitter substrates of decision-
making. Thus, only re-learning (i.e., rehabilitation) in the presence of normal pharmacology
(i.e., drug treatment) is perhaps the most effective way to restore advantageous decisions in an
addicted individual. The somatic-marker model of addiction has some implications for the
clinical treatment of addiction. Since the model focuses on the existence of abnormal emotional
regulation, intervention strategies aimed at improving emotional processing may be especially
useful in the potential management or treatment of addiction.

In this review we provide extensive evidence for the pertinence of applying the somatic-marker
hypothesis to addiction, and we generate a somatic-marker theory of addiction that provides a
number of testable predictions for future research. The main contribution of this model, with
regard to previous models of addiction, is that it provides a systems-level neuroanatomical and
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cognitive framework for explaining the decision-making deficits of SDI, and their inability for
choosing according to long-term outcomes rather than short-term ones. The model highlights
the role of abnormal emotion processing in the poorer decision-making deficits of SDI. Despite
these contributions, several specifications and limitations of the model should be mentioned.
First, the somatic-marker hypothesis is an evolving theoretical framework still being
empirically evaluated. For example, there are a number of compatible and alternative
explanations for the abnormal performance of SDI and patients with VMPC lesions in the IGT,
including working memory or reversal learning deficits (Fellows and Farah, 2005; Hinson et
al., 2002). Additionally, some studies have challenged the notion that body-state feedback
causally influences decision-making (Heims et al., 2004). Second, the somatic-marker model
of addiction is not incompatible with previous theoretical models of addiction, including animal
models of emotional response to drug cues (Panksepp et al., 2002), brain-based DA
reinforcement models (Redish, 2004), and the incentive sensitization theory (Robinson and
Berridge, 1993, 2002; see Lawrence et al., 2003 for review of these models). In particular, the
somatic-marker model is compatible with the incentive sensitization theory, in the sense that
both models predict a strong salience attribution for drug related stimuli. However, the somatic-
marker model proposes that this salience attribution is modulated by the development of strong
somatic-markers of emotive nature, which are able to bias decision-making towards drug abuse.
The somatic-marker model is not specific to addiction. The model provides an account of how
emotional states help guide decision-making towards long-term adaptive goals. Impaired
decision-making and emotional dysregulation are core characteristics of substance
dependence, but they are also prominent characteristics of a variety of disorders, such as
pathological gambling, OCD or APD. Interestingly, these disorders are often concurrent with
substance dependence, suggesting possible common underlying mechanisms. Further research
is necessary to address how pre-existing genetic factors, and/or environmental influences, lead
to neural functional abnormalities that may account for the development of these different
disorders. An emerging line of research on pharmacogenetics is starting to yield evidence of
a prominent role of certain functional polymorphisms in the neurobiological coupling between
the “impulsive” and “reflective” systems (Heinz et al., 2005), or in the integrity of decision-
making performance in the IGT (Roussos et al., 2008).
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Figure 1.
A schematic model of somatic state activation and decision-making. (a) This is the neural
circuitry (in green) that represents the impulsive system, in which the amygdala is a trigger
structure for emotional (somatic) states from primary inducers. It couples the features of
primary inducers, which can be processed subliminally (e.g., via the thalamus) or explicitly
(e.g., via primary sensory cortices), with effector structures that trigger the emotional/somatic
response. However, the amygdala is also directly connected to the ventral striatum (V.S.) and
its trigger can also activate classical motivational systems associated with approach of drug
related cues.
(b) This is the neural circuitry (in red) that represents the reflective system, in which the
ventromedial prefrontal cortex (VMPC) is a trigger structure for emotional (somatic) states
from secondary inducers. It couples systems involved in memory to systems involved in
processing emotions, so that memories or thoughts about drug cues are linked to their emotional
attributes. Memories, information, or knowledge held temporarily in working memory, and
manipulated by the executive processes of working memory are dependent on the dorsolateral
prefrontal cortex (DLPFC), but these working processes also include the ventrolateral
prefrontal cortex as well as the lateral region of the orbitoforntal cortex. The hippocampus is
also engaged, at least in situations where the memory of a scenario exceeds 40 seconds, which
is the maximum capacity of the short term memory mediated by the DLPFC). Structures
involved in representing previous feeling states include the Insula and surrounding
somatosensory cortices, as well as the posterior cingulate cortex (PCC) and the precuneate
cortex. This coupling mediated by the VMPC can also lead to the triggering of somatic states
(red lines).
(c) Somatic signals triggered simultaneously by the impulsive system and reflective system
compete. We argue that this competition actually occurs in the body proper, although some
authors have challenged the validity of this peripheral link (e.g., see [Dunn et al., 2006] for a
critique). Even if this peripheral link proves to be invalid, neuroanatomical evidence supports
neural competition at the next link of the circuitry, the neurotransmitter cell bodies in the
brainstem. Whether the competition of hailing somatic signals via the impulsive and reflective
systems occurs in the body or the brainstem, a “winner takes all” somatic signal emerges, either
positive or negative, and this resultant ascending feedback somatic signal (blue lines)
participate in two functions: in one it provides a substrate for feeling the emotional state,
through the insula and surrounding somatosensory cortices; in the other, it provides a substrate
for biasing decisions through motor effector structures such as the striatum (Str.), and the
anterior cingulate cortex (ACC) and adjacent Supplementary Motor Area (SMA). Another
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highly candidate region involved in this complex motor preparation is the Cerebellum (not
shown in this diagram).
In light of more recent evidence on the role of the insula in cigarette smoking, we propose that
the insula has a more specific role: Especially during withdrawal or drug deprivation,
homeostatic signals arising in the body are perceived in the insula as feelings of urges, which
in turn act on the impulsive system and sensitize it (green line), whereas its action on the
reflective system is to inhibit it or “hijack” it. It remains to be determined the mechanism by
which the insular activity sensitizes the impulsive system. One possibility, for example, is that
neuronal signals from the insula activate the ventral tegmental area and increase the mesolimbic
dopamine surge, thereby heightening the motivation to seek drugs. Such a possible mechanism
can connect the insula to the classic neural systems that have been implicated in addiction (i.e.,
the mesolimbic dopamine system).
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