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Abstract

Stimulant dependence is associated with neuropsychological impairments. Here,

we summarize and integrate the existing neuroimaging literature on the neural

substrates of neuropsychological (dys)function in stimulant dependence, includ-

ing cocaine, (meth-)amphetamine, ecstasy and nicotine dependence, and exces-

sive caffeine use, comparing stimulant abusers (SAs) to nondrug using healthy

controls (HCs). Despite some inconsistencies, most studies indicated altered

brain activation in prefrontal cortex (PFC) and insula in response to reward

and punishment, and higher limbic and anterior cingulate cortex (ACC)/PFC

activation during craving and attentional bias paradigms in SAs compared with

HCs. Impulsivity in SAs was associated with lower ACC and presupplementary

motor area activity compared with HCs, and related to both ventral (amygdala,

ventrolateral PFC, insula) and dorsal (dorsolateral PFC, dorsal ACC, posterior

parietal cortex) systems. Decision making in SAs was associated with low dorso-

lateral PFC activity and high orbitofrontal activity. Finally, executive function

in SAs was associated with lower activation in frontotemporal regions and

higher activation in premotor cortex compared with HCs. It is concluded that

the lower activations compared with HCs are likely to reflect the neural sub-

strate of impaired neurocognitive functions, whereas higher activations in SAs

compared with HCs are likely to reflect compensatory cognitive control mecha-

nisms to keep behavioral task performance to a similar level as in HCs. How-

ever, before final conclusions can be drawn, additional research is needed using

neuroimaging in SAs and HCs using larger and more homogeneous samples as

well as more comparable task paradigms, study designs, and statistical analyses.

Introduction

Substance abuse is characterized by recurring compulsive

urges to use drugs, despite long-term negative conse-

quences, which may include a wide range of psycho-

logical, social, and medical complications. Moreover, even

after treatment and regardless of motivation to quit,

relapse is common. In 2008 alone, over 700,000 people in

Europe and over 3.5 million people in the United States

were seeking treatment for problematic drug use (World

Drug Report 2008).

Several theories for drug dependence have been pre-

sented over the years, including drug use as an alleviation

from distress or drug withdrawal (negative reinforcement

theory [Hull 1943; Khantzian 1985; Koob and Moal

2008]) and drug use as a positive reinforcer, that is, to

increase and maintain pleasure (positive reinforcement

theory [Stewart et al. 1984]). However, euphoric positive

effects do not seem to persist in humans after years of

compulsive drug use and none of these models has yet

satisfactorily explained maintenance of compulsive drug

use and the urge to continue drug use, often despite a

ª 2012 The Authors. Published by Wiley Periodicals, Inc. This is an open access article under the terms of the Creative

Commons Attribution Non-Commercial License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited and is not used for commercial purposes.

499



strong motivation and serious attempts to become and

remain abstinent. As a possible solution, the Incentive-

Sensitization Theory was introduced as a neuroadaptational

model in which various neurobiological changes pave the

way to persistent drug use behavior and craving

(Robinson and Berridge 1993). The Impaired Response

Inhibition and Salience Attribution (I-RISA) model of

Goldstein and Volkow (2002) conceptualized drug depen-

dence as a cognitive and emotional process associated

with a dual process of overvaluation of drug rewards and

undervaluation of natural reinforcers, due to limbic dys-

regulation (impaired salience attribution) together with

inhibitory deficits due to prefrontal impairment (impaired

response inhibition). Accordingly, compulsive drug use

would result from poorly developed (prefrontal) reflective

processes dependent on executive functioning, taken over

by a fast motivational (amygdalar) impulse process

(Bechara 2005; Wiers et al. 2007). This model integrates

behavioral, emotional, and cognitive processes and

thereby expanded the traditional concepts that relied on

positive and negative reinforcement for compulsive drug

use and relapse. In addition to the I-RISA model, the

Habitual Behavioral Model emphasizes the importance of

a switch from goal-directed behavior to habitual behavior

during the development of drug dependence. Habitual

behavior would be less sensitive to outcome values and

would lead to loss of voluntary control and the develop-

ment of compulsive behavior, such as compulsive drug

use. The switch to habitual behavior would represent a

progression from prefrontal cortical to striatal control

and a switch from ventral to more dorsal striatal regions

(Wood and Neal 2007; Everitt et al. 2008). Whether

changes in neuropsychological functioning should be

viewed as a vulnerability trait or a response to chronic

drug abuse still needs to be elucidated. Several studies

have provided evidence for the involvement of predispos-

ing genetic and environmental factors (Morgan et al.

2002a; Bevilacqua and Goldman 2009), while others have

described similar neurobiological changes as a response to

chronic drug use (Nader et al. 2002; Volkow et al. 2004),

or have assumed that both processes are present and

mutually enhancing (Nader et al. 2006).

While early hypotheses were stated from a behaviorist

and psychological point of view (Hull 1943), subsequent

theories were increasingly based on neurobiological ani-

mal research. With time, studies focused on integrating

results from animal and human studies, and neuroana-

tomical substrates and dysregulated neurotransmitter sys-

tems were hypothesized to underlie the motivation to

administer drugs, while recognizing the important role of

genetic along with social factors as contributors in the

pathophysiology of drug use and addiction. Importantly,

recent models of addiction have increasingly incorporated

neuropsychological aspects of drug dependence, aided by

the rapid expansion of the field of functional neuroimag-

ing (for a review on substrates and neurocircuitries

considered important in drug dependence, see the recent

reviews of Goldstein et al. 2009a; Koob and Volkow

2010). However, results of these imaging studies usually

do not allow causal inferences to be made, which should

also be kept in mind when reading this review.

So far, research seems to indicate that stimulant

dependence (cocaine, amphetamine, methamphetamine,

3,4-methylenedioxymethamphetamine [MDMA, main com-

ponent of ecstacy]), and – to a lesser extent – nicotine

and caffeine are associated with more severe neuropsy-

chological impairments than alcohol, cannabis, or even

opioid dependence (for a review, see Holst and Schilt

2011). For example, amphetamine and cocaine abusers

performed worse on verbal memory, abstraction ability,

and on mathematic skills compared with matched alcohol

and polydrug abusers (Block et al. 2002). Moreover,

amphetamine abusers were more impaired in planning

ability (Ersche et al. 2006) and decision making (Rogers

et al. 1999) than opiate abusers. Finally, a recent study

showed that abstinent polysubstance abusers with cocaine

as their primary drug of choice were more impaired on

measures of inhibitory control, cognitive flexibility and

working memory than abstinent polysubstance abusers

with heroin as their primary drug of use (Verdejo-Garcia

and Perez-Garcia 2007).

The aim of the present review is to summarize and inte-

grate the existing literature on the neuroanatomical sub-

strates associated with neuropsychological impairments in

stimulant dependence. The review is organized according

to the various neuropsychological functions that are con-

sidered relevant for the development and/or maintenance

of drug dependence and involves several distinct neural cir-

cuits (e.g., Volkow et al. 2004): Reward and punishment

processing (Section 1); Cue-reactivity and attentional bias

(Section 2); Impulsivity (Section 3); and Decision making

and executive function (Section 4). Each section starts with

a brief description of the neuropsychological function with

commonly used tasks followed by behavioral data from

these neuropsychological tasks in stimulant abusers (SAs)

compared to healthy controls (HCs), and completed by

a summary and discussion of functional neuroimaging

studies in SAs compared to HCs.

Literature Search

A literature search was performed using Pubmed and

Embase until June 2011 with the key search terms including

the neuropsychological tasks, cocaine-related disorders,

amphetamine related disorders, substance related disorders,

tobacco use disorders, N-methyl-3,4-methylenedioxyam-
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phetamine, caffeine, magnetic resonance imaging (MRI),

and positron emission tomography (PET). Functional MRI

(fMRI) uses blood oxygenation level dependent (BOLD)

contrast to visualize differences in regional brain activity, a

technique with much higher temporal and higher spatial

resolution than PET. Before the introduction of fMRI,

[15O] PET was widely used to perform activation studies

due to the relatively short half-life of 15O (122 s), permit-

ting repeated task versus baseline scans during a single ses-

sion. In contrast, the 18F-tracer fluorodeoxyglucose has a

much longer half-life (about 110 min) and is therefore pri-

marily used for resting-state studies. The latter were omit-

ted from this review, as were single photon emission

computerized tomography (SPECT) studies. Electroence-

phalography (EEG) studies were also excluded, because of

inherent poor spatial resolution. Finally, diffusion tensor

imaging provides a visualization of white matter tracts by

measuring voxel-based diffusion coefficients of water in

brain tissue and fDTI is based on the idea that changes in

white matter axonal volume may accompany brain activa-

tion patterns (Mandl et al. 2008). However, fDTI is a

highly novel technique that has not been adequately vali-

dated and these studies were also excluded. This review

thus focuses on fMRI and [15O] PET studies.

Searches yielded 107 articles, of which only 40 used func-

tional neuroimaging. Another 27 potentially relevant arti-

cles were found through cross-referencing. Of these 67

articles, 37 were excluded because they included only poly-

drug users (n = 3), did not have a matched control group

(n = 16), re-used an external (nonmatched) control group

from a previous study (n = 2), did not match for alcohol

and/or cannabis use (n = 7), or included other imaging

techniques (n = 9).

This review thus includes 26 studies using fMRI and four

studies using [15O] PET. The most frequently studied sub-

stance was cocaine (n = 17), followed by nicotine (n = 5),

(meth-)amphetamine (n = 4), and ecstasy (n = 4). No

studies were found in subjects with excessive use of caffeine

compared with low or no caffeine consumers. For several

details concerning the reviewed studies (e.g., neuroimaging

technique, task, abused drug, time since last use, sample

size, and summary of findings), four tables (Tables 1–4)
are presented in the subsequent sections.

Results and Discussion

Section 1: Reward and punishment
processing in stimulant dependence

Task paradigms and behavioral findings during
reward and punishment processing

Reduced sensitivity for reward or punishment, or negative

affect, is hypothesized to cause persistent drug-taking

behavior by reducing aversive states (Baker et al. 2004) or

by inducing lowered self-control (Segarra et al. 2000).

With regard to addictive disorders, we like to notice that

altered sensitivity to both natural reinforcers (this section)

and drug (related) cues (next section) was found.

Sensitivity for reward and punishment of natural rein-

forcers can be measured using neurocognitive tasks with

positive (monetary) feedback (reward) after a correct

response or negative (monetary) feedback (punishment)

following an incorrect response. Tasks that measure

reward and punishment sensitivity include the stimulus-

response learning task, and the probabilistic reversal

learning task (PRLT), and a variety of gambling tasks

which focus on processes like risk taking strategies regard-

ing wins and losses, or on learning reward and punish-

ment contingencies. The PRLT is a task in which the

individual is required to adapt his or her response to

changing contingencies (shifts) to win the largest amount

of money. Tasks may feature several reward contingencies,

representing high and low reward options or measure

response differences during reward and punishment

processing.

On the PRLT, cocaine abusers made fewer response

shifts to changes in reward contingency than HCs,

indicating high response perseveration in cocaine abusers

(Ersche et al. 2008). Response perseveration is an impor-

tant concept in addiction, because many drug dependent

persons are not able to adapt their response to changing

Table 1. Overview of the selected reviewed studies on reward and

punishment processing in stimulant abusers versus healthy controls.

de Ruiter et al.

(2009)

Goldstein et al.

(2007a,b)

Technique fMRI fMRI

Task PRLT monetary reward

Abused drug Nicotine Cocaine

Drug use (SD) – 17.6 years

(6.7 years)

Time since abstinence Current users 1–90 days

Sample size – users

(% male)

19 (100%) 16 (75%)

Sample size – HCs

(% male)

19 (100%) 13 (70%)

Behavioral findings

(vs. HCs)

↓ Accuracy/gains ↓ Accuracy/gains

= RT = RT

Response during gains

(vs. HCs)

↑ PFC ↓ OFC

↑ Insula ↓ Cerebellum

↑ Parietal regions

Response during losses

(vs. HCs)

↓ VL PFC –

fMRI, functional magnetic resonance imaging; PRLT, probabilistic

reversal learning task; SD, standard deviation; HC, healthy control; RT,

reaction time; VL PFC, ventrolateral prefrontal cortex; OFC, orbito-

frontal cortex.
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unforeseen events, such as the presentation of a drug-

related reward, resulting in uncontrolled and compulsive

drug use. In addition, response perseveration is of key

importance in the treatment of drug dependence, where

drug-addicted individuals need to learn how to change

their automated responses following drug cues (i.e.,

cognitive–behavioral therapy). In most studies, response

perseveration (compulsivity) was assessed with the PRLT,

that is, a lack of adequate shifting following nonan-

nounced punishment contingencies. Similarly, heavy

smokers earned less money than HCs on the PRLT due

to higher response perseveration in smokers (de Ruiter

et al. 2009). Also, gambling tasks providing feedback with

regard to gains and losses allow group comparisons of

reward and punishment sensitivity. Subjects may choose

between risky high reward and less risky lower reward

options, and it is assumed that the choice of risky high

rewards represents hypersensitivity to reward, hyposensi-

tivity to punishment, or just risk taking behavior (Bechara

et al. 2001; Clark and Robbins 2002; Tranel et al. 2002).

Thus, whereas probabilistic reversal tasks necessitate flexi-

ble adaptation of behavior based on (monetary) contin-

gencies, gambling tasks require the subject to devise a

strategy that in the long run proves successful or focus on

the level of risk taking with respect to rewards and losses.

Cue-exposure tasks also involve (potentially) rewarding

stimuli, but these are of a different nature, because they

concern drug-related rather than more general natural

rewards. In addition, cue-exposure tasks have a much

lower cognitive demand and are, therefore, discussed

separately in Section 2 (Attentional bias and craving).

Imaging reward and punishment processing:
results and discussion

In a study by de Ruiter et al. (2009), heavy smokers

showed higher activation in the right insula, right pre-

frontal cortex (PFC), and parietal regions bilaterally com-

pared with HCs during monetary gain trials, indicating

higher reward sensitivity, while showing significantly

lower ventrolateral PFC activation compared with HCs

during monetary loss trials, indicating lower punishment

sensitivity in heavy smokers compared with HCs

(de Ruiter et al. 2009). In cocaine abusers, however, lower

overall brain activity was observed during reward trials

compared with HCs, with significant lower activation in

left orbitofrontal cortex (OFC) and left cerebellum

(Goldstein et al. 2007a). Moreover, during high reward

compared with no reward trials, HCs showed significant

increases in activation in left OFC, lateral PFC, and

mesencephalon, an effect that was not found in cocaine

abusers. The authors suggested disrupted signaling between

lateral PFC and OFC in cocaine abusers during monetary

reward processing, implying lower sensitivity to monetary

rewards in cocaine abusers (Goldstein et al. 2007a).

Thus it seems that the findings of Goldstein et al.

(2007a) in cocaine users contradict those of de Ruiter

et al. (2009) in heavy smokers, which might be due to

differences in task paradigms (PRLT vs. monetary reward

task), type of stimulant (cocaine vs. nicotine), and/or the

duration of abstinence before the task (see Table 1 for a

comparison overview between studies). Whereas both

tasks include aspects of reward/punishment processing,

they are very different in their original task requirements

as the PRLT requires the individual to adapt his or her

behavior several times to receive the reward, while the

forced choice task requires the subject to adequately

respond to certain trials while withholding their responses

to other trials to obtain reward. Therefore, with regard to

task differences, it should be noted that regional brain

activation during rewarding stimuli may depend on sev-

eral aspects of reward, such as reward expectation or the

probability of receiving the reward, reward magnitude,

and finally distancing from the reward. Additional studies

using similar designs and experimental groups are needed

to arrive at final conclusions regarding reward and pun-

ishment processing in SAs. However, together with the

available behavioral studies, the current functional neuro-

imaging studies indicate that alterations in reward and

punishment sensitivity in SAs may be (partly) respon-

sible for ongoing drug use despite long-term negative

consequences.

The findings from reward and punishment studies in

SAs compared to HCs support the relevance of impaired

prefrontal functioning in SAs proposed in addiction mod-

els with an important role for impaired evaluation of nat-

ural reinforcers (I-RISA model) and models with an

important role for neurobiological changes in the PFC

leading to persistent drug use (however, not necessarily as

a cause as in the Incentive-Sensitization Theory).

Section 2: Attentional bias and craving in
stimulant dependence

Task paradigms and behavioral findings in
attentional bias and craving

Attentional bias, craving, and relapse are presumably the

most characteristic features of drug dependence. Drug

abusers tend to direct their attention unconsciously to

stimuli previously associated with drug use. Attentional

bias may be due to enhanced sensitivity to drug-related

rewards and constitutes a risk for the development of

(physiological) cue-reactivity, which in turn may elicit

craving, that is, a subjective feeling of intense need for

the drug, which may ultimately lead to relapse (Field
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et al. 2009). To measure attentional bias in response to

drug-related stimuli, an emotional Stroop task (the Drug

Stroop) was developed, in which words or pictures related

to drug use are shown in colors that have to be recog-

nized and named by the participant. In its classic form,

the Stroop task presents congruent stimuli (i.e., “red”

printed in red ink) and incongruent stimuli (i.e., “green”

in red ink) and measures interference between cognitive

processes by requiring the participant to name the color

(“red”) regardless of the word (“red” or “green”; Stroop

1935). It is hypothesized that the slower the speed of

color-naming during incongruent stimuli, the more

important the cognitive interference component. Conse-

quently, in the Drug Stroop, the slower the speed of

color-naming during stimuli associated with drug cues,

the stronger the attentional bias toward the drug-related

stimuli (Cox et al. 2006). For example, 24-h abstinent

smokers showed higher attentional bias for smoking cues

than current smokers (Waters and Feyerabend 2000). The

Dot Probe task also measures attentional bias toward

drug-related stimuli. Here, two stimuli (one drug-related

and one neutral) are presented side by side, after which

the images disappear and a dot appears for a short time.

Fast responding toward the dot where a drug-related

stimulus was previously shown is a measure for increased

attentional bias. Smokers showed greater attentional bias

toward smoking-cues than nonsmokers during a Dot

Probe task (Ehrman et al. 2002). In addition, compared

with current smokers, 12-h abstinent smokers showed

increased attentional bias for smoking cues (Gross et al.

1993), and ex-smokers showed an intermediate level of

attentional bias compared with current smokers and non-

smokers measured with the Dot Probe task (Ehrman

et al. 2002). Using a related measure, abstinent crack-

cocaine dependent patients had faster eye-movements

toward cocaine-related pictures as compared to neutral

pictures, and this correlated with self-reported intensity of

cocaine craving (Rosse et al. 1997). It should be noted

that the drug Stroop and the Dot Probe task both mea-

sure selective attention (i.e., to drug stimuli), but the

Stroop task requires more cognitive effort and flexibility,

which might be responsible for different findings when

using these different paradigms.

Cue-reactivity is also an import aspect of drug addic-

tion and refers to the physiological and related subjective

reactions (craving) that occur in the presence of drug-

related stimuli, and can ultimately lead to relapse. Cue-

reactivity is generally investigated using a cue-exposure or

cue-reactivity task. Unlike other neurocognitive tasks,

cue-reactivity paradigms employed during functional

imaging only require the participant to watch drug-

related pictures or videos (without any cognitive effort),

although some cue-reactivity tasks include easy binary

tasks to control for attention differences, in which

baseline trials are usually incorporated requiring similar

motor responses.

Imaging attentional bias and cue-reactivity:
results and discussion

To date, there are no neuroimaging studies on attentional

bias in SAs, and therefore, the studies in this paragraph

are restricted to those on cue-reactivity.

In an early study, Maas et al. (1998) found significantly

higher activation in the anterior cingulate cortex (ACC)

and left dorsolateral PFC (DLPFC) in crack-cocaine abusers

compared with HCs. This was the first study that used a

robust design (including HCs, a block design, and analyses

following selected regions of interest [ROI]) and showed

that fMRI was able to visualize craving in cocaine-depen-

dent individuals, however, including important limitations

such as the small sample size, the inclusion of cocaine-

dependent individuals who were allowed to have a history

of other drug use, and presenting of the visual analog scale

(VAS) only twice (before and after the experiment), so that

carry-over effects of craving across blocks could not be

ruled out. Subsequently, Childress et al. (1999) showed

higher regional cerebral blood flow (rCBF) in limbic struc-

tures (amygdala and anterior cingulate) and lower rCBF in

basal ganglia (caudate) compared with HCs using [15O]

PET. It should be noted that PET has lower spatial

resolution than MRI, even when ROI are delineated on co-

registered anatomical MRI scans, as in this study. There-

fore, rCBF of the nucleus accumbens (NAcc) could not be

assessed. A methodological problem was the small HC

group (see Table 2), who were additionally significantly

younger and higher educated than those in the cocaine-

dependent group (Childress et al. 1999).

Whereas formal power calculations are problematic for

[15O]-PET and fMRI, it has since been shown that in fMRI

group sizes of at least 12 are required to reliably detect typi-

cal activations (Desmond and Glover 2002). Also, note that

early imaging studies tend to report fixed-effects analyses,

which limits generalizability of findings. The first fMRI

study on cue exposure using an adequate sample was con-

ducted by Garavan et al. (2000). Watching a cocaine video

was associated with greater activation (compared with the

neutral video) in a number of ROIs, including various pre-

frontal and limbic areas in cocaine abusers but not in HCs.

The authors thus replicated the limbic activation found by

Childress et al. (1999), concluding that cue-induced

cocaine craving was primarily reflected by higher activation

of prefrontal and limbic regions, that craving was not asso-

ciated with a specific neuroanatomical substrate, but that

cocaine users have a unique ability for learned, drug-related

cues to produce similar brain activation patterns as potent,
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nondrug evocative stimuli in HCs. Furthermore, lower

prefrontal and limbic activations were found in cocaine

abusers compared with HCs during sexually arousing stim-

uli (Garavan et al. 2000) and this may indicate a relatively

low sensitivity to natural rewards in SAs, also referred to as

reward deficiency (Blum et al. 2000). Strengths of the

Garavan et al. (2000) study were its homogeneous sample

size (cocaine freebase [crack] smokers only) and its elabo-

rate design, video blocks being separated by a short visuo-

spatial task as a distracter to reduce carry-over effects. In

another study in cocaine abusers, Wexler et al. (2001)

found higher ACC activity both preceding and following

the onset of craving while watching a cocaine video, but

not when watching happy and sad video tapes, compared

to HCs. In addition, cocaine abusers showed lower activa-

tion in various prefrontal and temporal areas compared

with HCs during the cocaine-cue video. In contrast to

Childress et al. (1999), the authors concluded that there

was a fundamental neurobiological difference between

craving and normal emotional states, most probably due to

an imbalance between limbic and prefrontal cortical activ-

ity. During craving, cocaine-dependent subjects showed

greater activity than HCs in regions that were found to be

active in HCs when viewing sad video tapes compared to

happy tapes, suggesting a physiological link between

cocaine cue-responses and normal dysphoric states rather

than normal euphoric states (Wexler et al. 2001).

In smokers, greater activation was found after exposure

to smoking-related images compared with neutral images

in several limbic brain regions (part of the mesocortico-

limbic dopamine (DA) reward pathway), as well as in

regions part of the visuospatial attention circuitry, com-

pared to HCs (Due et al. 2002). The authors suggest that

the reward and visuospatial attention circuitry act in con-

cert to increase and direct attention to potentially impor-

tant stimuli, such as smoking stimuli in deprived smokers

(Due et al. 2002). This study thus replicated findings of

increased limbic activation during processing of cocaine

cues. However, in comparison to the previous studies

performed during craving in abstinent cocaine-dependent

individuals, the findings from this study may additionally

reflect the effects of craving during acute (nicotine) with-

drawal, which might be different from the effects of

craving during long-term abstinence.

David et al. (2005) failed to observe significant differ-

ences in overall brain activation in a small study with

smokers, suggesting that the absence of whole-brain

group differences was due to wide inter-individual vari-

ability in magnitude and location of activation, indicating

the need for larger sample sizes. In a secondary ROI-

analysis, greater ventral striatum/nucleus accumbens (VS/

NcA) activation was in smokers, but, however, no correla-

tion was found between NcA activation and self-reported

craving, which might be due to a ceiling effect due to

nicotine withdrawal during the study (David et al. 2007).

Also, Okuyemi et al. (2006) found significant group

(smokers vs. HCs) by condition (smoking vs. neutral)

interaction effects in medial PFC, right lateral OFC, and

bilateral VLPFC activation. Moreover, additional limbic

activation was found in the subgroup of African-

American smokers compared with Caucasian smokers,

indicating differential involvement of brain areas in

smoking-related cue-reactivity in different ethnic groups

(Okuyemi et al. 2006). When introducing monetary

rewards in a drug cue-reactivity task, ACC activation in

cocaine abusers was found significantly lower than in

HCs (Goldstein et al. 2009b). Rostroventral ACC activity

during reward trials was correlated with task-induced

craving and caudal-dorsal ACC activity during no-reward

trials was inversely correlated with current cocaine use.

The authors concluded that emotional aspects of the task

modulated ACC activation patterns in proportion to sub-

stance use severity (Goldstein et al. 2009b) although they

found no effect of word (neutral vs. drug-related) on

ACC activity. In a recent study, Goudriaan et al. (2010)

found brain response differences in smokers only when

the subgroup with the highest scores on the Fagerstrom

Test for Nicotine Dependence (FTND; mean score = 5.4)

was compared with HCs. This subgroup showed signifi-

cantly more activation in ventromedial (VM) PFC, rostral

ACC, insula, and middle/superior temporal gyrus while

watching smoking related pictures than the group of HCs

or smokers with low FTND scores, and nicotine craving

correlated with activation in left PFC and left amygdala.

Finally, Wilcox et al. showed higher dorsolateral prefron-

tal and occipital activation during cocaine-related videos

in cocaine users versus HC; there were no differences

between the groups during food-related control videos

(Wilcox et al. 2011). In addition, a resting state connec-

tivity analyses showed less connectivity between bilateral

OFC and striatum combined with more connectivity

between these regions and posterior cingulated cortex/

precuneus in cocaine users compared to HC, suggesting

impaired motivational decision making in cocaine users

(Wilcox et al. 2011).

Altogether, 29 studies on cue-reactivity in SAs were

identified, with only 10 of these meeting inclusion criteria

for the current review: six in cocaine abusers and four in

nicotine-dependent subjects (see Table 2). Unfortunately,

there were no studies on amphetamine, methamphet-

amine, ecstasy, or caffeine abuse.

Summarizing, seven studies reported higher activity of

the limbic system in SAs versus HCs, presumably indicat-

ing conditioned cue-reactivity (Childress et al. 1999;

Garavan et al. 2000; Wexler et al. 2001; Due et al. 2002;

David et al. 2005; Okuyemi et al. 2006; Wilcox et al.
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2011), and seven studies reported higher activity of the

(dorsal) ACC and/or PFC in SAs versus HCs, presumably

representing activation of control circuitry to regulate the

over-extensive drive toward drug-related stimuli (Maas

et al. 1998; Childress et al. 1999; Garavan et al. 2000;

Wexler et al. 2001; David et al. 2005; Goudriaan et al.

2010; Wilcox et al. 2011). The observed limbic over-

activation in seven of the nine studies (including VS/NcA

and ventral tegmental area [VTA] activation) is consistent

with the I-RISA model of drug abuse. The I-RISA model

also postulates lower activation of the PFC in SAs versus

HCs. However, whereas most studies found higher frontal

activation in SAs (Maas et al. 1998; Garavan et al. 2000;

Due et al. 2002; David et al. 2005; Okuyemi et al. 2006;

Goudriaan et al. 2010), other studies found lower or no

frontal activation differences of SAs compared with HCs

(Childress et al. 1999; Wexler et al. 2001). A possible

explanation for these inconsistent findings might be that

low PFC activation is due to overall reduced functioning

in SAs compared with HCs, whereas high activation may

reflect compensatory activity (resulting in similar behav-

ioral responses between SAs and HCs), or increased

cognitive control to block feelings of craving in SAs com-

pared with HCs.

Despite the fact that some findings were replicated, the

current review also shows a large variability between studies.

In some cue-reactivity studies, SAs displayed lower ACC

activation than HCs when faced with cue-related stimuli

(Maas et al. 1998; Childress et al. 1999; Garavan et al. 2000;

Wexler et al. 2001; Goudriaan et al. 2010), while other

studies failed to replicate this finding (Due et al. 2002;

David et al. 2005; Okuyemi et al. 2006; Wilcox et al. 2011),

or even found lower activity of the ACC in SAs compared

with HCs when presenting drug-related stimuli (Goldstein

et al. 2009b). Differences in task and study design may have

contributed to these different results (see Table 2). For

example, all studies reporting increased ACC activity were

performed in cocaine-dependent individuals while watching

audiovisual/video materials, whereas studies that failed to

observe altered ACC activity were mostly performed in

smokers and used pictures during scanning sessions. There-

fore, the lack of ACC activity in smokers might be related to

the nature of the cues or to the abused substance. One study

reported an association between regional brain activity and

FTND scores (Goudriaan et al. 2010), showing that higher

activation of VM PFC, rostral ACC, insula, and middle/

superior temporal gyrus only occurred in heavy smokers

with relatively high FTND scores compared with HCs. In

addition, the only study reporting lower ACC activity used

a complex design, with a drug Stroop task coupled with

monetary rewards (Goldstein et al. 2009b). In this study,

low ACC activation was observed primarily during presen-

tation of neutral words during the no-reward condition,

and is therefore difficult to compare with high ACC activity

observed studies employing straightforward cue-exposure

designs. Moreover, the study of Okuyemi et al. (2006)

suggests that ethnic variation may lead to different results

even when the same tasks and designs are used. Together,

these sources of variation are likely to explain inconsistent

findings in ACC activity in cue-reactivity paradigms.

Concerning brain regions of importance, both ACC

and PFC are known to be involved when faced with com-

plex and conflicting information and, subsequently, in

social conflict resolution (Zaki et al. 2010). In addition,

neurons of the dorsal ACC process information regarding

both reward (magnitude and expectancy) and action

(Shidara and Richmond 2002; Hayden and Platt 2010).

Interestingly, in drug dependence, older studies found

that lesions in ACC may reduce drug taking (Sharma

1974; Kanaka and Balasubramaniam 1978), which might

explain the high ACC activation in SAs. The amygdala is

known to process motivationally significant stimuli, but is

also involved in active fear extinction and reinforcer

devaluation (Morrison and Salzman 2010), while the

anterior cingulate activates during conflict resolution

(Zaki et al. 2010), for example, in abstinent drug-

dependent individuals when faced with drug-related stim-

uli. The NcA is part of the cortico-striato-thalamo-cortical

loop, and is important in drug-induced reinstatement of

drug-seeking behavior. In addition, the NcA is prone to

synaptic plasticity changes following drug use (Chen et al.

2010; Li et al. 2010; Russo et al. 2010). Furthermore, this

brain area features prominently in drug addiction studies,

and it has been hypothesized that the amount of striatal

DA receptors may predict the predisposition or develop-

ment of addiction (Nader et al. 2006; Piray et al. 2010).

Many studies have replicated findings of increased limbic

activation during processing of cocaine cues, which

includes activation of the hippocampus, VTA, and thala-

mus, establishing the importance of the reward circuitry

and the role of distinct brain memory systems in the encod-

ing and retrieval of drug-related memories in drug-depen-

dent individuals (Robbins et al. 2008; Sun et al. 2010). In

correspondence with the I-RISA model, consistent findings

of limbic dysregulation in SAs were found during cue-reac-

tivity imaging, which probably reflects altered valuation of

drug rewards.

Section 3: Impulsivity in stimulant
dependence

Task paradigms and behavioral findings of
impulsivity

Impulsivity is a multi-domain concept involving several

independent aspects, and thus has no unique neurological
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basis (Evenden 1999). Impulsivity has at least two major

components: motor impulsivity (impulsive action or dis-

inhibition), and cognitive impulsivity (impulsive choice).

Both aspects are associated with the hallmarks of drug

dependence according to DSM-IV: taking the substance

longer and more often than originally intended; unsuc-

cessful efforts to cut down or control drug intake; and

spending more time and effort to obtain the drug (Amer-

ican Psychiatric Association 1994). High impulsivity levels

are commonly associated with drug dependence and are

postulated to underlie the etiology as well as the continu-

ation of drug dependence (Adinoff et al. 2007; Verdejo-

Garcia et al. 2008; Crews and Boettiger 2009; Wit 2009).

In addition, motor and cognitive impulsivity are often

correlated with relapse (Moeller et al. 2001; Adinoff et al.

2007).

Motor impulsivity

Adequate inhibitory control allows an individual to stop a

premature, poorly conceived, and potentially risky

response which would ultimately result in an undesired

outcome (Evenden 1999). Adequate inhibitory control

can thus be viewed as action error-monitoring of

responses, and motor inhibition is necessary to ensure

adaptive behavior with positive long-term outcomes.

Stimulant dependence has been repeatedly associated with

high motor impulsivity or a lack of inhibition (Evenden

1999; Fillmore and Rush 2002; Fillmore et al. 2002, 2003;

Morgan et al. 2006; Quednow et al. 2007; Verdejo-Garcia

et al. 2008) contributing to loss of control over drug use

and excessive drug-taking behavior (Lyvers 1998).

The most common objective measures for motor inhi-

bition are the Stop-Signal task (Logan et al. 1984), the

Circle Tracing task (Bachorowski and Newman 1990),

and the Go/No-go task. Whereas the difficulty of the

Stop-Signal task involves stopping an already initiated

response several milliseconds following a go-stimulus,

the Go/No-go task measures impulse inhibition without a

directly initiated response. These tasks require rapid,

repeated target responses, while also demanding suppres-

sion of pre-potent or automated responses when faced

with a stop or no-go stimulus. Performance can be char-

acterized in terms of stop-signal reaction time (Stop

Signal Task) and commission or omission errors (Go/No-

go task). Commission errors are responses while a no-go

target was presented and omission errors are nonrespons-

es while a go target was presented. The Stroop task (see

Section 2) can similarly be used to measure inhibition of

an automated response, as this task requires suppression

of an overlearned response (word reading) in favor of an

atypical and hence effortful response (color naming).

However, as discussed previously, this task additionally

includes selective attention as cognitive process, making

it more difficult to assess motor inhibition unrelated to

cognitive interference components.

In a study using a Stop-Signal task, cocaine abusers

showed reduced motor inhibition compared with HCs,

and acute cocaine administration in cocaine abusers

resulted in decreased inhibition compared with saline

administration (Fillmore and Rush 2002; Fillmore et al.

2002). Using the Stroop task as a measure of motor

impulsivity, no performance differences were found in

male cocaine abusers compared to male HCs (Selby and

Azrin 1998). Another study found a small (nonsignifi-

cant) decrement in performance during the Stroop task

in abstinent cocaine abusers (Bolla et al. 1999). In adoles-

cent smokers, performance on a Stroop task improved

following smoking, whereas abstinence from smoking

resulted in impaired inhibition (Zack et al. 2001).

Cognitive impulsivity

Cognitive impulsivity, or impaired delay discounting,

constitutes an important aspect of decision making

(Monterosso and Ainslie 1999; Cardinal et al. 2004;

Deakin et al. 2004): inhibition of impulsive choosing

behavior is important to make appropriate choices, for

example, weighing the probability of short-term gains

against the probability of long-term negative consequences.

Specifically, impulsive choice making is characterized by a

preference for obtaining small rewards now over large

rewards in the future. In stimulant dependence, impulsive

choice leads the individual to frequently terminate activi-

ties because they are not immediately gratifying (Evenden

1999). This may include relapse (to obtain an immediate

rewarding effect) rather than staying abstinent, while being

aware of longer term health benefits of abstinence.

Delay discounting tasks (DDTs) measure cognitive

impulsivity by determining the individual’s preference for

an immediate small (monetary or drug) reward over a

larger reward in the future. Using DDTs, some studies

have shown that ecstasy use correlates with increased cog-

nitive impulsivity (Morgan 1998; Oja et al. 2003; Qued-

now et al. 2007), which was still present during

abstinence (Morgan et al. 2002b), whereas other studies

failed to observe significant differences between ecstasy

users and HCs (Hanson et al. 2008; Win et al. 2008).

Methamphetamine-dependent abstinent individuals

showed significantly higher delay discounting, indicating

higher cognitive impulsivity, than HCs (Hoffman et al.

2006). Higher delay discounting for monetary rewards

was also present in actively using and 30-day abstinent

cocaine dependent individuals compared to HCs (Heil

et al. 2006). In addition, higher delay discounting was

found in cocaine-dependent patients compared with HCs
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for drug-related rewards compared to monetary rewards

(Coffey et al. 2003). Smokers had higher discounting rates

than nonsmoking controls when performing a DDT task

with hypothetical money (Mitchell 1999; Reynolds et al.

2004), and this effect was even more robust when ciga-

rettes or health outcomes were used as hypothetical

rewards (Bickel et al. 1999; Baker et al. 2003). Finally,

dosage and frequency of nicotine use in current smokers

were correlated with levels of delay discounting for mone-

tary rewards in smokers compared with nonsmokers

(Ohmura et al. 2005).

Imaging studies on impulsivity: results and
discussion

Imaging studies on motor impulsivity

Kaufmann et al. (2003) found smaller volumes of activa-

tion in the right DLPFC, the ACC, the inferior parietal

lobule, and the putamen bilaterally in cocaine users com-

pared with HCs. During both errors and successful no-go

trials, activation was significantly lower in, for example,

the ACC, proposing that an underactive action monitor-

ing system in cocaine abusers may represent the neural

correlate of compromised control over their (drug using)

behavior (Kaufman et al. 2003). Given that active cocaine

users were abstinent 18–72 h before testing, it is not pos-

sible to rule out acute withdrawal as a partial explanation

of the findings. In addition, it should be noted that indi-

vidual performance differences were not accounted for.

Similarly, cocaine abusers exhibited lower activation in

the ACC, presupplementary motor area (pre-SMA), and

right PFC compared with HCs during correct inhibition

trials in a similar study by Hester and Garavan (2004). A

significant positive correlation between ACC activity and

correct inhibition scores was found for the HCs, whereas

ACC activity was unrelated to performance in cocaine

abusers, hypothesizing that cocaine users have diminished

ACC capacity to detect fluctuations in the need for inhib-

itory control, resulting in impaired implementation of

inhibitory control and planning of motor actions through

the (lateral) PFC and pre-SMA, respectively (Hester and

Garavan 2004). In addition, in a more recent study, absti-

nent cocaine abusers showed significantly less activity in

the rACC for successful over unsuccessful stop trials than

HCs, and rACC activity was inversely correlated with

scores on the impulsive subscale of the difficulties in

emotion regulation scale (Li et al. 2008). Activation in

the dmPFC did not differ between abstinent cocaine

abusers and HCs, but was inversely correlated with mean

stop signal reaction time (SSRT), concluding that low

activity in the rACC was related to poor inhibitory

control in abstinent cocaine abusers, whereas the

dmPFC might be involved in response inhibition execu-

tion (Li et al. 2008). Using a Stroop task, Bolla et al.

(2004) asked participants to correct each mistake before

starting the next trial, to increase differences between con-

ditions, and found that abstinent cocaine abusers showed

less activation in the left caudal–dorsal ACC (midcingu-

late) and right lateral PFC, but stronger activation in the

right ACC compared with HCs. Interestingly, activity in

the right lateral PFC and the rostral–ventral ACC in

cocaine abusers was negatively correlated with former

average amount of cocaine used per week. The authors

were thus able to only partially confirm their hypothesis

that ACC and lateral PFC function is impaired in

abstinent cocaine abusers compared with HCs, and sug-

gested that the increased right ACC activation in cocaine

abusers represents a compensatory mechanism (Bolla et al.

2004).

Although somewhat outside the scope of this review,

two studies performing a robust motor task (finger tap-

ping) rather than a specific motor inhibition task showed

clear differences between psychostimulant abusers and

HCs regarding motor performance, suggesting an associa-

tion with increased motor impulsivity. While one study

showed a significant association between motor perfor-

mance deficits in chronic crack cocaine abusers and

decreased activity in the dorsal striatum (Hanlon et al.

2009), another study found significantly more activation

during tapping in the right SMA in MDMA users com-

pared with HCs, and significant positive correlations were

found between the number of MDMA episodes and acti-

vation in the right putamen and the right pallidum, and

between lifetime episodes of MDMA use and the percent-

age of activated voxels in the right precentral cortex,

thalamus bilaterally, and right postcentral cortex (Kara-

georgiou et al. 2009). The authors proposed that the

increased SMA activation during the motor task might be

due to a compensatory mechanism involving other brain

regions afferent to SMA, an increased local synaptic activ-

ity or both, reflecting altered regional neurophysiology

and being consistent with MDMA-induced alterations in

the basal ganglia-thalamocortical circuit due to MDMA

neurotoxicity, although additional research is warranted

here (Karageorgiou et al. 2009).

To summarize, impaired response inhibition in cocaine

users compared with HCs was reflected by lower activa-

tions in the (dorsal) ACC, lateral PFC, and pre-SMA.

These findings are corroborated by a volumetric study

showing decreased gray matter volume of the ACC in

addition to superior temporal regions, and insula in

cocaine users (Franklin et al. 2002), and a resting-state

PET study showing decreased metabolic activity in the

ACC and OFC (Volkow et al. 1993). This prefrontal

dysregulation (decreased activity) is consistent with
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the I-RISA theory on the role of impaired response

inhibition.

However, there is a clear need for functional imaging

studies investigating inhibitory control in other stimulant

addictions such as nicotine, (meth-)amphetamine, and

caffeine use. A general methodological issue is that most

studies published to date do not sufficiently control for the

duration of abstinence (or time since last use). In addition,

conflicting findings have been reported regarding rostral

ACC, which was found to be less active in one study (Li

et al. 2008) and more active in another study (Bolla et al.

2004). These discrepancies could be due to differences in

imaging modalities or task paradigms (see Table 3).

Imaging studies on cognitive impulsivity

Methamphetamine-dependent users displayed higher

delay discounting with difficult choices (i.e., choices close

to the indifference point, where subjects are presumed to

have equal preferences regarding immediate vs. delayed

rewards) versus easy choices, resulting in lower activations

of the left DLPFC and intraparietal sulcus (IPS) compared

with HCs (Monterosso et al. 2007). However, no signifi-

cant correlations between brain activation patterns and

discounting rates were observed (Monterosso et al. 2007).

In a study by Hoffman et al. (2008), abstinent metham-

phetamine users showed a significantly stronger prefer-

ence for immediate rewards than HCs with lower

activation in the precuneus and right caudate nucleus,

ACC, and DLPFC. Here, low activation of the amygdala,

DLPFC, posterior cingulate, and posterior parietal cortex

was correlated with higher discounting rates. In addition,

abstinent methamphetamine users exhibited more activa-

tion during easy choices and showed less activation differ-

ences between easy and difficult choices (Hoffman et al.

2008). Recently, Meade et al. (2011) found less activity in

bilateral PFC and ACC during difficult versus easy choices

in active cocaine users compared with HCs. In recovered

cocaine users, activation patterns during easy choices were

similar to those in HCs, but recovered users still revealed

impairments during difficult choices (Meade et al. 2011).

Only three studies are available employing functional

neuroimaging during DDTs in stimulant dependence, two

of which were performed in methamphetamine abusers

(see Table 3). Although one study was conducted in

active users (Monterosso et al. 2007) and the other in

abstinent abusers (Hoffman et al. 2008), similar brain

areas were found to be less active in SAs compared with

HCs for difficult versus easy choices. Similar results were

obtained in active cocaine using HIV patients (Meade

et al. 2011). These findings, therefore, indicate that, even

after sustained abstinence, brain functions remain altered

in methamphetamine and cocaine abusers, resulting in

sustained periods with a high probability of relapse into

drug use. In the methamphetamine studies, these group-

by-task load effects were probably due to increased regio-

nal brain activity in methamphetamine users during

“easy” choices, presumably reflecting lower efficiency of

cognitive control circuitry. In contrast to Monterosso

et al. (2007), Hoffman et al. (2008) observed significant

correlations between discounting rates and activity in the

DLPFC, amygdala, posterior cingulate cortex, and poster-

ior parietal cortex. These latter findings are consistent

with the hypothesis that both ventral/limbic and dorsal

systems are involved in impulsive decisions: the ventral

system (amygdala, ventral striatum, VLPFC, insula) for

decisions involving salient and immediate rewards and

the dorsal system (DLPFC, dorsal ACC, and posterior

parietal cortex) when decision making requires elaborate

comparison and choice making (McClure et al. 2004).

Hoffman et al. (2008) suggested that their findings were

consistent with a model wherein dorsal cognitive systems

modulate the neural response of ventral regions. This

switch from ventral to more dorsal striatal control is con-

sistent with the hypothesis of a switch from salience-based

behavior toward more habitual behavior and is linked

with decreased sensitivity to outcome values (Habitual

Behavioral Model). Indeed, methamphetamine-dependent

patients, who strongly preferred smaller immediate over

larger delayed rewards, appeared to activate the dorsal

cognitive control system to overcome their preference for

small immediate rewards. Moreover, activation of the

amygdala during choice of delayed rewards was associated

with a greater degree of discounting, suggesting that heav-

ily discounting methamphetamine abusers may be more

responsive to the negative salience of delayed rewards

than controls. In contrast, in the Meade et al. (2011)

study, differences in discounting rates, although in the

expected direction, failed to reach statistical significance.

In conclusion, additional studies are warranted to elu-

cidate the involvement of limbic regions compared with

dorsal prefrontal areas in delayed discounting, and to

better understand the dynamic interaction between the

ventral (salience) and the dorsal (control) circuit.

Whether similar changes can also be found in other stim-

ulant abuse populations, such as cocaine, MDMA, nico-

tine, or caffeine abusers is still unknown.

Section 4: Decision making and executive
control in stimulant dependence

Task paradigms and behavioral findings of
decision making and executive control

Decision making, memory, working memory, attention,

cognitive flexibility, conflict monitoring, and planning are
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often conceptualized as separate elements of executive

functioning, generally linked to intact (dorsal) PFC func-

tion (Smith and Jonides 1999; Funahashi 2001). In drug

dependence, executive dysfunction may result in mal-

adaptive decision making, preventing sound judgments

regarding health benefits related to drug use, or cognitive

inflexibility resulting in dependent individuals being

unable to steer away from drug-related thoughts. Here we

discuss task paradigms and behavioral findings regarding

decision making, memory, and cognitive flexibility.

Decision making

Decision making can be assessed using the Iowa Gam-

bling task (IGT) (Bechara et al. 1994) or a two-choice

prediction task. The IGT stimulates the participant to

gain money by turning cards of their choice from four

virtual card decks: two containing large gains but even

greater losses, and two decks with small rewards but even

smaller losses. Thus, perseveration of risky choices will

make the participant lose money. Using the IGT, meth-

amphetamine and amphetamine abusers favored the risky

high reward option (resulting in losses) compared with

HCs (Rogers et al. 1999; Bechara et al. 2001). Moreover,

decision-making speed and accuracy were impaired in

amphetamine abusers and associated with duration of

abuse, suggesting that repeated stimulant use may con-

tribute to impaired decision making (Rogers et al. 1999).

On the other hand, even small differences in decision-

making strategies predicted future ecstasy use in ecstasy

naive individuals (Schilt et al. 2009), implying a causal

role for decision-making impairments in the development

of stimulant abuse. Finally, in methadone-maintained

abstinent heroin abusers, smokers showed impaired deci-

sion making during a gambling task as compared with

nonsmokers (Rotheram-Fuller et al. 2004). The two-

choice prediction task presents only two options: a risky

option (high gains, but more losses) and a low-risk

option (low gains, but few losses). The IGT and the two-

choice prediction task are closely related to the PRLT

discussed in Section 1, as they also involve positive and

negative feedback. The IGT and the two-choice prediction

task also address cognitive flexibility, which can also be

measured using the Wisconsin Card Sorting Task

(WCST) or the PRLT. However, the IGT and two-choice

prediction task contain a more elaborate decision-making

component (implement strategy and choice behavior that

is advantageous in the long run vs. strategy and choice

behavior that is disadvantageous in the long run) com-

pared with the PRLT, and, therefore, we have chosen to

discuss only the IGT and the two-choice prediction task

in this section. Although the PRLT also comprises a deci-

sion making or choice component, the PRLT is not seen

as a gambling task but a task measuring flexibility of

learned behavior based on contingencies without the stra-

tegic element of long-term versus short-term advantages.

Memory

Immediate memory (and working memory: WM), is

often assessed with the Wechsler Adult Intelligence Scale

(WAIS) Digit Span or Memory Span task, requiring the

person to remember a string of digits, letters or words.

The N-back task is a continuous WM task which requires

subjects to indicate whether the current letter matches the

one from n (usually 1–3) steps earlier (Kirchner 1958).

Delayed memory is addressed in the immediate memory

task/delayed memory task (IMT/DMT), a task similar to

the N-back task but with additional options (Dougherty

et al. 2002), such as delaying the recognition phase up to

several minutes. While these tasks mainly differ in the

delay of the recognition phase, also the memory load dif-

fers in several tasks. For example, in the N-back task,

working memory load can be increased by incorporating

more steps back to be remembered in a short-time per-

iod, while the IMT/DMT can increase working memory

load during a longer time period up to several minutes

according to the task’s design. Memory span tasks can

also be made more challenging (increasing working mem-

ory load), that is, by instructing the individual to name

the memory sets backwards. The WAIS digit span is simi-

lar to other memory span tasks, but is part of the more

comprehensive full WAIS measuring both verbal intelli-

gence quotient (IQ) and performance IQ. During a WM

span task, male smokers performed worse than nonsmok-

ing male HCs (Greenstein and Kassel 2009). Ecstasy users

performed worse than HCs on a verbal DMT, and total

ecstasy use was negatively associated with memory perfor-

mance (Schilt et al. 2008). On a delayed memory recogni-

tion task, administration of a nicotine patch improved

performance accuracy in nonsmokers (Froeliger et al.

2009). With regard to acute abstinence effects, in male

smokers, memory performance declined across a 60-min

test period, whereas aspects of calculation and association

tasks improved over time (Sakurai and Kanazawa 2002).

Cognitive flexibility, attention, and planning

Attention is a complex process that can be divided in

different aspects. For instance, sustained attention is the

ability to maintain attention for a longer period on a cer-

tain task which can be measured using a sustained atten-

tion task, whereas divided attention is the ability to shift

attention between different task demands. Cognitive

flexibility or “set-shifting” is the ability to shift cognitive

set depending on task demands (e.g., feedback) and is
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often assessed using the WCST (Grant and Berg 1948),

which requires subjects to match cards following an

unknown matching rule. Regardless of the unknown

matching rule, the participant is told whether a match is

correct or incorrect, and this task assesses the participant’s

flexibility to shift toward new responses. Whereas switch

tasks are usually simplified tasks demanding cognitive

flexibility including a switch that is explicitly mentioned

during task instructions (explicit switching), the WCST

comprises an implicit switch which the individual has to

learn based on received feedback during the task. Ecstasy

users performed worse on a variety of behavioral tasks

including attention and perceptual organization compared

with HCs (for a systematic review, see Rogers et al. 2009).

Also, both cocaine and methamphetamine abusers per-

formed significantly worse than HCs on measures of cog-

nitive flexibility (WCST; Plas et al. 2008). In a study in

recreational polydrug cocaine users, cognitive flexibility,

but not WM, was found to be impaired compared with

HCs (Colzato et al. 2009). Finally, ecstasy users performed

worse than HCs on cognitive flexibility as assessed by the

WCST and on a verbal DMT (Smith et al. 2006). In poly-

substance (cocaine, methamphetamine, and alcohol) abus-

ers, impaired WM and cognitive flexibility was found

compared with HCs (Verdejo-Garcia et al. 2006).

Planning ability is often measured using the Tower of

London (ToL) (Krikorian et al. 1994) or the very similar

Stockings of Cambridge test, both tasks requiring the par-

ticipant to solve a problem in as few steps as possible.

Both tests measure identical processes, with the only dif-

ference between them being that the Stockings of Cam-

bridge test is part of a larger copyrighted test battery, the

CANTAB. Sleep-deprived participants receiving a dose of

dexamphetamine performed the ToL for planning ability

in significantly fewer moves, whereas subjects receiving

caffeine performed significantly worse on the ToL com-

pared with participants on placebo (Killgore et al. 2009).

Imaging studies on decision making and
executive control: results and conclusions

Decision making

Using the IGT, abstinent cocaine abusers showed greater

activation in the right OFC, left putamen, and left post-

central gyrus than HCs and lower activation compared

with controls in right DLPFC, superior parietal lobule,

left medial PFC, and right cerebellum compared with

HCs (Bolla et al. 2003). Also, successful decision strategies

(resulting in more wins and fewer losses) were correlated

with higher OFC activity in both groups, and the amount

of cocaine used before abstinence correlated negatively

with left OFC activity in the cocaine users. It should be

noted, however, that although [15O] PET is not prone to

susceptibility artifacts in the OFC which can be problem-

atic when using fMRI, the temporal resolution of [15O]

PET is limited, permitting block designs only. Therefore,

group differences regarding specific events (e.g., gain and

loss trials) could not be assessed in this study, which

awaits replication using an fMRI event-related design. In

a [15O] PET study by Ersche et al. (2005) amphetamine

abusers, one-year abstinent amphetamine/opiate abusers,

and HCs showed no significant differences in task perfor-

mance, but HCs showed greater activation in the right

DLPFC, whereas current and abstinent amphetamine

users showed greater activation in the left OFC as com-

pared with HCs. Apart from the methodological issues

regarding [15O] PET, this latter study is particularly inter-

esting because their decision-making task was specifically

designed to exclude the possible confounding effects of

differences in working memory load and visuomotor

demands and because the task excluded the learning com-

ponent (Ersche et al. 2005).

In a study by Paulus et al. (2003), activation of the

OFC, DLPFC, ACC, and parietal cortex was associated

with success rates in HCs, while frontal activation in

methamphetamine users was found irrespective of success,

and activation of the OFC, DLPFC, and parietal cortex

was highest when outcome was most unpredictable.

According to the authors, these findings did not support

the hypothesis that methamphetamine abusers are less

sensitive to success or failure than HCs, but rather suggest

an altered top-down modulation of response selection

during decision making (Paulus et al. 2003).

In summary, two studies on decision making showed

decreased DLPFC activation in SAs (Bolla et al. 2003;

Ersche et al. 2005) coupled with increased activations in

the OFC, parietal cortex, putamen, and the postcentral

gyrus, whereas another study showed increased activation

in the DLPFC in SAs compared with HCs (Paulus et al.

2003). A possible explanation for this discrepancy may be

the use of different tasks: IGT (Bolla et al. 2003),

Cambridge Risk Task (Ersche et al. 2005) or two-choice

prediction task (Paulus et al. 2003; see Table 4). It should

be noted that decision-making paradigms as currently

employed are complex tasks, covering many aspects of

decision making, including attention, WM load, and learn-

ing processes. Future studies need to differentiate between

these various aspects, for example, by including specific

control conditions, to delineate the brain circuitry involved

in different aspects of decision making in SAs and HCs.

Immediate and delayed memory

Ecstasy users demonstrated larger activation in the right

parietal cortex during the 1 and 2 back condition of an
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N-back task, and lower activation in frontal and temporal

areas (the left superior temporal lobe, the left superior

frontal gyrus and the ACC) during the 2-back condition

(Daumann et al. 2003a). As the ecstasy users showed

slightly longer RTs when performing the 2-back condi-

tion, it is suggested that differences in motivational

aspects or cognitive strategies might underlie the activa-

tion differences (Daumann et al. 2003a). When repeating

the study with three groups, ecstasy-only users, polyvalent

ecstasy users, and HCs, again no performance differences

were found between users and HCs (Daumann et al.

2003b). It should be noted, however, that seven of the

eight ecstasy users were also included in this previous

study. Increased task load was correlated with increased

activation in the premotor cortex and was again associ-

ated with smaller activations in inferior temporal regions

in pure ecstasy users compared with HCs (Daumann

et al. 2003b). In addition, when comparing ecstasy-only

users with polyvalent ecstasy users, lower activation was

found in the angular gyrus and the striate cortex, suggest-

ing that ecstasy use, and not concomitant use of other

drugs, was responsible for the specific abnormalities

found in ecstasy users (Daumann et al. 2003b). As no

performance differences were present, interpretation of

these imaging results is somewhat problematic, because

the possibility of ceiling effects cannot be ruled out. In a

small N-back study by Jacobsen et al. (2004), left hippo-

campus deactivation was observed in HCs, but not in

ecstasy users, an effect that was especially noticeable dur-

ing high WM load and was negatively correlated with

time since last ecstasy use. The authors hypothesized that

left hippocampal activity might be associated with work-

ing memory deficits found in ecstasy users (Fox et al.

2001; Reneman et al. 2001), and that this may recover

with sustained abstinence, as suggested by the inverse

relationship between hippocampal activation and duration

of abstinence. However, in view of the small sample sizes

and the established role of the hippocampus in episodic

rather than working memory, this study is clearly in need

of replication. Moreover, altered activation of the left hip-

pocampus is probably due to the neurotoxic effect of

ecstasy on serotonergic neurons that modulate inhibitory

circuits in the hippocampus, which is in line with studies

showing reduced glucose metabolism in the left

hippocampus of adult ecstasy users (Buchert et al. 2001;

Jacobsen et al. 2004). Given that hippocampal involve-

ment is a common feature of resting-state network activ-

ity, one may question the specificity of these findings

(Damoiseaux et al. 2006). In a more recent N-back fMRI

study, Bustamante et al. (2011) found similar task perfor-

mance between cocaine-dependent males and HCs, but

the cocaine group showed less activity in the left inferior

parietal cortex compared with HCs. The authors

suggested that decreased parietal activity might reflect

cocaine-induced attentional deficits, although this expla-

nation is not easy to reconcile with intact performance as

observed in their study.

In summary, during WM tasks performed in ecstasy

and cocaine users compared with HCs, activation differ-

ences were found in frontal, parietal, and temporal areas,

ACC, and left hippocampus, in the absence of perfor-

mance differences. This discrepancy may be due to ceiling

effects in task performance or to the fact that regional

brain activity as measured using fMRI is more sensitive.

To date, no neuroimaging studies comparing SAs and

HCs on delayed memory have been published, nor have

any addiction models included hypotheses toward mem-

ory deficits in addicted individuals, making it difficult to

interpret these results in light of the current models of

drug addiction.

Cognitive flexibility, attention, and planning

In a switching task, cocaine users showed decreased acti-

vation in the left cingulate gyrus, medial and right middle

frontal gyrus, left thalamus, lentiform nucleus (globus

pallidus/putamen), and right precuneus compared with

HCs (Kubler et al. 2005). However, activation in the

DLPFC and anterior frontal cortex was similar in both

groups. The authors concluded that the diminished

responsiveness in anterior cingulate and prefrontal areas

is in concordance with the hypothesis of under-responsive

action monitoring in cocaine abusers, and that cocaine

users are selectively impaired for attention switching

within WM, so that, for example, steering away from

drug-related thoughts is problematic (Kubler et al. 2005).

This study is of interest because it is the only study

assessing both verbal and visuospatial WM switching in

cocaine abusers compared with HCs, showing specific

impairment in visuospatial WM in cocaine abusers. Using

a PRLT, HCs showed higher activation of the ventrolat-

eral PFC and premotor area than smokers during rever-

sals following monetary loss (de Ruiter et al. 2009).

However, smokers (compared with HCs) showed higher

activation in the right insula and frontal operculum dur-

ing reversal after monetary loss. In this, cognitive flexibil-

ity in smokers was affected but planning was intact.

Smokers were asked to abstain from smoking 10 h before

scanning. This may have interfered with performance

and/or BOLD-activation due to withdrawal effects. How-

ever, the authors argue that this is unlikely given the

intact planning in smokers. Finally, a study by Goldstein

et al. (2007b), investigating practice effects (habituation)

on a sustained attention task, showed a decrease in activa-

tion of the ACC, frontal areas, and cerebellum as com-

pared with HCs, which was associated with measures of
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craving, frequency of use, and length of abstinence in

cocaine users versus HCs. These findings are somewhat

surprising as decreased prefrontal activation during pro-

longed or repeated task performance is usually considered

to reflect increased neural efficiency, due to, for example,

absence of novelty effects. In addition, cuneus and precu-

neus were more active in HCs as compared with cocaine

abusers, and signal decreases in the thalamus correlated

with RT decreases related to practice sessions, especially

in cocaine abusers as compared with HCs (Goldstein

et al. 2007b), hypothesized to reflect a changed ability to

adapt to previously experienced situations as compared

with HCs.

de Ruiter et al. (2009) assessed planning ability in

smokers and HCs, but did not find differences in activa-

tion patterns, with the exception of a right posterior pari-

etal area which was more active in HCs than in smokers.

Overall, very few functional imaging studies were avail-

able on cognitive flexibility (see Table 4). While SAs

(cocaine-dependent subjects) showed decreased activation

during a cognitive flexibility task in the anterior cingulate

gyrus, medial PFC, and subcortical regions (thalamus and

lentiform nucleus), no differences were found in lateral

prefrontal cortices (DL and anterior frontal) compared

with HCs. During an attention task, however, decreased

DL (and VM) PFC as well as ACC, and medial frontal

gyrus activation was found in SAs (cocaine) compared

with HCs, but activation patterns between smokers and

HCs did not differ during planning.

General Discussion

A number of converging findings emerged in key brain

regions during specific tasks, including increased activa-

tion in the limbic system following cue-reactivity para-

digms, and increased DLPFC and PFC activity in

cognitive and motor impulsivity studies, respectively.

However, there were also several inconsistencies, which

can probably be explained by methodological differences

with regard to tasks and protocols used, study population,

imaging modalities, and data analysis. Whereas we dis-

cussed these possible explanations in each section sepa-

rately, in this section we will discuss some general issues

in neuroimaging research and provide an outline for

future research. Unfortunately, as mentioned before, only

few studies are available on executive functioning, pre-

cluding assessment of common findings and inconsisten-

cies in these areas. Also, two previous reviews concluded

that there was reduced anterior and posterior cingulate

activation, and reduced inferior frontal, DLPFC, and pari-

etal activation during process-related functioning, but

these studies were limited to cocaine and (meth-)amphet-

amine users (Hong et al. 2009; Gu et al. 2010). Both

reviews are very similar in their conclusions regarding dif-

ferences between users and controls: both proposed that

altered brain activation patterns are related to the

demand-specific processing of information, rather than

generic differences between stimulants users and controls.

In addition, both reviews also conclude that these differ-

ences are consistent with a shift to more stereotyped,

habitual behavior.

The findings of this review appear to fit rather well a

number of aspects of different but partly overlapping the-

ories of drug addiction. Reward and punishment-, motor

impulsivity-, and cue-reactivity imaging studies support a

role for the I-RISA model: impaired prefrontal function-

ing that may play a key role in inadequate evaluation of

natural reinforcers and in impaired response inhibition,

while limbic dysregulation (e.g., amygdala overactivation)

would reflect increased valuation of drug stimuli.

Together, impaired prefrontal activity and overactivation

of limbic structures would thus result in maladaptive

(impulsive and compulsive) behaviors and risky sensa-

tions (craving) leading to persistent drug use and relapse

into recurrent episodes of maladaptive drug use with

long-term negative consequences. Aspects of the Incen-

tive-Sensitization theory, with its emphasis on neurobio-

logical changes paving the way to more persistent drug

use, can only be tested in longitudinal/prospective studies

of drug users and HCs, that are currently not available,

but it stresses the important role of neurobiological

changes in areas such as the dorsal PFC, dorsal ACC, and

various limbic structures, that is, increased or decreased

responsiveness of brain circuits, related to the repeatedly

observed changes in the function of these brain areas

(regardless of cause or effect). Finally, the Habitual

Behavioral Model stresses impulsivity and decision related

changes that were observed in the dorsal system (DLPFC,

dorsal ACC, and posterior parietal cortex) and the more

ventral regions (amygdala, ventral striatum, VLPFC,

insula). However, with the exception of a single study

(Wilcox et al. 2011), no analyses of functional connectiv-

ity were found in the reviewed articles, a limitation when

considering pathways supposedly involved in addiction as

presented in several articles. For example, recent studies

using a resting state approach have shown lowered con-

nectivity between VTA and thalamus/NcA related to years

of drug use in chronic cocaine dependent individuals (Gu

et al. 2010) and for disrupted dorsal anterior cingulate

and ventral striatum/extended amygdala pathways in nic-

otine dependent individuals (Hong et al. 2009, 2010).

Similarly, a recent resting state fMRI study showed a

reduction in brain connectivity in prefrontal hemispheres

in abstinent cocaine abusers relative to HCs (Kelly et al.

2011). More specifically, this study showed a relation

between chronic cocaine dependence and reduced
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connectivity in a dorsal frontoparietal network involving

the lateral frontal, medial premotor, and posterior parietal

areas, indicating an impaired attentional network in

cocaine users compared with HCs (Kelly et al. 2011).

However, these studies are beyond the scope of the cur-

rent review because they lack a HC group and/or do not

use a neurocognitive task.

As was discussed previously, inconsistencies in findings

may at least partly be explained by methodological heter-

ogeneity, stressing the need for similar neurocognitive

tasks and experimental procedures. Neurocognitive tasks

are continuously altered and improved to meet new

research questions. Such continuous modifications, while

helpful for further research, also limit comparability

across studies, which is problematic when only a limited

number of studies in SAs with HCs are available. Note

also that test–retest reliability for fMRI designs such as

reward paradigms, while acceptable at a group level, are

moderate at best for single subjects (Fliessbach et al.

2010). In addition, tasks often do not identify separate

components of neurocognitive functioning. For example,

most decision-making tasks do not only measure the pro-

cess of decision making, but also processes related to

attention, WM, reward expectation, and reward and pun-

ishment processing. Identifying these separate compo-

nents of, for example, decision making may also be

achieved by including carefully selected control tasks.

In addition to these issues related to task paradigms,

differences in fMRI data acquisition and analysis are likely

to be another major source of discrepancies across

studies. As discussed previously, studies may differ with

regard to scanner type, field strength, acquisition parame-

ters, and data modeling (e.g., block vs. event-related).

More generally, the BOLD fMRI technique has several

limitations, such as susceptibility to signal distortion and

dropout in the vicinity of bone-air transitions, such as

the nasal sinuses, resulting in poor sensitivity to detect

activity in, for example, medial OFC. Also, while BOLD

fMRI is predicated on the assumption of increased regio-

nal perfusion being associated with greater neural activity,

this neurovascular coupling may be compromised in

elderly people but also following drug intake (Schwarz

et al. 2007). Finally, the use of various data analysis tech-

niques and (the massive number of) statistical tests can

also be an important source of variation. Ideally, greater

weight should be given to studies in which type I error is

adequately controlled for, either by using whole-brain

corrections for multiple testing or the use of indepen-

dently derived a priori (as opposed to post hoc) ROIs.

Some of the described studies have used various types of

corrections (for whole-brain analyses [Daumann et al.

2003b; Okuyemi et al. 2006; Karageorgiou et al. 2009],

multiple testing [Paulus et al. 2003; Bolla et al. 2004;

Hester and Garavan 2004; Ersche et al. 2005; Kubler et al.

2005; Hoffman et al. 2006; Goldstein et al. 2007b; Li et al.

2008; Hanlon et al. 2009; de Ruiter et al. 2009], or pre-

defined ROI analyses [Maas et al. 1998; Due et al. 2002;

Bolla et al. 2004; Jacobsen et al. 2004; Ersche et al. 2005;

Okuyemi et al. 2006; Li et al. 2008; Karageorgiou et al.

2009]) to reduce possible type I errors. However, only a

limited number of these have controlled adequately for

type I errors (Ersche et al. 2005; Okuyemi et al. 2006;

Karageorgiou et al. 2009), and results from these studies

should receive greater weight. Other studies used no

(Childress et al. 1999) or inadequate (Bolla et al. 2003;

Daumann et al. 2003a; Goldstein et al. 2007b) correc-

tions, or did not provide information on this issue

(Garavan et al. 2000; Wexler et al. 2001; Kaufman et al.

2003; David et al. 2005; Monterosso et al. 2007; Goldstein

et al. 2009b), making it difficult to exclude possible false

positive findings.

A final issue concerns interpretation of results, in par-

ticular with regard to behavioral and neurophysiological

(BOLD) data. In studies in which similar performance on

neurocognitive tasks was observed between HCs and SAs,

or task specifics were manipulated to obtain similar per-

formances, differences in regional activations are usually

explained by some kind of compensation hypothesis,

stating that higher activations coupled with similar

performance may result from decreased neural efficiency

coupled with compensatory mechanisms, so-called “com-

pensatory scaffolding” (Park and Reuter-Lorenz 2009).

However, subjects whose scaffolding capacity is limited,

such as older adults, reach their resource limitations at

lower levels of task demand (compensation-related utiliza-

tion of neural circuits [CRUNCH] hypothesis). Also, the

use of alternative cognitive strategies may necessitate

recruitment of additional neuronal systems (Noppeney

et al. 2004). In contrast, impaired behavioral performance

in the presence of lower activation is generally interpreted

as a malfunctioning circuit without sufficient compensa-

tion. Within this framework, normal performance cou-

pled with decreased BOLD-responsiveness in patients is

difficult to account for, although some authors have

proposed increased baseline activity as an explanation

(Wexler et al. 2001). However, to test this hypothesis,

study designs should include both a high-level and a

low-level baseline (e.g., Canli et al. 2005), but to our

knowledge such studies in addiction disorders have not

been published.

It is important to realize that this review compares sub-

strates of neuropsychological functioning across a variety

of different stimulant drugs. In general, future studies

should be performed to investigate whether similar

changes are to be found for all psychostimulant drugs

(nicotine, [meth-]amphetamine, ecstasy, caffeine) and
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possibly also for other psychotropic drugs (opiates,

alcohol, cannabis) and for behavioral addictions (e.g., de

Ruiter et al. 2009). Such studies should employ similar or

even identical tasks, and use similar statistical approaches

and significance thresholds. In addition, future studies

should attempt to control for variability in gender ratio,

time of abstinence, duration and amount of drug use,

time of onset of drug use/abuse, and polydrug use. In

addition to these methodological issues, such studies

should attempt to examine separate components of neu-

ropsychological functions, rather than using tasks that

address broad cognitive functions. Alternatively, future

studies may vary task load, for example, by employing a

parametric design, which may also be useful to avoid bot-

tom and/or ceiling effects with regard to task perfor-

mance. Finally, future studies should not compare SAs

only to HCs, but also to other drug users (e.g., alcohol or

opiods dependent subjects) or patients with other psychi-

atric disorders (e.g., ADHD or obsessive–compulsive dis-

orders) to investigate the specificity of any findings, and

to explore common abnormalities in different categories

of disorders. A final promising development for future

research is the combination of functional neuroimaging

with pharmacological challenges to test the potential

usefulness of certain compounds for the treatment of

stimulant dependence, and to gain better insight in the

neuropharmacological correlates of stimulant dependence.

Conclusions

This review has both strengths and limitations. The main

strengths include the careful selection of studies including

only papers with SAs and HCs, the thematic ordering of

the studies using integrated addiction models as the orga-

nizing principle, and the detailed description of the study

populations and the tasks that were used in the selected

studies. The review also has limitations. First, although

we aimed to exclude studies in polysubstance users, most

SAs were also smokers so that effects of nicotine could

not be excluded. Second, many studies failed to ade-

quately report the duration of substance use, so that cor-

relations between abuse duration and morphological and

functional brain abnormalities could not be assessed.

Third, gender distribution was often unequal in the study

groups, which is likely to be relevant because significant

sex differences have been found in brain responses in

HCs as well as in patients with stimulant dependence

(Goldstein et al. 2005; Li et al. 2005; Adinoff et al. 2006).

However, we chose not to exclude studies performed in

mixed male and female samples, because only five studies

included males only (Maas et al. 1998; Childress et al.

1999; Li et al. 2008; de Ruiter et al. 2009; Goudriaan

et al. 2010). Finally, although some neuroimaging studies

are available for pharmacological effects of caffeine (Liau

et al. 2008; Perthen et al. 2008; Addicott et al. 2009) and

for neurocognitive functioning following (nonexcessive)

caffeine consumption (Portas et al. 1998; Bendlin et al.

2007; Koppelstaetter et al. 2008, 2010), to date studies on

heavy caffeine intake compared with no caffeine using

subjects have not been published.

The findings in this review are potentially important in

the development of new interventions for the treatment

of patients with a stimulant use disorder as both existing

and novel neuromodulation techniques are currently

implemented and tested in addiction treatment settings.

Existing techniques include EEG neurofeedback (e.g., So-

khadze et al. 2008) and rTMS (Feil and Zangen 2010),

whereas novel techniques include real-time fMRI neuro-

feedback (e.g., deCharms et al. 2005) and deep brain

stimulation (e.g., Kuhn et al. 2007; Zhou et al. 2011). To

select the most promising target regions for these inter-

ventions, robust data on the functional differences

between SAs and HCs are of utmost importance, includ-

ing knowledge about the direction of the differences

between patients and HCs. The current review adds to

our knowledge about the most robust observational

findings and the most promising targets for these

interventions.
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