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    Introduction 

 Cocaine use disorder (CUD) is a global public health concern. In both Europe 
and the USA, cocaine is one of the most commonly used illicit stimulant 
drugs. In 2017, 18 million Europeans (5.4%) had ever used cocaine, with 
2.6 million Europeans (2.1%) having used cocaine in the last year ( “European 
Monitorin Center for Drugs and Drug Addiction Annual Report,” 2019 ). In 
the USA, 40 million people (14.9%) had ever used cocaine, with almost 6 mil-
lion people (2.2%) having used cocaine in the last year ( Center for Behavioral 
Health Statistics and Quality, 2018 ). There has been an increase in cocaine use 
over the years, which is mirrored by an increased number of people entering 
treatment. For instance, there has been an increase of 35% of f irst-time treat-
ment entries for problematic cocaine use in Europe ( “European Monitorin 
Center for Drugs and Drug Addiction Annual Report,” 2019 ). In addition, 
966,000 Americans were diagnosed with CUD in 2017, and 637,000 received 
treatment for problematic cocaine use ( Center for Behavioral Health Statistics 
and Quality, 2018 ). 

 In  DSM-5 , substance use disorders (SUDs), including CUD, are classified 
on a severity scale based on the number of the defining 11 criteria, such as 
using more/longer than intended, and inability to cut down or continuing use 
despite professional or social problems or despite physiological or psychological 
problems. Patients meeting 2–3 criteria are diagnosed with mild SUD, patients 
meeting 4–5 criteria are diagnosed with moderate SUD, and patients meeting 
six or more criteria are diagnosed with severe SUD. In contrast to previous edi-
tions of the  DSM , the fifth edition was expanded with the inclusion of craving 
as a central component for the persistence of addiction (American Psychological 
 Association, 2013 ). 
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 Acute cocaine use leads to blocked reuptake of dopamine from the synaptic 
cleft, causing its pleasurable effect. Additionally, the reuptake of noradrenaline 
and serotonin from the synaptic cleft are also blocked ( Ritz, Lamb, Goldberg, & 
Kuhar, 1987 ), resulting in increased activation of the sympathetic nervous sys-
tem and consequently to symptoms such as increased heart rate and pupil dila-
tion. The development of SUDs has long been attributed to striatal dopamine 
release, mediating feelings of reward that lead to the development of addiction 
( Di Chiara, 2002 ;  Volkow, Wang, Fowler, & Tomasi, 2012 ). However, research 
has indicated that the involvement of dopamine is more complicated, and can 
also be linked to incentive sensitization and craving ( Berridge & Robinson, 
2016 ). Repeated cocaine use leads to a surplus of dopamine in the synaptic cleft 
by inhibiting the reuptake by the presynaptic neuron. Therefore, dopamine can 
bind to the receptor again, creating feelings of euphoria. Chronic use of cocaine 
leads to disrupted dopamine functioning by decreasing (i.e. blunting) dopamine 
production and downregulating dopamine receptors. This disrupted functioning 
is thought to contribute to a decreased ability to experience pleasure in a nor-
mally pleasurable activity (anhedonia) and insensitivity to drug rewards (toler-
ability). At the same time, other brain areas (e.g. ventromedial prefrontal cortex, 
VMPFC) become more (dopaminergic) sensitive to drug-related stimuli, which 
is ref lected by excessive wanting of the drug ( Berridge & Robinson, 2016 ), lead-
ing to enhanced craving and loss of control over drug intake ( Volkow, Koob, & 
McLellan, 2016 ;  Volkow, Wang, Fowler, Tomasi, & Telang, 2011 ). Although 
dopamine is involved in SUDs in general, it appears that deviations in the stria-
tal dopaminergic system are specific to the use of stimulants and alcohol ( Nutt, 
Lingford-Hughes, Erritzoe, & Stokes, 2015 ). 

 This chapter summarizes the deviating cognitive functions and the neuro-
biological mechanisms associated with cocaine use. In addition, the factors that 
moderate these effects will also be considered. Thereafter, existing as well as 
more experimental interventions to treat CUD and associated neurobiological 
changes will be discussed. Finally, directions for future research and clinical 
implication will be discussed. 

 Neurocognitive correlates of CUD 

 Cognitive correlates of CUD 

 Cocaine use leads to an increase of dopamine, serotonin and noradrenalin in sev-
eral sub-cortical structures, including the nucleus accumbens (NAcc). Due to the 
connections of the NAcc with brain regions involved in cognitive functioning, 
the effects of cocaine are dispersed throughout the brain. There is a vast body of 
literature reporting impaired cognitive functions associated with CUD, including 
cognitive functions in the domains of attention, executive functioning, learn-
ing and memory ( Fernández-serrano, Pérez-García, & Verdejo-García, 2011 ; 
 Jovanovski, Erb, & Zakzanis, 2005 ;  Potvin, Stavro, Rizkallah, & Pelletier, 2014 ; 
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 Spronk, van Wel, Ramaekers, & Verkes, 2013 ). Moreover, in addition to the gen-
eral effects of substance use, including impaired episodic memory, emotional pro-
cessing and executive functions, psychostimulant use appears to specifically affect 
impulsivity and cognitive f lexibility ( Fernández-serrano et al., 2011 ). However, a 
recent independent patient data (IPD) mega-analysis showed that inhibition was 
not affected in active cocaine users ( Liu et al., 2019 ). This is in contrast with a 
review that concluded that effects of long-term cocaine use is characterized by a 
general cognitive impairment across functions, rather than by specific cognitive 
deficits ( Spronk et al., 2013 ). It must be noted that the review by  Spronk et al. 
(2013 ) included participants with abstinence ranging from several hours to sev-
eral years, whereas the review by  Fernández-serrano et al. (2011 ) was based on 
studies with medium- to long-term abstinence. In addition, the extent of dete-
rioration appears to vary between different cognitive functions, with the greatest 
impairments in cognitive functions including attention, verbal/visual memory 
and working memory (  Jovanovski et al., 2005 ;  Potvin et al., 2014 ). 

 In order to get a clear view of the sustained effects of cocaine use and CUD on 
cognitive functioning, a substantial period of abstinence needs to be considered in 
order to eliminate possible acute (reversible) effects of cocaine use. For instance, 
acute effects of cocaine use were considered in the review by  Spronk et al. (2013 ). 
The results suggest improvements in inhibition and psychomotor speed, whereas 
other domains including learning/memory and attention appeared unaffected 
by protracted abstinence. However, it should be noted that the different studies 
included different types of cocaine users, ranging from experienced frequent 
users to people diagnosed with CUD. Not only could the acute administration 
of cocaine have led to masking of any cognitive deteriorations, the variety of 
included user types may also have distorted the results. 

 Studies in ex-cocaine users with sustained abstinence can reveal deficits in 
cognitive functions that were masked by ongoing cocaine use, but also improve-
ments or even recovery of deteriorated cognitive functions after abstinence. 
For instance, the extent of general and specific cognitive impairments resulting 
from substance use appears to taper off with prolonged duration of abstinence, 
but the effects of psychostimulant use appear to be more persistent ( Fernández-
serrano et al., 2011 ). A more recent review on the effects of sustained abstinence 
on cognitive functions reported at least partial recovery in general. Regarding 
patients with CUD specifically, executive functions showed improvements with 
sustained abstinence, whereas attentional processes remained impaired ( Schulte 
et al., 2014 ). A meta-analysis including 46 studies with  1,452 subjects with CUD 
and 1,411 healthy controls revealed that most cognitive functions show improve-
ments after five months of abstinence from cocaine ( Potvin et al., 2014 ). 

 In addition to abstinence, several other factors need to be considered to 
acquire a more comprehensive view on the effects of cocaine use on cogni-
tive functioning. First, cocaine use characteristics inf luence the extent to which 
cognitive functions are impaired ( Mahoney, 2019 ). For instance, features such as 
quantity, frequency and the duration of cocaine use were associated with deficits in 
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distinct executive functions ( Bolla et al., 2004 ;  Madoz-Gúrpide, Blasco-Fontecilla, 
Baca-García, & Ochoa-Mangado, 2011 ). Moreover, age of onset appears to affect 
cognitive performance specifically resulting in distinct patterns of cognitive dys-
functions in early- versus late-onset cocaine use ( Lopes et al., 2017 ). Further-
more, given that cocaine users typically use multiple substances ( Connor, Gullo, 
White, & Kelly, 2014 ), the effect of polysubstance use should also be consid-
ered. Although it is difficult to disentangle the exact effect of cocaine, polysub-
stance users (also using cocaine) have been found to show greater impairments 
in neuropsychological functioning compared to alcohol dependents and healthy 
controls ( Selby & Azrin, 1998 ). Furthermore, polysubstance users (also using 
cocaine) show greater impulsivity as measured with the Barratt Impulsiveness 
Scale (BIS-11) compared to cigarette smokers and healthy controls ( Schmaal, 
Veltman, Nederveen, van den Brink, & Goudriaan, 2012 ;  Schulte et al., 2017 ). 
Finally, demographic factors also appear to inf luence the effect of substance 
use on cognitive functioning ( Liu et al., 2019 ). For instance, age already has a 
negative effect on cognitive functions ( Suutama, Ruoppila, & Stig, 2002 ), but 
deviations in cognitive functions appear to further increase after substance use. 
Indeed, a negative association was reported for several cognitive functions, such 
as psychomotor speed, attention and short-term memory, indicating that CUD 
has a more detrimental effect on several cognitive functions in older regular 
cocaine users ( Kalapatapu et al., 2011 ). 

 Neurobiological correlates of CUD 

 Several theories have been proposed for the neurobiological processes involved 
in addiction. One of those theories states that SUDs are associated with three 
separate but interacting systems, that mainly involve the prefrontal cortex (PFC), 
amygdala/striatum and insula ( Noël, Brevers, & Bechara, 2013 ). The system 
involving the PFC constitutes a hypoactive, ref lective system involved in cogni-
tive functions including decision-making and inhibitory control, whereas the 
system involving the amygdala/striatum constitutes a hyperactive, motivational 
system involved with cognitive functions such as impulsivity. The system involv-
ing the insula can be viewed as a ‘gate’ system, that translates interoceptive sig-
nals into conscious feelings of desire and decision-making processes related to 
uncertain risk and reward ( Bechara, 2005 ;  Noël et al., 2013 ). 

 A vast body of literature has indicated that many neurobiological measures to 
be associated with the deviations in cognitive functions previously mentioned, at 
the level of brain structure as well as at the level of brain function. Understanding 
these neurobiological correlates could aid in understanding the development and 
maintenance of CUD, and consequently in the development of effective preven-
tion and treatment. 

 It must be noted that a distinction between structural and functional devia-
tions is, to some extent, arbitrary, since changes in brain structure are often 
related to changes in brain function ( Guye, Bartolomei, & Ranjeva, 2008 ). 
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However, for the purpose of this review, deviations in structure and function 
will be discussed separately. In addition, it should be noted that cross-sectional 
studies, comparing a cocaine-using group with a control group, are not suitable 
for causal inference with respect to neurobiological correlates of CUD. Second, 
many studies have used very small samples, limiting the power, generalizability 
and replicability of these studies and possibly explaining some of the inconsis-
tencies in study results. 

 Structural brain correlates of CUD 

 Smaller gray matter volumes in cocaine-using participants have been reported in 
a broad range of brain areas, including the frontal, temporal and parietal cortices, 
cingulate cortices, insula, cerebellum, striatum, thalamus and amygdala ( Barrós-
Loscertales, Garavan, et al., 2011 ;  Ersche et al., 2011 ;  Franklin et al., 2002 ;  Ide 
et al., 2014 ;  Makris et al., 2004 ;  Moreno-López, Catena, et al., 2012 ;  Sim et al., 
2007 ). In addition to smaller gray matter volumes, smaller cortical volumes and 
surface areas have been reported in areas including the superior temporal cortex 
( Kaag et al., 2014 ). There are also reports of greater gray matter volumes and sur-
face areas in a range of areas including the putamen, caudate nucleus, pallidum, 
insula and cerebellum ( Ersche et al., 2011 ;  Ide et al., 2014 ;  Kaag et al., 2014 ), as 
well as no deviations in gray matter, for instance in the hippocampus ( Makris 
et al., 2004 ). Similarly, smaller white matter volumes have been reported in a 
broad range of areas including frontal and parietal areas, cingulate cortex, insula, 
corpus callosum, cerebellum and caudate ( Lane et al., 2010 ;  Moreno-López, 
Catena, et al., 2012 ;  Sim et al., 2007 ), as well as no deviations in white matter 
volumes ( Franklin et al., 2002 ). 

 These deviations in brain structures have also been associated with cognitive 
functions in CUD, such as impulsivity, decision-making and attentional pro-
cesses ( Ersche et al., 2011 ;  Kaag et al., 2014 ;  Lane et al., 2010 ;  Moreno-López, 
Catena, et al., 2012 ;  Sim et al., 2007 ). More specifically, impulsivity has been 
positively correlated to gray matter volume in the caudate and frontal gyrus 
( Ersche et al., 2011 ;  Moreno-López, Catena, et al., 2012 ), as well as negatively 
correlated with gray matter in insula, temporal gyrus and putamen ( Ersche et al., 
2011 ;  Moreno-López, Catena, et al., 2012 ). Additionally, surface area and corti-
cal thickness of the superior temporal cortex, insula and anterior cingulate cortex 
(ACC) were negatively correlated with impulsivity ( Kaag et al., 2014 ). Decision-
making has been negatively associated with white matter integrity in frontal and 
parietal lobes, and the corpus callosum ( Lane et al., 2010 ). The inconsistencies 
in the association between cognitive functions and deviations in brain structure 
could be attributed to differences in the assessment of a particular cognitive 
function, such as self-report questionnaires versus behavioral tasks, which tap 
into different aspects of impulsivity ( Broos et al., 2012 ). Another explanation 
could be the variation in the duration of abstinence of the included participants, 
ranging from acute users to long-term abstinent ex-users. 
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 Some studies have specifically investigated the effect of abstinence on the nor-
malization of brain structures associated with recovery of cognitive functioning. 
For instance, increased frontal gray matter was reported in a longitudinal study 
after six months of abstinence or significantly reduced use in treatment-seeking 
CUD participants, which was associated with improved decision-making and 
cognitive f lexibility ( Parvaz et al., 2017 ). Another study investigated the effect 
of abstinence on recovery of brain structure applying a cross-sectional design 
comparing active cocaine users, one-month abstinent participants and non-drug 
users. The abstinent ex-users showed larger gray matter volumes in frontal and 
temporal cortex compared to active users. In contrast to the active users, there 
was no difference in white matter density between the abstinent ex-users and 
non-drug users. In addition, the abstinent ex-users outperformed the active users 
with respect to several cognitive functions and their performance was associated 
with a larger gray matter volume in the insula and temporal cortices ( Hanlon, 
Dufault, Wesley, & Porrino, 2011 ). These studies indicate that normalization of 
brain structure is associated with improvements in cognitive functions after a 
particular period of cocaine abstinence. 

 In addition to abstinence, several other factors need to be considered. First, 
cocaine use characteristics appear to inf luence the extent of structural deviations. 
For instance, the duration and severity of CUD was negatively associated with 
the volume of several brain areas, including frontal cortex, cingulate, cerebel-
lum and insula ( Barrós-Loscertales, Garavan, et al., 2011 ;  Ersche et al., 2011 ; 
 Ide et al., 2014 ;  Sim et al., 2007 ). In addition, cerebellar gray and white matter 
volumes were negatively correlated with the duration of cocaine use ( Sim et al., 
2007 ). Cortical thickness of the insula and superior temporal cortex were nega-
tively associated with the amount of cocaine use ( Kaag et al., 2014 ). Further-
more, polysubstance use also appears to have a negative effect on the volume of 
the medial PFC ( Kaag et al., 2018 ). Second, demographic factors also appear to 
inf luence the extent of structural deviations. For instance, women were found to 
show greater loss of gray matter in frontal areas associated with duration of use 
compared to men ( Ide et al., 2014 ). 

 Functional brain correlates of CUD 

 Deviating cognitive functions in a variety of cognitive domains are often asso-
ciated with brain activity in areas associated with that function. A review on 
neurocognitive functioning in stimulant users, including cocaine, has shown the 
association of activity in particular brain areas to specific cognitive functions 
( Crunelle, Veltman, Booij, Van Emmerik-Van Oortmerssen, & van den Brink, 
2012 ). Based on the literature on both cocaine and ecstasy users, it appeared 
that there were deviations in activity of frontal, parietal and temporal areas, 
as well as the ACC and left hippocampus, during working memory perfor-
mance. When looking specifically at the effects in cocaine users, increased acti-
vation was found in the ACC, amygdala and striatal areas ( Barrós-Loscertales, 
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Bustamante, et al., 2011 ;  Moeller et al., 2010 ;  Tomasi et al., 2007b ), whereas 
decreased activation was found in prefrontal and parietal areas ( Tomasi et al., 
2007b ). Regarding deviating brain activity associated with impulsivity, reduced 
activity in the ACC and supplementary motor area was found to be related to 
motor impulsivity, whereas reduced activity in the dorsal and ventral system 
was related to cognitive impulsivity ( Crunelle et al., 2012 ). When looking spe-
cifically at the effects in cocaine users, reduced activity in the right PFC, ACC, 
pre-supplementary motor area and insula was found ( Hester & Garavan, 2004 ; 
 Kaufman, Ross, Stein, & Garavan, 2003 ). Deviating brain activation has also 
been reported regarding attentional processes. For instance, decreased activa-
tion in the thalamus was reported during a visuospatial attention task, whereas 
occipital and prefrontal regions showed increased activity ( Tomasi et al., 2007a ). 
Furthermore, increased activation in the right orbitofrontal cortex (OFC) was 
found during performance of a decision-making task, whereas decreased acti-
vation in the right dorsolateral PFC (DLPFC) and left medial PFC was found 
( Bolla et al., 2003 ). Interestingly, deviations in brain activity are not always 
accompanied by behavioral deviations. The absence of cognitive dysfunctions 
in the presence of functional deviations could be attributed to increased activity 
in some areas, indicating compensatory mechanisms of attention and control 
processes ( Barrós-Loscertales, Bustamante, et al., 2011 ;  Moeller et al., 2010 ). 
However,  Tomasi et al. (2007b ) did find between-group differences in accuracy 
and reaction times with increasing task diff iculty. Moreover, positive correla-
tions of brain activation in the cerebellum with accuracy, and of brain activa-
tion in the postcentral gyrus with reaction times, have been reported at higher 
working memory load conditions. Similarly, greater performance on a decision-
making task was associated with increased activation in the right OFC ( Bolla 
et al., 2003 ). One reason for the discrepancy between studies regarding deviat-
ing working memory performance in cocaine users compared to controls could 
be the use of different working memory tasks. 

 In addition to deviating activity of individual brain regions, looking at the 
functional connectivity between the affected areas may give a more comprehen-
sive insight into deviating brain functions associated with CUD. A review by 
 Ma, Steinberg, Moeller, Johns, and Narayana (2015 ) reported that most stud-
ies on brain connectivity reported altered connectivity between different brain 
areas in CUD compared to health controls. In some cases, this altered con-
nectivity is associated with cognitive functioning. For example, deviations in 
resting state functional connectivity in patients with CUD compared to control 
subjects have been reported, with evidence of increased ( Hu, Salmeron, Gu, 
Stein, & Yang, 2015 ) as well as decreased functional connectivity ( Hu et al., 
2015 ;  Verdejo-Garcia et al., 2014 ). Moreover, differences in effective connectiv-
ity between several brain areas in CUD compared to healthy controls have been 
reported during tasks tapping into working memory ( Ma et al., 2014 ), response 
inhibition ( Ma, Steinberg, Cunningham, et al., 2015 ) or cue reactivity ( Ray, 
Gohel, & Biswal, 2015 ). 
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 There are many inconsistencies between study results. For instance, increased 
as well as decreased activity in the rostral ACC has been reported to be related to 
impulsivity ( Bolla et al., 2004 ;  Li et al., 2008 ). However, there are various factors 
that could explain this inconsistency. First, it is important to consider the dura-
tion of abstinence. Deviations in brain activity during a working memory task 
were more pronounced in short-term abstinent CUD participants with positive 
urine screens compared to those with a negative urine screen ( Tomasi et al., 
2007b ). This could indicate the acute effects cocaine use has on brain activity. In 
addition to the importance of ruling out possible acute effects of cocaine use on 
brain functioning, some brain functions appear to improve or even recover with 
prolonged abstinence ( Schulte et al., 2014 ). 

 Second, demographic factors such as age and gender need to be considered. 
Aging has a detrimental effect on cognitive functioning and associated brain 
activity ( Rypma & D’Esposito, 2000 ), making age an important factor to con-
sider. Most studies use age-matched groups in their study design, ruling out any 
effect of aging on neurobiological functioning. Some studies performed sub-
analyses to investigate the effect of gender, but did not find such effects ( Hester & 
Garavan, 2004 ;  Moeller et al., 2010 ). Future research could benefit from thor-
oughly investigating the effect of aging on cognitive functioning and associated 
brain activity in CUD. In addition, future research could benefit from taking 
into account potential gender differences, since there are studies that reported 
gender differences in neurobiological correlates of cognitive functioning in 
CUD ( Adinoff et al., 2006 ). However, since there are also studies that reported 
no gender differences ( Moeller et al., 2010 ), the actual difference in response 
between gender could be attributed to the use of different tasks. Future research 
should elucidate if there is a gender difference in the effects of CUD on cognitive 
functioning and the neurobiological correlates. 

 Third, cocaine use characteristics do not only inf luence cognitive functioning 
( Mahoney, 2019 ), but also appear to inf luence associated brain functions ( Bolla 
et al., 2003 ). Specifically, the amount of cocaine used in the period before testing 
was negatively correlated with activity in the left OFC during performance of 
an ‘Iowa Gambling Task’ ( Bolla et al., 2003 ). Moreover, the lifetime amount of 
cocaine use was negatively associated with activity in parietal areas during rest-
ing state ( Moreno-López, Stamatakis, et al., 2012 ). Similarly, cocaine use char-
acteristics – including duration, amount and frequency of cocaine use – appear 
to inf luence functional connectivity ( Contreras-Rodríguez et al., 2016 ;  Hu 
et al., 2015 ;  Ray et al., 2015 ). It must be noted that none of the aforementioned 
studies investigated the effect of cocaine use characteristics as primary analyses. 
There are only a few studies available investigating the effect of cocaine use 
on brain activity associated with cognitive functioning in CUD. For example, 
 Prisciandaro et al. (2014 ) investigated the association of years of cocaine use with 
brain activity and inhibition and reported positive correlations between years of 
cocaine use and activation in the ventral striatum and with increased activity in 
the insula and inferior frontal gyrus associated to inhibition. 
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 Neurotransmitter alterations 

 Cocaine use affects several neurotransmitters, including dopamine, serotonin, 
noradrenalin, glutamate and gamma-aminobutyric acid (GABA). One way of 
studying dopaminergic signaling is by positron emission tomography (PET) 
imaging. Using a radioactive ligand that binds to the dopamine D 2  receptor as an 
agonist or antagonist, PET imaging can be used to assess D 2  receptor availability 
and/or pre-synaptic dopamine release, which is a measure of dopamine transmis-
sion. A review by Trifilieff and Martinez ( 2014 ) investigated the association of 
dopamine with impulsivity in SUDs. Based on preclinical and clinical studies, 
they concluded that deviations in D 2  receptor binding and dopamine release 
were associated with impulsivity. For instance, decreased striatal D 2  receptor 
binding was associated with decreased glucose metabolism in the PFC ( Volkow 
et al., 1993 ;  Volkow, Fowler, & Wang, 2004 ). Given its key role in impulsiv-
ity, reduced glucose metabolism could point to reduced activity of the PFC, 
and subsequently to a diminished ability to maintain cognitive control. These 
reductions in D 2  receptor availability remained after a period of abstinence. For 
example, there was no significant improvement in D 2  receptor availability in the 
striatum up to four months of abstinence ( Volkow et al., 1993 ,  2002 ). Another 
study reported an association of low pre-synaptic dopamine release in the ventral 
striatum with increased choice impulsivity ( Martinez et al., 2007 ). 

 More recently, different neurotransmitters have also been associated with 
SUDs. Glutamate and GABA, the main excitatory and inhibitory neurotrans-
mitters (respectively), play a key role in the regulation of the excitation/inhibition 
balance in the brain. The importance of glutamatergic and GABA-ergic modu-
lation of the NAcc in SUDs has been emphasized in animal studies ( Kalivas, 
2009 ;  Scofield & Kalivas, 2014 ;  Vanderschuren & Kalivas, 2000 ). Repeated 
administration of cocaine has been found to decrease extracellular glutamate 
in the NAcc ( Baker et al., 2003 ) and putamen ( Yin & Knowlton, 2006 ). This 
results in reduced firing rates of glutamatergic projections from the medial PFC 
to the NAcc ( Sun & Rebec, 2006 ). Glutamatergic modifications have also been 
associated with the continuation of and relapse into substance use, by mediating 
cocaine-induced drug-seeking behavior ( Cornish & Kalivas, 2000 ;  McFarland, 
Lapish, & Kalivas, 2003 ). In addition, deviations in the GABA system have been 
associated with abstinence and withdrawal, such as a decrease in the GABA-
synthesizing enzyme glutamic acid decarboxylase ( Sherif, Tawati, Ahmed, & 
Sharif, 1997 ), an upregulation of benzodiazepine-sensitive GABA-A receptors 
( Staley et al., 2005 ), and a down-regulation of the expression of gephyrin (an 
important regulator of GABA-ergic neurotransmission) at postsynaptic density 
sites of the medial PFC ( Yang et al., 2017 ). 

 Using proton magnetic resonance spectroscopy ( 1 H-MRS), deviations of glu-
tamate and GABA in various frontal brain regions have been associated with 
SUDs and associated cognitive functions. Regarding glutamate, mixed effects 
have been reported for different substances ( Bauer et al., 2013 ;  Durazzo et al., 
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2016 ;  Gallinat & Schubert, 2007 ). The findings with respect to CUD are also 
not straightforward. Increased levels of glutamate have been reported in the dor-
sal anterior cingulate cortex (dACC) of cocaine-dependent inpatients ( Schmaal 
et al., 2012 ), but not in active cocaine users ( Schulte et al., 2017 ). Furthermore, 
although a positive association between glutamate concentrations and impulsiv-
ity has been reported by  Schmaal et al. (2012 ), this association was absent in 
the study of  Schulte et al. (2017 ). Although participants from both studies used 
multiple substances, the cocaine users in the study of  Schmaal et al. (2012 ) were 
cocaine-dependent abstinent inpatients, whereas the participants in the study 
of  Schulte et al. (2017 ) were non-treatment-seeking active users. This discrep-
ancy highlights the importance of considering the effect of prolonged absti-
nence. Mixed results regarding GABA concentrations have also been reported 
in a variety of SUDs ( Mon, Durazzo, & Meyerhoff, 2012 ;  Prescot, Renshaw, & 
Yurgelun-Todd, 2013 ;  Silveri et al., 2014 ). Focusing on CUD, an inverse asso-
ciation between decreased GABA concentrations and cocaine consumption has 
been reported in polysubstance users ( Abé et al., 2013 ), but a more recent study 
did not report deviating GABA concentrations ( Schulte et al., 2017 ). As this 
discrepancy was independent of factors such as MRS or substance use charac-
teristics, future research should focus on how GABA is affected by cocaine use. 

 Interventions for CUD 

 There are several treatments available for SUDs, including CUD. More common 
interventions include psychosocial/psychotherapeutic interventions and phar-
macotherapy. However, new treatment strategies are being tested, such as neuro-
cognitive training and neuromodulation. As CUD has not always been the focus 
of effectiveness studies, the effectiveness in other substances will be regarded to 
provide an overview on the general effectiveness of a particular treatment strat-
egy. In addition, investigating the neurobiological correlates of treatment could 
aid in better understanding the effectiveness of a particular treatment and aid in 
the development of more targeted treatments ( Chung et al., 2016 ). 

 Psychosocial and psychotherapeutic interventions 

 A variety of psychosocial and psychotherapeutic interventions are available for 
the treatment of CUD, including cognitive behavioral therapy (CBT), motiva-
tional interviewing, contingency management and the community reinforce-
ment approach. In addition to the effectiveness of a single treatment modality, 
research has also focused on combining modalities in order to further improve 
their effectiveness. A recent comprehensive review reported that psychosocial 
interventions were more effective in achieving abstinence at the end of treat-
ment and at long-term follow up than no treatment or treatment as usual (TAU) 
( Minozzi, Saulle, De Crescenzo, & Amato, 2016 ). However, the literature on 
neurobiological mechanisms of these interventions is scarce. 
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 CBT targets individual and social triggers for relapse via functional analysis 
of substance use behavior and coping skills training to support the individual to 
abandon dysfunctional thoughts and behaviors. A recent meta-analysis includ-
ing 30 randomized controlled trials (RCTs) with 5,398 participants focused on 
CBT for alcohol and other substances. CBT was found to be more effective 
than minimal treatment and non-specific therapies (e.g. psychoeducation or sup-
portive therapy), but not compared to other specific therapies (e.g. motivational 
interviewing or contingency management). Only when compared to minimal 
treatments was CBT was still more effective at long-term follow up ( Magill 
et al., 2019 ). However, the effectiveness of CBT in the treatment of CUD is 
ambiguous, with reports of greater effectiveness compared to other interven-
tions ( Carroll, Rounsaville, & Gawin, 1991 ) and similar effectiveness compared 
to other interventions ( McKay et al., 2010 ). Although the body of research on 
the neurobiological mechanisms of the effectiveness of CBT in the treatment 
for cocaine dependence is small, there is some evidence that CBT has a positive 
effect on cognitive functions and brain activity in areas associated with cognitive 
functions in SUD (e.g.  DeVito et al., 2012 ). However, more studies are needed 
to clarify if the effects of CBT with respect to cocaine use correlate with changes 
in neurobiological measures. 

 Related to CBT, the community reinforcement approach (CRA) combines 
operant conditioning with a social system approach ( Hunt & Azrin, 1973 ). 
Through functional analysis of triggers and consequences of specific behav-
iors, strategies are developed to either avoid or address those behaviors. CRA 
uses various incentives of a vocational, social and recreational nature in order to 
change patients’ circumstances. The effectiveness has been investigated with or 
without other treatment modalities added on, but the evidence for the effective-
ness of CRA in the treatment for various SUDs – including alcohol, heroin and 
cocaine – is limited ( Roozen et al., 2004 ). Specifically regarding CRA to obtain 
cocaine abstinence, there was strong evidence of greater effectiveness of CRA 
in combination with contingency management compared to TAU ( Higgins 
et al., 1993 ,  1991 ). In addition, there was strong evidence of greater effective-
ness of CRA with contingency management than CRA without contingency 
management ( Higgins et al., 1994 ) or with non-abstinence contingent incentives 
( Higgins, Wong, Badger, Haug Ogden, & Dantona, 2000 ). The effects of CRA 
have been found to last up to one year post-treatment ( Higgins et al., 2000 ; 
 Secades-Villa et al., 2011 ). 

 Contingency management (CM) is a behavioral change method based on positive 
reinforcement which has been found to be effective to change behaviors, including 
the treatment of SUDs ( Petry, Alessi, Olmstead, Rash, & Zajac, 2017 ;  Prendergast, 
Podus, Finney, Greenwell, & Roll, 2006 ). More specifically, CM has been found 
to be a promising add-on intervention for the treatment of CUD ( Schierenberg, 
van Amsterdam, van den Brink, & Goudriaan, 2012 ). For example, CM as add-on 
to CBT was found to be more effective to maintain cocaine abstinence compared 
to CM alone, CBT alone and TAU at long-term follow-ups ( McKay et al., 2010 ). 
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However, CM appears to be effective for the promotion of abstinence, but not for its 
long-term maintenance as the effects gradually taper off over time ( Benishek et al., 
2014 ;  Prendergast et al., 2006 ). Despite a vast body of research on the effectiveness 
of CM as treatment for CUD, there are no studies available that investigate the asso-
ciated neurobiological mechanisms. No studies have focused on the neurobiological 
mechanisms of CM for the treatment of CUD or SUDs in general. 

 With motivational interviewing (MI), the patient, rather than the practitio-
ner, voices the arguments for behavior change ( Miller & Rollnick, 2012 ). The 
practitioner provides psychoeducation on the negative effects of the behavior 
and facilitates the patients’ awareness of ambiguous behaviors, awareness of cer-
tain goals and the development of strategies to reach those goals. In an umbrella 
review, it was shown that MI is effective in the treatment of SUDs, but the 
evidence is less strong for CUD compared to other substances ( DiClemente, 
Corno, Graydon, Wiprovnick, & Knoblach, 2017 ). It was argued that MI might 
be effective for increasing motivation to enter treatment or adhere to treatment, 
specifically in participants with low initial motivation, but not to affect drug use 
outcomes. Although many studies have focused on the effect of MI on the use of 
several substances, less have focused specifically on CUD, with even fewer stud-
ies focusing on associated neurobiological mechanisms. 

 Despite the vast body of research into psychosocial and behavioral interven-
tions for the treatment of CUD, the literature on associated neurobiological 
mechanisms is scarce. Only one study focused on the neurobiological mech-
anisms of psychosocial and behavioral interventions for CUD ( DeVito et al., 
2012 ). More studies have focused on neurobiological mechanisms of psycho-
social and behavioral interventions in a broader range of substances, and the 
results showed that CBT results in less reward sensitivity, whereas MI result in an 
increase in cognitive control ( Zilverstand, Parvaz, Moeller, & Goldstein, 2016 ). 
This might argue for combining treatment modalities to acquire more effective 
treatments. Future research should focus on the increased effectivity of combin-
ing treatment modalities with respect to clinical outcomes and associated neu-
robiological mechanisms. Furthermore, a better understanding of the involved 
underlying mechanisms could be gained by investigating functional connectivity 
between areas ( Feldstein Ewing et al., 2017 ). 

 Pharmacotherapy 

 Despite the many studies on a broad range of chemical compounds, currently 
there is no medication proven effective or registered for the treatment of CUD. 
However, there are some compounds that are more promising than others. Until 
now, the range of tested medications includes anticonvulsants, antidepressants, 
antipsychotics, stimulants and some other medications such as disulfiram, nal-
trexone and N-acetylcysteine. 

 Regarding anticonvulsants, a systematic review and meta-analysis with 20 
RCTs with 2,068 patients ( Minozzi et al., 2015 ) evaluated several anticonvulsants, 
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including carbamazepine (six studies), topiramate (five studies), tiagabine (three 
studies), gabapentin (three studies), lamotrigine (two studies), vigabatrin (two 
studies), and phenytoin (one study). It was concluded that anticonvulsants are 
generally more effective neither than placebo in the promoting of retention nor 
in the reduction of cocaine use. A possible exception should be made for topi-
ramate (150–300 mg/day) which might be effective in the reduction of cocaine 
use. Similar findings were reported in some other RCTs that were not included 
in this review or were published after this review, including positive studies on 
topiramate ( Baldaçara et al., 2016 ;  Mariani et al., 2012 ), and negative studies on 
carbamazepine ( Brady et al., 2002 ), and gabapentin ( Mancino et al., 2014 ). Thus, 
anticonvulsants – with the possible exception of topiramate – are not effective in 
the treatment of CUD. 

 Regarding antidepressants, a systematic review and meta-analyses with 37 
RCTs with 3,552 patients ( Pani, Trogu, Vecchi, & Amato, 2011 ) evaluated sev-
eral antidepressants, including desipramine (17 studies), f luoxetine (five studies), 
bupropion (three studies), nefazodone (two studies), ritanserin (two studies) and 
buspirone, gepirone, paroxetine, citalopram, venlafaxine, selegiline, tryptophan, 
sertraline and imipramine (one study each). Although some studies suggested 
a small positive effect, the authors concluded that antidepressants as a group 
have no effect on the reduction of cocaine use, although among patients with a 
comorbid depression, these compounds generally had a positive effect on depres-
sive symptoms. A possible exception should be made for bupropion, which might 
be effective in the reduction of cocaine use. Since bupropion also has stimulating 
effects, its effectiveness in the treatment of patients with CUD will be discussed 
more extensively under this heading. Similar findings were reported in some 
other RCTs that were not included in this review or were published after this 
review, including negative studies on buspirone ( Winhusen et al., 2014 ), venla-
faxine ( Raby et al., 2014 ), sertraline ( Mancino et al., 2014 ;  Oliveto et al., 2012 ), 
and mirtazapine ( Afshar et al., 2012 ;  Raby et al., 2015 ). Thus antidepressants – 
apart from bupropion – are not effective in the treatment of CUD. 

 Regarding antipsychotics, a systematic review and meta-analyses with 14 
RCTs with 719 patients ( Indave, Minozzi, Pani, & Amato, 2016 ) evaluated sev-
eral antipsychotics, including risperidone (three studies), olanzapine (three stud-
ies), quetiapine (two studies), lamotrigine (one study) and reserpine (one study). 
In addition, in three studies, different antipsychotics were compared with each 
other: olanzapine vs. haloperidol, olanzapine vs. risperidone, and aripiprazole 
vs. ropinirole. Although most studies were small and of low quality, with high 
dropout rates, the authors concluded that antidepressants are not effective in the 
treatment of CUD. Moreover, the authors warned against the increased risk of 
malignant neuroleptic syndrome and parkinsonism. 

 Regarding psychostimulants, there is increasing interest in using these in the 
treatment of CUD, similar to methadone and buprenorphine in the treatment of 
opioid use disorders and nicotine replacement therapy in tobacco dependence. 
In a systematic review and meta-analyses with 26 RCTs with 2,366 participants 
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( Castells, Cunill, Pérez-Mañá, Vidal, & Capellà, 2016 ), the following psycho-
stimulants were evaluated: modafinil (eight studies), methylphenidate (four 
studies), dexamphetamine (four studies), mazindol (four studies), bupropion 
(three studies) and lis-dexamphetamine, mixed amphetamine salts and selegiline 
(one study each). Overall, psychostimulants were effective in terms of reduced 
cocaine use and longer periods of cocaine abstinence. Possible benefits were 
observed for bupropion (in combination with CM) and the best effects were 
seen for robust doses (>60 mg/day) of sustained release (sr) dexamphetamine and 
for mixed amphetamine salts. In a study among CUD patients with comorbid 
ADHD, mixed amphetamine salts had a beneficial effect on both ADHD symp-
toms and reductions in cocaine use, with the best effect on cocaine use in the 
highest dose group (80 mg/day). In a recent study, not included in the review, it 
was shown that sr-dexamphetamine significantly reduced cocaine use in cocaine-
dependent patients currently in heroin assisted treatment ( Nuijten, Blanken, Van 
den Brink, & Hendriks, 2011 ). Thus, certain psychostimulants in robust doses 
seem to be effective in the treatment of CUD. 

 Several other compounds have also been investigated. In a systematic review 
with seven studies and 492 patients, disulfiram was compared with no treatment, 
placebo or naltrexone. The findings were inconsistent but showed some promise 
for disulfiram in the treatment of CUD ( Pani et al., 2010 ). Since then, another 
five RCTs were published comparing different doses of disulfiram with placebo 
and mainly in patients with a comorbid opioid use disorder treated with metha-
done or buprenorphine ( Carroll et al., 2016 ;  Carroll, Nich, Shi, Eagan, & Ball, 
2012 ;  Nielsen, Harding, Hamon, Huang, & Kosten, 2012 ;  Oliveto et al., 2012 ; 
 Schottenfeld et al., 2014 ). Again, the findings were inconsistent with some of the 
studies showing a significant beneficial effect on some of the outcomes. Thus, 
disulfiram (250 mg/day) might be effective in the treatment of CUD. 

 Between 2001 and 2015, at least eight RCTs were published on the effec-
tiveness of naltrexone for the treatment of CUD and often with a comorbid 
alcohol use disorder ( Kampman & Jarvis, 2015 ;  Pettinati et al., 2014 ;  Pettinati, 
Kampman, Lynch, Suh, et al., 2008 ;  Pettinati, Kampman, Lynch, Xie, et al., 
2008 ;  Schmitz et al., 2014 ,  2009 ;  Schmitz, Stotts, Rhoades, & Grabowski, 2001 ; 
 Schmitz, Stotts, Sayre, DeLaune, & Grabowski, 2004 ). Overall, the effects were 
disappointing and thus, naltrexone should be regarded not effective in the treat-
ment of CUD. 

 There also many compounds with only one or two studies of sufficient quality 
suggesting that these compounds are probably not effective in the treatment of 
patients with CUD, including acamprosate ( Kampman et al., 2011 ), atomoxetine 
( Walsh et al., 2013 ), citicoline ( Brown, Gorman, & Hynan, 2007 ;  Brown et al., 
2015 ;  Licata et al., 2011 ), memantine ( Bisaga et al., 2010 ), carvedilol ( Oliveto 
et al., 2014 ;  Sofuoglu et al., 2017 ), and baclofen ( Kahn et al., 2009 ;  Shoptaw et al., 
2003 ). Finally, there are promising compounds without enough evidence to 
draw firm conclusions, including biperiden ( Dieckmann et al., 2014 ), ondanse-
tron (  Johnson et al., 2006 ), varenicline ( Plebani et al., 2012 ;  Poling, Rounsaville, 
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Gonsai, Severino, & Sofuoglu, 2010 ), n-acetylcysteine ( Schmaal et al., 2012 ; 
 Schulte et al., 2018 ) and doxazosin ( Shorter, Lindsay, & Kosten, 2013 ). 

 In summary, more than 100 compounds have been studied for the treat-
ment of CUD but only some of these have shown (probable) effectiveness 
(sr-dexamphetamine, bupropion, topiramate, disulf iram), and none of these 
compounds is currently registered for the indication CUD. 

 Neurocognitive training 

 In line with the observation that deteriorated cognitive functioning is associ-
ated with SUDs, several studies have aimed to retrain these cognitive func-
tions. Conceptually, two broad types of cognitive training can be distinguished 
( Wiers, 2018 ): training of general cognitive functions such as working memory 
or inhibition (training without substance cues) and cognitive bias modifica-
tion, which is aimed at changing maladaptive cognitive biases in decision-
making, in which cues relating to the addictive substance or activity (e.g., in 
gambling) are used. 

 Regarding the training of general cognitive functions, most studies have tested 
the effects of working memory training (often considered the most general of 
executive control functions [ Kane & Engle, 2002 ]). One of the first studies was 
conducted by Bickel and colleagues ( Bickel, Yi, Landes, Hill, & Baxter, 2011 ) 
with 27 stimulant-dependent patients (mostly cocaine). No effects on treatment 
outcome or cocaine use were reported, but active training led to reduced delay 
discounting (a facet of impulsivity). Similarly, a more recent study did not report 
effects on drinking or treatment outcome in alcohol-dependent patients, but 
did report improved future episodic thinking in the active group ( Snider et al., 
2018 ). Effects on use have been reported for alcohol in problem drinkers, but 
only in problem drinkers with relatively strong positive alcohol associations, 
moderated mediation ( Houben, Wiers, & Jansen, 2011 ) and on opioid use in 
a small study (N = 28). The largest clinical study so far (N = 181, 50 cocaine 
users) found no effects on substance use ( Wanmaker et al., 2018 ). Some stud-
ies have also investigated the neurobiological mechanisms of working memory 
training. For instance,  Schulte et al. (2019 ,  2018 ) investigated the effect of work-
ing memory training on cocaine use, cognitive functions and neurobiological 
correlates. Working memory did not have an effect on cocaine use, impulsivity, 
cue reactivity and activity in several brain areas including the DLPFC, ventrolat-
eral prefrontal cortex (VLPFC) and dACC. However, the absence of an effect of 
working memory training could be attributed to the small sample size and high 
dropout rates. Overall, general training of cognitive control functions is pos-
sible, but the problem is generalization to real-world behaviors (including sub-
stance use related behaviors). Nevertheless, effects on other cognitive functions 
(impulsivity, future episodic thinking) can be beneficial in a therapeutic context 
( Wiers, 2018 ) and active training and improving general cognitive functions can 
be motivating in recovery ( Bates, Buckman, & Nguyen, 2013 ). 
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 Regarding the effects of cognitive bias modification (CBM), it should be 
noted that CBM was first developed as an experimental manipulation to test the 
hypothetical causal role of cognitive biases in addiction by directly manipulating 
a bias and then testing direct effects on the corresponding addictive behavior 
(typically in students). For example, it was demonstrated that training students’ 
attentional bias toward alcohol compared with away from alcohol, resulted in 
increased craving for alcohol ( Field & Eastwood, 2005 ), with similar effects for 
manipulating an automatically activated approach bias ( Wiers, Rinck, Kordts, 
Houben, & Strack, 2010 ). After these proof-of-principle studies, several RCTs 
were performed in which CBM was added to regular treatment of alcohol use dis-
orders ( Eberl et al., 2013 ;  Rinck, Wiers, Becker, & Lindenmeyer, 2018 ;  Schoen-
makers et al., 2010 ;  Wiers, Eberl, Rinck, Becker, & Lindenmeyer, 2011 ). These 
studies consistently found improved treatment outcomes: approximately 10% less 
relapse one year after treatment discharge. Note that an early meta-analysis 
with 25 RCTs with 3,176 participants concluded that there was no evidence of 
a clinical effect of CBM in addiction ( Cristea, Kok, & Cuijpers, 2016 ), but this 
study included both proof-of-principle studies in volunteers not motivated to 
change and clinical RCTs, which constitute different phases of experimental 
health research ( Sheeran, Klein, & Rothman, 2017 ;  Wiers, Boffo, & Field, 2018 ). 
Once this is taken into account, the picture becomes clear: short-lived effects on 
behavior directly after the manipulation in case the bias is successfully manipu-
lated and consistent (but small) add-on effects in clinical RCTs ( Wiers et al., 
2018 ). The latter conclusion was further supported by a Bayesian IPD meta-
analysis including 14 clinical studies with 2,435 participants ( Boffo et al., 2019 ). 
We are aware of one study testing one form of CBM (attentional retraining) in 
cocaine users ( Mayer et al., 2016 ), which found no effects. One other study tested 
a different variety of attentional retraining in methadone users (some of whom 
also used crystals), which reported more promising effects, regarding effects on 
attentional bias at post-test ( Ziaee, Fadardi, Cox, & Yazdi, 2016 ). In summary, 
there is promise in adding CBM to clinical treatment of addiction (with repli-
cated add-on effects in the treatment of alcohol use disorders), but research on 
potential (add-on) effects in the treatment of CUD is still lacking. Some studies 
have focused on neurobiological correlates of CBM. For instance, attentional 
bias modification resulted in a reduced approach bias which was associated with 
reduction in activation of the medial PFC ( Wiers et al., 2015 ). 

 Neuromodulation 

 In recent years, there has been growing interest in the effect of neurostimu-
lation as treatment for SUDs. Studies applying non-invasive neuromodulation 
strategies such as repetitive transcranial magnetic current stimulation (rTMS) 
and transcranial direct current stimulation (tDCS), as well as the more inva-
sive deep brain stimulation (DBS), have found promising results with respect to 
the treatment of SUDs ( Bari et al., 2018 ;  Luigjes, Segrave, de Joode, Figee, & 
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Denys, 2019 ). With both rTMS and tDCS, an electrical current can be passed 
through the cortical surface to increase or decrease its activity ( George & Aston-
Jones, 2010 ) and consequently alter cognitive functioning ( Schluter, Daams, van 
Holst, & Goudriaan, 2018 ). Depending on specific stimulation parameters, the 
after-effects can be long lasting. For instance, after-effects of 90 minutes have 
been reported for rTMS ( Klomjai, Katz, & Lackmy-Vallée, 2015 ), whereas after-
effects of 40 minutes have been reported for tDCS ( Nitsche et al., 2005 ). With 
DBS, an electrode is implanted in the brain to stimulate deeper brain areas. The 
stimulation of several brain areas has been found to have positive clinical effects, 
including the NAcc ( Luigjes et al., 2012 ) and the ventral anterior limb of the 
internal capsule (vALIC;  Liebrand et al., 2019 ). 

 Regarding TMS, several studies have shown the potential of rTMS in the 
treatment of CUD (for a review see  Bolloni, Badas, Corona, & Diana, 2018 ). For 
instance, one session of high frequency (10Hz) stimulation of the right DLPFC 
was found to decrease craving ( Camprodon, Martínez-Raga, Alonso-Alonso, 
Shih, & Pascual-Leone, 2007 ). However, different strategies have been investi-
gated that resulted in promising effects; bilateral stimulation of the PFC resulted 
in decreased cocaine intake ( Bolloni et al., 2016 ), high frequency stimulation 
(10Hz) of the PFC resulted in a greater reduction of cocaine use compared to low 
frequency stimulation (1Hz) or sham ( Martinez et al., 2018 ), and intermittent 
theta burst stimulation (iTBS), a more tolerable protocol administered at lower 
intensities and shorter intervals, of the PFC was found to be equally effective 
( Sanna et al., 2019 ). 

 Studies on the effect of tDCS in CUD have predominantly focused on the 
effect of craving, with mixed effects. For example, bilateral  right anode/left 
cathode stimulation of the DLPFC has been found to have positive effects on 
craving ( Batista, Klauss, Fregni, Nitsche, & Nakamura-Palacios, 2015 ), whereas 
it has also been reported to have no effect on craving ( Klauss et al., 2018 ).  Klauss 
et al. (2018 ) is one of the few studies including the effect on cocaine use, but 
found no effects of tDCS. 

 Due to its invasiveness, the literature on the effect of DBS on SUDs has 
mainly focused on animal studies, with mixed results depending on the specific 
area and stimulation protocol (see  Luigjes et al., 2012 ). Human studies on the 
effect of DBS are very scarce. Studies have predominantly focused on substances 
other than cocaine, with mixed results. To the best of our knowledge, only one 
case study has focused on the effect of DBS on refractory CUD, which found 
positive effects on CUD severity up to two years post-surgery ( Gonçalves-Ferreira 
et al., 2016 ). 

 All in all, neuromodulation for the treatment of CUD appears to be a promis-
ing approach. However, more research is needed to establish how neurostimu-
lation can be most effective to treat CUD, as there is a lot of heterogeneity 
between studies with respect to methodology and results. The inconsistency in 
study results could be attributed to differences in stimulation parameters, study 
populations and outcome measures ( Naish, Vedelago, MacKillop, & Amlung, 
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2018 ). Differences in stimulation parameters (e.g. specific target area, unilateral vs. 
bilateral stimulation, stimulation frequency) can substantially inf luence study 
results. Future research could benefit from taking a uniform approach to inves-
tigate the effectiveness of neuromodulation taking into account demographic 
factors and cocaine use characteristics. (See  Ekhtiari et al. (2019 ) for sugges-
tions on how to bridge the current caveats and guidelines for best practices for 
non-invasive stimulation.) Future DBS research could benefit from study with 
greater sample sizes. However, the facts that DBS is still a new indication for 
SUD treatment, requires a high degree of expertise and is expensive, hamper 
scientific research and this field and consequently reduces the probability of DBS 
as a treatment for SUD ( Luigjes et al., 2019 ). However, the great lack in RCTs on 
the efficacy of DBS for the treatment of SUDs, especially CUDs, greatly ques-
tions the feasibility of DBS for the treatment of SUD ( Luigjes, van den Brink, 
Schuurman, Kuhn, & Denys, 2015 ). 

 Directions for future research and clinical implications 

 Many opportunities remain for future research. First, studies into the psychobio-
logical effects of CUD could benefit from taking a more standardized approach. 
The discrepancy in current study results could be clarified by using identical 
cognitive test batteries, larger sample sizes, normative scores, and clinical signifi-
cance. The latter is important to consider, because only considering statistical 
significance without clinical significance could potentially lead to an overesti-
mation of the effects ( Frazer, Richards, & Keith, 2018 ). Further, especially neu-
roimaging studies could benefit from increasing sample sizes to increase power, 
generalizability and reproducibility. In recent years, a consensus has been devel-
oped on the minimum number of participants needed in neuroimaging studies 
(see for example  Murphy & Garavan, 2004 ), as well as several approaches and 
tools to actually perform an a prior power analysis (see for example  Mumford, 
2012 ). 

 Second, the use of imaging techniques provides a more detailed understand-
ing of the neurobiological changes that underlie deviations in behavior. How-
ever, investigating neurobiological correlates (e.g. brain structure or function) 
without investigating associated deviations in the actual behavior (e.g. task per-
formance) provides an incomplete picture. As has been shown by the literature, 
there can be increased or decreased activity in several brain areas associated to 
deviating as well as intact cognitive functioning possibly due to compensating 
mechanisms. Therefore, future research could benefit from investigating neuro-
biological measures in addition to cognitive functioning. Moreover, as has been 
argued by  Ma, Steinberg, Moeller, Johns, and Narayana (2015 ), future research 
could benefit from simultaneously using a variety of neuroimaging modalities as 
it provides more information. 

 In addition to assessing the cognitive and neurobiological correlates of CUD, 
future research could benefit from investigating moderating factors, including 
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demographic characteristics such as age and gender, but also cocaine use charac-
teristics such as duration, quantity, age of onset, CUD severity and polysubstance 
use. Moreover, a uniform approach in the consideration of the effect of absti-
nence would lead to a better understanding into which cognitive functions are 
affected, and which functions improve or even recover ( Fernández-serrano et al., 
2011 ;  Schulte et al., 2014 ). This could be achieved by comparing groups with 
differing lengths of abstinence or by applying a longitudinal design in which 
participants are tracked for longer time periods. However, prospective studies 
that include assessments before, during and after the development of a SUD 
are needed to clarify if observed differences are cause or consequence of SUD. 
Identifying factors that predispose people to develop a SUD could benefit the 
development of preventative strategies. 

 The current overview also provides some clinical implications. For instance, 
having a clear view of the cognitive functions and associated neurobiological 
mechanisms at different stages of abstinence could aid in the development of 
more suitable treatments, possibly comprising multiple treatment strategies. Spe-
cific dysfunctions could be addressed by supplying treatment strategies that aim 
to improve these functions; for example, improving working memory to increase 
cognitive control or modifying attentional bias to decrease craving. Another 
approach could be to target underlying neurobiological mechanisms to improve 
brain activity to mediate changes in cognitive functioning. Possibilities include 
neurostimulation of the PFC to improve its activity and consequently increase 
cognitive control or by DBS of the NAcc or vALIC. Newly developed treatment 
strategies could be added in a stepped care approach, where first the least invasive 
and least expensive strategy is added before proceeding to the more invasive and 
expensive strategies. 

 Summary 

 This chapter focused on the cognitive effects of cocaine use disorder (CUD) and 
associated neurobiological mechanisms, as well as on their moderating factors. In 
addition, existing as well as more experimental interventions for the treatment 
of CUD were discussed. The chapter closed by addressing directions for future 
research and clinical implications. 

 Cognitive functions that have found to be affected with CUD include func-
tions in the domains of attention, executive functioning and learning and mem-
ory. Several moderating factors have been found to inf luence the extent to which 
certain functions are affected. First, abstinence appears to reverse cognitive dys-
functions, either by improvements or by complete recovery. Second, cocaine use 
characteristics (e.g. quantity or frequency) exacerbate the extent to which cogni-
tive functions are affected. In addition, although the effects specific to a certain 
type of drug are difficult to disentangle, polysubstance use has been found to lead 
to greater deterioration of cognitive functions. Last, certain demographic factors 
(e.g. age) also appear to have a greater detrimental effect on cognitive functions. 
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 Several neurobiological measures, such as brain structure, brain function and 
neurotransmitter systems, are associated with cognitive functions in CUD. First, 
several deviations in measures of gray and white matter have been implicated in 
CUD. Deviations in brain structure have been associated with cognitive func-
tions, albeit with great heterogeneity. Second, deviations in brain function have 
been associated with cognitive dysfunctions in CUD. Decreased activation in a 
broad range of brain areas have been associated with deviating cognitive func-
tions. In addition, some increases in activity of some brain areas have also been 
reported, allegedly ref lecting compensatory mechanisms to maintain cognitive 
functioning. All in all, also regarding associated deviations in brain activity, 
there is great heterogeneity in study results. Third, deviations in neurotransmit-
ter systems have been associated with cognitive functions in CUD. Dopamine 
has long been the main neurotransmitter of interest in research on substance 
use disorders (SUDs), and decreased receptor availability and dopamine release 
have been found to be associated with deviations in cognitive functions. More 
recently, the focus has broadened to investigate other neurotransmitters, such as 
glutamate and GABA. Although the results with regard to glutamate and GABA 
concentrations are mixed, associations with cognitive functions have been 
reported. The inconsistent findings on neurobiological correlates of cognitive 
functions in CUD can, again, be explained by several factors such as abstinence 
(duration), cocaine use characteristics and demographic factors. In addition to 
the differences in operationalization of outcome measures, the majority of neu-
roimaging studies applied a cross-sectional design, limiting the interpretation of 
cause and effect, and used small sample sizes, limiting power, generalizability, 
and replicability. 

 Several interventions are available for the treatment of SUDs, including 
psychosocial/psychotherapeutic interventions, pharmacological treatments, neurocog-
nitive training and neuromodulation. Common psychosocial/psychotherapeutic 
interventions include cognitive behavioral therapy (CBT), community rein-
forcement approach, contingency management and motivational interview-
ing. Mainly in combination with other treatment approaches, these treatment 
approaches have shown positive effects on the treatment of CUD. However, 
the literature on neurobiological mechanisms of treatment is scarce; only one 
study focused on the neurobiological mechanisms of psychosocial/behavioral 
interventions (CBT). Despite the many studies on a broad range of chemical 
compounds, including anticonvulsants, antidepressants, antipsychotics, psy-
chostimulants and other compounds, currently there is no medication proven 
effective or registered for the treatment of CUD. Among the more than 100 
compounds that have been investigated, only some have shown (probable) 
effectiveness for the treatment of CUD, including sr-dexamphetamine, bupro-
pion, topiramate and disulfiram. However, none of these compounds is cur-
rently registered for the treatment of CUD. 

 In line with the observation that cognitive deficits are associated with 
SUDs, several studies have aimed to retrain these cognitive functions. Two 
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types of neurocognitive training can be distinguished: training general cogni-
tive functions and cognitive bias modification (CBM). Studies investigating 
the effect of training of general cognitive functions mainly investigated work-
ing memory training. Although some effects have been found for alcohol use 
and opioid use, no effects have been reported for cocaine use. In addition, 
no effects of working memory training on neurobiological mechanisms have 
been reported. CBM is aimed at changing cognitive biases which play a role 
in addictive behaviors. The results of adding CBM to clinical treatment of 
SUDs have been promising, but are still lacking for CUD. Some studies have 
reported neurobiological correlates of CBM, including reductions in activation 
in the medial prefrontal cortex. 

 Future research could benefit from considering several suggestions. First, 
future research could benefit from standardizing the approach in testing cogni-
tive functions and associated neurobiological mechanisms in CUD. Second, it is 
advised that studies on the neurobiological mechanisms of CUD are always com-
bined with cognitive functioning to better facilitate their interpretation. Third, 
several factors should be considered, including demographic factors, cocaine use 
characteristics and abstinence. The current overview also provides some clinical 
implications, such as a better tailoring of treatment strategies to the neurocogni-
tive profile of a patient. 
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