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A B S T R A C T

Background: The predominant view of chronic cocaine use maintains that it causes a broad range of cognitive
deficits. However, concerns about the possibly deleterious impact of cocaine on cognitive functioning have yet to
be thoroughly vetted. This review addresses the impact of cocaine use on such cognitive domains as executive
function, memory, language, and psychomotor speed. Additionally, relevant neuroimaging data is considered to
understand the neural basis underlying cocaine-related effects on cognitive functioning.
Methods: We searched PubMed, Google Scholar, and Embase using the search terms “cocaine and cognition,”
“cocaine and cognitive functioning,” and “cocaine and cognitive deficits or impairment.” To meet inclusion
criteria we evaluated only cognitive and neuroimaging studies describing the long-term effects of cocaine on
cognitive functioning published from 1999 to 2016.
Results: The majority of studies reported statistically significant differences between cocaine users and non-drug-
using controls in brain structures, blood-oxygen-level dependent signals, and brain metabolism. However, dif-
ferences in cognitive performance were observed on a minority of measures. Additionally, the majority of studies
were not compared against normative data.
Conclusions: The current evidence does not support the view that chronic cocaine use is associated with broad
cognitive deficits. The view that cocaine users have broad cognitive deficits is inaccurate based upon current
evidence, and the perpetuation of this view may have negative implications for treatment programs and de-
velopment of public policies.

1. Introduction

Cocaine use disorders continue to be a public health concern.
Previous reports indicate that 1.5 million people in the U.S. have used
cocaine in 2014, and 913,000 met DSM criteria for cocaine use disorder
during the same period [1]. Cocaine use is associated with multiple
negative outcomes and health problems [2], including purported broad
cognitive deficits [3–5]. Recent data, however, show that national es-
timates likely misrepresent the extent of cocaine use [6].

Though inconsistencies pervade the literature, reports have docu-
mented deleterious effects associated with cognitive functioning in
numerous domains including attention, working memory, executive
functioning [7–10], psychomotor speed [11,12], social functioning in-
cluding decreased empathy [13], and social interactions [13,14]. For
example, in terms of cognitive flexibility, Woicik et al. [15] found that
individuals with cocaine dependence showed poorer cognitive flex-
ibility during the Wisconsin Card Sorting Task (WCST) when compared
to non-drug-using controls. While several other studies using this task

reported similar findings [16–18], a large number did not replicate the
results (e.g., [19,20,122]), suggesting that the observed differences
between cocaine users and controls may be specific to a set of experi-
mental conditions and not broadly generalizable.

Prior reviews attempting to parse effects of cocaine concluded that
cocaine use causes a broad range of cognitive deficits [21]. However,
many concerns regarding methodological and data interpretation issues
remain unaddressed. One such concern is that researchers assume that
statistically significant differences are also clinically significant. This
concern is applicable to the cocaine literature, where the vast majority
of research compares the cognitive performance of cocaine users to that
of non-drug-using controls. Conclusions about impairments are then
drawn based upon statistically significant differences with respect to a
limited number of tasks. However, when determining whether an in-
dividual’s performance is impaired, a fundamental requirement is that
the performance be compared against a normative baseline that takes
into consideration that individual’s demographic information (i.e., age,
education, sex). Another concern is that cocaine users tend to use other
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psychoactive drugs. Studies often include cocaine users who report
extensive use of other drugs (e.g., [9,14,22]), thus making it difficult to
disentangle the contributions of other drug use to the effects of cocaine,
especially when the control group reports limited or no drug use.

Experimental work on cocaine use is intrinsically difficult. Most of
the literature on cocaine use in humans considers the long-term effects
of repeated use that are typically assessed when the drug is no longer in
the body (i.e., behavioral assessment is completed after cocaine users
have provided negative urine samples). If it were the case that some
level of a drug was present in a participant’s system or if there was some
degree of withdrawal, this could explain the variability in cognitive
performance. The empirical evidence on the cognitive consequences of
regular cocaine use is mixed. Because ethical considerations prohibit
researchers from repeatedly administering doses of cocaine to drug
naïve individuals (i.e., those with no prior history of cocaine use), a
default approach to determining possible detrimental effects on cog-
nitive performance involves studying both the cognitive performance
and the brain of abstinent cocaine abusers.1

While the non-human literature is beyond the scope of this paper,
we briefly discuss some of the relevant contributions. The animal lit-
erature regarding this topic is mixed. Although a large number of
preclinical studies indicates that acute cocaine withdrawal is associated
with PFC-related cognitive deficits, it is unclear whether these deficits
are transient or permanent [23–25]. In particular, studies in rodents
and primates have shown deficits in learning and memory that can
persist for up to three months after chronic cocaine exposure [26–28].
However, similar to the studies on neurotoxicity, these studies utilize
dosing regimens that are not relevant to the natural ecology. Further,
all of the above studies utilized experimenter-administered rather than
self-administered cocaine. This is problematic, as data indicate that self-
administration differentially affects brain neurochemistry and behavior
when compared to non-contingent administration [29–32].

Previous systematic reviews have compared the acute and long-term
effects of cocaine [21], the magnitude of neurocognitive differences
between cocaine abusers and non-drug-using controls [33], and the
effect of abstinence duration on cognitive dysfunction [34]. However,
importantly, until now no review has sought to determine (a) the
clinical significance of findings associated with long-term cocaine use,
(b) whether study methodologies control for important variables, and
(c) whether results corroborate the conclusions suggesting impairment
in chronic cocaine users.

The goal of this review is to critically evaluate the literature on
cognitive functioning in cocaine users. First, we will provide a brief
overview of cocaine neuropharmacology. Second, we evaluate the long-
term effects of chronic cocaine use on cognition by reviewing evidence
from (a) cognitive test batteries in abstinent cocaine users, (b) Magnetic
Resonance Imaging (MRI) studies investigating brain structure sizes in
abstinent cocaine users without cognitive testing, (c) MRI studies that
have administered both imaging and cognitive testing, (d) functional
MRI (fMRI) studies investigating neuronal activity in abstinent cocaine
abusers with cognitive testing included, and lastly (e) Positron Emission
Tomography (PET) studies investigating brain metabolism in abstinent
cocaine abusers with cognitive testing included. This review will point
to important gaps in our knowledge following an evaluation of the di-
verse methodologies and findings that have emerged from recent re-
search on the impact of chronic cocaine use on human cognition.

2. Methods

To select papers for consideration in this review, we searched

PubMed, Google Scholar, and Embase using the search terms cocaine
and cognition, cocaine and cognitive functioning, and cocaine and cognitive
deficits and cocaine and cognitive impairment. In all searches we applied
the limits human laboratory in order to exclude papers examining the
effects of cocaine in animals and prenatal cocaine exposure in children.
The long-term effect studies describe the cognitive performance in in-
dividuals with a history of cocaine use compared to non-drugs-using
controls. Participants with a history of recreational use or with a history
of abuse and/or dependence have been included. We define abstinence
as a participant not using cocaine for a minimum of 72 h. For the
purposes of this paper, we are considering all sample sizes of 18 or
fewer to be mentioned in caveats as small sample sizes. We arrived at
this number by conducting an a priori power analysis. For the level of
significance of 0.05 and 80%, the lowest sample size required was 18.8
individuals in each group. For 90% power, the required sample size was
25.3 individuals for each group based on a previously observed global
cognitive index effect size (d=0.74) [35] This justifies our cutoff of 18
participants in each group as a small sample size.

The majority of studies in this review used neuropsychological
testing alone. Magnetic resonance imaging (MRI) and functional mag-
netic resonance imaging (fMRI) are two techniques that have been most
widely used to study the brain impact of long-term cocaine use. We also
included studies using other neuroimaging techniques such as positron
emission tomography (PET) and electroencephalogram (EEG). To meet
inclusion criteria we critically evaluated only neuroimaging and neu-
ropsychological studies describing the long-term effects of cocaine on
cognitive functioning published from 1999 to 2016. We note that
Jovanovski et al. [33] and Spronk et al. [21] reviewed studies from
1987 to 2002 and 2003 to 2013 respectively, here we provide a broader
and updated analysis and critique of the research.

3. Cocaine neuropharmacology

Over the past few decades, a large body of research has contributed
to the understanding of the neural mechanisms of cocaine-related ef-
fects. While a comprehensive review of cocaine neuropharmacology is
beyond the scope of this review, a brief overview will provide the
reader with insight into the mechanisms of action of cocaine in the
brain and a context for the discussion of the cognitive effects of the drug
[36,37].

Cocaine is a stimulant with complex effects on the brain. Acute
administration of cocaine increases synaptic dopamine (DA), nor-
epinephrine (NE), and serotonin (5-HT) by binding to their respective
transporters and blocking neurotransmitter reuptake. The majority of
research however, has focused on the role of cocaine in enhancing DA
transmission in the mesocorticolimbic dopamine pathway, thought to
mediate the reinforcing properties of the drug [38–40].

Cocaine-induced increases in synaptic DA lead to enhanced sig-
naling through D1 and D2 receptors, which activate intracellular sig-
naling pathways coupled with G proteins [41]. (For a review, see Ref.
[42]). In this signaling cascade, G proteins activate (or inhibit) cyclic
AMP-dependent protein kinase (PKA), inducing phosphorylation of
transcriptional regulators. This in turn initiates the production of cFos,
an immediate early gene that codes for a transcription factor thought to
mediate long-term changes in neural functioning. These immediate
early genes trigger a number of short-term neuroplastic changes, in-
cluding altered functioning of pre- and post-synaptic voltage-gated ion
channels, vesicle release machinery, receptor expression, and gluta-
matergic neurotransmission [43–47]. Together, these transient changes
increase PFC excitability and neurotransmission, which are thought to
mediate the acute cognitive effects of cocaine.

3.1. Toxicity

Traditionally, it has been theorized that impairment is caused by
neurotoxicity [48]. Despite some indications of cocaine-induced

1 The term abusers, as used throughout this article conforms to the definitions of sub-
stance abuse and dependence in the Diagnostic and Statistical Manual of Mental Disorders
4th Edition (DSM-IV-TR) and the International Statistical Classification of Diseases and
Related Health Problems (ICD-10). DSM-IV-TR and ICD-10 terminology are used to avoid
terminology that has multiple meanings.
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increases in free radicals and oxidative stress there is little evidence in
rodent models, for example, that these increases lead to broad tissue
damage or neurotoxicity. Cocaine does not produce any long-term de-
pletion of DA or other catecholamine neurotransmitters in the striatum,
cortex, hypothalamus, and hippocampus [49,50]. Converging evidence
supports these results, showing that other markers of monoamine
system integrity are not affected by binge cocaine administration
[51–53]. Absence of neurotoxicity in rodents was noted even when
cocaine was repeatedly administered in an environment with high
ambient temperatures, conditions which increase amphetamine neu-
rotoxicity [54]. Consequently, data collected in rodent models are in-
consistent with the predominant view that chronic cocaine use causes a
broad range of cognitive deficits in humans. This is particularly note-
worthy when considering that all of the studies cited above adminis-
tered large, bolus doses of cocaine repeatedly to drug-naïve animals,
which has been shown to amplify neurotoxic effects in amphetamines
[55]. These dosing regimens have been criticized as lacking ecological
validity, since humans escalate drug use slowly over time. Indeed, re-
search on amphetamines has shown that the neurotoxicity induced by
this type of dosing regimen can be prevented when animals are initially
exposed to several days of escalating doses [56–58]. Thus, null results
when using such an extreme dosing regimen provide evidence for a lack
of cocaine-induced neurotoxicity.

3.2. Prefrontal cortex neuroplastic changes

It has been argued that cocaine-related cognitive deficits are
mediated by permanent neuroplastic changes in prefrontal cortex (PFC)
circuitry rather than cell damage/neurotoxicity [59]. Again, data col-
lected in animals have been mixed. Chronic exposure to cocaine acti-
vates a number of neurochemical compensatory mechanisms, which are
not completely understood. In rodent models of extended cocaine ex-
posure, changes in PFC functioning have been noted in D1/D2 receptor
availability, glucose metabolism, glutamatergic and endocannabinoid
signaling, and synaptic excitability [60–64]. These changes in func-
tioning are accompanied by some differences in cognitive flexibility,
learning, and memory [65–67]. However, similar to the foregoing
studies on neurotoxicity in rodents, most studies utilize dosing regimens
that are not relevant to the natural ecology. For example, one study
administered 30mg/kg cocaine hydrochloride (intraperitoneal injec-
tion) daily to drug-naïve rats for 2 weeks prior to testing [68]. This
would be equivalent to giving 2100mg (or 2.1 g) cocaine daily to a
drug-naïve human who weighs 70 kg (i.e., 150 pounds), for a total dose
of almost 30 g of cocaine over a 2-week period. For comparison, one
observational study noted that heavy, chronic cocaine users (mean
duration of use= 7 years) reported self-administering an average of
9.6 g every 2 weeks [69]. Thus, researchers who use animal models to
investigate cocaine-induced neurological and cognitive deficits typi-
cally utilize dosing regimens in drug-naïve animals that are approxi-
mately 3 times larger than those observed in self-administering cocaine-
dependent humans. Furthermore, the majority of the above studies
utilized experimenter-administered rather than self-administered co-
caine. This approach is less than ideal because data indicate that neu-
rochemical consequences of cocaine administration varies depending
upon whether a drug was contingently or non-contingently adminis-
tered [29,30,32,70,71]. When drug administration is contingent upon
the animal emitting a behavioral act, there appears to be a certain
degree of protection against drug-related neurotoxicity.

Longitudinal studies investigating the cognitive effects of extended
cocaine self-administration in primates show similar, albeit less-striking
results. Porter et al. [72] examined the effect of chronic cocaine use on
cognitive functioning in rhesus macaques. At baseline, age- and per-
formance-matched monkeys were assigned to self-administer cocaine or
water for nine months. Cognitive assessments were administered
weekly during a 72-hour drug free period. During maintenance of self-
administration, monkeys who received cocaine showed marked

disruptions in reversal learning and working memory on drug-free days.
As testing occurred 3 days after the most recent exposure, the cognitive
deficits were likely related to short-term withdrawal. In a follow-up
study (Porter et al. [73]), the authors found that performance in the
cocaine self-administration group completely normalized by 3 months
of abstinence. However, the introduction of novel and appetitive dis-
tractors disrupted performance in the cocaine, but not control group.

While independent studies have determined the long-term effects of
chronic cocaine self-administration on brain and behavior, the most
rigorous study designs combine imaging methods with cognitive-be-
havioral tasks. When assessed longitudinally in a primate model, this
combination of data can provide compelling, ecologically valid evi-
dence for the breadth and duration of cocaine-induced cognitive defi-
cits. However, to date, only a single study has included this rigorous
methodology. In a second follow-up study utilizing the same animals,
Porter et al. [74] examined PET imaging and working memory in ani-
mals that had been drug-free for 20 months (animals previously self-
administered cocaine or water for 1 year). There were no differences in
task performance between the two groups, although cocaine-experi-
enced monkeys showed significantly greater metabolic activity in the
cerebellum during the task.

Considered together, converging evidence suggests that the com-
pensatory neuroplastic changes associated with chronic cocaine ex-
posure likely create conditions where cognitive performance is nor-
malized during acute intoxication, declines during withdrawal, and
recovers gradually over the course of abstinence.

Thus, preclinical research does not support the theory that chronic
cocaine use is associated with neurotoxicity or permanent changes in
PFC network functioning that can cause cognitive impairment. In light
of (a) the lack of evidence from animal research for permanent deficits
and (b) the methodological and data interpretation issues that may
inflate the deleterious impact of drugs of abuse on cognition, it is cru-
cial that the effects of cocaine use on cognitive functioning be examined
with a critical eye.

4. Review of the long-term effects of cocaine on human cognition

4.1. Comprehensive neuropsychological testing of abstinent cocaine abusers

This section will discuss studies conducted by researchers who
employed neuropsychological testing only to assess the cognitive
functioning of recreational cocaine users and individuals with cocaine
use disorders.

Some researchers have focused their efforts on investigating the
cognitive functioning of cocaine abusers as compared to controls by
using neuropsychological testing to that end. Unlike most of the studies
that employ neuroimaging methods, which entail a single test assessing
a few specific domains, it is feasible for researchers conducting studies
using neuropsychological testing to administer several different tests
assessing various domains.

Fernandez-Serrano et al. [75] examined whether there were per-
formance differences between individuals with cocaine dependence and
non-drug-using individuals on neuropsychological tasks of inhibition
and perseveration. These researchers administered the Stroop and Go/
No-Go tests measuring impulsivity as well as the Revised Strategy Ap-
plication and Probabilistic Reversal tests measuring perseveration. They
found that the cocaine-dependent individuals showed significantly
more inhibition and perseveration, and thus they concluded that those
individuals have deficits in control. Unlike previous researchers, they
used multiple measures to assess each domain of interest. However,
there still was a discrepancy between the two groups in terms of years
of education. The non-drug-using controls completed significantly more
years of education than did the cocaine-dependent individuals (17 vs.
11.87 years). Even though Fernandez-Serrano et al. [75] statistically
controlled for years of education, normative comparisons should have
been included as well. Given that completed years of formal education
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is strongly correlated with cognitive performance as assessed by current
measures, the findings obtained by Fernandez-Serrano et al. [75]
should be interpreted with considerable caution.

As may be seen in Table 1, multiple tests are used to tap a specific
domain [76]. If the findings converge, then we are more likely to say
the test has validity, however, only five out of twenty-two studies
[9,14,76–76–78] in Table 1 administered more than one measure per
domain. Five out of twenty-two studies [7,13,15,22,79] did not match
groups based on age, and seven did not match groups on years of
education [9,13,14,20,76,80,129]. Additionally, eleven out of those
twenty-two studies [3,9,14,22,77,81–83,122,123,129] did not control
for the extensive use of other psychoactive drugs, and thirteen (13/22)
did not interpret their findings within the normative context. Thus, the
functional significance, or clinical relevance is unclear.

In sum, when it comes to neuropsychological studies investigating
the long-term effects of cocaine on cognitive functioning, Table 1
clearly shows that most of them have not controlled for important de-
mographic variables and for drug use, and similarly have overlooked
assessing their cognitive data within the context of a normative data-
base. Thus, the clinical importance of such findings cannot be de-
termined. While published norms are available for tests such as the
Stroop, Wisconsin Card Sorting Task, Rey Complex Figure Task, and
Rey Auditory Verbal Learning Test, the findings gleaned by neu-
ropsychological studies administering these measures must be inter-
preted relative to those norms and not be based solely upon differences
between the experimental group and the control group. Taking that step
would go a long way toward resolving the perplexing issue of the nature
of impairment, an issue that pervades the literature investigating the
effects of long-term cocaine use on cognitive functioning.

4.2. MRI studies investigating brain structure sizes of abstinent cocaine
abusers without cognitive testing

As seen in Table 2, a growing number of investigators have used
MRI techniques to investigate the long-term effects of cocaine use on
brain structure. Some studies assess behavior by administering both
MRI and cognitive measures [84–86], while other studies make con-
clusions regarding behavior based solely on MRI [87–89].

In one study conducted by Franklin et al. [89] researchers compared
the gray and white matter concentrations in the brains of cocaine
abusers with non-drug-using controls by using MRI voxel-based mor-
phometry, a technique that can examine local tissue volume differ-
ences. The goal was to investigate whether there were structural brain
differences between groups' in areas of decision-making and autonomic
arousal. The researchers found that, compared to the control group, the
cocaine group exhibited varying gray matter concentration in the pre-
frontal regions (5%–11%): the ventralmedial orbitofrontal, anterior
cingulate, anteroventral insular, and superior temporal cortices. No
differences were found between the two groups in white matter con-
centration, a finding consistent with that of a study that used MRI to
look at abstinent cocaine abusers [90]. This is at odds, however, with
another study that found varying white matter volume in cocaine users
and no evidence of age-related changes [91]. The findings of Franklin
et al. [89] led investigators to speculate that the brains of cocaine
abusers are structurally dissimilar to those of non-drug-using controls
and, further, that differences detected in the brain areas involved in
decision-making, inhibition, and emotional valence to environmental
stimuli may better explain behavioral deficits in individuals with co-
caine use disorder.

Franklin et al. [89] were the first to report discrete gray matter
differences in chronic cocaine users. The cocaine abusers were older
than the controls (42 vs. 32), and the researchers acknowledged the
importance of controlling for this important demographic variable since
brain structure changes with age. Indeed, they included age in their
design matrix as a covariant. Additionally, the researcher’s sample was
only male participants. Studying only males limits the generalizability

of findings to the broader cocaine-abusing population. Other caveats
include the small number of participants studied, and the inclusion of
individuals with ADHD and antisocial personality disorder in the co-
caine group, but not in the control group. Thus, although Franklin et al.
found that certain areas of cocaine abusers’ brains had varying gray
matter concentration, it is not possible to conclude from the MRI images
that cocaine use, specifically, causes [emphasis ours] reduced gray
matter concentration.

The literature concerning gray matter differences has yielded in-
consistent results, with other researchers observing no differences in
gray matter volume between individuals with cocaine dependence and
non-drug-using controls. The latter study used MRI to compare the
structural changes in the brains of cocaine abusers and non-drug-using
controls, and the researchers did not see any differences in gray matter.
While many studies attempt to control for drug use and other psy-
chiatric disorders, others assume that some psychiatric symptoms and
forms of drug use, e.g., impulsivity, nicotine use, and depressive
symptoms are inherent in drug dependence [88]. Yet other research
suggests that these variables individually correlate with volume re-
ductions in the frontal brain structures and with depression [92], im-
pulsivity [93], and the smoking of nicotine [94,95]. Crunelle et al. [88]
used MRI voxel-based morphology to investigate the combined impact
of these comorbidities on the brain morphology of cocaine abusers and
non-drug-using controls. They found varying gray matter volumes in
the cocaine-abusing group only in the left middle frontal gyrus when
they compared that group to the controls and observed no differences in
white matter volume. Within the cocaine-abusing group trait im-
pulsivity was associated with varying gray matter volume in the right
orbitofrontal cortex, the left prefrontal gyrus, and the right superior
frontal gyrus. However, the right inferior parietal gyrus gray matter
volume and non-planning impulsivity relationship was not significant
after controlling for smoking severity and depressive symptoms.
Smoking severity, depressive symptoms, and duration of cocaine use all
had no observed effect on regional gray matter volumes. Those findings
led the investigators to suggest that, whatever the associations between
frontal gray matter volume and trait impulsivity may be, they are
minimally influenced by the severity of nicotine intake and of depres-
sive symptoms. With increased severity and/or duration of dependence
symptoms, however, those variables might become important.

Connolly et al. [87] and Crunelle et al. [88] aimed to examine and
explain any underlying pathology found within the domains of cogni-
tive functioning solely by measuring differences in brain structure
without an objective assessment of behavior. Because Crunelle et al.
[88] did not find a correlation between the three BIS subscale scores,
they suggested that their measures of impulsiveness may be revealing a
neurobiological disconnect in cocaine users. Keeping that suggestion in
mind, investigators should administer multiple behavioral tasks that
measure the various facets of impulsivity. Even given the present
study’s limitations (see Table 2), at the very least it shines some light
upon the ongoing need to better assess substance-abusing populations
that have comorbid disorders. By contrast, interpretations based solely
upon brain imaging data tell us little about actual, day-to-day impulsive
behavior.

Table 2 summarizes three out of six MRI studies [87–89] where
investigators made conclusions about behavior even though cognitive
testing was not included. This raises concern because it illustrates the
propensity to interpret any brain differences as pathology, even though
cognitive measures assessing behavior were not administered. More-
over, two out of those six MRI studies [86,87] did not control for level
of education, and five [84–88] did not control for the use of other
psychoactive drugs.

4.3. MRI studies investigating brain structure sizes of abstinent cocaine
abusers with cognitive testing included

As may be seen in Table 2, a growing number of investigators are
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using MRI procedures combined with neuropsychological testing, in an
effort to understand the impact of long-term cocaine use on cognitive
functioning. Ersche et al. [84] examined self-report impulsivity, and
performance on tasks assessing response inhibition and sustained-at-
tention in cocaine abusers and non-drug-using controls. They also used
MRI to compare structural brain changes occurring in the frontal
striatal brain systems during test performance. These researchers found
that the cocaine abusers reported more trait impulsivity and appetitive
motivation than did the controls; however, when task performance was
assessed, the cocaine group demonstrated an overall slowing of re-
sponses on the stop signal and sustained attention tasks. These findings
are inconsistent with impulsive responding. In addition, researchers
found that greater duration of cocaine abuse was associated with
changes in gray matter volume in the basal ganglia and orbitofrontal,
cingulate, insular, temporoparietal, and cerebellar cortices. These
findings led investigators to speculate that cocaine use disorder is ac-
companied by a deficit in attentional processing caused by cocaine-in-
duced structural changes in the frontostraital networks.

The findings of Ersche et al. [84] should be interpreted with the
confines of several limitations. First, since brain images were collected
at just one time-point for both groups, it is impossible to determine
whether, as the authors claim “cocaine induced structural changes in
cortical organization cause [emphasis ours] abnormalities of sustained
attention and attentional control in cocaine-dependent individuals
[84].” Since preexisting differences were not measured, it is unclear
whether there were existing abnormalities prior to the onset of cocaine
use. Second, the researchers did not control for the use of drugs other
than cocaine. Several individuals in the cocaine group met the DSM-IV
criteria for nicotine, alcohol, cannabis, and heroin dependences; some
of which exert detrimental effects on cognitive performance. This
makes it difficult to disentangle the impact of one specific form of drug
use on cognitive performance. Additionally, the researchers omitted
information on variables such as education and for other psychiatric
disorders such as attention deficit hyperactivity disorder (ADHD) and
anxiety disorder. Thus, it is disconcerting that these study results were
interpreted as revealing pathology, when the differences found should
have been assessed within the framework of a normative database.

4.4. Functional MRI studies investigating neuronal activity in abstinent
cocaine abusers with cognitive testing included

Functional MRI (fMRI) has also been used to investigate long-term
cocaine abusers. This imaging technique uses the blood’s oxygen level
in the brain as an indirect measure of neural activity, known as the
blood oxygen level dependent signal. One advantage of fMRI over MRI
is that it provides information about brain functioning and, more spe-
cifically, about how networks of brain structures collaborate to effect
complex activities such as behavioral or cognitive tasks.

Kaufman et al. [5] employed event-related fMRI to capture brain
activity in cocaine abusers and non-drug-using controls while both
groups completed a Go/No-Go task. These researchers found that,
during task performance, the cocaine abusers made significantly more
errors of commission and omission and had less activity in the cingulate
cortex as well as other cortical regions. Even though the cocaine abusers
were older than the controls (mean age 37 vs. 30 years) and researchers
administered only one measure assessing response inhibition, the re-
searchers concluded that cocaine use disorder is accompanied by dis-
ruptions in cognitive control of behavior and by dysfunction in certain
cortical structures. By contrast, some studies have reported no differ-
ences in behavior but have highlighted differences in fMRI results. For
example, Castelluccio et al. [96] also employed fMRI and administered
the Go/No-Go task to cocaine abusers and controls, and they found no
differences between the groups. These researchers did, however, note
that the cocaine abusers exhibited significantly greater activation in the
cingulate and other cortical regions during their commission of false
alarms. Such conflicted results make it difficult to draw conclusions

about the impact of cocaine on inhibitory control, especially when
methodologies and confounding limitations differ from one study to the
next.

Table 2 summarizes fourteen fMRI studies investigating neural ac-
tivity in abstinent cocaine users and individuals with cocaine use dis-
orders. Nine studies administered only one cognitive measure to assess
a domain [5,8,10,97–101,127], and eight studies did not control for the
use of other psychoactive drugs [8,10,80,96,97,102,103,127]. More-
over, the vast majority (eleven out of fourteen)
[8,10,96–98,100–104,127] of studies did not find significant differ-
ences between groups on cognitive measures, so based their conclusions
solely on their fMRI findings.

Overall, the MRI literature is replete with misleading language with
respect to brain pathology (e.g., “cocaine causes abnormalities [emphasis
ours] in areas of the brain”), conflicting structural differences, metho-
dological limitations, and a general tendency to suggest impairment in
the absence of corroborating behavioral findings. All such drawbacks
make it very difficult to contextualize the functional significance of the
findings. Most of the fMRI method’s conclusions are not made within
the context of a normative range, which not only is problematic, but
also often constitutes a sheer misinterpretation of what is or is not
normal.

4.5. PET studies investigating brain metabolism in abstinent cocaine abusers
with cognitive testing included

Because evidence of cocaine neurotoxicity in animals has been
found in areas of the brain involved in cognitive functioning [105],
some have speculated that long-term cocaine use by humans produces
similar metabolic abnormalities [106].

Bolla et al. [107] employed PET and the Iowa gambling task to
measure decision-making in 25-day abstinent cocaine abusers. In this
highly cited study, researchers found no statistically significant differ-
ences between cocaine abusers and controls on task performance.
However, PET data revealed that cocaine abusers showed greater ac-
tivation during performance on the Iowa gambling task in the right OFC
and less activation in the right DLPC and left MPFC compared to con-
trols. The researchers concluded that cocaine abusers show persistent
functional abnormalities in prefrontal neural networks involved in de-
cision-making and that the effects are related to cocaine abuse. Their
conclusion, however, is misleading. First, behavioral results did not
support the imaging findings and second, brain metabolism was not
assessed prior to cocaine abuse, thus the relationship to decision-
making and cocaine abuse is unclear. One year later Bolla and collea-
gues employed PET and a modified-Stroop task to measure response
inhibition and attention. Although cocaine abusers were significantly
older than the control participants (36 vs. 30), they performed equally
well on the modified-Stroop test. PET data extrapolated from the test
performance revealed that, as compared to the controls, the cocaine
users had less activity in the left anterior cingulate cortex and the right
lateral prefrontal cortex and greater activity in the right anterior cin-
gulate cortex, pointing to a conflict-related effect. It also must be noted
that, in addition to the small sample size, for the duration of the study
cocaine users were housed in an inpatient hospital for significantly
longer than were the controls (23 vs. 3 days) The researchers concluded
that, when it comes to assessing cognitive impairments, behavioral
assays are less sensitive than is neuroimaging. One concern associated
with these studies is that the investigators included only one measure to
determine the degree of functioning within the domain of interest.
Performance on multiple tasks, all of them assessing the same domains,
should be evaluated before making any function-related claims because
individual tasks may tap into slightly different components of the do-
main of interest. In other words, the measures must be functionally
validated in advance; otherwise there may be a lack of construct va-
lidity, a possibility particularly of consequence in studies that utilize
but a single task to measure a cognitive domain. It is vital that each
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group be treated similarly in order to control for such possible con-
founds such as at-home sleep patterns and stress, and conversely, the
stress of being confined to a hospital environment and its routines; for
these can adversely affect test performance. In Bolla et al. [107,108] no
differences were found between the two groups with respect to the
cognitive tasks performance; the imaging differences were limited, and
the cause and meaning of these differences were unclear. Thus, this case
illustrates the propensity among researchers to construe brain differ-
ences as being pathological, even though in this study no differences in
the cognitive measure were found between the groups. Although the
cocaine users performed just as well as the controls, the researchers
have assumed that all the participants performed within the normal age
and education-matched range on the modified-Stroop task. However, it
must be made clear that this was not the case. Furthermore, in order to
determine the clinical implications of group performance, it is neces-
sary to be able to make informed predictions about the performance of
a particular group if participants’ prior scores did not fall within the
demographically matched normal range. Only then is it possible to
draw meaningful conclusions about performance differences. Numerous
studies that have observed differences between groups have provided
no such comparative information, thereby making it difficult to de-
termine the clinical importance of their findings.

Unlike Bolla et al. [108], Goldstein et al. [109] administered neu-
ropsychological measures that generated age-adjusted scores (since
level of performance varies across demographic variables such as age,
not adjusting for these variables results in diminished predictive va-
lidity). These researchers sought to determine the severity of neu-
ropsychological impairment in individuals with cocaine dependence
and in non-drug-using controls. They did so by administering a neu-
ropsychological battery assessing verbal knowledge, visual memory,
verbal memory, attention, and executive functioning. They found that
the cocaine-dependent individuals demonstrated mild cognitive im-
pairment and that, as compared to the controls, they performed less
well in the neuropsychological dimensions of the task. The researchers
also compared the neurocognitive performance of the cocaine-depen-
dent group with that of a group with alcohol dependence and found
that the alcohol group was more impaired than was the cocaine group,
based on neuropsychological measures. Using PET, they also looked at
whether performance on the neuropsychological battery was associated
with resting glucose metabolism in the brain. After statistically con-
trolling for age and education, in both groups metabolism in the dor-
solateral prefrontal cortex predicted visual and working memory factors
and the anterior cingulate gyrus predicted attention and executive
functioning. Relative to other psychopathological disorders such as
schizophrenia, the severity of neuropsychological impairment in co-
caine addiction was modest, but nevertheless, the authors warned
against seeing a complete absence of neurocognitive deficits within the
sphere of cocaine addiction.

Out of the three PET studies summarized in Table 2, two studies not
match groups on age [108,109] and two did not find significant dif-
ferences between groups on cognitive measures [107,108]. The clinical
importance of both Bolla et al. [108] and Goldstein et al. [109] remains
ambiguous. Both studies found that cocaine abusers exhibited a degree
of cognitive impairment. While Bolla et al. [108] based their conclu-
sions on PET findings, those of Goldstein et al. [109] were derived from
a neuropsychological test battery. The studies also differed in sample
size, number of tasks administered, and use or non-use of demo-
graphically adjusted scores. It is unclear what PET imaging tells us
about the neurocognitive functioning of individuals with cocaine use
disorder, given that findings are open to debate and that doubts persist
as to whether metabolic changes in the brain are linked to a specific
drug of abuse.

5. Discussion

Researchers investigating the effects of cocaine use on human

cognitive functioning have employed various methodologies. While
basic animal research has presented researchers with some valuable
models, useful when they are investigating the effects of cocaine when
it is administered under controlled conditions, limitations associated
with these studies make it difficult to extrapolate to similar effects in
humans. Nonetheless, studies combining neuroimaging and neu-
ropsychological methods have considerably broadened the human la-
boratory data. As for the MRI and fMRI studies, imaging results in-
variably tend to take precedence over the behavioral data and to scant
the latter when it does not corroborate the imaging findings. We have
seen that some studies have been unable to replicate results, perhaps
owing to several methodological limitations such as not controlling for
age, education, and other drug use. The findings of PET studies remain
unclear, as a result of conflicting behavioral data that show either no
differences or only mild impairment in cocaine abusers compared to
controls.

While there is, of course, no perfect study and all research requires
follow-up for corroboration, similar difficulties of interpretation affect
the literature comprised strictly of neuropsychological studies. As long
as researchers continue to select only statistically significant compar-
isons, we can expect their estimates to be overstated. Poor performance
on tests, however, should not immediately be construed as revealing
deficits or impairments. There may be alternative explanations for poor
performance (test anxiety, depression, lack of motivation), and all such
factors underscore the need to control for confounding variables.

While researchers may not have the ability to control for some ex-
traneous variables, it is critical that they attempt to match, or control
groups on the three chief dependent variables (i.e., age, education, sex)
and for drug use. For example, in several studies [5,99,100,110], the
performance of older individuals with cocaine use disorder (∼40 years)
was compared with that of younger non-drug-using controls (∼30
years), and this could have influenced the outcome. In the case of the
Stroop test, for example, several researchers have found age-related
decrements in their samples [111–114]. Rosselli et al. [111] studied
938 participants, aged 20–89 years, who completed an abbreviated
Stroop color-naming task while a subset of 281 participants also com-
pleted card sorting, simple reaction time, and choice reaction time
tasks. The researchers observed age-related increases in incongruent
color-naming latency and in card-sorting perseverative errors. Their
findings suggested that age differences in Stroop interference were at-
tributable partially to a general slowing but also to age-related changes
in such task-specific processes as inhibitory control. Some attribute age-
related decline to processing speed and thus do not construe it along
with evidence of specific decline when working such constructs as
cognitive flexibility and control [115]. Klein et al. [94] reported that
test duration differentially affects the performance of young and old
participants. Many cognitive measures can be exhausting and onerous
to participants, and that fact underscores the importance of employing
test batteries with normative scores such as the NIH toolbox, for they
are brief and convenient. These constitute a “common currency” among
researchers, allowing for comparisons across a wide range of studies
and populations [116].

Years of education have also been shown to be a variable that im-
pacts cognitive performance. Sim et al. [86] assessed the performance
of individuals with cocaine dependence and non-drug-using controls on
measures of psychomotor speed, executive function and motor perfor-
mance. They found that individuals with cocaine dependence demon-
strated poorer performance on these measures compared to controls.
However, it’s important to note that the controls had higher levels of
education, and the researchers did not control for the use of drugs other
than cocaine (see Table 2), which may have influenced the outcome. In
a study that investigated the validity of demographic adjustments on
neuropsychological test performance, Vanderploeg et al. [117] found
that younger or more educated subjects consistently performed better
than did older or less educated subjects. Additionally, the researchers
found that the use of demographically-adjusted neuropsychological
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scores results in higher diagnostic classification accuracy than the use
of non-adjusted scores [117]. Lastly, differences in neuropsychological
test performance have been shown to be associated with sex [118]. For
example, Rahman and Clarke [119] found that male recreational co-
caine users performed better than female recreational cocaine users on
visuospatial perception and category fluency, while females out-
performed men on all verbal learning measures except immediate re-
call. Thus, demonstrating evidence for sex-related neurocognitive var-
iations and the importance of sex-matched groups in addition to sex-
adjusted normative scores.

Most neuropsychologists are unable to determine the premorbid
level of cognitive functioning of cocaine abusers, the level reached
before the drug was being abused, and thus they frame their compar-
isons around one time-point of drug abuse and another one year later.
Instead, we suggest that test performance and cognitive functioning
should be assessed within the context of participants’ expected perfor-
mance as predicted by their demographic characteristics. For some
neuropsychologists the criterion for determining impairment is 1, 1.5,
or 2 standard deviations below the mean of the normative sample.
While a test score 1 standard deviation below the mean may not be
statistically significant, it may nonetheless indicate impairment to some
neuropsychologists, while others may choose to locate impairment
within the range of 1.5 or 2 standard deviations [120]. Some re-
searchers determine normality by generating T scores based upon a
participant’s demographic characteristics. Heaton et al. [118], for ex-
ample, generated T scores based upon age and education level by using
scores from the Halstead-Reitan battery, a set of neuropsychological
tests used to assess the condition and functioning of the brain, and other
tests as well. Using this method, any T score below 40 (greater than 1
standard deviation below the mean) represents impaired performance
[118]. Establishing these important criteria of impairment will allow us
to (a) speak more confidently about the clinical relevance of study
findings and (b) more accurately characterize the cognitive functioning
of individuals with cocaine use disorder.

Several meta-analyses investigating the effects of cocaine on cog-
nitive functioning have come to be seen as virtually constituting a
compendium of studies assessing the performance of cocaine users and
non-drug-using controls on a battery of cognitive tasks. Nonetheless,
while studies show per domain differences and no differences, and in
some cases effect sizes of differences, they too rarely include any dis-
cussion of whether test scores fell within the normal range [21,34].
Rather, the literature is pervaded by sweeping conclusions such as this
one: “the long-term effects of cocaine show a wide array of deteriorated
cognitive functions, indicating that long-term cocaine use is char-
acterized by a general impairment across functions, rather than by
specific deficits” [21]. The data accrued by the studies highlighted in
this review lend no support to that claim. Although executive function
and working/verbal memory are the domains within which differences
between cocaine abusers and non-drug-using controls have most con-
sistently been detected, showing that a single critical value crosses the
significance threshold is not sufficient to determine the impact of co-
caine use on functioning. Quite simply, the mere existence of differ-
ences does not prove impairment. We must continually remind our-
selves of the need to rigorously assess the practical and clinical
significance of each new study’s findings.

5.1. Implications

Over interpretations caused by a lack of methodological rigor can
lead to beliefs about cocaine and its users that are not supported by the
evidence. For example, some of those who approach this issue from a
treatment perspective have suggested that individuals with cocaine use
disorder are unable to benefit from cognitive behavioral therapy [121].
Such an assertion is unwarranted given the data from the studies re-
viewed here. This is especially so since numerous studies have shown
that many cocaine abusers use drugs other than cocaine or have other

psychiatric disorders in addition to cocaine use disorder. Such con-
founding factors make it difficult to elucidate the unique effect of co-
caine use on individuals treated with cognitive behavioral therapy.
Thus, it is imperative that, henceforth, cocaine users be more accurately
characterized, thereby allowing us to develop wiser and scientifically
better-attuned drug treatment programs and public policies.
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