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Editorial on the Research Topic
Brain and Cognition for Addiction Medicine: From Prevention to Recovery

In 2018, 269 million people around the world had used drugs, and over 35 million were suffering
from substance use disorders (SUDs) (1). However, there is a serious limitation in the available
treatments for SUDs that are effective in the long term (2-4). A question frequently raised by
addiction medicine practitioners around the world is how recent advancements in different fields of
brain and cognition studies—from molecular to cognitive neuroscience—can help them improve
their daily practice for prevention, treatment, and rehabilitation of SUDs.

There is a growing body of evidence on neurocognitive alterations that contribute to developing
a SUD and to hampering recovery, alongside a plethora of social and environmental factors
(5, 6). However, there is a lack of neurocognitive markers and related outcome measures that are
sufficiently sensitive and specific to addiction mechanisms, engaged by interventions, repeatable,
and indicative of disorder progression and recovery. There is preliminary, but promising evidence
for different neural and cognitive markers measured with brain mapping and cognitive assessments
that (1) engage key mechanisms of addiction (incentive salience, negative emotionality, and
cognitive control), (2) predict reduction of drug use (the gold standard for treatment outcomes),
and (3) detect acute and chronic responses to interventions with therapeutic potential (7). However,
none of these neurocognitive markers have yet approached formal qualification paths [e.g.,
Biomarker Qualification Program (BQP) of the FDA] or are being widely used in daily clinical
practice. Some of the reasons that none of these markers are playing a formal role as a qualified
biomarker in addiction prevention or treatment is because they lack methodological harmony,
publicly available tools and normative databases, and strong replication and reliability/validity data.

Indeed, although there is a significant body of evidence from brain and cognition studies about
SUDs, the impact of this evidence in the daily practice of addiction medicine is minimal and yet to
be established. As part of our leadership roles in the Neuroscience Interest Group of the International
Society for Addiction Medicine (ISAM-NIG), we believe that we need an orchestrated international
effort to bring pieces of basic and clinical evidence together to develop a roadmap from bench to
bedside and policy. We also need consensus and guidelines on how to translate currently available
evidence to different dimensions of clinical practice, ranging from prevention to recovery.

In this cross-listed Research Topic in Frontiers in Psychiatry and Frontiers in Human
Neuroscience, our overall goal was to invite researchers to provide evidence that can help bridge
the gap between the neuroscientific knowledge of SUDs and its pragmatic use in routine clinical
practice. In this successful Research Topic, we published 30 articles (17 original research articles,
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nine reviews, one systematic review, two mini-reviews, and one
brief research report), from 146 authors from 13 countries that
overall elicited 86,787 views at the time of submission of this
editorial. Contributors to our Research Topic mainly sought to
provide evidence on susceptibility/risk, diagnostic, predictive,
and treatment monitoring evidence for different neural
and cognitive markers. We also received articles providing
evidence for different mechanistic-informed interventions
(two cognitive/behavioral, one pharmacologic, and two brain
stimulation interventions) that effectively engaged these
markers. These markers spanned across molecular and biological
assessments, genetics, different imaging techniques, cognitive
assessments etc.

In this e-book, we (Verdejo-Garcia et al.) wrote a consensus
paper with a group of ISAM-NIG members about strategies and
suggestions to apply the neuroscientific knowledge of addiction
medicine into daily practice which has shaped the scope of
this Research Topic. In the following sections, we present select
highlights of the contributions which we hope will convey a
sense of how neuroscience can help increase the understanding
of underlying mechanisms of SUDs and how it can inform the
development of more impactful interventions.

EVIDENCE FOR SUSCEPTIBILITY/RISK
MARKERS

A susceptibility/risk marker in addiction medicine can estimate
how likely it is for someone to develop SUDs in the future.
Burns et al. in their review discuss how molecular imaging shows
that genetics can increase proneness to opioid use disorder and
how these inter-individual differences in opioid and dopamine
systems underlie the person’s reward, cognition, and stress
pathways leading to heightened risk of being an opioid user in
the future. Among other contributions to this Research Topic,
Abram et al. investigated undergraduate university students
with a foraging task to assess their ability to associate reward
pursuit and reward valuation. They found that in people with
more externalizing traits, which confer risk for SUDs, pursuit
and valuation were less related. Rose et al. propose distinctive
pathways that may increase liability for developing SUDs.
The authors discuss how addressing neural mechanisms that
differentially characterize these pathways can inform preventive
strategies, treatment development, and long-term outcomes.
Thus, this e-book brings together promising results on how
genetics can predict the level of cognitive functioning and
how deficits or delays in specific cognitive dimensions might
predict risk to developing SUDs. However, there remain
several outstanding questions on the percent variance in this
susceptibility/risk for developing a SUD that can be explained
by cognitive and neural markers. Supporting evidence with
validated cognitive and neuroimaging assessments will be needed
on how these susceptibility/risk markers can be used in real world
contexts to strengthen neural substrates and circuits of cognitive
functioning in individuals at high risk of using preventive
strategies/interventions to decrease the incidence of new cases
with SUDs.

EVIDENCE FOR DIAGNOSTIC/SEVERITY
MARKERS

A diagnostic marker is used to identify subjects with SUDs.
In the current Research Topic, researchers aimed to investigate
how cognitive functions and imaging results differ between
people with and without SUDs, and they report these differences
among people with SUDs to illustrate how they are associated
with other markers. Noorbakhsh et al. in a cohort study of
3,826 students from grades seven to eleven, found that among
female students, working memory functioning, assessed by a
neuropsychological test battery, was more negatively affected
by the amount of cannabis use. The cause/risk/effect nature of
these cognitive markers in relationship to SUD has yet to be
explored. Tolomeo et al. showed that people with an opioid
use disorder who received either methadone or buprenorphine
treatment, have impaired visuospatial memory but those who
are abstinent for a period of time do not. The authors also
report that the impairment in visuospatial memory is correlated
with higher mood and anxiety symptom severity scores. In a
study conducted by Deldar et al. it was shown that abstinent
methamphetamine users, in comparison with a control group,
had lower reaction time in the Sternberg task when viewing drug-
related stimuli. Schroder et al., in an ERP working memory task,
found that hazardous alcohol drinkers have larger amplitude than
light drinkers, mainly around P300 and P600 EEG components,
which might be considered a diagnostic factor for risk of
developing an alcohol use disorder. Sharman et al. found that two
different subtypes of gamblers have different neuropsychosocial
problems assessed by decision-making tasks and mental health
indices; the authors suggest that treatment providers take these
differences into consideration. Albein-Urios et al. evaluated
psychological and cognitive problems in cocaine users and found
that dysfunctional personality beliefs are correlated with poorer
emotion recognition. Roberts et al.,, using a sample of daily
smokers performing a Go/No-Go task after usual smoking and
after a period of abstinence, found that during abstinence,
smokers have faster information accumulation (accretion) with a
lower threshold for prior information before execution (caution).
Chen et al. showed that during an Implicit Association Test,
people with an internet addiction, compared to controls, show
increased activation in the occipital lobe measured by EEG.
Jansen et al. (a) reported an fMRI study during an emotion
regulation task and found that, although people with alcohol use
disorder show no deficiencies in emotion processing compared
to healthy people, they have reduced activation in the posterior
insula, precuneus, operculum, and superior temporal gyrus when
watching positive/negative cues. They also found that higher
craving at baseline is associated with less reduced activation
when viewing alcohol cues. Smallwood et al., in an fMRI study
using structural equation modeling found that chronic pain and
opioid use disorder have overlapping neural pathways. Common
neural mechanisms and shared markers between chronic pain
and opioid use disorder could inform future assessment and
intervention studies. Coppens et al. in their review, summarize
the role of inflammatory markers in cognition among people
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with alcohol use disorder; they detail how inflammation affects
cognitive function and in turn how alcohol use impacts the
inflammation. In conclusion, they suggest that inflammation may
be a target in the treatment of alcohol use disorder.

Diagnosis of SUD is currently based on self-reports of
use disorder signs and symptoms during structured clinical
interviews; toxicology measures for presence of the drug or its
metabolites in the human body are often used to corroborate
use. The neurocognitive diagnostic/severity markers that are
investigated in this Research Topic, along with thousands more
annual publications in the field of addiction neuroscience,
attempt to uncover sensitive, valid, and objective measures of
mechanistic pathways specific to SUD to accurately assess SUD
and its severity, ultimately leading to therapeutic intervention.
Given the heterogeneity of deficits among people with SUDs,
these diagnostic/severity markers might also be helpful to inform
therapeutic interventions optimized for different subgroups
within people with SUD. There is still a long road ahead to
achieve this ambitious but vital goal.

EVIDENCE FOR
PREDICTIVE/PROGNOSTIC MARKERS

Predictive markers estimate how likely it is that an individual
with SUD would benefit from a certain treatment. Prognostic
markers evaluate overall likelihood of recovery in the long term.
Kearny-Ramos et al., in a single-blinded active sham-controlled
crossover study, to evaluate the effect of medial prefrontal
cortex (mPFC) using repetitive transcranial magnetic stimulation
(rTMS) on drug cue-reactivity, found that lower striatal network
activation at baseline predicts a higher change in this network
in the participants after the act compared to sham. Destoop et
al. conducted a systematic review and concluded that anhedonia
associated with SUDs negatively affects the success of treatment
in long-term.

As reported in this Research Topic, there are hopes that
different neural and cognitive markers can help determine the
likelihood of the person responding to a specific treatment
or recovery/abstinence in general. Ultimately, these markers
should inform clinical decision making to optimize the
preventive/therapeutic intervention at the individual level.

EVIDENCE FOR MONITORING MARKERS

Monitoring markers are used with the goal of evaluating
the effectiveness of a treatment by assessing whether that
treatment can change a mechanistic impairment in a person
with SUDs. Stewart et al. reviewed opioid use disorder in a
three-stage brain model with negative reinforcement processes,
binge/intoxication processes, and preoccupation/anticipation
processes. They continue by evaluating neuroimaging studies
on opioid use disorder monitoring the effects of different
interventions in both cross-sectional and longitudinal settings
and discussing their limitations and strengths. They conclude
with recommendations for future neuroimaging research of
opioid use disorder. Vonmoos et al,, in a cohort study on

chronic cocaine users, assessed socio-cognitive deficits and
cluster B personality disorder symptoms, and showed that they
are negatively correlated with the change in the amount of
substance use following 1 year after baseline assessments. There
is still no FDA approval for any neural or cognitive marker to be
used as a proxy measure for substance use recovery in clinical
trials. However, studies in this area may open doors for novel
monitoring markers which serve as key dependent variables in
intervention development for addiction medicine.

EVIDENCE FOR MECHANISM-INFORMED
INTERVENTIONS

The ultimate goal of all types of markers introduced above
is to first target and accurately measure a mechanistic deficit
in people susceptible to or who suffer from SUDs, which
then informs therapeutic interventions to modulate the deficit.
The feedback loop between the mechanistic markers and
interventions should pragmatically lead to new and better
tailored interventions (8). In this Research Topic, we published
different sample interventional studies trying to contribute to this
marker/intervention feedback loop. These mechanism-informed
interventions could be categorized into cognitive/behavioral,
pharmacologic, and brain stimulation interventions.

Cognitive/Behavioral Interventions

Halcomb et al. review methods to measure negative urgency
in cross-species translational studies, how negative urgency can
inform treatment development, and provide some suggestions
for the future direction of the field. Contributing to this Research
Topic, Grodin et al.,, in an fMRI study of heavy alcohol users,
assessed the motivation to change after one session of brief
drinking intervention. They found that the individuals who
received real intervention compared to a sham intervention,
had higher scores in the importance to change, and this was
associated with higher activation in the precuneus, posterior
cingulate, and insula during fMRI alcohol cue-reactivity task.
Costa et al. reviewed the role of physical exercise as an
adjuvant to routine substance use treatment. The beneficial
effect of exercise may be attributable to improving executive
function. Kouimtsidis et al. discuss how pre-rehabilitation plays
a significant role in successful alcohol detoxification. In a clinical
trial with neurocardiac modulation, Bates et al. showed that
cardiac resonance paced breathing can alter alcohol cue reactivity
in persons with an alcohol use disorder. The active intervention
group compared to the sham group showed lower activation
to alcohol cues in visual areas, and increased activation in self-
control, directed cognition, and brain-body integration areas.
Behavioral manipulation of the baroreflex mechanism extends
neuroscience-informed addiction intervention approaches to
include modulation of bi-directional signaling between the brain
and the cardiovascular system.

Pharmacological Interventions

Joseph et al. reported the results of a trial using a graph-
theory functional connectivity analysis and machine learning as
a monitoring marker among people with cocaine use disorders
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to assess the effect of oxytocin on resting-state fMRI. The
authors found that oxytocin compared to a placebo increases the
connectivity between salience nodes and default mode network
nodes differently among women and men, and that childhood
trauma and years of cocaine use modulated the effect. Chye et
al. first discuss the role of the endocannabinoid system in SUDs
and then review the role of cannabidiol on SUDs treatment.
This evidence leads to a discussion on potential pharmacological
interventions targeting the endocannabinoid system in people
with SUD. Butler and Le Foll in their review cover various
pharmacotherapies used to treat SUD and to determine how
they affect the executive functions of the participants, why there
are mixed results, and how to move forward with using both
pharmacological and non-pharmacological therapies to enhance
cognitive functioning.

Brain Stimulation Interventions

Jansen et al. (b) assessed the effect of right dIPFC-rTMS
on emotional processing, reappraisal and craving, and their
neural correlates by fMRI during an emotion reappraisal task
among people with alcohol use disorder. They found that rTMS
compared to a sham reduces dIPFC activation and also modulates
self-reported experienced emotions. However, they were unable
to find any change in the craving levels, or on reappraisal related
brain function.

Altogether, the articles included in this Research Topic
on mechanism-informed interventions, along with trials using
monitoring markers, illustrate the breadth and depth of
international efforts to enhance the feedback loop between
markers and interventions in addiction medicine. We endeavor
to coordinate and harmonize these efforts as a necessary next
step to consolidate research advances and to foster pragmatic
clinical translation.

We request funding agencies around the world to support
studies that aim to generate datasets that enable researchers
to rigorously examine the reliability and validity of neural and
cognitive markers, with a goal to establish performance of these
markers sufficient to meet formal biomarker qualification
standards, similar to that offered by the FDA (9). Our
shared long-term goal within the community of addiction
neuroscientists is to establish publicly available neural
and cognitive markers and their tools, which can be used
broadly by multiple investigators (10, 11). This approach will
accelerate intervention development and provide outcome
measures in RCTs in research settings that can ultimately
be used to predict treatment response, inform personalized
treatment selection, and monitor treatment efficacy in daily
clinical practice.
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Internet addiction is a sort of non-psychoactive substance dependence. The Implicit
Association Test (IAT) is used to measure implicit cognition. Event-related potential
(ERP) is one of the most widely used methods in cognitive neuroscience research to
investigate the physiological correlates of cognitive activity associated with processing
information. Further investigating the ERP characteristics of implicit cognitive bias in
Internet addiction would be helpful in understanding the nature of Internet addiction. This
study investigated the ERP characteristics of implicit cognitive bias in Internet addiction.
The participants included 60 Internet-addicted individuals (IAG) and 60 normal controls
(NCG). All participants were measured with ERPs using the IAT. The results showed
that there was a significant difference in the Internet-related IAT effect for reaction times
between IAG and NCG, and there were stronger positive implicit associations toward
Internet related cues in IAG than NCG. Using P1, N2, P3, and N4 as dependent variables,
a mixed repeated-measures analysis of variance (ANOVA) on the mean latencies and
mean amplitudes revealed a significant interaction between the groups (IAG vs. NCG) and
stimulus condition (compatible trials vs. incompatible trials) for the N2 and P3 amplitudes;
the simple effects analysis showed that the N2 and P3 amplitudes were larger under
the IAG-compatible trial conditions than under the IAG-incompatible trial conditions. In
the IAG group, the positive implicit associations with Internet-related cues elicited larger
N2 and P3 amplitudes at the occipital lobe sites. These results indicated that Internet
addictive individuals show stronger positive implicit associations toward Internet-related
cues, and the positive implicit associations toward Internet-related cues elicited ERP
changes at occipital lobe sites.

Keywords: internet addiction, implicit cognition, the implicit association test, event-related potentials, internet-
related cues

INTRODUCTION

Internet addiction refers to excessive Internet use that has a highly adverse effect on individuals’
daily lives. Based on previous studies using neuropsychological and neuroimaging methods,
Internet addiction is a sort of non-psychoactive substance dependence (i.e., a type of behavioral
addiction) (1-4). To date, there has been an agreement that Internet addiction include four
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subtypes: Internet gaming, online social networking, Internet
pornography, and Internet shopping (5, 6); however, the
psychopathological or aetiological mechanism of Internet
addiction has been wunclear. Using neuropsychological
measurements and neuroimaging methods might clarify
the nature of Internet addiction.

Implicit cognition is a key term in cognitive psychology;
it primarily refers to the perceptual, comprehension, memory,
understanding, reasoning, and performance processes that occur
through unconscious awareness (7). Previous studies have
indicated that some behavior-related associations might be
appraised with authenticated associative memory evaluations
that get close to and activate pre-existing associations in
memory system (8, 9). The Implicit Association Test (IAT) is
used to measure implicit cognition. IAT refers to a reaction
time-based categorization task that examines the differential
associative strength between bipolar targets and appraising
attribute concepts as an approach to indexing implicit biases (10).
IAT is a commonly used indirect test of association in memory
(11, 12). Many studies have reported that implicit cognition is a
predictor for some mental disorders, such as alcohol dependence
and tobacco dependence (13, 14). For example, previous studies,
which have used the IAT to evaluate implicit associations in
tobacco, alcohol, marijuana, and cocaine use, have demonstrated
that the IAT effectively differentiated substance users from non-
users (15-18).

Because of the potential role for psychopathology or
etiology, research of implicit cognition has increased, particularly
within many mental disorders. A recent study reported that
negative associations between Internet addiction and implicit
learning abilities (19). To identify the potential mechanisms of
dyscontrolled Internet use in individuals with Internet gaming
addiction, a study investigated the positive motivational implicit
response to Internet gaming cues and concluded that individuals
with Internet gaming addiction had a positive motivational
implicit response to screenshots of online games; implicit
cognition might also be associated with dyscontrolled online
gaming (20).

In the past decades, the mechanisms of implicit cognition
basis in substance addiction has been evaluated with
neuroimaging methods, such as functional magnetic resonance
imaging (fMRI) and event-related potentials (ERPs). For
example, a previous study assessed activation in the neural
substrates involved in implicit associative processes through
fMRI of an alcohol-IAT focused on positive outcomes of alcohol
use, and the results showed that the striatum is responsible for
the mediation of implicit associations underlying habit, and
the prefrontal cortex is responsible for the mediation of the
controlled behaviors (9). Another study used ERPs to investigate
the responses of binge drinkers to alcohol-related pictures and
showed that the P100 amplitudes elicited by the alcohol-related
pictures were significantly larger than those elicited by the
non-alcohol pictures (21).

ERP is one of the most widely used methods in cognitive
neuroscience research to investigate the physiological correlates
of cognitive activity associated with processing information.
In particular, ERP is suited to study item on the speed of

neural activity. Further investigating the ERP characteristic of
implicit cognitive bias in Internet addiction would be helpful in
understanding the nature of Internet addiction. To date, there
have been no reported studies examining the ERP characteristics
of implicit cognitive bias in Internet addiction. In this study,
the participants included an Internet addiction individual group
(IAG) and a normal control group (NCG). All participants
were measured with ERPs using an Internet information-related
IAT. The study investigated the ERP characteristics of implicit
cognitive bias in Internet addiction.

METHODS

Time and Setting
This study was conducted at Wuxi Mental Health Center, Jiangsu
Province, China, from January 2015 to February 2018.

Characteristics of the Samples

Internet Addiction Group

The diagnostic criteria used for Internet addiction consist
of the following five items: (I) individuals with Internet
addiction should meet the criteria of the modified Diagnostic
Questionnaire for Internet Addiction (22); (II) 18 years of age
or older; (IIT) did not meet the criteria of any of the Diagnostic
and Statistical Manual of Mental Disorders-5 (DSM-5) axis
I disorders or personality disorders; (IV) not diagnosed with
tobacco or alcohol dependence; and (V) not diagnosed with
some central nervous systemic diseases. Clinical assessments of
all subjects were conducted by two psychiatric residents to collect
patient medication and sociodemographic data and to confirm
or exclude a DSM-5 diagnostic criterion for any mental illness
and a diagnostic criterion for Internet addiction; the duration
of each individual’s Internet addiction was determined through
a retrospective diagnosis. Researchers required the Internet
addictive individuals to recall their lifestyles. IAG participants
were recruited from the Wuxi Mental Health Center, China.
A total of 60 Internet addictive individuals were recruited
into the IAG group, including 51 outpatients and 9 inpatients.
The reliability of these self-reports from the individuals with
Internet addiction was determined by visiting their roommates
and intimate friends. Individuals with Internet addiction spent
11.48 h/day (standard deviation = 2.07) on online activities.
The duration of being online each week was 6.29 days (standard
deviation = 0.57).

Normal Control Group

Normal controls were selected from the local community
through local advertisements. All normal controls underwent
clinical assessments by two psychiatric residents to collect patient
medication and sociodemographic data and to confirm or
exclude a DSM-5 diagnostic criterion for any mental illness.
Normal controls were tested with the modified Diagnostic
Questionnaire for Internet Addiction to exclude a diagnosis of
Internet Addiction. Normal controls were excluded from the
research if they were substance dependants or were diagnosed
with some central nervous systemic diseases. Sixty individuals
were matched by sex and age with IAG participants and served as
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the NCG. Referring to the previous Internet addiction study (3),
only normal controls who spent less than 2 h/day on the Internet
were placed in the NCG.

Prior to the experiment, a psychiatric associate chief physician
re-checked the participants’ profiles. All participants’ emotional
states were tested with the Hamilton Depression Scale (HAMD,
17-item version) and Hamilton Anxiety Scale (HAMA). The
Annett handedness scale (3) was used to evaluate all participants’
handedness.

The subjects and normal controls received written informed
consent forms and provided their own written informed consent
to participate in this research. All participants were paid $48.39
plus travel costs. The Ethics Committee of Wuxi Mental Health
Center, China, approved the protocol for the research project.

NEUROPSYCHOLOGICAL TEST

Internet-Related Implicit Association Test
The subjects and normal controls performed an Internet-related
IAT. The Internet-related IAT was referred from an alcohol-IAT
that was employed in a previous study by Ames et al. (9). Neither
the subjects nor the normal controls received any instructions
during the experiment. All participants were asked to go as fast
as they could (correctly). The stimuli to be categorized were
randomly presented target categories (Internet-related pictures
vs. mammal pictures) and attribute categories (positive words
vs. neutral words). The target categories (prime stimuli) were
six Internet-related pictures and six mammal pictures, and
the attribute categories were six positive and six neutral word
(two Chinese character words) categories, which were identified
through open-ended questionnaires from 180 undergraduate
students (40 senior high school students, 101 undergraduate
students, and 39 graduate students). Six Internet-related pictures,
six mammal pictures, six positive, and six neutral word categories
were selected, according to their frequency. Thirty students used
a 7-point Likert response format to rate the six Internet-related
pictures on their perceived relevance to Internet, and the average
score was 6.09 (standard deviation = 0.51). The Internet-related
pictures included the WeChat icon, King of Glory (online-
game) icon, Taobao icon, Google Chrome icon, Internet explorer
icon, and Tencent QQ icon; the mammal pictures included
a Dog, Monkey, Horse, Pig, Sheep, and Dolphin. Positive
words included Happy, Attractive, Relaxed, Excited, Friendly
and Sociable, and neutral words included Common, Calmness,
Impartial, Brown, Stationary, and Objective. Thirty students
used a 7-point scale ranging from 1 (very approved) to 7 (very
disapproved) to rate the affective intensity of six positive and six
neutral words; the average score of the Positive words was 6.33
(standard deviation = 0.71), the average score of Neutral words
was 3.55 (standard deviation = 0.30).

Combinations of Internet-related picture + positive word
vs. mammal + neutral word were compatible trials, while
combinations of mammal picture + positive word vs. Internet-
related picture + neutral word were incompatible trials.

The target categories (prime stimuli) and the attribute
categories were presented on a 17-inch computer monitor using

E-Prime 2.0 software. The attribute words (Size 40) and the red
“4+” (1.0 x 1.0 cm) were presented centrally on the screen.

In this IAT, there were 80 exposures in compatible blocks
and 80 in incompatible blocks. Blocks of compatible trials
and incompatible trials were counterbalanced, and trials within
the blocks were randomly ordered. Fixation point trials were
baseline. A red “+” was used in the presentation of the fixation
with onset timing ranging from 1.0 to 4.5s, followed by stimuli
presentation. Maximum exposure of test stimuli was for 2s.
There was an intertribal interval (2s) after a participant pressed
a response key, and then the trial was over and followed by the
next trial.

Referred from Ames et al. (9), the Internet-related IAT
consisted of the following blocks: (I) a target category practice
(20 trials), during the experiment, all participants were requested
to press the A key for the Internet-related picture and press the
L key for the mammal picture; (II) an attribute category practice
(20 trials), during the experiment, all participants were requested
to press the A key for the positive word and press the L key for
the neutral word; (III) a compatible block with both target and
attribute category practice (20 trials), during the experiment, all
participants were requested to press the A key for combinations
of the Internet-related picture + the positive word and press the
L key for the mammal + neutral word; (IV) a compatible block
with both target and attribute category tests (60 trials), during
the experiment, all participants were requested to press the A key
for combinations of the Internet-related picture 4 the positive
word and press the L key for the mammal + neutral word; (V)
a target category only used in the reversed positions practice
(20 trials); (VI) an incompatible block with both a reversed
target category and the attribute category practice (20 trials);
and (VII) an incompatible block with both the reversed target
category and the attribute category test (60 trials) (Figure 1).
Only the data from block IV and block VII were used for the
analysis. According to the previous algorithm used for D-600
measurements (23), the IAG and NCG response latencies were
calculated separately.

Event-Related Potential Measurements

Referencing the international 10/20 system,
electroencephalograms were recorded with the Stellate Harmonie
Electroencephalogram device (Physiotec Electronics Ltd.,
Canada) using Electro-Cap Electrode System (ECITM Electro-
Caps, Electro-cap International, INL, USA). Combined ear
electrodes served as a reference, and the ground electrode
was attached to the forehead. Vertical and horizontal
electrooculograms were recorded from above and below
the right eye and at the right and left outer canthi. The inter-
electrode impedance was below 5 k. The band-pass filter
was 0.05-100 Hertz (Hz), and the sample rate was 250 Hz.
Electroencephalogram and electrooculogram  waveforms
were filtered with bandpass filter 0.01-40 Hz, 24 dB/oct. The
stimulus conditions of the ERPs included following two trials:
compatible trials (combinations of the Internet-related picture
+ positive word vs. mammal + neutral word) and incompatible
trials (combinations of the mammal picture + positive word vs.
Internet-related picture + Neutral word). The trials in blocks 3, 4,
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FIGURE 1 | A cartoon illustrating the Internet-related IAT. ik, happy; “F#f,

6, and 7 for Internet-related IAT were used for ERP analysis. The
confirmation of ERP components depended on the latency after
the stimulus onset, and the ERP components included the peak
amplitudes of P1, N2, P3, and N4. ERP data from the following
six scalp regions, 14 electrode sites altogether, were analyzed:
frontal lobe sites (F3, Fz, and F4); parietal lobe sites (P3, Pz, and
P4); central lobe sites (C3, Cz, and C4); left temporal lobe sites
(T3) and right temporal lobe sites (T4); and occipital lobe sites
(01, Oz, and O2). The ERP epoch in each stimulus condition was
1000 milliseconds (ms) (including 200 ms before the stimulus
onset and 800 ms after the stimulus onset). ERP component P1
was defined as the peak negativity within a 0-150ms latency
window, N2 was defined as the peak negativity within a 150-
250 ms latency window, P3 was defined as the peak positivity
within a 250-350 ms latency window, and N4 was defined as the
peak negativity within a 350-450 ms latency window.

Statistical Analysis

All data were analyzed with Statistical Product and Service
Solution 18.0 statistical software (SPSS 18.0, WIN version,
Inc., Chicago, IL, USA). Comparisons of the demographic
and clinical characteristics (education years, HAMA scores
and HAMD scores) between IAG and NCG were performed
using independent-sample t-tests. Comparisons of handedness
between IAG and NCG were performed using chi-squared
tests. Comparisons of ERP data between IAG and NCG were
performed using mixed repeated measures analysis of variance
(ANOVA). The degrees of freedom of the F ratio were corrected,
according to the Greenhouse-Geisser method. Least square
difference tests were performed as post-hoc analyses, if indicated.

RESULTS

The Demographic and Clinical

Characteristics of the Samples

The demographic characteristics of all samples are described in
Table 1. There were no significant differences in the sex ratio,
mean age, age range, mean education years, and handedness
between the two groups. Although the mean scores of HAMA

TABLE 1 | Demographic and clinical characteristics of the samples.

IAG NCG Test statistic

Sex ratio (M/F) 60 (32/28) 60 (32/28) -

Mean age (SD) 23 (5) 23 (5) -
Handedness (R/M/L) 23/15/22 22/17/21 x2 =3.60, p =0.18, NS
Age range 18-28 18-28 -

Education years (SD) 10.3(2.2) 10.1 (2.2 t =0.585, p = 0.560, NS
Dependence duration 35.1(11.0) - -

(month, SD)

HAMA (SD) 9.4 (3.2 8.4 (2.8) t=1.762,p=0.081,NS
HAMD (SD) 15.2 (4.8) 13.5(6.1) t=1.928, p=0.056, NS

IAG, Internet addition group; NCG, Normal control group; M, male; F, female; SD, standard
deviation; HAMA, Hamilton Anxiety Scale; HAMD, Hamilton Depression Scale; NS, not
significant.
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and HAMD of IAG were higher than those of NCG, no significant
differences were observed between the two groups.

Internet-Related IAT Effect

The mean D-600 measure for IAG was 0.3152 (standard
deviation = 0.3440), and the mean D-600 measure for NCG was
0.0625 (standard deviation = 0.2063). Accord to an independent
sample ¢-test, there was a significant difference in the Internet-
related TAT effect for the reaction times between IAG and
NCG, and it showed stronger positive implicit associations
toward Internet-related cues in IAG than in NCG (t = 6.901,
p=10.001).

The error rate for IAG was 0.0251 (standard deviation =
0.0187), and the error rates for NCG was 0.0260 (standard
deviation = 0.0191). According to an independent sample ¢-
test, no significant differences in the error rates for the Internet-
related IAT were observed between IAG and NCG (t = —0.356,
p=0.672).

Analysis of Event-Related Potential Data

The mean latencies and mean amplitudes of ERP component
(P1, N2, P3, and N4) of all participants are shown in Tables 2-
5 and Figures 2-5. The sketch map of grand average waveforms
elicited by TAG-compatible trial stimuli, IAG-incompatible trial

TABLE 2 | All participants’ ERP P1 mean latencies [mean (SD), ms] and mean amplitudes [mean (SD), 11V] "

Scalp regions IAG NCG
Compatible trials Incompatible trials Compatible trials Incompatible trials
Latencies Amplitudes Latencies Amplitudes Latencies Amplitudes Latencies Amplitudes

Frontal lobe 136 (10) 3.5(0.4) 133 (10) 4(0.4) 135 (10) 3.3(0.4) 139 (12) 3.5(0.3)
Parietal lobe 130 (15) 3.5(0.5 134 (9) 5(0.6) 138 (11) 3.5(0.5 136 (11) 3.7 (0.6)
Central lobe 137 (12) 3.6 (0.5 136 (16) 3(0.6) 141 (12) 3.6 (0.4) 133 (11) 3.6 (0.6)
Temporal lobe (T3) 130 (15) 3.4 (0.5) 140 (13) .5(0.5) 134 (12) 3.4 (0.5) 136 (10) 3.3(0.8)
Temporal lobe (T4) 135 (10) 3.5(0.4) 135 (10) 6 (0.5) 133 (13) 3.5(0.6) 135 (11) 3.7 (0.6)
Occipital lobe 134 (11) 3.6 (0.7) 132 (11) 5(0.6) 138 (10) 3.3(0.5) 132 (12) 3.6 (0.6)

*The sum of all corresponding scalp region latencies and amplitudes divided by the number of electrode sites are the mean latencies and mean amplitudes, respectively.

TABLE 3 | All participants’ ERP N2 mean latencies [mean (SD), ms] and mean amplitudes [mean (SD), uV] "

Scalp regions IAG NCG
Compatible trials Incompatible trials Compatible trials Incompatible trials
Latencies Amplitudes Latencies Amplitudes Latencies Amplitudes Latencies Amplitudes

Parietal lobe 196 (14) -3.6(0.7) 200 (12) —-3.7 (0.6) 201 (8) -3.6(0.7) 195 (13) —4.2(0.6)
Central lobe 203 (16) -3.5(0.9) 199 (10) —4.0(0.8) 197 (11) -3.7(0.5) 197 (13) -3.7(0.8)
Temporal lobe (T3) 195 (11) -3.8(0.5) 198 (10) -3.9(0.9 199 (16) -3.8(0.7) 202 (8) -3.9(0.9
Temporal lobe (T4) 194 (15) —4.0(0.8) 195 (16) -3.8(0.6) 201 (12) —4.0(0.4) 198 (14) —4.0(0.8)
Occipital lobe 197 (13) —6.2 (0.9 196 (15) —4.1(0.5) 197 (10) —3.6 (0.6) 194 (16) —4.2 (0.8)

*The sum of all corresponding scalp region latencies and amplitudes divided by the number of electrode sites are the mean latencies and mean amplitudes, respectively.

TABLE 4 | All participants’ ERP P3 mean latencies [mean (SD), ms] and mean amplitudes [mean (SD), iLV] "

Scalp regions IAG NCG
Compatible trials Incompatible trials Compatible trials Incompatible trials
Latencies Amplitudes Latencies Amplitudes Latencies Amplitudes Latencies Amplitudes

Frontal lobe 297 (18) 4.5 (0.6) 296 (15) 4(0.7) 296 (18) 4.5(0.8) 300 (9) 4.8 (1.0
Parietal lobe 296 (19) 4.6 (0.8) 302 (12) 7 (0.9 301 (11) 4.6 (0.7) 305 (17) 4.9 (0.6)
Central lobe 301 (16) 4.5(0.9) 299 (17) 7(0.8) 297 (15) 4.7 (0.6) 297 (13) 4.7 (0.7)
Temporal lobe (T3) 295 (14) 4.8 (0.7) 298 (13) 9(0.9 304 (16) 4.8 (0.7) 302 (18) 4.9(0.9)
Temporal lobe (T4) 294 (17) 4.5(1.0) 303 (16) 8(0.6) 301 (12) 5.0 (0.6) 298 (16) 5.0 (0.6)
Occipital lobe 299 (16) 6.8 (0.9) 302 (17) 8(0.8) 297 (18) 4.6 (0.9 306 (16) 4.8 (0.8

"The sum of all corresponding scalp region latencies and amplitudes divided by numbers of electrode sites are the mean latencies and mean amplitudes, respectively.
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TABLE 5 | All participants’ ERP N4 mean latencies [mean (SD), ms] and mean amplitudes [mean (SD), V] "

Scalp regions IAG NCG
Compatible trials Incompatible trials Compatible trials Incompatible trials
Latencies Amplitudes Latencies Amplitudes Latencies Amplitudes Latencies Amplitudes

Frontal lobe 405 (14) —4.0(0.6) 403 (15) -3.9(0.7) 403 (15) —4.1(0.8) 400 (19) —4.3(1.0
Parietal lobe 400 (19) —4.1(0.8) 402 (19) —4.2(0.9) 401 (11) —4.1(0.7) 405 (17) —4.5(0.8)
Central lobe 401 (17) —4.0(0.5) 402 (17) —4.2(0.6) 400 (19) —4.3(0.6) 406 (14) —4.6(0.7)
Temporal lobe (T3) 406 (15) —4.3(0.6) 401 (13) —4.1(0.5) 404 (16) —-4.2(0.8) 402 (18) —4.1(0.9
Temporal lobe (T4) 399 (17) —4.1 (1.0 407 (18) —4.2(0.5) 401 (17) —4.0(0.6) 400 (16) —4.0(0.6)
Occipital lobe 402 (18) —-4.3(0.8) 402 (17) —4.0(0.6) 405 (18) —-4.1(0.8) 406 (16) —4.2(0.6)

“The sum of all corresponding scalp region latencies and amplitudes divided by the number of electrode sites are the mean latencies and mean amplitudes, respectively.
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FIGURE 2 | ERP P1 component the latencies and amplitudes.

stimuli, NCG-compatible trial stimuli, and NCG-incompatible
trial stimuli at Fz, Cz, Pz, T3, T4, Oz, Ol, and O2 is shown as
Figure 6.

Using P1, N2, P3, and N4 as dependent variables, a 2
X 2 x 6 mixed repeated measures ANOVA on the mean
latencies and mean amplitudes, with group (IAG vs. NCG) as
a between-subject factor and stimulus condition (compatible
trials vs. incompatible trials) and scalp regions (frontal lobe,
parietal lobe, central lobe, temporal lobe (T3), temporal
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FIGURE 3 | ERP N2 component the latencies and amplitudes.

lobe (T4), and occipital lobe) as within-subjects factors, was
performed.

P1 Component
There were no significant effects for P1 latency and amplitude.

N2 Component

There were no significant effects for N2 latency. The results
revealed a significant interaction between group (IAG vs. NCG)
and stimulus condition (compatible trials vs. incompatible trials)
[F(1, 119) 32.76, p = 0.000]. The simple effects analysis
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showed that N2 amplitudes were larger under the IAG-
compatible trial conditions than under the IAG-incompatible
trial conditions [F(j, 119y = 5.10, p = 0.018]. In IAG, the positive
implicit associations toward Internet related cues elicited larger
N2 amplitudes. There was a significant three-way interaction
between group (IAG vs. NCG), stimulus condition (compatible
trials vs. incompatible trials) and scalp regions (frontal lobe,
parietal lobe, central lobe, temporal lobe (T3), temporal lobe
(T4), and occipital lobe) [F4 236y = 9.35, p = 0.000]. The
simple effects analysis showed a significant interaction between
group (IAG vs. NCG) and stimulus condition (compatible trials
vs. incompatible trials) on the occipital lobe sites [F(j, 119y =
29.78, p = 0.000]. At the occipital lobe sites, IAG-compatible
trials evoked larger N2 amplitudes than IAG-incompatible trials.
There were no significant effects in the frontal lobe, parietal
lobe, central lobe, temporal lobe (T3), and temporal lobe (T4)
sites.

P3 Component

There were no significant effects for P3 latency. The results
revealed a significant interaction between group (IAG vs. NCG)
and stimulus condition (compatible trials vs. incompatible trials)
[Fa, 1199 = 35.86, p = 0.000]. The simple effects analysis
showed that the P3 amplitudes were larger under the IAG-
compatible trial conditions than under the IAG-incompatible
trial conditions [F(;, 119y = 6.47, p = 0.025]. In IAG, the positive
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implicit associations with Internet-related cues elicited larger
P3 amplitudes. There was a significant three-way interaction
between group (IAG vs. NCG), stimulus condition (compatible
trials vs. incompatible trials) and scalp regions (frontal lobe,
parietal lobe, central lobe, temporal lobe (T3), temporal lobe (T4),
and occipital lobe) [F(4, 236) = 8.65, p = 0.000]. The simple effects
analysis showed a significant interaction between group (IAG vs.
NCG) and stimulus condition (compatible trials vs. incompatible
trials) at the occipital lobe sites [F(; 119y = 30.42, p = 0.000].
At the Occipital lobe sites, IAG-compatible trials evoked larger
p3 amplitudes than the IAG-incompatible trials. There were no
significant effects in the frontal lobe, parietal lobe, central lobe,
temporal lobe (T3), and temporal lobe (T4) sites.

N4 Component
There were no significant effects for N4 latency and amplitude.

DISCUSSION

This study is the first to use ERPs to investigate the neural

correlates of implicit cognitive bias toward Internet-
related cues in Internet addiction. Our study results
showed stronger positive implicit associations toward

Internet-related cues in IAG than in NCG, and in IAG,
the positive implicit associations toward Internet-related
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FIGURE 6 | The sketch map of grand average waveforms elicited by IAG-compatible trial stimuli, IAG-incompatible trial stimuli, NCG-compatible trial stimuli, and
NCG-incompatible trial stimuli at Fz, Cz, Pz, T3, T4, Oz, O1, and O2. In IAG, at the Oz, O1, and O2 sites, the positive implicit associations with Internet-related cues
elicited larger N2 and P3 amplitudes.
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cues elicited larger N2 and P3 amplitudes at occipital lobe
sites.

Previous studies have indicated that, as a sort of behavioral
addiction, Internet addiction shares many psychopathological
features with substance dependence (1, 24). Studies of substance
dependence have demonstrated that key processes related
to reinforcement and cognition in the development and
maintenance of substance dependence, particularly the cognition
process, represent viable treatment targets for psychosocial and
pharmacological interventions (25).

Many scholars have suggested that implicit associations play
a crucial role in substance and behavioral addiction (26).
In the past decades, many studies, using IAT, have verified
whether substance or behavioral addiction present implicit
cognition bias. For example, a study used the IAT-Recoding
Free (IAT-RF) to measure the predictive validity of recoding-free
implicit alcohol associations with positive arousal (27); another
previous study, which used IAT modified with pornographic
pictures, investigated whether heterosexual male participants
have tendencies toward cybersex addiction (26). The above two
studies have demonstrated that implicit associations with positive
arousal may play a key role in substance and behavioral addiction.

Consistent with a previous study, our results indicated that
Internet addictive individuals have tendencies toward Internet
related cues.

Event-related potential is a sort of high temporal resolution
measures of human brain processing. Because ERPs present
the rapid fluctuations associated with the key neurocognitive
processes, it is suited to expand our understanding of the
underlying neural mechanisms of change during the onset of
substance and behavioral addiction (25).

Many studies have investigated the ERP characters when
subjects were engaged in an IAT task. In a previous study,
two positively valenced stimuli and two negatively valenced
stimuli were used as category labels. The results displayed
shorter response latencies for compatible trials compared to
incompatible trials, and compatible trials tended to generate
more positive waveforms in the central and parietal areas
compared to incompatible trials (28). A study showed that when
the participants performed an IAT task, the recorded ERPs
presented an N2 that was larger in the incompatible stimuli,
and they deduced that the ERP N2 amplitude reflected greater
response monitoring (29). Another study displayed that many
brain regions, including medial frontal, cingulate, insular, left-
temporal, and parietal cortex, were responsible for ERP N2- and
P3-related activity during performed IAT (10).
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Substance use disorder is characterized by repeated use of a substance, leading
to clinically significant distress, making it a serious public health concern. The
endocannabinoid system plays an important role in common neurobiological processes
underlying substance use disorder, in particular by mediating the rewarding and
motivational effects of substances and substance-related cues. In turn, a number of
cannabinoid drugs (e.g., rimonabant, nabiximols) have been suggested for potential
pharmacological treatment for substance dependence. Recently, cannabidiol (CBD),
a non-psychoactive phytocannabinoid found in the cannabis plant, has also been
proposed as a potentially effective treatment for the management of substance use
disorder. Animal and human studies suggest that these cannabinoids have the potential
to reduce craving and relapse in abstinent substance users, by impairing reconsolidation
of drug-reward memory, salience of drug cues, and inhibiting the reward-facilitating effect
of drugs. Such functions likely arise through the targeting of the endocannabinoid and
serotonergic systems, although the exact mechanism is yet to be elucidated. This article
seeks to review the role of the endocannabinoid system in substance use disorder
and the proposed pharmacological action supporting cannabinoid drugs’ therapeutic
potential in addictions, with a focus on CBD. Subsequently, this article will evaluate
the underlying evidence for CBD as a potential treatment for substance use disorder,
across a range of substances including nicotine, alcohol, psychostimulants, opioids,
and cannabis. While early research supports CBD’s promise, further investigation and
validation of CBD’s efficacy, across preclinical and clinical trials will be necessary.

Keywords: endocannabinoid system,
CBD, addiction

ECS, substance use disorder, treatment efficacy, cannabidiol,

INTRODUCTION

Substance use disorder (SUD) is a global problem, with over 30 million individuals estimated to
have an SUD (1). Within the United States alone, SUD-related expenditure (e.g., treatment and
productivity cost) exceeded 23 billion USD per year (2), presenting a worrisome issue. Treatment
to date has had minimal success, with a high likelihood of relapse (3). There is also no reliably
established pharmacotherapy for SUDs, such as cannabis, and stimulant use disorder; and current
pharmacotherapies (e.g., opiate substitution with methadone; naltrexone for alcohol use disorder;
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nicotine replacement) have limited efficacy in relapse prevention
(4, 5). SUD has been conceptualized as a maladaptive
and relapsing cycle of intoxication, binging, withdrawal and
craving that results in excessive substance use despite adverse
consequences (6). Recent models implicate major brain circuits
involved in reward saliency, motivation, and memory/learned
associations in maintaining addiction (7). Critically, these circuits
may largely be modulated by the endocannabinoid system (ECS),
presenting a promising pharmaceutical avenue for treating SUDs.

THE ENDOCANNABINOID SYSTEM

The ECS consists of cannabinoid receptors (e.g., CB1R, CB2R),
the endogenous ligands that bind to these cannabinoid receptors
[e.g., anandamide and 2-arachidonoylglycerol (2-AG)], and
enzymes for their biosynthesis and degradation [e.g., fatty acid
amide hydrolase (FAAH) and monoacylglyrecol lipase (MAGL)]
(8). Over the past decade, primary interest has focused on
CBI1Rs, for their purported role across a range of physiological
functions, including directing the psychoactive effect of delta9-
tetrahydrocannabinol (THC), a phytocannabinoid present in
cannabis (8, 9). CB1Rs are one of the most common G-protein-
coupled receptors in the central nervous system, preferentially
residing on presynaptic neurons across diverse regions including
the neocortex, striatum, and hippocampus (10, 11). Their
widespread distribution allows them to guide a host of
functions ranging from cognition, memory, mood, appetite, and
sensory responses (8). Endocannabinoids themselves function
as neuromodulators that are released by post-synaptic neurons,
and bind to the presynaptic CB1Rs to moderate the release of
neurotransmitters, such as gamma-aminobutyric-acid (GABA),
glutamate, and dopamine (DA) (10, 12, 13). While the specific
CBIR function depends on the cell population and region in
which they reside, their role in retrograde signaling permits
them to regulate signaling activity across cognitive, emotive, and
sensory functions, lending therapeutic capacity (14).

ECS ROLE IN REWARD SIGNALING

Of the functions that the ECS is involved in, of critical interest,
is its influence on the brain reward circuitry, particularly
in response to substances of abuse. The rewarding effect of
substances of abuse is thought to be primarily mediated by
the mesolimbic DA pathway, originating from dopaminergic
cell bodies in ventral midbrain [ventral tegmental area (VTA)],
carrying reward-related information to the ventral striatum
[nucleus accumbens (NAc)] (15). The acute reinforcing effect
of addictive substances is thought to be due to their direct
or indirect activation of DA neurons along this pathway (16).
The VTA-NAc pathway as such plays a key function in reward
assessment, anticipation, and valuation, making it a critical
component underlying substance use and addiction (17).

DA activity is intrinsically tied to cannabinoid activity. CB1Rs
are particularly densely located across the striatal regions that
mediate reward function (i.e., NAc and VTA) (18), and their
regulatory role on the VTA-NAc pathway may be crucial

in modulating overall reward tone (19, 20). Rodent studies
have demonstrated that THC increases neuronal firing rates
in the VTA (21), likely through local disinhibition of DA-
ergic neurons, by binding to CB1Rs present on glutamatergic
and/or GABAergic neurons (although it is prudent to note that
THC’s capacity to potentiate DAergic release differs between
rodents and humans) (15, 20, 22, 23). Similarly, other substances
of abuse (e.g., opioids, cocaine) have also been demonstrated
to potentiate dopaminergic activity via the ECS (24, 25). For
example, alcohol is found to have a downstream potentiation
effect on the ECS in rats (26), such as an increase in
endogenous cannabinoid (anandamide and 2-AG) levels (27, 28)
and downregulation of CBIR expression (29). Alcohol-induced
DAergic release is furthermore dependent on the presence of
CBI1Rs (30). Nicotine activates DA neurons in the VTA either
directly through stimulation of nicotinic cholinergic receptors
or indirectly through glutaminergic nerve terminals that are
modulated by the ECS (31). Meanwhile opioid receptors are
often co-located with CBIRs in the striatum (32), and may
be modulated by and interact with CBIR activity reciprocally
(33, 34). Only psychostimulants are suggested to act directly
on DAergic axon terminals in the NAc, potentially avoiding
upstream endocannabinoid involvement in the VTA (35).

CBIRs role in the motivational and reinforcing effects
of rewards has been demonstrated in animal models with
CBIR agonists. For example, acute exposure to CBIR agonists
(e.g., THC; CP 55,940; WIN 55,212-2; HU 210) augments
NAc DA transmission (36), lowers the brain-reward threshold
(17), induces conditioned place preference (CPP) (37), and
establishes persistent self-administration of substances of abuse,
including cannabis and alcohol (17, 38). Meanwhile, CBIR
antagonists (e.g., rimonabant) have been shown to attenuate
reinforcing effects of these substances, blocking the increase of
DA release in the NAc (37, 39). While substances of abuse,
such as alcohol, stimulants, nicotine and opioids have differing
upstream mechanisms of action (14, 40), the evidence suggest the
downstream involvement of the ECS in their reward mechanism.

In summary, the ECS, by direct CBIR activity, modulates
and is modulated by mesolimbic DA activity (41). While the
action of individual substances may differ, they share a common
effect of precipitating DAergic activity from the VTA neurons
(42), with this DA-ergic activity mediated by the ECS (14). It is
thus thought that the disruption of endocannabinoid signaling
may prove effective in treating SUDs (41). Nevertheless, it
is necessary to note that this is a simplistic understanding,
given the potential involvement of non-DA-ergic neurons in
the VTA, and additional neuronal circuits including those
involving glutamatergic and opioids, that are yet to be fully
elucidated (39, 43).

ECS ROLE IN SUBSTANCE USE
DISORDER (SUD)

Besides the ECS role in reward, it is necessary to acknowledge that
substance reward and reinforcement are different from substance
dependence. Where the former explain initial substance use, and

Frontiers in Psychiatry | www.frontiersin.org

February 2019 | Volume 10 | Article 63


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Chye et al.

CBD for Substance Use Disorder

are suggested to be related to increased DA in striatal and limbic
(NAc and amygdala) regions (44, 45); the latter reflects further
compulsive substance intake, loss of control, and persistent
intake despite the substance’s adverse effects and tolerance to its
pleasurable responses (44, 46, 47).

Several lines of thought suggest SUD to be a learned habit
(48, 49) mediated by persistent changes in striatal function (e.g.,
synaptic plasticity occurring during learning) (50). Substances
of abuse are thought to influence long-lasting plastic changes
across corticostriatal circuits, through repeated perturbation of
DA activity, thus making it difficult for addicts to cease their
substance use, and enhancing risk of relapse (48, 50-52). In this
role, CB1Rs present across the corticostriatal circuits, such as
the PFC and striatum, mediate synaptic transmission, in their
capacity as neuromodulators (35, 53). Evidence demonstrates the
necessity of cannabinoid signaling on CBIRs to induce long-
lasting synaptic plasticity, such as long-term depression (LTD)
of glutamatergic release across the dorsal and ventral striatum
(19, 54). Such functional changes, particularly across the striatal
structures responsible for the rewarding and motivational effects
of substances of abuse, are not only necessary in providing reward
salience, but also in establishing compulsive substance use habit
(39, 55). The ECS thus represents a necessary contributor toward
cellular adaptations in the transition from recreational substance
use to a use disorder (50, 56).

A further function of ECS-mediated synaptic plasticity may
be to facilitate emotional learning and memory processes,
which promote increased emotional response to substance-
related cues (57). The limbic system, in particular the amygdala
and hippocampus, by supporting the formation of associative
memory, promotes positive and negative reinforcement of
rewards including those of substances of abuse (58). Indeed,
animal models demonstrate memory performance to not only
be dependent on emotional processes, but may be modulated
by augmentation of ECS signaling (59-62). Phytocannabinoids,
such as THC and CBD for example have been found to
modulate brain activity level across limbic regions during
emotional processing tasks (63, 64). Endocannabinoids may
further induce long-term changes in synaptic strength across the
hippocampus, mediating associative memory formation (65-67).
Literature investigating cannabinoid agonists and antagonists
on SUD solidifies the role of the ECS in emotional learning
and memory processes. CBIR agonists and antagonists have
respectively been demonstrated to facilitate and attenuate
memory extinction in various fear and reward conditioning
paradigms in animal models [see (57) for review]. Within
the context of SUD, cannabinoid modulation of emotional
memory may have implications for extinction, consolidation,
and reinstatement of substance-related memory (68). These
processes are primarily assessed through place conditioning
paradigms, such as CPP. CBIR antagonism by rimonabant for
example, has been demonstrated to disrupt the reconsolidation
and facilitate the extinction of CPP to substances of abuse, such
as methamphetamine and cocaine, potentially via disrupting
reward-associated memory (69, 70). Nevertheless, evidence on
SUD behavior is mixed and potentially dependent on type and
dose of cannabinoids (70, 71).

The ECS’s role in reward signaling and learning may as such
shape addictive behavior in SUD. The following section details
evidence of CBIR’s involvement in SUD as demonstrated by
cannabinoid agonism and antagonism in animal models.

Agonism of CB1R

CBIR agonism (either studied with the synthetic cannabinoid
agonist WIN 55-212,2 or contrasted against CBIR knockout
mice) has been shown to facilitate alcohol self-administration,
CPP, and binge-like behavior in animals (38, 72-74). WIN
55,212-2 has also been found to increase motivation to self-
administer nicotine, and facilitate cue-induced reinstatement
in rats (75). Similar results are found in the heroin literature,
with THC-induced CBIR agonism increasing substance self-
administration in rats (76, 77).

Agonist substitution with CBIR agonists may have potential
for treatment of cannabis use disorder by reducing withdrawal
symptoms and the reinforcing effect of cannabis (78).
Dronabinol—a stereoisomer of THC, and Nabilone—a synthetic
analog of THC, originally intended for nausea and weight
loss (55), have both been shown to have efficacy for cannabis
withdrawal (79, 80). However, Dronabinol and Nabilone may not
prevent cannabis use or relapse (78). It is likely that while these
substances are efficacious in attenuating withdrawal symptoms
by acting as a “proxy-substances,” they do not directly normalize
substance use-related circuits and behavior.

Antagonism of CB1R

CBI1R antagonism has originally been assumed to be a promising
target for SUD treatment. SR141716, known as rimonabant, an
inverse agonist of CB1R, has been extensively investigated in SUD
for its antagonist effect on drug seeking and relapse behavior in
both animal and human models.

Animal studies have shown rimonabant as effective in
reducing self-administration of alcohol (81, 82), nicotine (83,
84), and heroin (85). Antagonism of CBIR by rimonabant,
reduces alcohol-induced sensitization and reinstatement of
nicotine-seeking in rats (83, 84, 86). When investigating the
efficacy of CBIR antagonists on stimulant use however, the
literature is mixed. While rimonabants CBIR antagonism
has been shown to block CPP and attenuate cue- and
substance-induced relapse to psychostimulants, such as cocaine
and methamphetamines (87-89), evidence pertaining to self-
administration is inconsistent (90-92).

Human studies have also been conducted investigating
the efficacy of rimonabant in cannabis, nicotine, and alcohol
use. Cannabis and nicotine use have both shown sensitivity
to rimonabant antagonism. Rimonabant attenuated the acute
physiological effects of cannabis including subjective level of
intoxication (93, 94), and clinical trials demonstrate rimonabant
to be effective in increasing smoking cessation (95). However,
the efficacy of rimonabant for alcohol cessation has been
less promising. In a 12-weeks clinical trial of relapse rate
in recently detoxified alcohol-dependant patients, rimonabant
only had a modest effect (that did not reach significance)
compared to placebo (96). Rimonabant also had no effect on
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alcohol consumption for non-treatment seeking heavy alcohol
drinkers (97).

Despite promising findings of rimonabant against substance
use and relapse, it has been found to produce significant negative
psychiatric effects including depression, anxiety, and an elevated
suicide rate, preventing it from being a viable treatment option
(98). Nevertheless, the evidence indicates CB1R antagonism to
have robust effects on some SUDs, highlighting a potential target
for SUD treatment. One such candidate drug that antagonizes
CBIR, and is increasingly being investigated as a therapeutic
option for SUD, is cannabidiol (CBD).

CANNABIDIOL (CBD)

CBD is a phytocannabinoid found in cannabis that has
recently emerged as a promising treatment for SUDs (99, 100).
CBD is non-rewarding, and acts on a number of receptor
systems including the opioid (101), serotonergic (102, 103), and
cannabinoid (22) systems. Within the cannabinoid system, it is
a non-competitive antagonist of CB1R with a low affinity for
CBIRS primary ligand site (104, 105), instead acting through
negative allosteric modulation (105, 106). CBD is found to inhibit
endocannabinoid signaling in a dose-dependent manner, likely
by binding to CBIRs’ allosteric site and altering the potency of
other primary ligands (e.g., endocannabinoids, THC) (106, 107).
Its ability to modulate overall ECS tone despite lacking intrinsic
efficacy (105) meant that it may decrease CBIR activity without
CBI inverse agonist-related side effects, such as those produced
by rimonabant (108, 109). Indeed, CBD has a good safety profile,
with generally mild side effects in animal preclinical studies or
human studies (110, 111). This, coupled by the limited abuse
liability of CBD (112, 113), makes it a good therapeutic candidate.
Systemically administered CBD has also been demonstrated to
regulate mesolimbic DA activity (114), and potentially attenuate
substance-induced dysregulation of the mesolimbic circuitry
(115, 116), suggesting its utility against SUDs. Though its efficacy
may be dependent on a range of factors including the sequence of
administration (i.e., whether CBD is administered in conjunction
with, prior to, or post substance-use), and dose ratio (117). A
number of papers are urging for the investigation of CBD as
a therapeutic option for SUD of multiple substances including
stimulants (118), opioids (119, 120), and nicotine use disorder
(31). The following section details evidence of CBD treatments
for cannabis, alcohol, nicotine, opioid, and stimulants. Table 1
further lists this evidence by SUD constructs.

Cannabis

Pharmacological approaches to treating cannabis dependence via
agonist replacement (i.e., Dronabinol and Nabilone) have limited
efficacy (141). CBD itself has been trialed in rats, and found to
be effective in ameliorating conditioned place aversion (CPA)
produced by THC injection, but did not alter CPP (142). In
human case studies, CBD has also been found to reduce self-
reported cannabis use to non-use in a dependent male (128), and
to reduced cannabis withdrawal in another (135), although the
latter case study did find the subject to have relapsed after a 6-
months follow up (135). CBD may have potential in reducing
euphoria associated with cannabis use, despite not directly

reducing cannabis use (124). However, investigative efforts with
pure CBD have been limited. Instead most studies have focused
on nabiximols—an oromucosal spray containing 2.7 mg of THC
and 2.5 mg of CBD—for cannabis dependence (143).

A number of human case studies suggest nabiximols to be
efficacious, in combination with behavioral therapy, in reducing
cannabis use and withdrawal symptoms (129). However, case
study evidence should be taken cautiously. Further case-
control studies indicate nabiximols to be effective in reducing
withdrawal, but not cannabis use (123, 130, 144). Nor did
it improve abstinence rate (123). It was noted that while
therapeutics may assist in short-term withdrawal, it is unlikely
that ongoing abstinence can be achieved without psychosocial
or clinical support (145). Additionally, the THC component of
nabiximols causes the drug to have abuse potential and should
not be used lightly (146).

Alcohol

In animal studies, CBD was effective in reducing ethanol self-
administration, and at high enough concentration (120 mg/kg
but not 60 mg/kg) attenuated ethanol relapse (131). Further
animal studies show CBD (at 15 mg/kg) to effectively reduce cue
and stress induced reinstatement of ethanol administration, up to
138 days post-CBD treatment (140). However, one study found
CBD alone to be ineffective in attenuating ethanol sensitization,
which is suggested to be the first step in drug-associated plasticity
(121). Comparatively, pure THC and a 1:1 ratio of THC:CBD was
found to be more efficacious in reducing ethanol sensitization.
In a human trial of 10-weeks of daily CBD administration
in cannabis users, no changes in alcohol or tobacco use was
observed either, although the study sample was not dependent
on alcohol (124).

Tobacco

In a placebo controlled study of 24 smokers, those who received
a CBD inhaler significantly reduced the number of smoked
cigarettes relative to the placebo group, despite no reported
difference in craving between groups (125). In another study,
oral CBD reduced the salience of cigarette cues, after overnight
abstinence in smokers, relative to placebo, but did not reduce
craving or withdrawal (126).

Opioids

Initial studies on the efficacy of cannabinoids in alleviating
morphine withdrawal and abstinence symptoms occurred 40
years ago, with rodent models suggesting that CBD alone has
low efficacy in alleviating signs of abstinence in rats, but CBD
in combination with THC (5:1 ratio) did so significantly (136).
THC itself was demonstrated to be more effective than CBD in
inhibiting morphine abstinence syndrome in mice (137, 138).
Nevertheless, more recent studies demonstrate that treatment
with CBD blocked the reward-facilitating effect of morphine
(132), reduced morphine CPP and CPA, and prevented drug
and stress-induced reinstatement of CPP (71, 127). CBD was
also found to have some efficacy in heroin studies in rats. While
it did not specifically alter maintenance of self-administration,
nor did it aid extinction of self-administration, it did attenuate
cue-induced (but not drug-primed) self-administration following
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TABLE 1 | CBD’s efficacy for the treatment of substance use disorders.

Study Sample Substance Treatment” Outcome” Effect
SENSITIZATION
Filev et al. (121) Mice Ethanol CBD (2.5 mg/kg) Locomotor activity -
THC:CBD (2.5:2.5 mg/kg) Locomotor activity
Gerdeman et al. (54) Rats Heroin THC:CBD (10:10 mg/kg) Locomotor activity -
Lujan et al. (122) Mice Cocaine CBD (20 mg/kg) Locomotor activity -
REWARD FACILITATION
Trigo et al. (123) Humans Cannabis THC:CBD (27:25 mg/ml) as needed + MET and CBT Craving—MCQ -
Solowij et al. (124) Humans Cannabis Daily oral CBD (200 mg) CEQ euphoria 7
Morgan et al. (125) Humans Nicotine CBD as needed Craving—TCQ -
Hindocha et al. (126) Humans Nicotine CBD (800mg) Craving—QSU-B -
CBD (800 mg) Attentional bias—visual 7
probe task
CBD (800 mg) Pleasantness rating 7
Markos et al. (127) Mice Morphine CBD (2.5 mg/kg) CPP -
CBD (56 mg/kg) CPP -
CBD (10 mg/kg) CPP v
CBD (20 mg/kg) CPP
Lujan et al. (122) Mice Cocaine CBD (5 mg/kg) CPP -
CBD (10 mg/kg) CPP v
CBD (20 mg/kg) CPP v
CBD (30 mg/kg) CPP -
Parker et al. (113) Rats Amphetamine CBD (5 mg/kg) CPP -
SELF-ADMINISTRATION
Shannon et al. (128) Human: case Cannabis CBD (24-18mg) Abstinence 7
study
Trigo et al. (129) Humans: case Cannabis THC:CBD (27:25 mg/ml) as needed + MET and CBT Self-reported use 7
series
Trigo et al. (123) Humans Cannabis THC:CBD (27:25 mg/ml) as needed + MET and CBT Abstinence -
Allsop et al. (130) Humans Cannabis THC:CBD (27:25 mg/ml) 4+ psychosocial intervention Abstinence -
Solowij et al. (124) Humans Cannabis Daily oral CBD (200 mg) Self-reported use -
Viudez-Martinez et al. Rats Ethanol CBD (30 mg/kg) Self-administration v
(131)
Morgan et al. (125) Humans Nicotine CBD as needed Self-reported use v
Ren et al. (115) Rats Heroin CBD (5 mg/kg) Self-administration -
CBD (20 mg/kg) Self-administration -
Katsidoni et al. (132) Rats Morphine CBD (6 mg/kg) ICSS threshold -
Cocaine CBD (5 mg/kg) ICSS threshold v
Lujan et al. (122) Mice Cocaine CBD (20 mg/kg) Self-administration 7
Mahmud et al. (133) Rats Cocaine CBD (5 mg/kg) Self-administration -
CBD (10 mg/kg) Self-administration -
Hay et al. (134) Rats Methamphetamine  CBD (20 mg/kg) Self-administration
CBD (40 mg/kg) Self-administration -
CBD (80 mg/kg) Self-administration
EXTINCTION
Parker et al. (113) Rats Cocaine CBD (5 mg/kg) CPP 7
Amphetamine CBD (6 mg/kg) CPP v
WITHDRAWAL
Crippa et al. (135) Human: case Cannabis CBD (600 mg) MWC 7
study
Allsop et al. (130) Humans Cannabis THC:CBD (27:25 mg/ml) 4+ psychosocial intervention CWS ¥
Trigo et al. (123) Human Cannabis THC:CBD (27:25 mg/ml) as needed + MET and CBT MWC -
(Continued)
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TABLE 1 | Continued

Study Sample Substance Treatment Outcome Effect
Hindocha et al. (126) Humans Nicotine CBD (800 mg) MPSS -
de Carvalho and Rats Morphine CBD (10 mg/kg) CPP following
Takahashi (71) naltrexone-precipitated
withdrawal
Hine et al. (136) Rats Morphine CBD (10 mg/kg) Abstinence symptoms -
THC:CBD (2:10 mg/kg) Abstinence symptoms ¥
Bhargava (137) Mice Morphine CBD (5 mg/kg) Naloxone-precipitated 7
withdrawal
CBD (10 mg/kg) Naloxone-precipitated ¥
withdrawal
CBD (20 mg/kg) Naloxone-precipitated ¥
withdrawal
Chesher and Jackson Rats Morphine CBD (5 mg/kg) Naloxone-precipitated -
(138) withdrawal
CBD (20 mg/kg) Naloxone-precipitated -
withdrawal
CBD (80 mg/kg) Naloxone-precipitated -
withdrawal
REINSTATEMENT
Drug-primed
Renetal. (115) Rats Heroin CBD (5-20 mg/kg) Self-administration -
de Carvalho and Rats Morphine CBD (10 mg/kg) CPP ¥
Takahashi (71)
Lujan et al. (122) Mice Cocaine CBD (20 mg/kg) Self-administration -
Karimi-Haghighi and Rats Methamphetamine  CBD (10 ng/5 pl) CPP ¥
Haghparast (139)
Hay et al. (134) Rats Methamphetamine  CBD (20 mg/kg) Self-administration -
CBD (40 mg/kg) Self-administration -
CBD (80 mg/kg) Self-administration 7
Context-induced
Viudez-Martinez et al. Rats Ethanol CBD (60 mg/kg) Self-administration
(131)
CBD (120 mg/kg) Self-administration 7
Gonzalez-Cuevas et al. Rats Alcohol CBD (15 mg/kg) Self-administration 7
(140)
Cocaine CBD (15 mg/kg) Self-administration 7
Cocaine CBD (10 mg/kg) CPP 7
de Carvalho and Rats Morphine CBD (5 mg/kg) CPP -
Takahashi (71)
CBD (10 mg/kg) CPP 7
Cue-induced
Ren et al. (115) Rats Heroin CBD (56-20 mg/kg) Self-administration v
Mahmud et al. (133) Rats Cocaine CBD (5 mg/kg) Self-administration -
CBD (10 mg/kg) Self-administration -
Stress-induced
Gonzalez-Cuevas et al. Rats Alcohol CBD (15 mg/kg) Self-administration v
(140)
Cocaine CBD (15 mg/kg) Self-administration ¥

*CBD, cannabidiol; THC, delta-9-tetrahydrocannabinol; MET, motivational enhancement therapy, CBT, cognitive behavioral therapy; MCQ, marijuana craving questionnaire; CEQ,
Cannabis Experiences Questionnaire; TCQ, tiffany craving scale; QSU-B, questionnaire of smoking urges—brief; CPR, conditioned place preference; ICSS, intercranial self-stimulation;
MWC, marijuana withdrawal checklist; CWS, cannabis withdrawal scale; MPSS, mood and physical symptoms scale craving.

14 days of abstinence, with CBD’s effect lasting up to 2 weeks
post-administration (115).

Stimulants

Evidence of CBD efficacy for stimulant use is mixed. Neither
CBD, nor a 1:1 ratio of THC:CBD reversed the cocaine

sensitization effect (although rimonabant did) (54, 122). Some
studies suggest that acute CBD administration does not block
the reward-facilitating effect of cocaine (132), reduce cocaine
self-administration, or attenuate cue-induced cocaine seeking
in rats (133). However, others did find CBD to disrupt
acquisition of cocaine self-administration and CPP (122), and
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impair drug-primed reinstatement of CPP for methamphetamine
(139). Further studies on relapse are similarly mixed with one
demonstrating CBD’s ability to attenuate reconsolidation of
CPP (1 week post-CPP acquisition) for cocaine in mice (71),
and effectively reduce cue and stress-induced reinstatement
of cocaine seeking up to 48 days post-CBD treatment (140),
whilst another suggested no effect of CBD on drug-primed
reinstatement post-extinction (122). Dose dependency may
explain contradictory findings, as Hay et al. (134) demonstrated
that 80 mg/kg (and not less) of CBD was needed to significantly
reduce motivation to self-administer methamphetamine and
reinstatement post-extinction. While evidence for CBD use
for stimulant addiction in animals is weak, a longitudinal
observational study of 122 participants did find cocaine users
who self-report using cannabis to control their cocaine use,
to have reduced their cocaine use over a 3 years period
(147). Nevertheless, street cannabis generally has low amounts
of CBD (148) and findings cannot be extrapolated to CBD’s
therapeutic efficacy.

The relatively weaker evidence of CBD in disrupting the
reward-facilitating effect and self-administration of substances
of abuse, despite its comparative efficacy in CPP reinstatement
paradigms, may reflect its role in attenuating reward-related
memory, without altering the rewarding properties of substances
per se. Evidence of CBD’s role in regulating emotional memory
is supported by studies of other conditions, such as anxiety
and PTSD-related fear memory [see (47) and (141) for a more
extensive review of cannabinoid’s role in emotional memory
processing across other paradigms]. However, evidence of CBD’s
role in the consolidation and extinction of substance-related
memory in humans is yet limited.

SUMMARY AND FUTURE DIRECTIONS

CBD shows some promise in alleviating negative withdrawal
effects and reducing motivation to self-administer or
reinstatement of drug use in animals. However, evidence
on its efficacy is limited and mixed. CBD alone may not
be sufficiently effective in maintaining long-term abstinence
without ongoing support and behavioral therapy, as evidenced by
its lack of efficacy over treatments, such as cognitive behavioral
therapy and motivational enhancement therapy (123, 129). A
combination of pharmacotherapy and behavioral therapy may
increase treatment potency and adherence (149), and CBD may
be better suited as an adjunct treatment to primary behavioral or
psychosocial therapy (124).
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Substance use disorders are chronic, relapsing, and harmful conditions characterized by
executive dysfunction. While there are currently no approved pharmacotherapy options
for stimulant and cannabis use disorders, there are several evidence-based options
available to help reduce symptoms during detoxification and aid long-term cessation
for those with tobacco, alcohol and opioid use disorders. While these medication
options have shown clinical efficacy, less is known regarding their potential to enhance
executive function. This narrative review aims to provide a brief overview of research
that has investigated whether commonly used pharmacotherapies for these substance
use disorders (nicotine, bupropion, varenicline, disulfiram, acamprosate, nalmefene,
naltrexone, methadone, buprenorphine, and lofexidine) effect three core executive
function components (working memory, inhibitory control and cognitive flexibility). While
pharmacotherapy-induced enhancement of executive function may improve cessation
outcomes in dependent populations, there are limited and inconsistent findings regarding
the effects of these medications on executive function. We discuss possible reasons for
the mixed findings and suggest some future avenues of work that may enhance the
understanding of addiction pharmacotherapy and cognitive training interventions and
lead to improved patient outcomes.

Keywords: addiction, cognitive enhancement, cognitive flexibility, executive function, inhibitory control,
pharmacotherapy, substance use disorder, working memory

INTRODUCTION

Substance use disorders are chronic, relapsing conditions (1) with huge costs to the individual
and to society. For example, using data from 2015, Peacock et al. (2) estimate global prevalence
of past 30 day heavy alcohol use, daily smoking and past year opioid use at 18.4, 15.2, and 0.37%,
respectively and they estimate disease burden with the number of disability-adjusted life years (the
number of years lost due to ill-health, disability, or early death) as 170.9 million, 85.0 million and
27.8 million for tobacco smoking, alcohol, and illicit drug use, respectively. Indeed, alcohol, heroin,
and tobacco have previously been rated amongst the most harmful misused drugs when considering
harms to both the individual and to others (3).
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There are several psychological/behavioral treatments
available for substance use disorders [for a brief overview
see McGovern and carroll (4)]. While there are no approved
pharmacotherapies for stimulant and cannabis use disorders,
evidence-based pharmacological agents are available for tobacco,
alcohol and opioid use disorders (TUD, AUD, and OUD,
respectively). Medications currently approved for these disorders
include nicotine replacement therapy, bupropion, varenicline
(for TUD), disulfiram, acamprosate, naltrexone, nalmefene (for
AUD), methadone, buprenorphine, naltrexone, and lofexidine
(for OUD). While previous research has found these drugs to be
efficacious, relapse in drug dependence is 40-60% (5) suggesting
efficacy is limited and that there is room for improvement in the
management of addictions.

Cognitive processes may be important targets for the
treatment of substance use disorders (6, 7). In particular,
executive dysfunction is considered a hallmark of addiction
(8, 9) and may represent a good transdiagnostic target across
addictive disorders. Impairments in executive function may
contribute to the initiation and maintenance of problematic drug
use. For instance, executive function at an early age predicts
subsequent substance use (10) and performance comparisons
across drug users, non-addicted family members and healthy
controls suggest that deficits in executive function may be
a cognitive endophenotype associated with drug dependence
vulnerability (11, 12). Executive function deficits are also related
to relapse, worse clinical outcomes and poor treatment adherence
(13-19) with exacerbation of executive function impairments
observed during early abstinence which may contribute to
relapse (20-22).

While the clinical efficacy of approved pharmacotherapy for
TUD, AUD, and OUD is recognized, there has been far less
research conducted on the cognitive effects of these medications
(23) despite potential cognitive enhancement effects contributing
to clinical efficacy. Therefore, the goal of this review is to
provide a brief and selective, narrative summary of the evidence
examining the impact of nicotine, bupropion, varenicline,
disulfiram, acamprosate, nalmefene, naltrexone, methadone,
buprenorphine, and lofexidine on executive function. We do
not include medications used off-label to treat substance use
disorders due to the wide-range of off-label prescribing practices,
limited, or inconsistent evidence for clinical efficacy and because
we cannot be certain which of these medications will continue
to look effective as the evidence base for them increases.
This review complements the recent systematic review that
investigated general cognitive effects of pharmacotherapy for
substance use disorders (23). While this earlier review provides a
good overview of the cognitive impact of substance use disorder
medication, its discussion of the impact on executive function
could be considered limited by the general approach to cognition
that has been taken. The current review fractionates executive
function and focuses on working memory, inhibitory control,
and cognitive flexibility as there is general agreement that these
are the three core executive function components and that
other higher-order executive functions such as decision-making,
planning, problem-solving, and reasoning may require these
basic components (24, 25). Additionally, the current review also

takes a translational approach by including relevant findings
from research with non-human animals where human research
is scarce or it adds to an understanding of drug effects.

PHARMACOTHERAPIES FOR TOBACCO
USE DISORDER

Nicotine

The nicotinic acetylcholine receptor agonist nicotine is used
in those with TUD as a replacement therapy where it can
be delivered in many forms including chewing gum and
adhesive skin patches. When used as an aid to quit smoking or
chewing tobacco, nicotine replacement therapy helps to manage
withdrawal symptoms associated with cessation and can increase
the rate of quitting by up to 50-70% (26). Both o4f, and ay
nicotinic receptor subtypes have been implicated in cognitive
enhancement (27). Indeed, a considerable amount of evidence
exists regarding the cognitive enhancing effects of nicotine.
For instance, nicotine can improve some abstinence associated
cognitive impairments (28). Additionally, a 2010 meta-analysis
suggests that fine motor, alerting attention-accuracy and response
time, orienting attention reaction time, short-term episodic
memory accuracy, and working memory reaction time are
particularly sensitive to enhancement following administration
of nicotine (29). Furthermore, because the studies included
in this meta-analysis used non-smokers or non-/minimally
deprived smokers the cognitive enhancement is unlikely to be
driven by relief from withdrawal but, instead, represents true
cognitive enhancement.

However, reported effects of nicotine on working memory
are far from consistent. Animal work suggests that working
memory (radial-arm maze) performance is improved by nicotine
administration (30) and that methamphetamine or ketamine-
induced impairments in working memory (radial-arm maze,
odor span task) can be improved by nicotine (31, 32). On the
other hand, no effect on working memory (digit recall, serial
addition/subtraction, n-back task, digit span, spatial span, letter-
number sequencing, odor span task) has been seen in human
studies that have administered 2 and 4 mg nicotine gum relative
to placebo in healthy non-smoking participants (33-35). Another
study found that 15mg nicotine patches improved working
memory (n-back task reaction time) in deprived smokers relative
to placebo while they had no benefit in healthy non-smokers but
instead impaired performance with significantly fewer hits, more
misses and false alarms and a trend toward longer reaction times
(36). Taken together this suggests that nicotine may improve
working memory when there is impaired baseline performance
present but has no effect or impairs performance when baseline
performance is higher (37).

Nicotine administration has also been found to improve
inhibitory control (antisaccade task, errors of commission on
a continuous performance task) deficits that are induced by
overnight smoking abstinence (38). However, 7mg nicotine
patches do not improve inhibitory control (stop-signal task,
go/nogo task, antisaccade task) in healthy non-smokers (39, 40).
In contrast to the findings of these studies, several nicotine

Frontiers in Psychiatry | www.frontiersin.org

34

March 2019 | Volume 10 | Article 98


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Butler and Le Foll

Addiction Pharmacotherapy and Executive Function

administration studies in animals have shown that nicotine
can induce disinhibition with increased impulsive responding
evident across a range of behavioral tasks (41-47). Similarly,
acute cigarette smoking may bias responding to more impulsive
action and impulsive choices (48, 49). As with the effect of
nicotine on working memory, the mixed findings with nicotine
apparently able to improve, impair or have no effect on inhibitory
control may be due to baseline differences in performance and
several previous studies support this idea. For example, nicotine
enhances inhibitory control (fewer errors of commission on a
continuous performance task) in non-smokers that have low
levels of attention but not in those with high levels of attention
(50) while in another study, nicotine enhanced inhibitory control
(fewer errors of commission on a continuous performance task)
in those with a diagnosis of schizophrenia but not in healthy
controls (51). Finally, the effect of chronic nicotine exposure
on impulsivity in rats may be influenced by baseline levels of
impulsivity with nicotine inducing greater impulsive choice in
those with lower trait impulsivity (52, 53).

Few studies have examined the effects of nicotine on cognitive
flexibility and those which have reveal mixed findings, much
as studies assessing working memory and inhibitory control
have. Acute cigarette smoking has been shown to impair
cognitive flexibility (more intra-dimensional set-shifting errors
on an intra-extra dimensional set-shifting task) in high but not
low dependent smokers (54) and (greater difficulty integrating
reinforcement history on a reversal learning task) relative to
never and former smokers (55). Cognitive flexibility has also
been shown to be impaired (poorer learning of strategies to
complete the task in the Wisconsin Card Sorting test) by
7 mg nicotine patch administration relative to placebo in non-
smokers with high but not low levels of attention (50). Nicotine
administration at high (18 mg/Kg/day x 4 weeks) but not
low dose (6.3 mg/Kg/day x 4 weeks) also impaired cognitive
flexibility (increased perseverative responding to previously non-
reinforced stimuli in a reversal learning task) in mice (56).
Conversely, improvements in cognitive flexibility (attentional
set-shifting task) and reversal of nicotine withdrawal-induced
impairment in cognitive flexibility (reversal learning task) have
both been reported in rats (57, 58). While in another human
study, cognitive flexibility (attentional switching on the flexibility
of attention test) was not changed by nicotine (59). As with
working memory and inhibitory control, mixed findings like
these suggest that baseline performance levels may be influential
in determining cognitive effects of nicotine. As nicotine can
induce dopamine release (60), as smoking does in humans
(61), a more biological explanation for the mixed findings
reported throughout this section might be that performance and
dopamine levels are related such that at optimal dopamine levels
executive function performance is at its peak i.e., the inverted
“U” curve theory (62, 63). Release of dopamine by nicotine could
therefore improve or impair performance depending on initial
dopamine levels.

Bupropion
Used clinically for depression as well as a smoking cessation aid,
bupropion is a norepinephrine-dopamine reuptake inhibitor and

a nicotinic acetylcholine receptor antagonist. Bupropion reduces
the severity of nicotine craving and withdrawal symptoms, its
clinical effectiveness as a smoking cessation aid is comparable
to nicotine replacement therapy and is independent of its
antidepressant effect (64, 65). Symptoms that improve in
depressed patients that respond to bupropion include those
reflecting cognitive disturbance (66). Indeed, one study in
patients with major depressive disorder has shown that while
serotonin selective reuptake inhibitor-treated patients show
cognitive impairments including worse cognitive flexibility
relative to matched healthy controls, bupropion-treated patients
had normalized cognitive performance with better cognitive
flexibility but with no significant mean difference compared
to controls (67). Further, another study in those with major
depressive disorder found that 8 weeks of bupropion treatment
lead to improvements on tasks requiring cognitive flexibility
(Trail Making B), working memory and reasoning [A not B
Task; (68)].

Few studies have investigated the effects of bupropion on
executive function in smokers and the findings of existing
studies have been equivocal. One study in 24 smokers with
high interest in quitting reported that working memory (correct
response times on an N-Back task) was improved by bupropion
compared to placebo on the first day of a quit attempt (69).
In contrast, another study in 58 smokers (36 male, 22 female)
found that bupropion enhanced working memory (Digit Span
task) in females but not males whereas it enhanced inhibitory
control (inhibiting choice of immediate rewards over a larger,
delayed reward) in males but not females during early abstinence
(70). A final study in smokers investigated effects of both
abstinence and bupropion on cognitive function in adults with
schizophrenia. However, in this study 1 week of abstinence
was not associated with deficits in working memory (Digit
Span task) and controlling for abstinence status, bupropion
wasn’t associated with better working memory performance
(71). Similar null findings have been observed in healthy
participants where working memory (Digit Span task) was not
improved by either a single dose (150mg) or 2 weeks repeated
administration (150 mg x 6days followed by 300 mg x 8days)
of bupropion (72). However, in an animal study there were
positive effects of bupropion on inhibitory control. In this
study, rats were perinatally exposed to polychlorinated biphenyls
thought to decrease medial prefrontal cortical dopamine levels
and cause subsequent inhibitory control deficits assessed with a
differential reinforcement of low rates of responding (DRL) task.
This study showed that bupropion improved inhibitory control
performance on the DRL task (73).

Varenicline

As a partial agonist at o4f, nicotinic acetylcholine receptors,
varenicline has been found to reduce craving and the pleasurable
effects of tobacco and is more effective for smoking cessation
than both nicotine replacement therapy and bupropion (74).
Varenicline can reverse withdrawal-associated working memory
impairment (75). Patterson et al. (75) showed that in abstinent
smokers varenicline, vs. placebo, improved reaction times
on correct N-back trials with no significant effects on task
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accuracy. Interestingly, slower correct responses on the N-
Back task predict more rapid resumption of smoking during
a short period of abstinence in smokers receiving placebo but
not varenicline (76). Beyond simply improving withdrawal-
associated impairment, varenicline (0.5 mg/day x 3days followed
by 1 mg/day x 4days) administered to non-smokers has
been shown to also improve working memory performance
(77) with a significant positive association found between
plasma varenicline levels and visual-spatial working memory
in another non-smoker study (78). There are mixed findings
regarding working memory performance in studies with other
populations for instance varenicline (1 mg/day x 3 days)
attenuated withdrawal-associated working memory impairments
in smokers with schizophrenia (79) but did not improve
working memory in smokers with schizophrenia who are
not treatment-seeking and could continue to smoke (80,
81). Mixed working memory findings have also been found
with varenicline in human studies with populations that have
other substance abuse problems. For example, varenicline
has been shown to improve working memory in heavy
drinkers; with larger improvements predicting less alcohol-
primed ad libitum drinking (82), but not in non-treatment
seeking methamphetamine dependent participants (83). While
an animal study found that varenicline improves working
memory in cocaine-experienced monkeys (84). These mixed
findings for other substances of abuse and across different species
make it difficult to draw firm conclusions regarding varenicline’s
cognitive impact. However, as described above evidence suggests
that there is some cognitive benefit for certain types of
abstinent smoker (75).

Studies regarding varenicline effects on inhibitory control are
also mixed. For instance, animal studies indicate that varenicline
increases premature responding (failure to inhibit a response
during a wait period) on a 5-Choice Serial Reaction Time task
(85) however, using a similar 3-Choice task, Ohmura et al. (86)
demonstrate that this pro-impulsive effect is evident for nicotine-
naive but not nicotine-exposed or nicotine-abstinent animals.
In human studies there was no significant effect of varenicline,
compared to placebo, on inhibitory control assessed with a
stop-signal task in treatment-seeking smokers (87). In contrast,
impulsive responding was increased on a stop-signal task by
cigarette smoking and by varenicline [albeit to a smaller degree
than smoking; (48)]. However, Austin et al. (48) also found that
varenicline attenuated smoking-induced impulsive responding.
Varenicline has also been found to reduce antisaccadic error
rate (an oculomotor measure of disinhibition) in those with
schizophrenia/schizoaffective disorder regardless of smoking
status (80).

Fewer studies have reported effects of varenicline on cognitive
flexibility. Animal studies have provided mixed findings with
Gould et al. (84) finding no effect of varenicline on reversal
learning (at doses that give maximum improvement in working
memory) in rhesus monkeys. However, varenicline reduced
ketamine-induced impairments in reversal learning (accuracy
and perseverative responding) and improved working memory
(accuracy at long delays on a delay match to sample task)
in rhesus and pigtail monkeys (88). In studies related more

specifically to smoking, varenicline reversed nicotine withdrawal-
induced deficits in the number of reversals on a probabilistic
reversal learning task administered to rats (58). While in a human
study comparing 24 abstinent smokers with 20 non-smokers,
impairments on a reversal learning task (increased response
shifting with decisions less sensitive to available evidence) found
in abstinent smokers were attenuated by varenicline. In addition,
decreased mesocorticolimbic activity associated with shifting in
abstinent smokers was increased to the level of non-smokers
by varenicline (89). It should be noted that as with nicotine,
varenicline produces elevation of dopamine (90).

PHARMACOTHERAPIES FOR ALCOHOL
USE DISORDER

Disulfiram
By inhibiting the enzyme aldehyde dehydrogenase, disulfiram
administration leads to acetaldehyde accumulation when alcohol
is consumed. This results in an unpleasant reaction consisting
of tachycardia, flushing, nausea, and vomiting. This aversion
therapy creates the expectancy of negative consequences that
are thought to deter alcohol use. Disulfiram is an efficacious
treatment in supervised and high compliance open label studies
but not blinded studies suggesting that expectancy may be a
requirement of clinical effectiveness [for a review and meta-
analysis of efficacy see Skinner et al. (91)]. There is evidence
that anti-addictive effects may be mediated by an additional
mechanism of action. For example, in rats disulfiram reduces
drug-induced reinstatement of cocaine seeking via dopamine f3-
hydroxylase inhibition (92). Similarly reductions in chocolate
self-administration and reinstatement of chocolate seeking have
also been observed in rats treated with disulfiram (93) and
there are reports that it may have potential for treatment of
pathological gambling (94, 95) and cocaine dependence (96).
Few studies have investigated disulfiram’s cognitive effects
(see Pujol et al. (23) for an overview). In terms of executive
function, there were no effects of disulfiram on working memory
assessed with the Digit Span Test (97). Similarly, Gilman et al.
(98) found no group differences on an extensive test battery,
including tasks assessing executive function, when comparing 11
alcoholic patients receiving disulfiram and 37 alcoholic patients
not receiving the drug. In contrast, disulfiram administration
has been shown to improve inhibitory control (by inhibiting
preference for immediate gain at the expense of reduced net gain)
in rats that were making suboptimal choices but not those whose
choices were already optimal (94).

Acamprosate

Although the precise mechanism of action is not fully
understood, acamprosate is thought to correct imbalance in
inhibitory and excitatory neurotransmission induced by chronic
alcohol exposure (99). Acamprosate has been found to be a
safe and efficacious anti-craving and anti-relapse agent (100).
There have been limited studies examining acamprosate effects
on executive function. The drugs proposed mechanism of action
at NMDA receptors suggests acamprosate would have negative
effects on learning and memory, indeed previous cognitive
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work in healthy participants indicates an acamprosate-induced
impairment in delayed free recall. However, working memory
was unaffected by acamprosate in the same participants (101).
Similarly, there was no significant effect of acamprosate on
working memory performance of rats in a three-panel runway
task. Although, performance (both errors and latency) was
better in acamprosate and scopolamine-treated rats compared
to when they were administered the muscarinic acetylcholine
receptor antagonist alone (102). There have been mixed findings
with studies investigating cognitive flexibility. While Ralevski
et al. (103) found no significant effects of acamprosate in
23 alcohol-dependent schizophrenic patients on the Wisconsin
Card Sorting Test, animal studies suggest that acamprosate
reverses chronic alcohol-induced impairments in attentional set-
shifting including reducing task perseveration (104). More recent
evidence suggests that these cognitive effects may be related
to acamprosate’s calcium moiety as a sodium salt version of
the drug failed to reverse chronic alcohol-induced deficits in
cognition (105).

Nalmefene

Approved in Europe but not in America, nalmefene is an
antagonist at p-opioid and 3-opioid receptors as well as a
partial agonist at k-opioid receptors thus reducing the positive,
rewarding effects of acute alcohol consumption. Nalmefene has
greater affinity for k-opioid receptors than naltrexone does
(106). Nalmefene also differs from naltrexone in having a
longer half-life, greater bioavailability and no observed dose-
dependent liver toxicity [see review by Niciu and Arias (107)].
To the best of our knowledge, there has not been any
published research investigating the effects of nalmefene on
executive function. However, the k-opioid receptor agonists
nalfurafine and U50,488 produce deficits in inhibitory control
(DRL, delay-discounting and stop-signal tasks) in mice and
rats (108, 109). U50,488 also produces deficits in cognitive
flexibility (modified water maze task) in mice that are reversed
by the Kk-opioid receptor antagonist nor-binaltorphimine (110).
Another k-opioid receptor agonist U69,593 enhances, while nor-
binaltorphimine disrupts working memory (Y-maze) in mice
(111). Future studies with nalmefene are warranted because these
animal studies suggest that modulation of k-opioid receptors
effects executive function which may be beneficial in disorders
characterized by executive dysfunction, such as addiction. Studies
examining general cognitive effects of nalmefene are also scarce
with one report suggesting increases in subjective alertness but
no effect on a choice reaction time task (112).

PHARMACOTHERAPIES FOR ALCOHOL
AND OPIOID USE DISORDERS

Naltrexone

Pharmacologically, naltrexone has greatest affinity for the .-
opioid receptor but is an antagonist at all opioid receptors and
it reduces the rewarding effects as well as craving and desire
for alcohol and opiates (113, 114). Indeed, mice lacking the .-
opioid receptor do not self-administer alcohol (115). There have
been a small number of human and animal studies examining

the effects of naltrexone on executive function. After 8 weeks
of administration, Hatsukami et al. (116) found no significant
differences in working memory (digit span backwards) in
overweight men who were administered either naltrexone (300
mg/day) or placebo. In contrast, animal research suggests
naltrexone in rats improves working memory performance
(radial arm maze) compared to saline administration (117)
and that naltrexone reverses deficits in working memory
(radial arm maze) that have been induced by exposure to
microwaves (118). However, one study did find the opposite
with microwave exposure failing to induce deficits in radial arm
maze performance and naltrexone treated rats taking longer to
complete the task relative to saline treated animals (119).

In animal studies examining the effects of naltrexone on
inhibitory control, naltrexone had no significant effect on
delay discounting (inhibiting choice of immediate reward over
a larger, delayed reward) when administered alone in rats
and mice (120, 121). In contrast, naltrexone has been shown
to improve inhibitory control in a rat gambling task (by
inhibiting preference for immediate gain at the expense of
reduced net gain) in animals that made more suboptimal
choices at baseline (122). Additionally, naltrexone pre-treatment
improved morphine-induced decrements in impulsive choice
(120). Similarly, naloxone (a drug which is used clinically for
acute opioid overdose and is a non-selective opioid antagonist
which, like naltrexone, blocks p-opioid receptors with greatest
affinity) attenuates drug-induced inhibitory control deficits (five-
choice serial reaction time task) in rats (123). In humans,
the acute effect of naltrexone (50 mg) on inhibitory control
(inhibiting choice of immediate reward over a larger, delayed
reward) has been investigated in abstinent alcoholics and
healthy controls. Naltrexone did not improve impulsive choice
reliably across abstinent alcoholic participants, but performance
was instead dependent on personality. Across both abstinent
alcoholics and healthy controls, those with greater external locus
of control made fewer impulsive choices on naltrexone and the
opposite was true for individuals with greater internal locus of
control (124). As perceptions of control may be influenced by
tonic frontal dopamine (125) and frontal dopaminergic tone may
account for individual differences in impulsive choice (126) it is
interesting to note here that previous evidence suggests that the
opioid system appears to have a role in modulating dopamine
tone (127).

Research regarding the effect of naltrexone on cognitive
flexibility has been mixed. A study in rats suggests that aged
relative to young rats have impaired flexibility on an attentional
set-shifting task (extradimensional shifting) and that this age-
related impairment was reversed by naltrexone while there was
no effect of naltrexone on the performance of younger rats (128).
In humans, no significant difference in cognitive flexibility (Color
Trails task) was found between abstinent heroin abusers receiving
naltrexone therapy and healthy controls whereas buprenorphine-
maintained patients showed impairments in cognitive flexibility
(129) while, an earlier study in overweight men suggested there
was no significant effect of receiving high dose naltrexone (300
mg/day) on cognitive flexibility (Trails B) after 8 weeks of
treatment compared to placebo (116).
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PHARMACOTHERAPIES FOR OPIOID USE
DISORDER

Methadone

As a p-opioid receptor agonist that also has antagonist
properties at the glutamatergic NMDA receptor, methadone
is used clinically as an analgesic and is used in OUD where
it may be used in long-term maintenance therapy or to
manage withdrawal during detoxification (130). Several
studies have investigated executive function in patients
receiving methadone maintenance therapy. Studies tend
to differ in terms of the methadone dose and duration of
treatment as well as by comparator ie., healthy controls
with no history of substance abuse, former opioid abusers
not in methadone maintenance therapy, or within subject
comparisons such as pre-/during therapy and peak/trough
concentration following dosing (for studies comparing
methadone maintenance therapy with buprenorphine see
next section). These differences may account for some equivocal
findings described below.

Studies have shown that methadone maintenance therapy is
associated with poorer working memory. For instance, those
who had been on short-term (at least 30 days) or long-term
(at least 6 months) methadone maintenance scored in the
lower portion of the normal range for working memory (letter-
digit ordering) based on normative test data (131). Working
memory (letter number sequencing) was also worse in those in
methadone maintenance therapy (mean duration of treatment:
38.66 months; mean dose of methadone: 83.82 mg/day)
compared to abstinent heroin abusers although this difference
only approached significance (132). Methadone users (mean
duration of treatment: 41.48 months) also had significantly
worse working memory (2-back task) compared to healthy
controls (133). While in another study using a within-subject
design working memory (n-back task and modified Sternberg
task) was assessed in methadone-maintained patients (mean
duration of treatment: 48.9 months; mean dose of methadone:
97.5 mg/day) at approximately 120 min and 26h after dosing
(to coincide with peak and trough methadone concentrations).
While there were no differences on the modified Sternberg task,
n-back performance was slower when testing time coincided
with peak methadone concentration. In addition, higher doses of
methadone were associated with decreased n-back hit rate (134).
However, some studies have found no significant differences
in working memory when comparing methadone-maintained
patients with healthy controls with no history of substance
abuse (135) or with abstinent former opioid abusers (136).
The average doses of methadone used in these two studies
was 15.14 and 67.2 mg/day, respectively. Taken together it
appears that methadone may impair working memory on
certain tasks and when higher doses are taken. However, more
studies are needed that take into account baseline cognitive
performance levels.

Two studies (described above) assessed the effects of
methadone maintenance therapy on inhibitory control (132,
133). These studies found that methadone maintenance was
associated with poorer inhibitory control (five-digit test)

compared to abstinent heroin abusers (132) and poorer
inhibitory control (stop-signal task) when compared to healthy
controls (133). In another study however, no correlations
between dose or duration of methadone maintenance therapy
were found in patients where the mean duration of treatment
was 8.6 years and the mean dose was 124.2 mg/day (137).
Perhaps the longer duration of treatment lead to tolerance of
cognitive effects in some participants. Surprisingly, opposite
findings have been observed with better inhibitory control
(stop-signal task) found in methadone maintenance therapy
compared to abstinent opiate dependent participants (138).
In their study, Liao et al. (138) found that stop-signal
reaction time was significantly shorter in methadone-maintained
participants compared to abstinent participants and was
no different when compared to healthy controls. Another
study comparing methadone-maintained patients and healthy
controls stratified patients by duration of treatment (short
term: <12 months or long term: >12 months) and by dose
(low dose: <80 mg/day or high dose: >80 mg/day). This
study found that healthy participants made more inhibitory
errors (errors of commission) on a continuous performance
task compared to short term and low dose methadone-
maintained patients (139). However, short term and low dose
methadone-maintained patients also had the slowest reaction
times on the task and the methadone group tended to have
poorer sustained attention than healthy controls assessed on
the same task. Therefore, the lower number of inhibitory
errors found in short term and low dose methadone-treated
patients could be due to general task disengagement in
this group.

Most studies investigating the effects of methadone
maintenance therapy on cognitive flexibility have demonstrated
that treatment is associated with impaired flexibility. Those
who had been on short-term (at least 30 days) or long-term (at
least 6 months) methadone maintenance scored in the lower
portion of the normal range for cognitive flexibility (trail making
test) based on normative test data (131). In addition, worse
cognitive flexibility assessed using a range of cognitive flexibility
tasks (trail making test, oral trails, Wisconsin Card Sorting test,
switching of attention task) has been reported in methadone-
maintained patients compared to abstinent opioid abusers
(132, 136) and healthy controls (135, 140, 141). One study found
no improvement in cognitive flexibility (trail making test) when
comparing opiate dependent participants at baseline and again
following 2 months on methadone maintenance therapy (142)
and surprisingly, in one study improved flexibility (trail making
test) was found as methadone dose increased (134). A further
study compared former opiate dependent participants that had
been medication free for 10 years with those whom had been
on methadone maintenance for the past 10 years (143). This
study demonstrated that methadone maintenance was associated
with a selective flexibility deficit. While both groups were able
to acquire and reverse information about positive and negative
outcomes under neutral conditions, Levy-Gigi et al. (143)
found that the methadone-maintained group were impaired
at reversing positive outcomes when these were presented in a
drug-related context.
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Buprenorphine

As a non-selective, mixed agonist-antagonist at opioid receptors
(partial agonist at p-opioid receptor, antagonist at k- and &-
opioid receptors as well as weak partial agonist at nociception
receptors) buprenorphine is used as an analgesic as well as to
help manage withdrawal symptoms during opioid detoxification.
During detoxification, buprenorphine may be used as short or
long-term opioid replacement therapy (for longer-term use it is
often combined with the pure opioid antagonist naloxone) and
it appears to have similar clinical effectiveness to methadone at
managing opioid withdrawal (144).

Few studies have investigated the effects of buprenorphine
on executive function. One study investigating the impact
of different doses on working memory administered
buprenorphine/naloxone to opioid dependent patients at a
starting dose of 8 mg/2 mg going up to 16 mg/4 mg and then
32 mg/8 mg with 7-10 days at each dose. This study found that
there was no impairment in working memory (N-back task) as
the dose increased four-fold (145). However, poorer working
memory (Letter-Number Sequencing task, Paced Auditory Serial
Addition task) has previously been found in opioid-dependent
patients treated with buprenorphine/naloxone compared to
healthy controls (146, 147). Rapeli et al. (147) also compare
buprenorphine/naloxone treated patients with methadone-
maintained patients at several time points (1. 2months, 2.
6-9months and 3. 12-17months after starting substitution
therapy) and show that for one of the working memory tasks
(Letter-Number Sequencing task) the buprenorphine/naloxone
treated group improved between the second and third time
points while the methadone treated groups performance
remained stable across time. Working memory (digit span
backwards) was however not found to be significantly different
between patients on either buprenorphine (mean dose: 10.6
mg/day) or methadone (mean dose: 82.7 mg/day) maintenance
therapy (mean duration of treatment 48 months across both
maintenance therapies) or between these patients (combined
in to one group) and healthy controls in a study from another
group (148).

Very few studies have assessed the effect of buprenorphine
on inhibitory control. One study already mentioned in this
section above (148) found that opiate-dependent patients on
either buprenorphine and methadone maintenance therapy
didn’t differ in inhibitory control (Haylings Sentence Completion
test) but that when compared to healthy controls these
patients (combined in to one group) performed significantly
worse. However, another study comparing buprenorphine-
maintained opioid dependent patients (mean duration of
therapy: 5.4 years; mean dose: 9 mg/day) with both methadone-
maintained patients (mean duration of therapy: 8.3 years;
mean dose: 66 mg/day) and healthy non-opiate dependent
controls found that the buprenorphine treated group performed
better than the methadone treated group and no different
from controls on the Iowa gambling task (149). The Iowa
gambling task is traditionally considered a decision-making
task but to perform well on the task it requires the
ability to inhibit selection of decks that provide higher
immediate gains but long-term losses (150). While, Haylings

Sentence Completion test involves inhibition of sensible words
that could be used to complete sentences (151). While
inhibition is required by both tasks the Iowa gambling task
is less semantic and the differing task demands and neural
underpinnings may account for the differing findings from
these studies.

Several studies have assessed the effect of buprenorphine
on cognitive flexibility. Two studies already mentioned in this
section above also included an assessment of cognitive flexibility
(145, 149). One of these studies did not find impairments
in cognitive flexibility (trail making task) with a four-fold
increase in the dose of buprenorphine/naloxone given to opioid
dependent patients (145). However, in the other study mentioned
buprenorphine-maintained patients made fewer perseverative
errors on the Wisconsin Card Sorting task compared to
methadone-maintained patients with their performance falling
somewhere between the group treated with methadone and
healthy controls (149). In other studies, a within-subject design
found that intravenous infusion of 0.6 mg of buprenorphine to
healthy males over 150 min resulted in a significant deterioration
in cognitive flexibility (trail making test) compared to a drug-free
baseline assessment (152). Studies comparing opioid dependent
patients on buprenorphine to healthy controls assessing cognitive
flexibility (trail making test, color trails task) have tended to
find that the treated patients perform less well than healthy
control (129, 153). However, in tasks comparing the cognitive
flexibility of buprenorphine and methadone-treated opioid
dependent patients two studies failed to find a significant
difference in cognitive flexibility in direct contrast to Pirastu
et al. (149) (154, 155). While maintenance therapy doses
and durations of treatment across these studies were similar,
these two latter studies used the trail making test while the
Wisconsin Card Sorting task was used by Pirastu et al. (149).
The different cognitive demands of these tasks may help
explain the differences seen across these studies. In the trail
making test participants are required to shift backwards and
forwards between numbers and letters in a predictable manner
(156). While in contrast, in the Wisconsin Card Sorting task
participants are unaware of what shifts will be required when
task rules change and must work these out for themselves using
feedback (157).

Lofexidine

Approved for the management of acute opioid detoxification
in the United Kingdom in 1994 and more recently by the
Food and Drug Administration in the United States in 2018,
lofexidine is an apa adrenergic receptor agonist that has
historically been used to reduce blood pressure and is now
used to alleviate opioid withdrawal symptoms (158). To the
best of our knowledge, there has not been any published
research investigating lofexidine’s effects on executive function.
Studies examining general cognitive effects of lofexidine are
also scarce. However, one report in 14 opioid dependent
participants, suggests there may be a dose-related deterioration
in simple reaction time, continuous performance, procedural
memory, and mathematical processing when lofexidine is
added to methadone maintenance therapy (159). Nevertheless,
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other oys adrenergic receptor agonists have been shown
to selectively improve prefrontal cortex mediated cognitive
functions (160).

DISCUSSION

The aim of this review was to provide a brief narrative
overview of the evidence for effects of some of the most
commonly approved and prescribed pharmacotherapies for
TUD, AUD, and OUD on the three core executive functions
(working memory, inhibitory control and cognitive flexibility).
Enhancement of executive function is likely to be an important
target for the treatment of substance use disorders and
may contribute to clinical efficacy of existing medications
since executive dysfunction is thought to contribute to poor
treatment adherence, worse clinical outcomes and relapse (13-
19). However, for most of the approved pharmacotherapies
reviewed it was difficult to draw firm conclusions regarding
effects on executive function. This is due to a surprising lack
of well-powered empirical research evaluating the effects of
pharmacotherapy on executive function, and because of the
extent of contradictory findings. A similar conclusion was made
by a recent systematic review of the general cognitive effects of
existing pharmacotherapy (23).

Both hypo- and hyperdopaminergic states have been
postulated to account for various addiction phenomenon
in the absence and presence of drug cues (161). Positron-
emission tomography (PET) studies in substance abusing
populations suggest that there are decreases in both dopamine
release and dopamine D, receptors (162, 163). Indeed, the
dopamine hypothesis of drug addiction (164) implicates a
long-lasting hypodopaminergic state throughout the addiction
cycle including persistence of this state in withdrawal. For
example, PET imaging with a high affinity dopamine Dj/3
receptor radioligand has established that there is a smaller
amphetamine-induced dopamine release in the cortex and
midbrain of abstinent alcoholics than in healthy controls (165).
Many of the pharmacotherapies reviewed here have direct or
indirect effects on dopamine levels. In line with the inverted “U”
shaped dose response curve for dopamine effects on executive
function (62) drugs that enhance dopamine levels in individuals
with a low baseline level of dopamine would be expected
to enhance executive function while potentially impairing
the performance of individuals with a higher dopaminergic
starting point. Mixed findings in the current review may
be attributable to differing dopaminergic baselines. In this
regard, medicated substance dependent patients with lower
baseline dopamine and greater cognitive impairments may
receive greater cognitive benefit than less cognitively impaired
patients with a higher dopaminergic baseline. While it may
be more difficult to demonstrate cognitive improvements in
healthy participants or there may be paradoxical impairment
in performance.

Substance use disorder pharmacotherapies have been
shown to be efficacious however they do not work for
everyone. Identifying for whom they do, and do not, work

is an important unmet clinical need. While it is evident that
executive dysfunction is observed during early abstinence
which may contribute to relapse (20-22) much more work
is required in order to determine whether a drugs positive
effects on executive function are predictive of positive cessation
outcomes. Previous PET imaging studies with a high affinity
dopamine D;/3 receptor radioligand have suggested that the
extent to which methylphenidate induces increases in dopamine
are predictive of relapse and response to behavioral and
psychological treatments in methamphetamine and cocaine
abusers (166, 167). Future research should investigate whether
clinical effectiveness of pharmacotherapy (i.e., sustained
cessation) is related to individual differences in the ability
of the drugs to improve cognitive function and whether
this is associated with baseline differences or changes in
dopamine levels.

Existing and novel cognitive enhancers may be beneficial
for substance abuse disorders and studies investigating effects
of cognitive enhancers are on-going (7). Whether it is existing
pharmacotherapies being evaluated for their effects on cognition,
or novel cognitive enhancers being evaluated for the potential
to improve executive function and clinical outcomes in
substance dependent populations, it is important to consider
how cognition will be assessed. The current narrative review
illustrates that even when the number of studies assessing
different components of executive function are small, a wide
variety of tasks and outcome measures are used which can
make cross-study comparisons difficult. Future studies should
carefully consider which tasks are best suited to assess relevant
cognitive functions. Future work should also consider the
potential cognitive enhancers mechanism of action and abuse
potential. For example, modafinil is a promising cognitive
enhancer but it’s addictive potential has been illustrated in studies
examining effects on behavioral sensitization and conditioned
place preference (168).

An alternative approach to try and improve executive function
in addiction has been with cognitive training most notably
working memory training and inhibitory control training.
Training of working memory has been found to improve working
memory performance and reduce subsequent drug use in
methadone-maintained patients and problem drinkers compared
to control conditions (169, 170). Similarly, inhibitory control
training using an alcohol-related Go/NoGo task has previously
been found to reduce post-training alcohol consumption as
effectively as a Brief Alcohol Intervention (171). Reduced drug
use post-training suggests that interventions based on these
types of training procedure may improve clinical outcomes
and further supports the targeting of executive function in
addiction. However, future studies should consider whether
pharmacotherapy could compliment and even facilitate such
training. Inhibitory control training, for example, may work via
the devaluation of reward-related stimuli (172) and given that
some of the drugs reviewed here e.g., varenicline, disulfiram,
nalmefene, and naltrexone may devalue substances of abuse
(either by reducing the positive rewarding effects of substances
or by pairing them with an unpleasant reaction) it would be
interesting to see whether these drugs are able to facilitate
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inhibitory control training and improve dependent populations
control over substance use in real-world settings.

In this review we have examined the evidence for executive
function enhancement by commonly prescribed, labeled
pharmacotherapy for TUD, AUD, and OUD as any such
enhancement may contribute to clinical efficacy. However, it
should be noted that the act of detoxification might itself be
expected to improve executive function. Future studies should
include appropriate controls or take this variable in to account
when estimating the cognitive effects of medications used to
assist detoxification maintenance. While a potential strength
of this review is that it has evaluated the cognitive impact of
only those medications with a high degree of evidence for
efficacy in treating TUD, AUD, and OUD this does mean that
we may have missed important trends in findings with those
medications that are used off-label to treat these disorders
(e.g., topiramate). In addition, this review excluded off-label
pharmacotherapy for other substance use disorders such as the
stimulants cocaine and methamphetamine. These disorders
are persistent public health problems for which there are no
approved pharmacotherapy options (173, 174). While the relative
lack of evidence for consistent and positive pharmacotherapy
effects, coupled with a wide-range of off-label prescribing
practices lead us to exclude such research this too may have led
to missing important trends in findings and consequently limited
our discussion.
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The United States is in the midst of an opioid epidemic and lacks a range of
successful interventions to reduce this public health burden. Many individuals with
opioid use disorder (OUD) consume drugs to relieve physical and/or emotional pain,
a pattern that may increasingly result in death. The field of addiction research lacks
a comprehensive understanding of physiological and neural mechanisms instantiating
this cycle of Negative Reinforcement in OUD, resulting in limited interventions that
successfully promote abstinence and recovery. Given the urgency of the opioid
crisis, the present review highlights faulty brain circuitry and processes associated
with OUD within the context of the Three-Stage Model of Addiction (1). This
model underscores Negative Reinforcement processes as crucial to the maintenance
and exacerbation of chronic substance use together with Binge/Intoxication and
Preoccupation/Anticipation processes. This review focuses on cross-sectional as well as
longitudinal studies of relapse and treatment outcome that employ magnetic resonance
imaging (MRI), functional near-infrared spectroscopy (fNIRs), brain stimulation methods,
and/or electroencephalography (EEG) explored in frequency and time domains (the latter
measured by event-related potentials, or ERPs). We discuss strengths and limitations
of this neuroimaging work with respect to study design and individual differences that
may influence interpretation of findings (e.g., opioid use chronicity/recency, comorbid
symptoms, and biological sex). Lastly, we translate gaps in the OUD literature,
particularly with respect to Negative Reinforcement processes, into future research
directions involving operant and classical conditioning involving aversion/stress. Overall,
opioid-related stimuli may lessen their hold on frontocingulate mechanisms implicated
in Preoccupation/Anticipation as a function of prolonged abstinence and that degree
of frontocingulate impairment may predict treatment outcome. In addition, longitudinal
studies suggest that brain stimulation/drug treatments and prolonged abstinence can
change brain responses during Negative Reinforcement and Preoccupation/Anticipation
to reduce salience of drug cues, which may attenuate further craving and relapse.
Incorporating this neuroscience-derived knowledge with the Three-Stage Model of
Addiction may offer a useful plan for delineating specific neurobiological targets for
OUD treatment.

Keywords: opioid use disorder, neuroimaging, magnetic resonance imaging, electroencephalography, event
related potentials, recovery, abstinence
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Neuroimaging Targets in Opioid Addiction

THE DEVASTATION OF OPIOID USE
DISORDER

Opioid use disorder (OUD) is a chronic, relapsing condition,
associated with a staggering $75 billion public health burden
and millions of years of premature mortality, attributable to
a 350% increase in opioid-related deaths over the past two
decades (2, 3). In 2016, more than 60 million patients had used
and misused opioid-based anti-pain medication despite growing
awareness of negative consequences and reduced effectiveness of
long-term use (4). It is estimated that 20-30% of opioid-related
overdoses are actually intentional suicide attempts, as opposed
to accidents (5). It is not surprising that OUD-related suicide
risk is over six times the national average, as individuals with
OUD are struggling with disproportionate amounts of aversive
mood states (anhedonia, dysphoria, suicidal ideation, irritability,
anger, guilt, and shame) that are associated with heightened stress
and drug craving (5-10). Moreover, the longer the temporary
abstinence from drug use, the greater attention users devote
to bodily sensations signaling a homeostatic imbalance. The
process of attending to these sensations in an attempt to
restore homeostasis, also known as allostasis (11), contributes
to increased craving and withdrawal (9). Users actively attempt
to avoid withdrawal comprised of agonizing physiological states
(e.g., sweating, racing heartbeat, fever, nausea/vomiting, stomach
cramps, diarrhea, generalized pain, depression, and anxiety)
starting within hours of last use and lasting for days (12, 13).
Opioid consumption relieves symptoms of negative affect as
well as craving/urges in individuals with OUD (14), thereby
increasing the likelihood of future drug use in the presence
of negative affective and physical states, a process known as
negative reinforcement. In short, individuals with OUD consume
drugs to relieve emotional and/or physical pain. A Three-Stage
Model of Addiction based on substantial animal and human
studies highlights the importance of negative reinforcement, as
well as binging and anticipation processes, to the exacerbation
and maintenance of chronic substance use (1, 15). This model
can be applied to various substance use disorders and further
expanded to elucidate processes unfolding as a function of
prolonged abstinence from use. At this point in time, however,
we lack a comprehensive understanding of the underlying
physiological and neural mechanisms involved in allostasis and
negative reinforcement processes. As a result, we possess limited
interventions to promote recovery and abstinence, and are left
treating symptoms rather than underlying biological systems
contributing to OUD.

Successful ~ overdose-reversal and OUD  treatment
interventions are urgently needed to reduce mortality, increase
quality of life, and lessen economic burden to society and
healthcare systems. Modern neuroimaging technology advanced
our ability to measure and quantify structural abnormalities
and disrupted functionalities of brain circuitry. Neuroimaging
research can be particularly beneficial for identifying brain
circuitry and systems underlying allostasis and aversive states
within OUD, thus leading to identification of targets for
pharmacological and behavioral interventions to aid in addiction
recovery. The goals of the present review are to: (1) highlight

faulty brain circuitry and processes associated with OUD within
the context of a Three-Stage Model of Addiction (1, 15); (2)
discuss strengths and limitations of this imaging work with
respect to study design and when available, individual differences
such as opioid use chronicity/recency, comorbid symptoms,
and biological sex that may influence interpretation of findings;
and (3) translate gaps in the OUD literature into future
research directions to lead toward a neuroscience-informed
understanding of individual differences and potential points
for intervention.

FRAMING OUD RESEARCH WITHIN THE
NEUROCIRCUITRY OF ADDICTION

It is argued that three stages of motivational dysregulation
instantiate and maintain the chronic cycle or stages of
addiction: Binge/Intoxication, Negative Reinforcement, and
Preoccupation/Anticipation (1, 15, 16). Within this model, these
stages, which are likely not entirely separable from each other,
are linked to aberrant patterns of activity within/between brain
regions involved in reward processing [ventral striatum (VS)],
cognitive control [frontocingulate regions including inferior
frontal gyrus (IFG) and anterior cingulate cortex (ACC)],
aversive emotional states [amygdala (AMG)], and a sense of
the internal body state, known as interoception [insula (INS)].
Figure 1 illustrates psychological and neurobiological processes
associated with each stage.

Whereas the Binge/Intoxication stage lays the groundwork for
initial transition to addiction, the latter two stages act to drive
drug relapse. Binge/Intoxication reflects positive reinforcement
processes that begin with recreational drug use, wherein
rewarding consequences of drug use (e.g., euphoria, high),
accompanied by increased VS (nucleus accumbens, globus
pallidus) activity and dopamine release, increase the likelihood
of future drug consumption. This cycle eventually leads to
impulsive, intensified use that is difficult to control. Both animal
and human research demonstrate that Binge/Intoxication initially
weakens the brain’s response to natural rewards while increasing
drug tolerance by remapping striatal circuitry (consisting of
decreased VS activity paired with increased dorsal striatum
responses) to prioritize habitual drug rewards, a process termed
incentive sensitization (17-20).

The Negative Reinforcement stage is thought to strengthen
the likelihood of future drug use by reducing aversive mood,
stress, and withdrawal states exacerbated by lack of recent drug
administration. It is argued that a compulsive, habitual cycle
persists: heightened anxiety and stress are briefly reduced as
a result of drug use, but then build up over time, leading
to obsessions about future drug-taking until the drug is used
again (21). The extended AMG (comprised of AMG central
nucleus, bed nucleus of the stria terminalis, and posterior
nucleus accumbens shell) interacts with hypothalamic regions
involved in neurochemical stress reactions and is also linked to
aversive emotional reactions in humans (21). The stria terminalis,
in particular, is implicated in norepinephrine hyperactivity
associated with opioid withdrawal (22). Researchers theorize that
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FIGURE 1 | Key psychological and neurobiological processes reflected in the Three-Stage Model of Addiction (1, 15).

stress-related brain systems/circuitry are activated first during
the Binge/Intoxication stage to counteract excessive dopamine
release; over time, neurochemical stress signals are thought to
suppress dopaminergic responsivity to drug reward (23).

It is argued that the Preoccupation/Anticipation stage involves
obsessive thoughts about future drug-taking that are prioritized
over other goals, paired with weakened inhibitory control over
drug craving/urges (1). Substantial evidence implicates INS in
drug craving and aversive feeling states linked to withdrawal
and short-term abstinence (24-26). In addition, heightened
prefrontal cortex (PFC) and ACC activities evident within the
context of drug cue-elicited craving theoretically drive increased
preoccupation with and motivated actions toward drug-taking
(25). While drug cues are often associated with exaggerated INS,
ACC, and PFC responses (27), decision-making involving non-
drug stimuli reflects attenuation in these regions as a function of
addiction (28-30). With respect to recovery from drug addiction,
however, it is still unclear how brain mechanisms implicated
in Preoccupation/Anticipation and Negative Reinforcement stages
change as a function of detoxification, early abstinence (e.g., 1-
3 months sober), and prolonged abstinence (e.g., greater than 1
year sober), particularly within the same individuals over time,
and whether brain changes parallel reductions in wanting to

use drugs. As we review neuroimaging studies below, whenever
possible we couch findings within the context of participant
abstinence duration to develop predictions for what functions
might improve with sobriety.

Taken together, neuroimaging studies provide compelling
evidence that striatal, frontocingulate, AMG, and/or INS
structure, function, and/or connections are disrupted in OUD.
What do these disruptions mean with respect to specific
impairments in OUD? Research findings indicate that the
meaning of INS dysfunction depends on the particular location
that is affected. Anterior INS, connected to IFG and dorsal
striatum, is implicated in awareness of bodily feeling states
as well as the learning and implementation of goal-directed
actions that can be conceptually linked to cognitive control
processes, whereas ventral INS is more strongly connected to
AMG and VS and is thought to be involved in emotional salience
and affective feeling states. In contrast, middle and posterior
INS are connected with somatosensory regions (sensory and
parietal cortices) associated with the processing of bodily feeling
states, including pain signals (31, 32). Dorsolateral PFC is
thought to work with ACC to regulate goal-directed behavior,
wherein it is argued that dorsal ACC processes the value and
difficulty of behavior change via its connections with dorsolateral
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FIGURE 2 | Brain regions and processes that potentially map onto Negative Reinforcement and Anticipation/Preoccupation stages of the Three-Stage Model of

PFC as well as AMG, dorsal striatum, and primary motor
cortex (33). Within the context of stress, cognitive control
functions in frontocingulate and anterior INS regions are argued
to be hijacked by AMG connections. For example, although
the dorsolateral PFC is thought to play an active role in
pain suppression (34), within the context of aversive events,
heightened AMG signals activate neurochemical stress reactions
that serve to downregulate dorsolateral PFC in favor of salience-
driven habitual, impulsive responses instantiated via dorsal
striatum (35). Moreover, greater functional and structural links
between basolateral AMG and anterior INS are associated with
higher state and trait anxiety (36), instantiating aversive feeling
states accompanying stress.

Deficits in the brain circuitry outlined above are present
in conjunction with aberrant timing and allocation of neural
resources to drug and non-drug related stimuli, consistent
with the Three-Stage Model of Addiction. In the following
sections, specific neuroimaging tools related to magnetic
resonance imaging (MRI), functional near-infrared spectroscopy
(fNIRs), electroencephalography (EEG), event related potentials
(ERP), repetitive transcranial magnetic stimulation (rTMS)
and deep brain stimulation (DBS) are briefly explained and

cross-sectional and longitudinal OUD-relevant literature is
summarized for each technique. Figure2 illustrates brain
regions and processes of interest that are described in
more detail below. Next, Figures3 and 4 summarize brain
findings that appear to map onto Negative Reinforcement and
Anticipation/Preoccupation stages. To compile research articles
for this review, combinations of the following search terms
were entered in Google Scholar: “opioid,” “heroin,” “MRI,
“EEG, “rTMS; “fINIRs;,” “DBS,” “ERP “prescription opiate,
“methadone;” “naltrexone,” “therapy,” “abstinence,” “relapse;’
“resting state fMRI,” and “buprenorphine.”

Structural MRI (sMRiI)

With its high spatial resolution (typically in order of 1 mm?),
sMRI offers ways to differentiate different brain tissues, such
as gray and white matter, and to quantify gray and white
matter volume within various brain regions. Gray matter consists
of cell bodies, dendrites, unmyelinated axons, and synapses
that facilitate specialized information processing in cortical and
subcortical regions, whereas white matter consists of myelinated
axons that relay signals from one brain region to another.
Studies employing sMRI demonstrate that OUD is characterized
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FIGURE 3 | Magnetic resonance imaging (MRI) and electroencephalography
(EEG) results for opioid use disorder that may map onto the Negative
Reinforcement stage of the Three-Stage Model of Addiction (1, 15). AMG,
amygdala; VS, ventral striatum; DS, dorsal striatum.

by attenuated gray matter volume and white matter integrity
in/surrounding striatum, frontocingulate regions (including
IFG), AMG, and INS, with higher opioid use chronicity, use
recency, and depression symptoms linked to greater reductions
in specific regions (37-41). For instance, greater opioid use
chronicity is associated with lower frontocingulate and/or INS
cortical thickness in active as well as abstinent OUD users
(37, 42, 43) in addition to decreased VS gray matter volume
(44). Moreover, within individuals on opioid maintenance
treatment for OUD, lower VS volume is associated with higher
depression symptoms, whereas lower AMG volume is linked
to greater daily opioid dose (40). Gray matter reductions
within orbito-medial prefrontal cortex and bilateral globus
pallidus are also associated with increased cognitive impulsivity
among individuals on opioid maintenance treatment (45). With
respect to abstinence, higher compulsive behavior reported by
sober individuals with OUD is linked to lower white matter
surrounding VS and rostral ACC when compared to that of active
OUD users and healthy controls (44). In summary, brain regions
implicated in Binge/Intoxication (VS), Negative Reinforcement
(AMG), and Preoccupation/Anticipation stages (PFC, ACC, and
INS) show structural attenuations, ostensibly contributing to
various information processing impairments that may have
a stronger impact when users are attempting to resist using
opioids. For instance, VS attenuation may reflect the capacity for

heightened drug tolerance and reduced euphoric effects of drug
consumption. Additionally, PFC, ACC, and anterior INS volume
reductions could manifest in impairments in adaptive goal-
directed behavior, whereas diminished AMG structure might
manifest in dysregulated stress and salience signaling in the
presence/absence of drugs.

Functional MRI (fMRI)

fMRI offers good spatial resolution (typically in order of a few
mm?) to detect and measure temporal changes in blood flow,
volume, and blood oxygenation (e.g., blood oxygenation level
dependent, or BOLD contrast) while individuals are resting or
performing various tasks. Active neurons in the brain require
oxygenated blood to replenish energy; BOLD fMRI is affected by
the differences in magnetic susceptibility between deoxygenated
and oxygenated blood, and by local increases in blood flow
and volume, signaling brain regions that are more active during
one particular condition, stimulus, response, or timeframe vs.
another. Researchers often quantify brain changes by computing
the percent signal change between an active condition and a
baseline condition. It is argued that the characterization of
spontaneous (or intrinsic) brain signals during a resting state
(e.g., without any particular task involved) are just as worthy
of study as brain signals evoked by a particular stimulus and/or
response because these spontaneous measurements reflect degree
of energy consumption required to maintain default functioning
in the absence of particular task demands (46, 47). Most fMRI
research in OUD focuses on either drug-cue valuation processes
compared to neutral cues and/or natural rewards (food, sex,
social interactions, money), or decision-making in the absence of
emotional, reward, or drug-related cues. Only a few studies have
examined brain mechanisms involved in responses to negative
stimuli, limiting interpretability.

Resting-State fMRI

Studies of spontaneous fMRI often focus on coherence (or
connectivity) of signals across multiple spatially distinct cortical
and subcortical brain regions. OUD is associated with weak
frontocingulate functional connectivity with subcortical regions,
but strong functional connectivity within subcortical regions
such as striatum and AMG (48), findings consistent with
a reward-control imbalance in OUD [stronger reward-stress
connectivity paired with weaker cognitive control connectivity;
(49)]. Multiple fMRI studies report weakened INS connectivity to
IFG, striatum, and AMG, with those testing positive for opioids
or reporting greater opioid use chronicity exhibiting the greatest
dysfunction, findings in line with the Preoccupation/Anticipation
stage (41, 49, 50). Finally, research indicates that individuals with
OUD exhibit attenuated ACC activity and reduced connectivity
with PFC and striatal regions; moreover, lower ACC signal within
this context is linked to greater drug cue-induced craving (51, 52).

Task-Based fMRI: Cue Reactivity and Non-drug
Rewards

OUD is marked by frontocingulate and striatal hyperactivation
to drug cues, particularly within active users (up to a few hours
sober), with degree of response decreasing as a function of longer
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FIGURE 4 | Functional near-infrared spectroscopy (fNIRs), event related potential (ERP), and magnetic resonance imaging (MRI) results for opioid use disorder that
may map onto the Anticipation/Preoccupation stage of the Three-Stage Model of Addiction (1, 15). PFC, prefrontal cortex, including anterior cingulate cortex; EPN,
early positive negativity; SPW, slow positive wave; ERN, error related negativity; INS, insula; VS, ventral striatum; AMG, amygdala.

abstinence (i.e., 6-14 months as opposed to 1 month), findings
consistent with the Preoccupation/Anticipation stage of addiction
(53-62). Compared to non-substance using individuals, those
with OUD show frontal attenuation to pleasant non-drug stimuli
such as food, pornography, and interactive social situations
(54, 63), although this pattern may dissipate as a function of
abstinence [3 years; (54)]. With respect to reward sensitivity,
users with OUD exhibit difficulty distinguishing between non-
drug win and no-win outcomes in striatal brain regions (64);
moreover, individuals with OUD show INS, ACC, and IFG
attenuation during win/loss anticipation and feedback (65) in line
with the Preoccupation/Anticipation stage of addiction.

Task-Based fMRI: Cognitive Control

OUD is associated with frontocingulate hypoactivation
during tasks requiring sustained attention, working memory,
and/or cognitive/behavioral inhibition compatible with the
Anticipation/Preoccupation stage of addiction, with fMRI studies
reporting this pattern regardless of abstinence duration or
presence of opioid-replacement treatment (66-69). One study
demonstrates no difference in ACC activation between users
with OUD on opioid replacement therapy (buprenorphine or
methadone) and non-users during behavioral control. However,
users do not show a positive correlation between ACC activation

and behavioral performance as seen in non-users, indicating
a notable discrepancy between brain signaling and behavior
(70); these findings suggest that even when recruited, these
regions may not function as effectively for OUD. Some evidence
suggests that cognitive control functions involving IFG and ACC
may improve as a function of prolonged abstinence in OUD,
given that former opioid users abstinent for at least 6 months
perform similarly to healthy individuals and/or better than users
on opioid replacement therapy during cognitive control tasks.
However, the literature is far from conclusive and mixed results
may be due, in part, to variability in opiate use chronicity and
recency across studies (39).

Task-Based fMRI: Aversive Stimuli

On the whole, very limited research suggests that OUD is
characterized by blunted brain responses to negatively valenced
stimuli as well as punishing outcomes in the absence of drug cues.
Two fMRI studies report hypoactive AMG responses to negative
and positive as opposed to neutral stimuli in OUD individuals
who are abstinent 2-5 months (71) as well as current users with
OUD; it is important to note that these results are based on
samples with comorbid borderline personality disorder who are
also on opioid replacement therapy (72). Thus, findings may
not easily generalize to other OUD samples. These reports of
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blunted AMG signals are the opposite of what would be predicted
by the Negative Reinforcement stage, which suggests that AMG
responses should be intensified as a function of aversive cues.
In contrast, two fMRI studies demonstrate that drug cues
evoke AMG hyperactivation in individuals with OUD who are
expecting to consume opioids or have recently withdrawn from
opioids, potentially reflecting exaggerated salience associated
with drug cues and/or bodily signals that in the past have
signaled opioid withdrawal. More specifically, when active OUD
users are administered saline as opposed to opioids, they display
greater AMG activation than healthy individuals to fearful faces,
a pattern that is linked to elevated state anxiety (73). Similarly,
newly detoxified individuals with OUD exhibit hyperactive AMG
responses to drug as opposed to neutral films, a pattern correlated
with heightened craving (74). Furthermore, OUD patients on
methadone replacement exhibit greater INS and AMG activation
to opioid cues before as opposed to after ingestion of their
daily methadone dose (75). Drug cues in abstinent individuals
with OUD also appear to act as salient stimuli, linked to
heightened anxiety, other negative emotions, and physiological
blood pressure/heart rate increases (76). On the whole, these
findings are accordant with the Negative Reinforcement stage.

Non-imaging data indicate that active OUD is associated with
exaggerated self-reported arousal to negative non-drug images
(77), suggesting that additional brain-behavior research is needed
to determine whether patterns of AMG response to emotional
stimuli change as a function of abstinence. Greater negative affect
induced by film clips still increases drug craving in OUD users
without the presence of drug cues, congruent with the Negative
Reinforcement stage of addiction; furthermore, this relationship is
stronger for users with high as opposed to low anxiety sensitivity
(78). Moderation by anxiety sensitivity points to the importance
of measuring individual differences in users’ perceptions and
awareness of bodily sensations, as these may intensify stress
responses that hijack abstinence efforts.

Lastly, OUD is linked to difficulty differentiating punishing
vs. non-punishing feedback within striatum (64). Behavioral
studies indicate that individuals with active and/or former OUD
show difficulties avoiding punishment (79-81) and demonstrate
heightened risk-taking following punishment (82). This pattern
of impaired decision-making in the face of punishment may
be more relevant to the Preoccupation/Anticipation than the
Negative Reinforcement stage, as a meta-analysis implicates INS
in the implementation of punishment-related prediction errors
and ACC and PFC regions in reinforcement-based decision
making more generally (83).

Functional Near-Infrared Spectroscopy

(fNIRs)

The fNIRs technology employs near-infrared light attenuation
to quantify concentration of oxy- and deoxy-hemoglobin. fNIRs
can differentiate skin, skull, and cortical surface tissue, and
produce a BOLD contrast similar to fMRI, however without
the ability to measure whole brain responses. Studies using this
technology indicate that OUD patients recently detoxified from
opioids show: (1) greater right dorsolateral PFC activation to

opioid cues than individuals with OUD abstinent for at least
2 months (84); and (2) higher anhedonia symptoms paired
with lower rostral and/or ventrolateral PFC to appetitive food
and positive social interactions than healthy individuals (63).
These results point to greater attentional resources being devoted
to drug cues than other types of rewards, consistent with the
Preoccupation/Anticipation stage of addiction.

Electroencephalography (EEG)

EEG Time and Frequency Domains

EEG, the continuous recording of ongoing brain electrical
activity via scalp electrodes, possesses high temporal resolution
(order of milliseconds) (85). Resting state EEG recordings
measure the brain’s pseudo-periodic oscillatory activity due to
coherent activity from many neurons synchronized in time
and space. For EEG signal frequency analyses, a Fast Fourier
Transform (FFT) technique decomposes the EEG time series into
a frequency spectrum by voltage (a measure of signal magnitude,
or amplitude) matrix; this information can then be segmented
as a function of specific frequency “bands” that are associated
with various mental processes. Frequencies most studied in OUD
samples include those segmented within theta, alpha, beta, and
gamma bands. Theta band (4-7 Hz) activity is implicated in
cognitive control processes including working memory and error
monitoring (86-88). Decreases in alpha band (8-13 Hz) activity
are associated with increases in active information processing
involving attention (89), whereas beta band (13-30 Hz) decreases
signal an impending voluntary motor action (90). Finally, gamma
band (30-100 Hz) activity is theorized to reflect the comparison
of a stimulus with information held in memory to determine
a match or mismatch (91). EEG power (the square of the
EEG magnitude of the signal amplitude within a particular
band) is often calculated to compare between clinical groups or
conditions. In addition, EEG coherence metrics are calculated to
reflect how strongly oscillations between two or more measuring
electrodes reflecting and mapping into synchronized brain
regions activities within a particular frequency band.

Although EEG frequencies can be measured within the
context of a particular task, resting-state EEG studies
investigating frequency band differences as a function of
OUD are the norm. On the whole, this literature indicates
that EEG power and coherence are disrupted in chronic OUD
users compared to healthy individuals, although findings are
inconsistent as to directionality (which group is higher or lower)
as well as which frequency band, hemisphere, or specific brain
region is affected and whether these patterns normalize as a
function of abstinence or methadone maintenance (92, 93).
However, EEG frequency studies of OUD are atheoretical
with respect to how findings map onto stages of addiction or
cognitive/emotional functioning, and low spatial resolution of
most EEG recording montages limit spatial (brain) localization
of frequency signals within OUD samples.

The most consistent finding is that individuals with OUD
(whether actively using, maintained on methadone for at least
6 months, or in the early stages of abstinence) exhibit greater
beta power than healthy individuals [91-93). With respect to
longer abstinence duration, one study reports no difference in
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beta power between healthy controls and OUD users abstinent
1-6 months, whereas another study indicates that beta power
decreases as a function of longer OUD abstinence (94). As beta
power increases are thought to reflect decreased need for future
motor actions, these results suggest that active opioid users can
be characterized by reduced behavioral activation, at least during
intrinsic processing. Additional research probing beta power
changes during reward and stress states in opioid users may
contribute to our understanding of Binge/Intoxication, Negative
Reinforcement, and Preoccupation/Anticipation stages within the
context of OUD. Perhaps beta power changes as a function
of prolonged abstinence can track stages of recovery, although
longitudinal studies are warranted to test this hypothesis.

In contrast to beta band results, findings for the alpha band
are somewhat mixed, with: (1) active OUD users exhibiting
either higher (93) or lower (95) power than healthy comparison
subjects; (2) OUD users maintained on methadone for 6+
months displaying lower (96) or higher (93) power than non-
users; and (3) abstinent OUD users showing similar levels of
power as healthy individuals (97) or increasing alpha power as a
function of sobriety duration (94). For theta band activity, active
OUD users either exhibit lower (95) or higher (93) power than
healthy individuals. However, OUD users abstinent 1-6 months
display similar theta power as control subjects (97), findings
suggestive of a state-like change in theta power as a function
of current drug use. Time frequency analysis of short duration
EEG frequency band distribution (as opposed to averaging
frequency bands across the entire length of EEG recording)
indicate that active OUD users exhibit higher occurrence of
alpha and beta rhythms but lower occurrence of theta rhythms
than comparison subjects; moreover, OUD users show greater
occurrence of these rhythms in the right than the left hemisphere
(98); these findings could be consistent with fMRI data
suggesting weakened right frontal processing in OUD that could
reflect inhibitory impairments associated with faulty IFG/ACC
signaling, consistent with the Preoccupation/Anticipation stage
of addiction.

With regard to EEG coherence within and across regions of
the brain, active OUD exhibit local hyperconnectivity in alpha
and beta frequency bands, a pattern that does not change as a
function of early (2-week) abstinence. However, remote alpha
and beta hypoconnectivity evident in active OUD users does
appear to normalize during the early stages of sobriety (99, 100).
Finally, gamma band findings indicate that active OUD as well as
OUD on prolonged methadone treatment display greater gamma
power than healthy individuals (50), and OUD abstinent at least
2 weeks exhibit greater fronto-occipital gamma band coherence
within the left hemisphere than CTL, although the significance of
this greater coherence is not well-understood (101).

EEG Event Related Potentials (ERPs)

ERPs are averaged periods of EEG recordings interpreted within
the time domain that are elicited by a particular stimulus or
a response. ERPs allow researchers to understand the onset
and/or duration of perceptual, attentive, and other cognitive
and emotional processes (85). Unlike fMRI studies suggesting
that faulty cognitive control circuitry may normalize as a

function of OUD abstinence, ERP studies provide mixed results,
suggesting that this may not be the case (95, 102-110), although
greater opioid use chronicity does appear to be associated with
greater frontocingulate reductions (103). Temporal resolution
differences between ERPs (milliseconds) and fMRI (seconds)
suggest that aspects of early stimulus evaluation (measured by
multiple ERP amplitude/latency components) are still disrupted
in OUD at various stages of abstinence accordant with the
Preoccupation/Anticipation stage of addiction.

ERP components

Details regarding timing and proposed function of various ERP
components, including early posterior negativity (EPN), N200,
P300, slow positive wave (SPW) and error related negativity
(ERN), are provided below within the context of various
paradigms, including cognitive control, cue reactivity, working
memory, attention and emotion tasks.

EPN

The EPN is a positive ERP deflection occurring 200 ms post-
stimulus, thought to reflect and associate with early perceptual
processing in temporal/occipital brain regions (111). During an
emotional Stroop task involving positive, negative, neutral, and
opioid images, OUD users abstinent an average of 9 months
show larger EPN amplitude to opioid images than healthy
participants in the absence of behavioral differences between
groups (109). These results indicate that even with prolonged
sobriety, perception of drug cues is prioritized.

N200

N200 is a negative ERP deflection occurring 200-350 ms after
a stimulus, thought to reflect and associate with conflict
monitoring processes (112, 113). During a go/nogo task,
individuals with OUD (abstinent for 4 months) show larger
frontocentral N200 amplitudes to go (action) trials than healthy
controls, but groups do not differ on N200 amplitudes to nogo
(inhibition) trials (110); findings imply that neural resources
are overly devoted to action tendencies, perhaps related to
impulsivity. In contrast, however, former OUD and cocaine users
display no N200 differences from non-users during response
inhibition tasks involving neutral and emotional stimuli (114).
OUD users abstinent at least 1 month show greater N200
amplitude to opioid images during a dot probe task than controls
(115), in contrast, OUD users abstinent 8-24 months exhibit
smaller N200 to opioid images than healthy subjects (108). These
results suggest that addicted individuals experience inhibitory
difficulties in the presence of drug cues as represented by the
Preoccupation/Anticipation stage of addiction that may change as
a function of prolonged recovery.

P300

P300 is a positive ERP deflection occurring 300-600 ms after
a stimulus thought to reflect and associate with attention
allocation, motivational salience, and/or updating of short-
term memory, depending on the paradigm used (85). Among
current OUD, findings point to exaggerated salience of opioid
cues at the expense of other stimuli, accordant with the
Preoccupation/Anticipation stage of addiction. Chronic users
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with OUD display smaller P300 amplitude and longer P300
latency than healthy individuals during digit span and auditory
oddball tasks, but larger P300 amplitude to opioid images
during a cue reactivity task (95). P300 responsivity has also
been examined among substance users with varying lengths of
remission. For example, substance users in residential treatment
with a history of addiction (cocaine use disorder with/without
alcohol use disorder and OUD) exhibit lower P300 amplitude
across the entire cortex than healthy individuals to targets during
a visual continuous performance test; furthermore, across the
three user groups, shorter abstinence is associated with smaller
P300 amplitude (102). Similarly, individuals with OUD who are
recently detoxified or on opioid replacement therapy exhibit
greater P300 amplitude to opioid images than positive, negative,
or neutral images, with larger opioid-related P300 amplitude
linked to greater self-reported craving; however, OUD subjects
do not differ in P300 amplitude from healthy individuals across
conditions (116). Moreover, OUD users abstinent for at least
6 months show smaller P300 amplitudes during a working
memory task than healthy individuals and current OUD users in
frontal regions (105, 106). However, OUD users, their first-degree
relatives, and healthy controls do not differ in P300 amplitude to
auditory oddball targets (107). Overall, findings among recently
abstinent and treatment-seeking individuals are inconsistent as
to whether neural resources devoted to attention/salience of
non-drug cues improve as a function of abstinence.

SPW

The SPW is a positive frontal ERP deflection that onsets at
least 600 ms post-stimulus and lasts for several 100 ms, reflecting
and associated with sensitivity to emotional valence as well as
motivational salience (117, 118). OUD users abstinent for a
minimum of 2 weeks show greater SPW amplitude to opioid than
neutral images, whereas healthy individuals show no difference
between opioid and neutral pictures; moreover, within users,
greater central SPW amplitudes are associated with heightened
arousal to opioid cues (101). These results are in line with
SPN and P300 findings for opioid cues, indicating heightened
resources devoted to drug cues in active or early-abstinent users
with OUD.

ERN

The ERN is a negative ERP deflection occurring approximately
50 ms after an individual makes an error; the ERN is localized
to anterior cingulate cortex and thought to reflect and associate
with error monitoring processes (119). During an Eriksen flanker
task, individuals with OUD exhibit faster reaction time to correct
and incorrect trials than healthy controls, paired with smaller
ERN amplitudes and faster latencies in frontocentral regions,
suggestive of impairments related to impulsivity (103).

Repetitive Transcranial Magnetic

Stimulation (rTMS)

rTMS utilizes a handheld coil placed against the scalp,
transmitting transient electric current to produce a changing
magnetic field. This magnetic field can painlessly penetrate the
skull and deliver a magnetic pulse to stimulate nerve cells in

the brain. The TMS coil can be positioned to selectively target
a region of the brain and excite or inhibit cortical neurons.
r'TMS studies are more common among other substance use
disorders including alcohol, nicotine, and stimulants. However,
one study employed rTMS within a sample of 20 men with OUD.
This randomized, sham-controlled crossover study demonstrated
that active but not sham 10Hz rTMS over left dorsolateral
PFC reduced craving induced by viewing videos of opioid use.
Continued rTMS treatment for an additional 4 days further
reduced cue-induced craving (120). These results are consistent
with the Preoccupation/Anticipation stage of addiction wherein
overactivation of frontal regions in response to cue-elicited
craving drives preoccupation with drug-taking, suggesting that
targeted rTMS stimulation of frontal regions may be a potential
avenue for recovery in OUD.

Deep Brain Stimulation (DBS)

In contrast to non-invasive rTMS, DBS is a invasive
neuromodulation procedure administered via electrodes
surgically implanted in subcortical brain areas. High frequency
electrical stimulation is delivered to inhibit neural activity
in targeted regions of the brain (121). DBS is used to treat
movement disorders such as Parkinson’s disease, and double-
blind control trials show promise for its use in the treatment
of refractory depression and obsessive compulsive disorder
(122). Recently, DBS has been explored as an experimental
treatment for patients with refractory substance use disorders,
including OUD.

Among patients with OUD, DBS has been used to modulate
activity in reward-network regions such as nucleus accumbens.
Thus far, findings suggest that DBS is associated with partial
to full remission and few side effects. For instance, within
a small sample of chronic, treatment-resistant opioid users,
DBS of the anterior limb of the internal capsule and nucleus
accumbens resulted in prolonged sobriety greater than 2 years
paired with reduced drug craving (123). Positron emission
tomography scans also revealed increased glucose metabolism
within bilateral IFG from pre- to post-DBS within these patients.
Similarly, a case report demonstrated that an individual with
a 5-year opioid use history underwent rapid detoxification and
received DBS to bilateral nucleus accumbens for over 2 years.
He subsequently maintained complete abstinence for the 6-
year follow-up period after the electrode implantation surgery
(121). Similarly, nucleus accumbens DBS in two chronic OUD
patients resulted in decreased depression and anxiety paired
with prolonged abstinence from opioids (124). However, an
alternative case report of nucleus accumbens DBS stimulation in
a man with 17 years of opioid use was unsuccessful in alleviating
cravings 2 months post-DBS initiation. He relapsed eight times
within the following 2 months and eventually overdosed within 5
months of DBS onset (122).

Abstinence following DBS treatment targeting reward-
network regions is consistent with the Binge/Intoxication
stage of addiction. DBS may reduce the reward response to
drug use thereby interrupting the cycle that typically results
in increased dopamine release and future drug use. While
initial binge/intoxication may lead to incentive sensitization by
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weakening the brain’s response to natural rewards in favor of
drug rewards, use of DBS may interrupt the reward response,
thereby reversing this process and allowing the brain to return
to its initial preference for natural rewards (123, 125).

Longitudinal Studies of Relapse and

Treatment Outcome

Extant longitudinal neuroimaging studies of OUD combine
imaging data with treatment to examine changes with treatment
or baseline neural predictors of response. This research primarily
concentrates on brain responses to drug cues, which within
the context of abstinent individuals can be construed as
appetitive and/or aversive. ERP results indicate that larger P300
amplitudes to opioid than pleasant images predicts greater opioid
use frequency 6 months later (126), whereas lower frontal
P300 amplitudes to non-drug distractors (127) and smaller
ERN amplitudes during cognitive control (128) predict future
treatment discontinuation. These findings point to executive
function deficits within the Preoccupation/Anticipation stage
that discount goals other than drug-seeking. Studies of fMRI
prediction show that greater VS response (paired with higher
self-reported craving) to opioid cues predicts relapse within 3
months (129), whereas higher medial PFC activation to opioid
cues at baseline predicts more successful naloxone adherence (93)
Additionally, functional connectivity fMRI studies demonstrate
that although higher resting-state connectivity between ACC
and medial PFC predicts relapse within 3 months (130),
greater functional connectivity between INS, striatum, and ACC
during a go/nogo task predicts successful 12-week substance
use treatment (131). On the whole, these findings indicate that
heightened salience of drug cues (particularly in striatal and
frontal regions) forecasts difficulty maintaining sobriety, data
congruent with the Preoccupation/Anticipation stage. Divergent
task conditions across studies (cognitive control, resting-state,
cue reactivity) may account for inconsistent findings; it would
be helpful for future research to assess patterns of brain
function across multiple paradigms to determine whether
exaggerated or attenuated regions reflect global or context-
dependent predictions.

Neuroimaging studies of OUD recorded at multiple
timepoints demonstrate that naltrexone treatment: (1)
decreases AMG and dorsal striatum signals while increasing
medial PFC responses to opioid cues (132); (2) reduces VS
and orbitofrontal responses to opioid cues as well as self-
and clinician-reported withdrawal symptoms (133); and
(3) increases VS activation to natural rewards (pictures of
cute infants) (134). In contrast, a recent study shows that
methadone maintenance treatment (>3 months) does not
change frontocingulate mechanisms implicated in cognitive
control during go/nogo task performance (135). These results
convey that naltrexone shows promise in reducing appetitive
(and perhaps aversive) salience of drug-related stimuli related to
Preoccupation/Anticipation and Negative Reinforcement stages
of addiction. Additional studies are warranted to replicate and
extend these findings beyond naltrexone to buprenorphine and
various therapy interventions. With respect to sMRI findings,

OUD users completing 4 weeks of mindfulness-based treatment
display improved striatum-INS and frontocingulate structural
network strength than OUD users who received treatment as
usual (136).

Limitations and Gaps in Knowledge

Several gaps in the neuroimaging literature preclude
development of accurate targets to identify and track treatment
in OUD. First, inconsistent results are reported cross-sectionally
for individuals with former OUD at various stages of recovery
(from weeks to months) who also show wide variability in opioid
use chronicity. Although testing interactions between drug
use recency and chronicity may clarify inconsistent findings,
this analysis has rarely been attempted (39). Longitudinal
within-subjects designs provide increased statistical power to
detect dynamic brain signal changes as a function of prolonged
abstinence within each individual; however, few longitudinal
neuroimaging studies tracking both brain and behavior change
within OUD individuals exist, particularly accounting for both
opioid use chronicity and recency. In addition, longitudinal
designs can track changes in psychological symptoms related
to negative mood states (e.g., depression and anxiety) that in
conjunction with brain changes may distinguish OUD who
relapse vs. those who are able to remain abstinent. Second,
small sample sizes limit statistical power to detect potentially
meaningful differences as a function of OUD status, and the
majority of OUD studies are comprised of male participants
[e.g., (50, 55, 57, 72, 74, 95, 101, 103, 107-109, 126)], limiting
generalizability. Although more men use opioids than women,
heroin use is increasing at a faster rate and prescription opioid
use is decreasing at a slower rate among women than men,
contributing significantly to the OUD crisis (137). In addition,
research suggests that stress predicts opioid use in women
but not men, pointing to the idea that Negative Reinforcement
processes may be more crucial to target in women’s recovery
programs (138). Third, only a few OUD studies integrate
neuroimaging methods with high temporal (EEG, ERPs) and
spatial (sMRI, fMRI) resolution, limiting conclusions that can
be drawn regarding precisely when and where brain processes
change with abstinence. Longitudinal multimodal (EEG/ERP
paired with sMRI, fMRI, and/or f{NIRs) neuroimaging studies of
OUD recovery are warranted to map temporal and spatial brain
changes as a function of early vs. late stages of opiate abstinence
and treatment outcome, while mapping changes in individual
differences in psychological symptoms [e.g., depression and
anxiety; (12, 13)] and co-use of other substances (e.g., alcohol,
nicotine) (139). Lastly, despite the fact that processing during
the Negative Reinforcement stage of addiction is theorized
to drive users to relapse (140), few neuroimaging studies of
OUD have evaluated how aversive or stressful stimuli, alone
or in conjunction with opioid cues, transform brain circuitry
to hijack intended abstinence efforts and drive relentless
capitulation to drug use despite increasingly dire consequences.
The following sections highlight two promising avenues of
research that can evaluate aversive sensitization in individuals
with OUD.
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Operant Conditioning and Interoception

Interoception, the perception and awareness of bodily signals,
is thought to be dysregulated as a function of addiction,
contributing to drug craving and urges (26, 141-144), but
only two studies have examined interoceptive processing
in OUD, demonstrating impaired interoceptive awareness as
measured by heartbeat tracking accuracy (145), and greater
stress-related physiological arousal and craving in response
to paired pain-opioid stimuli as a function of pain-driven
opioid misuse (146). However, no neuroimaging studies
have probed the integrity of brain circuitry implicated in
aversive interoceptive processing in OUD. Work by our
research team demonstrates that, within the context of an
aversive interoceptive manipulation (inspiratory breathing load),
stimulant use disorder is characterized by exaggerated trait
anxiety paired with attenuated striatum, INS, IFG, and ACC
responses during decision-making (147-149). These findings
point to increased arousal mismatched with blunted processing
of bodily signals in the absence of drug-related stimuli, a
pattern that could translate into impaired awareness of or
attention to negative consequences during real-world decision-
making consistent with the Preoccupation/Anticipation and
Negative Reinforcement stages of addiction. Future studies could
attempt to replicate this brain-based pattern of blunted aversive
interoceptive processing in OUD and then extend this work by
pairing aversive interoception with the presence vs. absence of
drug cues to test the role of opioids in aversive sensitization.

Classical Conditioning and Extinction

Fear conditioning is a process where individuals learn which
cues are associated with aversive outcomes (shocks, sounds,
odors). With repetitive cue-outcome pairings, the cue alone
can trigger the same response as the aversive outcome
(conditioned fear). A recent meta-analysis demonstrates that
fear-conditioned cues consistently elicit greater INS, striatum,
and frontocingulate responses than unconditioned cues (150).
Heightened AMG signaling for fear-conditioned cues is present
across several studies, but may vary across tasks as a function
of stimulus duration, predictability, and presentation modality
[e.g., (151-156)]. Exaggerated physiological arousal during fear
conditioning is specifically associated with AMG-INS signaling
and connectivity (157, 158). Fear extinction, in contrast to
conditioning, is the process wherein individuals learn to
dissociate cues from their previously paired aversive outcomes,
involving INS and ACC across studies (159) as well as
AMG, particularly within early extinction (153, 160, 161). No
studies have examined whether brain mechanisms of classical
conditioning and extinction are intact in OUD within the
context of aversive stimuli, but given behavioral impairments
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