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Abstract

Background: Emerging evidence suggests that opioid receptor antagonists, such as naltrexone, 

are effective pharmacotherapies for alcohol, opioid, and possibly stimulant use disorders. It is 

posited that naltrexone exerts its effects, in part, by increasing functional connectivity between 

neural reward circuitry and frontal systems implicated in executive function. Yet no studies had 

examined whether executive function moderates these effects.

Objectives: This study examined whether a composite measure of executive function (EF) 

moderates the effect of naltrexone on craving for methamphetamine and subjective responses 

following infusion of the drug.

Methods: Individuals with methamphetamine use disorder (N=30; 27% Female) completed 

baseline neurocognitive assessments of premorbid and executive function, and an executive 

function factor was computed. Participants then underwent a randomized, double-blind, cross-over 

study of titration with naltrexone and placebo. Participants then received a 30-mg intravenous 

methamphetamine infusion and completed subjective response questionnaires at 8 times in the 120 

minutes post-infusion.

Results: Multilevel mixed models indicated a significant EF × medication interaction, reflecting 

greater effects of naltrexone to decrease “desire to access the drug”, “want more of the drug”, 

“crave the drug”, “feel drug effects” and “feel high” in participants with low EF compared to those 

with high EF (Bs = .36–1.29, SEs = .14–.17, ps<0.01). These effects remained significant after 
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controlling for premorbid cognitive functioning, baseline responses to methamphetamine, severity 

of methamphetamine use, and methamphetamine-related functional problems.

Conclusion: Naltrexone may be especially effective in methamphetamine-dependent individuals 

with low EF. Neuropsychological assessments may also provide predictive clinical utility not 

captured by traditional measures of substance use severity.
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Introduction

Methamphetamine use disorder remains a persistent problem in the United States, with 

approximately 1 million individuals over the age of 12 meeting criteria for this diagnosis in 

2017 (1). Methamphetamine trafficking and abuse have also increased exponentially in East 

and Southeast Asia in recent years (2). In the context of these trends, and lack of an FDA-

approved medication for methamphetamine use disorder, an effective methamphetamine 

addiction treatment is critically needed.

One promising medication for methamphetamine use disorder is naltrexone, a competitive 

mu-opioid receptor antagonist that has demonstrated success in moderating responses to 

substances of abuse and in treating alcohol and opioid use disorders in clinical trials (3–5). It 

is posited that naltrexone reduces GABAergic inhibition of midbrain dopaminergic neurons, 

thereby attenuating subjective stimulatory effects of, and craving for, substances that act 

upon striatolimbic circuitry (6). As cue-induced craving and subjective effects of drugs of 

abuse are predictive of relapse across drug classes (7, 8), laboratory studies have 

correspondingly utilized controlled administration paradigms to examine effects of 

medications on craving and subjective response to methamphetamine. In studies of non-

treatment-seeking research participants, naltrexone reduced cue-induced craving for 

methamphetamine, and subjective effects of methamphetamine and dexamphetamine in 

standardized administration paradigms among adults with methamphetamine use disorder 

(9–11). The few clinical trials that have been conducted with individuals with 

methamphetamine use disorder, however, have produced mixed results; in one placebo-

controlled study, extended-release naltrexone significantly reduced methamphetamine use 

over 3 weeks post-injection (6); another trial found no difference between the effects of 

extended-release naltrexone and placebo on methamphetamine use over 12 weeks (12).

In light of these discrepancies, there are growing efforts to identify those individuals who 

would benefit most from naltrexone treatment, thereby optimizing treatment response and 

improving treatment pipeline efficiency (13–15). Additionally, investigation in identifying 

responders to treatments may be informative; for instance, in a study of bupropion for 

methamphetamine use, responders were individuals who were more adherent and used 

methamphetamine less than once per day at baseline (16). For naltrexone, a meta-analysis 

examining pharmacogenetic effects of naltrexone and OPRM1 genotype for alcohol use 

disorder treatment, found that carriers of the G allele of the A118G polymorphism of 

OPRM1 may exhibit better recovery outcomes when treated with naltrexone compared to 
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noncarriers (17). A more recent meta-analysis, however, found wide confidence intervals 

and significant variability in these pharmacogenetic effects across studies (18). Elucidation 

of other factors in these personalized medicine efforts is warranted, despite the lack of FDA 

approval for naltrexone as a treatment for methamphetamine use disorder.

One such factor may be executive function, a multidimensional construct that incorporates 

complex higher-level reasoning, response-inhibition, and cognitive flexibility, which 

collectively allow for planning, initiating, and monitoring complex goal-directed behaviors 

(19). While such diverse functions are correlated with activity in multiple brain circuits, 

frontal and prefrontal areas are most commonly found to underlie performance in executive 

function tasks (20). For populations with either alcohol use disorder or methamphetamine 

use disorder, naltrexone has been shown to increase functional connectivity between 

striatum and frontal/prefrontal areas during presentation of drug cues (21–23). Frontostriatal 

connectivity during reward anticipation among alcohol-dependent individuals is negatively 

associated with alcohol craving (24). The capacity for response-inhibition correlates 

negatively with amphetamine-induced euphoria and stimulation (25). Beyond this link 

between a measure of executive function and response to a stimulant, it is notable that gray 

matter integrity in a prefrontal region, specifically the right inferior frontal gyrus is related 

both to capacity for response inhibition and to spontaneous methamphetamine craving, 

which are negatively correlated with one another (26). Given these associations, it is possible 

that effects of naltrexone on subjective responses and craving induced by methamphetamine 

may be related to or involve executive function. Yet no human studies have tested whether 

behavioral assessments of executive function predict or moderate the effects of naltrexone on 

laboratory subjective response/craving paradigms.

Neurocognitive batteries may be useful in such an inquiry; the Delis-Kaplan Executive 

Function System (DKEFS; (27) measures multiple aspects of executive function, exhibits 

high external validity (28), has been co-normed on a large, representative national sample 

(29, 30), and is used in both research and clinical settings for myriad psychological and 

medical disorders (31–33). Regarding its clinical specificity, impaired DKEFS scores have 

been shown to be associated with damage within a distributed network of lateral prefrontal 

and parietal cortices and white-matter association tracts in individuals with traumatic brain 

injuries (34). DKEFS test performance has also been used to differentiate individuals with 

frontal and temporal lobe epilepsy (35). Among methamphetamine users, DKEFS and 

neurocognitive batteries have been used to examine potential neuropsychological effects of 

methamphetamine use. One meta-analysis identified neurocognitive deficits in 

methamphetamine users relative to controls, with the largest weaknesses in learning, 

executive function, memory, and processing speed (36). Overall, while there is a likely a 

need for better matched healthy controls for comparison (37), other meta-analyses of these 

assessments have provided evidence that premorbid weaknesses in cognition, such as 

impulsivity, are a risk factor for subsequent methamphetamine use. Further, chronic 

methamphetamine use is associated with neurocognitive impairment across multiple 

domains in animals and in humans, including executive function, attention, processing 

speed, verbal learning and memory, and social cognition (30, 38, 39).
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While neuroimaging studies have increasingly studied the effects of naltrexone on 

connectivity and response to substance cues, there is a relatively sparse literature on the 

effects of naltrexone on general cognition, particularly in humans. In rats and mice, 

naltrexone has been shown to improve working memory performance (40), reverse age-

associated set-shifting deficits (41), as well as mixed results in reversing deficits in working 

memory induced by microwave exposure (42, 43). Naltrexone also demonstrates mixed 

results in improving inhibitory control in delay discounting and gambling tasks in animals 

(42, 44). In humans, abstinent heroin users treated with naltrexone demonstrated similar 

performance to healthy controls in tests of cognitive flexibility, verbal memory, and visual 

perception (45). In clinical samples of individuals with schizophrenia or at risk for 

Alzheimer’s disease, as well as among a sample of overweight men, naltrexone had no effect 

on cognitive functioning in any assessed domain (46–48).

Within the context of this literature, this study examined whether an index of executive 

function moderates the effects of naltrexone on methamphetamine-induced subjective 

response/craving in a non-treatment-seeking sample of methamphetamine users. This 

assessment tapped several dimensions of executive functioning, including inhibition, 

planning, and set-switching. In this secondary analysis of a naltrexone experimental study 

(9), we hypothesized that naltrexone would attenuate methamphetamine-induced stimulation 

and craving to a greater extent in individuals with high executive function as compared with 

their counterparts with low executive function. Consistent with a review identifying that 

executive function deficits are associated with addiction treatment failure, we anticipated 

that naltrexone might not reduce drug-induced effects for individuals with potentially greater 

dysregulated frontostriatal circuitry.

Material and Methods

Participants

All study procedures were approved by the local medical institutional review board. 

Participants in this study were non-treatment-seeking methamphetamine users recruited 

through online and print advertisements in the greater Los Angeles area. As indicated in the 

parent study (9), inclusion criteria were: (a) meeting current DSM-IV diagnostic criteria for 

methamphetamine abuse or dependence; (b) fluency in English; (c) age between 18 and 50 

years; (d) methamphetamine use verified by urine toxicology at a screening visit; (e) 

agreement to abstain from methamphetamine use during the study, indicated by 

methamphetamine-negative urine at the start of each inpatient admission and every morning 

during their stay. Exclusion criteria were: (a) current desire for treatment for 

methamphetamine use; (b) meeting DSM-IV diagnostic criteria for current (past 12 months) 

dependence on a drug other than methamphetamine or nicotine, lifetime diagnosis of 

schizophrenia, bipolar disorder, or any psychotic disorder, or current major depressive 

disorder with suicidal ideation; (c) current use of psychoactive drugs other than marijuana, 

nicotine, or methamphetamine, bioverified through urine toxicology; (d) having significant 

medical problems (i.e. failing physical examination, abnormal blood chemistry panel and/or 

liver profile, cardiovascular abnormalities in electrocardiogram or vital signs (HR<50 or 

>90, SBP<105 or >140, DBP<45 or >90); (e) current use of medications that could interact 
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adversely with naltrexone; (f) testing positive for pregnancy, currently nursing, or refusing to 

use reliable methods of birth control; (g) reporting the intranasal route as the sole method of 

methamphetamine self-administration.

A total of 126 individuals (74% male) were eligible after the phone screening interview and 

completed an in-person screening visit. Of these, 46 individuals attended and completed the 

subsequent medical screening visit with the study physician. Reasons for attrition from 

initial laboratory screening to medical screening include (a) participant dropout (n=32), (b) 

methamphetamine-negative urine at initial laboratory screening (n=18), (c) positive urine for 

exclusionary substances at initial laboratory screening (n=7), and (d) not meeting diagnostic 

criteria for methamphetamine abuse/dependence, or meeting criteria for other exclusionary 

psychological disorders (n=14). Of the 46 participants after medical screening, 32 completed 

at least one experimental session. Thirty participants completed both sessions (placebo and 

naltrexone) and were included in the current study’s analyses.

Screening and Neurocognitive Testing Procedures

Interested individuals completed an initial telephone interview, and those eligible after the 

interview came into the laboratory for an in-person eligibility visit. During this visit, they 

completed informed consent procedures, a Breathalyzer test for breath alcohol 

concentration, provided a urine sample for methamphetamine bioverification, and underwent 

a structured clinical interview for the DSM-IV (49) to assess methamphetamine abuse/

dependence, and to determine age of first methamphetamine use and regular use, and other 

exclusionary diagnoses. Individuals also completed questionnaires assessing demographics, 

psychological functioning, and medical and psychiatric history. Those eligible after this 

initial screening visit returned to the laboratory 4–7 days later to complete a physical exam 

with the study physician. To reduce potential methamphetamine effects on neurocognitive 

performance, individuals were required to remain methamphetamine-abstinent during this 4–

7 day period, bioverified with urine toxicology. After the physical exam, participants 

completed a neuropsychological battery lasting approximately 2 hours and including the 

following: assessments for premorbid functioning (Test of Premorbid Functioning; 50) and 

selected tests of executive function (DKEFS – Trail Making Test, Color-Word Inhibition, 

and Tower tests; 27) administered by master’s-level clinicians who were supervised by a 

licensed psychologist. The Trail Making and Color-Word Inhibition-Switching Tests 

assessed mental set switching, Color-Word Inhibition assessed inhibition of automatic 

responses, and Tower Test assessed planning and inhibition of impulsive and perseverative 

responding. A study procedures flowchart is provided in Figure 1.

Medication Titration and Inpatient Procedures

Inpatient procedures followed a double-blind, randomized, counterbalanced crossover 

design (9). Participants eligible after the medical screening were then admitted to the UCLA 

Clinical and Translational Research Center (CTRC) inpatient unit. They received the first 

dose of their randomized study medication (either naltrexone or placebo), and took this 

assigned medication for 4 days under staff supervision. The naltrexone dosages were titrated 

to minimize adverse events, such that participants received 25 mg on day 1, and 50 mg on 

days 2–4; this 4-day titration period has previously been used to examine effects of 
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naltrexone in experimental studies (21, 51). The first experimental session on medication 

day 4 included an intravenous methamphetamine administration paradigm that occurred 2 

hours after their final study medication dose. On day 5, participants were discharged from 

the unit. After a 7–14-day washout period, participants were re-admitted to the inpatient unit 

to complete these study procedures for the second study medication (naltrexone or placebo). 

After participants completed the experimental paradigm on day 4 and prior to final 

discharge, master’s-level clinicians under the supervision of a licensed psychologist 

conducted a motivational interview to promote reduction in methamphetamine use and 

treatment seeking. Participants were compensated $50 for completing each of the screening 

visits, $40 for each inpatient day ($400 total) and $50 for each of the two experimental 

sessions. Participants who attended all study sessions also received a $100 bonus.

Methamphetamine Administration

On day 4 of medication titration, participants completed an intravenous methamphetamine 

paradigm. They received two 15-mg intravenous methamphetamine infusions; each lasting 2 

minutes and separated by 30 minutes, for a total dose of 30 mg methamphetamine. This 

procedure and dosages were selected from previous pharmacology studies demonstrating 

safety and efficacy in inducing subjective effects (52, 53). Participants were continuously 

monitored by CTRC nursing staff and the study physician throughout the paradigm, 

including cardiac telemetry, serial EKG, and vital signs. Subjective responses to, and craving 

for, methamphetamine were assessed before methamphetamine administration (baseline) 

and at 5, 10, 15, 20, 30, 60, 90, and 120 minutes after the second 15-mg methamphetamine 

infusion. Subjective responses and craving were measured using the Drug Effects 

Questionnaire (DEQ; 54), which queries the extent to which participants experience 

substance effect(s), like/dislike the effects, and want more of the substance, using a Likert 

scale from 0 (none at all) to 10 (a lot).

Analytic Plan

DKEFS Trail Making Test, Color-Word Inhibition, and Tower test scores were calculated as 

scaled scores using age-corrected norms (27). To capture the shared variance between the 

multiple EF tests, a principal components analysis with varimax rotation was conducted on 

the initial screening visit sample data for the following: Color-Word Inhibition, Color-Word 

Inhibition-Switching, Trail Making Test Switching, and Tower Test age-corrected scaled 

scores; there is evidence that factor analysis with DKEFS tests that exclude verbal fluency 

produce a 1- or 2-factor solution (29).

Consistent with previous studies (55, 56) and to reduce the number of covariates to be 

examined in primary analyses, a principal components analysis with varimax rotation was 

conducted on the initial screening visit sample data including methamphetamine-related 

variables of interest: (a) DSM-IV methamphetamine abuse/dependence symptom count (55); 

(b) Methamphetamine Urge Questionnaire (MAUQ) total score (9); (c) Methamphetamine 

Withdrawal Questionnaire (MAWQ) total score (57); (d) number of years of regular 

methamphetamine use; (e) age of first methamphetamine use; and (f) methamphetamine use 

days in the past 30 days via the Timeline Follow-Back days (55, 58).
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Multilevel mixed modeling analyses in SAS version 9.4 were used to examine whether 

executive function moderated naltrexone effects on methamphetamine-induced subjective 

response and craving. Linear mixed models with random intercepts were conducted, with 

medication (naltrexone and placebo) and time (throughout the 120 minutes) as within-

subject factors, EF factor (DKEFS factor score) as a between-subject factor, and their 

interactions. The outcome variables were separate DEQ items, including items related to 

subjective drug effects (i.e. “Feel drug effects”; “Feel high”; “Like effects”; “Feel 

stimulated”;) and items related to craving (i.e. “Would like more drug”; “Crave more drug”; 

and “Want to access drug”). As baseline subjective responses prior to administration are 

often distinct from subjective response induced by a drug, baseline DEQ responses were 

included in the models as covariates (21, 59). Other examined covariates included two 

generated methamphetamine-related factor scores, nicotine and alcohol use disorder severity 

(to account for potential effects of commonly co-used substances), bioverified cannabis use 

status (at baseline toxicology test), and depression and anxiety symptoms. To ensure that 

potential executive function effects were not driven by differences in basic neurocognitive 

functioning, models also covaried for premorbid functioning (Test of Premorbid Functioning 

(TOPF); 40) and simple attention (DKEFS Trail Making Test – Visual Scanning).

Results

Characteristics for the final sample of 30 participants are indicated in Table 1. The majority 

of participants were Latino and/or Caucasian men who met criteria for methamphetamine 

Dependence (DSM-IV), attained a high school education, and reported recent cigarette 

smoking and/or alcohol use. All participants reported smoking as their primary 

methamphetamine administration method. Notably, converting the DSM-IV criteria to 

DSM-5 (excluding the craving symptom, which was not assessed), all participants met 

criteria for current DSM-5 (60) methamphetamine use disorder at the time of the 

assessment.

Principal Components Analysis

The principal components analysis of DKEFS Color-Word Inhibition, Color-Word 

Inhibition-Switching, Trail Making Test Switching, and Tower Test, yielded one factor 

(Eigenvalue = 2.05) that explained 52% of the variance and with variable loadings 

between .57 and .81 (see Table 2). This single executive function factor was utilized for 

primary analyses.

The principal components analysis of DSM-IV symptom count, MAUQ, MAWQ, years of 

regular use, age of first methamphetamine use, and 30-day methamphetamine use days, 

yielded two factors that explained 55% of variance and with all variables loading >.40 on at 

least one factor. Methamphetamine withdrawal, craving, and DSM-IV symptom count 

loaded strongly onto the first factor (‘Methamphetamine Severity’), while years of use, age 

of first use, and number of monthly methamphetamine use days loaded onto the second 

factor (‘Methamphetamine Frequency’). Factor loadings can be found in Table 2.
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Mixed Models

As indicated in the primary manuscript from which these data are derived (9), 

methamphetamine administration increased subjective feelings of “feel drug effects”, “like 

effects”, “feel high”, “feel stimulated”, “crave more drug”, “would like drug access”, and 

“would like more drug” (baseline vs. 5 mins post-methamphetamine administration in 

placebo medication condition; ps<.01). Of note, the EF factor was not significantly 

correlated with baseline DEQ levels for any single item (rs=.01–.28, ps=.13–.97) except 

“How stimulated do you feel right now” (r=.39, p=.03). EF factor was also not associated 

with either of the methamphetamine frequency and severity factor scores (rs=−.12–.17, 

ps=.39–.53).

Subjective Drug Effects—In the final models with outcomes related to subjective drug 

effects (“feel drug effects”, “feel high”, and “feel stimulated”), the main effects of 

medication condition ranged from nonsignificant to significant (bs=−0.93–0.39, SEs=0.22–

0.25, ts=−3.65–1.44, ps=.01–.15). There were also either trending (“feel drug effects” and 

“feel high”, bs=−0.01, SEs=0.01, ts=−1.77–1.72, ps=.08–.09) or significant effects (“feel 

stimulated”, b=−.02, SE=.01, t=−2.23, p =.03) of time, with these effects decreasing over the 

2-hour experimental period. There was a main effect of EF, which was negatively associated 

with these reported effects (bs=−1.66–0.92, SEs=.50–.53, ts=−3.28–1.80, ps=.01–.08). 

While there were no significant EF × time interactions (ps=.41–.61), the effects of 

medication × time were significant for “feel drug effects” and “feel high” (bs=−.01, 

SEs=.01, ts=−2.68–2.41, ps=.01–.02), such that naltrexone reduced these effects more at 

later times in the paradigm. There were significant medication × EF interactions 

(bs=.36–.87, SEs=0.14–0.16, ts=2.21–6.04, ps=.001–.03); naltrexone relative to placebo 

elicited greater reductions in these subjective methamphetamine effects across time in low-

EF compared to high-EF individuals (“feel drug effects” exemplar shown in Figure 2). There 

were no significant medication × time × EF interactions (ps=.16–.49). Significant covariates 

included baseline (pre-infusion) subjective effect ratings (bs=.58–.80, SEs=.07–.35, ts=2.28–

8.47, ps=.001–.02) and premorbid functioning (bs=.06–.12, SEs=.03–.04, ts=1.69–3.27, 

ps=.001–.10).

Craving—For items related to methamphetamine craving (“crave more drug”, “would like 

drug access”, and “would like more drug”), there were no significant main effects of 

medication (bs=−0.31–0.11, SEs=0.27–0.66, ts=−1.47–0.43, ps=.25–.67). EF was negatively 

associated with these craving items (bs=−1.68–1.64, SEs=.60–.68, ts=−2.69–2.48, 

ps=.01–.02). There were no significant effects of time, EF × time, or medication × time 

(ps=.16–.99). There were, however, significant medication × EF effects (bs=.87–1.29, 

SEs=.14–.17, ts=6.18–7.52, ps<.001), such that naltrexone relative to placebo induced 

greater craving reductions in low-EF than in high-EF individuals (“crave more drug” 

exemplar shown in Figure 3). The only significant covariate was baseline craving 

(bs=.21–.28, SEs=.04–.05, ts=3.58–4.52, ps<.001).

Liking Drug Effects—For the “like effects” analysis, there were significant effects of time 

(b=−.02, SE=0.01, t=−2.49, p=.01). There were no significant effects of EF, medication, 

medication × time, time × EF, or 3-way interactions (medication × time × EF; ps=.11–.95). 
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There was, however, a significant medication × EF effect (b=0.47, SE=0.16, t=3.04, p<.01), 

such that naltrexone relative to placebo decreased liking the effects to a greater extent in low 

EF relative to high EF individuals. Significant or trending covariates included baseline “like 

effects” responses (b=0.32, SE=0.08, t=4.18, p<.01) and premorbid functioning (b=0.06, 

SE=0.03, t=1.88, p=.07).

Discussion

This study examined whether executive function, assessed through a neurocognitive battery, 

would moderate naltrexone effects on methamphetamine-induced subjective responses and 

craving over a 2-hour experimental methamphetamine infusion. While there were largely no 

significant main effects of medication, the executive function factor showed an interaction 

with medication condition on multiple subjective responses. Contrary to our hypotheses, 

individuals with low executive function reported greater reductions in “feeling drug effects” 

and “feeling high” when titrated to naltrexone relative to placebo, as compared to their 

counterparts with high executive function. Similarly, lower executive function predicted 

overall greater reductions on multiple items related to methamphetamine craving (“crave 

more drug”, “would like drug access”, and “would like more drug”) when individuals were 

titrated to naltrexone relative to placebo. For “liking drug effects”, while there was no effect 

of naltrexone in reducing liking of methamphetamine infusion, executive function 

moderated this relationship such that naltrexone relative to placebo produced larger 

reductions in liking the effects among those with low, relative to high, executive function.

With recognition that naltrexone is not an FDA-approved medication for methamphetamine 

use disorder, these findings suggest potential value in examining whether executive function 

assessments capture medication-induced moderations in brain connectivity among those 

with substance use disorders, both in response to substance cues and at rest. Naltrexone 

increases functional connectivity between regions involved in reward processing (ventral and 

dorsal striatum, anterior cingulate cortex, and ventromedial prefrontal cortex) with prefrontal 

regions implicated in cognitive control and response inhibition (6, 22, 61, 62). Such 

naltrexone-induced changes in connectivity have also been shown to predict reductions in 

methamphetamine use (6). Long-term consequences for methamphetamine use include 

dysregulated striatal dopamine levels, oxidative stress, apoptosis, and neurocognitive deficits 

associated with executive function, and altered frontostriatal connectivity (63, 64). 

Amphetamine-induced euphoria and stimulation are also shown to be negatively associated 

with response inhibition capacity and negatively associated with middle frontal gyrus 

activation during response inhibition (25).

To the extent that neuropsychological batteries adequately assess executive function, it is 

perhaps not surprising that pharmacological interventions such as naltrexone may, at least 

partly, restore frontostriatal deficits among users who may be uniquely vulnerable to 

methamphetamine effects, such as those with relatively low executive function. As this study 

assessed executive function in the domains of response inhibition, set-switching, and 

planning, individuals who may struggle with decision-making in substance- or risk-related 

situations could theoretically benefit more from improved frontostriatal connectivity than 

those with stronger capabilities.
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These results provide initial evidence that neuropsychological batteries may be 

translationally informative for addiction treatments. To date in the human methamphetamine 

literature, assessment batteries such as the D-KEFS have been used to characterize 

neuropsychological profiles of methamphetamine-using participants (37, 65, 66), predict 

adherence in treatment (67), and in clinical trials of cognitive-enhancing medications (e.g. 

modafinil; 68, 69). As the analyses in this study controlled for methamphetamine use 

disorder severity, which was not associated with the executive function factor, 

neuropsychological assessments may provide clinical utility for evaluating response to 

addictions pharmacotherapy that is not captured by substance use severity measures, which 

predominate the field. Recent efforts within the addiction medicine field identify 

neurocognition as an important predictor of treatment adherence across substances (70), 

have identified neurocognitive rehabilitation as a potential adjunct treatment for addictive 

disorders (71), and developed new psychoeducation procedures that consider attentional and 

memory abilities (72). Amidst this effort, implementation of batteries that assess 

multidimensional executive function capabilities in particular may be informative and are 

warranted for future clinical studies.

The findings of this study should be interpreted in light of its limitations. The sample size 

was small, limiting our ability to generate reliable effect sizes for our multilevel model, and 

larger sample sizes are needed to examine these effects among the full spectrum of executive 

function and in additional moderators of interest (e.g. comorbid substance use, sex). While 

the executive function factor was calculated from a larger baseline sample of 

methamphetamine users and a single EF factor score is consistent with previous DKEFS 

studies (29), additional studies corroborating the principal components analysis employed in 

this study are warranted. This study also did not administer the entire D-KEFS battery or an 

effort measure. Thus, it is not clear whether the inclusion of executive function measures 

steeped in verbal abilities (e.g. Twenty Questions Test, Verbal Fluency, Proverbs) would 

yield similar results. The study did not assess for neurodevelopmental disorders such as 

Attention Deficit Hyperactivity Disorder; as individuals with this disorder demonstrate 

significant executive function deficits (73), future consideration of ADHD within the study 

of naltrexone may be warranted. Separately, while there is evidence that craving is proximal 

to subsequent use (74), future studies might examine real-world methamphetamine 

consumption to improve external validity of the intravenous paradigm used in this study. 

Examination of these moderating effects should be tested with treatment-seeking 

populations to determine whether these findings apply beyond non-treatment seekers. As the 

acute- and long-term effects of methamphetamine abstinence on neurocognition are not 

entirely understood (75), additional research is needed to understand whether this study’s 

findings would replicate across varying durations of methamphetamine abstinence (76). 

Finally, naltrexone is not an FDA-approved medication for methamphetamine use disorder, 

and further study of naltrexone in large scale clinical trials are needed to corroborate its 

efficacy in methamphetamine-using populations.

In sum, the present study examined whether executive function moderates the effects of 

naltrexone on intravenous methamphetamine-induced subjective effects and craving. While 

executive function was not associated with participants’ reported liking of methamphetamine 

effects, individuals with low executive function reported greater naltrexone-induced 
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reductions in subjective drug effects and methamphetamine craving throughout the 2-hour 

experimental paradigm. The results suggest that neuropsychological batteries may be 

uniquely predictive of proximal determinants of substance consumption and that these 

effects may extend into detection of treatment response. Based on the present findings, 

consideration of measures of executive function as potential moderators of clinical response 

to naltrexone may enhance clinical studies of methamphetamine use disorder to advance 

precision medicine for addiction.
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Figure 1. 
Study procedures
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Figure 2. 
Executive function (EF) moderates the relationship between medication condition and 

ratings of “feel drug effects” during methamphetamine infusion; naltrexone relative to 

placebo induce greater reductions in methamphetamine effects among Low-EF, compared to 

high-EF individuals (bs=.36–.87, SEs=0.14–0.16, ps=.001–.03). Low and High EF represent 

−1 and +1 SD from mean EF factor, and are visualized as anchors for the continuous EF 

variable.
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Figure 3. 
Executive function (EF) moderates the relationship between medication condition and 

ratings of “crave more drug” during methamphetamine infusion; naltrexone relative to 

placebo induce greater reductions in methamphetamine craving among Low-EF, compared 

to high-EF individuals (b=.87, SE=.14, p<.001). Low and High EF represent −1 and +1 SD 

from mean EF factor, and are visualized as anchors for the continuous EF variable.
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Table 1.

Sample characteristics (N = 30)

Variable Statistic (M(SD))

Age 36.93 (8.78)

Sex (% Female) 26.7%

Ethnicity (n(%))

 Latin-X 10 (33%)

 Caucasian 9 (30%)

 Bi/Multiracial 5 (17%)

 African-American 4 (13%)

 Asian/Pacific-Islander 2 (7%)

Years of Education 12.73 (2.86)

BAI 8.17 (12.67)

BDI 11.43 (11.60)

30-day TLFB Methamphetamine Days 20.13 (8.84)

MAUQ 18.50 (10.93)

MAWQ 13.63 (12.56)

Years of Methamphetamine Use 12.38 (8.71)

DSM-IV Symptom Total 5.83 (2.23)

Age of First Methamphetamine Use 24.59 (9.88)

30-day TLFB Alcohol Drinking Days 5.56 (8.63)

AUDIT 5.00 (7.23)

Age of First Cigarette 15.84 (3.76)

SHQ Cigarettes Per Day in Past Week 10.52 (9.47)

FTND 3.97 (3.75)

Marijuana Use At Baseline (% positive Utox) 23%

TOPF Standard Score 92.93 (13.46)

DKEFS Trail Making Visual Scanning 10.53 (2.21)

DKEFS Trail Making Test Number-Letter Sequencing 9.20 (3.15)

DKEFS Color-Word Interference 9.57 (2.64)

DKEFS Color-Word Interference Switching 8.63 (3.50)

DKEFS Tower Test – Total Achievement 9.50 (2.19)

Executive Function Factor −.20 (1.05)

Note. AUDIT = Alcohol Use Disorders Identification Test; BAI = Beck Anxiety Inventory; BDI = Beck Depression Inventory-II; DKEFS = Delis-
Kaplan Executive Function System; FTND = Fagerström Test for Nicotine Dependence; MAUQ = Methamphetamine Urge Questionnaire; MAWQ 
= Methamphetamine Withdrawal Questionnaire; SHQ = Smoking History Questionnaire; TLFB = Timeline Follow-Back; TOPF = Test of 
Premorbid Functioning. DKEFS scores are presented as age-normed scaled scores.
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Table 2.

Principal components analysis factor loadings

Measure Factor 1

DKEFS Color-Word Inhibition .81

DKEFS Color-Word Inhibition Switching .70

DKEFS Trail Making Test Number-Letter Switching .77

DKEFS Tower Test Total .57

Measure Factor 1 (‘Severity’) Factor 2 (‘Frequency’)

MAWQ .79 −.03

MAUQ .70 .05

DSM-5 symptoms .72 .25

30-day TLFB Methamphetamine use days .23 .41

Age of First Methamphetamine Use −.05 −.82

Years of Regular Methamphetamine Use −.03 .82

Note. DKEFS = Delis-Kaplan Executive Function System; TLFB = Timeline Follow-Back; MAUQ = Methamphetamine Urge Questionnaire; 
MAWQ = Methamphetamine Withdrawal Questionnaire.
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