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Abstract

Objective: We evaluated whether three neurofunctional domains proposed to be critical in the 

addiction cycle: Incentive Salience, Negative Emotionality, and Executive Function, could be 

identified through factor analysis of a deeply phenotyped clinical sample.

Method: Clinical, behavioral, and self-report measures of addiction, personality, cognition, 

behavior, and exposure to early life stress were collected as part of a screening and natural history 

study of alcohol use disorders (AUD) in 454 individuals representing the spectrum of alcohol use 

and use disorders. The Multiple Indicators Multiple Causes (MIMIC) approach was used to 

identify significant predictors of the latent factors identified by the analysis.

Results: We found significant support for both three- and four-factor models to explain 

biobehavioral variation in this sample of AUD participants and controls, but the three-factor model 

had the best fit indices. With some nuances, including cross-correlation (lack of independence) 

between the three factors, the factors corresponded to Incentive Salience, Negative Emotionality, 

and Executive Function [Executive Control]. The MIMIC model revealed that both exposure to 

early life stress and sociodemographic variables predicted these factors.
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Conclusions: These findings suggest that three correlated neurofunctional domains are relevant 

for AUD. More work is required to validate and standardize measures of neurofunctional domains 

in AUD, to extend these findings to other addictive disorders, and to relate variations in them to 

predisposition, clinical course, treatment response, neuroimaging data and other psychophysical 

indicators.

Introduction

Addiction to diverse substances including alcohol, tobacco, and illicit drugs is a leading 

preventable contributor to global disease burden (1). In 2016, substance use and use 

disorders (SUD) accounted for two-thirds of the estimated 64,026 drug overdose fatalities in 

the United States (2), while 88,000 fatalities were associated with alcohol-related adverse 

effects (3). Although several pharmacologic and behavioral treatments for SUD have shown 

efficacy in controlled clinical trials, there is a need for more effective treatments. Better 

knowledge, and measures, of the functional domains underlying SUD could help in 

assessing severity, modelling heterogeneity, predicting course, targeting treatments, and 

detecting efficacy and treatment mechanisms.

Based on conceptual frameworks derived from neurobiology, clinical studies, and social 

psychology (4, 5), we recently proposed a neuroscience-based framework (Addictions 

Neuroclinical Assessment [ANA]) to better understand the heterogeneity of addiction (6). 

This framework postulates that three domains are implicated in the development and 

maintenance of SUD: Incentive Salience, Negative Emotionality, and Executive Function 

(7). As reviewed in detail elsewhere (6), previous studies have shown group differences 

between addicted and non-addicted individuals in various assessments, including 

neuropsychological and neuroimaging, purporting to measure those domains. Additional 

disruptions in function in those domains have been demonstrated in some individuals at risk 

for developing addictive disorders, suggesting that compromised function may be a risk 

factor and/or a consequence of addiction. One constraint of these previous studies is that 

they typically evaluated a single domain of function, such as cognitive control or emotion 

regulation, rather than using a comprehensive framework. An exception to this pattern is the 

National Consortium on Alcohol and Neurodevelopment in Adolescence (NCANDA) study, 

which evaluated multiple functional domains in adolescents across the spectrum of alcohol 

use (Sullivan et al., 2016). This study found differences in cognitive, affective, and motor 

domains related to levels of alcohol consumption. These initial findings suggest that further 

testing of a comprehensive model in clinical samples is warranted. Thus, the present study 

attempts to begin such a line of inquiry.

We sought to test the ANA model by applying factor analytic techniques to a deeply 

phenotyped sample across the spectrum of alcohol use and alcohol use disorders, ranging 

from healthy individuals up to and including patients with DSM-IV alcohol abuse or 

dependence, i.e., alcohol use disorder (AUD) in DSM-5 terminology. Based on 

developmental models of SUD (8–10), we hypothesized that family history, adverse 

childhood experiences (ACEs), and age at first drink would predict the scores of individuals 

on factors emergent from this analysis.
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Methods

Participants

Participants (n = 454) included individuals seeking treatment for AUD at the NIH Clinical 

Center and non-treatment-seeking individuals (ranging from healthy volunteers to 

individuals with AUD not seeking treatment) screened in the NIAAA outpatient clinic for 

participation in research studies between January 2015 and February 2017. All completed 

the NIAAA Screening and Natural History Protocol (SNHP), which provides a platform for 

common assessments and uses minimal inclusion/exclusion criteria, to maximize 

generalizability. Individuals were only excluded if pregnant, breastfeeding, or under legal 

confinement. Treatment seeking patients were diagnosed with alcohol dependence or abuse 

using DSM-IV terminology; we refer to their diagnosis as AUD, using DSM-5 parlance, to 

include those with dependence and abuse in the same group, as is consistent with the most 

current nosology. Most patients had multiple relapses despite prior treatment. All study 

participants provided written informed consent under this NIH IRB-approved protocol.

Assessments and Indicator Variables

Study participants underwent a deep phenotyping with measures relevant for addiction and 

related constructs, including psychiatric diagnoses, attention, impulsivity, aggression, and 

personality. Specific instruments appear in the footnotes of Table 2.

Statistical Analyses

Exploratory and Confirmatory Factor Analysis—The dataset was randomly split into 

two halves (each with n = 227); one for discovery and the other for replication. We used 

exploratory factor analysis (EFA) in the discovery half of the sample to identify latent 

factors underlying the indicator variables included in the assessments. Analyses were 

conducted in Mplus version 7.4 (Muthen & Muthen, Copyright © 1998–2015). A robust 

weighted least squares estimator (WLSMV), which does not assume normally distributed 

variables (11), was used along with the GEOMIN oblique rotation. The GEOMIN rotation 

allows correlation between factors and is recommended when indicators are predicted to 

load onto more than one factor (12). The EFA models were estimated using full information 

maximum likelihood (FIML). Factor selection was guided by examination of fit indices and 

overall interpretability. The fit indices examined were the root mean-squared error of 

approximation (RMSEA), the Comparative Fit Index (CFI), and the Tucker-Lewis Index 

(TLI). We followed the recommendations of Hu and Bentler (13) who suggest CFI and TLI 

values above 0.95, and RMSEA values below 0.06 to represent good model fit. Variables 

with a loading ≥ 0.35 were considered to load onto a particular factor. Confirmatory factor 

analysis (CFA) was performed in the replication half of the dataset. Variables with loadings 

≤ 0.35 in the EFA were fixed at 0, and modification indices (MI) were examined and applied 

if they improved model fit and were conceptually meaningful.

Multiple Indicators Multiple Causes (MIMIC) Analysis—To assess the influence of 

several predictor variables on the latent factors and individual indicators, we conducted a 

Multiple Indicator Multiple Cause (MIMIC) analysis (14) using the final solution of the 

CFA, with the resulting factors scores as the outcome variables. For this analysis, we 
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recombined the data to include the full sample. Specifically, we evaluated the association of 

both the latent factors and the indicators with the following: three demographic variables 

(sex, age, and race/ethnicity), current AUD diagnosis, family history of alcohol problems, 

age at first drink, and exposure to childhood adversity as assessed by the five subscales of 

the CTQ. Direct effects (i.e., effects that were not mediated by the latent factors) of the 

predictors on indicator measures were identified using modification indices with a cutoff of 

10 or higher, and a p-value of 0.001 to identify predictors with significant direct effects (15).

Receiver operator characteristic (ROC) curve analysis—To assess the ability of 

each factor/domain to predict AUD (determined via SCID interview), we plotted ROC 

curves using the factor scores from each of the three factors, and calculated the area under 

the curve as a measure of how well the scores distinguished between individuals with and 

without AUD. This analysis was performed in SAS version 9.4 (SAS Institute, Cary, NC).

Results

Sample

The participant sample included a total of 454 individuals. Approximately 40% of the 

sample was female and 40% were Caucasian, with most of the rest being African-American. 

The mean age was just over 40 years. Average educational attainment was 14 yrs. A 

substantial percentage (43.5%) of the participants had current AUD. Participants had high 

rates of other lifetime psychiatric disorders, including substance use disorders (30%), mood 

disorders (18.6%), anxiety disorders (15.8%), and posttraumatic stress disorder (7.9%). 

Participant demographics and characteristics for the full sample and for AUD and non-AUD 

participants appear in Table 2.

Factor Structure

In the exploratory factor analysis in the discovery the data set, good model fit was found for 

both a 3-factor model (RMSEA = 0.04, CFI = 0.97, TLI = 0.96) and a 4-factor model 

(RMSEA = 0.04, CFI = 0.98, TLI = 0.97). However, the 4-factor model, while yielding 

roughly the same first 3 factors as the 3-factor solution, included a fourth factor with only a 

single indicator (Extraversion). Consequently, we chose the 3-factor model as the model for 

subsequent analyses because of its greater parsimony and better correspondence with the 

three hypothesized ANA domains. Factor loadings for the 3-factor solution appear in Table 

1. Overall, the factors aligned well with the hypothesized ANA domains, with a few 

nuances. Factor 1 defined a Negative Emotionality domain, with positive loadings for 

neuroticism, aggression, and trait anxiety, and negative loadings for extraversion and 

agreeableness; however, positive urgency also loaded onto Factor 1. Factor 2 defined an 

(impaired) Executive Function (Executive Control) domain, with positive loadings for 

ADHD, the three impulsivity measures from the BIS, and the four impulsivity measures 

from the UPPS-P, and negative loading for conscientiousness. Factor 3 defined an Incentive 

Salience (and mood) domain, with positive loadings for the three items from the OCDS and 

ADS scales that assess thinking about drinking and drive to consume alcohol; the MADRS 

depression score and the OCDS item assessing anxiety when not able to drink also loaded 

onto factor 3. Two variables, Delay Discounting and openness, did not load onto any factor. 
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In addition to Table 1, a correlation matrix of continuous indicators appears in 

Supplementary Table 1 and the four-factor solution appears in Supplementary Table 2.

Confirmatory factor analysis of the 3-factor model in the replication half of the dataset also 

resulted in good model fit (RMSEA = 0.06, CFI = 0.94, TLI = 0.93). We subsequently ran a 

CFA in the full recombined dataset which also fit well (RMSEA = 0.05, CFI = 0.95, TLI = 

0.94). All three factors were correlated with each other (Factor 1/Factor 2 correlation 

coefficient = 0.90, Factor 1/Factor 3 correlation coefficient = 0.76, Factor 2/Factor 3 

correlation coefficient = 0.76). A visual representation of the model is presented in Figure 1.

MIMIC Analysis

The results of the MIMIC analysis are presented in in Table 3 and Figures 2a-2c. Predictors 

of higher scores for Negative Emotionality included AUD, being female, emotional abuse, 

sexual abuse, and emotional neglect subscales of the CTQ. Predictors of higher scores for 

Executive Function included AUD, emotional and sexual abuse, family history, and age at 

first drink. Non-Caucasian race was associated with a lower score, as was a higher age a first 

drink (note that lower scores on this factor indicate better executive function). Conversely, 

emotional abuse, sexual abuse, AUD, and family history were associated with a higher score 

(and thus poorer executive function). Higher scores in the Incentive Salience factor included 

AUD, emotional abuse, and family history (although the latter association was marginally 

significant). Non-Caucasian race was associated with lower scores. There were only four 

direct effects of predictors on indicator measures: gender on agreeableness and neuroticism, 

age on agreeableness, and AUD on extraversion.

ROC Analysis

All three factors distinguished well between AUD and non-AUD individuals, with Incentive 

Salience having the highest area under the curve (AUROC) at 0.96. AUROC for Negative 

Emotionality and Executive Function were 0.86 and 0.85, respectively. The ROC curves 

based on the scores output for each factor appear in Supplementary Figure 2.

Discussion

In a large and diverse clinical sample enriched for AUD, factors representing three 

neurofunctional domains, Incentive Salience, Negative Emotionality, and Executive Function 

underpinned and incorporated results from a broad range of scales and neuropsychological 

tests. Our findings support the existence of neurofunctional domains relevant to SUD that 

have been previously theorized (6, 16) and for which prior evidence in model organisms and 

humans has focused attention to particular aspects of cognition, behavior, emotion, and 

circuit function (e.g., 7, 17, 18).

Factor analyses of clinical data from SUD are limited by the lack of measures that may 

directly access the underlying domains, thereby increasing, if not ensuring, the likelihood 

that such studies return class structures based on severity, onset, exposure and use. Several 

clinical trials, including Project MATCH for the treatment of alcohol dependence, have 

targeted treatments to clinical subgroups or patients with particular clinical features. For 
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example, long-term, rewardblunted patients with alcohol dependence may be less responsive 

to naltrexone, explaining the heterogeneous efficacy of this drug in clinical trials (19, 20).

We hypothesized that non-invasive deep phenotyping of individuals with and without AUD 

across multiple cognitive, psychologic and behavioral domains might detect latent domains 

mediating vulnerability and progression of addiction. We asked whether the latent factors 

discovered from this analysis would align with three neurofunctional domains identified in 

studies of patients with SUD that have used assessment such as positron emission 

tomography [PET] and functional Magnetic Resonance Imaging (fMRI) in humans and 

neuropharmacological, neurocircuit, and genetic manipulations in animal models. Notably, 

these methods are more invasive and costly and not suitable for clinical practice.

We found that a three-factor model generally demonstrated a good fit with our assessment 

measures providing strong support for our first hypothesis. Furthermore, the factors aligned 

closely with the ANA domains of Incentive Salience, Negative Emotionality, and Executive 

Function. Relatively inexpensive and non-invasive measures recovered a framework 

predicted by a large body of preclinical data, clinical psychology, and brain imaging studies 

(4, 5). Preclinical data demonstrates decreases in dopaminergic and serotonergic 

transmission in the nucleus accumbens during withdrawal, paralleled by upregulation of 

brain stress systems (e.g., CRF, dynorphin) as addiction progresses (4, 21). This increase in 

stress during withdrawal is also related to increased vulnerability for relapse and failure to 

regulate negative affective states in humans. Clinical studies have found that SUD, whether 

because of innate predisposition or effect of exposure to various environmental stimuli, such 

as stress or alcohol, is marked by disruptions of function in prefrontal brain regions 

implicated in executive function (22–24), in striatocortical reward regions implicated in 

incentive salience (25), and in the extended amygdala, as implicated in negative emotionality 

(26, 27). Neurobehavioral and cognitive assessment could represent a bridge between 

clinical assessment of symptoms, use and course, and deeper levels of neurofunctional 

assessment, recovering indices of the same process.

The three principal factors in our sample were intercorrelated, consistent with models of 

psychopathology based on clinical, rather than neuroscience-based assessments (28). These 

intercorrelations are likely explained by shared underlying neural circuitry, within and 

betweensystem adaptations occurring as part of the addiction process (29, 30), and shared 

genetic and environmental risk factors. Increasingly, different SUD demonstrate common 

disruptions and vulnerability processes. An important goal of deep phenotyping is to define 

how far sharing of vulnerability and consequences extends. Sharing of vulnerability is 

observed via family studies and several large, epidemiologically sound twin studies 

demonstrating cross-inheritance of addictions, as well as agent-specific genetic factors (31). 

Clinical research in general population samples has found that remission of one disorder is 

associated with remission of other disorders and lower probability of new onset of another 

disorder (32, 33). Clinical research has also found common outcomes, and for example 

higher levels of dysphoria and anxiety, in SUD populations, regardless of other subtypology. 

For example, in one study of SUD patients from different populations, dysphoria and anxiety 

were elevated regardless of whether patients did or did not have Type II Antisocial 

Personality Disorder features (34). An important future direction is to examine whether 
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change in any one of the ANA domains is accompanied by change in other domains, in 

accord with the relatively strong correlation between domains observed in our sample. If that 

is the case, treatments that target one domain may have positive spillover effects on other 

domains. Conversely, it may be essential to simultaneously address several deficits to avoid 

the possibility that unaddressed deficits may interfere with remission or predispose to 

relapse.

In the ROC analyses, each of the three neurofunctional domains was moderately to highly 

accurate in predicting AUD, with areas under the curve ranging from 0.84 to 0.96. An 

important caveat is that a variety of other clinical instruments of different lengths and 

complexity, but of much greater brevity than the SCID, can also be used to diagnose AUD. 

In one study, the fourquestion CAGE had a AUROC of 0.81 for alcohol dependence in men 

and 0.75 in women (35). Our ROC analysis shows that the three neurofunctional domains 

are germane to AUD but does not demonstrate that measuring these latent factors can 

improve clinical assessment of AUD or SUD. Nevertheless, the demonstration that the three 

proposed domains differentiate between AUD and non-AUD participants underscores the 

relevance of these domains for addiction and is a critical finding of this data analysis.

The replication of the 3-factor structure in the two split samples provides further support for 

the robustness of the three-factor solution. Because the ANA model is based on a 

combination of preclinical and clinical data, and had not been previously tested in its 

entirety, these findings suggest that a development of a battery of assessments designed 

specifically to measure the ANA domains among of individuals with a broader range of 

SUD is a critical next step for evaluating the validity and clinical utility of this model.

We hypothesized that sociodemographic characteristics would predict severity of the 

neurofunctional factors. Our MIMIC model indicated that that the three domains were 

associated with genetic (e.g., sex, family history), environmental (childhood adversity) and 

developmental (age at first drink) correlates. These findings, consistent with biopsychosocial 

models of SUD (8–10), underscore the widespread effects of these risk factors on the 

neurobiological underpinnings of AUD and offer potential targets for prevention. Gene by 

environment interactions may play a role in explaining these findings. For example, 

individuals with impaired executive function due to genetic predisposition may also be early 

users of alcohol, which itself is an environmental variable shaping AUD onset and 

progression (36, 37). In this scenario, an individual may have both a genetic predisposition 

for impaired executive function and exposure early in life to alcohol due to a family 

environment that may also be influenced by the same genetic liability.

For the negative emotionality domain, it is critical to consider the role of exposure to ACEs. 

Exposure to ACEs is one of the strongest risk factors for later development of addictive 

disorders, likely through genetic and environmental mechanisms (38). Childhood trauma has 

an enduring effect on propensity for negative affect (39) and may lead individuals to 

consume alcohol and other substances to relieve dysphoria. The MIMIC analysis found that 

all five subscales of the CTQ predicted the negative emotionality factor, whereas fewer 

subscales predicted the other two factors. The finding that CTQ subscales predicted all three 
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factors constitutes an example of a single predictor, leading to disruptions in multiple 

domains of function, i.e., multifinality (Cicchetti & Rogosch, 1996).

Finally, although our sample contained healthy volunteers as well as individuals with other 

SUD, we note that differences in factor scores may be secondary to AUD, i.e., they occur as 

a consequence of the disease, while others may be preexisting. Many individuals become 

dysphoric as a function of the development of AUD or the use of other substances, i.e., the 

“dark side of addiction” described by Koob and colleagues (40, 41), whereas in others, 

preexisting dysphoria makes them vulnerable to alcohol use and AUD (42). Individuals with 

AUD, regardless of subtype, appear to be more anxious and dysphoric (43) and the present 

study found strong correlation between the Negative Emotionality factor and other variables. 

Increased sensitivity to incentive salience is another correlate of AUD. It is also possible that 

some individuals are predisposed to be less motivated for natural rewards, and thus more 

likely to pursue the exaggerated and immediate reward response to cues and context 

associated with drugs of abuse. Here, incentive salience is defined as motivation for rewards 

derived from both one’s physiological state and previously learned associations about a 

reward cue and is often linked to activation of the mesocorticolimbic dopamine system (44). 

Indeed, that depression and trait anxiety scores loaded more heavily onto the Incentive 

Salience factor than the (predicted) Negative Emotionality factor may be considered as 

evidence of a coupling between negative affect and craving for alcohol as addiction becomes 

severe, e.g., (7). In this model, craving becomes associated with negative emotions, i.e., 

shifting from “reward” craving to “relief” craving. Finally, the impact of chronic heavy 

alcohol consumption on executive function may also be quite profound, while preexisting 

executive dysfunction is also a known correlate of AUD (45). Thus, across all three domains, 

chronic alcohol consumption leading to AUD has the potential to induce negative emotional 

states, exaggerated salience for alcohol and related cues, and executive dysfunction.

These results must be interpreted in the context of the study’s strengths and limitations. 

Strengths include a well-characterized sample of individuals across the spectrum of alcohol 

use, including individuals seeking inpatient treatment for AUD, the use of measures with 

good psychometric properties, and that the factor structure was replicated across both halves 

of the randomly split sample. Limitations include that measures were not collected 

prospectively and may be biased by recollection. Furthermore, although study measures 

allowed us to recover the three factors hypothesized by the ANA, it is possible that 

additional factors would emerge if other more diverse measures were included. We note that 

measures hypothesized to represent the ANA Executive Function domain comprise a subset 

of measures related to cognitive control, rather than the broad capacities included in 

Executive Function (e.g., working memory, attention, response inhibition, planning, etc.), 

and delay discounting did not load onto this factor.

In summary, the neuroclinical assessment of addictions can capture important dimensions of 

neuropsychological functioning in individuals with varying levels of alcohol use and use 

disorders, and these domains are highly relevant to SUD. Future studies combining brain 

imaging and standardized measures for ANA will help refine our understanding of the 

relationship of these measures to neural circuits implicated in executive function, negative 

emotionality and incentive salience in SUD and other addictive disorders. Future studies will 
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be needed to learn whether assessment of ANA domains can improve prevention or 

treatment, as already hinted by treatment studies of SUD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Visual representation of the three latent factors and the specific indicators. The numbers 

indicate the correlations between the three factors.
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Figures 2a – 2c. 
Predictors and indicators of the three latent factors including variable loadings. Only 

significant predictors are included.
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