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Abstract

Prevalence of cannabis use is increasing but many regular users do not develop cannabis use 

disorder (CUD); thus, CUD risk identification among current users is vital for targeted 

intervention development. Existing data suggest that high distress intolerance (DI), an individual 

difference reflective of the ability to tolerate negative affect, may be linked to CUD, but no studies 

have tested possible neurophysiological mechanisms. Increased motivated attentional processing 

of cannabis and negative emotional stimuli as indexed by neurophysiology (i.e., the late positive 

potential (LPP)), particularly during acute stress, may contribute to CUD among high DI users. 

Frequent cannabis users with high (n=61) and low DI (n=44) viewed cannabis, negative, and 

matched neutral images during EEG recording before and after a laboratory stressor. Cannabis 

cue-elicited modulation of the 1000–3000ms LPP was larger in high DI users at post-stressor only, 

though the effect was only robust in the 1000–2000ms window. Further, modulation magnitude in 

the high DI group covaried with stress-relief craving and some CUD indices in the 400–1000ms 

and 1000–3000ms windows, respectively. No significant effects of DI on negative stimuli-elicited 

LPP modulation were found, though inverse associations with some CUD indices were observed. 

Finally, exploratory analyses revealed some evidence for DI moderation of the relation between 

subjective stressor reactivity and negative stimuli-elicited LPP modulation such that greater 

stressor reactivity was associated with blunted vs. enhanced modulation in the high and low DI 

groups, respectively. Negative and cannabis stimuli-elicited LPP modulation appear to index 

distinct, CUD-relevant neural processes in high DI cannabis users.
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Introduction

The prevalence of cannabis use and cannabis use disorder (CUD) has increased in the United 

States over the past 20 years (Hasin et al., 2015). Although most users do not develop CUD 

(Cougle et al., 2016), national surveys from 2012–2013 suggest the lifetime prevalence of 

DSM-5 CUD is 6.3% (Hasin et al., 2016) and is expected to increase due to changes in 

cultural acceptance and legalization of cannabis (Hasin et al., 2017). Given the disability 

associated with CUD (Hasin et al., 2016), it is imperative to identify mechanisms that 

increase risk of CUD among current users to guide targeted intervention development.

Negative reinforcement processes are thought to be central to the maintenance of and 

progression to substance use disorders among regular users (Baker et al., 2004). Recent 

studies have demonstrated that high distress intolerance (DI), an individual difference 

reflective of the ability to tolerate and effectively manage negative affect, is linked with 

CUD indices in regular users (Bujarski et al., 2012; Farris et al., 2016). Further, these 

associations appear to be partially mediated by increased coping motives for cannabis use 

(i.e., self-administering cannabis to reduce negative affect), motives which have been linked 

with increased risk of developing CUD among regular users (van der Pol et al., 2013). High 

DI-related phenomena (i.e., low self-efficacy for resisting cannabis use while emotionally 

distressed) have also been linked with poorer CUD treatment outcome (Gullo et al., 2017), 

underscoring DI’s clinical relevance.

These data suggest that high DI may confer risk for CUD via increases in motivational 

salience/attentional processing of cannabis and negative emotional stimuli during acute 

stress. No studies have evaluated this specific hypothesis, but high DI has been prospectively 

linked to increased craving and relapse during acute stress in other substance-using 

populations (Abrantes et al., 2008; Banducci et al., 2012). Similarly, high DI has been 

associated with increased attention bias towards negative emotional stimuli (Macatee et al., 

2017) and related psychiatric symptoms (e.g., negative intrusive thoughts; Macatee et al., 

2016; Macatee et al., 2013) during acute stress. DI has not been evaluated as a moderator of 

laboratory stressor responding in cannabis users, though two studies have evaluated stressor-

elicited craving and negative affect among frequent users, with mixed results (Cuttler et al., 

2017; McRae-Clark et al., 2011), highlighting the possible relevance of individual 

differences (e.g., DI) to stressor responding among cannabis users. Further, these studies 

relied exclusively upon self-report/endocrine measures of craving and negative affect, 

whereas neural indices of these phenomena may be more sensitive to abnormalities in 

motivational salience/attentional processing of cannabis and negative emotional stimuli.

The late positive potential (LPP) is a neurophysiological marker of sustained, attentional 

processing of motivationally salient visual stimuli that begins approximately 400ms after 

stimulus onset, with larger amplitudes elicited by motivationally significant (e.g., threat, 

erotica, substance cues; Dunning et al., 2011; Hajcak et al., 2010) relative to neutral stimuli. 

The LPP elicited while viewing images depicting substance-related and negatively-valenced 

content has been linked with craving (see Field et al., 2009 for a meta-analysis) and negative 

emotionality (e.g., state rumination, anxiety psychopathology; Lewis et al., 2015; 

MacNamara et al., 2016), respectively. Taken together, this suggests that the LPP may be a 
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suitable neural measure with which to test hypothesized mechanisms of CUD in regular 

cannabis users with high DI (i.e., increased motivated attentional processing of cannabis and 

negative emotional cues during acute stress).

Only one study known to the authors assessed cannabis cue-elicited modulation of the LPP 

and evaluated its relationship with self-reported craving (Wolfling et al., 2008). Wolfling and 

colleagues (2008) found enhanced cannabis cue-elicited modulation of the LPP in heavy 

cannabis users relative to controls, but the LPP effect was not significantly associated with 

self-reported positive or negative-reinforcement craving; no significant group effects were 

found on negative stimuli-elicited LPP modulation. However, these researchers utilized a 

small sample of cannabis users (n=15) with no history of psychiatric disorders, which likely 

resulted in a group of cannabis users different from those with high DI. Indeed, in contrast to 

Wolfling and colleagues’ (2008) findings, enhanced negative stimuli-elicited LPP 

modulation has been found in internalizing psychopathology linked to high DI (Allan et al., 

2014; Macatee et al., 2015) in multiple studies (Lewis et al., 2015; MacNamara et al., 2016), 

suggesting that DI may moderate the effect of negative stimuli on the LPP among cannabis 

users. Relatedly, high DI’s positive associations with self-reported drug craving in the 

context of acute stress (Banducci et al., 2016) suggests that individual differences in DI 

among cannabis users may also moderate the effect of cannabis stimuli on the LPP, 

particularly during acute stress.

No studies known to the authors have employed a laboratory stressor to evaluate the effect of 

acute stress on negative or substance stimuli-elicited LPP modulation. Given the centrality 

of dysfunctional stressor-elicited salience attribution/attentional processing of substance and 

negative affective stimuli to prominent theoretical models of substance use disorders (e.g., 

Baker et al., 2004) and conceptually-related individual differences (e.g., DI, coping 

motives), this is a significant limitation. Measuring negative and cannabis stimuli-elicited 

LPP modulation before and after a laboratory stressor allows for an explicit test of the 

relations between exaggerated motivated attentional processing of negative and cannabis 

stimuli in a context (i.e., acute stress) that is theoretically most relevant to cannabis use-

related problems among high DI users. Finally, by matching cannabis users with high and 

low DI on use frequency, differences in cannabis cue-elicited LPP modulation in the context 

of acute stress can be attributed to motivated attentional processes specific to DI and 

cannabis use-related problems as opposed to the mere degree of cannabis use, allowing for a 

rigorous test of exaggerated stressor-elicited attentional processing of negative and cannabis 

stimuli as mechanisms linking high DI and CUD.

In the present study, we sought to evaluate increased attentional processing of cannabis and 

negative emotional stimuli during acute stress as possible neural mechanisms of CUD 

among cannabis users high in DI. Towards this end, regular users with high and low DI were 

recruited and passively viewed cannabis and negative emotional stimuli before and after a 

laboratory stressor while EEG was recorded. We predicted that 1) cannabis and negative 

stimuli-elicited enhancement of the LPP would be greater in high relative to low DI users 

after the laboratory stressor, 2) post-stressor cannabis and negative stimuli-elicited 

enhancement of the LPP would be positively associated with state subjective stress-relief 

craving and negative affect in the high DI group, and 3) post-stressor cannabis and negative 
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stimuli-elicited enhancement of the LPP would be positively associated with cannabis 

problem severity in the high DI group.

Materials and Methods

Participants

Regular cannabis users (i.e. >= twice per week for at least one year) between 18 and 30 

years old with high (i.e., >= 20) and low (i.e., <= 6) scores on the Distress Intolerance Index 

(DII; McHugh & Otto, 2012), a self-report measure of DI (see Supplemental material for 

more detail on this measure), were recruited from the psychology student subject pool at a 

large southeastern university as well as the surrounding community; participants were 

offered course credit or monetary compensation for study completion. Cut-off scores for 

high and low DI were determined based on the median score in a clinical sample (Macatee et 

al., 2018) and the bottom quartile score in a non-clinical young adult sample (Macatee et al., 

2016), respectively. Among the 489 individuals screened, 63 high DI users were recruited as 

part of a larger RCT evaluating the efficacy of a computerized DI treatment in regular 

cannabis users reporting difficulty managing negative emotions; the high DI group’s 

baseline data were used in the present study. Among the 620 individuals screened, 44 were 

recruited as a low DI matched comparison group and only attended the baseline 

appointment. Participants were excluded if they endorsed history of psychotic symptoms, 

current suicidal ideation, or met criteria for Bipolar disorder and were not stabilized on 

medication for at least four weeks. Additional exclusion criteria for the high DI group 

included concurrent psychotherapy for stress/substance use and change in psychotropic 

medication in the past month. EEG data were not available for two high DI participants due 

to excessive drift and inadequate electrode contact, resulting in 61 high DI participants 

available for analyses.

Measures

Cannabis Use Descriptives and Problems

Cannabis Use Descriptives: Cannabis use history variables including typical method of 

administration and social context, number of prior serious quit attempts, and age at cannabis 

use initiation and onset of regular use were collected using the Marijuana Smoking History 

Questionnaire (Bonn-Miller & Zvolensky, 2009). Current cannabis use reduction intentions 

were measured with the Marijuana Ladder (Slavet et al., 2006), a 10-item visual analog 

ranging from pre-contemplation to maintenance stages of change. Number of cannabis use 

days in the past four weeks was assessed with the Timeline Follow-Back (Hjorthoj et al., 

2012), and cannabis use motives were assessed with the Marijuana Motives Measure 

(Zvolensky et al., 2007). Past year frequency of other substance use was also collected with 

the Drug Use Questionnaire (Hien & First, 1991).

Cannabis Use Problems: Self-reported cannabis problem severity over the past four weeks 

was assessed with the Marijuana Problems Scale (MPS; Stephens et al., 2000), a 19-item 

measure with good psychometric properties (Buckner et al., 2011). Lifetime and past year 

CUD criteria were assessed using the Substance Use Disorder module of the SCID-5-RV 

(First et al., 2015); number of CUD criteria met in the past year was used to operationalize 
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interviewer-assessed current CUD severity. Interviews were administered by a doctoral-level 

graduate student and post-baccalaureate research assistant. The research assistant received 

extensive diagnostic training and consulted with the graduate student when needed. In the 

current study, a subsample of subjects (n=17) were used for reliability coding which yielded 

excellent interrater reliability for past-year CUD criteria count (r = .98, p < .001).

State Variables—Negative affect was measured with the negative affect subscale of the 

Positive and Negative Affect Schedule (PANAS-NA; Mackinnon et al., 1999), a five-item 

self-report measure of state distress intensity. Cannabis craving was measured with the 

Marijuana Craving Questionnaire (MCQ), a 12-item self-report measure of four forms of 

state cannabis craving (i.e., compulsivity, emotionality, expectancy, and purposefulness), 

though the factor intercorrelation (0.78) and item cross-loadings suggests that emotionality 

and expectancy subscales both measure aspects of negative-reinforcement craving 

(Heishmen et al., 2009). Thus, these subscales’ items were averaged to measure stress-relief 

craving in the present study.1

Procedure

After interested participants provided informed consent, they were screened for eligibility 

and CUD criteria were assessed. Eligible participants were asked to abstain from drug use 

for 24 hours prior to the baseline appointment and to refrain from nicotine/caffeine use on 

the day of the appointment; upon arrival for the baseline, self-report was used to assess 

compliance and the appointment was rescheduled if the participant failed to abstain. In 

addition to demographic and substance use questionnaires, various measures of negative 

emotionality were also completed as part of the larger study (see Table S1 in Supplemental 

material). Following completion of the questionnaires, EEG recording was conducted in a 

dimly lit, sound-attenuated room. Stimuli were presented using a Dell OptiPlex 780 

computer running E-Prime version 2.0.8.90. Stimuli were presented on a 21” CRT color 

monitor at a viewing distance of 100 cm, subtending a visual angle of 3.5°. The recording 

session consisted of several different tasks, including the Picture Viewing task which was 

completed before and after the stress induction. Participants completed state negative affect 

and cannabis craving measures after both Picture Viewing tasks (see Figure S1). Total 

recording time lasted between 1 and 1.5 hours.

Picture Viewing Task—Participants were instructed to view four categories of pictures 

(i.e., cannabis, negative, cannabis-neutral, negative-neutral) presented on the screen and 

allow themselves to respond naturally, but keep their eyes on the pictures for the entire 

presentation duration. A live camera feed was used to monitor compliance. Pictures were 

presented for 3000ms, followed by an ITI with a random duration of 500–3000ms (steps of 

500ms). Each trial began with a fixation cross presented for 1000ms. Before each block, 

participants were informed of the upcoming content type. Pictures were randomly presented 

within each block and block order was randomized. Each block was composed of 20 

pictures of a single content type (i.e., cannabis, negative, cannabis-neutral, negative-neutral), 

with each picture presented once in its block. The same picture set was used for the pre and 

1Item five was not included due to its trait-like nature (“Smoking marijuana would help me sleep better at night”).
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post-stressor picture viewing task such that each picture was presented a total of two times to 

each participant. Negative and matched neutral pictures (see picture list in Supplemental 

material) were selected from the International Affective Picture System (IAPS; Lang et al., 

1999) based upon prior work (Hajcak et al., 2009). Cannabis and matched neutral images 

were selected from online searches and stimuli sets used in prior cannabis studies (Asmaro 

et al., 2014; Cousijn et al., 2012; Vujanovic et al., 2016). Cannabis images included pictures 

of cannabis/paraphernalia as well as pictures of people smoking cannabis. Separate neutral 

picture categories were used for cannabis and negative images to match specific 

corresponding image features (e.g., size, color, presence of people). Task duration was 

approximately 10 minutes.

Stress Induction—The Mannheim Multicomponent Stress Test (MMST) is a five minute 

computerized task that involves simultaneous stressors in five modalities: 1) cognitive (i.e., 

increasingly difficult mental arithmetic), 2) emotional (i.e., presentation of images 

characterized by negative valence/high arousal), 3) acoustic (i.e., increasingly loud, 

continuous white noise), and 4) motivational (i.e., loss of monetary reward for each mistake 

on the mental arithmetic task). Significant MMST-elicited stress reactivity across subjective 

and physiological indices has been observed in multiple samples (Reinhardt et al., 2012). In 

the present study, self-reported stress reactivity was measured using the mean of five 

negative affect words (anxiety, frustration, irritability, difficulty concentrating, physical 

discomfort) scored on a 0–100 VAS scale (α = .88).

Stimulus Delivery and EEG Measurement—ERP data were collected using a Dell 

OptiPlex 780 computer and Neuroscan Acquire software. Two 64-channel Neuroscan 

SynAmps RT amplifiers and a BrainVision actiCap 64-channel cap were used to measure 

EEG responses (1000 Hz sampling rate, with an online analog bandpass filter of 0.05 – 100 

Hz). The midline electrode AFz was used as the ground and FCz was used as an online 

reference electrode. Offline, the data were re-referenced to the averaged mastoids (electrodes 

TP9 and TP10). Horizontal electrooculogram (EOG) activity was recorded from electrodes 

placed lateral to the outer canthus of each eye, while vertical EOG activity was recorded 

from electrodes placed above and below the left eye. Electrodes were filled using high-

chloride (10%) Abrasive Electrolyte-Gel (EasyCap). All impedance values were below 10 

kohms throughout the recording session.

Data Preprocessing

Data were first downsampled to 250 Hz, then high-pass (0.1 Hz; ripple = .05 dB, attenuation 

= 80 dB) and low-pass (30 Hz; ripple = .01 dB, attenuation = 40 dB) FIR filters were 

applied. Given that FCz was the online reference, it was regenerated offline using the 

average reference assumption so that it could be used in analyses. Epochs locked to picture 

onset were defined using the full 3000ms trial length with a 200ms pre-stimulus baseline 

correction. The Fully Automated Statistical Thresholding for EEG artifact Rejection 

algorithm (FASTER; Nolan et al., 2010), an EEGLAB plugin, was used for artifact detection 

and rejection (see Supplemental material for more detail). Of the 105 participants with EEG 

data, some did not have valid data for all four picture categories at both pre and post-stressor 
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due to inattention (i.e., averting eyes from the pictures; n=20), technical errors (n=1), or 

voluntary withdrawal from the study (n=1).

Based upon prior substance and negative emotion LPP studies (Dunning et al., 2011; Foti & 

Hajcak, 2008), the entire 400–3000ms as well as separate 400–1000ms, 1000–2000ms, and 

2000–3000ms time windows were used to measure average LPP amplitude locked to picture 

onset. Consistent with prior findings of a frontal-central maximum for substance cue-elicited 

LPP modulation using averaged mastoid reference (Dunning et al., 2011) and the present 

study’s scalp topographies (see Figure 1), cannabis and matched neutral LPP amplitudes 

were averaged over frontal-central sites (Fz, FCz, FC1, FC2, Cz). Consistent with prior 

findings of a central-parietal maximum for negative stimuli-elicited LPP modulation using 

averaged mastoid reference (Hajcak et al., 2009) and the present study’s scalp topographies 

(see Figure 2), negative and matched neutral LPP amplitudes were averaged over central-

parietal sites (Cz, CPz, CP1, CP2, Pz). In line with recent recommendations (Hajcak, Meyer, 

& Kotov, 2017), split-half reliabilities (i.e., Spearman-Brown adjusted correlations between 

odd and even trial means) of the individual condition (see Tables S2 and S3 in Supplemental 

material) and difference score (see Table 1) amplitudes were computed. Consistent with a 

recent study (Luking et al., 2017), residualized difference scores were more reliable than 

subtraction-based scores; thus, residualized difference scores were used to test hypotheses 

two and three.

Data Analytic Plan

Due to unbalanced data (see Data Preprocessing section), multilevel marginal models were 

used to maximize inclusion of all valid data points. 400–3000ms as well as separate 400–

1000ms, 1000–2000ms, and 2000–3000ms mean LPP amplitudes were entered as the 

dependent variable in separate models. Picture (i.e., cannabis/negative vs. neutral) and Stress 

(i.e., pre vs. post-stressor) were entered as within-subject factors and DI group was entered 

as a between-subjects factor. All main and interaction effects were included in each model. 

DI*Picture*Stress interactions were examined to test hypothesis one; significant interaction 

terms were probed with planned comparisons of DI*Picture interaction effects at pre vs. 

post-stressor. To test hypotheses two and three, bivariate correlations were used to examine 

associations between post-stressor ΔLPP (i.e., unstandardized residuals from cannabis/

negative LPP regressed on matched neutral LPP) and cannabis problems, state negative 

affect, and state stress-relief craving in the high DI group. Spearman correlations were 

utilized for highly skewed variables in planned (i.e., state negative affect) and exploratory 

(state purposefulness and compulsivity craving, # of prior serious quit attempts) analyses. 

SPSS was used to conduct analyses.

Results

Descriptives—As expected, high relative to low DI cannabis users demonstrated greater 

cannabis use-related problems across multiple indices including self-reported past-month 

cannabis problem severity, # of CUD criteria, and # of prior serious quit attempts. Relatedly, 

high relative to low DI users reported substantially greater coping motives for cannabis use. 

In contrast, no significant differences were observed on demographics or substance use 
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history variables, though high DI users reported greater interest in changing their cannabis 

use (see Table 2).

Stress Induction Manipulation Check—A RM-ANOVA with Time (pre-MMST, post-

MMST) entered as a within-subject factor and DI group entered as a between-subjects 

factor. As expected, the effect of Time was significant, F(1,103)=236.17, p<.001, such that 

subjective negative affect increased from pre, M=21.1, SE=1.5, to post-stressor, M=49.6, 

SE=2.1. The DI*Time interaction did not reach significance, F(1,103)=3.92, p=.050, 

revealing a trend towards greater subjective stress reactivity in the high relative to low DI 

group. In contrast, the main effect of DI was significant, F(1,103)=74.44, p<.001, revealing 

higher overall subjective stress in the high, M=49.0, SE=2.1, relative to low DI, M=21.7, 

SE=2.4, group.

Exploratory analyses testing relations between stressor reactivity and ΔCanLPP/ΔNegLPP 

revealed no significant effects for ΔCanLPP, whereas significant DI*StressorReactivity 

interactions emerged for ΔNegLPP such that greater subjective stressor reactivity was 

generally related to enhanced ΔNegLPP in low DI cannabis users but reduced ΔNegLPP in 

high DI cannabis users, with this pattern most robust for post-stressor ΔNegLPP (see 

Supplemental material).

Hypothesis One – Effect of DI on LPP modulation by picture type at pre vs. 
post-stressor

DI and cannabis cue-elicited LPP modulation (ΔCanLPP): The main effect of Picture 

was significant across all time windows, Fs > 13.85, ps < .001, such that amplitudes were 

greater during cannabis relative to neutral images. The Stress main effect was non-

significant at 400–1000ms, F(1,295.08) = 0.21, p = .65, but significant at the later windows, 

Fs > 6.19, ps < .014, such that overall amplitudes decreased from pre to post-stressor, 

whereas the Stress*Picture interaction was significant for the 400–1000ms, F(1,292.78) = 

11.85, p = .001, but not later time windows, Fs < 3.54, ps > .060, revealing a decrease in 

cannabis cue-elicited modulation of the early LPP from pre to post-stressor. The 

DI*Stress*Picture interaction was non-significant for the entire 400–3000ms window, 

F(1,295.79)=3.61, p=.058, and 400–1000ms LPP, F(1,292.78) = 0.87, p = .35, but was 

significant for the 1000–2000ms, F(1,293.16) = 5.40, p = .021, and 2000–3000ms, 

F(1,294.90) = 3.95, p = .048, windows. Importantly, the DI*Stress*Picture interaction 

remained significant for the 1000–2000ms, F(1,290.55)=5.20, p=.023, but not 2000–

3000ms, F(1,292.66)=3.83, p=.051, window after Sex was added to the model; further, sex 

did not moderate the interaction for either time window (see Supplemental material). As a 

final test of robustness, post-stressor ΔCanLPP outliers revealed by box plots were excluded 

and analyses rerun (see Figure S2); the DI*Stress*Picture interaction remained significant 

for the 1000–2000ms, F(1,287.53)=4.01, p = .046, but not 2000–3000ms, F(1,284.59) = 

2.13, p = .15, window, after removal of post-stressor data from two and three high DI 

participants, respectively.

For 1000–2000ms, follow-up comparisons in the complete sample revealed significantly 

greater post-stressor amplitudes during cannabis relative to neutral images in the high, 
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t(293.53) = 4.80, p < .001, but not low DI group, t(294.32) = 1.24, p = .22; in contrast, both 

high, t(293.57) = 4.27, p < .001, and low, t(291.31) = 5.24, p < .001, DI groups demonstrated 

greater pre-stressor amplitudes during cannabis relative to neutral images.

Because of the less robust DI*Stress*Picture interaction for 2000–3000ms, follow-up 

comparisons have been moved to the Supplemental material.

DI and negative stimuli-elicited LPP modulation (ΔNegLPP): The main effect of Picture 

was significant across all time windows, Fs > 117.40, ps < .001, such that amplitudes were 

greater during negative relative to neutral images. The Stress main effect was non-significant 

at 400–1000ms, F(1,293.97) = 0.08, p = .78, but significant at the later windows, Fs > 9.57, 

ps < .003, such that overall amplitudes decreased from pre to post-stressor, whereas the 

Stress*Picture interaction was non-significant across all time windows, Fs < 2.22, ps > .13. 

The DI*Stress*Picture interaction was non-significant across all time windows, Fs < 2.74, ps 

> .098; inclusion of Sex in the model did not alter statistical significance nor was the 

Sex*DI*Stress*Picture interaction significant, though interactions emerged such that 

females generally demonstrated greater ΔNegLPP than males, particularly at post-stressor 

(see Supplemental material).

Hypothesis Two – Relations between post-stressor ΔCanLPP/ΔNegLPP and 
state stress-relief craving/negative affect in high DI users—Complete correlation 

tables are presented in Tables S4 and S5 in the Supplemental material.

As hypothesized, post-stressor 400–1000ms ΔCanLPP was positively associated with state 

stress-relief craving, r = .35, p = .009; however, correlations were non-significant for later 

windows, rs < .21, ps > .14. Contrary to hypotheses, correlations between post-stressor 

ΔCanLPP and state negative affect were non-significant across all time windows, rs < .12, ps 

> .38. Exploratory analyses suggested that post-stressor 400–1000ms ΔCanLPP was 

specifically related to stress-relief rather than compulsivity or purposefulness craving; 

further, the positive association with stress-relief craving was absent for pre-stressor 

ΔCanLPP.

Contrary to hypotheses, post-stressor ΔNegLPP was non-significantly associated with state 

stress-relief craving, rs < .23, ps > .11, and negative affect, rs < .26, ps > .06, across all time 

windows, though a significant inverse correlation with state compulsivity craving emerged in 

the 400–1000ms window.

Hypothesis Three - Relations between post-stressor ΔCanLPP/ΔNegLPP and 
cannabis problems in high DI users—Complete correlation tables are presented in 

Tables S4 and S5 in the Supplemental material.

See Figure 3 for ΔCanLPP scatter plots and correlations. The MPS and ΔCanLPP were 

significantly positively correlated in later time windows only; however, the significant 

associations appeared to be driven by two participants with MPS scores approximately 2.5 

SDs above the mean and became non-significant after they were excluded (1000–2000ms: r 
= .23, p = .092; 2000–3000ms: r = .17, p = .21). A significant correlation between CUD 
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criteria and ΔCanLPP emerged in the 2000–3000ms window only, whereas no significant 

correlations with pre-stressor ΔCanLPP emerged. Exploratory correlations were conducted 

using number of prior serious quit attempts as an index of cannabis problem severity; 

number of prior quit attempts was significantly positively correlated with ΔCanLPP across 

all time windows, whereas correlations with pre-stressor ΔCanLPP were non-significant.

See Figure 4 for ΔNegLPP scatter plots and correlations. The MPS and ΔNegLPP were 

significantly inversely correlated in the 400–1000ms window only; the significant relation 

with early ΔNegLPP became non-significant when the MPS outliers were excluded, r = −.

24, p = .088. CUD criteria and ΔNegLPP were significantly inversely correlated in the 

1000–2000ms window only. Unexpectedly, pre-stressor early ΔNegLPP was significantly 

inversely correlated with CUD criteria and the MPS, with the latter association non-

significant after exclusion of the two MPS outliers, r = −.23, p = .095. Additional 

exploratory analyses revealed that number of prior quit attempts was non-significantly 

correlated with post-stressor ΔNegLPP across all time windows, though inverse correlations 

with pre-stressor ΔNegLPP were significant in the 400–1000ms and 1000–2000ms windows.

Discussion

As predicted, cannabis users with high relative to low DI demonstrated greater cannabis cue-

elicited modulation of the LPP after the stress induction, though this effect was limited to the 

later time windows (i.e., >1,000ms) and only robust in the 1000–2000ms window; this 

finding suggests that cannabis cues elicit prolonged motivated attention to a greater extent in 

high relative to low DI users during acute stress. Further, greater cannabis cue-elicited 

modulation of the early LPP after the stressor was specifically related to enhanced subjective 

stress-relief craving but not state negative affect or stressor reactivity among high DI 

cannabis users, partially consistent with hypotheses and extant data on DI and coping 

motives for cannabis use (Bujarski et al., 2012; Farris et al., 2016). Somewhat consistent 

with predictions, cannabis cue-elicited modulation of the LPP during acute stress was 

significantly related to three indices of cannabis problem severity among high DI users, 

though these effects were generally limited to the later time windows and the relationship 

with the MPS was not robust to outlier exclusion. Further, with the exception of the MPS, 

the positive relations between cannabis problem indices and cannabis cue-elicited 

modulation of the LPP were more robust during acute stress in the high DI group.

Contrary to predictions, negative stimuli-elicited modulation of the LPP after the stressor 

was non-significantly different across high and low DI cannabis users. Further, negative 

stimuli-elicited modulation of the LPP was non-significantly related to state negative affect 

and stress-relief craving among high DI users. Relations between negative stimuli-elicited 

modulation of the LPP and cannabis problem severity were also inconsistent with 

hypotheses such that greater problem severity was generally associated with reduced rather 

than enhanced ΔNegLPP regardless of acute stress. Further, exploratory analyses revealed 

some evidence for DI moderation of the concordance between subjective stressor reactivity 

and ΔNegLPP such that greater perceived stressor reactivity was associated with reduced vs. 

enhanced ΔNegLPP in the high and low DI group, respectively. Overall, 

neurophysiologically-indexed, motivated attentional processing of cannabis and negative 
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emotional stimuli appear to be generally orthogonal processes with differing sensitivity to 

DI and acute stress as well as opposing relations with cannabis problem severity among 

regular users with high DI.

Consistent with prior passive viewing LPP studies utilizing cannabis (Wolfling et al., 2008) 

and other drug cue stimuli (Dunning et al., 2011), significant enhancement of the LPP to 

cannabis relative to matched neutral cues was observed across all time windows at pre-

stressor in the combined sample. Significant cannabis cue-elicited modulation of the later 

LPP (i.e., 1000–3000ms) was observed after the stress induction only in high DI users, 

whereas significant modulation was found in both groups for the early LPP (i.e., 400–

1000ms). Interestingly, the cannabis cue effect on the early LPP significantly decreased from 

pre to post-stressor across both groups, whereas a stressor-elicited decrease in ΔCanLPP 

after 1000ms was only apparent among low DI cannabis users, indicating that the significant 

DI*Stress*Picture interactions were driven by a stressor-elicited decrease vs. maintenance of 

the 1000–3000ms ΔCanLPP among low and high DI users, respectively. However, it is 

important to note that this effect was less robust for the 2000–3000ms window compared to 

1000–2000ms, which may be attributable to this window’s relatively worse reliability for the 

post-stressor cannabis and corresponding neutral LPP among low and high DI cannabis 

users, respectively (see Table S2). Among high DI cannabis users, the magnitude of post-

stressor early but not later ΔCanLPP was significantly positively associated with subjective 

stress-relief craving, whereas post-stressor later ΔCanLPP was more consistently associated 

with CUD indices. This suggests that DI’s association with post-stressor ΔCanLPP is not 

attributable to conscious stress-relief craving but reflects distinct CUD-relevant motivated 

attentional processing.

Differential, time window-dependent relations between ΔCanLPP and DI, state stress-relief 

craving, and cannabis use-related problems suggests that the latent neural generators 

contributing to the LPP vary over time. PCA-based decomposition of the affective 

modulation of the LPP has revealed a number of time-varying, latent components sensitive 

to emotion (MacNamara et al., 2009). This study found that the early time window largely 

reflects a P3-like component thought to index initial attentional allocation to a salient 

stimulus. In contrast, the later time windows have been shown to be uniquely sensitive to 

semantic manipulations that involve elaborative engagement with stimulus meaning (Foti & 

Hajcak, 2008; MacNamara et al., 2009). Relatedly, emotion regulation strategies such as 

cognitive reappraisal do not appear to affect the early LPP, whereas covert distraction, a 

strategy that limits initial as well as sustained stimulus processing, reduces the early and 

later LPP (Thiruchselvam et al., 2011). Thus, state stress-relief craving’s association with 

the early but not later ΔCanLPP may reflect the initial salience of cannabis-related stimuli 

due to cannabis’s current perceived reward value, whereas the later ΔCanLPP may reflect 

the extent to which attentional processing of cannabis’s reward value is downregulated via 

cognitive control mechanisms. Indeed, the stress-relief craving items assess current 

appraisals of cannabis’s efficacy at reducing negative affect but not the extent to which 

craving is persistent or difficult to control. In contrast, CUD indices, which were generally 

only related to the later ΔCanLPP, directly measure loss of control over cannabis use and its 

associated negative consequences. Overall, DI’s specificity to the later ΔCanLPP may 
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indicate that failure to downregulate elaborative processing of cannabis cues during acute 

stress is a mechanism of CUD in high DI users.

Consistent with prior studies on emotional modulation of the LPP (Hajcak et al., 2010), 

significant enhancement of the LPP to negative relative to matched neutral stimuli was 

observed across all time windows at pre and post-stressor in both groups. In contrast to the 

cannabis LPP results, DI did not significantly moderate the effect of acute stress on 

ΔNegLPP nor was post-stressor ΔNegLPP significantly associated with state stress-relief 

craving or negative affect. However, exploratory analyses revealed some evidence for a 

moderation effect such that subjective stressor reactivity was inversely vs. positively related 

to ΔNegLPP in the high and low DI group, respectively. Overall, cannabis problem severity 

was inversely related to ΔNegLPP regardless of acute stress. Although not hypothesized, the 

inverse CUD/ΔNegLPP relationship is consistent with a growing literature on reduced 

biological and subjective response to laboratory stressors (Cuttler et al., 2017) and negative 

emotional stimuli (Somaini et al., 2012) among cannabis users. Taken together, the 

ΔNegLPP findings suggest that reduced motivated attentional processing of negative stimuli 

may be a CUD-related marker of aberrant stressor responding and/or avoidance of negative 

emotional processing in regular cannabis users with high DI.

There are some limitations of the present study. First, a non-stress induction control 

condition was not utilized, leaving open the possibility that the significant DI*Stress*Picture 

interaction effects could be due to other factors (e.g., fatigue); the relationship between post-

stressor early ΔCanLPP and stress-relief craving argues against this possibility. Nevertheless, 

future studies should utilize a control condition to strengthen conclusions regarding causal 

associations. Second, internal reliabilities for ΔCanLPP and ΔNegLPP were generally below 

the acceptable threshold (< .70), consistent with prior data on difference scores for the LPP 

(Bondy et al., 2017) and other ERPs (Levinson et al., 2017), potentially limiting the possible 

magnitude of between-subjects effects (Hajcak et al., 2017). It is likely that the salience of 

individual cannabis and negative stimuli varied across participants (e.g., due to differential 

exposure history to particular cannabis administration methods or threats, respectively), 

negatively impacting internal reliability. Further, although the neutral stimuli sets were 

selected to match particular features of the corresponding cannabis and negative stimuli sets, 

the neutral stimuli were more heterogeneous, which may be why the neutral LPPs were 

generally less reliable. Future research is needed to maximize reliability of neutral, cannabis, 

and negative stimuli sets employed in LPP studies. Third, subjective negative affect scores 

measured after the picture viewing tasks were strongly skewed, resulting in a restricted 

range which may have limited correlations with the LPP; future studies should consider 

alternative measures of state negative affect. Fourth, it is possible that the null effects 

observed for some of the DI*Stress*Picture analyses are attributable to inadequate statistical 

power; future studies should recruit larger samples to rule out this possibility. Fifth, stressor 

efficacy was only assessed via self-reported negative affect assessed immediately before and 

after the stressor. Although a robust stressor-elicited increase in subjective negative affect 

was observed, future studies should repeatedly measure both subjective and biological (e.g., 

cortisol) indicators of acute stress to better assess the time course of the stress response and 

its influence on motivated attentional processing of cannabis and negative stimuli. Sixth, the 
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same picture set was used at pre and post-stressor; future studies should use matched but 

novel sets to rule our practice effects.

The present study’s results have potential clinical implications. Both post-stressor ΔCanLPP 

and ΔNegLPP were sensitive to multiple CUD indices within a population of cannabis users 

known to be at high-risk for CUD, suggesting that these ERPs may be useful as part of a 

comprehensive risk profile, particularly if their internal reliabilities can be improved. 

Prospective studies examining the predictive utility and temporal stability of the ΔCanLPP/

ΔNegLPP under baseline as well as stressful conditions are needed to determine if these 

components are risk factors for progression to and maintenance of CUD in high DI cannabis 

users.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Stimulus-locked ERPs to cannabis and matched neutral images at pre (top-left) and post-

stressor (top-right) in the high and low DI groups are presented at the averaged frontal-

central cluster (Fz, FCz, FC1, FC2, Cz). Stimulus-locked difference waves (i.e., cannabis – 

matched neutral) at pre (bottom-left) and post-stressor (bottom-right) in the high and low DI 

groups are presented at the averaged frontal-central cluster; a 15 Hz low-pass filter was 

applied to the difference waves for display purposes only. Topographical maps of the 400–

1000ms, 1000–2000ms, and 2000–3000ms difference wave amplitudes at pre and post-

stressor in high and low DI groups are presented on the right; the colorbar scale is in 

microvolts.
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Figure 2. 
Stimulus-locked ERPs to negative and matched neutral images at pre (top-left) and post-

stressor (top-right) in the high and low DI groups are presented at the averaged central-

parietal cluster (Cz, CPz, CP1, CP2, Pz). Stimulus-locked difference waves (i.e., negative – 

matched neutral) at pre (bottom-left) and post-stressor (bottom-right) in the high and low DI 

groups are presented at the averaged central-parietal cluster; a 15 Hz low-pass filter was 

applied to the difference waves for display purposes only. Topographical maps of the 400–

1000ms, 1000–2000ms, and 2000–3000ms difference wave amplitudes at pre and post-

stressor in high and low DI groups are presented on the right; the colorbar scale is in 

microvolts.
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Figure 3. 
Scatterplots of relations between ΔCanLPP amplitude and self-reported past month severity 

of cannabis use-related problems (top row), # of CUD criteria in the past year (middle row), 

and lifetime # of serious cannabis quit attempts (bottom row). 400–1000ms, 1000–2000ms, 

and 2000–3000ms ΔCanLPP amplitude are presented from left to right. Pearson (MPS, 

CUD)/Spearman (Quit Attempts) correlation coefficients and associated significance values 

are presented in the bottom right of each scatterplot.
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Figure 4. 
Scatterplots of relations between ΔNegLPP amplitude and self-reported past month severity 

of cannabis use-related problems (top row), # of CUD criteria in the past year (middle row), 

and lifetime # of serious cannabis quit attempts (bottom row). 400–1000ms, 1000–2000ms, 

and 2000–3000ms ΔNegLPP amplitude are presented from left to right. Pearson (MPS, 

CUD)/Spearman (Quit Attempts) correlation coefficients and associated significance values 

are presented in the bottom right of each scatterplot.

Macatee et al. Page 20

Addict Biol. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Macatee et al. Page 21

Ta
b

le
 1

Pi
ct

ur
e 

V
ie

w
in

g 
Ta

sk
 D

es
cr

ip
tiv

es

H
ig

h 
D

I 
(n

=6
1)

L
ow

 D
I 

(n
=4

4)

M
SD

R
el

ia
bi

lit
y

M
SD

R
el

ia
bi

lit
y

P
re

-S
tr

es
s

Se
lf

-R
ep

or
t

 
PA

N
A

S-
N

A
1.

88
0.

73
.8

1
1.

21
0.

37
.8

4

 
M

C
Q

-S
tr

es
sR

el
ie

f
5.

02
1.

31
.8

4
2.

98
1.

39
.8

4

 
M

C
Q

-P
ur

po
se

fu
ln

es
s

5.
34

1.
41

.8
1

4.
21

1.
81

.8
7

 
M

C
Q

-C
om

pu
ls

iv
ity

2.
76

1.
47

.7
5

1.
29

0.
70

.6
7

E
R

Ps

 
40

0–
10

00
m

s 
L

PP

 
Δ

C
an

na
bi

s
4.

90
3.

94
.2

8 
(.

46
)

4.
88

4.
37

.4
6 

(.
66

)

 
Δ

N
eg

at
iv

e
6.

26
4.

09
.3

7 
(.

70
)

4.
97

2.
47

.0
4 

(.
32

)

 
10

00
–2

00
0m

s 
L

PP

 
Δ

C
an

na
bi

s
2.

28
3.

48
−

.1
2 

(.
44

)
3.

17
3.

67
.2

9 
(.

65
)

 
Δ

N
eg

at
iv

e
3.

91
4.

28
.5

4 
(.

75
)

3.
10

3.
00

.5
2 

(.
57

)

 
20

00
–3

00
0m

s 
L

PP

 
Δ

C
an

na
bi

s
0.

90
3.

34
−

.2
7 

(.
34

)
1.

83
3.

67
.6

2 
(.

73
)

 
Δ

N
eg

at
iv

e
3.

57
4.

12
.5

1 
(.

69
)

2.
71

2.
92

.5
2 

(.
54

)

Po
st

-S
tr

es
s

Se
lf

-R
ep

or
t

 
PA

N
A

S-
N

A
1.

80
0.

72
.7

7
1.

22
0.

49
.8

0

 
M

C
Q

-S
tr

es
sR

el
ie

f
5.

02
1.

37
.8

6
3.

13
1.

48
.8

8

 
M

C
Q

-P
ur

po
se

fu
ln

es
s

5.
41

1.
45

.8
5

4.
20

1.
93

.9
3

 
M

C
Q

-C
om

pu
ls

iv
ity

2.
73

1.
62

.8
4

1.
25

0.
45

.5
9

E
R

Ps

 
40

0–
10

00
m

s 
L

PP

 
Δ

C
an

na
bi

s
3.

60
4.

62
.4

5 
(.

56
)

2.
08

3.
66

.4
6 

(.
58

)

Addict Biol. Author manuscript; available in PMC 2020 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Macatee et al. Page 22

H
ig

h 
D

I 
(n

=6
1)

L
ow

 D
I 

(n
=4

4)

M
SD

R
el

ia
bi

lit
y

M
SD

R
el

ia
bi

lit
y

 
Δ

N
eg

at
iv

e
6.

12
4.

31
.7

3 
(.

81
)

6.
69

4.
40

.4
4 

(.
49

)

 
10

00
–2

00
0m

s 
L

PP

 
Δ

C
an

na
bi

s
2.

68
4.

70
.2

1 
(.

38
)

0.
52

3.
89

.4
1 

(.
50

)

 
Δ

N
eg

at
iv

e
3.

69
3.

94
.7

0 
(.

70
)

4.
04

4.
19

.4
4 

(.
50

)

 
20

00
–3

00
0m

s 
L

PP

 
Δ

C
an

na
bi

s
1.

70
5.

10
.4

3 
(.

52
)

−
0.

12
3.

97
.5

0 
(.

42
)

 
Δ

N
eg

at
iv

e
3.

05
4.

25
.5

8 
(.

61
)

2.
98

4.
35

.4
9 

(.
57

)

N
ot

e.
 P

A
N

A
S-

N
A

=
Po

si
tiv

e 
an

d 
N

eg
at

iv
e 

A
ff

ec
t S

ch
ed

ul
e-

N
eg

at
iv

e 
A

ff
ec

t (
m

ea
n 

re
sp

on
se

);
 M

C
Q

-S
tr

es
sR

el
ie

f=
M

ar
iju

an
a 

C
ra

vi
ng

 Q
ue

st
io

nn
ai

re
-E

m
ot

io
na

lit
y 

an
d 

E
xp

ec
ta

nc
y 

su
bs

ca
le

s 
(m

ea
n 

re
sp

on
se

);
 

M
C

Q
-P

ur
po

se
fu

ln
es

s=
M

ar
iju

an
a 

C
ra

vi
ng

 Q
ue

st
io

nn
ai

re
-P

ur
po

se
fu

ln
es

s 
su

bs
ca

le
 (

m
ea

n 
re

sp
on

se
);

 M
C

Q
-C

om
pu

ls
iv

ity
=

M
ar

iju
an

a 
C

ra
vi

ng
 Q

ue
st

io
nn

ai
re

-C
om

pu
ls

iv
ity

 s
ub

sc
al

e 
(m

ea
n 

re
sp

on
se

);
 

Δ
C

an
na

bi
s=

m
ea

n 
ca

nn
ab

is
 L

PP
-m

ea
n 

m
at

ch
ed

 n
eu

tr
al

 L
PP

; Δ
N

eg
at

iv
e=

m
ea

n 
ne

ga
tiv

e 
L

PP
-m

ea
n 

m
at

ch
ed

 n
eu

tr
al

 L
PP

.

C
ro

nb
ac

h’
s 

al
ph

a 
w

as
 u

se
d 

to
 m

ea
su

re
 in

te
rn

al
 r

el
ia

bi
lit

y 
of

 s
el

f-
re

po
rt

 m
ea

su
re

s;
 s

pl
it-

ha
lf

 r
el

ia
bi

lit
ie

s 
(e

ve
n 

vs
. o

dd
 tr

ia
ls

) 
w

er
e 

co
m

pu
te

d 
fo

r 
E

R
P 

di
ff

er
en

ce
 s

co
re

s;
 r

eg
re

ss
io

n-
ba

se
d 

di
ff

er
en

ce
 s

co
re

 
re

lia
bi

lit
ie

s 
ar

e 
pr

es
en

te
d 

in
 p

ar
en

th
es

es
.

Addict Biol. Author manuscript; available in PMC 2020 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Macatee et al. Page 23

Ta
b

le
 2

D
em

og
ra

ph
ic

s 
an

d 
C

an
na

bi
s 

U
se

 D
es

cr
ip

tiv
es H
ig

h 
D

I 
(n

=6
1)

L
ow

 D
I 

(n
 =

 4
4)

D
em

og
ra

ph
ic

s
M

SD
M

SD
F

/χ
2

p
hp

2

 
A

ge
20

.2
8

2.
33

20
.2

5
2.

08
F(

1,
10

3)
=

0.
00

.9
5

<
.0

01

 
%

 F
em

al
e

68
.9

0
--

-
50

.0
0

--
-

χ
2  

(1
, N

=
10

5)
 =

 3
.8

2
.0

51
--

-

 
%

 N
on

-H
is

pa
ni

c 
W

hi
te

60
.6

6
--

-
72

.7
3

--
-

χ
2  

(3
, N

=
10

5)
 =

 4
.2

2
.2

4
--

-

C
an

na
bi

s 
U

se
 D

es
cr

ip
tiv

es

 
M

et
ho

d 
of

 c
an

na
bi

s 
ad

m
in

is
tr

at
io

n 
(%

 b
ow

l/b
on

g)
73

.7
7

--
-

63
.6

4
--

-
χ

2  
(4

, N
=

10
4)

 =
 0

.9
9

.9
1

--
-

 
C

an
na

bi
s 

us
e 

so
ci

al
 c

on
te

xt
 (

%
 a

lo
ne

)
31

.1
5

--
-

13
.6

4
--

-
χ

2  
(2

, N
=

10
5)

 =
 5

.4
7

.0
65

--
-

 
A

ge
 a

t c
an

na
bi

s 
us

e 
in

iti
at

io
n

15
.1

0
2.

01
15

.6
4

1.
73

F(
1,

10
3)

=
2.

06
.1

5
.0

2

 
A

ge
 a

t r
eg

ul
ar

 c
an

na
bi

s 
us

e 
on

se
t

17
.1

5
1.

68
17

.6
7

1.
86

F(
1,

10
3)

=
2.

26
.1

4
.0

21

 
In

te
nt

io
n 

to
 c

ha
ng

e 
ca

nn
ab

is
 u

se
5.

59
2.

45
4.

23
2.

27
F

(1
,1

03
)=

8.
40

.0
05

.0
75

 
# 

of
 u

se
 d

ay
s 

in
 p

as
t m

on
th

20
.9

5
6.

10
20

.3
4

6.
32

F(
1,

10
3)

=
0.

25
.6

2
<

.0
01

O
th

er
 S

ub
st

an
ce

 U
se

 D
es

cr
ip

tiv
es

 
N

ic
ot

in
e/

To
ba

cc
o

2.
03

1.
70

1.
80

1.
52

F(
1,

10
3)

=
0.

54
.4

6
.0

05

 
A

lc
oh

ol
3.

38
1.

00
3.

23
0.

80
F(

1,
10

3)
=

0.
67

.4
2

.0
06

 
C

oc
ai

ne
/C

ra
ck

0.
74

0.
95

0.
77

1.
14

F(
1,

10
3)

=
0.

03
.8

6
<

.0
01

 
A

m
ph

et
am

in
es

1.
25

1.
42

1.
11

1.
33

F(
1,

10
3)

=
0.

23
.6

3
.0

02

 
O

pi
oi

ds
0.

38
0.

73
0.

16
0.

48
F(

1,
10

3)
=

2.
96

.0
88

.0
28

 
H

al
lu

ci
no

ge
ns

0.
97

1.
00

0.
98

0.
93

F(
1,

10
3)

=
0.

00
.9

6
<

.0
01

 
Se

da
tiv

es
0.

72
0.

95
0.

66
0.

89
F(

1,
10

3)
=

0.
12

.7
4

.0
01

C
an

na
bi

s 
U

se
 P

ro
bl

em
s

 
N

um
be

r 
of

 s
er

io
us

 q
ui

t a
tte

m
pt

s
1.

13
1.

67
0.

30
0.

59
F

(1
,1

03
)=

10
.1

0
.0

02
.0

89

 
M

PS
 (

to
ta

l s
co

re
)

9.
44

5.
48

3.
18

2.
32

F
(1

,1
03

)=
50

.7
5

<.
00

1
.3

3

 
# 

of
 C

U
D

 c
ri

te
ri

a 
(p

as
t y

ea
r)

5.
74

2.
87

2.
64

1.
64

F
(1

,1
03

)=
41

.3
8

<.
00

1
.2

87

 
# 

of
 C

U
D

 c
ri

te
ri

a 
(l

if
et

im
e)

6.
75

2.
73

3.
89

2.
34

F
(1

,1
03

)=
31

.6
7

<.
00

1
.2

35

Addict Biol. Author manuscript; available in PMC 2020 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Macatee et al. Page 24

H
ig

h 
D

I 
(n

=6
1)

L
ow

 D
I 

(n
 =

 4
4)

D
em

og
ra

ph
ic

s
M

SD
M

SD
F

/χ
2

p
hp

2

C
an

na
bi

s 
U

se
 M

ot
iv

es

 
C

op
in

g
4.

01
0.

80
2.

59
0.

98
F

(1
,1

03
)=

66
.0

0
<.

00
1

.3
91

 
C

on
fo

rm
ity

1.
48

0.
59

1.
20

0.
38

F
(1

,1
03

)=
7.

67
.0

07
.0

69

 
E

nh
an

ce
m

en
t

4.
47

0.
63

4.
27

0.
80

F(
1,

10
3)

=
2.

15
.1

5
.0

2

 
E

xp
an

si
on

3.
40

1.
19

2.
70

1.
13

F
(1

,1
03

)=
9.

23
.0

03
.0

82

 
So

ci
al

3.
18

0.
92

2.
68

0.
98

F
(1

,1
03

)=
7.

06
.0

09
.0

64

N
ot

e.
 M

s,
 S

D
s,

 a
nd

 F
/χ

2  
te

st
s 

of
 th

e 
D

I 
gr

ou
p 

ef
fe

ct
 f

or
 d

em
og

ra
ph

ic
s,

 s
ub

st
an

ce
 u

se
 d

es
cr

ip
tiv

es
, a

nd
 c

an
na

bi
s 

pr
ob

le
m

s/
m

ot
iv

es
 a

re
 p

re
se

nt
ed

 a
bo

ve
; χ

2  
te

st
s 

ar
e 

us
ed

 f
or

 c
at

eg
or

ic
al

 v
ar

ia
bl

es
 (

Se
x:

 
m

al
e,

 f
em

al
e;

 R
ac

e/
E

th
ni

ci
ty

: b
la

ck
, w

hi
te

, h
is

pa
ni

c,
 a

si
an

, o
th

er
; T

yp
ic

al
 c

an
na

bi
s 

us
e 

m
et

ho
d:

 jo
in

t, 
bo

w
l, 

bo
ng

, o
ne

-h
itt

er
, v

ap
or

iz
er

; T
yp

ic
al

 c
an

na
bi

s 
us

e 
so

ci
al

 c
on

te
xt

; a
lo

ne
, 2

–3
 p

eo
pl

e,
 4

+
 p

eo
pl

e)
. 

O
th

er
 s

ub
st

an
ce

 u
se

 d
es

cr
ip

tiv
es

=
ty

pi
ca

l u
se

 f
re

qu
en

cy
 in

 th
e 

pa
st

 y
ea

r 
(0

=
“n

ev
er

”,
1=

“o
nc

e”
,2

=
“m

on
th

ly
 o

r 
le

ss
”,

3=
“2

–4
 ti

m
es

/m
on

th
”,

4=
“2

–3
 ti

m
es

/w
ee

k”
,5

=
“4

+
 ti

m
es

/w
ee

k”
);

 M
PS

=
M

ar
iju

an
a 

Pr
ob

le
m

s 
Sc

al
e;

 C
U

D
 c

ri
te

ri
a=

# 
of

 C
an

na
bi

s 
U

se
 D

is
or

de
r 

cr
ite

ri
a 

m
et

 in
 th

e 
pa

st
 y

ea
r;

 C
an

na
bi

s 
us

e 
m

ot
iv

es
=

M
ar

iju
an

a 
M

ot
iv

es
 M

ea
su

re
 s

ub
sc

al
es

 (
m

ea
n 

re
sp

on
se

).
 S

ig
ni

fi
ca

nt
 g

ro
up

 d
if

fe
re

nc
es

 a
re

 
bo

ld
ed

.

Addict Biol. Author manuscript; available in PMC 2020 July 01.


	Abstract
	Introduction
	Materials and Methods
	Participants
	Measures
	Cannabis Use Descriptives and Problems
	Cannabis Use Descriptives
	Cannabis Use Problems

	State Variables

	Procedure
	Picture Viewing Task
	Stress Induction
	Stimulus Delivery and EEG Measurement

	Data Preprocessing
	Data Analytic Plan

	Results
	Descriptives—As expected, high relative to low DI cannabis users demonstrated greater cannabis use-related problems across multiple indices including self-reported past-month cannabis problem severity, # of CUD criteria, and # of prior serious quit attempts. Relatedly, high relative to low DI users reported substantially greater coping motives for cannabis use. In contrast, no significant differences were observed on demographics or substance use history variables, though high DI users reported greater interest in changing their cannabis use (see Table 2).Stress Induction Manipulation Check—A RM-ANOVA with Time (pre-MMST, post-MMST) entered as a within-subject factor and DI group entered as a between-subjects factor. As expected, the effect of Time was significant, F(1,103)=236.17, p<.001, such that subjective negative affect increased from pre, M=21.1, SE=1.5, to post-stressor, M=49.6, SE=2.1. The DI*Time interaction did not reach significance, F(1,103)=3.92, p=.050, revealing a trend towards greater subjective stress reactivity in the high relative to low DI group. In contrast, the main effect of DI was significant, F(1,103)=74.44, p<.001, revealing higher overall subjective stress in the high, M=49.0, SE=2.1, relative to low DI, M=21.7, SE=2.4, group.Exploratory analyses testing relations between stressor reactivity and ΔCanLPP/ΔNegLPP revealed no significant effects for ΔCanLPP, whereas significant DI*StressorReactivity interactions emerged for ΔNegLPP such that greater subjective stressor reactivity was generally related to enhanced ΔNegLPP in low DI cannabis users but reduced ΔNegLPP in high DI cannabis users, with this pattern most robust for post-stressor ΔNegLPP (see Supplemental material).Hypothesis One – Effect of DI on LPP modulation by picture type at pre vs. post-stressorDI and cannabis cue-elicited LPP modulation (ΔCanLPP): The main effect of Picture was significant across all time windows, Fs > 13.85, ps < .001, such that amplitudes were greater during cannabis relative to neutral images. The Stress main effect was non-significant at 400–1000ms, F(1,295.08) = 0.21, p = .65, but significant at the later windows, Fs > 6.19, ps < .014, such that overall amplitudes decreased from pre to post-stressor, whereas the Stress*Picture interaction was significant for the 400–1000ms, F(1,292.78) = 11.85, p = .001, but not later time windows, Fs < 3.54, ps > .060, revealing a decrease in cannabis cue-elicited modulation of the early LPP from pre to post-stressor. The DI*Stress*Picture interaction was non-significant for the entire 400–3000ms window, F(1,295.79)=3.61, p=.058, and 400–1000ms LPP, F(1,292.78) = 0.87, p = .35, but was significant for the 1000–2000ms, F(1,293.16) = 5.40, p = .021, and 2000–3000ms, F(1,294.90) = 3.95, p = .048, windows. Importantly, the DI*Stress*Picture interaction remained significant for the 1000–2000ms, F(1,290.55)=5.20, p=.023, but not 2000–3000ms, F(1,292.66)=3.83, p=.051, window after Sex was added to the model; further, sex did not moderate the interaction for either time window (see Supplemental material). As a final test of robustness, post-stressor ΔCanLPP outliers revealed by box plots were excluded and analyses rerun (see Figure S2); the DI*Stress*Picture interaction remained significant for the 1000–2000ms, F(1,287.53)=4.01, p = .046, but not 2000–3000ms, F(1,284.59) = 2.13, p = .15, window, after removal of post-stressor data from two and three high DI participants, respectively.For 1000–2000ms, follow-up comparisons in the complete sample revealed significantly greater post-stressor amplitudes during cannabis relative to neutral images in the high, t(293.53) = 4.80, p < .001, but not low DI group, t(294.32) = 1.24, p = .22; in contrast, both high, t(293.57) = 4.27, p < .001, and low, t(291.31) = 5.24, p < .001, DI groups demonstrated greater pre-stressor amplitudes during cannabis relative to neutral images.Because of the less robust DI*Stress*Picture interaction for 2000–3000ms, follow-up comparisons have been moved to the Supplemental material.DI and negative stimuli-elicited LPP modulation (ΔNegLPP): The main effect of Picture was significant across all time windows, Fs > 117.40, ps < .001, such that amplitudes were greater during negative relative to neutral images. The Stress main effect was non-significant at 400–1000ms, F(1,293.97) = 0.08, p = .78, but significant at the later windows, Fs > 9.57, ps < .003, such that overall amplitudes decreased from pre to post-stressor, whereas the Stress*Picture interaction was non-significant across all time windows, Fs < 2.22, ps > .13. The DI*Stress*Picture interaction was non-significant across all time windows, Fs < 2.74, ps > .098; inclusion of Sex in the model did not alter statistical significance nor was the Sex*DI*Stress*Picture interaction significant, though interactions emerged such that females generally demonstrated greater ΔNegLPP than males, particularly at post-stressor (see Supplemental material).Hypothesis Two – Relations between post-stressor ΔCanLPP/ΔNegLPP and state stress-relief craving/negative affect in high DI users—Complete correlation tables are presented in Tables S4 and S5 in the Supplemental material.As hypothesized, post-stressor 400–1000ms ΔCanLPP was positively associated with state stress-relief craving, r = .35, p = .009; however, correlations were non-significant for later windows, rs < .21, ps > .14. Contrary to hypotheses, correlations between post-stressor ΔCanLPP and state negative affect were non-significant across all time windows, rs < .12, ps > .38. Exploratory analyses suggested that post-stressor 400–1000ms ΔCanLPP was specifically related to stress-relief rather than compulsivity or purposefulness craving; further, the positive association with stress-relief craving was absent for pre-stressor ΔCanLPP.Contrary to hypotheses, post-stressor ΔNegLPP was non-significantly associated with state stress-relief craving, rs < .23, ps > .11, and negative affect, rs < .26, ps > .06, across all time windows, though a significant inverse correlation with state compulsivity craving emerged in the 400–1000ms window.Hypothesis Three - Relations between post-stressor ΔCanLPP/ΔNegLPP and cannabis problems in high DI users—Complete correlation tables are presented in Tables S4 and S5 in the Supplemental material.See Figure 3 for ΔCanLPP scatter plots and correlations. The MPS and ΔCanLPP were significantly positively correlated in later time windows only; however, the significant associations appeared to be driven by two participants with MPS scores approximately 2.5 SDs above the mean and became non-significant after they were excluded (1000–2000ms: r = .23, p = .092; 2000–3000ms: r = .17, p = .21). A significant correlation between CUD criteria and ΔCanLPP emerged in the 2000–3000ms window only, whereas no significant correlations with pre-stressor ΔCanLPP emerged. Exploratory correlations were conducted using number of prior serious quit attempts as an index of cannabis problem severity; number of prior quit attempts was significantly positively correlated with ΔCanLPP across all time windows, whereas correlations with pre-stressor ΔCanLPP were non-significant.See Figure 4 for ΔNegLPP scatter plots and correlations. The MPS and ΔNegLPP were significantly inversely correlated in the 400–1000ms window only; the significant relation with early ΔNegLPP became non-significant when the MPS outliers were excluded, r = −.24, p = .088. CUD criteria and ΔNegLPP were significantly inversely correlated in the 1000–2000ms window only. Unexpectedly, pre-stressor early ΔNegLPP was significantly inversely correlated with CUD criteria and the MPS, with the latter association non-significant after exclusion of the two MPS outliers, r = −.23, p = .095. Additional exploratory analyses revealed that number of prior quit attempts was non-significantly correlated with post-stressor ΔNegLPP across all time windows, though inverse correlations with pre-stressor ΔNegLPP were significant in the 400–1000ms and 1000–2000ms windows.
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