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A B S T R A C T

Cannabis abuse commonly co-occurs with alcohol use disorder (AUD). With increased acceptance and accessi-
bility to cannabis in the US, it is imperative to understand the psychological and neural mechanisms of con-
current alcohol and cannabis use. We hypothesized that neural alcohol-cue conditioning may extent to other
drug-related stimuli, such as cannabis, and underwrite the loss of control over reward-driven behavior. Task-
activated fMRI examined the neural correlates of alcohol- and cannabis-related word cues in 21 abstinent AUD
and 18 control subjects. Relative to controls, AUD showed behavioral attentional biases and frontal hypoacti-
vation to both alcohol- and cannabis-related words. This cue-elicited prefrontal hypoactivation was related to
higher lifetime alcohol consumption (pcorrected < 0.02) and modulated by past cannabis use histories
(p≦ 0.001). In particular, frontal hypoactivation to both alcohol and cannabis cues was pronounced in AUD
without prior cannabis exposure. Overall, frontal control mechanisms in abstinent AUD were not sufficiently
engaged to override automatic alcohol and cannabis-related intrusions, enhancing the risk for relapse and po-
tentially for alcohol and cannabis co-use with the increased social acceptance and accessibility in the US.

1. Introduction

In the U.S., alcohol and cannabis are the two most commonly used
psychoactive substances. Cannabis abuse commonly occurs with
Alcohol Use Disorder (AUD) (Hayley et al., 2017), with one report es-
timating that over 86% of individuals with a history of cannabis use
disorder also meet criteria for AUD (Stinson et al., 2006). The combined
misuse of alcohol and cannabis is a major public health problem and
creates a significant risk for developing a substance use disorder,
especially among teens and emerging adults (De Luca et al., 2017;
Haas et al., 2015; Hasin et al., 2015; Moss et al., 2014; Aloi et al., 2018).
Longitudinal studies support the general comorbidity of AUD and CUD
during adolescence and young adulthood (Duncan et al., 2015;
Patton et al., 2007); however, as the cohort aged, the influences of AUD
and CUD on each other were lessened such that adults tended toward
using one preferred substance predominantly. Accordingly, adults with
an AUD may also have a history of cannabis misuse in their remote past.
This is important as we do not currently know how cannabis-alcohol co-
use during adolescence and young adulthood may influence the

development of an AUD and whether such cannabis use histories impact
the neurobiological mechanisms of addictive behaviors.

With increased social acceptance and accessibility to cannabis in the
U.S., it is imperative to understand the consequences of co-use with
alcohol on mood, cognition, and behavior. Polysubstance use in youth
(Karoly et al., 2015) is often based on availability (Moss et al., 2014)
and the two most often abused substances are alcohol (75.6%) and
cannabis (48.6%) (Kann et al., 2014). It can be assumed that with in-
creased accessibility in several U.S. states, the use of cannabis will in-
crease, either as a complement to alcohol intake or as a substitute
(Guttmannova et al., 2016). In young subjects, the conjoint use of both
substances has been previously associated with neuropsychological and
social deficits far greater than the effects from either substance used
alone (Hayley et al., 2017; Thoma et al., 2011). We are beginning to
understand the effects of chronic alcohol use and the neural circuits
involved and affected in individuals with AUD (e.g., Müller-
Oehring et al., 2013; Schulte et al., 2012, 2017; Volkow et al., 2013)
but have inconsistent findings about the effects of chronic cannabis use
(Curran et al., 2016; Sagar and Gruber, 2018), and know even less
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about the potential interacting effects of cannabis and alcohol use. For
example, chronic cannabis use has been associated with negative
emotionality (Volkow et al., 2014; John and Wu, 2017) and psychotic
symptoms (e.g., psychosis risk, Andréasson et al., 1987; Di Forti et al.,
2019; Galvez-Buccollini et al., 2012; Van Os et al., 2002) in vulnerable
individuals (Di Forti et al., 2012; Morgan et al., 2016). Yet, chronic
cannabis use was also found to reduce attention deficits in ADHD
(Cooper et al., 2017) and better cognition and memory in psychiatric
populations (e.g., schizophrenia, Menendez-Miranda et al., 2019). In
addition, acute cannabis consumption can impair episodic memory
(Curran et al., 2002; Crane et al., 2013), salience processing (e.g.,
Wijayendran et al., 2018), and visuomotor skills in infrequent users
(Battistella et al., 2013), while several other studies did not find any
cannabis-related performance changes (for a review, see Sagar and
Gruber, 2018). Overall, there is little evidence for persisting neu-
ropsychological and brain functional deficits of long-term use after 28
days of abstinence (Crane et al., 2013; Mokrysz et al., 2016; Sagar and
Gruber, 2018), which is in line with the finding that the density of CB1
receptors return to normal levels after ~4weeks (Hirvonen et al., 2012).
Nevertheless, cannabis use has been linked to an increased risk of other
substance use (Jones and McCance-Katz, 2019) and addictions (CUD:
Fairman et al., 2019; AUD: John and Wu, 2017). Among the key
components of addictive behaviors are a narrowed attentional focus
toward the substance of abuse (e.g. Hicks et al., 2012; Field and
Cox, 2008) and difficulty exerting control over reward-driven behavior
(e.g., Bechara, 2005). Commensurately, both alcohol and/or cannabis
abuse compromise attentional focus and executive control (Crean et al.,
2011; Müller-Oehring et al., 2013), but may compromise neural sys-
tems underlying attention and behavioral control relatively in-
dependently (Aloi et al., 2018, Aloi et al., 2019; Blair et al., 2019; De
Ternay et al., 2019). For example, Aloi et al. (2019) findings suggest
differential impacts of alcohol and cannabis abuse on the activation of
brain regions implicated in executive attention and response control:
While AUD severity was negatively related to dorsolateral prefrontal
cortex, anterior cingulate cortex, and precuneus responsiveness, CUD
severity was positively related to task responsiveness within these re-
gions.

Cue-related attentional mechanisms, in particular the responsive-
ness to alcohol-related stimuli in AUD (Fadardi and Cox, 2006), have
been causally implicated in the maintenance of addictive behaviors,
craving, and relapse (Field and Eastwood, 2005; Field et al., 2009;
Wiers et al., 2006). Wiers and colleagues (2006) proved this experi-
mentally by manipulating attention and biasing it either towards or
away from alcohol-related stimuli in a training of heavy social drinkers.
The group receiving ‘towards-alcohol attention’ training exhibited
greater attentional biases to alcohol stimuli post-training, reported
more subjective craving, and engaged in higher subsequent alcohol
consumption. In contrast, the group undergoing ‘away-from-alcohol
attention’ training showed reduced attentional biases and no change in
subjective craving and alcohol consumption. Recent research is emer-
ging on how reward circuits become hypersensitive to alcohol cues and
is supportive of the incentive salience hypothesis (Robinson and
Berridge, 2008). It states that initially neutral cues become incentive
stimuli through their repeated pairing with the pharmacological effects
of alcohol. As alcohol cue-reactivity develops through personal alcohol
use (Courtney et al., 2016; Schulte et al., 2017; Vollstädt-Klein et al.,
2012), the rewarding effects of alcohol become more important during
the progression of alcohol addiction (Dager et al., 2014). In con-
sequence, alcohol cues then induce craving and promote relapse
(Grüsser et al., 2004; Papachristou et al., 2014; Valyear et al., 2017).
Similar sensitization of the reward system through associative learning
mechanisms have been proposed for other drugs including cannabis
(Cousijn et al., 2013; Metrik et al., 2015). Nonetheless, investigations of
AUD into the engagement of brain regions under different reward-re-
lated conditions, such as alcohol and cannabis cues, are currently
missing (Weiss and Porrino, 2002). Activation of neural network

responses to alcohol and cannabis cues may both increase craving
(Witteman et al., 2015), initiate compulsive alcohol consumption
(Stacy, 1997), and may transfer to difficulty in refraining from alcohol
and other substances.

Long-term heavy alcohol use affects brain circuits involved in re-
ward, emotion, attention, and executive control (Durazzo et al., 2011;
Müller-Oehring et al., 2013; Schulte et al., 2017). Neuroadaptations in
dopamine-rich midbrain-striatal and limbic systems and closely con-
nected prefrontal control systems mediate an attentional response to
alcohol in chronic heavy users (Heinz et al., 2004; Müller-
Oehring et al., 2013; Schacht et al., 2013). In cannabis-dependent
adults, cannabis cues also elicit neural responses in reward-related
areas including the striatum, limbic (hippocampus, amygdala), insular
and orbitofrontal cortices (Wetherill et al., 2015; de Sousa Fernandes
Perna et al., 2017). To our knowledge, ours is the first human neuroi-
maging study to test the neurofunctional brain response evoked by al-
cohol- and cannabis-related reward cues (vs. neutral cues) in in-
dividuals with AUD and healthy controls using an addiction-Stroop
task. We hypothesized that individuals with AUD, relative to controls,
will show attentional bias to reward cues containing both alcohol- and
cannabis-related information, and differ from controls in the brain's
neurofunctional response to alcohol and cannabis cues. At the neuro-
functional level, we expected differences in AUD and control groups in
attentional salience and limbic responsiveness to reward-related cues
and prefrontal control network responses depending on experience and
habit formation (basal ganglia/striatal responses). We further explored
whether conjoint cannabis use history in AUD has an effect on cue-
induced brain activity and behavior, and used age of illness onset for
AUD and cannabis abuse to explore whether the timing in associative
learning in the context of alcohol and cannabis cues has relevance for
attentional capture mechanisms.

2. Materials and methods

2.1. Study participants

Individuals with alcohol dependence were recruited from a variety
of sources including treatment centers, community programs, and also
by word of mouth, internet postings, and advertisements. The control
participants were volunteers from the local communities. The
Institutional Review Boards at SRI International and Stanford
University School of Medicine approved the study. All participants gave
written informed consent for study participation.

All participants were screened by calibrated research clinicians
using the Structured Clinical Interview for DSM-IV-TR (SCID) (First
et al., 1998), and the implemented substance module, drug use form,
and health questionnaires. The dataset comprised 21 adults who met
DSM-IV-TR criteria for alcohol dependence (n=4 women), and 18 age-
matched healthy controls (n=8 women) who did not meet criteria for
alcohol abuse or dependence (American Psychiatric Association, 2000)
(Table 1). By definition, individuals who met DSM-IV-TR diagnostic
criteria for alcohol dependence would also meet criteria for DSM-5
criteria for AUD, therefore we use these terms interchangeably. No
control participant met DSM-IV-TR criteria for alcohol, substance abuse
or dependence.

Alcoholic and control participants were excluded at screening if
they had fewer than 8 years of education or a significant history of
medical (e.g., epilepsy, stroke, multiple sclerosis, uncontrolled diabetes,
or loss of consciousness> 30min), psychiatric (i.e., schizophrenia or
bipolar I disorder) or neurological disorder (e.g., neurodegenerative
disease). An additional exclusion criterion was any DSM-IV-TR Axis I
disorder in the control group. All participants underwent a semi-
structured timeline follow-back interview (Skinner and Sheu, 1982) to
quantify lifetime alcohol consumption. Individuals with AUD did not
receive cognitive bias modification training (for such trainings see
Wiers et al., 2011; Wiers and Wiers, 2017) while enrolled in the study.
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Table 1 summarizes AUD and control groups’ demographics, alcohol
and drug histories.

Group baseline differences. AUD and CTL groups did not significantly
differ in age or sex distribution. Although individuals with AUD had
fewer years of education than CTLs, AUD's education level was on
average beyond high school (> 12 years).

2.1.1. Alcohol and other substance use histories in AUD (Table 1)
Regarding DSM-IV-TR alcohol dependence remission criteria in the

AUD group, 3 of 21 (14.3%) were in sustained remission (> 1 year), 17
(80.9%) were in early remission (> 3 month and<1 year), and 1
(4.8%) had current alcohol dependence (< 3 months). The average
time since last met alcohol dependence DSM-IV-TR criteria was
1.6 ± 2.9 years (median= 0.6 years). Average age at AUD onset was
26.6 ± 11 years , the average AUD duration was 24.1 ± 12.5 years.
Total lifetime alcohol consumption was 913 ± 816 kg
(median=636 kg), which is > 30 times that of the controls
(mean=27 ± 24 kg; median=21 kg).

Eleven of 21 AUD (52%) met lifetime DSM-IV-TR criteria for can-
nabis abuse (n=4) or dependence (n=7), all were in remission: 8 in
sustained remission and 3 in early remission. None had met cannabis
abuse criteria in the past 0.8 years (average CUD remission was 22.5
years, median=24 years). Age at CUD onset was on average at 16
years (median age= 17 years) and the frequency during heaviest use
was on average 11.3 times per month (median=9 times) (substance
module and drug use form, SCID; First et al. 1998). Cannabis diagnosis
preceded AUD diagnosis by an average of 10 years (median: 4 years;
range:< 1 to 24 years) (Supplement, Figure S1). Fifteen of the 21 AUD
(71%) met DSM-IV-TR criteria for substance abuse/dependence in their
past (cocaine, opioids, sedatives, amphetamines) and all were in re-
mission (Table 1). Mean time since last met SUD criteria was 16.3 years
(median=13.7 years). Of the 15 individuals with SUD, eight had used
more than one other substance in the past. The most common substance
of abuse was cocaine, occurring in 14 of the 15 with SUD. In all cases,
alcohol was the preferred drug of choice, and all met criteria for alcohol

dependence more recently than for substance abuse or dependence. In
addition, Table S1 in the supplement describes the demographics, al-
cohol and substance use histories of AUD individuals with and without
past CUD and shows that they did not differ in age, education, socio-
economic status, lifetime alcohol consumption, age at AUD onset, ni-
cotine, or other substance use diagnoses.

2.1.2. Mood and emotion
Eight AUD subjects had a history of Major Depressive Disorder

(MDD), all eight were in remission and none had current depression. No
control participant had a history of MDD or current depression. In ad-
dition, no control and two AUD individuals had a history of an anxiety
disorder, both AUD were in remission. Congruently, the AUD group
reported more depressive symptoms (Becks Depression Inventory;
Beck et al., 1996), more non-planning impulsiveness (Barratt Impul-
siveness Scale; Patton et al., 1995), and higher trait anxiety, but did not
differ from controls in state anxiety at the time of testing (State-Trait
Anxiety Inventory; Spielberger et al., 1983) (Table 2).

2.1.3. Cognitive ability
For the dementia rating scale (DRS-2; Jurica et al., 2001) that tested

current global cognitive ability, we used the cutoff score of 136/144 for
healthy controls, according to Springate et al. (2014). Although AUD
had average DRS–2 scores > 136, the AUD group displayed somewhat
lower DRS–2 scores than the CTL group (Table 2) but did not differ
from controls in premorbid IQ (Wechsler Test of Adult Reading Stan-
dard Score; Wechsler, 2001). Relative to CTLs, individuals with AUD
showed slower processing speed and working memory, in particular for
visuospatial material (block span forward and backward) but not sig-
nificantly for verbal material (digit span forward and backward)
(Wechsler Memory Scale-Revised; Wechsler and Stone, 1987).

2.1.4. Relation of lifetime alcohol consumption to cognition and emotion
variables

As expected, higher lifetime alcohol consumption was related to

Table 1
Study Sample description: demographics and drug history.

Demographics CTL (n=18) AUD (n=21) p value

Women/Men (n) 8/10 4/17 0.087 a

Age (yrs) 49.6 ± 11 (29–66) 50.3 ± 9.5 (26–68) 0.83
Education (yrs) 16.3 ± 2.9 13.6 ± 2.7 0.005
Socioeconomic Status (SES) 24.2 ± 11.2 40.7 ± 18.3 0.002
Handedness 73.3 ± 26.2 51.5 ± 57.8 0.15
Visual Acuity 1.3 ± 0.7 1.3 ± 0.8 0.90
Body Mass Index 25.4 ± 4.2 27.5 ± 4.7 0.18
Alcohol and Substance Use History
Lifetime Alcohol Consumption (kg) 27.1 ± 24 (0–73) 913.1 ± 816 (181–3442) 0.0001
Age at AUD Onset (yrs) – 26.6 ± 11 (13–48) –
AUD remission (yrs) – 1.6 ± 2.9 (0.01–12.6) –
Days since last drink 126 ± 375 (2–1479) 342 ± 969 (1–4551) 0.42
Alcohol Craving (ACQ-R score) 8.2 ± 2.6 (7–17) 10.3 ± 7 (7–30) 0.21
AUDIT score 2.9 ± 2.3 15.7 ± 11.3 0.0001
Cannabis use diagnosis (y/n) 0/18 11b/10 0.0001a

CUD remission (yrs) – 22.5 ± 11.3 (0.8–36.5) –
Age at Cannabis Onset (yrs) – 16.2 ± 3 (12–21) –
Nicotine use diagnosis (n) 0/18 11/10 0.0001a

Other substance use diagnoses c (n) 0/18 15/6 0.0001a

SUD remissiond (yrs) – 16.8 ± 14.8 (0.5–44.9) –

Mean and standard deviation for each group: control subjects (CTL) and subjects diagnosed with alcohol use disorder (AUD); t-tests were applied to test for group
differences; statistical significance level was set at p < 0.05 (cursive).

a Chi square test.
b n=5 AUD had both cannabis and nicotine abuse/dependency.
c Other substances of abuse included cocaine, amphetamines, sedatives, and opioids.
d According to DSM-IV remission criteria, of the 15 AUD with past SUD, 12 were in full remission and 3 in early remission. Abbreviations: Socioeconomic Status

(SES): higher scores represent lower SES (range, 11–77) (Hollingshead and Redlich, 1958), Alcohol Craving Questionnaire (ACQ-R) (Drobes and Thomas, 1999);
Intelligence Quotient (IQ), number (n), years (yrs); Edinburgh Handedness Inventory: Laterality index above +40= right-handed, below −40= left-handed
(Oldfield, 1971).

E.M. Müller-Oehring, et al. Psychiatry Research: Neuroimaging 294 (2019) 111005

3



higher scores in the alcohol addiction screening instrument AUDIT
(Babor et al., 2001) (Rho=0.63, p < 0.0001, n=39). Higher lifetime
alcohol consumption was further associated with poorer visuo-spatial
working memory performance (Rho=−0.65, p < 0.0001, n=37),
more depressive symptoms (Rho = 0.47, p= 0.002, n = 39), trait
anxiety (Rho = 0.40, p = 0.013, n = 39), and impulsiveness (Rho =
0.37, p = 0.022, n = 39), in particular non-planning impulsiveness
(Rho = 0.41, p = 0.009, n = 39) (all pcorrected < 0.05; Holm's Se-
quential Bonferroni Procedure).

2.1.5. Influence of past cannabis diagnosis on baseline variables
Exploratory analyses (Supplement, Tables S1, S2) revealed that AUD

with an additional cannabis use disorder (CUD) did not differ from AUD
without CUD on key alcohol-related variables including amount of
lifetime alcohol consumption (in kg), time since last drink, age at AUD
onset, or in demographic variables such as age, education, socio-
economic status, or in cognitive variables such as dementia rating scale
(DRS-2) scores and verbal intelligence quotients, or emotion variables
such as depressive symptoms, anxiety, and impulsiveness. However, a
younger age at the onset of cannabis abuse or dependency was asso-
ciated with a younger age at AUD onset and with a shorter duration
since last met cannabis diagnosis criteria, i.e., shorter abstinence
(Supplement, Figure S1).

2.2. Addiction-Stroop color match-to-sample task

Here we used fMRI to examine the neural correlates of alcohol- and
cannabis-related stimulus processing in AUD and CTL groups. An ad-
diction-Stroop color match-to-sample task was utilized to test for at-
tentional bias specific to alcohol and cannabis cues. The addiction-
Stroop color match-to-sample task is a modification of the Stroop
match-to-sample task, measuring Stroop color-word interference in
combination with a color matching task in the MRI environment (e.g.,
Schulte et al., 2009, 2012), and then modified for measuring inter-
ference resulting from emotionally salient word content (Müller-
Oehring et al., 2013; Schulte et al., 2017), and in this instance from
alcohol- or cannabis-related word content, relative to neutral content
(e.g., color words). All subjects performed the behavioral task during
fMRI acquisition using a clinical whole-body GE 3T scanner. The task

was programmed with PsyScope software (Cohen et al., 1993) and
synchronized with the MRI acquisition via the fORP system interface
(www.curdes.com). Stimuli were presented through a rear-projection
system and viewed via a mirror attached to the head coil.

The addiction Stroop color match-to-sample task started with an
instruction slide and countdown of 11 s. Task conditions were pre-
sented in a blocked design with each block lasting 17.6 s and com-
prising four trials. The total number of trials per run was 72; two runs
were presented with an equal amount of trials in all three conditions
(color, cannabis, alcohol). Each trial started with a color patch pre-
sented for 700ms followed by a gray mask presented for 700ms, which
was followed by the target color-word Stroop stimulus presented for
700ms and an inter-trial interval of about 2 s during which responses
were recorded (Fig. 1). The task involved matching the color of a patch
to the font color of a word by pressing a Yes-key for color matches and a
No-key for non-matches, thereby providing measures of reaction time
and accuracy for each trial. Words were color words (RED, BLUE,
GREEN), alcohol-related (e.g., WINE, BEER), or cannabis-related words
(e.g., WEED, POT) and written in green, red, or blue colored font. Color
word presentations were always congruent (e.g. the word RED written
in red font color). Test instructions were reviewed with the subject in a
practice session before entering the scanner and again through the
scanner's intercom system before each run.

The word's content (alcohol, cannabis) is assumed to be processed
automatically and to elicit prepotent responses that need to be inhibited
to correctly and efficiently perform the color-matching task (see e.g. for
emotion and reward-related content: Müller-Oehring et al., 2013;
Schulte et al., 2017). Effects to the alcohol or cannabis word conditions
are operationalized to test ‘current need or state,’ in AUD relative to
controls, and considered against conditions of ‘neutral state’ (color)
conditions. At the behavioral level, attentional bias toward alcohol and
cannabis cues were defined as the difference in RT between alcohol and
neutral color word content (RTalcohol – RTcolor) or cannabis and neutral
color word content (RTcannabis – RTcolor), calculated for correct trials,
equivalent to previous reports (Müller-Oehring et al., 2013).

2.3. Magnetic resonance imaging (MRI)

2.3.1. Data acquisition and analyses
Whole-brain structural and functional MRI data were acquired using

a 3T GE Discovery MR750 with an 8-channel head coil. Subject motion

Table 2
Study sample description: cognition and emotion.

CTL AUD p value

Cognition
Verbal IQ (WTAR Standard Score) 111.3 ± 17.2 105.6 ± 13.6 0.26
DRS-2 - Total Score 140.9 ± 1.5 138.8 ± 3.7 0.041
Digit Span Forward - Total Score 9.9 ± 1.8 8.8 ± 1.8 0.07
Digit Span Backward - Total Score 8.6 ± 3.1 6.8 ± 2.8 0.069
Block Span Forward - Total Score 10.1 ± 1.6 7.7 ± 1.3 0.0001
Block Span Backward - Total Score 8.4 ± 1.5 6.8 ± 1.4 0.002
Emotion
Depressive Symptom Score (BDI-II) 2.6 ± 2.9 11.7 ± 10.4 0.001
State Anxiety Score (STAI-S) 28.2 ± 9.4 31.5 ± 16.9 0.46
Trait Anxiety Score (STAI-T) 29.1 ± 6.7 39.4 ± 15.3 0.012
Barratt Impulsiveness (Total Score) 54.7 ± 7.7 64.2 ± 14 0.015
Barratt Subscales: Attentional

Impulsiveness
13.2 ± 3.6 15.1 ± 4.7 0.16

Motor Impulsiveness 21.1 ± 3 23.2 ± 5 0.11
Non-Planning Impulsiveness 20.4 ± 4 25.8 ± 6.8 0.006

Mean and standard deviation for each group: control subjects (CTL) and sub-
jects diagnosed with alcohol use disorder (AUD); Wechsler Test of Adult
Reading (WTAR; Wechsler, 2001); Dementia Rating Scale (DRS-2; Jurica et al.,
2001); Digit and Block Span, Wechsler Memory Scale-Revised (WMS-R;
Wechsler and Stone, 1987); Becks Depression Inventory (BDI-II; Beck et al.,
1996); State-Trait Anxiety Inventory (STAI; Spielberger et al., 1983); Barratt
Impulsiveness scale (Patton et al., 1995); t-tests were applied to test for group
differences; statistical significance level was set at p < 0.05 (cursive).

Fig. 1. Addiction-Stroop color match-to-sample task paradigm.
Participants matched the color of a color sample to that of a target word by
pressing a YES key for color matches and a NO key for color nonmatches. The
task had three conditions for word content (Stroop): (1) color words (neutral),
(2) alcohol words (alcohol), and (3) cannabis words (cannabis). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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was minimized by following standard practices for head fixation (tight
padding of the neck and at the sides of the head, head strap) and image
series were inspected for residual motion. Whole-brain fMRI data were
acquired with a T2*-weighted gradient echo-planar pulse sequence (2D
axial, TE=30ms; TR=2200ms; flip angle= 90°; xy ma-
trix= 60×60; thick= 5mm; 36 slices; 1 NEX). A total of 288 frames
were collected for task-activated fMRI data. A dual-echo fast spin echo
(FSE) scan series (2D axial; TR= 8585ms; TE=17/102ms; xy ma-
trix= 256×192; thick=2.5mm; 62 slices; FOV=240×240mm2; 1
NEX) was used for spatially registering the fMRI data.

2.3.2. Image preprocessing
The fMRI analysis was done with the SPM8 software package

(Wellcome Department of Cognitive Neurology, UK; http://www.fil.
ion.ucl.ac.uk/spm/) and focused on the whole brain. The functional
images were subjected to geometric distortion (field map) correction
and the time-series were realigned to the first image as reference image
to remove movement artifacts in fMRI (Friston et al., 1995). Scans ex-
ceeding movement thresholds (1mm/TR) based on ArtRepair Software
for more than 12% of frames were excluded (see also Power et al.,
2010). Outliers were infrequent and randomly spread over runs. The
average percentage of outlier frames was 1.75% of all frames
(median=0.7%). Groups did not differ in the number of outlier frames
(F(1,37)= 1.23, ns). Identified outlier frames were excluded from the
individual general linear models (GLM) and condition contrast images
(see first level fMRI image analysis). The FSE structural images were co-
registered to the mean unwarped and motion-corrected functional
image for each subject and segmented into gray and white matter
images. Functional and structural gray matter images were normalized
to Montreal Neurological Institute (MNI) space assuring that the fMRI
signal was confined to gray matter. Functional volumes were smoothed
with a Gaussian kernel of 8mm (FWHM).

2.3.3. First level fMRI image analysis
Individual statistics were computed using a general linear model

(GLM) approach (Friston et al., 1995). For each individual, one image
per contrast was computed from a design matrix that included the task
conditions as explanatory variables in addition to the estimated in-
dividual movement parameters as regressors. Contrasts of interest were
derived at the individual analysis level by contrasting alcohol to color
word conditions, and cannabis to color word conditions. The individual
contrast images were then subjected to random effects analyses for
group averaging and population inference. The second level full fac-
torial design matrix involved two factors: group (AUD, CTL) and at-
tentional bias (alcohol, cannabis) as derived from the first-level in-
dividual contrast images (alcohol-color, cannabis-color). As
implemented in SPM full-factorial modeling, t-contrasts then tested
within-group and between-group activation differences for alcohol and
cannabis attentional bias. Significance threshold of p < 0.05 cluster-
corrected for multiple comparisons was carried out by performing
Monte Carlo simulation implemented in 3dClustSim program at a voxel
threshold of p=0.001 (corrected version; https://afni.nimh.nih.gov/
pub/dist/doc/program_help/3dClustSim.html).

2.4. Statistical analyses

Data analysis of task performance was conducted with the statistical
software package SPSS Statistics 23.0. For the first set of analyses, re-
peated measures analysis of variance (ANOVA) tested group effects
(AUD vs. CTL) on alcohol and cannabis cue processing during color
matching. The alpha p level was set to 0.05. We extracted individual
MR signal change from significant clusters (see Table 4) using the
matlab-based SPM-compatible MarsBar toolbox (http://marsbar.
sourceforge.net/marsbar.pdf) to test for brain-behavior relationships.
Significant voxel cluster of activation, specific to each contrast, were
correlated with the respective behavioral effect, alcohol and cannabis

history data (lifetime alcohol consumption, craving, abstinence). Ex-
ploratory analyses examined the generalization of attentional capture
from one substance class of stimuli to another by testing the interac-
tions between cannabis and alcohol use history on attentional capture
metrics. Family-wise Holm's Sequential Bonferroni Procedure was used
to correct for multiple comparisons (Holm, 1979).

3. Results

3.1. Addiction Stroop color match-to-sample task: behavior

3.1.1. Response speed and accuracy
To ensure that group differences in attentional bias to alcohol and

cannabis cues are not due to general slowing, error rate, or a speed-
accuracy tradeoff, we first compared groups on those variables.

Overall error rate was less than 3% (mean number of errors= 4,
median= 4 out of 144). AUD did not significantly differ from CTL in
overall response times (RT) (median RT F(1,37)= 3.26, p=0.08), RT
variation as measured by standard deviation (SD), F(1,37)= 2.63,
p=0.11), or accuracy (error rate F(1,37)= 1.84, p=0.18; misses F
(1,37)= 2.41, p=0.13) (MANOVA Pillai's Trace for group F
(4,34)= 0.901, p=0.47) (Table 3, Fig. 2A). Slower speed (longer RTs)
correlated with more errors (rho=0.57, p < 0.0001, n=37). Thus,
our behavioral data showed no speed-accuracy trade-off, which is in-
dicated by a negative correlation, i.e., shorter RTs with more errors.

3.1.2. Attentional bias to word content
Attentional bias analyses for alcohol and cannabis word content

were based on median RT measures for each condition and participant.
To test whether implicit processing of reward-related word content
differed between AUD and age-matched controls, and because groups
differed in years of education, we used standardized education-cor-
rected Z-scores, where the control group has a group mean of
Z=0 ± 1 standard deviation (SD) (Table 3). Groups also differed in
socioeconomic status (SES). SES was determined using a two-factor
scale that includes education and lifetime occupation
(Hollingshead and Redlich, 1958) and can be considered a re-
presentative measure of the highest functioning achieved
(Sassoon et al., 2007). Because the SES score is derived from education,
correcting for SES instead of education does not significantly change
the results.

A repeated-measures ANOVA with word content (neutral, alcohol,
cannabis) as within subject factor and group (AUD, CTL) as between
subject factor revealed a significant main effect for condition (F
(1,37)= 5.069, p=0.03), no group effect (F(1,37)= 2.387,
p=0.131), and a significant group-by-condition interaction (F
(1,37)= 4.618, p=0.038) with AUD deviating from controls for al-
cohol and cannabis relative to neutral word content (Fig. 2B).

Table 3
Alcohol-cannabis Stroopcolormatch-to-sample fMRI Task: Performance measures.
Group means ± standard deviation for control subjects (CTL) and subjects
with alcohol use disorder alcoholics (AUD).

CTL AUD

Accuracy
Number of errors 3.94 ± 2.6 5.48 ± 4.2
Number of misses 1.56 ± 2.7 4.6 ± 7.9
Reaction time (ms)
Overall 797 ± 139 897 ± 196
Neutral (color) words 808 ± 151 909 ± 197
Cannabis-related words 793 ± 141 878 ± 201
Alcohol-related words 791 ± 141 904 ± 209
Standardized education-corrected Z-scores
Neutral (color) words 0 ± 1.02 −0.49 ± 1.5
Cannabis-related words 0 ± 1.03 −0.63 ± 1.5
Alcohol-related words 0 ± 1.03 −0.81 ± 1.6
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3.1.3. Relation to substance use
We next tested the assumption that alcohol cue-reactivity develops

through personal alcohol use and attentional bias becomes stronger
during the progression of alcohol addiction. We found that higher
amounts of lifetime alcohol consumption correlated with greater al-
cohol attentional biases, i.e., greater difference between alcohol and
neutral conditions (Zalcohol–Zcolor), overall (Rho=−0.46, p=0.002, 1-
tailed, n=39) and in AUD (Rho=−0.45, p=0.02, 1-tailed n=21)
(Fig. 2C). We further tested if past cannabis use histories were related to
attentional biases to cannabis cues and found that higher past cannabis
use correlated with a greater attentional bias to cannabis word content,
i.e., greater RT difference between cannabis and neutral conditions
(Zcannabis–Zcolor) in AUD (Rho=−0.71, p=0.013, 1-tailed, n=11)
(Fig. 2D). Alcohol attentional bias was not significantly related to the
amount of past cannabis use (Rho=−0.29, ns), nor was cannabis at-
tentional bias significantly related to the amount of lifetime alcohol
(Rho=−0.21, ns). Significant correlations remained significant after
correction for multiple comparisons (pcorrected= 0.026; Holm's Se-
quential Bonferroni Procedure; Holm, 1979).

An ANOVA exploring the generalization of attentional capture from
one class of substance-related stimuli to another in interaction with
cannabis and alcohol use history (groups: AUD without CUD, n=10;
AUD with CUD, n=11) for attentional alcohol and cannabis capture
metrics (conditions: Zalcohol–Zcolor; Zcannabis–Zcolor) revealed no

significant difference for cue content (F(1,19)= 0.9, ns), group (F
(1,19)= 1.2, ns), or group-by-cue interaction (F(1,19)= 1.5, ns).

To explore the relative importance of the timing of addiction onset
(age at AUD onset, age at CUD onset) together with substance use
quantity (lifetime alcohol consumption in kg, heaviest cannabis con-
sumption in times of use per month) for alcohol and cannabis atten-
tional bias, we used multiple regression analyses. Note that the onset of
past cannabis use disorder (CUD) occurred prior to AUD onset in our
sample (see Figure S1). We found that all four predictor variables to-
gether explained over 90% of the variance of alcohol attentional bias
(R2= 0.97) (F(4,8)= 30.2, p=0.003). In particular, earlier age at
AUD onset (standardized β=0.58, p=0.043), but later age at CUD
onset (standardized β=−1.40, p=0.004), and less heavy past can-
nabis use per month (standardized β=−0.75, p=0.005) contributed
to stronger alcohol-attentional bias, over and above the contribution of
the amount of lifetime alcohol consumption (kg). Correspondingly, a
stronger alcohol-attentional bias (i.e., more negative Z-scores) was as-
sociated with a longer time since last met CUD diagnosis criteria
(Rho=−0.66; p=0.026; n=11). The multiple regression analysis
with cannabis attentional bias as dependent variable was not significant
(F(4,8)= 1.82, p=0.3).

Fig. 2. Addiction-Stroop color match-to-sample task performance.
A. Accuracy: Means and SD (standard deviations) for number of errors and misses. B. Color-matching performance for alcohol, cannabis, neutral (color) word task
conditions: Education-corrected standardized Z-scores (of reaction times) depicting the deviation of AUD from the control group (CTL: mean Z=0 ± 1 SD). C.
Correlation graph depicting the relation between lifetime alcohol consumption and attentional bias to alcohol cues in AUD (using standardized education-corrected
scores). D. Correlation graph depicting the relation between cannabis use frequency and attentional bias to cannabis cues in AUD-CUD (using standardized education-
corrected scores). Abbreviations: AUD: alcohol use disorder, CUD: cannabis use disorder, CTL: healthy controls.
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3.2. fMRI activation to addiction-Stroop task conditions

3.2.1. AUD and CTL group differences
Functional brain image contrast analyses revealed group differences

between AUD and CTL for implicit word content processing of alcohol-
and cannabis-related words (compared to neutral color words; Table 4,
Fig. 3). In particular, AUD relative to CTL activated bilateral dorso-
lateral prefrontal and premotor cortices less to alcohol-related words
and right motor, premotor cortices less to cannabis-related word con-
tent.

3.2.2. Within group analyses
In a comparison between neutral color words and alcohol-related

words, AUD deactivated several frontal regions including medial and
dorsolateral prefrontal, dorsal anterior cingulate, premotor, and sup-
plementary motor cortices, and subcortically the right caudate nucleus.
No significant activation differences between alcohol and neutral word
conditions were observed in CTL. Individuals with AUD further deac-
tivated right dorsolateral prefrontal, premotor and medial superior
frontal regions less to cannabis-related than neutral words and

activated posterior brain regions including primary visual areas and the
posterior cingulate cortex. CTL participants activated left temporopar-
ietal cortical and right middle frontal cortical regions to cannabis-re-
lated (vs. neutral) word content (Table 4, Fig. 3).

3.2.3. Relationship to demographics
3.2.3.1. Education, SES. To test if group differences in (de)activation
remain significant with education or SES as covariates, we used
MANCOVAs with group as between-subject factor and (de)activation
clusters (Table 4) as dependent variables. Group effects remained
significant for all clusters with education (multivariate test Pillai's
Trace F(4,33)= 5.18; p=0.002, η2p=0.39; all univariate tests
p > 0.02) or SES as covariate (multivariate test Pillai's Trace F
(4,33)= 4.36; p=0.006, η2p=0.35; all univariate tests p > 0.03).

3.2.3.2. Age. In controls, older age correlated with more frontal
activation to alcohol cues (R. MFG, premotor: Rho=0.53, p=0.025;
n=18) and less temporoparietal activation to cannabis cues (L. middle,
superior temporal, angular gyri: Rho=−0.53, p=0.023; n=18). Age
did not correlate with imaging results in individuals with AUD (all
p’s> 0.05).

3.3. Brain–Behavior relationships

3.3.1. Task performance
Cue-elicited activations (i.e., MR signal change) were extracted for

each significant cluster (Table 4) and participant to test the relationship
between regional brain activation and task performance. Lower activity
in frontal and greater activity posterior brain regions was associated
with poorer task performance in the AUD group, i.e., more errors
(L.+R. MFG, premotor: Rho=−0.55, p=0.01), greater RT variation
(L. dlPFC: Rho=−0.54, p=0.01; R. dlPFC: Rho=−0.63, p=0.002;
R. MFG, precentral: Rho=−0.57, p=0.007; R. medial SFG:
Rho=−0.59, p=0.005; L.+R. calcarine, PCC: Rho=0.64,
p=0.002) and longer RTs (L. dlPFC: Rho=−0.50, p=0.02). Lower
left dlPFC activity to alcohol-related cues correlated with performance
Z-scores for both alcohol (Rho=0.51, p=0.019) and cannabis con-
ditions (Rho=0.56, p=0.009). All correlations remained significant
when controlling for age and survived correction for multiple com-
parisons (all pcorrected < 0.05; Family-wise Holm's Sequential Bonfer-
roni correction).

3.3.2. Impulsivity
Higher impulsivity scores were moderately correlated with greater

behavioral attentional biases toward alcohol cues (all: Rho=−0.28,
p=0.045, n=39; AUD: Rho=−0.34, p=0.068, n=21) and alcohol
cue reactivity (all: Rho=−0.44, p=0.024, n=21, one-tailed; but not
in AUD: p’s> 0.05). Correlations did not survive correction for multiple
comparisons. Impulsivity was not related to cannabis-related atten-
tional bias or cue reactivity (all p’s> 0.05).

3.4. Relationship to alcohol and other drug use history

3.4.1. Cue-elicited brain activation and alcohol consumption
The amount of lifetime alcohol consumption correlated significantly

with cue-elicited activation patterns, in particular with frontal deacti-
vation to both alcohol cues (left dlPFC Rho=−0.40, p=0.013; right
dlPFC Rho=−0.50, p=0.001; bilateral MFG, premotor
Rho=−0.50, p=0.001) (Fig. 4A,B) and cannabis cues (right MFG,
precentral; Rho=−0.67, p < 0.0001; n=39) (Fig. 4C) and with oc-
cipito-parietal activation to cannabis cues (calcarine, PCC Rho=0.48,
p=0.002; n=39). All correlations survived correction for multiple
comparisons (all pcorrected < 0.02). Correlations were also confirmed
when controlling for age. Finally, we correlated ‘time since last drink’
with behavioral and neural indices of attentional bias and did not find
significant relationships (all p's>0.05).

Table 4
Brain regional activation to alcohol- and cannabis-related words in contrast to
neutral color words in alcohol use disorder (AUD) and control (CTL) subjects
while performing an addiction Stroop color match-to-sample task. Activation
clusters reported were significant at cluster-forming threshold corrected for
multiple comparisons at level p < 0.05 voxels using a voxel threshold of
p=0.001.

Region k extent t value MNI coordinates
BA x y z

Group differences
AUD < CTL
Alcohol (alcohol> color contrast)
L. dorsolateral prefrontal cortex 9 130 3.91 −30 32 38
R. dorsolateral prefrontal cortex 9 122 3.90 32 36 34
L.+R. middle frontal gyrus,

premotor
6,8 205 3.85 2 28 40

Cannabis (cannabis> color contrast)
R. MFG, precentral 6,8,9 623 4.92 44 2 48
AUD>CTL
no supratheshold voxel
Within group effects
AUD
Alcohol < Color
L. middle frontal gyrus, premotor 6 445 5.60 −34 0 56
L.+R. medial superior frontal

gyrus, dACC
8 702 4.64 10 16 44

R. middle frontal gyrus,
premotor

6 174 4.31 30 −2 60

L. lateral middle/superior frontal
gyrus

6,8 150 4.28 −38 2 34

R. dorsolateral prefrontal cortex 9 153 4.09 34 36 30
R. caudate 123 3.88 16 −10 26
L.+R. dACC, SMA 6,24 118 3.81 −4 −6 50
Cannabis < Color (can< con)
R. dorsolateral prefrontal cortex,

premotor
6,9 605 4.66 36 32 40

R. medial superior frontal gyrus 8 199 3.95 8 30 40
Cannabis > Color (can> con)
L.+R. calcarine V1, PCC 17,23 242 3.65 6 −68 16
CTL
Alcohol vs. Color
no suprathreshold voxels
Cannabis > Color (can> con)
L. middle, superior temporal,

angular gyri
21,39 202 4.30 −54 −42 8

L. superior parietal lobe 7 178 4.21 −26 −76 50
R. middle frontal gyrus 6,8 362 4.01 38 4 36

Abbreviations: BA=Brodman Area, L.= left, R.= right, dlPFC=dorsolateral
prefrontal cortex, dACC=dorsal anterior cingulate cortex, PCC=posterior
cingulate cortex.
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3.4.2. Cue-elicited brain activation and other drug use
Exploratory MANOVA tested the role of past CUD for alcohol- and

cannabis cue-elicited activation pattern (left and right dlPFC, bilateral
MFG/premotor cortex, and right MFG/precentral gyrus; Table 4) by
comparing AUD with (n=11) and without (n=10) past CUD histories,
relative to CTL (n=18) (Pillai's Trace: F(8,68)= 5.35; p < 0.0001;
univariate tests for group: all F(2,36)≧ 8.58; p's ≦ 0.001). The analysis
was confirmed with MANCOVAs controlling for age (Pillai's Trace: F
(8,66)= 5.35; p < 0.0001; univariate tests for group: all F
(2,35)≧ 8.07; p's ≦ 0.001) and lifetime alcohol consumption (log kg)
(Pillai's Trace: F(8,66)= 3.06; p=0.005; univariate tests for group: all
F(2,35)≧ 4.21; p's ≦ 0.023). Tukey's HSD post-hoc analysis showed that
AUD without CUD differed from AUD with CUD (all p’s< 0.02) and
from CTL (all p’s< 0.001), while AUD with CUD did not differ from
CTL (for all regions, p’s> 0.4). Both AUD subgroups differed sig-
nificantly from CTL for cannabis cue-related activity (AUD without
CUD vs. CTL: p=0.0001; AUD with CUD vs. CTL: p=0.02), and from
each other (p=0.025) (Supplement, Figures S2 and S3). Finally,
greater cannabis-cue elicited activation in the superior parietal lobe
moderately correlated with younger age at CUD onset (SPL:
Rho=−0.75, pcorrected= 0.021, n=11; controlling for age:
Rhopartial(8)=−0.87, p=0.001) and moderately with heavier past
lifetime cannabis consumption (Supplement, Figure S3). Two

exploratory MANCOVAs (with age and lifetime alcohol consumption as
covariates) testing for subgroup effects of AUD with and without past
other substance use (F(2,16)= 1.16; p=0.56; Pillai's Trace), and AUD
smokers and non-smokers (F(2,16)= 0.46; p=0.85; Pillai's Trace)
showed no cue-elicited activation differences between AUD subgroups
for all regions (all univariate tests p’s> 0.05).

4. Discussion

Our task-activated functional neuroimaging study revealed implicit
attentional bias and frontal hypoactivation to alcohol- and cannabis-
related cues in abstinent AUD relative to controls using an addiction-
Stroop color match-to-sample task with both alcohol and cannabis-re-
lated words. Others have reported similar results. For example,
Mechin et al. (2016) recently found that decreased frontal activation of
the supervisory control system was linked to appetitive reactivity to
alcohol cues. Also, when differentiating heavy from light drinkers by
their neural response patterns to alcohol cues, Ihssen et al. (2011) re-
ported that responsiveness of emotion and reward brain circuitry was
accompanied by reduced responses in frontal areas to cues related to
higher life goals. Similarly, decreased frontal activation during an in-
hibitory control task was observed in heavier recent binge drinking
young adults (Cohen-Gilbert et al., 2017). Disruption of prefrontal

Fig. 3. Addiction-Stroop color match-to-sample
task: fMRI activation.
Group activation differences (AUD vs. CTL) (upper
panel) and within-group activation (AUD, CTL)
(lower panel) to alcohol-Stroop (alcohol > color
words) and cannabis-Stroop (cannabis > color
words). Abbreviations: AUD: alcohol use disorder,
CTL: healthy controls. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. Cue reactivity and lifetime alcohol consumption.
Graphs depicting relationships between the amount of lifetime alcohol consumption (log kg) and cue-elicited frontal (de-)activation pattern in A. dorsolateral
prefrontal cortical (dlPFC) and B. bilateral middle frontal gyrus (MFG)/premotor cortical activation to alcohol cues, and C. right MFG/precentral cortical activation
to cannabis cues. Abbreviations: AUD: alcohol use disorder, CTL: healthy controls.
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cortex function has been previously observed in individuals with AUD
(Müller-Oehring et al., 2013; Schulte et al., 2012, 2017) and other
addictions (Goldstein et al., 2007) and is associated with loss of control,
compulsive drug taking, and the erosion of free will (Goldstein and
Volkow, 2011). Although the cues in our color-matching paradigm
were not relevant for task completion, the behavioral and neural re-
sponses denote that reward cues were implicitly and involuntarily
processed in AUD participants and differed from controls. Frontal de-
activation in response to alcohol cues has been related to relapse risk
(see also, Beck et al., 2012; Courtney et al., 2016; Heinz et al., 2009;
Kareken et al., 2012; Schacht et al., 2013). Considering findings on the
continuance of addictive behaviors despite physical and social harm
and the persistence of relapse risk long after a person has stopped
drinking alcohol (Moos and Moos, 2006), our findings confirm that the
activation of involuntary reward-cue-initiated capture mechanisms re-
mains current in abstinent AUD, even under laboratory conditions. The
neural correlates of persistent compulsive alcohol and drug use may be
based on cues as positive reminders activating attentional capture
mechanisms through long-term associative memory processes that
occur in several neural circuits (de Sousa Fernandes Perna et al., 2017).

Here we studied whether such behavioral and neural response
patterns can be observed for other reward cues, in particular cannabis
cues, as well, even with remote cannabis use histories as in our sample.
As a significant portion of individuals engage in co-use of alcohol and
cannabis (Subbaraman and Kerr, 2015) and given the expanding can-
nabis legalization, it is of increased importance to understand how the
neuropsychological mechanisms of addictive behaviors in co-users
compare to those using alcohol only. Behaviorally, AUD relative to
controls showed attentional biases to both alcohol and cannabis cues.
These attentional biases were specific to past personal alcohol and
cannabis use experiences. Alcohol was the preferred and most recently
used substance in our AUD sample and accordingly, the attentional bias
effect was graded and more pronounced to alcohol than cannabis cues.
Also, higher lifetime alcohol consumption was related to stronger al-
cohol attentional bias and past heavier cannabis use to stronger can-
nabis attentional bias and not vice versa. We did not find an interaction
between alcohol and cannabis attentional biases that would indicate a
generalization of attentional capture from one substance class of stimuli
to another. However, when exploring the role of the relative timing of
the illness onset, we found that it mattered for alcohol attentional bias.
As expected, alcohol-attentional bias was stronger with an earlier AUD
onset; surprisingly, however, it was weaker with earlier CUD onset and
heavier past cannabis use. As CUD onset occurred prior to AUD onset,
during adolescence and young adulthood, these exploratory results may
imply a directional influence of cannabis use disorder on alcohol at-
tention capture mechanisms in AUD. Others discussed early cannabis
use as a risk factor for future other substance use including alcohol
(Fairman et al., 2019; Lynskey et al., 2003). However, causality cannot
be implied from our data; although CUD occurred prior to AUD in our
sample, other variables such as personality and a tendency to engage in
risk taking behaviors could have been common underlying factors
(Cavicchioli et al., 2019; Scalzo et al., 2018). In addition, the finding
that AUD with and without past CUD did not differ in alcohol or drug
use histories suggests that alcohol and cannabis were not used to re-
place each other but rather in addition to each other (Egan et al., 2019;
Subbaraman, 2016).

For the neurofunctional bases of attentional capture by reward cues,
AUD showed decreased frontal activation to both alcohol and cannabis-
related word content relative to controls. Frontal hypoactivation cor-
related with task performance and specifically left dorsolateral pre-
frontal hypoactivation was related to behavioral measures of both al-
cohol- and cannabis-cue attentional biases. This suggests that frontal
control mechanisms were not sufficiently engaged in AUD making it
difficult to override automatic intrusions from implicit reward-related
information. At first glance, this mechanism appears to be independent
from the specific reward cue content. Medial and dorsolateral

prefrontal hypoactivation to alcohol cues was related to higher lifetime
alcohol consumption, and so was the prefrontal hypoactivation to
cannabis cues. This supports the notion that cue-reactivity in AUD has
developed through alcohol use, becoming stronger over time with more
use, and that it can generalize to cannabis cues at the neural level, as
evidenced in AUD without past cannabis use. However, neural re-
sponsiveness in AUD with past CUD did not differ from controls for
alcohol cues; yet, it did for cannabis cues. The differences in neural
responsiveness in AUD with and without past CUD imply that atten-
tional biases toward reward-cues depend on past experience with that
substance. Cannabis cues in our experiment likely acted as reminders
and activated cannabis-related neural mechanisms through long-term
associative memory processes (see de Sousa Fernandes Perna
et al.,2017). Our exploratory results further showed that neural sensi-
tization toward cannabis cues, in those with remote cannabis experi-
ence, attenuated neural responsiveness to alcohol cues. Neuroimaging
work has repeatedly shown that, relative to controls, adults with heavy
alcohol use histories show decreased dorsolateral and medial prefrontal
activation during inhibitory control (Ahmadi et al., 2013; Claus et al.,
2013; Li et al., 2009), while literature on the relationship between
cannabis use and brain regions implicated in behavioral inhibition or
executive control suggests increased, and potentially compensatory,
recruitment of frontal and parietal regions (Aloi et al., 2018;
Gruber and Yurgelun-Todd, 2005). Thus, it is possible that opposing
alcohol-cannabis effects on frontal responsivity explain our observation
of attenuated effects in AUD with past CUD. An alternate explanation is
provided by the attentional focus hypotheses. According to Hicks et al.
(2012), alcohol cues narrow the attentional mindset for individuals
who are motivated to consume alcohol. In individuals with AUD, even
during abstinence, the attentional scope would be narrowed toward
alcohol cues and consequently elicit strong behavioral and neural re-
sponses to alcohol cues (see e.g., Hicks et al., 2012). Experiences with
other drugs may broaden the attentional scope and attenuate respon-
siveness to alcohol cues in the presence of other reward cues, such as
cannabis cues in our paradigm. Converging evidence supporting this
interpretation comes from a recent event-related potentials (ERP) study
that found a reduced N1 amplitude, which is a neurophysiological
marker of rapid motivated attention, after manipulation of the atten-
tional focus from a local to a global scope prior to alcohol picture
presentation (Ryerson et al., 2017).

It is possible that neurochemical mechanisms of cannabis use affect
associative learning, memory, and long-term neural responsiveness to
alcohol cues. The effect of cannabis depends on different chemical
substances. Tetrahydrocannabinol (THC) is one psychoactive ingredient
in cannabis with a high density of CB-1 receptors expressed in the
lateral and basal nuclei of the amygdala (Katona et al., 2001) under-
lying emotional behavior (Gruber et al., 2009). For example, the early
exposure to THC in adolescent rodents is associated with an altered
reward system that has implications for the use of other drugs later in
adulthood (Pistis et al., 2004). The AUD subjects in our sample had
initiated cannabis use mainly during adolescence and received the CUD
diagnoses prior to being diagnosed with an AUD. If and how exactly the
timing of cannabis use in humans changes behavioral and brain func-
tional mechanisms for other substance use, such as alcohol, is unclear.
Our exploratory observation, however, showed that more recent can-
nabis use was associated with attenuated attentional capture by alcohol
cues in AUD. Similarly, cannabidiol intake was found to reverse at-
tentional bias to cigarette cues in nicotine dependency (Hindocha et al.,
2018).

Finally, despite the considerable heterogeneity of the effects of
cannabis on brain function reported in the literature, a recent review on
29 functional neuroimaging studies on the chronic effects of cannabis
(24 in adult users and 5 in adolescent users) summarizes it as com-
pensatory brain activity in response to chronic cannabis exposure
(Batalla et al., 2013). One example is an fMRI study showing greater left
superior parietal cortical activity in the cannabis-using group
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performing a verbal working memory task at normal levels (Jager et al.,
2006), consistent with the idea of compensatory neural recruitment. In
our study, we observed greater left superior parietal lobe activation,
similar to controls, in AUD participants with younger age at cannabis
use onset. It is possible that age-related differences in cue reactivity and
parietal cortical responsiveness over the course adolescent neurodeve-
lopment may have preceded the cannabis use onset and constitute a risk
factor rather than a consequence of early cannabis use (Scheinsburg
et al., 2008; Tervo-Clemmens et al., 2018). Our data are consistent with
epidemiological and preclinical data suggesting that cannabis initiation
precedes the abuse of alcohol and other drugs (Agrawal et al., 2004;
Hayley et al., 2017; Stinson et al., 2006). We also observed that a
younger age at cannabis onset, i.e., during adolescence, was related to
greater severity (dependence vs. abuse and more recent use) and with
younger age at AUD onset. Longitudinal studies are needed to gain a
deeper understanding of potential underlying developmental, socio-
economical, and psychological mechanisms associated with early can-
nabis exposure and how it influences neural responsiveness toward
other reward and addiction cues with consequences for alcohol and
polysubstance use behaviors.

In AUD, attentional biases are of particular relevance for approach
and avoidance behavior towards a drug and accordingly addiction
treatment has started to integrate attentional bias modification train-
ings to reduce alcohol craving and prevent relapse (see e.g., Cox et al.,
2014; Wiers et al., 2015, Heitmann et al., 2017; Luehring-Jones et al.,
2017). Our analyses show that AUD participants without prior cannabis
exposure also responded to cannabis-related stimuli suggesting an en-
hanced readiness to perceive and attend to other drug cues as well. It
may be helpful to expand bias modification-trainings in alcohol ad-
diction treatment programs to cannabis-related stimuli as a preventive
measure, particularly when considering the enhanced availability of
cannabis with current changes in its legalization in the U.S.

Limitations of our study are that the sample did not include in-
dividuals with acute cannabis use, and the subsample of AUD with a
history of past cannabis use was small and did not permit for additional
analyses to explore differences between early initiation of cannabis
(i.e., age 17 or younger; Pope et al., 2003) and later onset. Additionally,
investigation of performance differences by simultaneous use patterns
was not explored. While there is evidence that cognitive bias mod-
ification training can attenuate alcohol attentional biases (Wiers et al.,
2011; Wiers and Wiers, 2017), AUD participants were not receiving
such training during our study. Studies on cannabis bias modification
trainings are more inconsistent showing that a computerized approach-
avoidance training reduces cannabis use in adolescent cannabis users
(Jacobus et al., 2018) but does not change fMRI cannabis cue reactivity
(Karoly et al., 2019). We did, however, observe that attentional biases
to alcohol cues correlated with higher amounts of lifetime alcohol
consumption, but not with length of alcohol abstinence. This may in-
dicate that once an AUD is established, attentional bias may be difficult
to extinguish without a specific training (Wiers et al., 2011). Another
limitation is that the majority of our AUD sample had histories of other
substance abuse/dependencies, a pattern often observed in U.S. AUD
samples depending on the availability of other substances (e.g.
Fama et al., 2019; Choi et al., 2018). In our sample, past substance use
was in remission for on average 16.8 years. Hence, when controlling for
remote other substance use, we did not observe significant effects on
alcohol and cannabis cue reactivity. Ultimately, further research with
larger sample sizes is warranted on the evolution and reversibility of
long-term chronic alcohol, cannabis, and other drug effects on neural
attentional capture mechanisms and how they interact with one an-
other.

5. Conclusion

Involuntary cue-initiated attentional capture mechanisms remained
current in abstinent AUD. We found attentional biases to alcohol- and

cannabis-related cues and decreased frontal activation in AUD that was
related to lifetime alcohol consumption and modulated by an in-
dividual's history of cannabis abuse. Concerning the role of reward cues
in the maintenance of addiction and relapse risk, our findings confirm
that frontal control mechanisms in AUD are not sufficiently engaged to
override automatic intrusions from implicit alcohol related informa-
tion. Differential patterns of frontal dysfunction in AUD were associated
with CUD histories. When processing alcohol and cannabis cues, in-
dividuals with AUD and no history of CUD had decreased responses in
frontal brain regions associated with behavioral inhibition and execu-
tive attention, while AUD participants with past CUD had less pro-
nounced frontal and increased parietal responses to reward cues. Thus,
attentional bias to alcohol cues in AUD is influenced by individuals’
past cannabis use experiences. Even when CUD is in remission, cannabis
cues can act as reminders activating neural response pattern through
long-term associative memory processes and affect neural cue reactivity
to alcohol cues in AUD patients. This is important for a mechanistic
understanding of how the alcoholic brain responds to reward cues
during abstinence. With the increased social acceptance and accessi-
bility of cannabis in the U.S., attentional bias to alcohol- and cannabis-
related cues as pathway to addiction could have implications for
treatment programs on alcohol-cannabis co-use in AUD.
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