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ARTICLE INFO ABSTRACT

Keywords: Background: Little is known about event-level patterns of marijuana co- or tri-use with alcohol and tobacco.
Alcohol Thus, the study goal was to examine patterns of same-day alcohol, cigarette, and marijuana co- and tri-use at the
Tobacco individual level in non-treatment-seeking alcohol users.

Marijual?av Methods: Participants (N = 551) completed an in-person interview for alcohol, cigarette, and marijuana use over
gzz:;bldlty the previous 30 days, and the event-level substance use patterns of n = 179 participants who reported using each

of these substances at least once per month were analyzed.

Results: The use of alcohol, marijuana, or cigarettes independently increased the probability of subsequent,
simultaneous co-use of one of the two remaining substances. The co-use of alcohol with cigarettes and marijuana
with cigarettes produced generally additive effects on the odds of same day tri-use of marijuana and alcohol,
respectively. Conversely, the co-use of alcohol and marijuana produced sub-additive effects on likelihood of
cigarette use. Sex moderated several of the observed patterns of co- and tri-use: the relationship between alcohol
or cigarette use predicting marijuana co-use was stronger in men, whereas the observed additive relationships
between drug co-use leading to tri-use was stronger in women.

Conclusions: The presented results may aid in the understanding of how simultaneous co-use of marijuana with
alcohol and/or tobacco relates to the etiology, maintenance, and treatment of comorbid and trimorbid substance
use disorder. Replication and extension of the results in treatment seeking populations using more fine-grained

Polydrug abuse
Sex differences

analysis approaches, e.g. ecological momentary assessment, is needed.

1. Introduction

Alcohol, tobacco, and marijuana are the three most commonly used
drugs of abuse in the US (Substance Abuse and Mental Health Services
Administration, 2017), and cross-sectional, epidemiological findings
suggest that it is common for individuals to report concurrently using
these substances (Kessler et al., 1997; Prince van Leeuwen et al., 2014).
The prevalence of, problems arising from, and motives underlying the
co-use of alcohol and tobacco have been well documented (for review,
see McKee and Weinberger, 2013; Roche et al., 2016a). Approximately
20% of regular tobacco smokers are also heavy-drinkers (Dawson,
2000), and those who use both substances tend to regularly do so si-
multaneously (i.e., at the same time or within close temporal proximity;
(Piasecki et al., 2008; Shiffman et al., 2012). The chronic, simultaneous
use of cigarettes and alcohol yields adverse consequences. First, heavy-
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drinking tobacco smokers experience more frequent and severe nega-
tive health consequences as compared to those who use either drug
alone (Durazzo et al., 2007; Ebbert et al., 2005). Second, this simulta-
neous co-use creates substantial impediments to smoking cessation
among this sub group. Alcohol use is associated with substantially
poorer smoking cessation rates and, at a more fine-grained level of
analysis, a smoking lapse is four times more likely to occur in the
context of a drinking episode as compared to a non-drinking episode
(Kahler et al., 2010; Shiffman et al., 1996). The understanding of the
daily, event-level patterns of simultaneous cigarette and alcohol co-use,
for example how use of one drug can acutely increase craving for and
drive use of the other (Perkins, 1997; Shiffman et al., 1996), con-
tributed to line of research focused on developing pharmacological and
behavioral treatments that are specifically tailored for individuals who
are dependent on both substances (Falk et al., 2015; Fucito et al., 2011;
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McKee et al., 2009; McKee and Weinberger, 2013; Mitchell et al.,
2012). Thus, characterizing patterns of drug co-use at the individual
rather than population level may be beneficial in identifying the be-
havioral mechanisms that drive problematic, simultaneous substance
use in order to leverage that knowledge into targeted treatments for co-
abusing populations. While marijuana is the most commonly used illicit
drug in the world and is becoming increasingly legal in the USA, rela-
tively little is known about event-level patterns of marijuana co-use
with alcohol and/or tobacco.

Marijuana is the most used illicit drug in the world and third most
commonly used drug of abuse in the nation. In the US, past year mar-
ijuana use more than doubled between 2001-2002 and 2012-2013
(4% to > 9%) with a near parallel magnitude of increase in the pre-
valence of cannabis use disorder ("1.5% — 3%; CUD; (Hasin et al.,
2015a). While there is still some debate on this topic (Kerr et al., 2017;
Pacula and Smart, 2017), the national rise in the prevalence of mar-
ijuana use, particularly in adults, appears to be related to the increasing
number of states that fully legalized or legalized medicinal use over this
same time (Cerda et al., 2012; Hasin et al., 2015b; Legislatures, 2016;
Mauro et al., 2017; Wen et al., 2014). As more states legalize or de-
criminalize marijuana use and its use becomes more tacitly accepted
across the country, it is expected that prevalence of marijuana use and
CUD will continue to rise (Compton et al., 2016; Pacula and Smart,
2017; Pew Research Center, 2014). Although marijuana is considered
less harmful to self and others compared with alcohol and tobacco (Nutt
et al., 2010), acute and chronic marijuana use is indeed associated with
a wide variety of health risks (Hall, 2016; Meier et al., 2012), and
treatment outcomes for CUD are generally poor across various inter-
vention types (Budney et al., 2006; Copeland et al., 2001; Kadden et al.,
2007; Levin et al., 2011; Marijuana Treatment Project Research Group,
2004; Stephens et al., 2000). These adverse consequences from mar-
ijuana use and poor treatment outcomes are thought to be exacerbated
by the commonality of marijuana being used concurrently with other
substances (Cohn et al., 2015, 2016; Conway et al., 2013; Olthuis et al.,
2013; Tzilos et al., 2014). Given the rising prevalence of marijuana use,
CUD, and their related health and treatment problems, it is critical to
characterize situations and patterns in which marijuana is concurrently
(i.e., individuals report use of both but not necessarily simultaneous
use) and simultaneously used with other drugs of abuse.

At the population level, concurrent alcohol and marijuana use is
quite common, with over 75% of marijuana users reporting alcohol use
(Agrawal et al., 2007; Butterworth et al., 2014; Haas et al., 2015;
Hyggen and Hammer, 2014; Midanik et al., 2007). Large scale, long-
itudinal survey data suggest that most who report concurrently using
alcohol and marijuana also use both drugs simultaneously, and si-
multaneous use is associated with heightened heavy-drinking behavior,
drunk driving, adverse social consequences, and harm to self and others
(Midanik et al., 2007; Subbaraman and Kerr, 2015; Terry-McElrath
et al., 2014). As alcohol consumption across youth to adulthood is
substantially higher in marijuana users than non-users (Hyggen and
Hammer, 2014), it is not surprising that marijuana use and CUD are
each associated with the development and maintenance of AUD
(Agrawal et al., 2007; Weinberger et al., 2016). Simultaneous mar-
ijuana and alcohol use is increasing in younger populations, and in
states that have recently legalized marijuana use, there have been early
indications of increases in impaired driving stemming from simulta-
neous co-use (Terry-McElrath and Patrick, 2018; Rocky Mountain High
Intensity Drug Trafficking Area, 2015; Washington Traffic Safety
Commission, 2016). Lastly, concurrent alcohol and marijuana use has
consequences for treatment as well: using marijuana during alcohol
treatment is associated with poorer alcohol treatment outcomes
(Mojarrad et al., 2014; Subbaraman et al., 2017), and when attempting
to reduce their marijuana use, drinkers with and without AUD have
reported increased alcohol craving and consumption (Allsop et al.,
2014; Copersino et al., 2006; Peters and Hughes, 2010; Stephens et al.,
1994). As observed with the co-use of alcohol and tobacco, alcohol and
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marijuana appear to regularly be co-administered in a pattern that es-
calates severity of use of each drug and creates impediments in re-
duction of drug use.

Similar to findings with alcohol, epidemiological studies suggest
concurrent marijuana and cigarette use is highly prevalent and pro-
blematic. Recent findings indicate that more than two-thirds of current
marijuana users concurrently use tobacco (Caulkins et al., 2015; Richter
et al., 2008; Schauer et al., 2017, 2015), and up to 53% of current
tobacco users also use marijuana (Leatherdale et al., 2007, 2006; Ramo
et al., 2012; Substance Abuse and Mental Health Services
Administration, 2017). The co-use of these substances is increasing,
particularly in individuals who were initially tobacco only users
(Schauer et al., 2015) and/or live in states where marijuana use is legal
(Wang and Cataldo, 2016). Relatedly, there is bi-directional evidence
that tobacco or marijuana use precedes and increases the likelihood of
future use of the other substance (Humfleet and Haas., 2004; Patton
et al., 2005; Tarter et al., 2006; Timberlake et al., 2007; Agrawal et al.,
2008; Panlilio et al.,, 2013; Kandel and Kandel, 2015). Concurrent
marijuana and tobacco use, vs. use of either substance alone, is asso-
ciated with increased risk of CUD, more psychosocial and mental health
problems, more severe nicotine dependence, heavier alcohol con-
sumption, and poorer treatment outcomes for both substances (Agrawal
et al., 2012; de Dios et al., 2009; Haney et al., 2013; Moore and Budney,
2001; Peters et al., 2012; Ramo et al., 2012; Schauer and Peters, 2018;
Wang et al., 2016). As with alcohol co-use, simultaneous use of mar-
ijuana and tobacco is common among youths and adults and associated
with more severe drug use and worse health outcomes than concurrent
use (Akre et al., 2009; Amos et al., 2004; Barrett et al., 2006; Golub,
2012; Kelly, 2012; Soldz et al., 2003). For example, individuals who
simultaneously use marijuana and tobacco are at heightened risk for
escalating consumption to hazardous levels, development of depen-
dence, and poor cessation outcomes for each substance (Agrawal and
Lynskey, 2009; Baggio et al., 2014; Fairman, 2015; Ford et al., 2002;
Ream et al., 2008).

In summary, epidemiological studies indicate that marijuana and
tobacco or alcohol are commonly co-used in a concurrent and si-
multaneous fashion, and the co-use of these substances, particularly
when used simultaneously, is related to greater quantity and frequency
of use, development of dependence, and health problems above and
beyond the use of each substance alone. While these studies provide
compelling data about the scope of problems stemming from the co-use
of these substances, a fundamental limitation of such population-level,
cross-sectional studies is that they are unable to answer questions about
event-level patterns of use. That is, the cross-sectional nature of these
studies cannot provide information about the pattern and predictive
relationship of simultaneous co-use within a given day or drug-use
event, which may be especially critical to understanding the co-use of
marijuana with other substances. For example, individuals report both
using marijuana as a substitute for tobacco or alcohol (i.e., either using
marijuana completely in place of either drug or reducing tobacco/al-
cohol consumption due to the use of marijuana) and in a sequential/
simultaneous manner to produce additive or subtractive subjective ef-
fects (Berg et al., 2018; Reiman, 2009; Schauer et al., 2016). It is dif-
ficult to differentiate such patterns of use unless examining event-level
data. The few, recent studies that have used a fine-grained approach to
study simultaneous use, while important, have limitations that may
affect generalizability. A study examining event-level alcohol and
marijuana co-use in adolescents did not report patterns of co-use, only
the context of and consequences from simultaneous co-use (Lipperman-
Kreda et al., 2017). Another study that examined daily patterns of
marijuana and alcohol co-use, but not cigarette use, in a predominantly
male (94%), veteran population found that moderate and heavy-
drinking were more likely to occur on days which marijuana was used.
Further, while individuals with AUD or comorbid AUD + CUD were
more likely to drink heavily on such days, individuals with CUD were
less likely to drink heavily, which the authors interpreted as supporting
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marijuana substitution (Metrik et al., 2018). Lastly, Gunn et al., (2018)
found that daily marijuana use was associated with greater alcohol
consumption in college students, and this predictive relationship
strengthened over a two-year period. However, they did not report on
tobacco use nor the influence of sex on the relationship between daily
marijuana and alcohol use.

In light of the high rates of marijuana co-use with alcohol and to-
bacco in epidemiological studies but relatively absent data on event-
level patterns of use, the goal of the present study was to examine daily
patterns of alcohol, tobacco, and marijuana co- and tri-use (i.e., using
all three substances at once) in non-treatment seeking drinkers who
report regularly using tobacco and marijuana. To our knowledge, no
studies have examined the daily co-use or tri-use of all three substances
at the individual, event-level in the same sample. Because of the strong
evidence for the co-use of all three substances, we hypothesized that use
of one substance would indiscriminately increase the odds of same-day
use of a second substance, and the use of two substances would sub-
sequently increase the odds of using the third. Finally, as an exploratory
aim, we examined whether sex moderated any observed daily patterns
of co- or tri-use. While men tend to use marijuana, alcohol, and cigar-
ettes earlier, heavier, more frequently, and have greater dependence
rates than women (Carliner et al., 2017; Higgins et al., 2015; Johnston
et al., 2018; White et al., 2015), women may have more severe con-
sequences from substance abuse and enter treatment earlier than men
(Diehl et al., 2007; Hernandez-Avila et al., 2004; Mann et al., 2005;
Randall et al., 1999). Given the general dearth of event-level substance
use studies, sex differences in patterns of simultaneous co-use have
obviously not been well characterized. However, at the population
level, men have higher rates of marijuana co-use with each alcohol and
tobacco and display a more rapid escalation in the frequency of this co-
administration than women (Crane et al., 2015; Guxens et al., 2007;
Penetar et al., 2005; Schauer et al., 2015; Victoir et al., 2006). The
characterization of sex differences in patterns of event-level co-use also
may have important implications for understating the etiology and
treatment of addiction.

2. Materials and methods
2.1. Participants and parent studies

All study procedures were approved by the University of California,
Los Angeles Institutional Review Board and conducted in accordance
with the Declaration of Helsinki. The reported sample draws from
baseline data collected as a part of four human laboratory studies.
Three studies examined pharmacotherapies for alcohol use: naltrexone
in an Asian American sample (n = 199; (Ray et al., 2018), ibudilast
(n = 138; (Ray et al., 2017), and ivermectin (n = 74; (Roche et al,,
2016b). The fourth study was an alcohol self-administration study
(n = 140; (Bujarski et al., 2018), resulting in a total sample of 551
participants. Each study recruited a sample of non-treatment seeking,
regular drinkers from the Los Angeles area using identical recruitment
methods of print and online advertisements.

Interested participants completed an initial telephone screening to
determine eligibility. During the telephone screening, all participants
were asked to report their drinking over the past three months prior to
enrollment. The drinking requirement for each study had the following
inclusion criteria: naltrexone in Asian Americans — female requirement
of > 4 drinks per week and male requirement of > 6 drinks per week,
as well as have an Alcohol Use Disorder Identification Test (AUDIT;
(Saunders et al., 1993) score greater than 8; ibudilast and ivermectin —
requirement of > 48 drinks per month and score > 1 on the CAGE
questionnaire (Ewing, 1984) assessing for alcohol problems; self-ad-
ministration — female requirement of > 7 drinks per week and male
requirement of > 14 drinks per week. Age restrictions for the nal-
trexone and ibudilast study were between 21-55, whereas participants
had to be between 21-65 for the ivermectin study and 21-45 for the
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self-administration study. Only two studies had ethnicity requirements.
Participants in the naltrexone in Asian American study were of East
Asian ethnicity (i.e. Chinese, Korean, Japanese, or Taiwanese) and
participants in the self-administration study were Caucasian.

All studies shared the following exclusion criteria: 1) current in-
volvement in treatment programs for alcohol use or having received
treatment in the past 30 days; 2) use of non-prescription drugs (e.g.
methamphetamine, cocaine) or prescription medications for recrea-
tional purposes; 3) self-reported history of exclusionary psychiatric
disorders (e.g. bipolar disorder, manic-depression, psychotic disorders)
assessed during telephone interview; 4) currently using antidepressants,
mood stabilizers, sedatives, anti-anxiety medications, seizure medica-
tions, or prescription pain killers ; 5) self-reported history of contra-
indicated medical conditions (e.g. chronic liver disease, ulcer disease,
cardiac disease,) or any other medical condition that may interfere with
study participation; 6) intense fear of needles or adverse reactions to
needle puncture; and 7) if female, pregnancy, nursing, planning to get
pregnant in the next 6 months or refusal to use reliable method of birth
control. Specific to the ivermectin study, participants were excluded if
they had a Body Mass Index (BMI) less than 18.5 or greater than 30. For
the self-administration study, participants were excluded if they
weighed over 265 pounds.

If participants were eligible following the telephone screening, they
completed an in-person screening visit where written informed consent
was obtained. During the screening visit, participants were required to
produce a breath alcohol concentration (BrAC) of 0.000 g/dl, and test
negative for pregnancy and drug use, except for marijuana, on a urine
toxicology screening.

2.2. Measures

Participants completed a battery of measures at the screening visit.
A demographics questionnaire assessed age, sex, and ethnicity. The
Timeline Follow-Back (TLFB; (Sobell and Sobell, 1992) queried daily
alcohol consumption in standard drinks, number of cigarettes smoked
per day, and marijuana use during the previous thirty days. Marijuana
use was assessed in a dichotomous fashion (i.e., Q: “Did you use mar-
ijuana on this day? A: “Yes or No”); route of marijuana administration
was not recorded. Alcohol and cigarette use was assessed as a con-
tinuous variable. Use of other tobacco products, e.g. snus or chewing
tobacco, was not assessed. The Fagerstrom Test of Nicotine Dependence
(FTND; (Heatherton et al., 1991) queried extent of nicotine depen-
dence. The AUDIT was administered to evaluate severity of drinking.
The Cannabis Use Disorders Identification Test (CUDIT-R; (Adamson
et al., 2010), a reliable and valid adaptation of the AUDIT, was given to
assess marijuana use severity.

2.3. Data analysis

Of the 551 total subjects who were screened for the four studies
from which we culled data, 541 (98.2%) reported using alcohol on the
AUDIT and/or TLFB, 296 (53.7%) reported using marijuana on the
CUDIT and/or TLFB, and 260 (47.2%) reported using cigarettes on the
FTND. As this study aimed to understand patterns of co- and tri-use
among all three substances, we included only participants who reported
using alcohol, cigarettes, and marijuana on a monthly basis. This se-
lection resulted in a final sample of N = 179 participants. While this
represents a significant decrease in the number of subjects, statistical
power is still quite high for these analyses. The proposed analyses test
the association between drug use on a per-day basis (i.e., Level 1 ef-
fects). Thus, the sample size for this study is properly conceptualized in
terms of both the number of subjects, 179, but also the number of Level
1 observations which is 5390 total days. To confirm that this study is
well powered, GPower 3.1.9.2. was used to conduct a power analysis.
Based on a simplified repeated measures approach, a small effect size
(i.e., Cohen’s d = 0.2) and a nominal a = 0.05 threshold, power for this
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study was exceptionally high (i.e., > 99.99%).

To explore patterns of marijuana, alcohol, and/or cigarette co-use a
series of multilevel logistic models were run on 30-day timeline follow-
back drug use data. Owing to the one-on-one clinical interview nature
of data collection for the key variables, there was no missing data in this
study. Only individuals who reported using all three substances at least
once per month were analyzed. Multilevel logistic modeling was chosen
because (1) the data structure is nested with days (Level 1) nested
within subjects (Level 2) which is appropriately modeled with a mul-
tilevel modeling approach and (2) the outcome variable of whether a
given drug was used on a given day is binary necessitating the logistic
modeling approach. Multilevel logistic models were run via PROC
GLIMMIX in SAS version 9.4 (SAS Institute, 2015) with a binomial
dependent variable distribution and a logit link function. Models were
run with cigarette use and marijuana use as the dependent variable and
the other drug classes treated as predictor variables with main effects
and interactions to test for potentially synergistic effects of combined
use on the likelihood on the third drug use (i.e., a positive interaction),
or a suppressive effect where use of both drugs is associated with the
same risk as singular use (i.e., a negative interaction). Variables tested
were (1) Drink, a binary Level 1 variable coding whether alcohol was
consumed on a given day, (2) Smoke, a binary Level 1 variable coding
whether cigarettes were smoked on a given day, and (3) Marijuana, a
binary Level 1 variable coding whether marijuana was used on a given
day. To disentangle within-person effects (i.e., effects of use on a given
day) from between-person effects (i.e. tendency for heavier users of one
drug to be heavier users of all drugs), person-means for each predictor
variable (e.g., the average drinking frequency across the 30 days as-
sessed) were entered into models as Level 2 variables. To further ensure
that the effects reported are within-subject effects, all Level 1 variables
were treated as random at Level 2, meaning the effects were allowed to
vary between subjects.

Statistical results are presented with an accompanying odds ratio
effect size and 95% confidence intervals. Where interactions were ob-
served, analysis of simple slopes were conducted through a recentering
scheme to test the lower-order effects at specific levels of the interacting
variables. In accordance with the NIH policy on considering sex as a
biological variable (Health, 2015) and given the sex differences in the
prevalence of marijuana, tobacco, and alcohol use in the US (Carliner
et al., 2017), we also tested for sex differences in the propensity for
drug co-use. To test the robustness of these results several covariates
were explored including: age, ethnicity, and source study, all of which
were included as Level 2 variables. Ethnicity was examined as a cov-
ariate because one of the source studies was completely composed of
individuals of East Asian descent (Ray et al., 2018), and age was in-
cluded due to findings that patterns of co-use may differ by age
(Schauer et al., 2015; Terry-McElrath and Patrick, 2018). In line with
the recommendations of (Simmons et al., 2011), where discrepancies
between models which included vs. omitted covariates were observed,
we report the results of both models.

3. Results

Sample demographics for the final sample of 179 participants are
displayed in Table 1. Overall the sample was in early-mid adulthood
(mean age = 29.02, SD = 8.19), majority male (72.47%), ethnically
diverse (36.16% Asian American, 31.07% Caucasian, 12.43% African
American, 9.04% Hispanic, and 7.34% Native American), and pulled
from all four studies (Self-Administration Study: 25.70%; Naltrexone in
Asian Americans Study: 32.40%; Ibudilast Study: 26.82%; Ivermectin
Study: 15.08%). The sample on average reported very hazardous
drinking as indicated by the AUDIT (mean = 17.20, SD = 7.66), a high
prevalence of hazardous marijuana use on the CUDIT-R (mean = 7.83,
SD = 5.98), and low to moderate nicotine dependence on the FTND
(mean = 2.85, SD = 1.06). In total, these 179 participants reported
drinking alcohol on 3073 days, smoking cigarettes on 2750 days, and
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Table 1

Sample demographics for study completers (N = 179) who reported using al-
cohol, marijuana, and cigarettes on self-report measures and/or timeline
follow-back interviews.

Mean (SD) or %

Age 29.02 (8.19)
Sex (% women) 27.53%
Ethnicity
American Indian 7.34%
Asian 36.16%
African American 12.43%
Hispanic/Latino 9.04%
Caucasian 31.07%
Multiple Ethnicities reported 1.69%
Other 2.26%
Source Study
Self-Administration Study 25.70%
Naltrexone in Asian Americans Study 32.40%
Ibudilast Study 26.82%
Ivermectin Study 15.08%
Cannabis Use Disorder Identification Test — Revised (CUDIT-R) 7.83 (5.98)
Alcohol Use Disorder Identification Test (AUDIT) 17.20 (7.66)
Fagerstrom Test for Nicotine Dependence (FTND) 2.85 (1.06)

consuming marijuana on 1598 days. 4.47% of subjects drank alcohol
daily, 10.0% used marijuana daily and 22.9% smoked cigarettes daily.
On average, participants smoked cigarettes on 51% of days
(SD = 41%), drank alcohol on 57% of days (SD = 25%), and used
marijuana on 30% of days (SD = 35%). Further, participants reported
co-administering cigarettes and alcohol on 35% of days (SD = 31.51%),
cigarettes and marijuana on 19.55% of days (SD = 30.21%), marijuana
and alcohol on 20.08% of days (SD = 26.58%), and using all three
substances on 14.81% of days (SD = 24.61%).

Subjects recruited from different source studies differed in terms of
their average marijuana use frequency (F(1, 3) = 12.32, p < 0.001;
Self-Administration Study 13.9% of days (SD = 19.1%), Naltrexone in
Asian Americans Study: 22.5% (SD = 29.5%), Ibudilast Study: 39.0%
(SD = 38.8%), Ivermectin Study: 56.5% (SD = 40.8%)). Studies also
differed in their average drinking frequency (F(1, 3) = 13.97,p <
0.001; Self-Administration Study 61.1% of days (SD = 21.5%),
Naltrexone in Asian Americans Study: 42.0% (SD = 23.5%); Ibudilast
Study: 67.8% (SD = 20.4%); Ivermectin Study: 64.8% (SD = 24.5%)).
No difference in cigarette smoking frequency was found between stu-
dies (p = 0.36).

3.1. Correlations between average drug use frequency

Please see supplemental information for summary tables of all re-
sults. To first test whether average drug use frequency across these
three drugs of abuse were correlated at the subject level, a series of
linear regressions were conducted analyzing the correlation between
proportion of days using each drug from the TLFB. Both drinking fre-
quency and marijuana use frequency were found to independently
predict cigarette smoking frequency (B = 0.35, SE = 0.12, t = 2.87,
p < 0.01 and B = 0.24, SE = 0.09,t = 2.89,p < 0.01, respectively),
but drinking frequency did not predict marijuana use frequency
(p = 0.17). While these results suggest that subjects who use cigarettes
and drink alcohol more often also use marijuana more frequently, these
analyses do not address the central question posed in this paper of
whether use of one substance on a particular day increases the like-
lihood of co-use or tri-use on that same day.

3.2. Predicting same-day cigarette use
To test whether use of one drug increases the likelihood of same-day

co-use, a series of multilevel models were run with daily use of each
drug included as Level 1 variables and drug use frequency person



D.J.O. Roche, et al.

A. Probability of Same-Day Cigarette Smoking

100%
k%
%k
75%
*kk
50%
25%
No Use Alcohol Marijuana Alcohol &
Marijuana
B. Probability of Same-Day Marijuana Use
50%
*kk
40%
30%
%k
* k%
20%
-
0%
No Use Alcohol Cigarette Alcohol &
Cigarette
C. Probability of Same-Day Alcohol Use
100% *okx
*okk 'Q
75% Q \\
3 %k
50% §

0%

No Use Cigarette Marijuana Cigarette &

Marijuana

Fig. 1. Probability of (A) same-day cigarette smoking on days of no drug use,
alcohol use, marijuana use, or both, (B) same-day marijuana use on days of no
drug use, alcohol use, cigarette use, or both, and (C) same day alcohol use on
days of no drug use, cigarette use, marijuana use, or both. Plotted probabilities
are computed based on the final multilevel logistic model including main effects
and interaction and covarying for person-mean use frequencies for each drug.
Error bars represent 95% confidence intervals. *** p < 0.001 as compared to
“No Use” days.

means also included as covariates to disentangle the between-subject
effects summarized in 3.1 from same-day effects. Over and above the
effect of more frequent drug use generally, drinking alcohol on a given
day was associated with a dramatic increase in the likelihood of same-
day cigarette smoking (B = 2.27, SE = 0.15, t (5172) = 15.63, p <

0.001, OR = 9.71, 95% CI [7.29, 12.91]). Likewise, marijuana use was
also associated with an increase in the likelihood of same-day cigarette
smoking, though to a smaller degree than alcohol (B = 0.82, SE = 0.18,
t (5172) = 4.61, p < 0.001, OR = 2.27, 95% CI [1.60, 3.21]). A
significant and negative Drink X Marijuana interaction term was ob-
served (B = -0.78, SE = 0.27,t(5171) = —2.92,p < 0.01) such that
the effect of combined use of alcohol and marijuana on a given day was
sub-additive (Fig. 1A). This interaction was such that on non-drinking
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days, marijuana use was associated with relatively large increases in the
likelihood to smoke cigarettes (OR = 3.82, 95% CI [2.32, 6.28], but on
drinking days, the effect of marijuana use on cigarette co-use was
substantially smaller (OR = 1.74, 95% CI [1.17, 2.58]). As expected in
these models, average cigarette use, marijuana use, and alcohol use
frequency were all significantly associated with likelihood to smoke
cigarettes on a given day (p < 0.01). Neither sex, age, ethnicity, nor
source study were significant covariates, and their inclusion in the
model had no effect on these reported outcomes.

3.3. Predicting same-day marijuana use

Drinking alcohol on a given day was associated with an increase in
the likelihood of same-day marijuana use over and above the effect of
cigarette smoking (B = 0.94, SE = 0.12, t (5172) = 7.63, p < 0.001,
OR = 2.56, 95% CI [2.01, 3.27]). Likewise, smoking cigarettes on a
given day was also associated with an increase in the likelihood of
same-day marijuana use (B = 0.80, SE = 0.17, t (5172) = 4.76, p <
0.001, OR = 2.24, 95% CI [1.60, 3.11]). The effect of drinking and
cigarette smoking on marijuana use was generally additive as evidenced
by a non-significant interaction term (p = 0.46). As a result of this
additivity, the odds of marijuana use on days where both alcohol and
cigarettes were used are 5.59 times greater than on days of no alcohol
or cigarette use (Fig. 1B). No covariates were significant, and their in-
clusion did not affect any of the effects reported.

3.4. Predicting same-day alcohol use

Smoking cigarettes on a given day was associated with an increase
in the odds of same-day alcohol use over and above the effects of same-
day marijuana use (B = 2.17, SE = 0.13,t(5172) = 16.98,p < 0.001,
OR = 8.80, 95% CI [6.84, 11.30]). Marijuana use was also associated
with an increase in alcohol drinking likelihood (B = 0.92, SE = 0.12, t
(5172) = 7.52, p < 0.001, OR = 2.52, 95% CI [1.98, 3.21]). The
interaction between cigarette and marijuana use was not significant
(p = 0.52) suggesting a generally additive relationship (Fig. 1C). As
with the results predicting cigarette smoking and marijuana use, the
effects predicting alcohol use were not affected by the inclusion of
covariates, and no covariates predicted alcohol use likelihood.

3.5. Sex differences

The effects of cigarette and alcohol use on the probability of same-
day marijuana use were moderated by sex. Specifically, a significant
sex X alcohol use interaction was observed (B = -0.48, SE = 0.23, t
(5142) = —2.09, p < 0.05) such that the effect of drinking on same-
day marijuana use was greater for men (OR = 2.99, 95% CI [2.24,
3.99]) than for women (OR = 1.85, 95% CI [1.26, 2.72]). Furthermore,
a sex x alcohol use X cigarette use interaction was also significant
(B=1.63, SE=0.48, t (5139) = 3.42, p < 0.001, Fig. 2A). This
three-way interaction was such that the two-way alcohol use x
cigarette use interaction was significant and positive representing a
synergistic effect for women (B = 1.27, SE = 0.40, t (5139) = 3.20,
p < 0.01), but nonsignificant for men (B = —0.36, SE = 0.26, t
(5139) = —1.38, p = 0.17). Further breaking down this complex sex
difference, the effects of singular alcohol and cigarette use on marijuana
use were both significant for men (ORajconor = 3.65, 95% CI [2.39,
5.56]; ORgigaretre = 2.99, 95% CI [1.88, 4.78]), but small and non-
significant for women (ORajconor = 1.15, 95% CI [0.70, 1.871;
ORcigarerte = 0.79, 95% CI [0.40, 1.561).

A significant sex X cigarette use X marijuana use interaction pre-
dicting alcohol use likelihood was also observed (B = 1.06, SE = 0.39, t
(5139) = 2.74, p < 0.01). This effect was such that the synergistic
effect of combined cigarette and marijuana use was greater among
women (B = 0.95, SE = 0.34, t (5139) = 2.82,p < 0.01) than among
men (B = -0.11, SE=0.18, t (5139) = —-0.60, p= 0.55, see
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A. Probability of Same-Day Marijuana Use
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Fig. 2. Sex differences in the probability of (A) same day marijuana use asso-
ciated with alcohol and/or cigarette use and (B) same day alcohol use asso-
ciated with cigarette and marijuana use. Plotted probabilities are computed
based on the final multilevel logistic model including main effects and inter-
action and covarying for person-mean use frequencies for each drug. Error bars
represent 95% confidence intervals.

Fig. 2B). No other sex differences were observed (p = 0.26).
All reported sex differences were robust to controlling for ethnicity,
source study, and age.

4. Discussion

The present study was the first to examine event-level, daily pat-
terns of co-use of marijuana, alcohol, and cigarettes in a sample of non-
treatment seeking individuals. Alcohol consumption was associated
with increased odds of same-day cigarette or marijuana co-use.
Similarly, any cigarette smoking increased the probability of same-day
alcohol or marijuana co-use, and marijuana use also increased the odds
of same-day alcohol or cigarette co-use. Additionally, we found gen-
erally additive effects of simultaneous co-use on the likelihood of using
a third substance (i.e., tri-use); the co-use of alcohol with cigarettes and
marijuana with cigarettes increased the odds of same day marijuana
and alcohol use by over five times, respectively. When taken together,
these results indicate that the use of either marijuana, alcohol, or to-
bacco substantially increases the probably of the co-use one of the two
other substances, and if two of these substances are co-used, the like-
lihood of a using the third is further amplified. Our results may aid in
the understanding of how simultaneous co-use of marijuana with al-
cohol and/or tobacco relates to the etiology, maintenance, and treat-
ment of AUD, CUD, and tobacco use disorder (TUD).

Our event-level findings that marijuana, alcohol, and/or cigarette
use substantially increased odds of simultaneous co- and tri-use in non-
treatment seeking, regular substance users support epidemiological
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data that describe highly prevalent concurrent and simultaneous co-use
of these three substances. The behavioral mechanisms underlying the
relationship between alcohol and tobacco co-use have been well char-
acterized and may be applicable to understanding co-use of each sub-
stance with marijuana. As reviewed in detail elsewhere (Roche et al.,
2016a; Verplaetse and McKee, 2017), the underlying motivation for
simultaneous co-administration of alcohol and tobacco appears to be
predominantly driven by cue-conditioned cross-reactivity, in which
each substance elicits cue-induced craving for the other via Pavlovian
conditioning, and the additive or synergistic reinforcing effects of the
drugs when used in combination. The findings of the present study may
suggest that individuals are simultaneously using marijuana with al-
cohol and/or tobacco due to similar mechanisms. Such motives for co-
or tri-use would be consistent with the majority of preclinical and
clinical studies examining the combined effects or patterns of co-use of
marijuana with alcohol or tobacco. For example, tobacco and marijuana
co-users have reported simultaneously using both substances because
each drug increases craving for the other, tobacco enhances the sub-
jective effects of marijuana, and simultaneous co-use produces additive
subjective effects (Amos et al., 2004; Berg et al., 2018; Ramo et al.,
2013, 2012; Schauer et al., 2016). Furthermore, the majority of mole-
cular and behavioral pharmacology studies in rodents and humans
suggest additive, or even synergistic, reinforcing as well as impairing
effects of combined marijuana and alcohol (Bramness et al., 2010;
Downey et al., 2013; Liguori et al., 2002; Lukas and Orozco, 2001;
Perez-Reyes et al., 1988; Ramaekers et al., 2004). Interestingly, a recent
study found that alcohol consumption was positively associated with
being open to experiment with tobacco or marijuana co-use in different
places and with different people, suggesting a contextual or social in-
fluence on co-use in addition to the pharmacological factors discussed
above (Berg et al., 2018).

If the pattern of simultaneous co- and tri-use observed in this study
is representative of a chronic behavior, we speculate that additive co-
reinforcement and cue-cross-reactivity, as well as the likely develop-
ment of cross-tolerance due to overlapping neurobiological effects (Le
Foll et al., 2008; Maldonado et al., 2006; Roche et al., 2016a), could
lead to escalation of substance use to hazardous levels and underlie the
development of comorbid or even trimorbid CUD, AUD, and/or TUD.
This proposed progression would be consistent with epidemiological
literature indicating that the simultaneous use of marijuana with to-
bacco or alcohol is associated with psychological and physiological
harm, negative social consequences, high risk substance use, develop-
ment of dependence, more severe dependence levels, and poorer
treatment outcomes above and beyond both concurrent and single drug
use (Baggio et al., 2014; Mojarrad et al., 2014; Subbaraman et al., 2017;
Subbaraman and Kerr, 2015; Weinberger et al., 2016). Yet, there is a
sizeable literature suggesting marijuana is sometimes used as a sub-
stitution for alcohol or cigarettes. Individuals who use marijuana con-
currently with alcohol or tobacco report using marijuana in place of
both drugs (Berg et al., 2018; Lau et al., 2015; Reiman, 2009; Schauer
et al., 2016). Furthermore, cessation studies have also shown that as
marijuana use declines, craving and use of alcohol or tobacco may rise,
which indirectly supports a substitution pattern of use (Choi et al.,
2018; Copersino et al., 2006; Peters and Hughes, 2010; Schaub et al.,
2010). Indeed, some have argued for marijuana to be positioned as a
substitute for alcohol and other illicit drug abuse as a harm reduction
strategy (Charlton, 2005; Reiman, 2009). Marijuana may have a su-
perior safety profile to alcohol or tobacco (Nutt et al., 2010), but the
concept of drug substitution as a harm reduction strategy is predicated
on the idea that use of the substituted drug decreases rather than in-
creases the likelihood of target drug use. Although marijuana use
strongly augmented the odds of same-day drug co-use in our sample, we
also observed that the co-use of alcohol and marijuana was associated
with a decrease in the odds of cigarette consumption compared with
non-drinking days. One possible interpretation of this result is that in-
dividuals were substituting marijuana for cigarettes in this particular
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co-use event. Despite this single sub-additive result, our findings when
taken as a whole suggest additive co-use effects and indicate further
research of event-level, simultaneous co-use in both treatment-seeking
and non-treatment-seeking populations is needed before considering
marijuana as a harm reduction strategy for AUD or TUD.

Sex was a significant moderator of several of the observed patterns
of co- and tri-use between marijuana, alcohol, and tobacco. The effect
of alcohol and cigarette use independently increasing the odds of same-
day marijuana co-use was stronger in men than women. This finding is
broadly consistent with epidemiological data showing that men, vs.
women, have higher rates of marijuana, alcohol, and cigarette use, start
using these substances at a younger age, use them in greater quantities,
and have greater prevalence of dependence (Carliner et al., 2017;
Higgins et al., 2015; Johnston et al., 2018; White et al., 2015). More
specifically, men have higher rates of marijuana co-use with each al-
cohol and tobacco and display a more rapid escalation in the frequency
of this co-administration than women, both of which directly support
the patterns of co-use observed in the present study (Crane et al., 2015;
Guxens et al., 2007; Penetar et al., 2005; Schauer et al., 2015; Victoir
et al., 2006).

Interestingly, while men had stronger relationships of single drug
use predicting simultaneous marijuana co-use, women were more likely
to have drug co-use turn into tri-use. We observed that the odds of
alcohol use after simultaneous cigarette and marijuana co-use and
marijuana use after cigarette and alcohol co-use were greater in women
than men. An event-level pattern of tri-use such as this, i.e., with
greater odds of progressing from simultaneously using two substances
to co-using three substances in an event, could plausibly be related to
more severe consequences from substance use in women even if they
consumed less overall quantity than men. While men use marijuana,
tobacco, and alcohol more heavily and have higher rates of dependence
than women, women often experience more severe consequences from
use. Some, but not all (Keyes et al., 2010), studies have demonstrated
that women display “telescoping” in the development of AUD and CUD.
That is, while men have higher rates of the disorders, women tend to
enter treatment for CUD and AUD after fewer years and quantity of use
than men (Diehl et al., 2007; Hernandez-Avila et al., 2004; Mann et al.,
2005; Randall et al., 1999). Additionally, women are at greater risk for
lost productivity, alcohol-induced blackouts, more severe neurocogni-
tive impairment, brain atrophy, and a variety of physiological problems
due to alcohol abuse despite drinking less and for a shorter amount of
time than men (Diehl et al., 2007; Hommer, 2003; Nixon et al., 2014;
Nolen-Hoeksema, 2004; White et al., 2002). Sex differences in patterns
of co- and tri-use could inform sex specific treatment and intervention
of comorbid substance use disorders. However, given the exploratory
nature of our comparison of sex differences and the paucity of studies
that have included sex as a variable when examining event-level pat-
terns of co-use, our sex-related results should be viewed as preliminary
and are in need of replication in independent samples.

As the original purpose for collecting the data that was analyzed in
this manuscript was participant screening, and the analysis presented in
this manuscript was ad hoc, there are several important limitations that
should be considered when interpreting our results. The primary study
limitation is the potential for low external validity due to the very
specific composition of our sample. The recruitment goals of the four
parent studies were in part to screen individuals who were regular-to-
heavy-drinkers but who did not have other serious psychiatric disorders
or medical conditions. Additionally, one of the parent studies only
enrolled individuals of East Asian descent (Ray et al., 2018). The re-
sultant sample in the present study is reflective of these parameters;
that is, one with a higher than expected percentage of Asian Americans
who are very hazardous drinkers, have low nicotine dependence, have
borderline hazardous marijuana use, and report having no serious
medical or psychiatric conditions. However, as outlined in the in-
troduction, individuals from the general population who simulta-
neously co-administer alcohol, marijuana, and/or cigarettes on a
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regular basis would likely present with comorbid psychiatric disorders
and serious health problems, and this may be especially true for
treatment-seeking populations. Further, individuals of East Asian des-
cent generally report lower alcohol consumption and have reduced risk
of AUD development than other ethnicities (Eng et al., 2007; Frank
et al., 2012), so it is potentially unlikely that this ethnic background
would be responsible for 36% of the individuals who use alcohol,
marijuana, and cigarettes in the real world. Although controlling for
ethnicity in all analyses increases external validity and confidence in
the presented results, it is still unclear how the presented results may
generalize to both the general population of substance using adults as
well as those seeking treatment for AUD, CUD, and/or TUD.

Additional limitations may be related to the use of the TLFB to
retrospectively assess patterns of drug co-use. When compared to same-
day assessment, the use of the TLFB interview to retrospectively record
drug use introduces a risk of recency bias (Gmel and Daeppen, 2007;
Vinson et al., 2003). However, this recency effect appears to be mostly
related to underreporting measurements of consumption levels (e.g.,
number of drinks) rather than accuracy in dichotomously assessing
whether any drug was consumed on a given day (Searles et al., 2002),
which would mitigate any negative influence of recall bias on the
present results. Also, because our standard procedures for TLFB ad-
ministration was to assess marijuana use as a dichotomous “Yes/No”
variable, no information was collected on the route, formulation, or
quantity of marijuana that was consumed on a given day. For example,
in our data we have no ability to distinguish whether a single “hit” from
a vaporizer, 30 mg of marijuana extract taken orally, or three entire
blunts was consumed in a day; all could feasibly be coded identically in
our dataset. Furthermore, while we do interpret the self-report of co-use
within a day as simultaneous rather than concurrent use, we do not
have data directly indicating that all substances were consumed during
a single drug-use event. It is conceivable, albeit unlikely, that an in-
dividual would regularly use one drug in the morning and a second in
the evening, for example. Yet, we believe we are warranted to interpret
same-day co-use as simultaneous given prior findings indicating that
polydrug users simultaneously co-administer drugs the far majority of
the time and that marijuana is commonly self-reported as being used
simultaneously with alcohol or tobacco (Barrett et al., 2006; Martin
et al., 1992; Midanik et al., 2007; Subbaraman and Kerr, 2015). Lastly,
although overall a clear strength of our study, our data only allows us to
examine co-use within a given day. Thus, we are unable to determine
causal pathways underlying specific sequences of co-use, and future
studies, for example with ecological momentary assessment (EMA)
methods, should examine the temporal relationship between marijuana,
alcohol, and tobacco use within a given drug-use episode.

4.1. Conclusions

In conclusion, the present study suggests that, as observed with the
co-use of alcohol and tobacco, marijuana is simultaneously co-used
with tobacco and alcohol in a predictable and incremental pattern at
the individual and event-level. The individual use of marijuana, al-
cohol, or tobacco significantly increased the odds of using a second
substance, and the use of a second substance generally produced ad-
ditive effects in increasing the likelihood of using a third. We did ob-
serve one exception to this pattern in that the co-use of alcohol and
marijuana produced sub-additive effects on likelihood of also using
cigarettes. This finding was surprising, considering the otherwise gen-
erally additive effects on co- and tri-use, and suggests that alcohol or
marijuana may at times be used a substitute for cigarettes in certain co-
use situations.

Lastly, in our exploratory analysis, we found that sex moderated
several of the observed patterns of co- and tri-use. The relationship
between alcohol or cigarette use increasing the odds of marijuana co-
use was stronger in men, whereas the observed additive relationships
between drug co-use leading to tri-use was stronger in women. As
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individuals who co-use marijuana with tobacco and alcohol have more
severe health and social consequences and worse treatment outcomes,
additional studies using more fine-grained analysis approaches, e.g.
EMA, are needed to replicate these findings and elucidate their role in
the etiology and treatment of CUD, AUD, and TUD.
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