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Abstract

Cannabis self-administration studies may be helpful for identifying factors that influence cannabis consumption and subjec-
tive response to cannabis. Additionally, these paradigms could be useful for testing novel pharmacotherapies for cannabis use
disorder. This scoping review aims to summarize the findings from existing ad libitum cannabis self-administration studies
to determine what has been learned from these studies as well as their limitations. We examined studies that specifically
examined cannabis smoking, focusing on subjective response and self-administration behavior (e.g., smoking topography).
A systematic search was conducted using PubMed and Embase from inception to October 22, 2022. Our search strategy
identified 26 studies (total N = 662, 79% male) that met our eligibility criteria. We found that tetrahydrocannabinol (THC)
concentration significantly affected subjective response to cannabis in some but not all studies. In general, cannabis self-
administration tended to be most intense at the beginning of the laboratory session and decreased in later parts of the ses-
sion. There was limited data on cannabis self-administration in adults older than 55. Data on external validity and test-retest
reliability were also limited. Addressing these limitations in future ad libitum cannabis self-administration studies could
lead to more valid and generalizable paradigms, which in turn could be used to improve our understanding of cannabis use
patterns and to help guide medication development for cannabis use disorder.

Keywords Cannabis - Cannabis smoking - Ad libitum - Free-access - Self-administration - Human laboratory - Subjective
response

< Matthew E. Sloan 7
matthew.sloan@cambh.ca

Translational Addiction Research Laboratory, Centre
for Addiction and Mental Health, Toronto, Ontario, Canada

Department of Family and Community Medicine, University

Addictions Division, Centre for Addiction and Mental .
of Toronto, Toronto, Ontario, Canada

Health, Toronto, Ontario, Canada
Waypoint Research Institute, Waypoint Centre for Mental

Department of Pharmacology & Toxicology, University Health Care, Penetanguishene, Ontario, Canada

of Toronto, Toronto, Ontario, Canada
Dalla Lana School of Public Health, University of Toronto,

Biobehavioural Addictions and Concurrent Disorders .
Toronto, Ontario, Canada

Research Laboratory (BACDRL), Centre for Addiction
and Mental Health, Toronto, Ontario, Canada Department of Psychiatry, University of North Carolina

Department of Psychiatry, Temerty Faculty of Medicine, at Chapel Hill, Chapel Hill, NC, USA

University of Toronto, Toronto, Ontario, Canada

Campbell Family Mental Health Research Institute, Centre
for Addiction and Mental Health, Toronto, Ontario, Canada

Institute of Medical Science, University of Toronto, Toronto,
Ontario, Canada

Bowles Center for Alcohol Studies, University of North
Carolina at Chapel Hill, Chapel Hill, NC, USA

Department of Psychological Clinical Science, University
of Toronto Scarborough, Toronto, Ontario, Canada

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00213-023-06360-4&domain=pdf
http://orcid.org/0000-0003-2172-8802

1394

Psychopharmacology (2023) 240:1393-1415

Introduction

Cannabis is one of the most commonly used drugs globally
(Connor et al., 2021). In the past year, cannabis use among
youth has increased in western nations, with prevalence
rates of 18% (SAMHSA, 2021), 20% (European Monitor-
ing Centre for Drugs and Drug Addiction, 2021), and 27%
(Health Canada, 2021) in the USA, Europe, and Canada
respectively. There is evidence that both rates of use and
cannabis potency are rising in the USA. Between 2002
and 2020, past-year cannabis use in American adults aged
18 years and older has increased by about 8% (SAMHSA,
2021), and cannabis potency has increased since the 1980s
from about 3% tetrahydrocannabinol (THC) to 12% THC
in 2012 (Volkow et al., 2014). Along with this growing
trend, the perception of risk from cannabis use has also
decreased over the years, with fewer individuals associat-
ing harm with weekly cannabis use in 2020 (28.2%) com-
pared to 2015 (38.7%) (SAMHSA, 2021). Long-term use
of cannabis increases the risk of developing cannabis use
disorder (CUD) (NIDA, 2021), and in the USA, the past-
year prevalence of CUD has risen from 1.5% in 2001-2002
to 2.9% in 2012-2013 (Hasin et al., 2015).

Chronic cannabis use may increase the risk of other
substance use disorders (Blanco et al., 2016) and increase
the risk for and persistence of psychotic symptoms (Kue-
pper et al., 2011) and psychosocial impairment (Sorkhou
et al., 2021). Given the adverse effects of cannabis, it is
essential to gain a better understanding of how individuals
self-administer the drug and its psychopharmacological
effects. Although observational studies have been help-
ful in identifying the effects of cannabis, these studies
have varying methodologies. They often rely on retro-
spective reports, which can be biased due to variations
in the potency and type of cannabis used, co-use of other
drugs, and recall bias. In contrast, cannabis self-adminis-
tration (CSA) studies conducted in the laboratory allow
for a potentially more valid examination of drug intake
and subjective response, as researchers can control vari-
ous external factors, such as cannabis potency and timing
of administration. Understanding the reinforcing and sub-
jective effects of cannabis may help us better understand
who is most liable to develop CUD. Furthermore, reli-
able drug self-administration paradigms can be used for
pharmacotherapy development (Panlilio et al., 2016; Ray
et al., 2021). In order to model specific aspects of addic-
tion, various drug self-administration designs have been
developed, such as operant self-administration procedures
in which participants are required to complete a task (e.g.,
pressing buttons) in order to receive the drugs (Haney,
2009; Stangl et al., 2022), controlled-smoking procedures
(e.g., smoking inhalation guided by an experimenter’s
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instruction or cues) to standardize consumption (Kayser
et al., 2021), choice procedures where participants are
given the option to choose between the drug and one or
more alternatives (e.g., money or other drugs) (Haney,
2009; Jones & Comer, 2013; McKee, 2009; Sloan et al.,
2022), and free-access or ad libitum procedures (Gowin
etal., 2017; Sloan et al., 2020). Ad libitum procedures are
one of the most common self-administration paradigms
(Chukwueke & Le Foll, 2019; Gowin et al., 2017; Jones
& Comer, 2013; Sloan et al., 2020). In this type of study
design, participants can freely administer a drug without
restriction, although certain ceilings are often imposed for
safety or practical reasons. In the present study, we specifi-
cally focused on ad libitum cannabis self-administration
studies. Other forms of cannabis administration may also
be reflective of real-world use (e.g., paradigms where par-
ticipants pay for access to cannabis) but were beyond the
scope of the current review.

The psychoactive effects of cannabis are derived from
delta-9-tetrahydrocannabinol (THC). THC is rapidly
absorbed into the bloodstream and peaks shortly after
administration, usually in about 3-10 min when adminis-
tered through inhalation (Grotenhermen, 2003). THC then
acts as a partial agonist on cannabinoid receptor 1 (CB1)
and cannabinoid receptor 2 (CB2) in the brain, with the
psychoactive effects mediated by CB1 (Pacher et al., 2006;
Sloan et al., 2019; Zou & Kumar, 2018). Cannabis can be
administered recreationally through various methods, such
as smoking, vaping, or oral ingestion. Although some studies
have examined the effects of vaping (Spindle et al., 2019)
and oral administration (Fogel et al., 2017), cannabis smok-
ing remains the most common form of administration in both
real-world (Health Canada, 2021) and laboratory settings
(Russell et al., 2018; Vinette et al., 2022), so our review will
focus on this administration method.

The present scoping review aims to summarize findings
from ad libitum paradigms that have been used to study can-
nabis self-administration in the human laboratory to date. We
will first summarize the design of ad libitum CSA studies and
their subjective and behavioral findings. We will then discuss
the test-retest reliability and external validity of these studies
by reporting on correlations between repeated sessions and
associations between cannabis use in the lab and external
cannabis use. Finally, we will discuss the gaps in the litera-
ture and considerations for the design of future CSA studies.

Methods

Free-access or ad libitum paradigms are one of the most
straightforward methods of measuring self-administration
behavior. They are thought to be reflective of real-world
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use, as participants can consume the drug as desired. There
are usually some restrictions such as a fixed timeframe or
a maximum quantity of drug consumption allowed (i.e., ceil-
ing) to ensure practicality and participant safety.

Included studies needed to be published in English and
must have employed an ad libitum human laboratory can-
nabis self-administration paradigm with adult participants
aged 18 years and older. In our review, we only included
laboratory paradigms that allowed participants to smoke
cannabis for at least 10 min. This minimum time win-
dow was selected to give sufficient time for participants
to reach peak intoxication state (Grotenhermen, 2003).
No CSA studies were found that were less than 10 min
in duration. Studies must also have included information
about either subjective response to cannabis or self-admin-
istration behavior (i.e., smoking topography or amount
consumed). Studies that included co-administration of
alcohol, other drugs, or other forms of cannabis (e.g., oral
cannabis) were excluded as we aimed to specifically inves-
tigate studies probing the reinforcing effects of smoked
cannabis in the absence of other drugs. Studies in which
active drug or placebo were administered prior to cannabis
self-administration were also excluded due to the possibil-
ity that the active drug or placebo would influence subjec-
tive response or self-administration behavior. CSA studies
that looked at other forms of cannabis administration (e.g.,
oral administration, vaporization) or that only used other
types of paradigms (e.g., controlled-smoking procedures)
were also excluded. Studies in which the cannabis was
self-supplied (e.g., mobile laboratory, local dispensaries)
were excluded due to the lack of standardization in THC
concentration. Studies with outcomes that were not related
to either subjective response or CSA behavior, such as
pharmacokinetic information or device sensitivity, were
excluded.

The present scoping review was initially performed
using PubMed from inception to March 7, 2021. An
additional literature search was conducted on October 22,
2022 to include Embase. Relevant articles were deter-
mined from searching the title and abstract using the
following keywords: “marijuana smoking,” “cannabis,”
“self-administration,” “free-access,” and “ad libitum”.
We also added the keywords “validity,” “reliability” and
“reproducibility” after the final search strategy to see if
we were able to capture any specific papers about external
validity and test-retest reliability in ad libitum CSA stud-
ies. For additional information about the search strategy,
see Supplementary Table 1.1 and 1.2. Additional articles
were identified by checking citations in included papers.
Articles were selected by two independent reviewers (ini-
tial search: KX and EG, second search: KX and AN).
Abstracts were screened against the eligibility crite-
ria using Covidence (Veritas Health Innovation, 2021),

a web-based software. Duplicate papers were removed
by Covidence. Discrepancies in study selection were
resolved by a third author (MS). The data extraction was
conducted by one author (KX) and verified by another
author (EG for the initial extraction, AN and MS for
the second extraction).

Our updated search identified 3727 papers, and based
on title and abstract screening, 64 articles were selected.
During the full-text screening, 34 papers were excluded;
see details in Fig. 1 and Supplementary Table 2. For arti-
cles that consisted of only an abstract (e.g., conference
papers) or that did not specify the type of self-adminis-
tration used (e.g., ad libitum or controlled-smoking pro-
cedure), additional information was obtained by emailing
the authors when possible.

Data extracted from the eligible papers included study
design, sample size, mean age of the sample, the study’s
inclusion criteria for baseline cannabis use, cannabis
potency, requirements for abstinence prior to the CSA
session, instructions to participants, and the duration of
the ad libitum session. We also extracted outcome data
related to subjective response and CSA behavior (i.e.,
smoking topography outcomes and amount of cannabis
administered). Additional data were included if they were
thought to be related to subjective response or CSA behav-
ior. The study characteristics and results can be found in
Table 1. Other Sources = articles from the preliminary
search and in-text citations.

Results
Study selection

Thirty ad libitum CSA articles were found to be eligible
(Fig. 1). Three studies had multiple articles (1 study had 3
papers (Brands et al. 2019; Matheson et al. 2020a, 2020b),
and 2 studies had 2 papers each (Hoffman et al. 2021,
Marcotte et al. 2022; Spindle et al. 2018, 2019)) result-
ing in a total of 26 ad libitum studies. Certain included
studies were not fully ad libitum in that subjects were
told to smoke a fixed amount (Herning et al. 1986;
Heishman et al. 1989; Meyer et al. 1971; Miller
et al. 1977a, 1977b, 1977c, 1977d, 1978, 1979; Miller
and Cornett 1978; Perez-Reyes et al. 1981, 1982; Spindle
et al. 2018, 2019, 2021; Schaefer et al. 1977). However,
given that subjects were allowed to smoke the cannabis in
any way that they wanted and that data derived from the
studies looked at puff characteristics, other topography
measures, and subjective response, it was felt that these
articles contributed valuable information to our review,
so the articles were included.

@ Springer
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Fig. 1 Study selection flow
diagram
5 Records identified from
5 PubMed, Embase, Other —> Duplicate records removed (n = 843)
e Sources (n = 3,727):
8
3
Records screened >
(n=2,883) Irrelevant records excluded (n = 2,819)
v
£ Reports assessed for —» | Reports excluded .
g eligibility (n = 64) Self-supplied cannabis (n = 3)
[ Controlled smoking (n = 6)
@ No CSA behavior or subjective response (n = 14)
Other drug prior to CSA (n = 2)
Other administration (n = 2)
Other paradigms (n = 4)
Placebo cannabis only (n = 1)
Abstract only (n = 2)
Eligible papers to be included
in review
(n=30)
1 study had 3
papers
2 studies had 2
2 papers each
°
3
2
= Eligible studies included in
review (n = 26)
Study design et al., 1977; Miller & Cornett, 1978; Perez-Reyes et al.,

The included ad libitum studies were performed in either
inpatient or outpatient units with various study designs
(i.e., cross-over, sequential, single session, residential, and
between-subject designs) and typically consisted of 5-20
participants. One group of investigators conducted studies
with slightly larger sample sizes of 28-40 (Miller, Cornett,
Brightwell, McFarland, Drew, et al., 1977; Miller, Cornett,
Drew, McFarland, Brightwell, et al., 1977; Miller, Cornett,
Brightwell, McFarland, Drew, et al., 1977; Miller, Cornett,
Drew, McFarland, Brightwell, et al., 1977); the authors
had noted that some of the participants were involved in
more than one study (Miller & Cornett, 1978). Two stud-
ies had much larger sample sizes; one included 91 partici-
pants (Brands et al., 2019; Matheson, Mann, et al., 2020;
Matheson, Sproule, et al., 2020) and another included 191
participants (Hoffman et al., 2021; Marcotte et al., 2022).
In the cross-over and sequential studies, thirteen reported
a separation period, usually ranging between 2 days to at
least a week (Cappell et al., 1973; Chait, 1989; Heishman
et al., 1989; Matthias et al., 1997; Meyer et al., 1971; Miller
et al., 1978, 1979; Miller, McFarland, Cornett, Brightwell,
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1982; Spindle et al., 2018, 2019; Zacny & De Wit, 1991).
Only one study had a separation period of 24 h (Miller, Cor-
nett, Brightwell, McFarland, Drew, et al., 1977). To prevent
residual (carryover) effects from any previous cannabis
consumption, participants would often be asked to abstain
from cannabis use anywhere from 6 h to 4 days before the
ad libitum procedures (Brands et al., 2019; Cappell et al.,
1973; Chait, 1989; Heishman et al., 1989; Hoffman et al.,
2021; Marcotte et al., 2022; Matheson, Mann, et al., 2020;
Matheson, Sproule, et al., 2020; Matthias et al., 1997; Miller
et al., 1978; Miller, McFarland, Cornett, Brightwell, et al.,
1977; Miller & Cornett, 1978; Wu et al., 1988), although
this was not reported in all studies. The longest abstinence
period was 11 days of detoxification prior to the study ses-
sions (Tashkin et al., 1976). Abstinence was confirmed by
clinical assessments (Herrmann et al., 2015), urine drug
screen test (Brands et al., 2019; Matheson, Mann, et al.,
2020; Matheson, Sproule, et al., 2020; Spindle et al., 2018,
2019), or oral fluid THC testing (Hoffman et al., 2021; Mar-
cotte et al., 2022). Although most studies (17/26) provided
participants with one cannabis cigarette for each ad libitum
session, other studies offered multiple cigarettes per session,
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with cigarettes either provided at the start of the session or
requested one at a time from the study staff. One paper had a
residential study design with participants having the option
to smoke as many cannabis cigarettes as desired for a total
of 80 days (Tashkin et al., 1976). The length of the ciga-
rette was not equivalent in all studies and only some studies
measured the weight of each cigarette before and after use.
Different studies used different instructions, which may also
have affected participant behavior (Supplementary Table 3).

Participants

The study population typically consisted of heavy cannabis
users between the ages of 18 and 55 (Table 1). The defi-
nition for heavy cannabis user varied across studies, with
investigators defining heavy or frequent consumers as using
cannabis at least twice per month (Schwope et al., 2012),
at least two times per week (Herrmann et al., 2015), four
or more times per week (Hoffman et al., 2021; Marcotte
et al., 2022), or using cannabis almost daily (e.g., > 25 days/
month) (McClure et al., 2012; Meyer et al., 1971; Spindle
et al., 2021). Reported baseline cannabis use often signifi-
cantly exceeded minimum requirements as per inclusion
criteria. Although the majority of our included studies did
not address whether the participants were treatment-seeking,
four studies (Brands et al., 2019; Chait, 1989; Hoffman et al.,
2021; Marcotte et al., 2022; Matheson, Mann, et al., 2020;
Matheson, Sproule, et al., 2020; Zacny & De Wit, 1991) did
indicate that individuals with cannabis dependence or other
substance use disorders would be excluded from participat-
ing in the study. Most studies (19/26) recruited entirely or
predominantly (> 80%) male participants.

Subjective effects

Among the various types of subjective responses, drug
“high” or “intoxication” were the most commonly measured.
Subjective responses were often measured using a visual
analog scale (VAS) or a simple 0-100 scale rating. Peak
“high” usually occurred 5-30 min after exposure (Brands
et al., 2019; Chait, 1989; Heishman et al., 1989; Hern-
ing et al., 1986; Matheson, Mann, et al., 2020; Matheson,
Sproule, et al., 2020; Schwope et al., 2012; Spindle et al.,
2018, 2019, 2021; Zacny & De Wit, 1991). The time for
subjective effects to return to baseline differed across stud-
ies, from 4 h (Herrmann et al., 2015) to 6 h or more (Perez-
Reyes et al., 1982; Schwope et al., 2012; Spindle et al., 2018,
2019).

Cannabis consumption

There are various methods for measuring the amount
of cannabis consumed, such as the number of cigarettes

administered, change in weight of cannabis cigarettes from
pre-administration to post-administration, plasma THC
levels, and smoking topography variables. Smoking topog-
raphy examines how cannabis was smoked, such as smok-
ing duration, puff number, and puff volume, which can be
captured by observation or using a measurement tool like
a single flow transducer, pneumotachograph, or spirom-
eter. Twenty of our included studies assessed for smoking
topography while 9 studies reported amount administered,
and only 6 studies assessed for both (Brands et al., 2019;
Cappell et al., 1973; Herrmann et al., 2015; Hoffman et al.,
2021; Marcotte et al., 2022; Matheson, Mann, et al., 2020;
Matheson, Sproule, et al., 2020; McClure et al., 2012;
Perez-Reyes et al., 1982). In one study, when the partici-
pants were given higher potency cannabis (3.90% THC)
(Herning et al., 1986), more puffs and larger inhalation
volume were taken compared to lower potency cannabis
(1.20% THC). In contrast, another study found that when
participants smoked a higher potency (2.7% THC), the puff
duration and volume were significantly reduced compared
to the lower potency cannabis (1.3% THC) (Heishman
et al., 1989). Six studies found no significant difference
in smoking topography variables between different active
THC potencies and between active and placebo cannabis
(Cappell et al., 1973; Hoffman et al., 2021; Matthias et al.,
1997; Perez-Reyes et al., 1982; Wu et al., 1988; Zacny &
De Wit, 1991).

Studies consistently demonstrated that the longer one
smokes, the lower the puff volume (Heishman et al., 1989;
Herrmann et al., 2015; McClure et al., 2012; Wu et al.,
1988). The start of the self-administration period may be
the most intense, with puff volume and duration being higher
in the first four puffs compared to the last four puffs of the
cigarette (McClure et al., 2012). In another study, puff vol-
ume decreased 34% in the second half of the hour as com-
pared to the first half (Herrmann et al., 2015). Similarly,
when cannabis users were given 9 h of cannabis access, the
puff volume and duration decreased with progressive puffs
(McClure et al., 2012).

Cannabis consumption was usually measured by the
number of cigarettes consumed or the weight of cigarettes
before and after smoking. Only two studies reported data
on cannabis craving (Herrmann et al., 2015; McClure et al.,
2012), although one of these studies (McClure et al., 2012)
only looked at craving during a forced abstinence period fol-
lowing cannabis self-administration rather than during the
ad libitum session itself.

In terms of smoking duration, CSA sessions were at least
10 min in length. The longest single smoking session was
60 min (Herrmann et al., 2015). The longest ad libitum CSA
period was a 94-day study on a closed research unit, where
participants underwent 11 days of forced abstinence prior to
80 days of ad libitum use (except between day 76 and 82). In
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this study, participants consumed an average of 5.2 cannabis
cigarettes daily (Tashkin et al., 1976).

Multiple biological specimens can be used as objective
indicators of cannabis use such as urine, blood, hair, and oral
fluids. However, in human laboratory studies that require
multiple samples at different time points, blood samples
were most often used given the short detection window that
could identify both the parent drug and their metabolites
within minutes after exposure (Hadland & Levy, 2016). THC
could be detected in the plasma within a minute after the
first puff of a cannabis cigarette and peaked within 10 min
(Musshoff & Madea, 2006). In our review, only seven studies
measured blood THC levels (Brands et al., 2019; Herrmann
et al., 2015; Hoffman et al., 2021; Marcotte et al., 2022;
Matheson, Mann, et al., 2020; Matheson, Sproule, et al.,
2020; Perez-Reyes et al., 1981, 1982; Schwope et al., 2012;
Spindle et al., 2018, 2019). Three of these studies reported
that peak subjective response (e.g., “high,” “stimulated,”
“stoned,” “good drug effects,” “drug effects”) occurred when
plasma THC levels peaked (Matheson, Sproule, et al., 2020;
Schwope et al., 2012; Spindle et al., 2018, 2019). However,
two studies with smaller sample size found that peak subjec-
tive response occurred after peak plasma THC levels were
reached (Perez-Reyes et al., 1981, 1982).

Cannabis withdrawal

Cannabis withdrawal may begin within 1 day of abstinence
(Budney et al., 2007; Connor et al., 2022), so some cannabis
users may have already been in withdrawal at the start of the
paradigm given that most ad libitum CSA studies required
the participants to abstain from cannabis use before enter-
ing the laboratory. However, most studies did not measure
withdrawal symptoms prior to self-administration to see if
this impacted craving, subjective response, or self-adminis-
tration behavior. Although one study (Spindle et al., 2021)
did administer the Marijuana Withdrawal Checklist prior to
the CSA session, the authors did not report whether it had
any effect on subjective response or CSA behavior.

Test-retest reliability and external validity

There was limited data on the test-retest reliability and exter-
nal validity of laboratory CSA. Although two studies (Chait,
1989; McClure et al., 2012) in our review had participants
repeat the CSA sessions under the same conditions, neither
study reported correlations in CSA behavior between the
test sessions. One study (McClure et al., 2012) found that
frequency of daily cannabis use in the past 30 days prior to
the study was positively associated with total puff volume
and maximum puff duration but no other smoking topogra-
phy measures. Furthermore, the study found a correlation
between years of cannabis use and total puff volume per

@ Springer

cigarette, average volume per puff, and average puff dura-
tion. In a driving stimulation study (Hoffman et al., 2021;
Marcotte et al., 2022), cannabis users with higher intensity
of cannabis use in the past 6 months had the highest whole
blood THC concentration post-smoking. This finding sug-
gests that whole blood THC concentration during ad libitum
consumption may be correlated with frequency of cannabis
use outside of the laboratory.

Effects of cannabis potency

Compared to earlier studies, the potency of cannabis used
in recent CSA studies has increased, with potencies as high
as 13.4% being used (Hoffman et al., 2021; Marcotte et al.,
2022; Spindle et al., 2018, 2019, 2021). Although higher
potency cannabis resulted in significantly higher subjec-
tive responses (particularly “high” ratings) than their lower
potency counterparts in most of our included studies (Cap-
pell et al., 1973; Herning et al., 1986; Miller, Cornett, Drew,
McFarland, Brightwell, et al., 1977; Miller & Cornett, 1978;
Perez-Reyes et al., 1982; Schaefer et al., 1977; Zacny &
De Wit, 1991), the largest study included in our review (N
= 191) (Hoffman et al., 2021; Marcotte et al., 2022) found
that individuals reported greater “high” in the 5.9% THC
group than in the 13.4% THC group. The 5.9% THC group
also achieved the highest blood THC concentration among
the three potency groups (placebo, 5.9% THC, and 13.4%
THC). Three papers (Chait, 1989; Heishman et al., 1989;
Matthias et al., 1997) reported no significant difference in
subjective response between the various cannabis potencies;
however, this may have been due to the narrow concentration
range (2.7% vs. 1.7% vs. 0.9% THC (Chait, 1989); 3.95% vs.
1.77% vs. 0.0% THC (Matthias et al., 1997); 2.7% vs. 1.3%
(Heishman et al., 1989), making it difficult for participants
to differentiate the various cannabis concentrations. These
studies also had small sample sizes and were potentially
underpowered to detect differences in subjective response
between potencies.

Even though subjective response increases in a dose-
dependent manner in some studies, there may still be no
difference in smoking topography variables (Cappell et al.,
1973; Matthias et al., 1997; Perez-Reyes et al., 1982; Zacny
& De Wit, 1991) and amount consumed (Chait, 1989; Hoff-
man et al., 2021; Marcotte et al., 2022; Perez-Reyes et al.,
1982). Only two studies in our review showed that cannabis
potency affected smoking topography variables (e.g., puff
and inhalation volume) (Heishman et al., 1989; Herning
et al., 1986) and one study found an inverse relationship
between cannabis potencies and amount smoked (Cappell
et al., 1973). More research is required to determine can-
nabis potency’s effect on smoking topography variables and
cannabis consumption.



Psychopharmacology (2023) 240:1393-1415

1411

Effects of sex

Included studies had a higher proportion of male participants.
Only four studies examined sex differences between cannabis
users (Matheson, Sproule, et al., 2020; Perez-Reyes et al.,
1981, 1982; Spindle et al., 2019). Despite smoking for the
same duration as male participants, female participants were
found to smoke less of the cigarette, suggesting the female
participants may be taking smaller and less frequent puffs
than the male participants (Matheson, Sproule, et al., 2020).
This supports an earlier small study (3 males, 3 females)
which found that males took more puffs and consumed ciga-
rettes more quickly than females, although it was not indi-
cated whether these differences were statistically significant
(Perez-Reyes et al., 1981). However, a later study found no
difference in smoking pattern between the two sexes (Perez-
Reyes et al., 1982). It has also been reported that females
attain significantly lower maximum blood THC concentration
than males (Matheson, Sproule, et al., 2020) and that females
had numerically lower area under the plasma THC versus
time curve than males (although the difference was not statis-
tically significant) (Perez-Reyes et al., 1981). In contrast, two
studies found that females achieved numerically higher blood
THC concentrations than males (Perez-Reyes et al., 1982;
Spindle et al., 2019). Although few differences in subjec-
tive response were identified between the sexes, “liking” and
“feels like cannabis” ratings (Matheson, Sproule, et al., 2020)
were higher in males. Despite having the same peak time
and ratings, females’ ratings rapidly declined at 180 min and
returned to baseline at 360 min (Matheson, Sproule, et al.,
2020). Meanwhile, subjective response in males tended to
persist longer, as they still had significantly different “liking”
and “feels like cannabis” ratings from baseline at 360 min
(Matheson, Sproule, et al., 2020).

Effects of environment

Few studies have examined the impact of surroundings and
environment on CSA behavior. Some examples of poten-
tial influences could include the size and furnishings of
the smoking room and the presence of other people (e.g.,
study staff or other cannabis smokers) in the room during
self-administration. The influence of room ventilation on
physiological, subjective, and behavioral effects of canna-
bis smoking was examined in one study (Herrmann et al.,
2015). A group of cannabis smokers consumed a total of 2.1
g more cannabis in the ventilated condition (16.5 g total)
than the unventilated condition (14.4 g total), but the authors
did not address whether this was a statistically significant
difference. There appeared to be no difference in subjec-
tive response (“feel drug effect”) by ventilation condition
(Herrmann et al., 2015). Some studies had participants
smoke in groups (Herrmann et al., 2015; Miller, Cornett,

Brightwell, McFarland, Drew, et al., 1977; Miller, Cornett,
Drew, McFarland, Brightwell, et al., 1977; Miller et al.,
1979; Miller, McFarland, Cornett, & Brightwell, 1977), but
it is unknown if this may have impacted smoking behavior.

Discussion

The objective of our scoping review was to provide an over-
view of ad libitum CSA studies as well as the limitations
of these studies. From our included studies, we found there
was a high level of heterogeneity in ad libitum study designs,
with differences in self-administration instructions, length
of administration, and smoking environment. These factors
could influence CSA outcomes; however, it is difficult to
determine how important these factors are given the lack
of comparative research. Outcome variables also differed
between studies. For example, some ad libitum studies meas-
ure smoking topography variables such as puff number, puff
volume, and inhalation duration, while others only measure
the number of cigarettes smoked or the weight of the ciga-
rette before and after smoking. The differences in design and
measurement make it challenging to compare across studies.

The lack of major differences in smoking topography out-
comes between different cannabis potencies (Hoffman et al.,
2021; Matthias et al., 1997; Wu et al., 1988; Zacny & De
Wit, 1991) is surprising. The few studies that found differ-
ences between cannabis potencies (Heishman et al., 1989;
Herning et al., 1986) suggest that some smoking titration
may be involved. The study with the largest sample size
reported that individuals experienced a greater “high” in
the 5.9% THC group compared to the 13.4% THC group
(Hoffman et al., 2021; Marcotte et al., 2022), suggesting that
potency may not be the only factor that determines “high,”
but other factors (e.g., inhalation volume) might play an
important role (especially since individuals in the 5.9% THC
group had higher blood THC concentrations than those in
the 13.4% THC group in this study).

None of the papers we reviewed examined the effects of
age on subjective response, cannabis consumption, or smok-
ing topography. Most study samples consisted of adults less
than 40 years of age, with few studies examining CSA in
older adults. The use of cannabis in adults age 65 and older
has been gradually increasing from 0.4% in 2006 (Han et al.,
2017) to about 2.9% by 2016 (Han & Palamar, 2018). A
recent study (Mueller et al., 2021) with recreational users
reported that THC-dominant cannabis use in older adults
(age 55-70) had less detrimental effects on learning and
processing speed tests than in younger adults (age 21-25).
However, older adults may be more likely to develop seda-
tion, reduced consciousness, lightheadedness, and weakness/
inability to stand after acute cannabis exposure compared to
younger adults (age 19-59) (Hendrickson et al., 2020), which
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may require more attention and care during CSA. Canna-
bis use has also been linked to higher odds of myocardial
infarction, coronary artery disease, and stroke in older adults
(Shah et al., 2021) who are already more vulnerable to cardi-
ovascular events (Latif & Garg, 2020; Rodgers et al., 2019).
This may be a barrier to studying cannabis self-administra-
tion in older adults, especially in individuals at heightened
risk of potential cardiovascular sequelae, such as those with
pre-existing cardiovascular disease.

Subjects in ad libitum paradigms were also predominately
male, with the percentage of male participants usually rang-
ing between 70 and 100%. Given varying CSA behaviors
in females and males in preclinical research (Fattore et al.,
2007), it is important that females be represented in this
literature. Only four ad libitum studies examined the effects
of sex on subjective response and cannabis consumption
(Matheson, Sproule, et al., 2020; Perez-Reyes et al., 1981,
1982; Spindle et al., 2019). In these studies, findings on
smoking behavior, subjective response, and pharmacokinetic
profiles between the sexes were contradictory (Matheson,
Sproule, et al., 2020; Perez-Reyes et al., 1981, 1982; Spindle
et al., 2019). Clearly, more research comparing CSA behav-
ior in males and females is needed.

Other factors that may impact CSA outcomes are with-
drawal, acute craving, tolerance, sleep quality, stress,
anxiety, and mood. These factors have been understudied
in ad libitum CSA paradigms to date. One study found a
negative correlation between puff duration and sleep quality
(McClure et al., 2012). Only one study assessed cannabis
withdrawal, but this study did not report whether there were
any associations with subjective response or consumption
(Spindle et al., 2021).

Perhaps most importantly, our review reveals limited
assessment of test-retest reliability and external validity
for most ad libitum CSA paradigms. From our included
ad libitum studies, only two studies repeated CSA para-
digms at least twice under the same condition on different
days (Chait, 1989; McClure et al., 2012); however, neither
study reported whether consumption behavior or subjective
response were correlated between sessions. Only two stud-
ies (Hoffman et al., 2021; Marcotte et al., 2022; McClure
et al., 2012) examined the validity of laboratory cannabis
consumption by comparing the puff volumes or blood THC
measures during the ad libitum period with external con-
sumption. Insufficient verification of external validity raises
the possibility that laboratory results might be an inaccu-
rate representation of real-world CSA behavior; therefore,
more data on the reliability and validity of these paradigms
is critical to determine their real-world usefulness. Using
validated self-report assessments (e.g., Timeline Follow-
back, Marijuana Craving Questionnaire) or real-time report
(e.g., Ecological Momentary Assessment (Trull et al., 2022))
prior to the CSA session and comparing these measures
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to related outcomes in the laboratory could help confirm
external validity. Test-retest reliability could be measured
using within-subject designs where participants repeat the
same CSA session at two or more time points to see if self-
administration behavior, peak THC levels achieved, craving,
and subjective response are correlated between the sessions
and the magnitude of these correlations.

Our review is limited by the fact that it focused pri-
marily on ad libitum paradigms that investigated subjec-
tive response and self-administration behavior. Reviews
focused on other outcomes such as medication effects or
driving are needed to determine whether CSA paradigms
are reliable and externally valid for those specific outcomes.
Some cannabis-related outcomes might be better assessed by
employing other types of drug self-administration paradigms
such as controlled-smoking procedures or choice procedures
where individuals pay for access to cannabis, but these were
not reviewed here.

Based on the results of our review, we found that there is
a high level of heterogeneity across ad libitum CSA studies.
Self-administration behavior in ad libitum studies appeared
to be most intense in the early part of laboratory sessions
and decreased in the latter parts of the session, suggest-
ing that users may reach their desired high early on dur-
ing self-administration. Data on test-retest reliability and
external validity were limited. Test-retest reliability and
external validity data should be collected when developing
and evaluating novel paradigms to ensure that they reliably
reflect real-world CSA behavior. CSA studies in older adult
and female samples are needed to better understand can-
nabis administration in these demographic groups. Future
ad libitum CSA studies should also collect data on craving
and cannabis withdrawal to determine the impact of these
measures on self-administration. More thoughtful design of
ad libitum CSA studies could lead to better quality data and
improved paradigms, which may help us understand why
certain individuals are at risk for developing CUD and lead
to effective platforms to test novel pharmacotherapies and
interventions for cannabis use disorder.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00213-023-06360-4.
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