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Observational studies have repeatedly linked cannabis use and increased risk of psychosis. We sought to
clarify whether this association reflects a causal effect of cannabis exposure or residual confounding. We
analyzed data from two cohorts of twins who completed repeated, prospective measures of cannabis use
(N = 1544) and cannabis use disorder symptoms (N = 1458) in adolescence and a dimensional measure of
psychosis-proneness (the Personality Inventory for DSM-5 Psychoticism scale) in adulthood. Twins also
provided molecular genetic data, which were used to estimate polygenic risk of schizophrenia. Both cu-
mulative adolescent cannabis use and use disorder were associated with higher Psychoticism scores in
adulthood. However, we found no evidence of an effect of cannabis on Psychoticism or any of its facets
in co-twin control models that compared the greater-cannabis-using twin to the lesser-using co-twin. We
also observed no evidence of a differential effect of cannabis on Psychoticism by polygenic risk of schiz-
ophrenia. Although cannabis use and disorder are consistently associated with increased risk of psychosis,
the present results suggest this association is likely attributable to familial confounds rather than a causal
effect of cannabis exposure. Efforts to reduce the prevalence and burden of psychotic illnesses thus may
benefit from greater focus on other therapeutic targets.

General Scientific Summary

Epidemiological studies have repeatedly shown that individuals who use cannabis are more likely to
develop psychotic disorders than individuals who do not. It has been suggested that these associa-
tions represent a causal effect of cannabis use on psychosis, and that psychosis risk may be particu-
larly elevated when use occurs in adolescence or in the context of genetic vulnerability. This study,
however, does not support these hypotheses, suggesting instead that observed associations are more
likely due to confounding by common vulnerability factors.
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2 SCHAEFER ET AL.

Acute cannabis intoxication can produce mild, transient psy-
chotic experiences in healthy users and often worsens symptoms
in individuals already diagnosed with a psychotic disorder
(Alvarez-Jimenez et al., 2012; D’Souza et al., 2004). Cannabis use
has also been repeatedly and consistently linked to increased odds
of developing schizophrenia-spectrum disorders in longitudinal
studies (Marconi et al., 2016), with larger increases in risk
observed among individuals reporting higher frequencies of use as
well as earlier age of use onset (van der Steur et al., 2020). To-
gether, these streams of research have fostered a concern that can-
nabis use may contribute to the development of long-term
psychotic illnesses, particularly when use occurs in adolescence.

Nevertheless, many researchers have warned against interpreting
the results of these studies as establishing a causal link between
cannabis use and psychotic symptoms that persists beyond the acute
effects of cannabis intoxication (Ksir & Hart, 2016), noting that
although the prevalence of cannabis use (and particularly heavy
use) has increased, the incidence of psychotic disorder has remained
largely stable over time (Frisher et al., 2009). These findings raise
the possibility that the links between cannabis use and psychosis
seen in observational studies reflect residual confounding, rather
than a true causal effect of cannabis on psychosis. This possibility
deserves serious consideration given converging streams of evi-
dence showing (a) psychotic illness and substance use share many
of the same environmental and contextual risk factors (Radua et al.,
2018; Stone et al., 2012), (b) observational studies that adjust for
larger numbers of confounders tend to report smaller effects (Moore
et al., 2007), and (c) cannabis use and schizophrenia are character-
ized by considerable genetic overlap (Karcher et al., 2019; Pasman
et al., 2018), with Mendelian randomization studies suggesting that
polygenic risk of lifetime cannabis use or cannabis use disorder
may be causally associated with schizophrenia risk (Johnson et al.,
2021; Vaucher et al., 2018). It is also possible that cannabis expo-
sure increases risk of psychosis only in a subset of particularly vul-
nerable individuals, which might explain why observed effects in
the general population are often relatively small.

One powerful approach that can be helpful in testing for resid-
ual confounding involves comparing both monozygotic (MZ) and
dizygotic (DZ) twins who differ in their cannabis exposure.
Termed “discordant twin” or “co-twin control” analyses, this
approach allows for examination of the effects of cannabis use
while simultaneously controlling for all measured and unmeasured
genetic and environmental factors shared between twins (McGue
et al., 2010). If cannabis is a causal contributor to long-term psy-
chotic illness, both MZ and DZ twins who use more cannabis in
adolescence than their co-twins should be more likely to experi-
ence psychosis. If this “twin difference” is not observed, it sug-
gests the association between cannabis and psychosis is likely
driven by confounding familial factors.

To date, only two studies have tested links between cannabis and
psychotic symptoms using co-twin comparisons. Both reported that
these associations were largely attributable to shared familial factors,
but also that they observed evidence consistent with a small, inde-
pendent, and potentially causal effect (Karcher et al., 2019; Nesvag et
al., 2017). However, these studies are also characterized by a shared
set of limitations, which constrains the implications of their findings.
One limitation is that both studies used data from cross-sectional sur-
veys of adult twins, which precluded tests focusing specifically on
cannabis use occurring during the sensitive period of adolescence. A

second limitation is that both studies used single, lifetime assessments
of cannabis use and use disorder, which are subject to the many well-
documented sources of bias that reduce the accuracy of retrospective
measures (e.g., normal forgetting, revisionist recall). Methodological
research suggests that this reduction in accuracy may be particularly
problematic in a twin study context, as exposure measurement error
tends to bias within-twin-pair estimates more dramatically than corre-
sponding unpaired associations (Frisell et al., 2012). Finally, the rela-
tively coarse, binary measures of cannabis exposure used by these
studies (including current use [yes/no], frequent use [>100X/not],
and lifetime use disorder) are characterized by reduced variability rel-
ative to more continuous measures of cannabis use, and thus a
reduced power to detect effects. Co-twin control studies of cannabis
and psychosis that employ repeated, dimensional measures of canna-
bis use over time are thus needed to address these concerns and estab-
lish more accurate estimates of cannabis’s true causal effects.

The present study aimed to address these needs by examining
associations between adolescent cannabis exposure and psycho-
sis in a twin sample that combines data from two longitudinal
cohort studies at the Minnesota Center for Twin and Family
Research (MCTFR). In contrast to the few previous co-twin con-
trol studies, twins in these cohorts were assessed repeatedly
using gold-standard, self-report and interview measures of can-
nabis use administered prospectively throughout adolescence.
Using these measures, we created a continuous index measuring
cumulative cannabis use prior to and during adolescence (“ado-
lescent cannabis use index”) and a binary variable indicating
presence or absence of a diagnosable cannabis use disorder (i.e.,
abuse or dependence) prior to and during adolescence. Consist-
ent with accumulating evidence indicating that psychosis is a
dimensional phenomenon with similar etiological influences
across clinical and subthreshold manifestations (Guloksuz & van
Os, 2018), we assessed psychosis-proneness using the Psychoti-
cism scale of the Personality Inventory for DSM-5, administered
in adulthood. In addition to leveraging our twin design to test for
evidence of a potential causal relationship between cannabis and
psychoticism, we also examined whether associations might be
stronger in subsets of genetically vulnerable twins by testing for
interactions between cannabis exposure and polygenic risk of
schizophrenia (Pardifias et al., 2018), given reports documenting
altered patterns of brain maturation in cannabis users at high
polygenic risk of schizophrenia relative to users at lower risk
(e.g., French et al., 2015).

Method

Participants and Procedures

Participants were drawn from two longitudinal studies of same-
sex twin pairs at the MCTFR (Cohort 1: N = 998 [606 MZ/392 DZ],
47.9% male, 91% White; Cohort 2: N = 1512 [972 MZ/540 DZ],
49.7% male, 98% White), prospectively assessed every 3 to 7 years.
The design of each study is summarized in Table 1. Briefly, partici-
pants in both cohorts were identified using publicly available birth
certificates. To be eligible for study participation, twins had to reside
within a day’s drive of Minneapolis, live with at least one biological
parent, and have no physical or mental conditions that would inter-
fere with completion of a day-long, in-person assessment. Detailed
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Table 1
Design of the Two Twin Studies Constituting the Combined Sample

Cobhort 1 Cohort 2 Combined sample
Target age  Age mean (SD) Years N (%) Age mean (SD) Years N (%) Age mean (SD) Years N (%)
Adolescence
11 years 11.9 (0.4) 1999-2006 998 (100%) 11.7 (0.4) 1990-1996 1,512 (100%) 11.8 (0.4) 1990-2006 2,510 (100%)
14 years 15.1 (0.6) 2003-2010 930 (93.2%) 14.8 (0.5) 1993-2000 1,404 (92.9%) 14.9 (0.6) 1993-2010 2,334 (93.0%)
17 years 17.9 (0.5) 2006-2012 913 (91.5%) 18.2 (0.7) 1996-2004 1,320 (87.3%) 18.1 (0.6) 19962004 2,233 (89.0%)
Adulthood
24 years 24.4(0.9) 2013-2017 809 (81.1%) — —
34 years — — 34.6 (1.3) 2014-2018 868 (57.4%)* 29.7 (5.2) 2013-2018 1,677 (66.8%)

Note. All information in Table 1 refers to the full twin cohorts rather than the analytic sample. Target age = targeted age of assessment wave. Years = cal-

endar years during which each assessment wave took place.

* Only a subset of participants were invited to take part in the assessment targeting age 34 in Cohort 2; the N for this assessment wave is thus lower by

design.

overviews of the MCTFR, twin cohorts, inclusion/exclusion criteria,
and procedures and assessments are provided in previous articles
(Tacono et al., 2006; Keyes et al., 2009; Wilson et al., 2019). Cohort
1 was enriched for childhood externalizing disorders via inclusion of
a “high-risk” screened subsample in which at least one twin in each
family exceeded a predefined threshold on a phone screen for child-
hood disruptive disorders (i.e., attention-deficit/hyperactivity, oppo-
sitional defiant, and conduct disorder). No participants in Cohort 2
were screened in this way. Participants in both cohorts completed an
informed consent/assent process (parental consent for their own par-
ticipation and that of their children under 18 years, twin assent
before 18 years and consent after age 18 years).

Measures
Cannabis Use Index

Cannabis use and abuse was assessed at ages 11, 14, and 17
using either a Computerized Substance Use Inventory, the
Diagnostic Interview for Children and Adolescents—Revised
edition (DICA-R; Reich & Welner, 1988), the Substance Abuse
Module (SAM) of the Composite International Diagnostic
Interview (Robins et al., 1987), or a combination of these meas-
ures. All interview-based measures were administered by inter-
viewers with at least a bachelor-level degree in psychology or
related discipline who had completed intensive training in psy-
chiatric assessment. We computed cannabis use indices at ages
11, 14, and 17 as twins’ mean scores on items from each mea-
sure assessing frequency of use (in the preceding year) and
number of uses (generally assessed lifetime'). Because
responses to these items were skewed and sparse, they were
transformed into ordinal measures (six categories per item)
prior to averaging. For frequency of use, twins scored either 0
(no use), 1 (<1X/month), 2 (1-3X/month), 3 (1-4X/week), 4
(every day or nearly every day) or 5 (>1X/day). For number of
uses, twins scored either 0 (no uses), 1 (1-4 uses), 2 (5-30
uses), 3 (31-100 uses), 4 (101-400 uses), or 5 (>400 uses or
“too many to count”). Because twins’ scores on the cumulative
versions of these items were highly correlated (r = .86, p <
.001), we derived an index of cumulative cannabis use for each
twin by averaging together all cannabis use index scores avail-
able across adolescence.

Cannabis Use Disorder

Both the DICA-R and SAM assess Diagnostic and Statistical
Manual of Mental Disorders (DSM) diagnostic criteria for can-
nabis abuse and dependence. Diagnoses were based on twins’
self-report and parent-report using a best-estimate approach
and were made according to the Diagnostic and Statistical
Manual of Mental Disorders, 4th edition (DSM-I1V). Kappa
reliabilities exceeded .90 (Iacono et al., 1999). Because DSM—-5
no longer distinguishes between cannabis abuse and depend-
ence, we aggregated across diagnoses, assigning twins a “1” if
they met criteria for either disorder in adolescence or a “0” if
they did not.

Personality Inventory for DSM-5 (PID-5) Psychoticism

In young adulthood, a subset of twins (n = 1613) completed
the Psychoticism scale from the Personality Inventory for
DSM-5 (PID-5). We excluded data from 69 participants (4.2%)
with invalid responses to embedded validity questions (e.g.,
“two plus two equals four”), leaving 1,544 with valid data. Psy-
choticism is composed of three facet scales: Unusual Beliefs &
Experiences (e.g., “I have seen things that weren’t really
there,” “Sometimes I can influence other people just by sending
my thoughts to them”; Cronbach’s alpha = .78), Eccentricity
(e.g., “My thoughts often do not make sense to others,” “I’ve
been told more than once that I have a number of odd quirks or
beliefs”’; Cronbach’s alpha = .95), and Perceptual Dysregula-
tion (e.g., “Sometimes I feel ‘controlled’ by thoughts that
belong to someone else,” “It’s weird, but sometimes ordinary
objects seem to be a different shape than usual”; Cronbach’s
alpha = .82). Pearson correlations among the Psychoticism
facet scales range from r = .63 to .70 (all ps < .001). Previous
research has established that Psychoticism scale scores can be
used to differentiate between individuals with and without psy-
chosis as well as patients with a psychotic disorder versus those
with other psychiatric conditions (Bastiaens et al., 2019; Lon-
genecker et al., 2020).

! Cohort 1 and female Cohort 2 participants assessed at the first follow-
up wave targeting age 14 were asked to estimate their number of cannabis
uses in the last 3 years, rather than lifetime. All other assessment waves in
both cohorts assessed lifetime number of uses.
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Polygenic Risk of Schizophrenia

Genotyping procedures used in MCTFR have been described
previously (Miller et al., 2012). Briefly, participants were geno-
typed on Illumina 660W-Quad (Illumina, Inc., San Diego, Califor-
nia). Imputation was conducted using the Haplotype Reference
Consortium panel and the Michigan imputation server (Das et al.,
2016; McCarthy et al., 2016). We selected only twins of primarily
European ancestry for polygenic scoring. To identify these indi-
viduals, we calculated four principal components (PCs) for the Eu-
ropean sample in the 1000 Genomes Project Consortium (1000G;
The 1000 Genomes Project Consortium, 2015), scored MCTFR
genotypes with these 1000G PC weights using PLINK1.9 (Chang
et al., 2015), and selected twins falling within the boundaries of
the four 1000G European PCs.

Polygenic risk of schizophrenia was estimated using summary
statistics from a recently published genome-wide association study
(GWAS) of schizophrenia (Pardifias et al., 2018). Prior to score
estimation, we conducted the following quality-control proce-
dures: (1) extracted variants from the European-ancestry subset of
HapMap3, as these variants are well-characterized; (2) removed
indels, multiallelic sites, variants falling within the MHC region
(chr6:28477797-33448354), and those having a minor allele fre-
quency less than .01; and (3) pruned MCTFR genotypes to the var-
iants with imputation quality (R?) greater than .7. Polygenic
scoring was conducted used LDPred v.1.11, a Bayesian method
that estimates posterior mean effect sizes from GWAS summary
statistics conditioning on a genetic architecture prior and linkage
disequilibrium (LD) of the reference sample (Vilhjdlmsson et al.,
2015). Based on an infinitesimal model of complex traits (Boyle et
al., 2017), we assumed the proportion of causal variants in the
LDPred model to be 1.

Statistical Analyses

Statistical analyses were run using all twins with valid PID-5
Psychoticism data (n = 1544). There was no significant association
between PID-5 completion and either measure of adolescent can-
nabis exposure (mean [SD] raw cannabis use index score for those
included versus excluded = .26 [.52] versus .27 [.51], OR [95%
CI] = .87 [.50, 1.52], p = .629; % with cannabis use disorder,
included versus excluded = 13.0% versus 14.6%, OR [95% CI] =
.82 [.36, 1.87], p = .642). Twins providing PID-5 Psychoticism
data were also statistically comparable to twins missing this data
in terms of zygosity (% MZ, included vs. excluded = 61.5% vs.
65.1%, OR [95% CI]= .56 [.22, 1.30], p = .186), but included
slightly fewer males (% male, included vs. excluded = 43.4% vs.
58.0%, OR [95% CI] = .08 [.02, .26], p < .001) and tended to
come from families with slightly higher maternal education (mean
[SD] years of education, included vs. excluded = 14.3 [2.00] vs.
13.8 [1.88], OR [95% CI] = 1.62 [1.29, 2.14], p < .001). All twins
who provided valid psychoticism data also provided sufficient data
to allow computation of an adolescent cannabis use index score.
Data on adolescent cannabis use disorder were missing for 86
twins who provided valid psychoticism data; however, these twins
with missing data were statistically comparable to the rest of the
sample (n = 1458) in terms of their adult psychoticism scores
(mean [SD] raw psychoticism score, included vs. excluded = .40
[.40] vs. .44 [.42], OR = .25 [.03, 1.92], p = .170).

We examined associations between adolescent cannabis expo-
sure and adult Psychoticism using (1) individual-level models,
comparable to linear regression models in a sample of singletons,
and (2) co-twin control models, which control for shared familial
confounds. Our primary exposure variables were twins’ cumula-
tive adolescent cannabis use index scores and presence or ab-
sence of an adolescent cannabis use disorder; however, as a
sensitivity analysis we also ran models using twins’ scores on
items assessing frequency of cannabis use or number of uses,
averaged across assessment waves. These models generated the
same substantive results as those ran using our primary exposure
variables and are thus presented in the online supplemental mate-
rials (see Supplemental Tables 1-2).

Co-twin control analyses decompose each individual twin’s
cannabis exposure into between-pair and within-pair effects (Begg
& Parides, 2003; McGue et al., 2014). The between-pair effect is
represented by the twin pair’s mean on either our cumulative can-
nabis use index or cannabis use disorder variable, and the within-
pair effect is represented by the difference between the twin pair’s
mean and an individual twin’s score. Ignoring covariates and the
constant (intercept), the model can be written as

Y,'j = bB *Y]-f— bw(X,J —Yj),

where Yj; is the expected value of the outcome for the iy, twin in
the jy, pair, Xj; is the use index score or use disorder status of the
iy, twin in the jg, pair, and X; is the mean use index score or use
disorder status for the jy, pair. This equation can be re-expressed
using simple algebra as

Y,/ = bB* *Yj + bWXij’

with the between-pair effect now represented by bg* to distinguish
it from bg in the original equation. Doing so yields the identical
estimate of the within-pair, or exposure effect, while providing a
more appropriate estimate of the between-pair effect (McGue et
al., 2014). The between-pair effect in this parameterization largely
captures genetic and shared environmental propensity toward can-
nabis use severity or disorder status among reared-together twins,
independent of individual twins’ cannabis use or use disorder sta-
tus, and a significant between-pair effect suggests that differences
in Psychoticism are consistent with a preexisting liability toward
cannabis use or use disorder status.

In addition to these main analyses, we also conducted planned
follow-up analyses testing for (1) associations between polygenic
risk of schizophrenia and adult Psychoticism, (2) incremental con-
tributions to Psychoticism from adolescent cannabis exposure and
polygenic risk of schizophrenia, and (3) interactions between ado-
lescent cannabis exposure and polygenic risk of schizophrenia. All
analyses were conducted in R Studio Version 1.2.5019 using the
“Imer” and “glmer” functions from the “Ilme4” package, which
implement linear mixed effects models for continuous and binary
outcomes, respectively, that account for the nested family struc-
ture. In all models, we included sex, zygosity, cohort membership,
and age at time of outcome assessment as covariates. Models
involving the schizophrenia polygenic score included additional
covariates capturing the first 10 genetic principal components,
with models testing for interactions between cannabis exposure
and polygenic risk also including terms adjusting for possible
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interactions between the schizophrenia Polygenic score (PGS) or
cannabis exposure measures with covariates (Keller, 2014). Prior
to analyses, twins’ cannabis use index scores, scores on PID-5
Psychoticism and its respective facet scales, polygenic risk of
schizophrenia, and all continuous covariates were standardized to
a mean of 0 and standard deviation of 1 within the analytic sample
(n = 1,544). Estimates are thus reported as standardized betas,
with those for our measures of adolescent cannabis exposure
reflecting the standard deviation increase in PID-5 Psychoticism
scores associated either (a) with each standard deviation increase
in cumulative adolescent cannabis use or (b) with an adolescent
cannabis use disorder diagnosis (vs. not receiving this diagnosis).

Results

Descriptive data for our measures of cannabis use and disorder
as well as PID-5 Psychoticism are presented in Table 2. Cannabis
use was relatively common in our analytic sample, with approxi-
mately one third of participants (31.2%) reporting at least some
cannabis use in adolescence, one in seven (13.0%) meeting criteria
for an adolescent cannabis use disorder, and close to one in ten
(8.9%) reporting at least one past-year period of at least weekly
cannabis use. Among those who reported at least some cannabis
use in our most recent adolescent assessment wave (targeting age
17 years), the mean score on our “frequency of use” item was 1.63
(SD = 1.43), suggesting cannabis use occurring between <IX/
month and 1-3X/month over the past year. Similarly, the mean
number of uses reported at this wave by twins who endorsed at
least some adolescent use was 2.33 (SD = 1.46), suggesting
between 5 and 30 and 31-100 lifetime uses. Regarding twin dis-
cordance, 522 twin pairs (67.6%) had no difference in their cuamu-
lative adolescent cannabis use index scores, 214 pairs (27.7%) had
a difference that was > 0 but = 1 SDs, and 36 pairs (4.7%) had a
difference > 1 SDs. For cannabis use disorder, 653 twin pairs
(89.6%) were concordant in their adolescent cannabis use disorder
status, whereas 76 pairs (10.4%) were discordant. Finally, regard-
ing our primary outcome, 112 twin pairs had no difference in their
PID-5 Psychoticism scores (14.5%), 602 pairs (78.0%) had a dif-
ference > 0 but = 1 SDs, and 58 pairs (7.5%) had a difference >
18D.?

Twin-trait correlations for our exposure and outcome measures
are presented in Table 3. The observation that all within-trait
MZ twin correlations were < 1 suggests that unique environ-
mental influences explain individual variability in each measure
(although this can also be attributable to measurement error or
epigenetic differences). The higher within-trait twin correlations
in MZ twins relative to DZ twins indicate that phenotypic varia-
tion was also influenced by additive genetic factors. Finally, the
generally higher cross-twin, cross-trait (i.e., cannabis—psychoti-
cism) correlations in MZ versus DZ twin pairs suggest that
genetic factors likely at least partially account for phenotypic
cannabis—psychoticism associations.

Is Greater Cannabis Exposure in Adolescence
Associated With Greater Psychoticism in Adulthood?

Results from individual-level models are presented in Table 4.
Consistent with previous reports, these analyses indicated that
each measure of adolescent cannabis exposure (i.e., use index and

use disorder) were associated with higher scores on the Psychoti-
cism scale as well as its respective facets (for full model results,
see Supplemental Table 3).

Previous studies have indicated that men and women use canna-
bis at different rates and amounts (see Calakos et al., 2017, for a
review). This pattern also held true in our analytic samples, with
males scoring significantly higher on the cumulative cannabis use
index than females (mean raw score [SD] for males vs. females =
32 [.57] vs. .21 [46]; beex [95% CI] = .10 [.04, .16], p < .002).
However, interaction terms added to our individual-level models
to capture sex differences in the association between each measure
of cannabis exposure and psychoticism were all nonsignificant (all
ps > .07), indicating that both types of cannabis exposure were
associated with comparable increases in psychoticism in men and
women.

Because our two cohorts differed in age at the time of PID-5
assessment by about 10 years, we tested for statistically significant
differences between cohorts in the association between both meas-
ures of adolescent cannabis exposure and PID-5 Psychoticism
scores. Although the interaction terms involving cannabis use dis-
order were statistically significant (p < .05), effects in all models
were in the same direction across cohorts, and we thus present
results from pooled analyses in the main text. Results from cohort-
specific analyses can be found in Supplemental Tables 4-5.

Does Adolescent Cannabis Exposure Predict Greater
Adult Psychoticism Independent of Shared
Environmental and Genetic Factors, Consistent With a
Causal Effect?

Results from co-twin control analyses are also presented in Ta-
ble 4. Co-twin control models capitalize on twin differences to
examine effects of cannabis exposure accounting for familial
liability. In contrast to our individual-level analyses, these models
indicated predominantly significant between-pair effects (esti-
mates ranging from .14 to .20 for cannabis use index and from .43
to .59 for cannabis use disorder), suggesting an effect of preexist-
ing, shared familial liability. They also indicated consistently
small, nonsignificant within-pair effects (estimates ranging from
—.01 to .01 for cannabis use index and from —.04 to .06 for canna-
bis use disorder), suggesting no effect of cannabis exposure (for
full model results, see Supplemental Table 6). Interactions
between twin differences in both measures of cannabis exposure
and (1) sex and (2) zygosity tested in separate models were also
consistently nonsignificant (all ps > .133 and .257, respectively).

Although our co-twin control models indicated virtually no
effect of adolescent cannabis exposure on psychoticism once
shared environmental and genetic factors are controlled for, it is
reasonable to wonder whether this null result arises because differ-
ences in cannabis exposure among twins are generally small. Even
in twin pairs discordant for adolescent cannabis use disorder, it is
theoretically possible for one twin to just meet the cut-off for the
diagnosis, and the other twin to fall just below the diagnostic

2 Because standardization was conducted at the phenotypic level, twin
differences for continuous variables (i.e., cannabis use index and adult
psychoticism), as well as betas for corresponding the within-pair effects in
co-twin control models, should be interpreted in terms of the SD for the
analytic sample rather than the SD of twin differences.
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Table 2

Descriptive Statistics for Adolescent Cannabis Exposure and Adult Psychoticism

Cohort 1 Cohort 2 Combined sample
Adolescent cannabis exposure M (SD)/no. (%) Range M (SD)/no. (%) Range M (SD)/no. (%) Range
11 Years
Cannabis use index 0.00 (0.03) 0.00-0.50 0.00 (0.04) 0.00-1.00 0.00 (0.04) 0.00-1.00
Frequency of use* 0.33 (0.58) 0.00-1.00 0.00 (0.00) 0.00-0.00 0.17 (0.41) 0.00-1.00
Number of uses* 0.67 (0.58) 0.00-1.00 1.33 (0.58) 1.00-2.00 1.00 (0.63) 0.00-2.00
% with CUD 0 (0%) — 0 (0%) — 0 (0%) —
14 Years
Cannabis use index 0.12 (0.51) 0.00-4.50 0.19 (0.64) 0.00-4.50 0.16 (0.58) 0.004.50
Frequency of use* 1.33 (1.34) 0.00—4.00 1.65 (1.19) 0.00-4.00 1.53 (1.25) 0.00—4.00
Number of uses* 1.75 (1.23) 0.00-5.00 1.91 (1.10) 0.00-5.00 1.85 (1.15) 0.00-5.00
% with CUD 12 2%) — 16 2%) — 28 (2%) —
17 Years
Cannabis use index 0.58 (1.17) 0.00-5.00 0.69 (1.24) 0.00-5.00 0.64 (1.21) 0.00-5.00
Frequency of use* 1.61 (1.43) 0.00-5.00 1.65 (1.43) 0.00-5.00 1.63 (1.43) 0.00-5.00
Number of uses* 2.38 (1.46) 1.00-5.00 2.30 (1.45) 0.00-5.00 2.33 (1.46) 0.00-5.00
% with CUD 82 (12%) — 94 (12%) — 176 (12%) —
Cumulative through 17 years
Cannabis use index 0.23 (0.49) 0.00-3.17 0.28 (0.53) 0.00-3.00 0.25 (0.51) 0.00-3.17
% with CUD 86 (13%) — 103 (13%) — 189 (13%) —
Adult psychoticism M (SD) Range M (SD) Range M (SD) Range
24 Years (Cohort 1)/34 Years (Cohort 2)
PID-5 Psychoticism 0.48 (0.43) 0.00-2.21 0.32 (0.36) 0.00-2.13 0.40 (0.40) 0.00-2.21
Unusual beliefs & experiences 0.40 (0.44) 0.00-2.50 0.31 (0.39) 0.00-2.25 0.35(0.42) 0.00-2.50
Eccentricity 0.67 (0.64) 0.00-2.85 0.43 (0.54) 0.00-2.69 0.54 (0.60) 0.00-2.85
Perceptual dysregulation 0.37 (0.37) 0.00-1.75 0.24 (0.30) 0.00-1.92 0.30 (0.34) 0.00-1.92

Note.

All values are calculated based on the analytic sample (twins with PID-5 Psychoticism data and each measure of adolescent cannabis exposure;

cannabis use index: n = 1,544, cannabis use disorder: n = 1,458). No. (%) = number of participants and percent of those with data. CUD = cannabis use
disorder. Cannabis use index scores were calculated by averaging twins’ scores on frequency of use and number of uses items at each wave (or just using
twins’ score on one item if data for the other was missing). Cumulative cannabis index scores were calculated by averaging available cannabis use index

scores across each assessment wave.

* Summary statistics for frequency of use and number of uses items refer only to the subset of participants who endorsed using cannabis during this

threshold. To address this possibility, we identified twin pairs in
which one twin scored =2 on our raw cannabis use index for at
least one wave and the other twin reported complete cannabis ab-
stinence (i.e., scored “0” on our measure of cumulative adolescent
use). This created a subset of 41 twin pairs, roughly evenly
matched on sex (24 male/17 female) and zygosity (18 MZ/23 DZ).
Results from discordant twin models predicting Psychoticism and
its constituent facets in this subsample as a function of cannabis
use status (exposed vs. unexposed) and controlling for sex, zygo-
sity, age, and cohort membership again indicated no significant
association between twin differences in cannabis exposure and any
outcome (Supplemental Table 7).

Do We Find Evidence Suggesting a Potential Causal
Effect of Cannabis on Psychoticism in Genetically
Vulnerable Individuals?

Although we observed no significant within-pair associations
suggesting a causal effect of cannabis exposure on psychoticism in
the full analytic sample, this does not rule out the possibility that
cannabis may increase psychoticism in subsets of particularly vul-
nerable individuals. Consequently, we next conducted analyses
examining this possibility using one of the most obvious indicators
of potential vulnerability: polygenic risk of schizophrenia.

Results from these analyses are presented in Table 5. Our first
set of models showed that, consistent with our expectations, twins
with higher schizophrenia polygenic risk scores tended to score
higher on our measure of adult psychoticism as well as its facet
scales. Higher polygenic risk of schizophrenia was also associated
with higher scores on our adolescent cannabis use index (b [95%
CI] = .08 [.02, .14], p = .014), and higher likelihood of meeting
criteria for an adolescent cannabis use disorder (OR [95% CI] =
1.53 [1.11, 2.20], p = .010). Our second set of models indicated
that schizophrenia polygenic risk and each measure of cannabis
exposure both generally made incremental contributions to the
prediction of scores on the adult psychoticism scale and its facets.
Our third set of models tested the hypothesis that cannabis and
polygenic risk interact such that individuals with higher levels of
genetic risk are more affected by adolescent cannabis exposure.
Interactions between the cannabis use index and polygenic risk in
these models were all nonsignificant (Bs [95% Cls] ranging from
-.04 [-.10, .02] to .04 [-.02, .10], all ps = .213). Similarly, all
interactions between cannabis use disorder and polygenic risk in
corresponding models were also nonsignificant (s [95% ClIs]
ranging from —.04 [-.20, .12] to .12 [-.04, .28], all ps = .141),
except in the model predicting Perceptual Dysregulation (B [95%
CI] = .17 [.01, .34], p = .038). Nevertheless, because this single
significant result would not survive correction for multiple testing,
we conclude that results suggest little to no moderation of the
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Table 3

Twin-Trait Correlations for Monozygotic (Above the Diagonal) and Dizygotic (Below the Diagonal) Twins

Perceptual dysregulation

Psychoticism Unusual beliefs & experiences Eccentricity

Cannabis use disorder

Cannabis use index

Twin B

Twin B Twin A Twin B Twin A Twin B Twin A Twin B Twin A Twin B Twin A

Twin A

Variables

18 (.09, .27)
15 (.06, .24)
20 (11, .29)
.19 (.09, .28)
39 (31, 47)

20 (.10, .29)
.19 (.10, .28)
.16 (.06, .25)
20 (.10, .29)
88 (.85, .90)
40 (32, 48)
72 (.67,.76)
33(.24,.41)
72 (.67,.76)
35 (.26, .43)

08 (—.02,.17)
08 (—.02,.17)
13 (.03, .22)
.15 (.06, .25)
44 (36, .51)
92 (.91, .94)

16 (.07, .26)
16 (.07, .25)
15 (.05, .24)
18 (.08, .27)
92 (.90, .93)
45 (.37, .52)

.10 (.00, .19)

23 (.14, .32)
23 (.13, 31)
23(.13,.32)
2212, 31)
88 (.86, .90)
39 (.30, .46)

13 (.03, .22)
11002, 21)
17 (.07, 27)
17 (.07, .26)
46 (.38, .54)

2212, 31)
21 (.12, .30)
20 (.10, .29)
2212, 31)

75(71,.79) .58 (.52, .65)
76 (.71, .80)

.57 (.50, .63)

69 (.64, .74)

Cannabis use index: Twin A

.09 (—.01, .18)

.57 (.48, .64)
.81 (.77, .85)
.39 (.28, .50)

Cannabis use index: Twin B

.15 (.05, .24)
11 (.02, .21)
.37 (.29, 45)
.84 (.81, .87)

.80 (.67, .89)

.54 (45, .63)
.69 (.62, .75)

Cannabis use disorder: Twin A
Cannabis use disorder: Twin B

PID-5 Psychoticism: Twin A

.68 (.47, .81)

.08 (—.05, .20)
.09 (—.03, .22)
.09 (—.04, 21)
.10 (-.03, .22)
.07 (—.05, .20)
.07 (—.05, .20)
.04 (—.09, .16)
.08 (—.05, .20)

.08 (—.04, .21)
.04 (.09, .16)
.06 (—.07, .18)
.05 (—.08, .17)
.09 (—.04, .21)

01 (—.11,.

.10 (-.02, .22)
.20 (.08, .31)

05 (-.07, .18)
.14 (.02, .26)

.86 (.83, .88)
.31 (.22, .40)
.64 (.57, .69)
.36 (.28, .44)
71 (.65, .75)
.39 (.31, 47)

30 (.19, .41)
87 (.83, .90)
23 (11, 34)
92 (.90, .93)
28 (.16, .39)
83 (.79, .86)
29 (.18, .40)

PID-5 Psychoticism: Twin B

34(25, 42)
63 (.57, .68)
46 (39, .54)

.68 (.62,.72)
.31 (.22, .40)

.37 (.28, 45)

28 (.16, .39)
85 (.82, .88)
26 (.15, .37)
192.(.90, .94)
25 (.13,.36)
89 (.87,.92)

11 (-.01, .23)
.19 (.07, .30)

03 (—.09, .15)
13 (.01, .25)

Unusual beliefs & experiences: Twin A

23 (.12,.35)
.65 (.58,.72)
25 (.14, .37)
.65 (.57,.71)

Unusual beliefs & experiences: Twin B

Eccentricity: Twin A

ADOLESCENT CANNABIS USE AND ADULT PSYCHOTICISM 7

.19 (.07, .31)
.65 (.57,.71)

.09 (.03, .21)
.17 (.04, .28)

.06 (—.07, .18)
.13 (.01, .25)

25 (.14, .37)
.65 (.58,.72)
.25 (.13,.36)

14)

Eccentricity: Twin B

23 (.11, .34)
.75 (.69, .80)

.18 (.06, .30)
.70 (.63, .76)

.06 (—.06, .19)
.06 (—.07, .18)

.05 (-.07,.17) .06 (—.06, .19)
.18 (.06, .29)

11(—=.01, .23)

Perceptual dysregulation: Twin A

.27 (.15, .38)

.26 (.15,.37)

Perceptual dysregulation: Twin B

Within-twin phenotypic, twin, and cross-twin cross-trait correlations and 95% confidence intervals for monozygotic (MZ) twin pairs are above the diagonal; corresponding correlations and

95% confidence intervals for dizygotic (DZ) twins are below the diagonal. All estimates represent Pearson correlations, except for those involving cannabis use disorder (CUD), which are either tet-

Note.

400-422

rachoric correlations (for the cross-twin correlation between Twin A CUD and Twin B CUD) or point-biserial correlations (all others) All significant correlations (p < .05) are in bold. N

MZ twin pairs; 244-257 DZ twin pairs.

effects of cannabis on Psychoticism by polygenic risk of schizo-
phrenia overall. Similar to previous models, interactions between
both measures of cannabis exposure and (1) sex and (2) zygosity
were consistently nonsignificant (for full model results, see
Supplemental Table 8).

Finally, we tested whether twins with a history of heavy adoles-
cent cannabis exposure who scored highly on our measure of adult
psychoticism had lower levels of polygenic risk, on average, than
twins with high psychoticism scores who were not heavy cannabis
users. This possibility is indirectly supported by evidence indicating
that people with psychotic disorders who used cannabis heavily
prior to their psychosis have fewer premorbid neurodevelopmental
abnormalities (Ruiz-Veguilla et al., 2012) and is potentially consist-
ent with an additive model of risk. A linear mixed-effects model
comparing mean schizophrenia polygenic risk scores for twins scor-
ing at least one standard deviation above the mean on our measure
of psychoticism both with (n = 44) and without (n = 142) an adoles-
cent cannabis use disorder indicated a significant difference in poly-
genic risk between the two groups (B [95% CI] = .44 [.08, .80], p =
.02), but one where genetic risk was higher in the group with an ad-
olescent cannabis use disorder diagnosis (mean [SD] = .49 [1.02]
vs. .06 [1.04]) (for distributions of schizophrenia polygenic risk as a
function of cannabis use disorder diagnosis across the full analytic
sample, see Supplemental Figure 1). We thus found no evidence to
suggest that individuals with a history of heavy adolescent cannabis
exposure tended to develop high psychoticism scores at a lower
threshold of genetic risk than individuals without such a history.

Discussion

Our findings suggest the widely-reported associations between
adolescent cannabis use and increased risk of psychotic illness
may reflect familial confounding rather than a causal effect of can-
nabis exposure. Because the Minnesota Twin Family study was
designed specifically to examine the effects of adolescent sub-
stance use on later mental health, our analyses are characterized
by several strengths. One is that we used gold-standard, interview-
based measures of cannabis exposure administered repeatedly
over time, minimizing many of the well-known limitations of ret-
rospective data as well as measurement error that could bias our
within-pair effects. A second advantage is that we used a continu-
ous measure of psychosis-proneness, PID-5 Psychoticism, which,
along with our continuous measure of cannabis use, should have
maximized our power to detect true effects. Third, our analytic
sample combines data from two cohorts, which together cover ad-
olescent cannabis use occurring over two decades. This design fea-
ture allowed us to examine the consistency of results across
cohorts and over time.

These findings extend results from previous co-twin control
studies of cannabis in several ways. First, they buttress existing
findings indicating that the lion’s share of the association between
cannabis and long-term psychotic outcomes reflects familial con-
founding, rather than a causal effect of cannabis (Karcher et al.,
2019; Nesvag et al., 2017). Indeed, the only point at which our
results diverge from those of previous work is in suggesting that
these associations may be entirely accounted for by these unmeas-
ured confounds—a finding in line with those of several other pre-
vious co-twin control studies examining associations between
cannabis and other brain-related outcomes, such as depression and
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Table 4

Individual-Level and Co-Twin Control Models of Adolescent Cannabis Exposure and Adult Psychoticism

Co-twin control models

Within-pair effect

Estimate [95% CI]
0.00 [—0.10, 0.10]
—0.01 (—0.12, 0.09)

Between-pair effect

Individual-level models

p value
0.965

p value
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Estimate [95% CI]

p value
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Estimate [95% CI]

Psychoticism Scale

PID-5 Psychoticism

Exposure

0.18 [0.12, 0.24]
0.16 (0.11, 0.22)
0.14 (0.08, 0.20)
0.20 (0.14, 0.26)
0.55 (0.36, 0.74)
0.48 (0.29, 0.67)
0.43 (0.24, 0.62)
0.59 (0.40, 0.78)

0.14 [0.09, 0.19]
0.12 (0.07, 0.17)
0.10 (0.05, 0.15)
0.16 (0.11, 0.21)
0.35 (0.20, 0.50)
0.31 (0.16, 0.47)
0.29 (0.14, 0.44)
0.36 (0.21, 0.52)

1544

Cumulative adolescent

0.840
0.930

Unusual Thoughts & Experiences

Eccentricity

cannabis use index

0.00 (—0.09, 0.10)
0.01 (—0.09, 0.12)
0.02 (—0.22, 0.26)
0.00 (—0.27, 0.26)

0.06 (—0.18, 0.31)
—0.04 (—0.29, 0.22)

0.805
0.865
0.980

Perceptual Dysregulation
PID-5 Psychoticism

1458

Adolescent cannabis

Unusual Thoughts & Experiences

Eccentricity

use disorder

0.607

0.784

Perceptual Dysregulation

Individual-level analyses examined associations between cumulative adolescent cannabis use index or adolescent cannabis use disorder diagnosis and young adult scores on the PID-5

Psychoticism factor and its facets. Co-twin control analyses decompose effects from individual-level models into between-pair (reflecting pre-existing, shared familial liability) and within-pair (canna-

Notes.

bis exposure) effects. Estimates are reported as standardized betas, reflecting the standard deviation increase in Psychoticism associated either (a) with each standard deviation increase in cumulative

adolescent cannabis use or (b) with an adolescent cannabis use disorder diagnosis (vs. not receiving this diagnosis). Because standardization was conducted at the phenotypic level, betas for the within-
pair effects of the adolescent cannabis use index should be interpreted in terms of the SD for the entire sample rather than the SD of twin differences. The number of complete pairs contributing data to

each set of analyses is 679 for the cannabis use index and 644 for cannabis use disorder. The number of families contributing data to each set of analyses is 865 for the cannabis use index and 814 for

cannabis use disorder. All models included participant age, sex, zygosity, and cohort as covariates. CI = confidence interval.

SCHAEFER ET AL.

cognitive ability (Jackson et al., 2016; Lynskey et al., 2004; Meier
et al., 2018; Ross et al., 2020). Our study also failed to find support
for the hypothesis that cannabis use may increase risk of psychotic
symptoms only in individuals at higher genetic risk of schizophre-
nia. Although these results do not rule out the possibility that the
association between cannabis use and psychosis may vary depend-
ing on other vulnerability factors we did not consider, the null
results from our co-twin control models suggest that, if these espe-
cially vulnerable individuals exist, they likely make up a very
small part of the overall population.

Nevertheless, we acknowledge limitations. First, because the
cohorts used in our analyses both consisted of predominantly
white participants born and raised in Minnesota between the late
1970s and early 2000s, results from this study may not generalize
to communities with different demographic characteristics. More-
over, frequency of cannabis use in our sample is low relative to
present-day patterns of use, which also tend to involve cannabis
products of higher potency (ElSohly et al., 2016). Second, our
study lacked biological measures of cannabis exposure, which
means our results are dependent on the accuracy of our self-report
measures. Future studies could combine self-report measures of
cannabis use (which are needed to assess patterns of use) with
these objective measures to strengthen their conclusions. Third,
although twins in our sample were assessed repeatedly for canna-
bis exposure in adolescence, psychoticism was assessed at only
one time point in early adulthood. In some ways, the timing of this
psychoticism measure in early adulthood is a strength, in that the
temporal distance from adolescence helps to ensure that we are
capturing associations between cannabis use and long-term eleva-
tions in psychotic symptoms (rather than the acute effects of ado-
lescent use). However, it remains possible that different patterns
of association might emerge between adolescent cannabis expo-
sure and psychoticism measured at other points in development.
Indeed, future work should test whether different cannabis—psy-
chosis associations emerge for different developmental trajectories
of cannabis exposure (e.g., variations in age of initiation, slope, or
age of peak use). Baseline measures of psychoticism in childhood
or early adolescence (which were not available in our cohorts)
would also aid causal inference by ruling out the possibility that
differences in psychoticism predate cannabis exposure. Fourth, we
acknowledge limitations to the co-twin control approach, includ-
ing heightened vulnerability to measurement error relative to indi-
vidual-level analyses (Frisell et al., 2012), an inability to
conclusively rule out confounding due to nonshared environmental
influences, and the possibility that lesser-using twins in discordant
pairs could have been exposed to cannabis second-hand. Neverthe-
less, except for second-hand exposure, these confounds would
mostly likely serve to inflate the within-pair effect of cannabis use
on psychoticism, making the consistent null results we observe
even more remarkable.

Results from our polygenic risk score analyses should also be
interpreted with certain caveats in mind. First, polygenic risk
scores may not be ideal measures for tests of gene—environment
interaction, as GWAS analyses weight polygenic score “risk™ al-
leles according to the size of their “main effect” (i.e., one averaged
over multiple different environments) and therefore may be
unlikely to capture genes that interact strongly with specific envi-
ronmental exposures. It is even possible that a certain subset of
schizophrenia risk genes interacts with cannabis to produce
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increased risk of psychosis, while other variants (perhaps in differ-
ent genes) reduce the effect of cannabis on psychosis risk. Second,
it is possible that rare genetic variants (excluded from our poly-
genic risk measure) would be more likely to show gene—environ-
ment interactions with cannabis use than common polymorphisms;
thus, individuals whose genetic susceptibility to schizophrenia is
driven primarily by rare variants may still be particularly affected
by cannabis.

Despite these limitations, our findings have several implications
for public health and clinical practice. First, although there are
many reasonable arguments that can be made against cannabis
legalization, our results suggest that the threat of potential harm to
adolescents via meaningful increases in risk of long-term psy-
chotic illness may be overstated. This threat of potential harm is
also undermined by emerging research studying the effects of can-
nabis legalization on adolescent cannabis use, which generally
suggests increases in use among adults following legalization but
stable or decreasing use among teens (Cerda et al., 2017; Wen et
al., 2015; although see also Cerda et al., 2020, which found
increases in adolescent cannabis use disorder following recrea-
tional cannabis legalization). Second, our results reinforce the
notion that although adolescent cannabis use is a reliable indicator
of many negative later-life outcomes, there is relatively little con-
vincing evidence that it is a significant root cause. Thus, clinical
and public health interventions aimed at decreasing the prevalence
and burden of psychotic illnesses may benefit from focusing their
attention elsewhere.
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