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Abstract 

Youth cannabis use is associated with psychiatric problems, cognitive impairment, 

educational underachievement, and unemployment. Individuals with genetic liabilities, 

such as carriers of the catechol-O-methyltransferase (COMT) Val allele, may be 

particularly sensitive to the effects of cannabis use, but evidence for gene-by-

environment (GxE) interaction is inconclusive. It is also unclear if youth cannabis use 

causes negative outcomes, or if unmeasured factors are responsible for both cannabis use 

and functional problems. Two studies were conducted to elucidate the nature of the 

association between youth cannabis use and young adult functioning. Both studies were 

based on a prospective sample of 1512 twins from the Minnesota Twin Family Study 

who were assessed six times from age 11 to age 29. The first study examined whether 

adolescent-onset cannabis use interacts with genetic factors to increase psychotic traits 

and impair attention and memory at age 29. The results revealed that adolescent-onset 

cannabis use is associated with higher levels of psychotic traits and worse memory 

regardless of genotype, with no evidence for GxE interaction. The second study 

examined if twins discordant on youth cannabis use disorder (CUD) have different 

psychiatric, cognitive, educational, and occupational outcomes at ages 20, 24, and 29. 

This design controlled for genetic and other familial confounds shared between twins. 

Analyses showed that many associations between youth CUD and psychosocial problems 

were attributable to familial confounding. Still, there was residual evidence for a potential 

causal effect of youth CUD on the development of other illicit drug use disorders and on 

deficits in numerical reasoning, even after controlling for premorbid functioning.  
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Background 

Cannabis Use in the United States 

The legal status and public perception of cannabis are changing rapidly. In the 

past 5 years, four U.S. states legalized recreational cannabis use, and more are expected 

to follow suit. Moreover, about half of all U.S. states now allow cannabis use for medical 

purposes, and many have decriminalized cannabis possession.  

In addition, the prevalence of cannabis use has increased in recent years. Indeed, 

in 2013, 48% of American adults reported having tried marijuana at some point in their 

lifetimes compared to only 40% in 2011 (Pew Research Center, 2013). Moreover, 6.5% 

of twelfth graders reported using marijuana or hashish daily in 2012, up from 5.1% five 

years earlier (NIH, 2012). This increase in prevalence is coupled with the growing belief 

among teenagers that cannabis is harmless. Only 20.6 percent of high-school seniors view 

occasional cannabis use as harmful—the lowest percentage since 1983 (NIH, 2012).  

Potential Effects of Youth Cannabis Use 

Despite increasing societal acceptance of cannabis, its long-term effects remain 

poorly understood. Research indicates that cannabis use is associated with several 

adverse outcomes, such as other drug use, abuse, and dependence (Agrawal et al., 2006; 

Fergusson et al., 2006; Lynskey et al., 2003; 2012), mental illnesses including psychosis 

and depression (Arseneault et al., 2002; Brook et al., 2002; Fergusson et al., 2002; 

Horwood et al., 2012; Konings et al., 2008; Stefanis et al., 2004), cognitive impairment 

(Fontes et al., 2011; Gruber et al., 2012; Meier et al., 2012; Pope et al., 2003), lower 

educational attainment (Horwood et al., 2010), and higher unemployment (Rhode et al., 
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2007). Risk for these outcomes is greatest among adolescent-onset users (Arseneault et 

al., 2002; Ehrenreich et al., 1999; Fontes et al., 2011; Gruber et al., 2012; Konings et al., 

2008; Meier et al., 2012; Pope et al., 2003; Stefanis et al., 2004). But findings vary across 

studies. Overall, it is unclear if cannabis causes negative outcomes. Most studies are 

cross-sectional, and almost all are correlational. Thus, rather than cannabis causing 

cognitive and psychosocial problems, these problems may predate cannabis use or 

unmeasured confounds may cause both cannabis use and functional impairments. 

Another possibility is that cannabis causes functional problems only in individuals with 

preexisting risk factors.  

Cannabis and GxE Interaction 

Accumulating evidence suggests that cannabis interacts with genetic factors to 

increase risk for negative outcomes. Gene-by-environment (GxE) interaction would 

explain why only some of the individuals who try cannabis go on to develop significant 

problems. In other words, individuals with genetic liabilities may be especially sensitive 

to the effects of cannabis. One of the most studied genetic variants in the cannabis 

literature is a functional polymorphism of the catechol-O-methyltransferase (COMT) 

gene. A missense mutation in this gene generates a valine (Val) to methionine (Met) 

substitution, which results in slower dopamine metabolism. Several studies have found 

that adolescent-onset cannabis use interacts with the COMT Val/Met genotype to 

increase risk for psychosis (Alemany et al., 2014; Caspi et al., 2005; Estrada et al., 2011; 

Henquet et al., 2006; 2009; Nieman et al., in press; Pelayo-Teran et al., 2010; Vinkers et 

al., 2013) as well as attentional and memory problems (Henquet et al., 2006; Tunbridge et 
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al., 2015; Verdejo-Garcia et al., 2013). But the overall evidence for this GxE interaction 

is still inconclusive.  

Aside from candidate GxE studies, which investigate if the effects of cannabis 

depend on variation in a gene of interest, quantitative GxE research can examine if 

cannabis modifies total genetic effects on an outcome, as ascertained from a genetically 

informative sample. If cannabis use interacts with genetic predispositions to increase risk 

for adverse outcomes, then according to the diathesis-stress model total genetic 

influences should be greater among cannabis users than non-users (Rutter et al., 2006). 

The rationale is that genetic diatheses are more likely to be expressed if triggered by an 

environmental stressor, such as cannabis use. To date, no quantitative GxE studies have 

examined this question.   

The Current Dissertation 

This dissertation attempts to clarify the effects of youth cannabis use on young 

adult functioning. It is composed of two studies. Study 1 examines whether adolescent-

onset cannabis use interacts with genetic factors to influence psychotic traits, attention, 

and memory at age 29. Study 2 employs a longitudinal Co-Twin Control (CTC) design to 

examine if twins discordant on youth cannabis use disorder (CUD) have different 

psychiatric, cognitive, and educational/occupational outcomes at ages 20, 24, and 29. The 

CTC design controls for genetic and other familial confounds shared between twins. In 

addition, the study controls for aspects of childhood and young adolescent functioning.  
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Introduction 

Background 

Although cannabis is one of the most widely used drugs in the United States 

(United States Department of Health and Human Services, 2012), its long-term effects 

are poorly understood. Meta-analyses indicate that cannabis use is significantly 

associated with cognitive impairment and psychosis (Grant et al., 2003; Moore et al., 

2007). Risk for these adverse outcomes is greatest among adolescent-onset users 

(Arseneault et al., 2002; Ehrenreich et al., 1999; Fontes et al., 2011; Gruber et al., 2012; 

Konings et al., 2008; Meier et al., 2012; Pope et al., 2003; Stefanis et al., 2004). Still, the 

majority of young people who use cannabis do not develop either psychosis or notable 

cognitive impairment. Gene x environment interaction (GxE) offers a viable explanation 

for why some people develop psychiatric and cognitive problems from cannabis use 

while others are relatively spared (Henquet et al., 2006; 2008). In other words, 

individuals with a genetic liability may be particularly sensitive to the adverse effects of 

cannabis use.   

GxE and Psychosis 

Researchers have found that cannabis use is a stronger predictor of psychotic 

symptoms in those with a predisposition for psychosis (Henquet et al., 2005) or a 

psychotic disorder at baseline (van Os et al., 2002). In individuals without this preexisting 

risk, the effect of cannabis use on psychotic symptoms is weaker though still statistically 

significant. People with a high vulnerability for psychosis are also more likely to 

experience unusual perceptions in the hours following cannabis use, compared to those 
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with a low vulnerability (Verdoux et al., 2003). Additionally, a polygenic risk score for 

schizophrenia has been found to modify the effects of adolescent cannabis use on brain 

maturation in males, such that cannabis use is associated with lower cortical thickness 

only in those at high genetic risk (French et al., 2015). As a whole, this research indicates 

that cannabis use interacts with a preexisting, likely genetic, liability to increase risk for 

adverse neuropsychiatric outcomes.  

Candidate GxE studies examine if the effects of cannabis use on psychotic 

outcomes vary depending on variation in a gene of interest. One of the most studied 

genetic variants in the psychosis literature is a functional polymorphism of the catechol-

O-methyltransferase (COMT) gene. A missense mutation in this gene generates a valine 

(Val) to methionine (Met) substitution, which results in slower dopamine metabolism. In 

2005, Caspi et al. were the first to report that adolescent-onset cannabis use interacts with 

COMT Val/Met genotype to increase risk for psychosis. Specifically, adolescent cannabis 

use was associated with psychosis in individuals with a Val/Val genotype but generally 

not in individuals with a Met/Met genotype.  

Many investigators attempted to replicate this finding. Some observed a 

significant interaction between cannabis use and COMT genotype in subpopulations 

only, such as individuals with psychosis (Estrada et al., 2011; Pelayo-Teran et al., 2010), 

a liability for psychosis (Henquet et al., 2006; 2009; Nieman et al., in press), or a history 

of childhood abuse (Alemany et al., 2014; Vinkers et al., 2013). Others did not find an 

interaction in either community samples (Krebs et al., 2014; Zammit et al. 2011) or 

samples of individuals with psychosis or a propensity for psychosis (De Sousa et al., 
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2013; Kantrowitz et al., 2009; Tunbridge et al., 2015; Zammit et al., 2007). In fact, 

several researchers found evidence only for main effects of cannabis use on psychotic 

symptoms and experiences (De Sousa et al., 2013; Tunbridge et al., 2015; Zammit et al. 

2011), indicating that cannabis use is associated with psychosis regardless of genotype. A 

recent review concluded that there is a need for additional study of the cannabis x COMT 

interaction before firm inferences about its robustness can be reached (Uliana et al., 

2013).  

Apart from candidate GxE, quantitative GxE studies can examine if cannabis use 

modifies the total magnitude of genetic or environmental effects on psychotic symptoms, 

as ascertained from a genetically informative sample. If cannabis use interacts with 

genetic predispositions to increase risk for psychotic symptoms, then according to the 

diathesis-stress model, total genetic influences should be greater among cannabis users 

than non-users (Rutter et al., 2006). The rationale is that genetic diatheses are more likely 

to be expressed if triggered by an environmental stressor, such as cannabis use. To date, 

no quantitative GxE studies have examined this question.  

In general, GxE research has focused almost exclusively on diagnostic levels of 

psychosis rather than on psychosis-relevant traits in the general population. An important 

goal of the National Institute of Mental Health Research Domain Criteria (RDoC) effort 

is to identify dimensions of functioning underlying the whole gamut of human behavior 

from normal to abnormal. To support this effort, more research on the study of normal-

level psychotic traits is needed. Two promising psychosis-relevant traits are the alienation 

and absorption scales of the Multidimensional Personality Questionnaire (MPQ; Tellegen 
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& Waller, 2008), which measure mistrust of others and proneness to imaginative states, 

respectively. These scales have been shown to correlate moderately to strongly with 

clinical measures of psychotic experience (Harkness et al., 1995; van Kampen, 2009). 

Despite their clear RDoC potential, alienation and absorption have not been studied 

extensively as dimensions of functioning underlying psychotic experience in the general 

population, and they have never been studied in a GxE context.  

GxE and Cognition 

A meta-analysis examining the neurocognitive consequences of cannabis use 

revealed decrements in global cognitive functioning and immediate and delayed memory 

but not other areas of cognition (Grant et al., 2003). Few studies have investigated if the 

effects of cannabis use on cognition are larger in individuals with preexisting risk factors. 

A study by Bolla et al. (2002) found that individuals with lower intelligence experienced 

more cognitive impairment in relation to cannabis use compared to individuals with 

higher intelligence, which is suggestive of GxE interaction.  

Of the available candidate GxE studies, a few have found support for a cannabis x 

COMT Val/Met interaction affecting aspects of cognition. For example, Henquet et al. 

(2006) reported that exposure to D-9-tetrahydrocannabinol (D-9-THC), the principal 

ingredient in cannabis, is associated with worse performance on tests of attention and 

memory, with a larger effect in Val/Val individuals than Val/Met or Met/Met individuals. 

Tunbridge et al. (2015) found that exposure to THC impairs performance on Digit Span 

Backward, a test of attention and working memory, in Val/Val individuals only. 

Similarly, Verdejo-Garcia et al. (2013) reported that cannabis use is associated with 
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lower accuracy on a test of sustained attention in Val/Val individuals only. Though the 

Val allele was associated with more set shifting errors in users, it was related to fewer 

errors in non-users.  

Not all studies have found evidence for a COMT x cannabis interaction in the 

cognitive literature. Indeed, Spronk et al. (2016) reported that COMT genotype did not 

modify cannabis-induced effects on reversal learning, the ability to adapt one’s response 

pattern to changing contingencies. Rather, exposure to cannabis impaired participants’ 

performance regardless of their COMT genotype. Overall, not much research has 

examined the COMT x cannabis interaction in cognition. Based on the existing evidence, 

attention and memory are the domains most likely to be affected by COMT x cannabis 

interaction.  

Though several quantitative GxE studies have examined total genetic and 

environmental influences on cognitive traits, none have investigated if these effects vary 

between cannabis users and non-users. The diathesis-stress model would lead us to 

expect the magnitude of genetic influences to be greater among users, in line with the 

notion that cannabis use triggers genetic vulnerabilities.  

The Present Study 

Building on the extant literature, this study examined whether adolescent-onset 

cannabis use (i.e., cannabis use by age 17) interacts with genetic factors in influencing 

psychotic traits, attention, and memory assessed at age 29 in a large community sample 

of twins. We explored GxE in two alternate ways: 1) We tested if cannabis use interacts 

with COMT Val/Met genotype to influence any of the outcomes, and 2) We investigated 



 

 

10

if cannabis use modifies the total magnitude of genetic and environmental effects on 

these outcomes. Thus, we made use of two complementary behavioral genetic 

methodologies (candidate GxE and quantitative GxE) to comprehensively explore GxE 

for cannabis use and putatively affected domains of functioning—psychotic traits, 

attention, and memory.  

If individuals with genetic vulnerabilities are particularly sensitive to the adverse 

effects of cannabis, we would expect cannabis users carrying copies of the COMT Val 

allele to show higher levels of psychotic traits and more cognitive impairment than can be 

attributed to the additive effects of cannabis use and COMT genotype. Moreover, we 

would expect the totality of genetic influences on psychotic and cognitive traits to be 

greater among cannabis users than non-users in line with the diathesis-stress model, 

which posits that genetic diatheses are more likely to be expressed if triggered by an 

environmental stressor, such as cannabis use.  

The goal of this study is to clarify the existence and nature of GxE effects given 

that findings to date have been mixed. This is an important aim because clarification of 

GxE effects could permit identification of and targeted interventions for a subgroup of 

individuals who are particularly sensitive to the adverse psychiatric and cognitive effects 

of cannabis use. 

Methods 
 
Participants 
 
 The current sample included 1512 individuals (756 same-sex twin pairs, 486 

monozygotic or MZ pairs, 270 dizygotic or DZ pairs, 50% female) who participated in a 
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longitudinal study at the Minnesota Center for Twin and Family Research (MCTFR). 

Additional details about this sample are available in Iacono et al. (1999) and Iacono and 

McGue (2002). Twins were identified from searches of Minnesota birth records for birth 

years spanning 1971 to 1985. More than 90% of living twin pairs were located. To be 

eligible for the study, twins had to reside within a day’s drive of Minneapolis, live with at 

least one biological parent, and have no physical or intellectual limitations that could 

interfere with completion of a day-long, in-person assessment. Eighty-three percent of 

eligible twin pairs agreed to participate. Participating families did not differ from non-

participating families in parental mental illness, but participating parents had slightly 

more years of education and participating mothers had a modestly higher occupational 

status (Iacono et al., 1999). On the whole, participating parents resembled Minnesota 

parents with at least one child of their own living at home (Holdcraft & Iacono, 2004).  

Twins in the current study were first assessed at age 11 and followed up at ages 

14, 17, 20, 24, and 29, with the last assessment occurring in 2014. All intake and most 

follow-up assessments were completed in person. In a minority of cases, participants 

completed follow-up interviews by phone. Participation rates across follow-up 

assessments averaged above 90%, with 88% of individuals completing their age 29 

assessment. Participation at this final assessment did not differ between individuals who 

had used cannabis by age 17 and those who had not, χ2(1)=.01, p=.920.  

Analyses excluded participants who were lost to follow-up (12%) or had non-

European ancestry (6%). We restricted our sample to individuals of European ancestry to 

ensure that ethnic composition did not lead to spurious results. This is commonly done in 
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candidate GxE studies, and we decided to exclude participants of non-European 

ancestry from our quantitative GxE analysis as well to keep the sample size consistent 

across the two analytic procedures. Analyses with COMT Val/Met genotype by necessity 

excluded individuals for whom we did not have a DNA sample (5%). Such individuals 

were either unwilling to supply DNA or could not be reached within the DNA collection 

timeframe. As a result, analyses with COMT genotype and psychotic traits were based on 

a sample size of 1156 participants. Fewer individuals contributed to analyses for COMT 

and cognitive traits (894-899 participants) because not everyone completed cognitive 

testing. Individuals who completed cognitive testing did not differ from those unavailable 

for testing in terms of baseline intellectual functioning, F(1,1318)=.48, p=.488, or 

adolescent-onset cannabis use, χ2(1) =1.57, p=.211.    

Procedures   

 The study procedures were approved by the University of Minnesota’s 

Institutional Review Board. Participants gave written informed consent or assent in the 

case of minors, for whom parents provided written consent. Twins completed cognitive 

testing and self-report questionnaires about their psychosocial functioning. In addition, 

study staff interviewed twins about their experiences with substance use. All study 

interviewers had either a bachelor’s degree or a master’s degree in psychology and had 

received extensive training. 

 Participants willing to provide a DNA sample were genotyped using Illumina’s 

Human660W-Quad Array (Illumina, Inc., San Diego, CA) following standard protocol, 

and the COMT Val/Met polymorphism was assayed as a part of this process. Of all 
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individuals in the MCTFR who supplied a DNA sample, the vast majority provided a 

blood sample (93%) with a small minority supplying a saliva sample (7%) because they 

did not want to undergo phlebotomy. Given that MZ twins share the same DNA, only one 

MZ twin per pair was genotyped. Additional details about genotyping are available in 

Miller et al. (2012).  

Measures 

 Cannabis use. Adolescent-onset cannabis use was defined as any cannabis use by 

age 17 (coded ‘1’ for any such use and ‘0’ otherwise). Interviewers assessed cannabis use 

via the Diagnostic Interview for Children and Adolescents–Revised (DICA-R; Reich & 

Welner, 1988) at ages 11 and 14 and via a modified version of the expanded Substance 

Abuse Module (SAM; Robins et al., 1987) at age 17.  

 COMT genotype. COMT Val/Met genotype was coded as the number of Val 

alleles and ranged from 0 to 2 (i.e., 0=Met/Met; 1=Val/Met; 2=Val/Val). This coding 

matches that used by Caspi et al. (2005).  

 Psychotic traits. The alienation and absorption scales of the MPQ tap distinct, 

subclinical schizophrenia-spectrum symptoms in the general population (DeYoung et al., 

2012; Harkness et al., 1995). Alienation measures mistrust of others and expectation of 

harm, betrayal, and exploitation by others, whereas absorption measures proneness to 

imaginative and altered states and heightened sensory awareness. Both scales have been 

shown to correlate moderately to strongly with clinical measures of psychotic experience 

(Harkness et al., 1995; van Kampen, 2009). Each scale includes 18 items coded on a 4-

point Likert-type scale ranging from Definitely True to Definitely False, with total 
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possible scores between 18 and 72. Scores were based on participants’ self-report 

responses at age 29.  

Attention and memory. Cognitive tests were administered to participants at their 

age 29 assessment. Attention was assessed with Digit Span Forward and Backward from 

the Wechsler Adult Intelligence Scale (WAIS-III; Wechsler, 1997). Digit Span Forward 

tests individuals’ ability to repeat increasingly long strings of digits in the order in which 

they were presented, whereas Digit Span Backward requires participants to list strings of 

digits in the reverse order. Individuals receive one point for each correct string of digits. 

Rey Auditory Verbal Learning Test (RAVLT) was used to assess immediate memory, 

memory following interference, and delayed memory (Schmidt, 1996). In this task, 

participants hear a list of 15 words and are asked to recall as many words from this list as 

possible. RAVLT 1-5 measures the total number of words recalled across the first 5 trials 

of this test (immediate memory). RAVLT 6 measures recall of the same 15 words in a 

sixth trial after participants are presented with and asked to remember words from an 

interference list (memory following interference). Finally, RAVLT 7 measures recall of 

the original 15 words in a seventh trial after a 30-minute delay (delayed memory).  

 All outcome variables were transformed, when necessary, to normalize their 

distribution and were subsequently standardized (i.e., given a mean of zero and a standard 

deviation of 1) for ease of interpretation. 

Analytic Plan 

 The analytic plan was twofold. First, we ran candidate GxE analyses to examine 

the main and interactive effects of adolescent-onset cannabis use and COMT Val/Met 
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genotype on all outcomes. Based on an alpha level of .05 and an effective sample size 

of 600 individuals, which accounts for the fact that observations on twins were correlated 

by .5 and the actual sample size was at least 894 across analyses, we had power of 80% to 

detect effects accounting for about 1% of variance. Analyses controlled for sex and were 

carried out in the statistical program SPSS. We adjusted for the nested family structure of 

the data by using generalized estimating equations (GEE) with an exchangeable 

correlation matrix.  

Second, we ran quantitative GxE analyses to examine if the magnitude of genetic 

and environmental effects on psychotic traits, attention, and memory varies as a function 

of the moderator, adolescent-onset cannabis use. We used the extended univariate 

moderation model by van der Sluis et al. (2012). Figure 1 shows this model for cannabis 

use (CU) and an outcome of interest. The figure is shown for both members of a twin 

pair. The main effects of cannabis use on the outcome are regressed out with the 

following formula, 

ββββ0 + ββββ1M1 + ββββ2M2 

where M1 is Twin 1’s moderator (Twin 1’s cannabis use), M2 is the co-twin’s moderator 

(Twin 2’s cannabis use), ββββ1 and ββββ2 estimate the main effects of the twin and co-twin’s 

cannabis use, and ββββ0 is an intercept. This regression is run separately for MZ twins and 

DZ twins. The residual variance in the outcome is decomposed into its ACE components, 

with A capturing additive genetic influences, C capturing environmental influences that 

make members of the same family similar (shared environmental variation), and E 

capturing environmental influences that distinguish family members (non-shared 
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environmental variation). These variance components are allowed to vary as a function 

of the moderator. As an example, in the formula  

a + βaM1 

a is an intercept estimating genetic influences on the outcome, βa reflects the degree to 

which cannabis use modifies the magnitude of these genetic influences, and M1 is the 

level of the moderator for Twin 1 (i.e., his or her cannabis use status). 

To test if cannabis use changes the magnitude of genetic and environmental 

effects on the outcome, we compared the moderation model with all parameters freely 

estimated against a model that fixes ββββa, βc, and βe to zero so that genetic and 

environmental effects do not vary by cannabis use. The Log-likelihood Ratio Test 

(LLRT) and Akaike Information Criterion (AIC) were used to compare the two models. 

LLRT is distributed as a chi-square and is equal to the difference between the -2ln(L) 

values of the two models, where ln(L) is the natural logarithm of the likelihood function. 

A statistically significant chi-square suggests that the moderation model fits the data 

better than the model with no moderation effects. AIC is equal to 2k – 2ln(L), where k 

denotes the number of parameters in the model. Smaller values of AIC indicate a better 

fit. Quantitative GxE analyses were carried out in the statistical program Mx, using 

Maximum Likelihood estimation and controlling for sex. We did not include age as a 

covariate because all participants came from the same age cohort and were thus assessed 

at approximately the same age at each assessment.  
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Results 

Descriptive Statistics  

 Table 1 presents descriptive statistics for all outcome measures prior to 

transformation and standardization. The prevalence of adolescent-onset cannabis use in 

the sample was 38%. At age 29, adolescent-onset users had used cannabis an average of 

605 times in their lifetimes, whereas individuals who were not adolescent-onset users had 

used cannabis only 66 times, on average, F(1,1401)=763.31, p<.001. Over 54% of 

adolescent-onset cannabis users went on to develop a cannabis use disorder, including 

either cannabis abuse or cannabis dependence, before age 29, compared to only 7% of 

individuals who did not initiate cannabis use in adolescence, χ2(1) =418.32, p<.001.  

Participants were split into the following three groups based on their genotypes: 

1) individuals homozygous for the COMT Met allele (Met/Met; 27% of the sample), 2) 

individuals homozygous for the COMT Val allele (Val/Val; 22% of the sample, and 3) 

heterozygotes (Val/Met; 51% of the sample). The three groups were in Hardy–Weinberg 

equilibrium, χ2(1)=.20, p=.640. COMT genotype was unrelated to adolescent-onset 

cannabis use, χ2(2)=.95, p=.622. 

Candidate GxE 

 Table 2 shows the results from a regression of all outcomes on adolescent-onset 

cannabis use, COMT genotype, and sex. Adolescent-onset cannabis use was associated 

with greater alienation and absorption and with worse performance on RAVLT 1-5, 

RAVLT 6, and RAVLT 7, measuring immediate memory, memory after interference, and 

delayed memory, respectively. Adolescent-onset cannabis use was not associated with 
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either measure of attention (i.e., Digit Span Forward or Digit Span Backward). COMT 

genotype was associated with alienation, such that the Val allele was related to more 

alienation. Finally, sex was associated with performance on all RAVLT measures, with 

women outperforming men.  

 Table 3 adds an interaction between adolescent-onset cannabis use and COMT 

genotype. The effects of adolescent-onset cannabis use on alienation, absorption, and all 

RAVLT measures remained significant, as did the effect of COMT Val allele on 

alienation and the effects of sex on all RAVLT measures. In addition, COMT Val allele 

was found to be associated with worse performance on RAVLT 6. The cannabis x COMT 

interaction was not statistically significant for any outcomes, though it was marginally 

significant for RAVLT 6 (p<.1). This marginally significant interaction indicated that the 

negative effect of COMT Val allele on RAVLT 6 was limited to non-users.   

Quantitative GxE 

Table 4 shows twin correlations and univariate ACE estimates for all outcome 

variables. ACE estimates were very similar for absorption and alienation, with somewhat 

less than half of all variation due to genetic influences and the rest due to non-shared 

environmental influences. For Digit Span Forward and Backward, slightly over half of 

variation was due to genetic factors while the remainder was due to non-shared 

environmental influences. There was less genetic variation and more non-shared 

environmental variation in RAVLT 6 and 7 compared to RAVLT 1-5, with some shared 

environmental variation in all RAVLT measures.  
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We retained the full ACE model for all outcomes despite shared environmental 

variation being zero for several outcomes because (1) this does not preclude the 

possibility of some shared environmental variation with cannabis use and (2) fixing some 

parameters to exactly zero can bias the estimation of others.  

When testing for moderation, we found that the no-moderation model fit better 

than the moderation model for all outcomes, according to both LLRT and AIC (i.e., none 

of the chi-square values were statistically significant, and AIC was always smaller for the 

no-moderation model than for the moderation model; see Table 5). Table 6 shows the 

moderation parameters (βa, βc, and βe) for all outcomes, as well as the parameter 

estimating the effect of sex (βsex). None of the moderation parameters differed 

significantly from zero, indicating that adolescent-onset cannabis use does not modify the 

size of genetic or environmental effects on any outcomes. The parameter estimating the 

effect of sex was positive and significantly different from zero for all RAVLT measures, 

showing once again that women outperformed men on this test of immediate memory, 

memory after interference, and delayed memory.  

Discussion 

Cannabis & GxE 

Cannabis users experience cognitive deficits and higher rates of psychosis, with 

adolescent-onset users appearing to be at the greatest risk (Arseneault et al., 2002; 

Ehrenreich et al., 1999; Fontes et al., 2011; Gruber et al., 2012; Konings et al., 2008; 

Meier et al., 2012; Pope et al., 2003; Stefanis et al., 2004). Cannabis use may be more 

strongly related to cognitive impairment and psychosis in those with a genetic 
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vulnerability, such as carriers of the COMT Val allele (Alemany et al., 2014; Caspi et 

al., 2005; Estrada et al., 2011; Henquet et al., 2006; 2009; Nieman et al., 2016; Pelayo-

Teran et al., 2010; Tunbridge et al., 2015; Verdejo-Garcia et al., 2013; Vinkers et al., 

2013). But evidence for this candidate GxE interaction is still inconclusive (e.g., see De 

Sousa et al., 2013; Kantrowitz et al., 2009; Krebs et al., 2014; Spronk et al., 2016; 

Zammit et al., 2007; 2011). The diathesis stress model posits that genetic liabilities are 

more likely to be expressed when triggered by an environmental stressor such as cannabis 

use. This model predicts that total genetic influences on cognitive impairment and 

psychotic traits are larger among cannabis users than non-users. No study to date has 

tested this prediction empirically. The current study extended the existing literature by 

examining if 1) adolescent-onset cannabis use interacts with COMT Val/Met genotype to 

increase psychotic trait levels and impair attention and memory at age 29, and 2) if 

adolescent-onset cannabis use modifies the total magnitude of genetic and environmental 

effects on these outcomes, as ascertained from our genetically informative sample of 

twins.   

Psychotic Traits 

Analyses revealed main effects of adolescent-onset cannabis use on alienation and 

absorption—two distinct, subclinical schizophrenia-spectrum traits—indicating that 

cannabis use is associated with mistrust of others and proneness to imaginative states, 

respectively. Though the current study is unique in its focus on alienation and absorption, 

it is consistent with a large body of research showing an association between cannabis 

use and psychosis (e.g., Arseneault et al., 2002; Fergusson et al., 2003; Henquet et al., 
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2005; Konings et al., 2008; Stefanis et al., 2004), including a meta-analysis of 

longitudinal and population-based studies which found a small but statistically significant 

pooled effect across all studies (Moore et al., 2007). Our study extends this research in 

showing that adolescent-onset cannabis users in a community sample experience normal-

level symptoms that are on a continuum with paranoia (in the case of alienation) and 

magical ideation (in the case of absorption). This finding is of special interest to the 

RDoC research enterprise, which seeks to identify dimensions of functioning that 

underlie the full range of human behavior from normal to abnormal. Indeed, our study 

provides new evidence that alienation and absorption are viable measures of psychosis-

relevant traits in the general population.  

Additionally, we found a main effect of COMT Val/Met genotype on alienation, 

with the Val allele being associated with more mistrust of others. Previous research has 

suggested that the Val allele increases risk for psychosis (e.g., Wonodi et al., 2003), 

though not all studies have found a significant association. In fact, the overall evidence 

for an effect of COMT genotype on schizophrenia is not strong, with three meta-analyses 

failing to find a robust association (Fan et al., 2005; Munafo et al., 2005; Okochi et al., 

2009) and a fourth meta-analysis finding a small but reliable association in European 

samples only (Glatt et al., 2003). The present study is the first to examine and report an 

association between COMT genotype and alienation, and it is important to note that we 

did not find an association between COMT and absorption. Thus, replication of our 

significant finding for alienation is needed. Specifically, future research should attempt to 
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clarify if COMT genotype is uniquely related to mistrust of others or if our finding is 

more consistent with a Type I error.    

Importantly, we found no evidence for cannabis x COMT Val/Met interaction for 

either alienation or absorption. The overall literature has yielded mixed results regarding 

this interaction for psychotic outcomes (e.g., see De Sousa et al., 2013; Spronk et al., 

2016; Tunbridge et al., 2015; Zammit et al. 2011), with another longitudinal birth cohort 

study like ours finding main effects of cannabis use on psychotic experiences but no 

consistent evidence for cannabis x COMT interaction (Zammit et al., 2011). Our study 

provides incremental support for this finding. Moreover, we had analogous results when 

testing if adolescent-onset cannabis use modifies the total magnitude of genetic 

influences on psychotic traits. Here again, we found no evidence for GxE interaction. 

Thus, two distinct but complementary approaches—candidate GxE and quantitative 

GxE—have led to the same conclusion: Cannabis use does not interact with individuals’ 

genetic makeup in influencing psychotic traits. Rather, cannabis use is associated with 

higher levels of these traits regardless of genotype.  

Attention and Memory 

We found main effects of adolescent-onset cannabis use on immediate memory, 

memory after interference, and delayed memory but not on attention. These results are 

consistent with the rest of the literature. In fact, the only meta-analysis available in this 

area of research found that cannabis users experience deficits in immediate and delayed 

memory but not attention or other aspects of cognitive functioning (Gant et al., 2003). 

Thus, our findings align with existing research in suggesting that cannabis use my 
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selectively impair memory, though it remains unknown through which mechanism this 

association operates and whether it is causal. In addition, we found that women 

outperformed men on a test of immediate memory, memory after interference, and 

delayed memory. This sex difference has been previously reported in the literature and is 

most pronounced on verbal memory tasks such as the one included in this study (Herlitz 

& Lovén, 2009).  

Our study produced no consistent evidence for main effects of COMT genotype 

on any cognitive outcomes. COMT Val allele was associated with worse performance on 

RAVLT 6, which measures recall for a list of words after an interference list is presented, 

but the effect appeared to be limited to non-users. Because this result does not fit well 

with previous research and is not easily interpretable, we do not discuss it further here. 

Notably, there was no consistent evidence for cannabis x COMT Val/Met interaction, and 

cannabis use did not modify the magnitude of genetic or environmental effects on either 

attention or memory. Thus, once again, we found that the effects of cannabis use are not 

modified by measured genetic factors, nor is the cumulative influence of all genetic 

factors modified by cannabis use.  

Limitations and Strengths 

 This study had a few limitations. First, we were unable to examine how cannabis 

use and COMT genotype are associated with diagnosable psychotic disorders, as such 

diagnoses were not made in our sample. Instead, we relied on the alienation and 

absorption scales of the MPQ to measure psychotic traits. Previous research has shown 

that these scales capture subclinical schizophrenia-spectrum symptoms in the general 
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population and correlate moderately to strongly with direct measures of psychotic 

experience (Harkness et al., 1995; van Kampen, 2009). Second, information on 

adolescent-onset cannabis use was based on participants’ self-report without verification 

through biological assays. Still, the fact that participants were interviewed several times 

across adolescence about their cannabis use reduces the probability that they 

misrepresented their use. It is also worth noting that the main effects we found for 

cannabis use are very consistent with what has been reported elsewhere, including in 

studies where cannabis use was verified through laboratory tests (e.g., D’Souza et al., 

2004; Fried et al., 2005). This indicates that our cannabis variable has construct validity. 

Third, our sample consisted of white twins born in Minnesota, which may limit the 

generalizability of our results. We expect that our results extend to non-twins, as research 

shows that twins do not differ systematically from non-twins in terms of cognitive 

functioning, personality, or psychiatric symptoms (Johnson et al., 2002; Kendler et al., 

1995; Nilsen et al., 1984). Future research with more diverse samples should explore 

whether findings differ across race and ethnicity.  

 This study also had several strengths. First, our prospective study design 

minimizes the potential for inaccurate reporting due to recall failure or lack of trust. 

Second, our recruitment of a community sample as opposed to a clinical sample, 

combined with high participant retention over time, increases sample representativeness 

and minimizes sampling bias. Third, the high quality of our genotyping method reduces 

the potential for genotyping error. Fourth, our study provides new evidence that 
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alienation and absorption are viable measures of psychosis-relevant traits in the general 

population, which is an important contribution to the RDoC research enterprise.    

Implications 

 Overall, there is strong evidence for main effects of adolescent-onset cannabis use 

on psychotic traits and memory, though not attention, and there is virtually no evidence 

for GxE. Our results indicate that adolescent-onset cannabis use is associated with higher 

levels of psychotic traits and worse memory, regardless of COMT genotype. This means 

that the adverse effects of cannabis use are not limited to those at higher genetic risk but 

are constant across genotypes. Further, adolescent exposure to cannabis does not increase 

the cumulative influence of genetic effects on psychotic traits or cognitive traits, contrary 

to what the diathesis-stress model would predict. Rather, the magnitude of genetic effects 

does not vary between those who used cannabis in adolescence and those who did not.    

 Future research should attempt to understand the mechanisms through which 

adolescent-onset cannabis use is associated with psychotic traits and memory 

impairment, for policy and intervention purposes. It is important to identify underlying 

causes so that policymakers, educators, parents, and clinicians alike know how to 

intervene most effectively. For example, we need to determine whether cannabis use 

itself is harmful or, alternatively, whether there are preexisting factors that lead to both 

cannabis use and adverse outcomes. Based on our present knowledge and the results of 

this study, it would be unwise to soften the public health message about cannabis by 

suggesting that its use is harmful in select cases only.  
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Introduction 

Background 

Despite increasing societal acceptance of cannabis, its long-term effects remain 

poorly understood. The extant research literature suggests that cannabis use is associated 

with several unfavorable outcomes, including other drug use, abuse, and dependence 

(Agrawal et al., 2006; Fergusson et al., 2006; Lynskey et al., 2003; 2012), mental illness 

(Arseneault et al., 2002; Brook et al., 2002; Fergusson et al., 2002; Horwood et al., 2012; 

Konings et al., 2008; Stefanis et al., 2004), cognitive impairment (Fontes et al., 2011; 

Gruber et al., 2012; Meier et al., 2012; Pope et al., 2003), lower educational attainment 

(Horwood et al., 2010), and higher unemployment (Rhode et al., 2007). But this literature 

contains conflicting findings. Though many studies have linked cannabis use to an 

adverse outcome, others have failed to find a significant association, especially after 

controlling for important covariates (Degenhardt et al., 2001; Harder et al., 2006; 2008; 

Wiles et al., 2006). Even when significant associations are found, it is unclear if cannabis 

causes the negative outcome, given that most studies are cross-sectional, and almost all 

are correlational. Thus, rather than cannabis use causing poor functioning, it is possible 

that functional impairments predate cannabis use or that unmeasured confounds cause 

both cannabis use and functional problems.  

Youth Cannabis Use 

Research indicates that young people may be especially sensitive to the effects of 

cannabis use, for the following two reasons. First, the human brain undergoes critical 

developments throughout the adolescent years and into the 20s, including the creation of 
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new synaptic connections (Giedd et al., 1999), the pruning of underutilized synapses 

(Blakemore, 2008; Gogtay et al., 2004), and greater myelination (Sowell et al., 1999; 

2003; Lenroot et al., 2006). These developments may be disrupted by exposure to foreign 

substances like cannabis. Second, animal studies show that the type 1 cannabinoid 

receptor is maximally expressed in children and adolescents, with expression in some 

cortical areas not declining until after adolescence (Heng et al., 2011). As a result, 

adolescence and young adulthood may be marked by enhanced sensitivity to the effects 

of cannabis. This research implies that it is especially important to understand the 

psychosocial effects of youth cannabis use. Indeed, studies suggest that adolescent 

cannabis users experience worse cognitive and psychosocial consequences compared to 

adult users (Agrawal et al., 2006; Arseneault et al., 2002; Ehrenreich et al., 1999; 

Fergusson et al., 2002; 2006; Fontes et al., 2011; Gruber et al., 2012; Horwood et al., 

2012; Konings et al., 2008; Lynskey et al., 2003; 2012; Meier et al., 2012; Pope et al., 

2003; Stefanis et al., 2004). But these findings do not rule out the possibility that 

confounding factors related to early cannabis use (e.g., adolescent psychopathology) 

predispose individuals to both youth cannabis use and adverse outcomes.  

Discordant Sibling Design 

 Because almost all traits are at least moderately heritable (e.g., Bouchard et al., 

1990), genetic factors could mediate the association between cannabis use and poor 

cognitive and psychosocial functioning. This means that genetic vulnerabilities could 

predispose people to both cannabis use and poor outcomes. Additionally, environmental 

factors related to a person’s upbringing and family home might play a confounding role. 
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The discordant sibling design provides a useful means of controlling for genetic and 

other familial confounds (McGue et al., 2010). A type of natural experiment, this design 

makes use of siblings who differ on an exposure (e.g., cannabis use) to examine the 

effects of this exposure while controlling for familial factors shared between siblings. 

Thus, in the case of monozygotic (MZ) twins, who are genetically identical, the design 

fully controls for genetic confounds as well as confounds related to the rearing 

environment. In the case of dizygotic (DZ) twins and other siblings, who share about 

50% of their genes on average, the discordant sibling design partially controls for genetic 

factors while fully controlling for shared environmental factors.  

 Discordant sibling studies have examined the association of cannabis use with 

other drug use (Agrawal et al., 2004; Grant et al., 2010; Lynskey et al., 2003; 2006), 

psychosis (McGrath et al., 2010), cognitive impairment (Jackson et al., 2016; Lyons et 

al., 2004), educational underachievement (Grant et al., 2012; Verweij et al., 2013), brain 

structure (Pagliaccio et al., in press), and personality (Vink et al., 2007). Almost all of 

these studies are of discordant twin pairs. Results are somewhat mixed, with some studies 

finding an effect of cannabis use on an unfavorable outcome within discordant pairs 

(Agrawal et al., 2004; Grant et al., 2010; Lynskey et al., 2003; 2006; McGrath et al., 

2010; Vink et al., 2007) and others showing little evidence for such an effect (Grant et al., 

2012; Jackson et al., 2016; Lyons et al., 2004; Pagliaccio et al., in press; Verweij et al., 

2013). Findings vary depending on the outcome of interest, with 4 of 4 studies producing 

consistent evidence for an effect of cannabis use on other drug use within discordant 

pairs, 1 of 1 studies finding a within-pair effect on psychosis, 0 of 2 studies finding a 



 

 

30

within-pair effect on cognitive impairment, and 0 of 2 studies showing a within-pair 

effect on educational underachievement. Even studies that find an effect of cannabis use 

on an adverse outcome within discordant pairs cannot clearly disambiguate if cannabis 

causes the outcome or if, alternatively, confounding influences not shared between 

siblings are responsible for the association (e.g., environmental factors that predate 

cannabis use and differentiate cannabis-using and non-using siblings).  

Present Study 

 The current study used a longitudinal Co-Twin Control (CTC) design to examine 

if twins discordant on youth cannabis use disorder (CUD) have different psychiatric, 

cognitive, and educational/occupational outcomes in young adulthood, while adjusting 

for non-familial confounding. Twins were assessed prospectively from age 11, when 

virtually no one had used cannabis, to age 29, after the conclusion of the high-risk period 

for cannabis use. We chose CUD as the exposure variable because we were interested in 

understanding the effects of problematic cannabis use, for public health reasons. Twins 

met criteria for a youth CUD if they were diagnosed with CUD at any time from age 14 

up to the outcome assessment, which took place at age 20, 24, or 29 depending on the 

outcome of interest. The CTC design controlled for genetic and other familial confounds 

shared between twins. In addition, we accounted for non-familial confounds in two 

alternate ways, including 1) directly adjusting for baseline measures of functioning in 

each area of interest (e.g., psychiatric, cognitive, educational/occupational), and 2) 

controlling for a propensity score that modeled the probability of developing a CUD as a 

function of prospectively assessed measures of childhood adjustment. Though similar, the 
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two approaches achieve somewhat different objectives: Whereas the first approach 

attempts to rule out reverse causation (e.g., the notion that individuals develop youth 

CUD because they are self-medicating symptoms of mental illness), the second approach 

seeks to differentiate the effects of a youth CUD from those of a preexisting propensity 

toward problematic cannabis use. To our knowledge, our study is the first to combine a 

longitudinal discordant twin design with a propensity score analysis to test the potential 

effects of youth CUD on young adult functioning.  

 Our analyses answer the following questions:  

(1) Is youth CUD associated with functional impairment in young adulthood?  

(2) Are observed associations attributable to familial factors?  

(3) Are observed associations attributable to non-familial factors?  

(4) Is there evidence for a residual causal effect of youth CUD? 

 We expect that youth CUD will be associated with a range of negative 

psychiatric, cognitive, and educational/occupational outcomes, with some of these 

associations attributable to familial and non-familial confounding. In addition, we predict 

that there will be residual effects of youth CUD on aspects of young adult functioning 

consistent with a causal influence.  

Methods 
 
Participants 
 
 The current sample consisted of 756 same-sex twin pairs (486 monozygotic or 

MZ pairs and 270 dizygotic or DZ pairs, 50% female) who participated in the Minnesota 

Twin Family Study (MTFS), a longitudinal study of substance use and externalizing 
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behaviors. Details about the MTFS are available in Iacono et al. (1999) and Iacono and 

McGue (2002). Participants were identified from searches of Minnesota state birth 

records for birth years spanning 1971 to 1985. Over 90% of living twin pairs were 

successfully located. 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 intellectual deficiencies that could prevent completion of a day-long, in-person 

assessment. Of all eligible twin pairs, 83% agreed to participate. Parents in participating 

families did not differ significantly from parents in non-participating families in terms of 

self-reported mental illness, but they had slightly more years of education and mothers 

had a modestly higher occupational status (Iacono et al., 1999). Minnesota census data 

from the time of recruitment shows that participating parents resembled Minnesota 

parents with at least one child of their own living at home (Holdcraft & Iacono, 2004).  

Participants in the current study were first assessed at age 11 and then followed up 

at ages 14, 17, 20, 24, and 29, with the last assessment occurring in 2014. All intake and 

most follow-up assessments were completed in person. In a minority of cases, 

participants completed follow-up interviews by phone because they were unable to visit 

the University of Minnesota. MTFS participation rates at the various follow-up 

assessments averaged above 90%, with 88% of participants in the current study 

completing their age 29 assessment.  

Participation at the age 20 assessment did not differ between individuals with a 

prior CUD and those without this diagnosis (88% versus 90%, respectively; χ2(1)=.753, 

p=.385). Twins with a prior CUD also did not differ from twins without this disorder in 
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participation at the age 24 assessment (88% versus 89%, respectively, χ2(1)=.593, 

p=.441). Individuals with a prior CUD were more likely to participate at the age 29 

assessment than individuals without this diagnosis, χ2(1)=4.079, p=.043, but the 

difference was quite small (91% versus 88%). Because not all participants who 

completed the assessments were available for cognitive testing, analyses for cognitive 

outcomes are based on a smaller sample. Individuals who completed cognitive testing did 

not differ from those who did not complete such testing in terms of baseline intellectual 

functioning or history of a youth CUD (all p-values>.1).  

Procedures and Measures 

 Procedures. Study procedures were approved by the University of Minnesota’s 

Institutional Review Board, and participants gave written informed consent or assent in 

the case of minors, for whom parents provided written consent. Twins completed 

cognitive testing and self-report questionnaires about their educational and occupational 

functioning. They were interviewed by study staff about their substance use and 

symptoms of mental illness. Interviewers had either a bachelor’s degree or a master’s 

degree in psychology and had received extensive training. At the intake assessment, 

parents were interviewed about their twins’ symptoms of mental illness, and they 

completed questionnaires about the twins’ psychosocial adjustment.   

Cannabis exposure. The exposure variable in this study was youth CUD, which 

included any diagnosis of CUD made between age 14 and the age at which the outcome 

of interest was assessed (i.e., age 20, 24, or 29 depending on the outcome). Individuals 

with a youth CUD were coded as 1, and those without a youth CUD were coded as 0. 
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Participants were diagnosed with a CUD if they met criteria for either cannabis abuse 

or cannabis dependence, as assessed by the Diagnostic and Statistical Manual of Mental 

Disorders (DSM-IV; American Psychiatric Association, 1994). Kappa reliabilities for 

cannabis abuse and dependence were greater than .90 (Iacono et al., 1999). Cannabis 

abuse and dependence were assessed via the Diagnostic Interview for Children and 

Adolescents–Revised (DICA-R; Reich & Welner, 1988) at ages 11 and 14 and with a 

modified version of the expanded Substance Abuse Module (SAM; Robins et al., 1987) 

at later ages.  

Outcome measures. Psychiatric, cognitive, and educational/occupational 

outcomes were assessed at age 20, 24, or 29, with most outcomes coming from the age 29 

assessment.  

Psychiatric outcomes. Psychiatric diagnoses consisted of any non-cannabis illicit 

drug use disorder, including amphetamine use disorder, cocaine use disorder, sedative use 

disorder, phencyclidine (PCP) use disorder, opiate use disorder, inhalant use disorder, 

and hallucinogen use disorder; Major Depressive Disorder (MDD); any anxiety disorder, 

including generalized anxiety disorder, social phobia, specific phobia, panic disorder, and 

agoraphobia; and Adult Antisocial Behavior (AAB) consisting of the adult criteria of 

Antisocial Personality Disorder. All diagnoses were based on DSM-IV criteria. Drug use 

disorder was assessed with a modified version of the expanded SAM. MDD and anxiety 

were assessed with the Structured Clinical Interview for the DSM (SCID; Spitzer et al., 

1987). AAB was assessed with the SCID-II. Kappa reliabilities exceeded .80 for all 

diagnostic outcomes (Iacono et al., 1999). In the current study, psychiatric diagnoses 



 

 

35

were collapsed across the age 24 and 29 assessments to ensure adequate representation 

in each diagnostic category.  

Two additional psychiatric outcomes included in this study were the alienation 

and absorption scales of the Multidimensional Personality Questionnaire (MPQ; Tellegen 

& Waller, 2008). Alienation measures suspiciousness of others and expectation of 

deception and exploitation by them, while absorption measures heightened sensory 

awareness and proneness to imaginative and altered states. These scales assess subclinical 

schizophrenia-spectrum symptoms in the general population and have been shown to 

correlate moderately to strongly with direct measures of psychotic experience (DeYoung 

et al., 2012; Harkness et al., 1995; van Kampen, 2009). The MPQ was administered at the 

age 29 assessment.  

Cognitive outcomes. Cognitive outcomes consisted of Reading and Arithmetic 

from the Wide Range Achievement Test (WRAT3; Wilkinson, 1993), Vocabulary and 

Block Design from the Wechsler Adult Intelligence Scale (WAIS-R; Wechsler, 1981), 

Digit Span Forward and Digit Span Backward from WAIS-III (Wechsler, 1997), and the 

Rey Auditory Verbal Learning Test (RAVLT; Schmidt, 1996).  

Reading assesses individuals’ ability to read and pronounce words correctly, and 

Arithmetic is a 15-minute paper-and-pencil math test. Both tests were administered when 

twins were 20 years old. Vocabulary tests participants’ knowledge of words, and Block 

Design assesses their ability to construct designs out of three-dimensional blocks. These 

tests were administered at the age 24 assessment. Digit Span Forward tests participants’ 

ability to repeat increasingly long strings of numbers in the order in which the numbers 
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were read, while Digit Span Backward requires individuals to list strings of numbers in 

the reverse order. Both of the Digit Span subtests were administered at the age 29 

assessment. Finally, RAVLT was used to assess immediate memory, memory following 

interference, and delayed memory. In this task, participants heard a list of 15 words and 

were asked to recall as many words from this list as possible. RAVLT 1-5 measures the 

total number of words recalled across the first 5 trials of the test (immediate memory). 

RAVLT 6 measures recall of the same 15 words in a sixth trial after participants were 

presented with and asked to remember words from an interference list (memory 

following interference). RAVLT 7 measures recall of the original 15 words in a seventh 

trial after a 30-minute delay (delayed memory). RAVLT was administered at age 29.  

Educational/occupational outcomes. Educational and occupational outcomes 

included years of education, occupational status (with higher vales denoting more skilled 

occupations), personal annual income before taxes, and parental support (a dichotomous 

variable assessing whether participants were receiving financial support from their 

parents). Information about these outcomes came from the Social Adjustment Interview 

(Johnson et al., 2007), which was conducted with twins to assess their social, academic, 

and professional functioning. Analyses for occupation and income excluded current 

students as well as homemakers who skipped out of these questions. Education was 

assessed at age 24, while all other outcomes came from the age 29 assessment. 

Covariates. Two alternate sets of covariates were included in this study: 1) 

baseline measures of twins’ psychiatric, cognitive, and educational/occupational 

functioning, and 2) a variety of prospective measures that together predicted the 
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development of a youth CUD and were therefore used to create a propensity score. 

Table 7 presents all variables that were considered for inclusion in the propensity score, 

the instruments from which they were derived, short descriptions of the variables, and 

their reliability. We took advantage of the extensive MTFS assessment battery to select 

known precursors of CUD and other externalizing behaviors. For example, we included 

variables that have been previously shown in our sample to predict a propensity for 

adolescent alcohol use (Irons et al., 2015) and adolescent sexual initiation (Huibregtse et 

al., 2011). All predictors were taken from either the age 11 or age 14 assessment because 

virtually no participants had developed a CUD by age 14. Whenever feasible, we 

included parents’ assessments of their children’s functioning in addition to children’s 

self-report. Following best estimate guidelines, we judged a symptom to be present if 

either the child or the parent reported it.  

Analytic Plan 

The analytic plan was threefold. First, we conducted individual-level analyses 

(i.e., analyses run at the level of the individual rather than the level of the twin pair) to 

examine how youth CUD is associated with psychiatric, cognitive, and educational/ 

occupational outcomes at ages 20, 24, and 29. Second, we investigated all significant 

associations in a Co-Twin Control (CTC) framework to see if associations remain 

significant in twins discordant for youth CUD. Third, we accounted for residual 

confounding from non-familial sources in two alternate ways, including 1) adjustment for 

baseline functioning (either psychiatric, cognitive, or educational/occupational, as 

appropriate), and 2) a propensity score approach (Austin, 2007; Rosenbaum & Rubin, 
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1983). The CTC design and our two alternate ways of accounting for residual 

confounding are described in greater detail below. 

Analyses were run in the statistical program SPSS. We accounted for the nested 

family structure of the data by using generalized estimating equations (GEE) with an 

exchangeable correlation matrix. We specified a binomial distribution for diagnostic 

outcomes and a normal distribution for continuous outcomes. Continuous outcomes were 

transformed, when necessary, to normalize their distribution and were subsequently 

standardized to have a mean of 0 and a standard deviation of 1 for ease of interpretation. 

All analyses controlled for sex.  

CTC Design 

The CTC design was recommended by Begg and Parides (2003) for estimating 

the effects of an exposure variable (e.g., youth CUD) while controlling for family-level 

confounds (i.e., genetics and other familial factors). In the logic of this design, twins 

without a youth CUD serve as controls for their co-twins with a youth CUD. The 

rationale is that if youth CUD leads to functional impairments, then the affected twin 

should show poorer functioning than his or her non-affected co-twin. The power of this 

design lies in its ability to control for genetic and environmental factors shared by 

members of a twin pair, even when these factors have not been explicitly assessed.  

More technically, the CTC design models the effect of an exposure (youth CUD) 

on an outcome in terms of a within-twin pair regression coefficient (βW) and a between-

twin pair regression coefficient (βB): 

Yij = β0 + βWxij + βBx̅i. + εij,    
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where Yij    is the observed outcome for the jth twin within the ith twin pair, xij is the 

CUD status of the jth twin within the ith twin pair, and x̅i. is the mean CUD status for the 

ith twin pair. The between-pair coefficient estimates the effect of family-level factors that 

contribute to youth CUD. The within-pair coefficient estimates the effect of youth CUD 

while controlling for these familial contributions. This coefficient is of greatest interest as 

it provides an estimate of the effect of youth CUD that is free from familial confounding. 

Though all twins with non-missing data are included in the analysis, estimation of the 

within-pair effect is based on twins discordant for youth CUD. 

Figure 2 shows five possible patterns for the within-pair effect of an exposure on 

an outcome compared to the effect estimated from a regular, individual-level regression 

analysis. The individual-level effect does not control for family-level confounds in 

estimating the association between the exposure and the outcome; the DZ within-pair 

effect partially controls for genetic confounds and fully controls for confounds related to 

the rearing/shared environment; the MZ within-pair effect fully controls for both genetic 

and shared environmental confounds. Scenario 1 presents a situation in which the effect 

of the exposure on the outcome is the same at the individual level, within DZ pairs 

discordant on the exposure, and within discordant MZ pairs. This pattern is consistent 

with a potentially causal effect of exposure on outcome, with no familial confounding. In 

Scenario 2, the effect of exposure is reduced but not eliminated within discordant DZ 

pairs and discordant MZ pairs compared to what it is at the individual level, and the DZ 

within-pair effect exceeds the MZ within-pair effect. This pattern indicates that the 

association between exposure and outcome is partially due to genetic mediation. Still, the 
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existence of a non-zero effect within discordant MZ pairs suggests a residual influence. 

Scenario 3 shows a situation involving partial mediation from shared environmental and 

possibly also genetic sources, with a residual, possibly causal, effect. Finally, Scenarios 4 

and 5 involve complete confounding, as indicated by the absence of a within-pair effect 

in discordant MZ pairs. In these scenarios, the association between exposure and outcome 

is entirely due to genetic and/or shared environmental mediation, and there is no residual 

causal effect.    

Adjustment for Residual, Non-Familial Confounding 

Adjustment for baseline functioning. We adjusted for baseline psychiatric 

functioning by excluding adolescents with diagnoses of a mental disorder from analyses 

predicting that disorder in young adulthood (e.g., adolescent cases of drug use disorder 

were excluded from analyses predicting drug use disorder in young adulthood). We 

controlled for adolescent measures of cognitive functioning in analyses predicting later 

cognitive functioning and for parental educational/occupational attainment at intake in 

analyses predicting twins’ educational and occupational functioning in young adulthood.   

Propensity score approach. A propensity score estimates the probability of 

experiencing an exposure conditional on observed variables (Austin, 2007). The inclusion 

of a propensity score in our CTC analyses enables us to control for preexisting 

differences between individuals who went on to develop a youth CUD and those who did 

not. This approach allows us to distinguish the effects of a youth CUD from the effects of 

a preexisting propensity to develop a youth CUD.  
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To calculate the propensity score, we entered all predictors from Table 7 into a 

multivariate logistic regression with youth CUD as the dependent variable. Predictors 

were retained in the regression as long as they contributed to a better model fit without 

resulting in a substantial reduction in sample size, as not all participants completed all 

assessment instruments. Model fit was judged by Nagelkerke R2 and the accuracy of 

classification into the youth CUD and non-youth CUD groups. The propensity score was 

equal to the predicted probability of having a youth CUD from the final regression.  

Early substance use, childhood externalizing disorder, childhood internalizing 

disorder, academic history, and intelligence were the predictors that maximized model fit 

without a significant loss in sample size. The regression containing these predictors 

correctly classified 96% of individuals in the non-youth CUD group and 32% of 

individuals in the youth CUD group, with an overall accurate classification rate of 82% 

(omnibus χ2(17) =271.37, p<.001). This regression accounted for 28% of the variance in 

youth CUD (Nagelkerke R2=.279). The propensity score estimated from this regression 

had an average value of .22 (SD=.19, range=.02-.95). The magnitude of this propensity 

score varied as a function of youth CUD, even within discordant twin pairs (see Figure 

3). This indicates that the propensity score effectively captured preexisting differences 

between twins who went on to develop a youth CUD and those who did not, beyond what 

is accounted for by genetics and shared environmental factors. Overall, our propensity 

score performed well in estimating youth CUD, especially considering that it did not 

include any family-level predictors. Family-level predictors were deliberately left out of 

the propensity score, as the CTC design already controls for familial confounds.  
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Results 

Descriptive Statistics 

 No individuals met criteria for a CUD at age 11, and only 2% of the sample had a 

CUD at age 14. At age 20, 22% of twins met criteria for a youth CUD (31% of males, 

13% of females). Twenty-four percent had experienced a youth CUD at age 24 (33% of 

males, 15% of females), and 25% met criteria for a youth CUD at age 29 (34% of males, 

16% of females). 

Associations Between Youth CUD and Young Adult Outcomes 

As can be seen in Table 8, youth CUD was associated with increased odds of all 

psychiatric diagnoses, except anxiety disorder, and with increased alienation and 

absorption. Youth CUD was also associated with poorer performance on arithmetic but 

was unrelated to performance on all other cognitive tests (see Table 9). Table 10 shows 

that youth CUD was associated with fewer years of education, less skilled occupations, 

lower income, and greater odds of parental support.  

CTC Analyses 

CTC analyses were run for all outcomes that were significantly associated with 

youth CUD. Analyses were based on all twins with non-missing data, including twin 

pairs concordant on youth CUD. Table 11 shows twin concordance and discordance on 

youth CUD at ages 20, 24, and 29 for all pairs with non-missing data at these ages. As 

can be seen from the table, the number of discordant twin pairs increased somewhat from 

age 20 to age 29, as did the number of pairs concordant for youth CUD. Conversely, the 
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number of pairs concordant for no youth CUD decreased with age. The tetrachoric 

twin correlation for youth CUD was near .7 at all ages (.73 at age 20 and .7 at ages 24 

and 29). 

 Table 12 presents the between-pair (βB) and within-pair (βW) effects of youth 

CUD on psychiatric, cognitive, and educational/occupational outcomes. There were 

significant between-pair effects of youth CUD on Absorption, Education, Occupation, 

and Support (p<.05), with youth CUD being associated with increased absorption, lower 

education, lower occupational status, and increased odds of financial dependence on 

parents. These associations are at least partly mediated by familial factors, which could 

be genetic, environmental, or both. Our results also revealed marginally significant 

between-pair effects on AAB and Drug Use Disorder (p<.1), such that youth CUD was 

associated with higher odds of AAB and non-cannabis illicit drug use disorder. What is 

more, we found significant within-pair effects of youth CUD on AAB, Drug Use 

Disorder, Arithmetic, and Occupation, indicating that twins with a youth CUD were more 

likely to meet criteria for AAB and a non-cannabis illicit drug use disorder, performed 

worse on arithmetic, and had less skilled occupations than their unaffected co-twins. 

There were also marginally significant within-pair effects of youth CUD on Education 

and Income, consistent with youth CUD being associated with fewer years of education 

and a lower income. There were no significant between-pair or within-pair effects on 

either MDD or Alienation, despite youth CUD being associated with both outcomes at 

the individual level. When these individual-level associations were partitioned into a 

between-pair effect and a within-pair effect, neither effect reached statistical significance.   
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 Within-pair effects did not vary significantly by zygosity, with one exception. 

For Support, there was a significant zygosity*βW interaction (p=.047), though the within-

pair effect did not reach significance in either MZ pairs or DZ pairs. Though there was 

little evidence for zygosity interactions, results are presented separately for MZ pairs and 

DZ pairs, for the sake of completeness (see Table 12).  

 Figures 4a and 4b present the MZ within-pair effect, the DZ within-pair effect, 

and the individual-level effect for outcomes showing a significant within-pair effect in 

the full twin sample. Figure 4a shows these effects for the dichotomous diagnostic 

outcomes, and Figure 4b shows these effects for the more continuous cognitive and 

occupational outcomes. The individual-level effect is based on results displayed in Tables 

8-10, whereas the within-pair effects are based on results displayed in Table 12. In Figure 

4a, the effect of youth CUD on AAB is somewhat reduced within discordant DZ pairs 

compared to what it is at the individual level; the effect is even further reduced within 

discordant MZ pairs, where it is no longer statistically significant. This pattern is most 

consistent with genetic mediation. For Drug Use Disorder, the CUD effect is reduced—

but clearly not eliminated—within discordant DZ pairs and discordant MZ pairs 

compared to the individual-level effect, and there is residual evidence for a potential 

causal influence. In Figure 4b, the effect of youth CUD on Arithmetic is somewhat 

reduced within discordant MZ pairs compared to what it is at the individual level and 

within discordant DZ pairs, though the difference is small. The within-pair effect is 

marginally significant in both discordant MZ pairs and discordant DZ pairs (p < .1) and is 

significant at p < .05 in the larger combined sample. This pattern leaves open the 
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possibility of a residual causal effect. Finally, the pattern for Occupation appears most 

consistent with genetic mediation.  

Adjustment for Residual, Non-Familial Confounding 

Table 13 adjusts all statistically significant within-pair effects from the full twin 

sample for residual confounding in two alternate ways. The top half of Table 13 adjusts 

for baseline psychiatric, cognitive, or educational/occupational functioning. In particular, 

analyses for psychiatric diagnoses (i.e., Drug Use Disorder and AAB) exclude individuals 

who already had this diagnosis at age 17. Analyses for Arithmetic control for age 14 

Arithmetic scores, and analyses for Occupation control for parental occupation. The 

bottom half of Table 13 adjusts for residual confounding by including a propensity score 

in the analysis. In the full twin sample, all previously significant within-pair effects 

remained significant, except for the within-pair effect on Occupation, which fell short of 

significance (p > .05) after inclusion of the propensity score.  

Because the within-pair effect of youth CUD on Drug Use Disorder was 

statistically significant in the prior CTC analysis with MZ twins, we adjusted this analysis 

for residual confounding in the subsample of MZ twins, thus providing an even stronger 

test of causality (analyses not displayed in table). In MZ twins, the within-pair effect of 

youth CUD on Drug Use Disorder remained significant after adjustment for baseline 

functioning (B=1.91, SE=.70, p=.007) as well as after adjustment for the propensity score 

(B=1.76, SE=.68, p=.010). Because no other within-pair effects reached significance in 

prior CTC analyses with MZ twins, we did not run any additional analyses in the MZ 

subsample.  
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Discussion 

Even though cannabis use has become more prevalent in the United States in 

recent years, its effects remain poorly understood. Youth cannabis use is associated with 

several undesirable outcomes, including other illicit drug use, psychiatric illness, 

cognitive impairment, educational underachievement, and higher unemployment 

(Agrawal et al., 2006; Arseneault et al., 2002; Fontes et al., 2011; Gruber et al., 2012; 

Konings et al., 2008; Lynskey et al., 2003; 2012; Meier et al., 2012; Pope et al., 2003; 

Stefanis et al., 2004; Rhode et al., 2007), but it is unclear whether cannabis use causes 

these outcomes. The present study sought to strengthen the basis for causal inference 

through a longitudinal Co-Twin Control (CTC) design. This design examined if twins 

discordant on youth cannabis use disorder (CUD) have different psychiatric, cognitive, 

and educational/occupational outcomes at ages 20, 24, and 29. Twins were considered to 

have a youth CUD if they were diagnosed with CUD at any time between age 14 and the 

outcome assessment. The CTC design controls for the multitude of genetic and other 

familial factors that confound the relationship between youth CUD and later functioning. 

To control for non-familial confounds, we ran two separate sets of analyses: (1) We 

adjusted for baseline measures of functioning in each area of interest (e.g., psychiatric, 

cognitive, or educational/occupational); (2) We controlled for a preexisting propensity to 

develop CUD estimated from various indicators of childhood adjustment.  

We discuss our results in order below, beginning with (1) all individual-level 

associations between youth CUD and functional outcomes, controlling only for sex (2) 

associations due to family-level factors modeled in the CTC design, (3) associations due 
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to non-familial factors modeled in additional analyses, and (4) residual evidence for 

potentially causal effects of youth CUD. 

Is Youth CUD Associated with Functional Impairment in Young Adulthood? 

Youth CUD was associated with a number of psychiatric problems at ages 24 and 

29, including Major Depressive Disorder (MDD), Adult Antisocial Behavior (AAB; the 

adult criteria of Antisocial Personality Disorder), and non-cannabis illicit drug use 

disorder. Compared to those without a youth CUD, individuals with a youth CUD also 

had higher levels of psychotic traits at age 29. They scored higher on alienation, which 

measures suspiciousness of others and expectation of harm, and on absorption, measuring 

enhanced sensory awareness and proneness to imaginative and altered states. In terms of 

educational and occupational outcomes, youth CUD was associated with fewer years of 

education at age 24 and lower occupational status, lower income, and greater financial 

dependence on parents at age 29. In contrast, youth CUD was unrelated to cognitive 

outcomes, with one exception. Individuals with a youth CUD performed worse on a test 

of arithmetic at age 20 compared to those without a youth CUD.  

In sum, youth CUD was clearly associated with psychiatric problems and 

educational/occupational underachievement in young adulthood. Evidence that youth 

CUD is related to cognitive impairment is limited to poorer arithmetic performance 

among individuals with a youth CUD.  

Are Observed Associations Attributable to Familial Factors? 

CTC analyses showed that family-level factors account at least partially for the 

relationships between youth CUD and higher levels of absorption, lower education, lower 
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occupational status, and increased dependence on parental support, as indicated by 

significant between-twin pair effects. This means that familial influences—which may be 

genetic, environmental, or a combination of the two—contribute to the development of 

both youth CUD and these outcomes. Our results for education are consistent with what 

previous discordant twin studies have found (Grant et al., 2012; Verweij et al., 2013) and 

add incremental support to the existing evidence base. Taken together, the extant 

evidence shows that cannabis use does not directly cause individuals to discontinue their 

schooling; rather, familial factors lead to both problematic cannabis use and educational 

underachievement. To our knowledge, no prior twin studies have investigated how youth 

cannabis use is associated with occupational functioning, financial dependence, or 

absorption. Thus, our findings for these outcomes are novel and warrant further study. 

Though youth CUD was associated with higher odds of AAB and lower 

occupational status even within twin pairs, within-pair effects were substantially smaller 

in discordant MZ pairs compared to discordant DZ pairs. This pattern is suggestive of 

genetic mediation with little evidence for a residual causal effect. In other words, there 

are genetic factors that lead individuals to develop a youth CUD, engage in antisocial 

behavior, and fill lower-status occupations; these factors account for the relationship of 

youth CUD with increased antisocial behavior and lower occupational status.   

Are Observed Associations Attributable to Non-Familial Factors?  

We controlled for non-familial confounds in two alternate ways: (1) adjusting for 

baseline measures of functioning, and (2) controlling for a propensity to develop CUD. 

The two approaches fulfill related, albeit somewhat distinct, objectives. The first 
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approach rules out reverse causation (i.e., the possibility that the functional problem 

actually predates youth CUD), whereas the second approach adjusts for a preexisting 

propensity toward youth CUD based on various measures of childhood adjustment. Both 

approaches were combined with the CTC design.  

Results from the two approaches were fairly analogous. In general, significant 

within-pair effects of youth CUD tended to endure after we controlled for either baseline 

functioning or the propensity score. These findings indicate that non-familial confounds 

do not seem to account for residual associations between youth CUD and functional 

outcomes after family-level confounding has been taken into account.   

Is There Evidence for a Residual Causal Effect of Youth CUD? 

Our results suggest a possible causal effect of youth CUD on non-cannabis illicit 

drug use disorder and arithmetic deficits, though only the association with drug use 

disorder reached full significance in discordant MZ twins. More specifically, youth CUD 

increased the odds of developing another drug use disorder by at least fourfold. 

Translated into proportions, this means that if 5 out of 100 individuals without a youth 

CUD go on to develop a non-cannabis drug use disorder, then among individuals with a 

youth CUD at least 18 out of 100 develop another drug use disorder. Our finding that 

youth CUD is a likely causal contributor to the development of other drug use disorders 

is consistent with what previous discordant twin studies have concluded (Agrawal et al., 

2004; Grant et al., 2010; Lynskey et al., 2003; 2006), with one noteworthy distinction. 

Whereas previous studies have focused on any adolescent cannabis use, this study is 

unique in considering the effects of problematic cannabis use during youth. This 
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distinction is important because a significant percentage of young people will have met 

criteria for a cannabis use disorder by young adulthood (25% in our study), and the 

consequences of their cannabis use are likely to be more serious and impairing compared 

to the consequences of simply trying cannabis during adolescence.  

A variety of causal mechanisms could underlie the association between youth 

CUD and other drug use disorder. Lynskey et al. (2003) proposed several possibilities, 

including that (1) regular cannabis use produces biochemical changes in the brain that 

increase vulnerability to other drug use, (2) pleasurable experiences with cannabis lead to 

broader experimentation with and use of other drugs, and (3) use of cannabis without 

dangerous consequences reduces the perceived risk of other drug use. The current study 

does not identify a specific causal pathway. Future research, including brain-imaging 

studies, may help uncover the underlying mechanism.  

Evidence that youth CUD causes problems other than illicit drug use disorder is 

less strong, though our results leave open the possibility of a potential causal influence on 

arithmetic deficits. This finding needs to be understood better. Our analyses showed that 

the association between youth CUD and lower arithmetic performance is not fully 

attributable to either familial confounding or preexisting factors. Moreover, the 

association does not appear to be due to educational shortcomings, given that youth CUD 

is related to arithmetic performance but not educational attainment within discordant twin 

pairs. Thus, our analyses rule out many confounding factors as potential explanations. 

Still, it is important to acknowledge that a previous discordant twin study (Lyons et al., 

2004) did not find a significant difference in arithmetic performance between cannabis-
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using twins and their non-using co-twins. Replication of our finding is therefore 

imperative before firm conclusions about the relationship between youth CUD and 

arithmetic impairment can be reached.    

Strengths and Limitations 

This study had several strengths. First, it was based on a large, representative, 

statewide sample with little attrition over time. As a result, findings are expected to be 

fairly generalizable. Second, CUD and other diagnostic outcomes were reliably assessed 

as is evidenced by the high inter-rater reliability coefficients. Reliable measurement is 

especially important in discordant twin analysis, given that error in the exposure is 

expected to attenuate within-pair associations more than individual-level associations 

(Boardman & Fletcher, 2015; McGue et al., 2010). Our high kappa reliabilities minimize 

concerns about measurement error. Third, the longitudinal nature of our study allowed us 

to make use of childhood data to distinguish the effects of youth CUD from those of 

preexisting factors.  

Our study also had weaknesses. For example, estimation of the within-pair effect 

was based on the subsample of discordant twins, who made up a small proportion of the 

total twin sample (17-20% depending on the analysis). This is a common limitation in 

discordant twin analyses. Fortunately, our total sample was large enough so that we still 

ended up with at least 130 discordant pairs.   

Implications 

Youth CUD is associated with various adverse psychosocial outcomes in young 

adulthood. Familial factors, which may include both genetic and shared environmental 
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influences, account at least partially for the association between youth CUD and lower 

educational attainment, lower occupational status, increased financial dependence on 

parents, increased absorption, and higher odds of AAB. This means that family-level 

factors contribute to both problematic cannabis use and these adverse outcomes. But 

there is also evidence for residual causal effects of youth CUD, especially on the 

development of other illicit drug use disorders and possibly on arithmetic deficits.  

Based on all available findings, it would be advisable to direct interventions at 

youth who use cannabis to reduce their risk of developing other problems. Decision-

making about marijuana legalization should balance risk for the adverse consequences 

found in this study against any expected benefits associated with increased regulation and 

relief from medical symptoms.   
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Table Legends 
 

Table 1. Legend: Note. RAVLT 1-5=Trials 1 through 5 of the Rey Auditory Verbal 

Learning Test; RAVLT 6=Trial 6 of the Rey Auditory Verbal Learning Test; RAVLT 

7=Trial 7 of the Rey Auditory Verbal Learning Test; n=Sample size; SD=Standard 

deviation.  

 

Table 2. Legend: Note. RAVLT 1-5=Trials 1 through 5 of the Rey Auditory Verbal 

Learning Test; RAVLT 6=Trial 6 of the Rey Auditory Verbal Learning Test; RAVLT 

7=Trial 7 of the Rey Auditory Verbal Learning Test; COMT=Catechol-O-

methyltransferase genotype coded as number of Val alleles; n=Sample size; 

B=Regression coefficient; SE=Standard error; p=Probability value. 

 

Table 3. Legend: Note. RAVLT 1-5=Trials 1 through 5 of the Rey Auditory Verbal 

Learning Test; RAVLT 6=Trial 6 of the Rey Auditory Verbal Learning Test; RAVLT 

7=Trial 7 of the Rey Auditory Verbal Learning Test; COMT=Catechol-O-

methyltransferase genotype coded as number of Val alleles; n=Sample size; 

B=Regression coefficient; SE=Standard error; p=Probability value. 

 
Table 4. Legend: Note. rMZ=Intra-class correlation for monozygotic twin pairs; 

rDZ=Intra-class correlation for dizygotic twin pairs; A=Additive genetic variation; 

C=Common/shared environmental variation; E=Non-shared environmental variation; 

95% CI=Ninety-five percent confidence interval;  RAVLT 1-5=Trials 1 through 5 of the 

Rey Auditory Verbal Learning Test; RAVLT 6=Trial 6 of the Rey Auditory Verbal 

Learning Test; RAVLT 7=Trial 7 of the Rey Auditory Verbal Learning Test.  

 

Table 5. Legend: Note. -2ln(L)=-2 log likelihood; df=Degrees of freedom; χ2=Chi-square 

statistic equal to the difference in -2ln(L) between no-moderation and moderation 

models; ∆df=Difference in df between no-moderation and moderation models; 

p=Probability value; AIC=Akaike Information Criterion with smaller values indicating 

better model fit; RAVLT 1-5=Trials 1 through 5 of the Rey Auditory Verbal Learning 

Test; RAVLT 6=Trial 6 of the Rey Auditory Verbal Learning Test; RAVLT 7=Trial 7 of 

the Rey Auditory Verbal Learning Test.   

 
Table 6. Legend: Note. RAVLT 1-5=Trials 1 through 5 of the Rey Auditory Verbal 

Learning Test; RAVLT 6=Trial 6 of the Rey Auditory Verbal Learning Test; RAVLT 

7=Trial 7 of the Rey Auditory Verbal Learning Test. The β coefficient for sex shows the 

effect of sex on each outcome. The remaining β coefficients show the degree to which 

adolescent-onset cannabis use changes genetic and environmental effects on each 

outcome after the main effects of cannabis use are regressed out. βa shows change in 

additive genetic effects, βc shows change in shared environmental effects, and βe shows 

change in non-shared environmental effects.  
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Table 7. Legend: Note. ADHD=Attention-Deficit/Hyperactivity Disorder; 

ODD=Oppositional Defiant Disorder; CD=Conduct Disorder; MDD=Major Depressive 

Disorder; GPA=Grade Point Average. 

 

Table 8. Legend: Note. CUD=Cannabis Use Disorder; B=Regression coefficient; 

SE=Standard Error; p=Probability value; MDD=Major Depressive Disorder; Anxiety 

Disorder includes social phobia, specific phobia, generalized anxiety disorder, panic 

disorder, and agoraphobia; AAB=Adult Antisocial Behavior; Drug Use Disorder includes 

amphetamine use disorder, cocaine use disorder, sedative use disorder, phencyclidine 

(PCP) use disorder, opiate use disorder, inhalant use disorder, and hallucinogen use 

disorder. Diagnostic outcomes were aggregated across ages 24 and 29. Alienation and 

Absorption were assessed at age 29. All analyses control for sex. Generalized Estimating 

Equations (GEE) were used to adjust for twin relatedness. Continuous outcomes 

(Alienation and Absorption) were standardized for ease of interpretation. For diagnostic 

outcomes (MDD, Anxiety Disorder, AAB, and Drug Use Disorder), odds ratios 

associated with having a cannabis use disorder (compared to not having one) are equal to 

eB. 

 

Table 9. Legend: Note. CUD=Cannabis Use Disorder; B=Regression coefficient; 

SE=Standard Error; p=Probability value; BD=Block Design; DSF=Digit Span Forward; 

DSB=Digit Span Backward; RAVLT 1-5=Rey Auditory Verbal Learning Test, trials 1 

through 5, RAVLT 6=Rey Auditory Verbal Learning Test, trial 6; RAVLT 7=Rey 

Auditory Verbal Learning Test, trial 7. Vocabulary and Block Design were assessed at 

age 24. Reading and Arithmetic were assessed at age 20. Digit Span Forward, Digit Span 

Backward, and RAVLT were assessed at age 29. All analyses control for sex. 

Generalized Estimating Equations (GEE) were used to adjust for twin relatedness. All 

outcomes were standardized for ease of interpretation. 

 
Table 10. Legend: Note. CUD=Cannabis Use Disorder; B=Regression coefficient; 

SE=Standard Error; p=Probability value; Education=Years of education; 

Occupation=Occupational status, with higher values indicating more skilled occupations; 

Income=Personal annual income before taxes; Support=Financial support from parents 

(dichotomous measure; positive B coefficient indicates that having a cannabis use 

disorder multiplies the odds of receiving financial support by eB). Education was assessed 

at age 24. Occupation, Income, and Support were assessed at age 29. All analyses control 

for sex. Analyses for occupation and income exclude current students and homemakers. 

Generalized Estimating Equations (GEE) were used to adjust for twin relatedness. 

Continuous outcomes (Education, Occupation, and Income) were standardized for ease of 

interpretation.  

  

Table 11. Legend: Note. MZ=Monozygotic; DZ=Dizygotic; CUD=Cannabis Use 

Disorder. 
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Table 12. Legend: Note. βB=Between-twin pair regression coefficient; βW=Within-twin 

pair regression coefficient; SE=Standard Error; p=Probability vale; MZ=Monozygotic; 

DZ=Dizygotic; MDD=Major Depressive Disorder; AAB=Adult Antisocial Behavior; 

Drug Use Disorder includes amphetamine use disorder, cocaine use disorder, sedative use 

disorder, phencyclidine (PCP) use disorder, opiate use disorder, inhalant use disorder, 

and hallucinogen use disorder; Occupation=Occupational status, with higher values 

indicating more skilled occupations; Income=Personal annual income before taxes; 

Support=Receiving financial support from parents. Arithmetic was assessed at age 20. 

Education was assessed at age 24. MDD, AAB, and Drug Use Disorder were aggregated 

across ages 24 and 29. Alienation, Absorption, Occupation, Income, and Support were 

assessed at age 29. All analyses control for sex. Analyses for occupation and income 

exclude current students and homemakers. Generalized Estimating Equations (GEE) were 

used to adjust for twin relatedness. Continuous outcomes (Alienation, Absorption, 

Arithmetic, Education, Occupation, and Income) were standardized for ease of 

interpretation. For dichotomous outcomes (MDD, AAB, Drug Use Disorder, and 

Support), odds ratios associated with having a cannabis use disorder (compared to not 

having one) are equal to eB.  

 

Table 13. Legend: Note. n1=Sample size for analyses adjusting for baseline functioning; 

n2=Sample size for analyses with propensity score; βB=Between-twin pair regression 

coefficient; βW=Within-twin pair regression coefficient; SE=Standard Error; 

p=Probability vale; AAB=Adult Antisocial Behavior; Drug Use Disorder includes 

amphetamine use disorder, cocaine use disorder, sedative use disorder, phencyclidine 

(PCP) use disorder, opiate use disorder, inhalant use disorder, and hallucinogen use 

disorder; Occupation=Occupational status, with higher values indicating more skilled 

occupations. Arithmetic was assessed at age 20. AAB and Drug Use Disorder were 

aggregated across ages 24 and 29. Occupation was assessed at age 29. All analyses 

control for sex. Analyses for occupation exclude current students and homemakers. 

Generalized Estimating Equations (GEE) were used to adjust for twin relatedness. 

Continuous outcomes (Arithmetic and Occupation) were standardized for ease of 

interpretation. For dichotomous outcomes (AAB and Drug Use Disorder), odds ratios 

associated with having a cannabis use disorder (compared to not having one) are equal to 

eB. In the first set of analyses that adjust for baseline functioning, twins with a psychiatric 

diagnosis (e.g., Drug Use Disorder) at age 17 are excluded from analyses predicting this 

diagnosis at age 24 and 29. Analyses for Arithmetic control for age 14 Arithmetic scores, 

and analyses for Occupation control for parental occupation. The second set of analyses 

control for preexisting differences between individuals with a youth CUD and those 

without one through the inclusion of a propensity score calculated from age 11 and age 

14 measures of childhood adjustment.  
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Table 1. Descriptive Statistics for Outcome Variables 

 Absorption 

 

(n=1215) 

Alienation 

 

(n=1215) 

Digit Span 

Forward 

(n=934) 

Digit Span 

Backward 

(n=931) 

RAVLT 1-5 

 

(n=936) 

RAVLT 6 

 

(n=936) 

RAVLT 7 

 

(n=932) 

Mean 

SD 

Range 

37.64 

9.32 

(18-70) 

29.43 

7.99 

(18-65) 

10.89 

2.12 

(5-16) 

7.20 

2.24 

(2-14) 

49.08 

8.52 

(23-74) 

10.12 

2.79 

(0-15) 

9.62 

3.00 

(1-15) 
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  Table 2. Effects of Adolescent Cannabis Use and COMT Genotype on Outcomes 
  Absorption 

 

(n=1156) 

Alienation 

 

(n=1156) 

Digit Span 

Forward 

(n=897) 

Digit Span 

Backward 

(n=894) 

RAVLT 1-5 

 

(n=899) 

RAVLT 6 

 

(n=899) 

RAVLT 7 

 

(n=895) 

Sex           

                 

B             

(SE)               

p 

-.078 

(.068) 

.246 

-.095 

(.067) 

.154 
 

-.105 

(.080) 

.191 

-.088 

(.080) 

.269 

.547 

(.075) 

<.001 

.404 

(.075) 

<.001 

.514 

(.076) 

<.001 

COMT B             

(SE)               

p 

.036 

(.047) 

.438 

.097 

(.046) 

.036 
 

-.030 

(.055) 

.580 

.003 

(.054) 

.963 

.004 

(.048) 

.933 

-.062 

(.049) 

.205 

-.032 

(.050) 

.522 

Cannabis Use 

by Age 17 

B             

(SE)               

p 

.161 

(.064) 

.012 

.198 

(.062) 

.001 

.028 

(.070) 

.690 

-.025 

(.070) 

.726 

-.206 

(.069) 

.003 

-.160 

(.067) 

.018 

-.179 

(.069) 

.010 
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Table 3. Main and Interactive Effects of Adolescent Cannabis Use and COMT Genotype on Outcomes 
  Absorption 

 

(n=1156) 

Alienation 

 

(n=1156) 

Digit Span 

Forward 

(n=897) 

Digit Span 

Backward 

(n=894) 

RAVLT 1-5 

 

(n=899) 

RAVLT 6 

 

(n=899) 

RAVLT 7 

 

(n=895) 

Sex B             

(SE)               

p 

-.080 

(.067) 

.231 

-.097 

(.067) 

.146 
 

-.105 

(.080) 

.189 

-.088 

(.080) 

.271 

.548 

(.075) 

<.001 

.407 

(.075) 

<.001 

.516 

(.076) 

<.001 

COMT B             

(SE)               

p 

.069 

(.056) 

.218 

.120 

(.053) 

.023 
 

-.021 

(.069) 

.763 

-.006 

(.070) 

.933 

-.031 

(.059) 

.599 

-.129 

(.062) 

.038 

-.087 

(.064) 

.171 

Cannabis Use 

by Age 17 

B             

(SE)               

p 

.240 

(.113) 

.033 

.257 

(.100) 

.010 
 

.050 

(.115) 

.662 

-.044 

(.120) 

.711 

-.287 

(.107) 

.007 

-.315 

(.112) 

.005 

-.309 

(.110) 

.005 

Cannabis Use 

x COMT 

B             

(SE)               

p 

-.083 

(.094) 

.372 

-.061 

(.087) 

.481 

-.023 

(.096) 

.808 

.021 

(.098) 

.833 

.085 

(.088) 

.332 

.162 

(.090) 

.072 

.135 

(.091) 

.138 
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 Table 4. Twin Correlations and ACE Estimates for all Outcomes 
 Measure rMZ 

r  

(95% CI) 

rDZ 

r  

(95% CI) 

A 

%  

(95% CI) 

C 

%  

(95% CI) 

E 

%  

(95% CI) 

 

Absorption 

 

0.43 

(0.34, 0.51) 

 

0.17 

(0.03, 0.30) 

 

42  

(21, 50) 

 

0  

(0, 19) 

 

58  

(50, 66) 

 

Alienation 

 

0.46 

(0.37, 0.54) 

 

0.13 

(-0.01, 0.26) 

 

45  

(30, 53) 

 

0  

(0, 12) 

 

55  

(47, 64) 

 

Digit Span Forward  

 

0.57 

(0.48, 0.64) 

 

0.26 

(0.11, 0.40) 

 

56  

(30, 63) 

 

0  

(0, 24) 

 

44  

(37, 52) 

 

Digit Span Backward 

 

0.50  

(0.40, 0.58) 

 

0.22  

(0.07, 0.37) 

 

51  

(27, 59) 

 

0  

(0, 20) 

 

49  

(41, 58) 

 

RAVLT 1-5 

 

0.55 

(0.46, 0.63) 

 

0.36 

(0.23, 0.49) 

 

 

41  

(14, 63) 

 

15  

(0, 39) 

 

44  

(37, 52) 

RAVLT 6 0.41 

(0.31, 0.50) 

 

0.30 

(0.16, 0.43) 

22 

(0, 49) 

19 

(0, 43) 

59 

(50, 69) 

 

RAVLT 7 0.46 

(0.36, 0.55) 

 

0.38 

(0.25, 0.50) 

20 

(0, 50) 

27 

(0, 48) 

53 

(45, 63) 
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Table 5. Model Comparison Fit Statistics  
  -2ln(L) df χ2 ∆df p AIC 

Absorption        

 No-moderation 3324.96 1192    940.96 

 Moderation 3324.13 1189 0.83 3 0.84 946.13 

Alienation        

 No-moderation 3294.83 1192    910.83 

 Moderation 3290.48 1189 4.35 3 0.23 912.48 

Digit Span Forward        

 No-moderation 2505.91 919    667.91 

 Moderation 2505.90 916 0.01 3 1.00 673.90 

Digit Span Backward        

 No-moderation 2538.55 916    706.55 

 Moderation 2534.79 913 3.76 3 0.29 708.79 

RAVLT 1-5        

 No-moderation 2446.20 921    604.20 

 Moderation 2444.17 918 2.03 3 0.57 608.17 

RAVLT 6        

 No-moderation 2541.31 921    699.31 

 Moderation 2538.20 918 3.11 3 0.37 702.20 

RAVLT 7         

 No-moderation 2488.60 917    654.60 

 Moderation 2486.77 914 1.83 3 0.61 658.77 
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Table 6. Parameters Estimated from Biometric Moderation Models  
 βsex 

(95% CI) 

βa 

(95% CI) 

βc 

(95% CI) 

βe 

(95% CI) 

Absorption -.10 

(-.23, .03) 

-.03 

(-.44, .27) 

.27 

(-.66, .66) 

.03 

(-.09, .15) 

Alienation -.08 

(-.21, .05) 

.13 

(-.06, .29) 

.00 

(-.40, .40) 

.00 

(-.11, .12) 

Digit Span Forward -.13 

(-.28, .02) 

.01 

(-.21, .23) 

.00 

(-.45, .45) 

.00 

(-.12, .12) 

Digit Span Backward -.10 

(-.25, .06) 

-.02 

(-.21, .26) 

.00 

(-.51, .51) 

-.09 

(-.22, .04) 

RAVLT 1-5 .55 

(.41, .70) 

.05 

(-.29, .35) 

.03 

(-.52, .52) 

.03 

(-.09, .16) 

RAVLT 6 .40 

(.25, .54) 

-.10 

(-.44, .44) 

.02 

(-.36, .36) 

.11 

(-.01, .23) 

RAVLT 7 .51 

(.37, .66) 

 

-.16 

(-.55, .55) 

.11 

(-.27, .43) 

.07 

(-.05, .19) 
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Table 7. Variables Contributing to the Propensity Score for Youth Cannabis Use Disorder 

Predictors Instrument Description Reliability 
Substance use at ages 

11 and 14  

Diagnostic Interview for Children and 

Adolescents-Revised (DICA-R; Reich & 

Welner, 1988)  

Self-report of classes of substances used (including 

nicotine, alcohol, cannabis, and other drugs) at ages 

11 and 14  

NA 

Delinquent behavior 

at age 11 

Delinquent Behavior Inventory (DBI; Taylor et 

al., 2000) 

Self-report of delinquent behavior at age 11 α=.96 

Externalizing 

disorder at ages 11 

and 14 

DICA-R Child and mother report of ADHD, ODD, and CD 

symptoms at age 11  

Child and mother report of ODD and CD symptoms 

at age 14  

Kappa>.70 for 

all disorders 

Internalizing disorder 

at ages 11 and 14 

DICA-R Child and mother report of MDD symptoms at age 

11  

Child and mother report of MDD and anxiety 

symptoms at age 14  

Kappa>.80 for 

all disorders 

Personality at age 11 Adapted and abbreviated Minnesota 

Personality Questionnaire (MPQ; Tellegen & 

Waller, 2008) 

Parent ratings of child positive affect, negative affect, 

and constraint at age 11  
α>.70 for  

all scales 

Peers at age 14 Friends Inventory (Walden et al., 2004)  Child ratings of peer behavior at age 14  α>.80 

Parent-child conflict 

at age 11 

Parental Environment Questionnaire (Walden 

et al., 2004) 

Child ratings of father-child and mother-child 

conflict at age 11  
α>.80 

Academic history at 

age 11 

Academic History Questionnaire (Johnson et 

al., 2006) 

Self-reported GPA, academic motivation, and 

academic problems at age 11 
α>.70 

Intelligence at age 11 Wechsler Intelligence Scale for Children-

Revised (WISC-R; Wechsler, 1974) 

Vocabulary, Information, Block Design, and Picture 

Arrangement at age 11 

Average inter-

item r = .40 

Achievement testing 

at age 14 

Wide Range Achievement Test 1 (WRAT1; 

Jastak & Bijou, 1946) 

Arithmetic and Reading at age 14 

 

Average inter-

item r = .53 
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Table 8. Associations Between Youth Cannabis Use Disorder and Psychiatric Outcomes in Young Adulthood (Ages 24 and 29)  

 MDD 
 

n = 1257 

Anxiety Disorder 
 

n = 1252 

AAB 
 

n  = 1255 

Drug Use 
Disorder 
n = 1249 

Alienation 
 

n = 1291 

Absorption 
 

n  = 1291 

 
Youth CUD        B  

                        (SE)                

                          p 

.46 

(.16) 

.004 

.32 

(.22) 

.150 

1.80 

(.25) 

<.001 

2.30 

(.27) 

<.001 

.16 

(.07) 

.020 

.27 

(.07) 

<.001 
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Table 9. Associations Between Youth Cannabis Use Disorder and Cognitive Outcomes in Young Adulthood (Ages 20, 24, and 29)  

 Vocabulary 
n = 1045 

 

BD 
n = 1043 

 

Reading 
n = 1138 

 

Arithmetic 
n = 1129 

 

DSF 
n = 993 

 

DSB 
n = 991 

 

RAVLT 1-5 
n = 996 

 

RAVLT 6 
n = 996 

 

RAVLT 7 
n = 992 

 
Youth CUD       B       

                       (SE) 

                         p 

-.01 

(.06) 

.878 

-.11 

(.07) 

.117 

.08 

(.06) 

.200 

-.23 

(.06) 

<.001 

.11 

(.08) 

.142 

-.03 

(.08) 

.681 

-.08 

(.07) 

.249 

-.12 

(.08) 

.105 

-.10 

(.08) 

.188 
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Table 10. Associations Between Youth Cannabis Use Disorder and Educational/Occupational Outcomes in Young Adulthood (Ages 24 and 29)  

 Education 
n = 1039 

 

Occupation 
n = 1048 

 

Income 
n = 1042 

 

Support 
n = 1318 

 

Youth CUD       B            

                       (SE) 

                         p 

-.30 

(.06) 

<.001 

-.42 

(.08) 

<.001 

-.35 

(.07) 

<.001 

.73 

(.23) 

.002 
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Table 11. Number of Twin Pairs Discordant/Concordant for Youth Cannabis Use Disorder at Ages 20, 24, and 29 
Number of Twin Pairs Discordant on Youth CUD at age 20 130 (70 MZ, 60 DZ) 

Concordant for Youth CUD at age 20 96 (64 MZ, 32 DZ) 

Concordant for no Youth CUD at age 20 

 

512 (338 MZ, 174 DZ) 

Number of Twin Pairs Discordant on Youth CUD at age 24 146 (79 MZ, 67 DZ) 

Concordant for Youth CUD at age 24 108 (72 MZ, 36 DZ) 

Concordant for no Youth CUD at age 24 

 

492 (328 MZ, 164 DZ) 

Number of Twin Pairs Discordant on Youth CUD at age 29 148 (84 MZ, 64 DZ) 

Concordant for Youth CUD at age 29 113 (74 MZ, 39 DZ) 

Concordant for no Youth CUD at age 29 

 

485 (321 MZ, 164 DZ) 
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Table 12. Co-Twin Control Analyses for Youth Cannabis Use Disorder and Young Adult Functioning  

 MDD AAB Drug Use 
Disorder 

Alienation Absorption Arithmetic Education Occupation Income Support 
 

All pairs                  

                    ββββBBBB                        

      (SE) 

        p 
 

    

.07 

(.35) 

.839 

1.04 

(.55) 

.059 

.90 

(.54) 

.097 

.12 

(.14) 

.394 

.29 

(.13) 

.032 

-.06 

(.13) 

.644 

-.50 

(.13) 

<.001 

-.37 

(.15) 

.016 

-.08 

(.14) 

.561 

1.21 

(.52) 

.020 
 

                    ββββWWWW    

                        (SE) 

        p 
 

.42 

(.29) 

.146 

1.13 

(.46) 

.015 
 

1.71 

(.43) 

<.001 

.09 

(.10) 

.374 

.10 

(.10) 

.334 

-.21 

(.08) 

.010 

-.12 

(.07) 

.087 

-.22 

(.11) 

.049 

-.21 

(.11) 

.057 

-.09 

(.44) 

.829 

MZ pairs              

                    ββββB B B B     

                        (SE) 

        p    
 

-.12 

(.50) 

.816 

1.92 

(.82) 

.019 
 

1.26 

(.79) 

.110 

.11 

(.17) 

.505 

.36 

(.17) 

.039 

-.09 

(.17) 

.577 

-.59 

(.17) 

<.001 

-.49 

(.19) 

.012 

-.18 

(.18) 

.306 

1.80 

(.66) 

.006 

                    ββββW W W W     

      (SE) 

        p 
     

.53 

(.42) 

.209 

.69 

(.70) 

.326 
 

1.79 

(.67) 

.008 

.16 

(.12) 

.199 

.08 

(.13) 

.518 

-.17 

(.10) 

.088 

-.10 

(.09) 

.270 

-.16 

(.15) 

.268 

-.19 

(.14) 

.182 

-.91 

(.58) 

.120 

DZ pairs              

                    ββββB B B B   

                                    (SE) 

        p 
 
 

.28 

(.49) 

.576 

-.03 

(.73) 

.963 
 

.30 

(.75) 

.692 

.05 

(.22) 

.811 

.16 

(.21) 

.460 

-.04 

(.21) 

.861 

-.33 

(.20) 

.102 

-.19 

(.24) 

.438 

.08 

(.23) 

.732 

.68 

(.82) 

.405 

                    ββββWWWW    

                        (SE) 

        p     

.29 

(.38) 

.439 

1.51 

(.60) 

.012 

1.65 

(.55) 

.003 

.01 

(.17) 

.939 

.11 

(.15) 

.468 

-.25 

(.13) 

.056 

-.14 

(.11) 

.206 

-.28 

(.17) 

.104 

-.22 

(.17) 

.181 

.78 

(.61) 

.201 
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Table 13. Co-Twin Control Analyses with Adjustments for Baseline Functioning or Propensity Score  
 AAB 

 

n1 = 1017 

n2 = 1164 

Drug Use Disorder 
 

n1 = 1132 

n2 = 1158 

Arithmetic 
 

n1 = 1005 

n2 = 1049 

Occupation 
 

n1 = 1036 

n2 = 970 

    ββββB B B B  

(SE) 

  p 
 

.28 

(.81) 

.732 

1.10 

(.61) 

.073 

.01 

(.11) 

.952 

-.37 

(.15) 

.013 

    ββββW W W W  

(SE) 

  p 
 

1.44 

(.66) 

.030 

1.49 

(.49) 

.002 

-.17 

(.08) 

.031 

-.23 

(.11) 

.039 

    ββββBaseline Score 

(SE) 

  p 

 

-- 

 

-- 

.05 

(.01) 

<.001 

.07 

(.01) 

<.001 

    ββββB B B B     

    (SE) 

  p 
 

.24 

(.60) 

.690 

.65 

(.59) 

.270 

.01 

(.14) 

.961 

-.18 

(.16) 

.271 

    ββββW W W W     

 (SE) 

  p 
 
 

1.19 

(.49) 

.015 
 

1.61 

(.46) 

.001 

-.18 

(.09) 

.047 

-.24 

(.12) 

.054 

    ββββPropensity Score 

 (SE) 

  p 

2.31 

(.61) 

<.001 
 

2.10 

(.64) 

.001 

-.46 

(.19) 

.017 

-.58 

(.19) 

.003 
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69

Figure Legends 
 

Figure 1. Legend: Note. The model is shown for both members of a twin pair. Genetic 

and environmental influences on the outcome vary by the moderator M, which is 

cannabis use (CU). A, C, and E represent residual variance in the outcome after 

regressing out the main effects of cannabis use. A captures influences due to additive 

genetics, C represents common/shared environmental influences, and E captures non-

shared environmental influences. Cannabis use changes the size of these variance 

components through βa, βc, and βe, which index the direction and magnitude of change. 

Setting these β coefficients to zero represents no moderation.  

 

Figure 2. Legend: Note. DZ=Dizygotic; MZ=Monozygotic. 

 

Figure 3. Legend: Note. CUD=Cannabis Use Disorder. 

 

Figure 4. Legend: Note. CUD=Cannabis use Disorder; AAB=Adult Antisocial Behavior; 

DZ=Dizygotic; MZ=Monozygotic. 
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Figure 1. van der Sluis Extended Univariate Moderation Model for Cannabis Use and Outcome of Interest 
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Figure 2. Five Scenarios for the Size of Within-Pair Effects Compared to Individual-Level Effects 

 

E
ff

e
c
t 

S
iz

e

Individual-level

DZ within-pair

MZ within-pair

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5



 

 72

Figure 3. Average Propensity Score by CUD Status 

 

0

0.25

0.5

0.75

1

Individuals with a
CUD (n=294)

Individuals with no
CUD (n=1069)

Twins with a CUD
from discordant
pairs (n=110)

Unaffected co-twins
from discordant
pairs (n=110)

P
ro

p
e
n

s
it

y
 s

c
o

re



 

 

73

Figure 4. Comparison of Individual-Level, DZ Within-Pair, and MZ Within-Pair 

Effects 
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