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eAppendix 1. METHODS 

Measurements 

Marijuana use use exposure 
We present below an example of one participant included in the study illustrating the method for 

computing marijuana-years more fully and how we applied linear imputation (Box 1). This is the same 

method of imputation used in a previous publication by our research group.1 

Box . Example of computing marijuana-years for one participant: 

 

Visit : visit year; mj30d_: Self-reported days of using marijuana during the month before the visit (“During the 

last 30 days, on how many days did you use marijuana?”), mj30d_imp: imputed mj30d_ variable; domj: 

computed cumulative days of marijuana use, life_: self-reported lifetime use of marijuana queried at each visit 

(“About how many times in your lifetime have you used marijuana?”), yomj_max: computed cumulative years of 

marijuana use (domj/365). 

According to example 1, the participant reported having used marijuana 100 to 499 times during the 

lifetime (categorical variable life_) at the baseline examination (visit 0). This was used to estimate the 

exposure prior to the first examination (domj at visit 0=300, where domj signifies “days of marijuana”). 

At this baseline examination, the participant reported using marijuana 15 days per months (mj30d_). 

Multiplied by 12.17 months (365/30), we estimated that this participant used marijuana 182 days in the 

first year after the first exam (15 * 12.17). The number of days of marijuana use in the month before the 

baseline examination was imputed forward at year 1 (mj30d_imp). At year 2, the participant reported 

    visit   mj30d_  mj30d_imp   domj               life_   yomj_max  
        0       15         15    300    lOO to 499 times       0.82 
        1        .         15    482                   .       1.32  
        2       20         20    725    lOO to 499 times       1.99  
        3        .         20    968                   .       2.65  
        4        .          4   1017                   .       2.79  
        5        4          4   1066    lOO to 499 times       2.92  
        6        .          4   1115                   .       3.05  
        7       20         20   1358    lOO to 499 times       3.72  
        8        .         20   1601                   .       4.39  
        9        .         20   1844                   .       5.05  
       10       20         20   2087   500 to 1000 times       5.72  
       11        .         20   2330                   .       6.38  
       12        .         20   2573                   .       7.05  
       13        .         10   2695                   .       7.38  
       14        .         10   2817                   .       7.72  
       15       10         10   2939   500 to 1000 times       8.05  
       16        .         10   3061                   .       8.39  
       17        .         10   3183                   .       8.72  
       18        .          1   3195                   .       8.75  
       19        .          1   3207                   .       8.79  
       20        1          1   3219    lOO to 499 times       8.82  
       21        .          1   3231                   .       8.85  
       22        .          1   3243                   .       8.88  
       23        .          3   3279                   .       8.98  
       24        .          3   3315                   .       9.08  
       25        3          3   3351   500 to 1000 times       9.18 
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using marijuana 20 days per month; at year 4, he/she reported 4 days per month. These numbers were 

imputed backwards and forwards; when there were an uneven number of intervals (preventing us from 

evenly splitting the imputation based on the prior value as opposed to the post-value), the exposure at 

the prior interval was favored arbitrarily. Participants then accrued lifetime days of marijuana use over 

follow-up. The cumulative number of marijuana-years over lifetime is presented in the last column 

(yomj_max). For this participant, the cumulative number of marijuana years was 9.18, corresponding to 

3351 estimated days of marijuana use. We found no change in the estimates when using alternate 

methods for imputing missing values such as using the mean number of days of marijuana use between 

two examinations with data on this variable.  

Additional measures of the Rey Auditory Verbal Learning Test (RAVLT) 

The RAVLT consisted of 5 presentations of a 15‐item word list (List A) with recall, one presentation of 

a 15‐item Interference List (List B) with recall, a Short Delay Free Recall of List A (Trial 6) and a Long 

Delay Free Recall of list A (Trial 7).2 The 15 words were read slowly to the subject, requesting him/her 

to repeat them after the reading, independently from the order they were said. The same procedure was 

repeated in steps A2 (i.e. second recall of list A), A3, A4 and A5, pointing out that the subject had to 

remember all the words, including those said previously. Then a second list of words (List B) was read 

as a distracter, and the subject was asked to recall these new words. After that, the words of the first list 

were asked (Trial 6, Recall after Interference), without being exposed, in a task of immediate recall 

from episodic memory. Twenty-five minutes after this stage the subject was asked recall the words of 

the first list (Trial 7, Delayed Recall) in order to assess the delayed recall of episodic memory.  

The average score in the first learning steps (Steps A1 to A5) was computed to give the 

Immediate Rey score (sum of all words recalled in the five test divided by five), the score of trial 6 

provided the score for Recall after Interference and the score of Trial 7 provided the score for  

Delayed Recall. 

Cigarette smoking exposure 
Detailed cigarette smoking behavior was evaluated during each in-person CARDIA visit by responses 

to an interviewer-administered questionnaire.3 Participants were also asked the number of cigarettes 

smoked daily at yearly contact over the phone between CARDIA visits.4 Current smoking was defined 

as smoking one cigarette or more per day. At baseline, participants were asked the number of years they 

had smoked in total, the age at which they started smoking regularly (“How old were you when you 

started smoking cigarettes regularly?”) and years since cessation (“How many years ago did you 

stop?”), if appropriate. These data were used to estimate cumulative lifetime exposure to cigarettes in 
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terms of pack-years, with 1 pack-year of exposure equivalent to 7300 cigarettes (1 year × 365 

days/y × 1 pack/d × 20 cigarettes/pack).1  

Alcohol exposure 
Alcohol consumption was measured during each CARDIA visits. We estimated lifetime alcohol 

consumption in “drink-years,” defining 1 drink-year as the amount of alcohol consumed in 1 year by a 

person consuming 1 drink/day, as previously reported.5 Categories of alcohol consumption (abstinent, 

light, heavy) were based on the sex-specific weekly maximum drinking limits published by the National 

Institute on Alcohol Abuse and Alcoholism [for men >14 (women >7) standard drinks/week or >4 (>3) 

drinks/day].6 Acute heavy exposure to alcohol (bingeing) at the Year 25 visit was defined as  reporting 

5 or more drinks to the following question, “During the past 24 hours, how many drinks have you 

had?”. Information on bingeing was also was elicited in a separate question and allowed us to estimate 

the cumulative number of binge drinking days. Alcohol consumption was measured during each 

CARDIA visits. Participants were asked, “Did you drink any alcoholic beverages in the past year?” and 

three follow-up questions regarding how many drinks of wine, beer, and liquor they usually consumed 

per week. Assuming that one drink of beer, wine, or liquor contains 16.7 ml, 17.0 ml, or 19.1 ml of 

ethanol, respectively (per CARDIA protocol), we estimated total ethanol consumption per week in 

milliliters of ethanol and divided it by 17.24 ml of ethanol per average drink to estimate the usual 

number of drinks per week that each participant reported at each visit. We estimated lifetime alcohol 

consumption in “drink-years,” defining 1 drink-year as the amount of alcohol consumed in 1 year by a 

person consuming 1 drink/day (365 days/year ×17.24 ml of alcohol/day = 6,293 ml of alcohol) 

Binge drinking at the Year 15, 20 and 25 visits was assessed directly by asking participants: 

“During the past 30 days, on how many days did you have five or more drinks on the same occasion?”. 

For the other visits, we computed bingeing as follows: At each visit, participants were asked: “In the 

past month what is the largest number of drinks you had in one day?”. At the baseline, Year 2 and Year 

5 visits, participants were additionally asked: “How many days in the past month did you have about 

(number of drinks answered in the previous question) drinks?”. We used the number of days 

participants reported having 5 or more drinks for these visits. For binge drinking events at the Year 7 

and 10 visits, we used the closest available information about the number of days patients reported 

having 5 or more drinks if they reported having such a use in one day within the last month at the Year 

7 and 10 visits.  

Other illicit drug exposure 
Other illicit substances queried included cocaine (including other forms of cocaine such as crack, 

powder, free base), amphetamines (speed, uppers, metamphetamines) and heroin. 7,8 Participants were 
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asked: “Have you ever used (substance)?”; “During the last 30 days, on how many days did you use 

(substance)?” and “How many times in your lifetime have you used (substance)?” The number of days 

on cocaine, crack, speed, metamphetamines and heroin over the study duration was computed using 

current exposure at each visit and replaced by lifetime exposure when the latter was higher. 

Cardiovascular risk factors 
Blood pressure was measured on the right arm with a Hawksley random zero phygmomanometer (WA 

Baum Company, Copaigue, NY) by trained and certified technicians using standardized methods after 

the participant had rested for 5 minutes at baseline, Years 2, 5, 7, 10, and 15, and at Years 20 and 25, a 

digital blood pressure monitor (Omron HEM-907XL; Online Fitness, Santa Monica, CA) was used. 

Three measurements were obtained at 1-minute intervals. The average of the second and third 

measurements was used in analyses. Fasting total cholesterol and triglycerides were measured 

enzymatically at baseline, Years 5, 7, 10, 15, 20, and 25 by the Northwest Lipid Research Laboratory at 

the University of Washington (Seattle, WA) as previously described.17  For all visits, HDL cholesterol 

was determined by dextran sulfate –magnesium precipitation on the Abbot Spectrum, and LDL 

cholesterol was calculated using the Friedewald equation.18 Fasting glucose was measured using the 

hexokinase ultraviolet method by American Bio-Science Laboratories (Van Nuys, CA) coupled to 

glucose-6-phosphate dehydrogenase by Linco Research (St. Louis, MO).  Diabetes was determined 

based on a combination of measured fasting glucose levels (≥126 mg/dl) and self-report of oral 

hypoglycemic medications or insulin.9  At each visit, weight and height were measured, and body mass 

index (BMI) was calculated as weight in kilograms divided by height in meters squared.  

Schizophrenia diagnosis and psychoactive medications 
Schizophrenia has been associated with both cognitive impairment and marijuana use. We estimated 

whether participants had a diagnosis of schizophrenia through three methods: First, we performed an 

open text search of the verbatim self-reported use of taking medications with word tags suggesting 

schizophrenia disorder such as:”schizophre”, “paranoid”, “psychotic”. Second, the same word tags were 

searched in an open text search of the verbatim self-reported disease collected at each follow-up visits. 

Third, we used the coded reasons for interim hospitalizations at each visit. In CARDIA, all 

hospitalizations have been coded in order to determine the first reason for hospitalization. We selected 

code M5 “schizophrenia” to identify participants potentially hospitalized for schizophrenia during 

follow-up. The three methods were combined to obtain a single binary indicator of “schizophrenia”. We 

did not use the class of medication “antipsychotics” to identify participants potentially suffering from 

schizophrenia, as these medications were also used for treatment of depression and other dysthymias.  
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We used the information on anti-depressant medication in general as another potential 

confounder of the association between marijuana and CF. Antidepressant and mood stabilizing 

medications were recorded at each clinical visits. All medications reported by the patients were 

recorded verbatim and coded through a centralized automated system and according to the Iowa Drug 

Information Services (IDIS; http://www.uiowa.edu/idis/dvt_description.pdf). We used the American 

Hospital Formulary Services (AHSF) and the Women's Health and Aging Study (WHAS) 

classifications to classify medications used for depression. The number of years using antidepressant 

medication was computed by adding the number of years reporting using one or more antidepressant 

during follow-up after linear imputation. The categories included in these medications were: 

antidepressants (tricyclic, quadricyclic, SSRI, SNRI, NRI, NaSSA, SARI, SSRE, NARI, bupropion, 

IMAO), mood stabilizers (lithium) and antipsychotics (1st, 2nd and 3rd generation). 

Statistical analyses 

Mirror star tracing 
We first tested the association between cumulative marijuana years and marijuana use at the Year 2 visit 

and the total number of errors and stars completed using linear regressions. The first models tested the 

association between marijuana use at the Year 2 visit (both cumulative use up to the Year 2 visit and 

current marijuana use within the month prior to the Year 2 visit) and total number of errors and stars 

completed. The second model tested the association between marijuana use at and up to the Year 25 

visit and mirror star tracing scores. Covariates were the same as those included in the main model 

testing the association between cumulative marijuana use of CF: age, race/ethnicity, sex, study site and 

years of education, alcohol, cocaine, amphetamines and heroin, age participants started smoking 

cigarettes, cardiovascular risk factors, physical activity, BMI, depression, and diabetes at the Year 25 

visit. Education, drink-years of alcohol, physical activity and BMI were flexibly modeled using 

restricted cubic splines with three knots at the quartiles of their distributions. Each time-dependent 

covariate included data up to the years of CF assessment (at the Year 2 and Year 25 visits). Second, we 

tested the association between mirror star tracing and each of the three CF test at the Year 25 visit 

(RAVLT, DSST, Stroop test) by including the number of errors and stars traced as covariates in the 

main multivariate linear regression models of the association between cumulative marijuana use and 

CF. We tested non-linear associations using restricted cubic splines. Third, we tested the change in the 

main measures of association between cumulative marijuana use and CF comparing the results from 

adjusted and unadjusted models and using likelihood ratio tests of the nested models. For all analyses, 

the squared root of both predictors was used to take into account skewness of these predictors. 
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Areas under the curve (AUCs) 
We estimated areas under the curve (AUCs) using a three-step procedure, as previously performed to 

study the association between cardiovascular risk factors (CVRFs) and cognition.10  First, we estimated 

the population mean trajectory of each CVRF using linear mixed models. In each model, fixed effects 

included intercepts and linear splines in age, with knots at ages 30 and 40 specific to each of the four 

groups defined by race and sex.  For physical activity level, we estimated the population mean 

trajectory using linear mixed models with fixed effects and age modeled as a 4-knot restricted cubic 

spline. For depression, we estimated the population mean trajectory using a multilevel mixed-effects 

Poisson regression model with fixed effects and age modeled as linear predictor. Departures of 

participant-specific trajectories from the population mean trajectories were modeled using 

corresponding random intercepts and splines, with unstructured covariance.  Second, we calculated 

participant-specific CVRF trajectories, combining best linear unbiased predictions (BLUPs) of the 

random effects with the fixed effect estimates.  Third, we calculated areas under the resulting curves 

(AUCs) over the interval from baseline to the Year 25 visit.10  

Inverse probability of censoring weights (IPCWs) 
To reduce the potential for informative censoring, we computed IPCWs.11 Covariates included in the 

pooled logistic regression model used to estimate the IPCWs were: fixed covariates: race, sex, study 

center and education; time-dependent covariates were lagged values of: age, study visits, joint-years of 

marijuana use, current marijuana use, pack-years of cigarette smoking, current smoking, drink-years of 

alcohol use, binge drinking events, cumulative exposure to cocaine, crack, amphetamines and heroin. 

Education, drink-years of alcohol exposure, visits were all modeled as 3-knot restricted cubic splines. 
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eAppendix 2. RESULTS 

Association between mirror star tracing and marijuana use and cognitive function.  

At the Year 2 visit, we found no association between number of stars completed and errors made tracing 

the stars and cumulative marijuana use or number of days using marijuana within the last month at the 

Year 2 visit in multivariate adjusted analyses (all p>0.1). At the Year 25 visit, number of stars 

completed and errors measured at the Year 2 visit were both significantly associated with increased 

marijuana use over the lifetime and marijuana use in the month prior to the Year 25 visit in unadjusted 

analyses (Table 1). In multivariate adjusted analyses at the Year 25 visit, we found no association 

between both score and cumulative marijuana use and marijuana use in the month prior to the Year 25 

visit.  

At the Year 25 visit, total number of errors made tracing stars was a significant predictor of all 

three CF tests in multivariate adjusted analyses (all p<0.001). Total number of stars completed was a 

predictor of worse DSST and Stroop test (both p<0.001), but not of worse RAVLT (p=0.4).   

Results from the likelihood tests comparing multivariate adjusted models with and without mirror 

star tracing were significant (p<0.001), suggesting improvement in prediction of each CF scores with 

results from the mirror star tracing test added. 

Informative censoring during follow-up 

There was evidence of informative censoring in the pooled logistic regression model used to estimate 

the IPCWs. Covariates associated with censoring were: education, black men, cumulative join-years of 

marijuana use, current marijuana use, current smoking, age at cigarette smoking start and cumulative 

binge drinking events.  

Interaction between years of marijuana use and current use at the Year 25 
visit 

We found a negative interaction between years of marijuana use and current use at the Year 25 visit in 

both unadjusted (p<0.001) and multivariate adjusted models (p=0.03) for the RAVLT; at high levels of 

cumulative marijuana use, current marijuana use at the Year 25 visit was associated with a 

proportionally lower negative association with verbal memory than at low cumulative exposure to 

marijuana. Note that the coefficients for current marijuana use still suggested a potentially deleterious 

association with RAVLT from marijuana exposure: At 7.6 marijuana years of exposure, which 

corresponded to the mean cumulative exposure for those with current use at the Year 25 visit, those 

using marijuana 30 days per month had a 0.55 SD reduction in the RAVLT (95% CI: -0.88 to -0.22) 
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compared to those not currently using marijuana at the Year 25 visit and 7.6 marijuana years of 

exposure (eTable).  

Association between Immediate, Recall after Interference and Delayed Recall 

RAVLT and cumulative exposure to marijuana. 
The association of cumulative exposure to marijuana with the RAVLT reached statistical significance 

for the Delayed Recall (p=0.05)  but not the Recall after Interference and Immediate Recall RAVLT 

scores (p=0.1) (eFigure, see also eMethods for detailed presentation of the method for computing the 

different measures of RAVLT). Although the latter were not statistically significant, the direction and 

the magnitude of these associations were comparable those observed for the Delayed Recall RAVLT. 

Similar differences across the three RAVLT scores by cumulative marijuana exposure have been 

previously reported.12 These differences might be explained by varying psychometric properties 

amongst the three memory tasks and their ensuing dissimilar ability to capture episodic memory 

impairments before old age. Alternatively, although our main results would suggest that any inherent 

differences in the potential toxic effect of marijuana on the various features of episodic memory is 

unlikely, this cannot be excluded. 
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eFigure . Associations between Immediate, Recall after Interference and Delayed 
Recall RAVLT and cumulative exposure to marijuana.  

Years of marijuana modeled flexibly and current marijuana users at the Year 25 visit excluded 

(N=392). Results are adjusted for age, race/ethnicity, sex, study site, education, cigarette 

smoking, alcohol, illicit drug use, cardiovascular risk factors, depression, and differential 

likelihood of follow up (see Methods). All test results standardized, such that a 1 unit negative 

deviation indicates a standard deviation worse CF than the mean. Histograms describe the 

distribution of marijuana-years in CARDIA participants with any exposure to marijuana. RAVLT 

- Rey Auditory Verbal Learning Test. 

 

  

 
 © 2016 American Medical Association. All rights reserved. 

 



 
 

  

 
 © 2016 American Medical Association. All rights reserved. 

 



eTable. Association between current exposure to marijuana within the 30 days 
before and cognitive function (CF) at the Year 25 visit. 
 

Cognitive Function 
Measure 
- Marijuana exposure 
level 

Unadjusted 
model 

 

Adjusted for age, 
race, sex, 

education, study 
center and with 

IPCW f 

 

Additionally 
adjusted for 

substance use, 
cardiovascular 
risk factors and 

mirror star 
tracing at the 
Year 2 visit g 

 

 Standardized 
difference from 

no current 
exposureb (95% 

CI) 

p-value 
for 

trend 

Standardized 
difference from 

no current 
exposureb (95% 

CI) 

p-value 
for 

trend 

Standardized 
difference from 

no current 
exposureb (95% 

CI) 

p-value 
for 

trend 

Rey Auditory Verbal 
Learning Test 
(RAVLT) 

      

At 7.6 marijuana-yearsc 

and: 
- No current use 

 
0 (Ref.) 

  
0 (Ref.) 

  
0 (Ref.) 

 

- 1-10 days per month  
0.12 (-0.10 to 

0.34)  
-0.01 (-0.21 to 

0.20)  
0.01 (-0.22 to 

0.24)  

- 11 to 29 days per 
month 

0.08 (-0.18 to 
0.35) 

0.03 -0.01 (-0.25 to 
0.23) 

<0.01 -0.00 (-0.26 to 
0.25) 

<0.01 

- 30 days per month 
(daily) 

-0.42 (-0.81 to -
0.04)  

-0.47 (-0.81 to -
0.14)  

-0.55 (-0.88 to -
0.22)  

Digit symbol 
substitution test 
(DSST) 

      

At 7.6 marijuana-years c 
and: 
- No current use 

 
0 (Ref.) 

 
 

0 (Ref.) 
 

 
0 (Ref.) 

 

- 1 days per month  0.24 (0.02 to 0.47)  
0.07 (-0.10 to 

0.25)  
0.13 (-0.05 to 

0.31)  

- 2 to 29 days per month 
0.24 (-0.03 to 

0.50) 0.12 
0.15 (-0.07 to 

0.37) 0.02 0.16 (-0.9 to 0.39) 0.03 

- 30 days per month 
(daily) 

-0.33 (-0.72 to 
0.06) 

 -0.42 (-0.73 to -
0.11) 

 -0.38 (-0.70 to -
0.08) 

 

Stroop interference 
test d 

      

At 7.6 marijuana-yearsc 
and: 
- No current use 

 
0 (Ref.)  

 
0 (Ref.)  

 
0 (Ref.)  

- 1 days per month  
0.10 (-0.12 to 

0.32) 
 

0.03 (-0.18 to 
0.24) 

 
0.17 (-0.06 to 

0.40) 
 

- 2 to 29  days per 
month 

0.16 (-0.11 to 
0.42) 

<0.00
1 

0.15 (-0.08 to 
0.39) 

0.11 0.21 (-0.06 to 
0.48) 

0.2 

- 30 days per month 
(daily) 

-0.73 (-1.12 to -
0.34)  

-0.81 (-1.72 to 
0.10)  

-0.71 (-1.74 to 
0.31)  
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Abbreviations: CF: Cognitive function; IPCW: Inverse probability of censoring weights; Ref.: Reference 
a Current exposure to marijuana assessed through the question: “During the last 30 days, on how many days did 

you use marijuana?” (see Methods). 
b Linear regression models used to determine the association between CF scores and marijuana use at the Year 25 

visit, which we modeled flexibly using restricted cubic splines and an interaction term with marijuana year. 

Negative standardized scores indicate worse CF. All CF scores standardized, results are therefore interpreted as 

the standardized difference from no exposure to the considered outcome at each given level of marijuana 

exposure.  
c Marijuana-years centered at 7.6 marijuana-years which was the mean number of marijuana-years for participants 

currently using marijuana at the Year 25 visit. The presented outputs are based on the model coefficient of the 

current use only without the coefficient of marijuana years and interaction term. The interpretation is therefore the 

association of varying levels of current use on CF, conditional on the mean number of marijuana years at the Year 

25 visit. 

d The inverse of the Stroop score used in the present analyses to allow interpretation of worse CF with negative 

standardized scores for all three CF tests. 
f Adjusted for age, race/ethnicity, sex, study site and years of education. Analyses weighted by the inverse 

probability of censoring (IPCW) to address potential bias by informative censoring (eMethods). 
g Model described in f additionally adjusted for cumulative and current exposure to licit and illicit substances and 

other covariates (see Methods).  
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