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eResults 
 
Sensitivity Analyses: Results from Alternative Models 
 

Alternative methods of handling missing data. To determine effects of differing strategies of addressing missing data on 
covariates, Cox regression models were re-tested using two alternate missing data: (1) listwise deletion of participants with missing 
data for any regressor, covariate, or outcome (analytic N=2155); and (2) multiple imputation with the weighted least squares method 
estimator (estimator=WLSMV in Mplus) with five imputed datasets (analytic N=3296). Results from models using alternate missing 
data strategies showed hazard ratio estimates for the associations of substance use variables with heroin use initiation that were 
concordant with those yielded primary analysis using Full Information Maximum Likelihood for addressing missing data (see Table 
e6).  
 

Influence of excluding students with potentially invalid responses. To determine effects of participants eliminated from 
the primary analysis due to potential invalid responding (i.e., students deemed invalid for reporting everyday use of six substances in 
the past 30-days or biologically implausible body mass indexes), the primary analyses presented in Table 2 were retested using a total 
sample of baseline never-users of heroin (including invalid responders). Among total 3396 enrollees, 24 baseline ever-users of heroin 
were excluded for this analysis, resulting in a sample of 3372 respondents available for the Cox regression models. Results from 
models including potentially-invalid responders showed hazard ratio estimates for the associations of substance use variables with 
heroin use initiation that were concordant with those yielded in the primary analysis excluding potentially invalid responders (see 
Table e7). 
 

Alternative modeling methods considering clustering effects in the data. In the main analyses presented in Table 2 using 
the primary analytic sample, we tested the Cox regression models with mixed effects incorporating cluster-specific random effect 
terms to account for within-cluster homogeneity in outcomes. In these models, time (i.e., follow-up assessments) was nested within 
student, and school clustering was accounted for as an additional random effect. It is possible that alternative modeling methods of 
addressing within-school clustering effects may affect the results. Therefore, a sensitivity analysis using a two-level complex design to 
adjust parameter standard errors for non-independence in the data due to school clustering was conducted. In this analysis, time was 
nested within student via two-level hierarchical modeling, and the effect of student clustering within schools was adjusted by the 
complex design option in Mplus 7 (i.e., TYPE = COMPLEX TWOLEVEL).1 This modeling method yielded consistent results with 
those from the primary analyses. Results from models using the complex design opioid showed hazard ratio estimates for the 
associations of substance use variables with heroin use initiation that were concordant with those yielded primary analysis that model 
school as random effects (see Table e8).  
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eTable 1. Available data for each time-invariant covariate  

 
Time-Invariant Baseline Covariates Available N 
Sex 3296 
Age — year 3283 
Race/ethnicity 3233 
Parental education 2845 
Living situation 3226 
Family substance use history 3129 
Parental monitoring 2859 
Delinquent behavior 3224 
Surpass clinical cutoff for depressive symptoms  3254 
Surpass clinical cutoff for generalized anxiety symptoms  3129 
UPPS - Negative urgency 3155 
UPPS - Positive urgency 3155 
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eTable 2. Prevalence of substance use statuses from waves 1 to 7 based on available data at 
each wavea,b 

 
 Nonmedical 

prescription 
opioid 

Marijuana Alcohol Cigarette Other 
substancesc 

 no. (%) no. (%) no. (%) no. (%) no. (%) 
Wave 1      

No use 3,175 (97.5) 2,907 (90.0) 2,627 (82.3) 3,128 (95.9) 3,077 (94.2) 
Prior use 25 (0.8) 72 (2.2) 153 (4.8) 56 (1.7) 125 (3.8) 
Current use 56 (1.7) 250 (7.7) 411 (12.9) 77 (2.4) 66 (2.0) 

Wave 2      
No use 2,930 (92.8) 2,662 (84.6) 2,318 (73.6) 2,892 (91.5) 2,789 (88.2) 
Prior use 114 (3.5) 155 (4.9) 252 (8.0) 152 (4.8) 231 (7.3) 
Current use 112 (3.5) 328 (10.4) 581 (18.4) 117 (3.7) 143 (4.5) 

Wave 3      
No use 2,977 (94.8) 2,643 (84.3) 2,257 (72.0) 2,901 (92.3) 2,681 (85.2) 
Prior use 67 (2.1) 128 (4.1) 234 (7.5) 119 (3.8) 130 (4.1) 
Current use 96 (3.1) 364 (11.6) 644 (20.5) 122 (3.9) 334 (10.6) 

Wave 4      
No use 2,936 (94.9) 2,513 (81.4) 2,215 (71.8) 2,857 (92.0) 2,562 (82.4) 
Prior use 68 (2.2) 172 (5.6) 219 (7.1) 103 (3.3) 91 (2.9) 
Current use 89 (2.9) 404 (13.1) 652 (21.1) 144 (4.6) 455 (14.6) 

Wave 5      
No use 2,941 (95.5) 2,531 (82.2) 2,182 (71.2) 2,865 (92.7) 2,582 (83.6) 
Prior use 56 (1.8) 161 (5.2) 234 (7.6) 109 (3.5) 92 (3.0) 
Current use 84 (2.7) 388 (12.6) 649 (21.2) 117 (3.8) 416 (13.5) 

Wave 6      
No use 2,812 (95.2) 2,311 (78.3) 2,088 (70.7) 2,753 (92.6) 2,417 (81.3) 
Prior use 51 (1.7) 171 (5.8) 194 (6.6) 108 (3.6) 63 (2.1) 
Current use 90 (3.0) 470 (15.9) 671 (22.7) 111 (3.7) 494 (16.6) 

Wave 7      
No use 2,910 (96.5) 2,299 (76.4) 2,004 (66.4) 2,821 (92.7) 2,479 (81.3) 
Prior use 43 (1.4) 207 (6.9) 231 (7.6) 99 (3.3) 72 (2.4) 
Current use 64 (2.1) 503 (16.7) 785 (26.0) 122 (4.0) 498 (16.3) 

 
a Based on analytic sample of heroin never-users at baseline (N=3298) and available data for respective variable at each wave  
b No Use = No past 6-month use; Prior Use = Past 6-month use without past 30-day use; Current Use = Past 30-day use. 
c Use of any substance to get high other than opioids, marijuana, cigarettes, or alcohol.  
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eTable 3. Characteristics of students included versus excluded from the primary analytic 
samplea 
 

 Excluded for 
potentially 

invalid 
reporting 
(N=77)b 

Excluded for 
baseline ever 
use of heroin 

(N=21)c 

Analytic 
sample 

(N=3298)d 
 

P-value of 
comparison 

across 
groups 

Female, N (%) 27 (35.1)2 11 (52.4)1,2 1775 (53.9)1 .005 
Age – years, mean (standard deviation) 14.53 (0.42)1 14.65 (0.46)1 14.58 (0.40)1 .46 
Race/ethnicity     

Hispanic, N (%) 31 (43.1)1 11 (52.4)1 1563 (48.3)1 .12 
Asian, N (%) 10 (13.9)1 2 (9.5)1 12 (12.9)1 
African American, N (%) 10 (13.9)1 1 (4.8)2 155 (4.8)2 
Non-Hispanic White, N (%) 12 (16.7)1 3 (14.3)1 529 (16.4)1 
Multi-racial, N (%) 4 (5.6)1 1 (4.8)1 220 (6.8)1 
Other, N (%)e 5 (6.9)1 3 (14.3)1 218 (6.7)1 

Parent(s) without high school diploma, N (%) 5 (7.2)1 2 (11.8)1 376 (13.2)1 .34 
Living with both parents, N (%) 42 (57.5)1 12 (57.1)1 2080 (63.7)1 .46 
Family substance use history, N (%) 45 (61.6)1 13 (61.9)1 2190 (70.0)1 .23 
Parental monitoring, mean (SD)f 2.90 (0.86)1 2.81 (0.94)1 3.06 (0.69)1 .08 
Delinquent behavior, mean (SD)g 1.71 (1.02)2 2.39 (1.17)1 1.43 (0.47)3 <.001 
Depressive symptoms – Positive, N (%)h 29 (38.7)1 12 (60.0)1 1161 (35.7)1 .07 
Generalized anxiety symptoms – Positive, N (%)i 24 (32.9)1 5 (25.0)1 701 (22.4)1 .10 
UPPS - Negative urgency, mean (SD)j 1.85 (0.71)2 2.36 (0.71)1 1.78 (0.60)2 <.001 
UPPS - Positive urgency, mean (SD)j 1.82 (0.76)2 2.33 (0.76)1 1.78 (0.61)2 <.001 

 
a Models excluded students flagged as potentially invalid reporters. Groups not sharing superscript numerals are significantly different in Bonferroni-corrected post-hoc 

pairwise contrasts for χ2 tests or ANOVA Least Significant Difference. 
b Available data for covariates (Ns range: 69 – 77). 
c Available data for covariates (Ns range:17 – 21). 
d Available data for covariates (Ns range: 2080 – 3296). 
e American Indian/Alaska Native, Native Hawaiian/Pacific Islander, or other responses constituted an Other category. 
f Parental monitoring sum score (4 items) ranges from 1 (no monitoring) to 4 (regular monitoring in all 4 items), with higher scores indicating more parental monitoring 

perceived by adolescents. 
g Score ranges from 1 to 6, with higher scores indicating greater average frequency of engaging in 11 different delinquent behaviors. Each behavior is rated from 1 

(never) to 6 (10 or more times) for 11 behaviors.  
h Screen present (vs. absent) for mild-to-moderate depressive symptoms or higher on the Center for Epidemiologic Studies Depression Scale. 
i Screen present (vs. absent) for subclinical or clinical generalized anxiety symptoms on the Revised Anxiety and Depression Scales measuring DSM-IV anxiety and 

depression disorders. 
j Score ranges from 1 to 4, with higher scores of the UPPS measure of impulsive personality traits indicating impulsive tendency to act rashly during negative emotional 

(negative urgency) or positive emotional (positive urgency) states.   
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eTable 4. Associations of time-invariant covariates with heroin use initiation in primary 
multivariable modela  

 
 Association with Subsequent Heroin 

Use Initiation, Waves 2-8 
Time-Invariant Baseline Covariates Hazard Ratio (95%CI)h P-Value 
Female (vs. Male) Gender 3.74 (1.89, 7.42) <.001 
Age — year 0.73 (0.36, 1.45) .36 
Race/ethnicity   

Hispanic Reference - 
Asian 0.74 (0.27, 2.03) .56 
African American 2.16 (0.49, 9.47) .31 
Non-Hispanic White 0.66 (0.22, 1.98) .46 
Multi-racial 1.33 (0.46, 3.84) .60 
Otherb 1.43 (0.47, 4.34) .52 

High school graduate or higher degree (vs. No high school diploma)  1.04 (0.50, 2.14) .92 
Living with both parents (vs. Other living situation) 0.76 (0.39, 1.49) .43 
Family substance use history (yes vs. no) 2.74 (1.16, 6.49) .02 
Parental monitoringc 0.96 (0.88, 1.05) .36 
Delinquent behaviord 1.04 (1.00, 1.08) .06 
Surpass clinical cutoff for depressive symptoms (vs. negative)e  1.39 (0.72, 2.68) .31 
Surpass clinical cutoff for generalized anxiety symptoms (vs. negative)f 0.78 (0.39, 1.58) .50 
UPPS - Negative urgencyg 0.96 (0.85, 1.07) .44 
UPPS - Positive urgencyg 1.05 (0.95, 1.16) .33 

CI = Confidence Interval 
 
a One model including five simultaneous time-varying (time-lagged) substance use regressors adjusted for time-invariant covariates (i.e., Baseline age, gender, 

race/ethnicity, parental education level, family living situation, family substance use history, delinquent behavior, depressive symptoms, anxiety, negative urgency, 
and positive urgency and parental monitoring at Wave 3) with school random effects in baseline never-users of heroin (N=3298).  Substance use regressor estimates 
from model reported in Table 2 in the main manuscript. 

b American Indian/Alaska Native, Native Hawaiian/Pacific Islander, or other responses constituted the Other category. 
c Parental monitoring sum score (4 items) ranges from 1 (no monitoring) to 4 (regular monitoring in all 4 items), with higher scores indicating more parental monitoring 

perceived by adolescents.  
d Delinquent behavior sum score ranges from 1 to 66, with higher scores indicating greater average frequency of engaging in 11 different delinquent behaviors. Each 

behavior is rated from 1 (never) to 6 (10 or more times) for 11 behaviors. 
e Screen positive (vs. negative) for mild-to-moderate depressive symptoms or higher on the Center for Epidemiologic Studies Depression Scale. 
f Screen positive (vs. negative) for subclinical or clinical generalized anxiety symptoms on the Revised Anxiety and Depression Scale.  
g Sum scores of the UPPS negative urgency (12 items; range = 1–48) and positive urgency (14 items; range = 1–56) subscales.  
h Hazard Ratio and 95% CI from Cox regression models. 
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eTable 5. Comparison of hazard ratios between nonmedical prescription opioid use and other 
substance use covariatesa  
 

Comparisons Model Fit Comparisond P-Value 
Prior (vs. no) Use Hazard Ratiosb   

Cannabis use vs. nonmedical prescription opioid use  ∆χ2/df = 2.98 .08 
Alcohol use vs. nonmedical prescription opioid use  ∆χ2/df = 1.77 .18 
Cigarette use vs. nonmedical prescription opioid use  ∆χ2/df = 6.34 .01 
Other substance usec vs. nonmedical prescription opioid use  ∆χ2/df = 0.94 .33 

Current (vs. no) Use Hazard Ratiosb   
Cannabis use vs. nonmedical prescription opioid use  ∆χ2/df = 4.25 .04 
Alcohol use vs. nonmedical prescription opioid use  ∆χ2/df = 3.91 .04 
Cigarette use vs. nonmedical prescription opioid use  ∆χ2/df = 9.94 .001 
Other substance usec vs. nonmedical prescription opioid use  ∆χ2/df = 5.08 .02 

 
a Analyses included baseline never-users of heroin (N=3,298). One Cox regression model including five simultaneous time-varying (time-lagged) substance use 

regressors adjusted for time-invariant covariates (e.g., Baseline age, gender, race/ethnicity, parental education level, family living situation, family substance use 
history, delinquent behavior, parental monitoring [Wave 3], depressive symptoms, anxiety, negative urgency, positive urgency) with school random effects. 

b No Use = No past 6-month use; Prior Use = Past 6-month use without past 30-day use; Current Use = Past 30-day use. 
c Use of any substance to get high other than opioids, marijuana, cigarettes, or alcohol. 
d Chi-square difference tests were conducted using the loglikelihood values with the maximum likelihood robust estimator. 
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eTable 6. Associations of nonmedical prescription opioid use with subsequent heroin use 
initiation using alternate methods of handling missing dataa 

 
 Association with subsequent heroin use initiation, 

waves 2-8 

 Listwise deletionf  Multiple Imputationg 
Time-varying regressor, waves 1-7 Hazard Ratio 

(95%CI)h 
P-

Value 
 Hazard Ratio 

(95%CI)h 
P-

Value 

Univariable unadjusted modelb      
Prior (vs. no) nonmedical prescription opioid usec  3.69 (2.24, 6.07) <.001  3.70 (2.26, 6.08)  <.001 
Current (vs. no) nonmedical prescription opioid usec 4.22 (2.61, 6.83) <.001  4.22 (2.60, 6.81) <.001 

Multivariable adjusted modeld      
Prior (vs. no) usec      

Nonmedical prescription opioid use 1.82 (1.05, 3.12) .03  2.03 (1.10, 3.78) .02 
Cannabis use 1.49 (0.87, 2.55) .15  1.58 (0.91, 2.68) .13 
Alcohol use  1.87 (1.04, 3.36) .04  1.79 (1.07, 3.09) .03 
Cigarette use 0.89 (0.52, 1.53) .68  0.86 (0.47, 1.64) .80 
Other substance usee 2.32 (1.56, 3.52) <.001  2.22 (1.46, 3.40) <.001 

Current (vs. no) usec      
Nonmedical prescription opioid use 3.10 (1.64, 5.86) .001  3.16 (1.65, 5.93) <.001 
Cannabis use 1.99 (1.23, 3.20) .01  1.71 (1.04, 2.87) .04 
Alcohol use  1.91 (1.16, 3.15) .01  2.05 (1.10, 3.93) .03 
Cigarette use 0.76 (0.38, 1.51) .43  0.75 (0.38, 1.48) .41 
Other substance usee 1.49 (0.90, 2.48) .12  1.51 (0.91, 2.48) .11 

CI=Confidence Interval 
 
a Analyses included baseline never-users of heroin.  
b Model included only nonmedical prescription opioid use as a time-varying (time-lagged) regressor with school random effects. 
c No Use = No past 6-month use; Prior Use = Past 6-month use without past 30-day use; Current Use = Past 30-day use. 
d One model including five simultaneous time-varying (time-lagged) substance use regressors adjusted for time-invariant covariates (i.e., Baseline age, gender, 

race/ethnicity, parental education level, family living situation, family substance use history, delinquent behavior, depressive symptoms, anxiety, negative urgency, 
and positive urgency and parental monitoring at Wave 3) with school random effects. 

e Use of any substance to get high other than opioids, marijuana, cigarettes, or alcohol. 
f Listwise deletion with a sample excluding participants with missing data for any regressor or outcome (N = 2,155). 
g Multiple imputation using the weighted least squares method estimator with five imputed datasets (N = 3,296). 
h Hazard Ratio and 95% CI from Cox regression models. 
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eTable 7. Associations of nonmedical prescription opioid and other substance use with 
subsequent heroin use initiation including potentially invalid respondersa  
 

 Associations with subsequent heroin 
use initiation, waves 2-8 

Time-varying regressor, waves 1-7 Hazard Ratio (95%CI)f P-Value 
Univariable unadjusted modelb   

Prior (vs. no) nonmedical prescription opioid usec       3.38 (2.07, 5.51) <.001 
Current (vs. no) nonmedical prescription opioid usec 5.71 (3.10, 10.53) <.001 

Multivariable adjusted modeld   
Prior (vs. no) usec   

Nonmedical prescription opioid use 1.90 (1.07, 3.38) .03 
Cannabis use 1.42 (0.87, 2.31) .16 
Alcohol use  1.47 (0.86, 2.50) .16 
Cigarette use 0.92 (0.54, 1.57) .75 
Other substance usee 2.30 (1.50, 3.53) <.001 

Current (vs. no) usec   
Nonmedical prescription opioid use 3.30 (1.86, 5.84) <.001 
Cannabis use 1.38 (0.84, 2.27) .20 
Alcohol use  1.95 (1.06, 3.61) .03 
Cigarette use 0.83 (0.43, 1.63) .60 
Other substance usee 1.76 (1.86, 5.84) <.001 

CI=Confidence Interval 
 
a Baseline never-users of heroin, including potentially invalid responders (N=3372).  
b Model included only nonmedical prescription opioid use as a time-varying (time-lagged) regressor with school random effects. 
c No Use = No past 6-month use; Prior Use = Past 6-month use without past 30-day use; Current Use = Past 30-day use.  
d One model including five simultaneous time-varying (time-lagged) substance use regressors adjusted for time-invariant covariates (i.e., Baseline age, gender, 

race/ethnicity, parental education level, family living situation, family substance use history, delinquent behavior, depressive symptoms, anxiety, negative urgency, 
and positive urgency and parental monitoring at Wave 3) with school random effects. 

e Use of any substance to get high other than opioids, marijuana, cigarettes, or alcohol. 
f Hazard Ratio and 95% CI from Cox regression models. 
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eTable 8. Associations of nonmedical prescription opioid and other substance use with 
subsequent heroin use initiation using an alternative method of addressing clustering effectsa  
 

 Associations with subsequent heroin 
use initiation, waves 2-8 

Time-varying regressor, waves 1-7 Hazard Ratio (95%CI)f P-Value 
Univariable unadjusted modelb   

Prior (vs. no) nonmedical prescription opioid usec 3.74 (2.27, 6.16) <.001 

Current (vs. no) nonmedical prescription opioid usec 4.18 (2.58, 6.76) <.001 
Multivariable adjusted modeld   

Prior (vs. no) usec   
Nonmedical prescription opioid use 1.89 (1.09, 3.27) .02 
Cannabis use 1.40 (0.82, 2.40) .18 
Alcohol use  1.82 (1.04, 3.55) .04 
Cigarette use 0.98 (0.57, 1.67) .94 
Other substance usee 2.22 (1.48, 3.33) <.001 

Current (vs. no) usec   
Nonmedical prescription opioid use 3.02 (1.58, 5.78) .001 
Cannabis use 1.83 (1.12, 3.00) .01 
Alcohol use  2.11 (1.28, 3.54) .01 
Cigarette use 0.81 (0.39, 1.69) .58 
Other substance usee 1.54 (0.91, 2.60) .11 

CI=Confidence Interval 
 
a Baseline never-users of heroin (N=3298). The effect of student clustering within schools was adjusted by the complex design option in Mplus 7 (i.e., TYPE = 

COMPLEX TWOLEVEL). 
b Model included only nonmedical prescription opioid use as a time-varying (time-lagged) regressor. 
c No Use = No past 6-month use; Prior Use = Past 6-month use without past 30-day use; Current Use = Past 30-day use.  
d One model including five simultaneous time-varying (time-lagged) substance use regressors adjusted for time-invariant covariates (i.e., Baseline age, gender, 

race/ethnicity, parental education level, family living situation, family substance use history, delinquent behavior, depressive symptoms, anxiety, negative urgency, 
and positive urgency and parental monitoring at Wave 3). 

e Use of any substance to get high other than opioids, marijuana, cigarettes, or alcohol. 
f Hazard Ratio and 95% CI from Cox regression models. 
 

  



© 2019 American Medical Association. All rights reserved. 
 

eTable 9. Nonmedical prescription opioid use at baseline 
 

Wave 1 Past 6-month use 
at baseline 

 
N=3298 

Past 6-month use 
without ever users 

at baseline 
N=3284 

No use 3175 (97.5) 3161 (97.5)a 
Prior use 25 (0.8) 25 (0.8) 
Current use 56 (1.7) 56 (1.7) 

a14 students reported ever use (but not in past 6 months) of nonmedical opioid at baseline were excluded from the analytic sample.  
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eFigure 1. Past 30-day nonmedical prescription opioid use frequency level distributions 
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eFigure 2. Estimated hazard curves for heroin use initiation by nonmedical prescription opioid 
use status in preceding waves, eliminating ever use of nonmedical prescription opioids at 
baselinea 

 
a After eliminating 14 youth who reported opioid use prior to high school (i.e., ever opioid users at baseline; Total analytic sample N = 3284), youth 
reporting no, prior, and current nonmedical prescription opioid use during high school exhibited estimated cumulative probabilities of subsequent heroin 
use initiation by end of the 42-month follow-up that were 1.6%, 10.4% and 12.7% (versus 1.7%, 10.7 %, and 13.1% in the original model). 


