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Abstract

Background

Prescription opioid misuse is an ongoing crisis and a risk factor for injection drug use (IDU).
Few studies have evaluated strategies for preventing opioid or IDU initiation among adoles-
cents. We evaluated changes in the proportion of adolescents reporting IDU before and
after prescription drug monitoring program (PDMP) mandates were implemented in 18
states compared to 29 states without such mandates.

Methods and findings

This difference-in-differences analysis used biannual Youth Risk Behavioral Surveillance
System (YRBSS) data representative of adolescents 17 to 18 years old across 47 states
from 1995 to 2017. We compared changes in adolescent IDU in 18 states with and 29 states
without PDMP mandates. Among 331,025 adolescents, 51.7% identified as male, 62.1% as
non-Hispanic white, 17.4% as non-Hispanic black, and 14.6% as Hispanic. Overall, 3.5%
reported IDU during the 2 years prior to PDMP mandates. In the final multivariable differ-
ence-in-differences model, we included individual age, sex, and race/ethnicity, as well as
state and year as covariates from the YRBSS. We also included state- and year-specific
poverty rates based on US Census Bureau data. Additionally, we controlled for state imple-
mentation of (non-mandated) PDMPs before states subsequently implemented mandates
and pill mill laws. We conducted several sensitivity analyses, including repeating our main
analysis using a logistic, rather than linear, model, and with a lead indicator on PDMP man-
date implementation, a lag indicator, and alternative policy implementation dates. PDMP
mandates were associated with a 1.5 percentage point reduction (95% CI -2.3 to —0.6 per-
centage points; p =0.001) in adolescent IDU, on average over the years following mandate
implementation, a relative reduction of 42.9% (95% Cl —65.7% to —17.1%). The association
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Author summary

Why was this study done?

o The misuse of prescription opioids is a critical step in the trajectory toward injection of
opioids and other substances. Intervening early on in this trajectory may prevent transi-
tions to injection drug use and related health harms.

o Prescription drug monitoring programs track prescriptions of controlled substances,
including opioids, and are designed to limit excessive prescriptions of opioids, but
many states do not require clinicians to use this tool. As of January 1, 2017, 18 states in
our sample had implemented laws that require the use of a state prescription drug moni-
toring program.

o We evaluated whether state prescription drug monitoring program mandates were asso-
ciated with changes in adolescent injection drug use.

What did the researchers do and find?

o Using data from over 330,000 US high school students 17-18 years old, we compared
changes in self-reported injection drug use over time in states that implemented pre-
scription drug monitoring program mandates versus states that did not.

o Our results show that injection drug use among 17 and 18 year olds declined after states
implemented prescription drug monitoring program mandates compared to states that
did not.

What do these findings mean?

o The reduction in adolescent injection drug use associated with prescription drug moni-
toring program mandates is equivalent to an estimated 81,754 (95% CI 32,620 to
125,357) fewer adolescents initiating injection drug use over a year if states without pre-
scription drug monitoring program mandates implemented these mandates.

o This study finds that prescription drug monitoring program mandates may be an
important and effective strategy to prevent adolescent injection drug use.
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« Policymakers might consider implementing prescription drug monitoring program
mandates along with other substance use policies such as expanded addiction treatment,
naloxone distribution, safe prescribing interventions, and harm reduction services.

Introduction

Drug overdose deaths in the US have increased more than 4-fold in under 2 decades. Of more
than 70,237 overdose deaths in 2017, two-thirds involved opioids [1]. Injection drug use
(IDU), particularly of opioids, is a major driver of rising overdose mortality. Between 2004
and 2014, addiction treatment admissions among adolescents 12-17 years old involving any
opioid injection increased 103%; heroin and prescription opioid injection increased 97% and
194%, respectively [2]. Increasing prevalence of adolescent IDU has coincided with a 3-fold
rise in opioid overdose deaths among adolescents since 1999 [3], as well as recent outbreaks of
human immunodeficiency virus (HIV) and hepatitis C virus (HCV) among young people
[4,5]. IDU is associated with increased risk of overdose [6] and acquisition of HIV, HCV, and
other infections [7,8].

Prescription opioid misuse is commonly a critical step in the trajectory towards injection of
opioids and other substances [9-13]. In nationally representative studies, adolescents who mis-
used prescription opioids were 13 to 17 times more likely to transition to heroin [11,13] and
14 times more likely to transition to IDU [13] compared to those who did not. Policies that
may intervene early on in this trajectory deserve further scrutiny.

The majority of adolescents who misuse prescription opioids obtain them from another
person [14]; therefore, reducing the oversupply of prescription opioids in the general popula-
tion that could be diverted to family members, friends, or illicit markets may be an important
strategy for preventing adolescent opioid misuse and the transition to IDU [15]. To limit
excessive opioid prescriptions, 49 US states have implemented statewide prescription drug
monitoring programs (PDMPs). PDMPs are repositories of recently dispensed prescriptions
for controlled substances, and help prescribers limit excessive prescriptions to patients receiv-
ing opioids from multiple prescribers. Implementation of PDMPs is associated with a subse-
quent reduction in prescriptions dispensed [16,17], decreases in drug diversion [18], and
reduced opioid misuse among adults [19,20].

Some states have implemented laws mandating use of PDMPs by all opioid prescribers
[21]. Such “PDMP mandates” are associated with reductions in opioid-related overdose rates
[22-24], but have also been critiqued because reducing the opioid supply may drive individuals
with opioid use disorder to transition to heroin and fentanyl [23,25,26]. It is possible that
PDMP mandates may affect adolescents differently from adults by preventing the initiation or
progression of opioid misuse, a common early step in the trajectory towards drug injection
among adolescents. Investigating whether PDMP mandates prevent young people from initiat-
ing drug use could contribute to policymaker decisions about PDMP mandates [27].

We aimed to evaluate whether PDMP mandates were associated with self-reported IDU
among adolescents using 1995 to 2017 Youth Risk Behavioral Surveillance Survey (YRBSS)
data representative of adolescents in 47 US states (the YRBSS only added a question on pre-
scription opioid misuse in 2017, preventing a longitudinal analysis with this outcome). We
evaluated the relationship between PDMP mandates and adolescent IDU through a differ-
ence-in-differences analysis. We hypothesized that states that implemented PDMP mandates
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would experience subsequent reductions in adolescent IDU relative to states without such
mandates.

Methods
Sample

We used YRBSS data on adolescent demographic characteristics and health risk behaviors. The
Centers for Disease Control and Prevention (CDC) partners with state health and education
departments to collect YRBSS data through 2-stage sampling of high schools and classrooms
[28]. The CDC only releases data for states with greater than 60% participation. We used all
years of available data for all 47 participating states (January 1, 1995, to December 31, 2017)
[28]. We decided a priori to restrict the sample to adolescents aged 17-18 years to focus on
those most likely to report IDU, and to increase power to detect potential effects of PDMP man-
dates [11,29]. We included all students with complete data on IDU, age, sex, and race/ethnicity.

We used only de-identified data for this study. The Boston University Medical Campus
Institutional Review Board approved exemption from human participants review for this
study. Although we did not formally file a pre-analysis plan, the exposure, outcomes, and anal-
yses were based on ex ante hypotheses, with the exception of the event study analysis, which
was added to further test the main model assumptions. This study followed STROBE reporting
guidelines (see S1 STROBE Checklist).

Variables

The main exposure of interest was implementation of state laws that mandate use of PDMPs
by prescribers (i.e., “PDMP mandates”). We identified 18 states with and 29 states without a
PDMP mandate in place on or before January 1, 2017. Due to differences in mandate imple-
mentation dates from different data sources that may contribute to varying results [30], we
used data from the Prescription Drug Monitoring Program Training and Technical Assistance
Center [31] and the National Alliance for Model State Drug Laws [32] to determine mandate
implementation dates. We compared dates from both sources and, where we found discrepan-
cies, read legislation and contacted states’ PDMP administrators to determine the implementa-
tion date [23]. We list such discrepancies and how they were resolved in S1 Table.

The main outcome of interest was any (i.e., lifetime) history of IDU among adolescents,
based on students’ responses to the question, “During your life, how many times have you
used a needle to inject any illegal drug into your body?” Responses consisted of “never,” “one
time,” and “two or more times.” Adolescent IDU was defined as ever having injected, i.e., on at
least 1 occasion.

We included individual age, sex, and race/ethnicity, as well as state and year as covariates
from the YRBSS. We also included state- and year-specific poverty rate as a covariate based on
US Census Bureau data. Additionally, we controlled for state implementation of (non-man-
dated) PDMPs before states subsequently implemented mandates and pill mill laws [33,34].

Statistical analysis

We evaluated the relationship between state PDMP mandates and adolescent IDU using a dif-
ference-in-differences design [35,36]. This approach compared changes in adolescent IDU
before and after states implemented PDMP mandates relative to changes in adolescent IDU
over time in states without a PDMP mandate. Difference-in-differences analyses are a rigorous
form of policy analysis with a comparison group that approximates the counterfactual out-
comes that would have occurred in the absence of policy changes [37,38].
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Difference-in-differences analyses in this case require that baseline temporal trends in ado-
lescent IDU be equivalent until the year of the law implementation in states that implemented
a PDMP mandate relative to comparison states that did not implement mandates. Common
trends between the 2 groups before mandates were implemented suggest that continued paral-
lel trends could have been expected in the absence of any policy change and indicate that the
comparison group provides an appropriate approximation of the counterfactual [39]. We
tested this assumption by repeating the main analytical model for the period prior to PDMP
mandate implementation in a linear regression analysis of adolescent IDU, with the main
exposure of interest being an interaction term for a linear year trend and a binary indicator for
whether states went on to implement mandates. This model also adjusted for differing tempo-
ral trends in each state, by interacting state and year, and controlled for age, sex, race/ethnicity,
state, year, poverty rate, a binary indicator for living in a state with a non-mandated PDMP
after implementation, as well as a binary indicator for living in a state after implementation of
a pill mill law.

In our main difference-in-differences analysis, the exposure of interest was a binary indica-
tor for living in a PDMP mandate state after the mandate was implemented. We adjusted for
state using state fixed effects, which controlled for all time-invariant state characteristics. By
using state fixed effects, we focused on relative changes in IDU within each state, rather than
comparing levels of IDU between different states. We also included year fixed effects to control
for any exogenous shocks to adolescent IDU common to all states during a given year. We
included a state-specific linear time trend to adjust for temporal trends in IDU in each state.
As time-varying confounders, we included a binary indicator for living in a state after imple-
mentation of any non-mandated PDMP, as well as a binary indicator for living in a state after
implementation of a pill mill law. We also adjusted for age, sex, race/ethnicity, and poverty
rate. We used a linear regression model because maximum likelihood models can underesti-
mate standard errors in the presence of fixed effects [40]. We used Taylor-series linearized
standard errors clustered at the state level to account for serial correlation and the state-level
intervention [41]. Finally, using US Census Bureau data on adolescents 17 to 18 years of age in
2017, we estimated the number of adolescents for whom initiation of IDU would have been
averted if states without PDMP mandates had implemented PDMP mandates.

To additionally test the equivalent trends assumption and to assess the association of
PDMP mandates over time, we fit an event study model [42]. The event study model replaced
the main exposure with binary variables of leads and lags of PDMP mandates from 11 years
before mandates were implemented to 4 to 5 years after. Adolescents in states that did not
implement PDMP mandates were coded as 0 for all of these binary variables. This approach
further tests for differences in IDU between states with PDMP mandates and states without
PDMP mandates before the mandates were implemented. After PDMP mandates were imple-
mented, the event study model can capture heterogeneous treatment effects by year after
implementation and shows whether the association persisted over time. To supplement the
event study estimates, we plotted the unadjusted prevalence of adolescent IDU over time rela-
tive to PDMP mandate implementation. Since non-mandated states do not experience a man-
date, we assigned a placebo mandate year to non-mandated states equivalent to the median
mandate year (2013) among PDMP mandate states (S1 Fig) [43].

We conducted several sensitivity analyses. First, we repeated our main analysis in a logistic,
rather than linear, regression model. Second, we repeated our main analysis with a lead on the
PDMP mandate implementation indicator, i.e., a binary variable that captured that a state
would go on to implement a PDMP mandate 1 to 2 years in the future. This analysis would
detect whether adolescent IDU had already begun to decline prior to PDMP mandate imple-
mentation in states with PDMP mandates. Third, we tested a lagged PDMP mandate, i.e., a
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binary indicator for having implemented a PDMP mandate 1 to 2 years prior, which allowed
us to assess whether the associations of PDMP mandates with adolescent IDU persisted.
Fourth, because states implemented non-mandated PDMPs before implementing mandate use
laws, we restricted the sample to after states implemented non-mandated PDMPs to assess
whether results were sensitive to the exclusion of the original non-mandated PDMP. Lastly, we
repeated our main analysis using alternative mandate dates when data sources did not agree.
Analyses were conducted using Stata, version 15.1 (StataCorp). All statistical tests were 2-sided
and considered significant at p < 0.05.

Results

From 1995 to 2017, there were 331,025 students 17 to 18 years of age who participated in the
YRBSS and had complete data for IDU, age, sex, and race/ethnicity. Among these students,
51.7% identified as male, 62.1% as non-Hispanic white, 17.4% as non-Hispanic black, and
14.6% as Hispanic (Table 1). Overall, 2.7% (95% CI 2.5% to 2.8%) of students reported lifetime
IDU. Among males, 3.6% (95% CI 3.4% to 3.9%) reported lifetime IDU, compared to 1.6%
(95% CI 1.4% to 1.8%) of females. Among students identifying as non-Hispanic white, 2.2%
(95% CI 2.0% to 2.5%) reported lifetime IDU; non-Hispanic black, 3.0% (95% CI 2.6% to
3.4%); Hispanic, 3.5% (95% CI 2.8% to 4.2%); and other race/ethnicity, 4.0% (95% CI 3.0% to
5.0%). From 1995 to 2017, the prevalence of lifetime IDU increased from 2.2% (95% CI 1.8%
t0 2.6%) to 3.0% (95% CI 2.2% to 3.9%).

Adolescents in states with and without PDMP mandates were similar with respect to sex,
age, and race/ethnicity (Table 2). There were statistically significant differences in poverty
rates between PDMP mandate states and comparison states.

Temporal trends in adolescent IDU in PDMP mandate states and comparison states did
not differ prior to implementation of PDMP mandates (average difference in IDU prevalence,
0.03 percentage points; 95% CI <-0.01 to 0.06; p = 0.054; Figs 1 and S1; S2 Table). The

Table 1. Participant characteristics and injection drug use (1995-2017).

Characteristic Number (%) of students 17 and 18 years | Number (%) of students reporting injection
old (n = 331,025)* drug use (n = 9,948)

Sex

Female 162,706 (48.3) 3,085 (1.6)

Male 168,319 (51.7) 6,863 (3.6)
Age

17 years old 223,518 (62.3) 5,893 (2.3)

18 years old 107,507 (37.7) 4,055 (3.3)
Race/ethnicity

White 196,154 (62.1) 4,617 (2.2)

Black or African 50,674 (17.4) 1,692 (3.0)
American

Hispanic/Latinx 48,659 (14.6) 2,154 (3.5)

Other race/ethnicity | 35,538 (5.9) 1,485 (4.0)
Poverty‘b — (19.8) —

*All numbers are unweighted while percentages are weighted to be representative of the state population of high
school students by student sex, age, and race/ethnicity. Sex, age, and race/ethnicity are based on participant self-
report.

PBased on US Census Bureau data aggregated at the state level; thus, the poverty level for adolescents who report

injection drug use cannot be reported.

https://doi.org/10.1371/journal.pmed.1003272.t001
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Table 2. Participant characteristics in mandated versus non-mandated states among 17 and 18 year olds across all years of the YRBSS (1995-2017).

Characteristic Number (%)* p-Value
Mandated states® Non-mandated states®
(n=123,985) (n =207,040)
Sex 0.07
Female 61,068 (48.0) 101,638 (48.4)
Male 62,917 (52.0) 105,402 (51.6)
Age 0.15
17 years old 84,729 (63.8) 138,789 (61.4)
18 years old 39,256 (36.2) 68,251 (38.6)
Race/ethnicity 0.15
White 73,889 (68.9) 122,265 (58.2)
Black/African American 13,484 (13.5) 37,190 (19.6)
Hispanic/Latinx 23,561 (11.0) 25,098 (16.7)
Other race/ethnicity 13,051 (6.5) 22,487 (5.5)
Poverty —(18.8) — (20.5) <0.001¢

All p-values reported come from chi-squared tests unless otherwise noted.

*All numbers are unweighted while percentages are weighted to be representative of the state population of high school students by student sex, age, and race/ethnicity.
Sex, age, and race/ethnicity are based on participant self-report.

PEighteen states.

“Twenty-nine states.

dp-Value is from the ¢ test.

YRBSS, Youth Risk Behavioral Surveillance System.

https://doi.org/10.1371/journal.pmed.1003272.1002
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Fig 1. Event study estimates for the association of PDMP mandate implementation with adolescent IDU relative
to comparison states. This graph presents event study estimates for the association of PDMP mandate
implementation with adolescent IDU relative to comparison states. For this graph, the PDMP mandate
implementation variable is a series of binary indicators denoting the year relative to PDMP mandate implementation.
Adolescents in comparison states are coded as 0 for this series of binary indicators. The period before PDMP mandate
implementation (—2/-1) was the reference period. Each point compares the difference in IDU between states that
implemented a PDMP mandate and comparison states. The error bars represent 95% confidence intervals (where
period —2/-1 does not have a 95% confidence interval because it was the reference period). IDU, injection drug use;
PDMP, prescription drug monitoring program.

https://doi.org/10.1371/journal.pmed.1003272.9001
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Table 3. Changes in adolescent IDU in states with a PDMP mandate relative to comparison states.

Measure Adolescents reporting IDU before | Net change in adolescents reporting IDU following
PDMP mandate PDMP mandate (95% CI)

Absolute change in 3.5% —1.5 percentage points (—2.3 to —0.6)*

prevalence

Relative change in — —42.9% (—65.7% to —17.1%)

prevalence

Number of 190,760 —81,754 (-125,357 to —32,620)

adolescents”

4 =0.001.

"Based on US Census Bureau data for national population of youth ages 17-18 years in 2017 in comparison states,
where the net change represents the number of adolescents for whom IDU would have been averted per year if
comparison states had implemented PDMP mandates.

IDU, injection drug use; PDMP, prescription drug monitoring program.

https://doi.org/10.1371/journal.pmed.1003272.t003

proportion of adolescents reporting IDU was also similar between PDMP mandate and com-
parison states prior to PDMP mandates [39].

Adolescent IDU decreased in PDMP mandate states following PDMP mandate implemen-
tation (Fig 1). In the 1 to 2 years prior to PDMP mandates, 3.5% of adolescents in both PDMP
mandate and comparison states reported any IDU (Table 3). PDMP mandates were associated
with a 1.5 percentage point absolute reduction (95% CI —2.3 to —0.6 percentage points; p =
0.001) in IDU prevalence on average over the years following mandate implementation relative
to comparison states (S3 Table; Fig 1), a relative reduction of 42.9% (95% CI —65.7% to
—-17.1%). With 5,450,298 adolescents 17-18 years old living in states without PDMP mandates
in the US in 2017, this associated reduction translates into approximately 81,754 (95% CI
32,620 to 125,357) fewer adolescents injecting drugs per year if states without PDMP mandates
had implemented PDMP mandates (Table 3). The association of PDMP mandates with adoles-
cent IDU reduction persisted at least 4 years after implementation (Fig 1).

Sensitivity analyses were consistent with the main results. In the model employing multi-
variable logistic (rather than linear) regression, PDMP mandates were associated with a 44%
reduction (95% CI 23% to 60%; p = 0.001) in odds of initiating IDU relative to comparison
states (S4 Table). A lead indicator for states going on to implement PDMP mandates 1 to 2
years in the future was not associated with adolescent IDU, indicating that declines in IDU did
not precede PDMP mandate implementation (S5 Table). A lagged indicator for states imple-
menting PDMP mandates 1 to 2 years prior was associated with a 1.5 percentage point abso-
lute reduction (95% CI —2.4 to —0.6 percentage points; p = 0.002) in adolescent IDU,
indicating that reductions in IDU associated with PDMP mandates persisted in the years fol-
lowing implementation (S6 Table). When restricting the time period to after states imple-
mented non-mandated PDMPs prior to mandating their use, implementation of a PDMP
mandate was associated with a 1.5 percentage point absolute reduction (95% CI -2.2 to —-0.7; p
< 0.001) in adolescent IDU (S7 Table). The estimated association between PDMP mandates
and adolescent IDU was consistent when we replicated our main difference-in-differences
model with alternative mandate dates (—1.4 percentage points; 95% CI 2.1 to —0.7; p < 0.001;
S8 Table).

Discussion

Based on representative data from 17 and 18 year olds in 47 states, 1 in 33 adolescents reported
ever having injected drugs in 2017, a 36% increase since 1995. In the 1 to 2 years prior to
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PDMP mandate implementation, 3.5% of adolescents in both PDMP mandate and compari-
son states reported IDU. We found that state PDMP mandates were associated with a 1.5 per-
centage point reduction in IDU relative to comparison states, equivalent to a 43% relative
reduction. The association between PDMP mandates and adolescent IDU persisted 4 years
after mandate implementation.

These findings have important potential policy implications. We find evidence that PDMP
mandates may be playing a protective role for adolescents, suggesting that 81,754 transitions
to IDU might be prevented annually by implementation of PDMP mandates. As policymakers
consider mandates as a response to the overdose crisis, it is important to evaluate their net
effects. Our findings add to a growing body of literature evaluating the effects of PDMPs and
PDMP mandates. Haffajee [27] recently expressed a continued need for rigorous PDMP evalu-
ation, especially regarding unintended consequences, like substitution of prescription medica-
tions with illicit substances. Heroin and fentanyl, which are commonly injected, are playing a
growing role in the opioid epidemic [1]. A concern about PDMP mandates has been that
restricting prescriptions for opioids may lead to substitution with cheaper, more potent opi-
oids such as heroin or fentanyl, particularly among adults [23,25,26]. However, we find that
this may not be the case for adolescents. We show that adolescents may be substantially
benefitting from PDMP mandate implementation, and this could translate to important
decreases in harms related to IDU such as fatal and nonfatal overdose, HIV infection, and
HCV infection.

PDMPs are just one tool in the midst of an evolving and complex drug overdose epidemic.
Crises such as these require a multifaceted approach that takes into account the intended and
unintended consequences of interventions such as PDMP mandates. This study suggests that
PDMP mandates may prevent adolescents from beginning down the path of opioid addiction
and IDU, which is important to consider alongside evidence that PDMPs could prompt people
who are already using opioids to transition to illicit substances [27]. Enactment of PDMP man-
dates could complement other evidence-based interventions, such as expanded addiction
treatment [44,45], naloxone distribution [46,47], safe prescribing interventions [48], and harm
reduction services [49].

Strengths of the study include its use of representative data from nearly all US states and a
rigorous difference-in-differences analytical design. The findings were robust in numerous
sensitivity analyses, indicating that declines in IDU prevalence among adolescents did not pre-
cede PDMP mandate implementation and that the effect of PDMP mandates persisted at least
4 years following implementation; findings were also not dependent on the functional form of
the regression. Limitations of this study include a multi-stepped causal pathway from PDMP
implementation to changes in IDU. Although 1 study found that PDMPs and PDMP mandate
implementation were associated with reductions in treatment admissions involving prescrip-
tion drug misuse among 12-17 year olds [20], we lacked data to empirically demonstrate that
prescription opioid misuse mediated the relationship between PDMP mandates and IDU.
Lastly, we cannot rule out the possibility of omitted state-level time-varying confounders.

Conclusion

We provide evidence that PDMP mandates may be an effective policy to prevent IDU among
adolescents. Our study adds to prior evidence that PDMP mandates reduce opioid prescrip-
tions and overdose mortality among adults, and contributes evidence that PDMP mandates
may be a useful tool to address the growing concern surrounding substitution to illicit sub-
stances. Very few studies have looked at policies that may prevent initiation of IDU. Policy-
makers might consider PDMP mandates as a strategy to reduce IDU among adolescents.

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003272  September 25, 2020 9/13


https://doi.org/10.1371/journal.pmed.1003272

PLOS MEDICINE

PDMP mandates and adolescent injection drug use

Supporting information

S1 STROBE ChecKlist.
(DOC)

S1 Fig. Unadjusted prevalence of adolescent IDU in PDMP mandate states compared to
non-mandate states relative to year of mandate implementation.
(DOCX)

S1 Table. Mandated PDMP implementation dates and resolutions.
(DOCX)

$2 Table. Linear analysis of differences in baseline trends in PDMP mandate and non-
PDMP-mandate states.
(DOCX)

S3 Table. Linear difference-in-differences analysis of PDMP mandates: Adolescent IDU in
PDMP mandate states relative to non-PDMP-mandate states.
(DOCX)

$4 Table. Logistic difference-in-differences analysis of PDMP mandates: Adolescent IDU
in PDMP mandate states relative to non-PDMP-mandate states.
(DOCX)

S5 Table. Linear difference-in-differences “lead” analysis of PDMP mandates in the 1-2
years prior to implementation: Adolescent IDU in PDMP mandate states relative to non-
PDMP-mandate states.

(DOCX)

S6 Table. Linear difference-in-differences “lag” analysis of PDMP mandates in the 1-2
years after implementation: Adolescent IDU in PDMP mandate states relative to non-
PDMP-mandate states.

(DOCX)

S7 Table. Linear difference-in-differences analysis of PDMP mandates after non-man-
dated PDMP implementation: Adolescent IDU in PDMP mandate states relative to non-
PDMP-mandate states.

(DOCX)

S8 Table. Linear difference-in-differences analysis of alternative implementation dates for
PDMP mandates: Adolescent IDU in PDMP mandate states relative to non-PDMP-man-
date states.

(DOCX)

Author Contributions

Conceptualization: Joel J. Earlywine, Julia Raifman.
Formal analysis: Joel ]. Earlywine, Julia Raifman.
Funding acquisition: Scott E. Hadland, Julia Raifman.
Investigation: Joel J. Earlywine, Scott E. Hadland.
Methodology: Joel J. Earlywine, Julia Raifman.

Project administration: Joel J. Earlywine.

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003272  September 25, 2020 10/13


http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003272.s001
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003272.s002
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003272.s003
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003272.s004
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003272.s005
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003272.s006
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003272.s007
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003272.s008
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003272.s009
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003272.s010
https://doi.org/10.1371/journal.pmed.1003272

PLOS MEDICINE

PDMP mandates and adolescent injection drug use

Software: Joel J. Earlywine.

Supervision: Scott E. Hadland, Julia Raifman.

Writing - original draft: Joel J. Earlywine.

Writing - review & editing: Scott E. Hadland, Julia Raifman.

References

1.

10.

11.

12

13.

14.

15.

16.

National Institute on Drug Abuse. Overdose death rates. Bethesda (MD): National Institute on Drug
Abuse; 2019 [cited 2019 Jun 17]. Available from: https://www.drugabuse.gov/related-topics/trends-
statistics/overdose-death-rates.

Zibbell JE, Asher AK, Patel RC, Kupronis B, Igbal K, Ward JW, et al. Increases in acute hepatitis C virus
infection related to a growing opioid epidemic and associated injection drug use, United States, 2004 to
2014. Am J Public Health. 2018; 108(2):175-81. https://doi.org/10.2105/AJPH.2017.304132 PMID:
29267061

Gaither JR, Shabanova V, Leventhal JM. US national trends in pediatric deaths from prescription and
illicit opioids, 1999-2016. JAMA Netw Open. 2018; 1(8):e186558. https://doi.org/10.1001/
jamanetworkopen.2018.6558 PMID: 30646334

Cranston K, Alpren C, John B, Dawson E, Roosevelt K, Burrage A, et al. Notes from the field: HIV diag-
noses among persons who inject drugs—northeastern Massachusetts, 2015-2018. MMWR Morb Mor-
tal Wkly Rep. 2019; 68(10):253—4. https://doi.org/10.15585/mmwr.mm6810a6 PMID: 30870405

Peters PJ, Pontones P, Hoover KW, Patel MR, Galang RR, Shields J, et al. HIV infection linked to injec-
tion use of oxymorphone in Indiana, 2014-2015. N Engl J Med. 2016; 375(3):229-39. https://doi.org/
10.1056/NEJMoa1515195 PMID: 27468059

Liebling EJ, Green TC, Hadland SE, Marshall BDL. Injection drug use and overdose among young
adults who use prescription opioids non-medically. Addict Behav. 2018; 76:20—6. https://doi.org/10.
1016/j.addbeh.2017.07.017 PMID: 28735037

Degenhardt L, Mathers B, Vickerman P, Rhodes T, Latkin C, Hickman M. Prevention of HIV infection
for people who inject drugs: why individual, structural, and combination approaches are needed. Lancet.
2010; 376(9737):285—-301. https://doi.org/10.1016/S0140-6736(10)60742-8 PMID: 20650522

Liang TJ, Ward JW. Hepatitis C in injection-drug users—a hidden danger of the opioid epidemic. N Engl
J Med. 2018; 378(13):1169-71. https://doi.org/10.1056/NEJMp1716871 PMID: 29601263

Center for Behavioral Health Statistics and Quality. Treatment Episode Data Set (TEDS): 2003-2013.
National admissions to substance abuse treatment services. Rockville (MD): Substance Abuse and
Mental Health Services Administration; 2015.

Johnston LD, Miech RA, O’'Malley PM, Bachman JG, Schulenberg JE, Patrick ME. Monitoring the
Future national survey results on drug use: 1975-2017: overview, key findings on adolescent drug use.
Ann Arbor (MI): Institute for Social Research; 2018.

Cerda M, Santaella J, Marshall BDL, Kim JH, Martins SS. Nonmedical prescription opioid use in child-
hood and early adolescence predicts transitions to heroin use in young adulthood: a national study. J
Pediatr. 2015; 167(3):605—12.e2. https://doi.org/10.1016/j.jpeds.2015.04.071 PMID: 26054942

Kelley-Quon LI, Cho J, Strong DR, Miech RA, Barrington-Trimis JL, Kechter A, et al. Association of non-
medical prescription opioid use with subsequent heroin use initiation in adolescents. JAMA Pediatr.
2019; 173(9):e191750.

Rajan S, Ruggles KV, Guarino H, Mateu-Gelabert P. Heroin use and drug injection among youth also
misusing prescription drugs. Am J Health Behav. 2018; 42(1):144-55. https://doi.org/10.5993/AJHB.
42.1.14 PMID: 29320347

Substance Abuse and Mental Health Services Administration. Key substance use and mental health
indicators in the United States: results from the 2017 National Survey on Drug Use and Health. Rock-
ville (MD): Substance Abuse and Mental Health Services Administration; 2018.

Paulozzi LJ, Mack KA, Hockenberry JM. Vital signs: variation among states in prescribing of opioid pain
relievers and benzodiazepines—United States, 2012. MMWR Morb Mortal Wkly Rep. 2014; 63
(26):563-8. PMID: 24990489

Rutkow L, Chang H-Y, Daubresse M, Webster DW, Stuart EA, Alexander GC. Effect of Florida’s pre-
scription drug monitoring program and pill mill laws on opioid prescribing and use. JAMA Intern Med.
2015; 175(10):1642. https://doi.org/10.1001/jamainternmed.2015.3931 PMID: 26280092

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003272  September 25, 2020 11/13


https://www.drugabuse.gov/related-topics/trends-statistics/overdose-death-rates
https://www.drugabuse.gov/related-topics/trends-statistics/overdose-death-rates
https://doi.org/10.2105/AJPH.2017.304132
http://www.ncbi.nlm.nih.gov/pubmed/29267061
https://doi.org/10.1001/jamanetworkopen.2018.6558
https://doi.org/10.1001/jamanetworkopen.2018.6558
http://www.ncbi.nlm.nih.gov/pubmed/30646334
https://doi.org/10.15585/mmwr.mm6810a6
http://www.ncbi.nlm.nih.gov/pubmed/30870405
https://doi.org/10.1056/NEJMoa1515195
https://doi.org/10.1056/NEJMoa1515195
http://www.ncbi.nlm.nih.gov/pubmed/27468059
https://doi.org/10.1016/j.addbeh.2017.07.017
https://doi.org/10.1016/j.addbeh.2017.07.017
http://www.ncbi.nlm.nih.gov/pubmed/28735037
https://doi.org/10.1016/S0140-6736%2810%2960742-8
http://www.ncbi.nlm.nih.gov/pubmed/20650522
https://doi.org/10.1056/NEJMp1716871
http://www.ncbi.nlm.nih.gov/pubmed/29601263
https://doi.org/10.1016/j.jpeds.2015.04.071
http://www.ncbi.nlm.nih.gov/pubmed/26054942
https://doi.org/10.5993/AJHB.42.1.14
https://doi.org/10.5993/AJHB.42.1.14
http://www.ncbi.nlm.nih.gov/pubmed/29320347
http://www.ncbi.nlm.nih.gov/pubmed/24990489
https://doi.org/10.1001/jamainternmed.2015.3931
http://www.ncbi.nlm.nih.gov/pubmed/26280092
https://doi.org/10.1371/journal.pmed.1003272

PLOS MEDICINE

PDMP mandates and adolescent injection drug use

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Reisman RM, Shenoy PJ, Atherly AJ, Flowers CR. Prescription opioid usage and abuse relationships:
an evaluation of state prescription drug monitoring program efficacy. Subst Abuse. 2009; 3:41-51.
https://doi.org/10.4137/sart.s2345 PMID: 24357929

Surratt HL, O’Grady C, Kurtz SP, Stivers Y, Cicero TJ, Dart RC, et al. Reductions in prescription opioid
diversion following recent legislative interventions in Florida. Pharmacoepidemiol Drug Saf. 2014; 23
(3):314-20. https://doi.org/10.1002/pds.3553 PMID: 24677496

Reifler LM, Droz D, Bailey JE, Schnoll SH, Fant R, Dart RC, et al. Do prescription monitoring programs
impact state trends in opioid abuse/misuse? Pain Med. 2012; 13(3):434—42. https://doi.org/10.1111/].
1526-4637.2012.01327.x PMID: 22299725

Grecu AM, Dave DM, Saffer H. Mandatory access prescription drug monitoring programs and prescrip-
tion drug abuse. J Policy Anal Manage. 2019; 38(1):181-209. PMID: 30572414

Haffajee RL, Jena AB, Weiner SG. Mandatory use of prescription drug monitoring programs. JAMA.
2015; 313(9):891-2. https://doi.org/10.1001/jama.2014.18514 PMID: 25622279

Birk EG, Waddell GR. The mitigating role of prescription drug monitoring programs in the abuse of pre-
scription drugs. Bonn: IZA Institute of Labor Economics; 2017.

Meinhofer A. Prescription drug monitoring programs: the role of asymmetric information on drug avail-
ability and abuse. Am J Heal Econ. 2018; 4(4):1-24.

Buchmueller TC, Carey C. The effect of prescription drug monitoring programs on opioid utilization in
Medicare. Am Econ J Econ Policy. 2018; 10(1):77—112.

Kilby AE. Opioids for the masses: welfare tradeoffs in the regulation of narcotic pain medications. Cam-
bridge (MA): Massachusetts Institute of Technology Department of Economics; 2015 [cited 2020 Aug
28]. Available from: http://economics.mit.edu/files/11150.

Delcher C, Wang Y, Wagenaar AC, Goldberger BA, Cook RL, Maldonado-Molina MM. Prescription and
illicit opioid deaths and the prescription drug monitoring program in Florida. Am J Public Health. 2016;
106(6):e10—1. https://doi.org/10.2105/AJPH.2016.303104 PMID: 27153025

Haffajee RL. Prescription drug monitoring programs—friend or folly in addressing the opioid-overdose
crisis? N Engl J Med. 2019; 381(8):699-701. https://doi.org/10.1056/NEJMp1904714 PMID: 31433916

Kann L, Kinchen S, Shanklin SL, Flint KH, Kawkins J, Harris WA, et al. Youth risk behavior surveillance
—United States, 2013. MMWR Suppl. 2014; 63(4):1-168.

Guarino H, Mateu-Gelabert P, Teubl J, Goodbody E. Young adults’ opioid use trajectories: from non-
medical prescription opioid use to heroin, drug injection, drug treatment and overdose. Addict Behav.
2018; 86:118-23. https://doi.org/10.1016/j.addbeh.2018.04.017 PMID: 29747875

Horwitz J, Davis CS, McClelland LS, Fordon RS, Meara E. The problem of data quality in analyses of
opioid regulation: the case of prescription drug monitoring programs. NBER Working Paper No. 24947.
Cambridge (MA): National Bureau of Economic Research; 2018.

Prescription Drug Monitoring Program Training and Technical Assistance Center. Prescription Drug
Monitoring Program Training and Technical Assistance Center; 2019 [cited 2019 Jun 25]. Available
from: https://www.pdmpassist.org/.

National Alliance for Model State Drug Laws. National Alliance for Model State Drug Laws; 2019 [cited
2019 Jun 25]. Available from: https://namsdl.org/.

Chang HY, Murimi I, Faul M, Rutkow L, Alexander GC. Impact of Florida’s prescription drug monitoring
program and pill mill law on high-risk patients: a comparative interrupted time series analysis. Pharma-
coepidemiol Drug Saf. 2018; 27(4):422-9. https://doi.org/10.1002/pds.4404 PMID: 29488663

Brighthaupt SC, Stone EM, Rutkow L, McGinty EE. Effect of pill mill laws on opioid overdose deaths in
Ohio & Tennessee: a mixed-methods case study. Prev Med. 2019; 126:105736. https://doi.org/10.
1016/j.ypmed.2019.05.024 PMID: 31152831

Wooldridge JM. Introductory econometrics: a modern approach. 7th edition. Boston: Cengage; 2019.
826 p.

Dimick JB, Ryan AM. Methods for evaluating changes in health care policy. JAMA. 2014; 312(22):2401.
https://doi.org/10.1001/jama.2014.16153 PMID: 25490331

Sommers BD, Baicker K, Epstein AM. Mortality and access to care among adults after state Medicaid
expansions. N Engl J Med. 2012; 367(11):1025-34. https://doi.org/10.1056/NEJMsa1202099 PMID:
22830435

Venkataramani AS, Cook E, O’'Brien RL, Kawachi |, Jena AB, Tsai AC. College affirmative action bans
and smoking and alcohol use among underrepresented minority adolescents in the United States: a dif-
ference-in-differences study. PLOS Med. 2019; 16(6):e1002821. https://doi.org/10.1371/journal.pmed.
1002821 PMID: 31211777

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003272  September 25, 2020 12/13


https://doi.org/10.4137/sart.s2345
http://www.ncbi.nlm.nih.gov/pubmed/24357929
https://doi.org/10.1002/pds.3553
http://www.ncbi.nlm.nih.gov/pubmed/24677496
https://doi.org/10.1111/j.1526-4637.2012.01327.x
https://doi.org/10.1111/j.1526-4637.2012.01327.x
http://www.ncbi.nlm.nih.gov/pubmed/22299725
http://www.ncbi.nlm.nih.gov/pubmed/30572414
https://doi.org/10.1001/jama.2014.18514
http://www.ncbi.nlm.nih.gov/pubmed/25622279
http://economics.mit.edu/files/11150
https://doi.org/10.2105/AJPH.2016.303104
http://www.ncbi.nlm.nih.gov/pubmed/27153025
https://doi.org/10.1056/NEJMp1904714
http://www.ncbi.nlm.nih.gov/pubmed/31433916
https://doi.org/10.1016/j.addbeh.2018.04.017
http://www.ncbi.nlm.nih.gov/pubmed/29747875
https://www.pdmpassist.org/
https://namsdl.org/
https://doi.org/10.1002/pds.4404
http://www.ncbi.nlm.nih.gov/pubmed/29488663
https://doi.org/10.1016/j.ypmed.2019.05.024
https://doi.org/10.1016/j.ypmed.2019.05.024
http://www.ncbi.nlm.nih.gov/pubmed/31152831
https://doi.org/10.1001/jama.2014.16153
http://www.ncbi.nlm.nih.gov/pubmed/25490331
https://doi.org/10.1056/NEJMsa1202099
http://www.ncbi.nlm.nih.gov/pubmed/22830435
https://doi.org/10.1371/journal.pmed.1002821
https://doi.org/10.1371/journal.pmed.1002821
http://www.ncbi.nlm.nih.gov/pubmed/31211777
https://doi.org/10.1371/journal.pmed.1003272

PLOS MEDICINE

PDMP mandates and adolescent injection drug use

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Kahn-Lang A, Lang K. The promise and pitfalls of differences-in-differences: reflections on 16 and Preg-
nantand other applications. J Bus Econ Stat. 2019; 38(3):613-20.

Greene W. The behaviour of the maximum likelihood estimator of limited dependent variable models in
the presence of fixed effects. Econ J. 2004; 7(1):98-119.

Bertrand M, Duflo E, Mullainathan S. How much should we trust differences-in-differences estimates?
QJ Econ. 2004; 119(1):249-75.

Goodman-Bacon A. Difference-in-differences with variation in treatment timing. NBER Working Paper
No. 25018. Cambridge (MA): National Bureau of Economic Research; 2018.

Venkataramani AS, Bair EF, O'Brien RL, Tsai AC. Association between automotive assembly plant clo-
sures and opioid overdose mortality in the United States: a difference-in-differences analysis. JAMA
Intern Med. 2020; 180(2):254—-62. https://doi.org/10.1001/jamainternmed.2019.5686 PMID: 31886844

Haffajee RL, Bohnert ASB, Lagisetty PA. Policy pathways to address provider workforce barriers to
buprenorphine treatment. Am J Prev Med. 2018; 54(6):S230—42.

Samet JH, Botticelli M, Bharel M. Methadone in primary care—one small step for Congress, one giant
leap for addiction treatment. N Engl J Med. 2018; 379:7-8. https://doi.org/10.1056/NEJMp1803982
PMID: 29972744

Abouk R, Pacula RL, Powell D. Association between state laws facilitating pharmacy distribution of nal-
oxone and risk of fatal overdose. JAMA Intern Med. 2019; 179(6):805—11. https://doi.org/10.1001/
jamainternmed.2019.0272 PMID: 31058922

Follman S, Arora VM, Lyttle C, Moore PQ, Pho MT. Naloxone prescriptions among commercially
insured individuals at high risk of opioid overdose. JAMA Netw Open. 2019; 2(5):193209. https://doi.
org/10.1001/jamanetworkopen.2019.3209 PMID: 31050777

Mauri Al, Townsend TN, Haffajee RL. The association of state opioid misuse prevention policies with
patient- and provider-related outcomes: a scoping review. Milbank Q. 2020; 98(1):57—105. https://doi.
org/10.1111/1468-0009.12436 PMID: 31800142

Kishore S, Hayden M, Rich J. Lessons from Scott County—progress or paralysis on harm reduction? N
Engl J Med. 2019; 380(21):1988-90. https://doi.org/10.1056/NEJMp1901276 PMID: 31042821

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003272  September 25, 2020 13/13


https://doi.org/10.1001/jamainternmed.2019.5686
http://www.ncbi.nlm.nih.gov/pubmed/31886844
https://doi.org/10.1056/NEJMp1803982
http://www.ncbi.nlm.nih.gov/pubmed/29972744
https://doi.org/10.1001/jamainternmed.2019.0272
https://doi.org/10.1001/jamainternmed.2019.0272
http://www.ncbi.nlm.nih.gov/pubmed/31058922
https://doi.org/10.1001/jamanetworkopen.2019.3209
https://doi.org/10.1001/jamanetworkopen.2019.3209
http://www.ncbi.nlm.nih.gov/pubmed/31050777
https://doi.org/10.1111/1468-0009.12436
https://doi.org/10.1111/1468-0009.12436
http://www.ncbi.nlm.nih.gov/pubmed/31800142
https://doi.org/10.1056/NEJMp1901276
http://www.ncbi.nlm.nih.gov/pubmed/31042821
https://doi.org/10.1371/journal.pmed.1003272

