
Original Investigation | Substance Use and Addiction

Modeling Mitigation Strategies to Reduce Opioid-Related Morbidity
and Mortality in the US
Jeromie Ballreich, MHS, PhD; Omar Mansour, MHS; Ellen Hu, MHS; Francine Chingcuanco, MHS; Harold A. Pollack, PhD;
David W. Dowdy, MD, PhD; G. Caleb Alexander, MD, MS

Abstract

IMPORTANCE The US opioid epidemic is complex and dynamic, yet relatively little is known
regarding its likely future impact and the potential mitigating impact of interventions to address it.

OBJECTIVE To estimate the future burden of the opioid epidemic and the potential of interventions
to address the burden.

DESIGN, SETTING, AND PARTICIPANTS A decision analytic dynamic Markov model was calibrated
using 2010-2018 data from the National Survey on Drug Use and Health, Centers for Disease Control
and Prevention, National Health and Nutrition Examination Survey, the US Census, and National
Epidemiologic Survey on Alcohol and Related Conditions–III. Data on individuals 12 years or older
from the US general population or with prescription opioid medical use; prescription opioid
nonmedical use; heroin use; prescription, heroin, or combined prescription and heroin opioid use
disorder (OUD); 1 of 7 treatment categories; or nonfatal or fatal overdose were examined. The model
was designed to project fatal opioid overdoses between 2020 and 2029.

EXPOSURES The model projected prescribing reductions (5% annually), naloxone distribution
(assumed 5% reduction in case-fatality), and treatment expansion (assumed 35% increase in uptake
annually for 4 years and 50% relapse reduction), with each compared vs status quo.

MAIN OUTCOMES AND MEASURES Projected 10-year overdose deaths and prevalence of OUD.

RESULTS Under status quo, 484 429 (95% confidence band, 390 543-576 631) individuals were
projected to experience fatal opioid overdose between 2020 and 2029. Projected decreases in
deaths were 0.3% with prescribing reductions, 15.4% with naloxone distribution, and 25.3% with
treatment expansion; when combined, these interventions were associated with 179 151 fewer
overdose deaths (37.0%) over 10 years. Interventions had a smaller association with the prevalence
of OUD; for example, the combined intervention was estimated to reduce OUD prevalence by 27.5%,
from 2.47 million in 2019 to 1.79 million in 2029. Model projections were most sensitive to
assumptions regarding future rates of fatal and nonfatal overdose.

CONCLUSIONS AND RELEVANCE The findings of this study suggest that the opioid epidemic is
likely to continue to cause tens of thousands of deaths annually over the next decade. Aggressive
deployment of evidence-based interventions may reduce deaths by at least a third but will likely have
less impact for the number of people with OUD.
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Key Points
Question What is the projected burden

of the opioid epidemic in fatal

overdoses, and interventions such as

prescribing reductions, naloxone

distribution, and treatment expansion

associated with mitigation of the

epidemic?

Findings In this decision analytical

model of the US population aged 12

years or older, under status quo, an

estimated 484 429 individuals were

projected to die of fatal opioid overdose

over 10 years. A combination of

reducing opioid prescribing, increasing

naloxone distribution, and expanding

treatment for opioid use disorder was

associated with an estimated 179 151

lives saved when compared with the

status quo.

Meaning The findings of this study

suggest that the number of fatal opioid

overdoses in the US is expected to

remain high for at least 10 years, but

evidence-based interventions may

prevent a substantial fraction of

these deaths.
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Introduction

In 2017, approximately 47 600 individuals in the US died from an opioid overdose,1 and morbidity
and mortality from the opioid epidemic continues to accrue. Because of the epidemic’s magnitude
and scope, it is important to understand as much as possible about how the crisis may evolve,
including the interplay of factors accounting for injuries and deaths. It is also important to understand
the potential impact of measures designed to avert future harms. While no epidemiologic model can
capture every aspect of the epidemic, formal models allow for systematic analysis of previous
research and the explicit and quantitative estimation of the impact of different interventions. Models
also can assist in comparing short- with long-term outcomes, examining the impact of interventions
in subpopulations of interest, and quantifying the economic, as well as public health, costs, and
benefits of different approaches to abate opioid-related harms.2

To fully estimate the epidemic’s scope and the impact of interventions to address it, it is
essential to consider differences in individuals using prescription opioids vs heroin or illicit fentanyl,3

the increased risk of second overdose in people who have experienced an initial overdose,4 and the
evolving time-dependent nature of the epidemic.5,6 Despite the contributions of prior models of the
epidemic,7-10 most have not incorporated these elements, nor have they accounted for the more
than 2.5 million individuals in the US who report lifetime—but not past year—opioid use disorder
(OUD).11 In addition, earlier models have tended to regard treatment of OUD as a single entity rather
than differentiating among different phases of treatment or recovery to allow for flexible modeling
of different subpopulations, such as those receiving more or less intensive care.

We therefore constructed a dynamic decision analytic Markov model of the opioid epidemic in
the US, incorporating these elements, to provide updated estimates of the future magnitude of the
epidemic and project the potential association of key interventions with mitigation of the epidemic.

Methods

Our model (APOLLO) was designed to capture the associations underpinning the epidemiologic
nature of the opioid epidemic. Similar dynamic Markov models have been used to better understand
other complex phenomena ranging from risk factor changes for cardiovascular disease12 to the
population-level impact of electronic cigarettes and other novel tobacco products.13 APOLLO’s
conceptual framework was developed using an iterative process soliciting scientific and clinical input
from experts in addiction and pain medicine, public health, health economics, epidemiologic factors,
and health policy. The model consists of 32 compartments distinguishing 7 major populations: (1) no
opioid use (general population in Figure 1); (2) prescription opioid medical use; (3) prescription
opioid nonmedical use; (4) use of heroin, illicit fentanyl, or other illicit opioids; (5) OUD from
prescription opioids; (6) heroin use disorder with prior prescription opioid use (HUD-Rx); and (7)
heroin use disorder without prior prescription opioid use (HUD-NonRx). Note that, in all
compartments, heroin use includes use of illicit fentanyl and other nonprescription opioids. The
model also provides for 7 subpopulations with prescription OUD, HUD-Rx, and HUD-NonRx based on
degrees of clinical stability and treatment engagement.

The model, which begins in January 2010 and extends through December 2029 using monthly
time-steps, was constructed in Microsoft Excel 2019, version 16.41 (Microsoft Corp) with sensitivity
analyses performed using @Risk, version 8 (Palisade Software). The reporting of this study is in
accordance with the Consolidated Health Economic Evaluation Reporting Standards (CHEERS) reporting
guideline. Our study involved the analysis of data that were recorded such that individuals could not
be identified and thus was exempted from institutional review board review (45 CFR 46 [4]).

Initial Populations
The initial population for the 32 compartments was estimated using 1 of 4 national databases (US
Census,14 Centers for Disease Control and Prevention Wide-Ranging Online Data for Epidemiologic

JAMA Network Open | Substance Use and Addiction Modeling Mitigation Strategies to Reduce Opioid-Related Morbidity and Mortality in the US

JAMA Network Open. 2020;3(11):e2023677. doi:10.1001/jamanetworkopen.2020.23677 (Reprinted) November 4, 2020 2/14

Downloaded from jamanetwork.com by University of Chicago Libraries user on 02/29/2024

https://www.equator-network.org/reporting-guidelines/cheers/


Research,15 National Survey on Drug Use and Health [NSDUH],16 and National Epidemiologic Survey
on Alcohol and Related Conditions–III17). For estimates of the active OUD population, we relied on
NSDUH data that defines OUD based on specific Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition, or Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition,
diagnostic criteria within a 12-month window. We also used National Epidemiologic Survey on Alcohol
and Related Conditions data to estimate lifetime OUD prevalence, assuming an increased risk of
relapsing to active OUD. For populations in which 2010 information was missing, we used the next
closest year with available data and adjusted for changes in the epidemic using changes in overdose
deaths. The eAppendix in the Supplement includes a description of each initial population
and source.

State Transitions
The model consisted of 109 monthly transitions between the 32 compartments. These included 25
time-dependent transitions reflecting changes in the epidemic, such as increased use of fentanyl and
increasing lethality of opioids, decreased prescribing of opioid medications, increased access to
medications for addiction treatment (MAT), and population growth in the US. We estimated
transition probabilities from data sources including large national databases, peer-reviewed
literature, and when necessary, expert opinion. Several key probabilities were calculated using the
difference between respondents’ past-month and past-year self-reported opioid use in the NSDUH.
Transition probabilities between heroin and prescription OUD compartments were estimated with
data on individuals using prescription opioids before initiation of heroin. After transitions were
initially defined, we calibrated the model using data from 2010-2018, during which some transitions
were incrementally adjusted to better align model outputs with actual data. The eAppendix in the
Supplement includes a description of each transition probability and source and eFigure 1 in the
Supplement provides an example of select transition probabilities for individuals with
prescription OUD.

Figure 1. Model of US Opioid Epidemic (APOLLO)

1 General population

2 Prescription opioid medical use

3 Prescription opioid nonmedical use
3-HN Heroin use disorder

(no prior prescription
opioid)

13 All states transition to death

5 No MAT/opioid use 6 No MAT/
opioid use
(complex care)

4 MAT treatment pathway for prescription opioid
use disorder and heroin use disorder

7 Detox/ 1 month

8 MAT (supervision)/
no opioid use

9 MAT (supervision)/
opioid use

4 | 4-H | 4-HN

11 No MAT/no opioid use

10 MAT (stable)/
no opioid use

12 Prescription opioid overdose

Overdose

12-H Heroin overdose
(prior prescription opioid)

12-HN Heroin overdose
(no prior prescription opioid)

4 Prescription
opioid use
disorder

4-H Heroin use
disorder (prior
prescription
opioid)

4-HN Heroin use
disorder (no prior
prescription
opioid)
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H indicates prescription heroin use with prior prescription opioid use; HN, heroin use without prior prescription opioid use; MAT, medications for addiction treatment.
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Model Calibration
After programming the model structure, initial populations, and transitions, the model was calibrated
against 13 populations from 2010 to 2018, with priority given to 4 populations based on the strength
of evidence estimating their size and/or their importance to policymakers: total population, total
active OUD, total prescription OUD, and total annual overdose deaths (eTable in the Supplement).
We used 3 data sets to calibrate the model and derive information regarding key populations of
interest. First, we used US Census data to derive information regarding the population of individuals
in the US aged 12 years or older from 2010 to 2018. Second, we used NSDUH data to derive estimates
of the numbers of people with prescription opioid nonmedical use, heroin use, and prescription OUD,
adjusting for NSDUH’s double-counting of individuals who have both prescription OUD and HUD.
Third, we used 2010 to 2017 CDC Wide-Ranging Online Data for Epidemiologic Research to capture
estimates of opioid overdose deaths.

Simulation Strategies
We simulated 3 interventions set to begin in 2020; in the cases of naloxone distribution and
treatment expansion, we simulated these policies by making assumptions about the outcome of such
policies. First, we simulated the outcomes associated with reducing opioid prescribing by 5%
annually from 2020 to 2029 beyond the status quo, which is equivalent to a total reduction of
approximately 40% over 10 years. This intervention reflects policies such as reductions in marketing
and promotion,18 stricter Drug Enforcement Agency quotas,19 increased promulgation of clinical
guidelines,20 and any number of other local, state, and federal initiatives. Second, we simulated the
outcomes associated with policies to expand the distribution and use of naloxone. To do so, we
assumed a 5% annual reduction in overdose case fatality over 4 years (2020-2023) and then
sustained for 6 years (2024-2029), which is equivalent to a total reduction of approximately 19%
over 10 years. Third, we modeled the outcome of treatment expansion among individuals with OUD,
evaluating a policy that increased the initiation of medications for MAT by 35% annually from 2020
to 2023 and then sustained these increases through 2029, which is equivalent to a tripling of MAT
uptake over 10 years. Our MAT initiation begins with detoxification before an individual is prescribed
MAT. We combined this latter intervention with one that decreased treatment relapse out of MAT
by 50% for 10 years starting in 2020.

Outcomes
We used the model to calculate the annual and cumulative number of overdose deaths from 2020 to
2029 stratified by any opioid, prescription opioids, or heroin and other illicit opioids with and without
prior prescription opioid use. We also projected the size of the 7 major populations described above
over the same period.

Sensitivity Analysis
We performed univariate and multivariate (probabilistic) sensitivity analyses; the univariate analyses
tested the sensitivity of model outcomes to a change in each state transition variable. Such sensitivity
analyses served 2 main purposes. First, by clarifying the robustness and key components of our
model, these analyses allowed us to identify transitions affecting model outcomes and quantify the
association of variation in these parameters with our primary outcomes. Second, from a public health
perspective, sensitivity analyses help to identify key policy levers and intervention points of greatest
value in preventing harmful outcomes.

Results are presented as tornado diagrams in the eAppendix in the Supplement. For the
multivariate probabilistic analysis, we identified key transitions and used a mix of published evidence
and expert opinion to create probability distributions for these transitions. The probability
distributions took the form of β distributions. Results of the multivariate probabilistic sensitivity
analysis are provided as a 95% confidence band, defined as the 2.5th and 97.5th percentiles across
1000 probabilistic simulations.
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We also included sensitivity analyses focused on heroin users, since evidence suggests that
NSDUH may significantly underestimate the population of heroin users in the US.21 The results of the
sensitivity analyses are described in the eAppendix in the Supplement.

Results

Projected Opioid Overdose and Active OUD
Cumulatively, the model projected 484 429 (95% confidence band, 390 543-576 631) overdose
deaths from any opioid from 2020 to 2029, of which 155 628 (95% confidence band,
106 181-208 903) deaths (32.1%; 95% confidence band, 27.2%-36.2%) are from prescription opioid
medical use, including both medical and nonmedical use, 199 751 (95% confidence band,
136 253-265 402) deaths (41.2%; 95% confidence band, 34.9%-46.0%) are from heroin use with
previous prescription opioid use, and 129 050 (95% confidence band, 89 754-166 926) deaths
(26.7%; 95% confidence band, 23.0%-28.9%) are from heroin use without previous prescription
opioid use (Table 1).

The model projected a slight annual increase in the number of overdose deaths from any opioid,
estimating 46 735 (95% confidence band, 38 004-55 888) deaths in 2020 increasing to 50 300
(95% confidence band, 40 147-60 372) deaths in 2029. Trends varied across subpopulations.
Prescription opioid overdose deaths decreased by approximately 800 deaths from 15 992 (95%
confidence band, 10 915-21 034) deaths in 2020 to 15 170 (95% confidence band, 10 309-20 539)
deaths in 2029, a 5.1% (95% confidence band, 2.4%-5.6%) decrease. By contrast, heroin overdose
deaths among people with previous prescription opioid use (HUD-Rx) increased steadily from 18 149
(95% confidence band, 12 426-23 835) deaths in 2020 to 21 838 (95% confidence band,
14 629-29 416) deaths in 2029, a 20.3% (95% confidence band, 17.7%-23.4%) increase. Similarly,
heroin overdose deaths among people who never used prescription opioids (HUD-NonRx) increased
from 12 594 (95% confidence band, 8624-16 454) deaths in 2020 to 13 293 (95% confidence band,
9362-17 026) deaths in 2029, a 5.6% (95% confidence band, 3.5%-8.6%) increase.

Under the status quo, there were approximately 2.47 million individuals with active OUD in
December 2019, of whom 2.17 million (87.9%) were not receiving treatment. By December 2029, the
model predicted approximately 2.56 (95% confidence band, 2.41-2.75) million individuals with active
OUD, of whom 2.25 (95% confidence band, 2.12, 2.42) million (87.9%; 95% confidence band,
87.7%-88.1%) were receiving on treatment.

Projected Outcomes Associated With Interventions
Outcomes Associated With Overdose Deaths
Reducing prescribing rates of opioids had a small association with opioid overdose deaths from 2020
to 2029 (0.3% reduction in all deaths, 3.4% reduction in prescription opioid overdose deaths)
compared with status quo (eFigure 2 in the Supplement).

Increasing naloxone access was projected to be associated with a 15.4% reduction in cumulative
overdose deaths, corresponding to 74 510 (95% confidence band, 60 310-87 894) fewer deaths
from 2020 to 2029. Expanding MAT had the greatest projected association with cumulative opioid
overdose deaths from 2020 to 2029, with a 25.3% (95% confidence band, 22.4%-27.7%) reduction
(122 710 deaths; 95% confidence band, 95 451-148 335) compared with status quo, an outcome that
reflects both increased MAT uptake (18.9% reduction in overdose deaths; 95% confidence band,
16.3-21.1) and reduced relapse (6.3% reduction in deaths; 95% confidence band, 5.5%-7.1%)
(Table 2). MAT was associated with a 38.3% (95% confidence band, 34.4%-41.0%) projected
reduction in cumulative HUD-Rx deaths (76 552 deaths; 95% confidence band, 51 827-100 320)
compared with status quo. This association was due to relatively higher base rates of MAT uptake
among HUD-Rx (5.3% individuals initiating MAT per month) compared with the prescription OUD
population (3.0% per month).
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Combining the interventions was associated with a projected reduction in the number of opioid
overdose deaths by 37.0% (95% confidence band, 34.3%-38.4%) between 2020 and 2029
compared with status quo, representing 179 151 (140 696-211 323) deaths averted (Figure 2).
Reductions were achieved in all overdose categories, although they were larger among individuals
who have transitioned from prescription opioids to heroin (46.6%; 95% confidence band,
45.3%-49.1%) than among heroin users who did not begin with prescription opioids (32.6%; 95%
confidence band, 32.1%-33.0%) or individuals with prescription opioid use disorder (28.3%; 95%
confidence band, 27.7%-28.6%)

Outcomes Associated With Active Opioid Use Disorder
Prescribing reductions and naloxone distribution have little association with the number of
individuals with active OUD, increasing this estimate from 2.47 million in December 2019 to 2.51
million (95% confidence band, 2.40 million-2.68 million) for prescribing reductions and 2.59 million
(2.44 million-2.78 million) for naloxone distribution in 2029 (eFigure 3 in the Supplement). These
interventions also did not substantively change the number of individuals receiving treatment, from
431 282 in December 2019 to 452 817 (95% confidence band, 416 187-495 390) for prescribing
reductions and to 471 093 (95% confidence band, 430 169-518 402) for naloxone distribution
in 2029.

Increased MAT uptake and reduced relapse were projected to decrease the number of
individuals with active OUD from 2.47 million in December 2019 to 1.81 million (95% confidence
band, 1.72 million-1.93 million) by December 2029, a 26.7% (95% confidence band, 22.1%-30.2%)
decrease. The number of individuals receiving MAT would increase from 431 282 in December 2019
to 1.09 million (95% confidence band, 0.98 million-1.21 million) in December 2029.

Combining all 3 interventions was associated with a projected decrease in the number of
individuals with active OUD from 2.47 million, of whom 2.17 million (87.9%) are not in treatment, in
December 2019 to 1.79 million (95% confidence band, 1.71 million-1.89 million), of whom 1.35 million
(95% confidence band, 1.30 million-1.43 million) (75.8%; 95% confidence band, 75.6%-76.2%) are
not in treatment, in December 2029. This change represents a 27.5% (95% confidence band, 23.4%-
30.9%) decrease in the prevalence of OUD and a 37.7% (95% confidence band, 34.1%-40.0%)
decrease in the prevalence of untreated OUD compared with status quo. The number of individuals
receiving MAT would increase from 431 282 in December 2019 to 1.06 million (95% confidence band,
0.96 million-1.19 million) in December 2029 (146.7% increase; 95% confidence band,
123.4%-175.0%), with changes affected predominately by expanding MAT uptake.

Figure 2. Projected Cumulative Number of Opioid Overdose Deaths Under Status Quo
and Intervention Scenarios, 2020-2029
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Sensitivity Analyses
From the univariate sensitivity analysis, we found the probability of surviving an opioid overdose and
the case fatality of prescription overdose to be most influential on cumulative overdose deaths from
2010 to 2029 (eFigure 4 in the Supplement). Rates of transition from medical to nonmedical
prescription opioid use, heroin overdose to detoxification, and heroin overdose to death were nearly
as influential. Parameters that had small influences on overdose deaths included non–opioid-
related mortality rates across all populations.

Discussion

Despite the efforts of many stakeholders, morbidity and mortality from the opioid epidemic continue
to accrue. We developed a Markov model to quantify the outcomes of prescribing reductions,
naloxone distribution, and treatment expansion on fatal opioid overdoses between 2020 and 2029.
Using data from standard reference data sets, our model replicated historical trends from 2010 to
2018. Under status quo, the model estimated that 484 429 individuals would experience fatal opioid
overdose between 2020 and 2029. Applying 3 broad evidence-based interventions,22 our model
projected 179 151 fewer deaths (37.0%) over 10 years, results that are largely driven by increasing
MAT uptake and reducing treatment relapse. Our findings are important because they project the
continued harm of the opioid epidemic and estimate the potential impact of concerted policy efforts
to address it. By way of comparison, this comprehensive opioid strategy is projected to save more
lives than an ideal intervention that could prevent all gun homicides in the US over the same period.23

Our estimates complement other modeling efforts examining the overdose crisis.7-10 Of these,
Pitt et al7 and Chen et al9 are most similar to APOLLO in terms of setting and scope; they estimate
baseline 10-year cumulative overdose deaths between 513 740 and 704 000, while we estimate
413 963 to 562 252 deaths, albeit over a slightly different time period and with other differences in
approach (Table 3). For example, in addition to using time-varying probabilities to more accurately
capture changes in phenomena, such as the increased case fatality of overdose due to illicit fentanyl
or decreasing prescribing rates, we also account for individuals with a lifetime, but not past year,
history of OUD, since these individuals are prone to resumption of opioid use and attendant
morbidity and mortality.24

Our findings suggest that the opioid epidemic will exact a large burden of morbidity and
mortality in the US for the coming decade, even in the face of decreasing prescription rates. While
increased treatment uptake among individuals with OUD will reduce overdose rates, the public
health benefits of increased treatment uptake are magnified with greater treatment continuity.
Although the propensity for some level of reuse is a defining characteristic of OUD, well-described
barriers also encourage dropout or hinder take-up in OUD treatment. These barriers include
addiction; stigma; high out-of-pocket costs; logistical challenges, such as transportation and
childcare; prior authorization reimbursement constraints; and poor interpersonal experiences with
treatment professionals and staff.25,26 These and other barriers should be addressed through a
number of measures, including improved training of service professionals and staff, strengthened
linkages to required social services and peer supports, and more comprehensive public and private
insurance coverage for OUD treatment.27

Although there is widespread consensus that opioid oversupply has been a crucial component
of the epidemic, our model suggests that reductions in opioid volume will have a relatively small
direct association with overdose deaths over the next decade, as the primary component of
overdose in APOLLO over this time horizon is the population with OUD—not the population using
opioids for medical use. However, reducing prescription opioid volume remains important, as opioids
remain widely overused,28 there is a strong and consistent association between their receipt,
nonmedical use,29 and other harms,30 and the size of the OUD population, over time, may be
influenced by the number of individuals receiving opioids and their transition from medical to
nonmedical use.
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Our results also allow for an assessment of different populations impacted by the epidemic,
including individuals with prescription opioid use, heroin use, and use disorders arising from these
and other opioids, such as illicit fentanyl. While treatment expansion was associated with reductions
in overdose deaths among each of these populations, higher rates of lethality in the heroin use
populations suggest strong public health potential for getting individuals with heroin use disorder
into treatment. This outcome is reflected in the model; results with treatment expansion were
associated with a reduction in heroin deaths of 31.5% vs a 12.4% reduction in prescription opioid-
related deaths.

Table 3. Quantitative Comparison of Outcomes for APOLLO and Prior Opioid Modelsa

Variable APOLLO Pitt et al7 Chen et al9 Wakeland et al8 Irvine et al10

Modeling period 10 y (2020-2029) 10 y (2016-2025) 10 y (2016-2025) 6 y (2011-2016) 6 y (2012-2017)

Affected population Prescription opioid, illicit,
with or without prescription
initiation in the US

Prescription opioid,
illicit, with prescription
initiation in the US

Nonmedical prescription
opioid users and illicit
users in the US

Nonmedical prescription
opioid users and illicit
users in the US

Nonmedical prescription
opioid users and illicit users
in British Columbia, Canada

Time-varying parameters Yes No Yes No Yes

Accounting for lifetime OUD Yes No No No No

Accounting for nonfatal
overdose

Yes No No No Yes

Overdose deaths assuming
status quo, No.

Any opioid 484 429 513 740 700 400 65 570 7019

Prescription opioid 155 628 171 036 143 260 48 470 NA

Heroin 328 801 342 704 557 140 17 100 NA

Intervention: preventing
supply/spreading of new
cases, No. (% of change)b

Reduce prescribing Reduce prescribing Reduce nonmedical use Reduce leftover
medication

NA

Any opioid 482 846 (−0.3) 507 410 (−1.2) 674 030 (−3.8) 60 270 (−8.1) NA

Prescription opioid 150 330 (−3.4) 139 122 (−6.2) 127 900 (−2.2) 43 170 (−10.9) NA

Heroin 332 517 (1.1) 368 288 (5.0) 546 130 (−1.6) 17 100 (0.0) NA

Intervention: treatment
of current cases, No
(% of change)c

MAT uptake and
reduced relapse

MAT uptake NA NA MAT uptake

Any opioid 361 720 (−25.3) 501 240 (−2.4) NA NA 5639 (−19.7)

Prescription opioid 136 375 (−12.3) 168 136 (−0.6) NA NA NA

Heroin 225 345 (−31.5) 333 104 (−1.9) NA NA NA

Intervention: harm reduction
on current cases, No.
(% of change)d

Increase naloxone Increase naloxone NA Drug reformulation Increase naloxone

Any opioid 409 920 (−15.4) 492 540 (−4.1) NA 64 610 (−1.5) 5369 (−23.5)

Prescription opioid 131 208 (−15.7) 162 636 (−1.6) NA 46 810 (−3.4) NA

Heroin 278 712 (−15.2) 328 004 (−2.9) NA 17 800 (4.1) NA

Combined interventions, No.
(% of change)e

Prescribing, naloxone
and MAT

Prescribing, naloxone,
MAT, reformulation, SAPs

No new incidence of
nonmedical use

Reformulation, leftover
medication reduction

THN, OAT, OPS/SCS

Any opioid 305 278 (−37.0) 454 992 (−11.4) 579 170 (−13.5) 59 310 (−10.4) 3369 (−52.0)

Prescription opioid 111 548 (−28.3) 100 854 (−13.7) 78 320 (−7.1) 41 510 (−16.1) NA

Heroin 193 731 (−41.1) 354 137 (2.2) 500 840 (−6.5) 17 800 (4.1) NA

Abbreviations: MAT, medications for addiction treatment; NA, not available; OAT, opioid
agonist therapies; OPS/SCS, overdose prevention service and supervised consumption
service facilities; OUD, opioid use disorder; SAPs, syringe access programs; THN, take-
home naloxone.
a Numeric values represent cumulative populations during the modeling period.
b APOLLO assumes a 5% annual decrease in prescribing rate sustained for 10 years; Pitt

et al assumes a 25% reduction on prescribing for acute pain, transitioning pain, and
chronic pain; Chen et al assumes an incidence of prescription opioid misuse decrease
by 7.5% per year after 2020; Wakeland et al assumes a 50% reduction in sharing of
leftovers.

c APOLLO assumes 35% annual increase in MAT uptake for 4 years and 50% decrease in
MAT relapse for 10 years for use disorder patients of any opioid; Pitt et al assumes 25%
increased likelihood of entering MAT for prescription OUD and heroin use disorder

without prescription opioid initiation; Irving et al examines counterfactual situations
during the study period with uptake of OAT and establishment of OPS/SCS.

d APOLLO assumes to achieve a level of 5% annual decrease of overdose case fatality for
4 years for any opioid; Pitt et al assumes 5% reduction on overdose case fatality for
prescription opioid and heroin without prescription opioid initiation; Wakeland et al
assumes to increase the percentage of tamper-resistant formulations as of total
prescription opioids over year with upper limit set to 70%; Irving et al examines
counterfactual situations during the study period with availability of THN kits.

e Combined interventions represent a scenario of the model that most effectively averts
overdose death that may be achieved through adopting a portfolio of interventions.
For Wakeland et al, the combined results are approximated as the 2 sets of benefits
added together as indicated by the investigators.
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There is some trade-off between reducing prescription opioid volume and heroin use, although
additional factors affect baseline heroin overdose rates. In addition, the magnitude of offset between
prescription opioid and heroin use can be positively impacted by public policies.31 Optimal policies
for individuals who use opioids nonmedically differ across the diverse life trajectories of many drug
users. For example, our findings underscore the tension between policies that effectively serve the
needs of current opioid users and those designed to deter naive users from becoming opioid
dependent.32 Most obviously, policies to prevent opioid initiation, such as strict prescription drug
caps or prescription drug monitoring program implementation, may deter nonmedical use of
prescription opioids while accelerating transitions from prescription opioids to heroin and illicit
fentanyl use among some individuals.

In addition, our model estimations suggest that the total population of people living with OUD
in the US will not markedly change over the next decade. These findings persist despite changes in
morbidity and mortality over time and despite the availability of combined interventions addressing
many elements of the epidemic.33

Limitations
This study had limitations. Despite the value of models such as APOLLO, our findings should be
interpreted as model projections of simulated populations, with the inherent limitations of
mathematical models. For example, while the parameters underlying this model are based on the
best available scientific data, there are no direct data to inform the precise effect that could be or
could have been achieved from any one specific intervention, and our simulation of policies, such as
naloxone distribution and training, is based on assumptions regarding the impact of such policies.
Also, although our model parameters are based on what we believe to be the best available data,
both our point estimates and sensitivity analyses underscore gaps in available epidemiologic and
survey data and highlight the value of further data collection efforts. While our calibrations closely
track NSDUH estimates over the past decade, we know far less about how our model and others track
street drug users and others at elevated risk. For example, NSDUH may significantly understate the
prevalence and severity of heroin use,34 although our sensitivity analyses suggested the long-term
impact of increasing the heroin population was modest, as the steady state equilibrium of the model
is defined by other parameters. In addition, much about the trajectory of illicit drug markets remains
unknown. For example, the emergence of a global internet-based market for fentanyl may worsen
the opioid epidemic.35 Also, we do not attempt to account for heterogeneities across states or
localities, the groups in which prescribing reductions are achieved,7,36 or the costs or cost-
effectiveness of the interventions deployed.

Conclusions

While the opioid crisis has evolved considerably, the findings of this study suggest that the epidemic
is likely to continue to exact a large toll during the next decade. Our estimates suggest that aggressive
deployment of evidence-supported practices, including expanded use of medications for addiction
treatment and improved naloxone distribution, may save many lives. This public health opportunity
should be seized to limit the harms associated with perhaps the most serious drug use epidemic in
US history.
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