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Abstract

Background: Fentanyl has replaced most other non-prescribed opioids in much of North 

America. There is controversy over whether a hypothetical reduced efficacy of naloxone in 

reversing fentanyl is a major contributor to the coincident rising overdose mortality.

Methods: We modified an existing Markov decision analytic model of heroin overdose and 

naloxone distribution to account for known risks of fentanyl by adjusting overdose risk, the 

likelihood of death in the event of overdose, and the proportion of cases in which available 

naloxone was administered in time to prevent death. We assumed near-universal survival when 

naloxone was administered promptly for heroin or fentanyl overdose, but allowed that to decline in 

sensitivity analyses for fentanyl. We varied the proportion of use that was fentanyl and adjusted the 

modified parameters accordingly to estimate mortality as the dominant opioid shifted.

Results: Absent naloxone, the annual overdose death rate was 1.0% and 4.1% for heroin and 

fentanyl, respectively. With naloxone reaching 80% of those at risk, the overdose death rate 

was 0.7% and 3.6% for heroin and fentanyl, respectively, representing reductions of 26.4% and 

12.0%. Monte Carlo simulations resulted in overdose mortality with fentanyl of 3.3-5.2% without 

naloxone and 2.6-4.9% with naloxone, with 95% certainty. Positing reduced efficacy for naloxone 

in reversing fentanyl resulted in 3.6% of fentanyl overdose deaths being prevented by naloxone.

Conclusions: Heightened risk for overdose and subsequent death, alongside the time-sensitive 

need for naloxone administration, fully account for increased mortality when fentanyl replaces 

heroin, assuming optimal pharmacologic efficacy of naloxone.
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INTRODUCTION

Fentanyl has replaced heroin and opioid analgesics as the dominant non-prescribed opioid 

in many regions of North America.(Ciccarone, 2021) For example, fentanyl accounted for 

6.7% of opioid overdose deaths in San Francisco in 2014 and 89% in 2020.(Coffin et al., 

2021) This transition was associated with an increase from 127 to 584 opioid overdose 

deaths.(Coffin et al., 2021) This profound increase in mortality raises concerns about the 

viability of prevention programming.

Naloxone provision, a major tool in overdose mortality prevention,(Doe-Simkins et al., 

2009; Enteen et al., 2010; Green et al., 2008; Maxwell et al., 2006; Paone et al., 2010; 

Piper et al., 2008; Sporer and Kral, 2007; Walley, 2012) may not be as effective at 

preventing mortality in the setting of fentanyl compared to heroin. Some investigators 

have suggested that standard naloxone dosing does not reverse fentanyl overdose, citing 

as evidence retrospective studies of naloxone doses used by emergency medical services 

(EMS) showing that, for example, multiple naloxone doses were used in 15.0% of cases 

in 2013 and 21.4% in 2016.(Geiger et al., 2020) In contrast, an analysis of pre-hospital 

and emergency department naloxone use in 2017 and 2018 showed no difference in the 

median dose of naloxone required for successful reversal by the presence or absence of 

fentanyl,(Carpenter et al., 2020) and an analysis of overdose survivors recruited from an 

emergency department found no association between fentanyl blood concentration and the 

dose of naloxone required for reversal.(Krotulski et al., 2021) Similarly, in Pittsburgh, PA, 

while the proportion of opioid overdose deaths attributed to fentanyl rose from 3.5% to 

68.7%, the mean number of doses of naloxone administered by lay persons did not change 

(from 1.62 [SD 0.83] to 1.52 [SD 0.75]).(Bell et al., 2019)

Fentanyl is far more potent, lipophilic, and fast-acting than other opioids. The risk of 

overdose when using fentanyl, based on data from the Sydney, Australia, safe injection 

facility, is estimated to be 9.17 times greater than opioid analgesics and 2.32 times greater 

than heroin.(Latimer et al., 2016) In addition, overdose from fentanyl is believed to be 

far more likely to result in death. This is in part due to its greater potency, and in part 

to the speed at which overdose occurs.(Somerville et al., 2017) In contrast to heroin 

overdose, which generally results in onset of respiratory depression and eventual arrest over 

30-60 minutes,(Sporer et al., 1996) this progression happens within minutes for fentanyl, 

sometimes prior to removal of the needle from the decedent’s arm.(Somerville et al., 2017) 

Once cardiac arrest has occurred, overdose survival and the utility of reversing the opioid 

effect is limited, and negligible without advanced cardiac life support.(Sporer et al., 1996) 

These distinctions imply that there is a much narrower window of time during which 

layperson intervention is effective for fentanyl compared to heroin overdose. However, 

modeling of the impact of evidence-based interventions on overdose is currently based on 

heroin.

The first model ever to estimate the heroin overdose, overdose mortality, and the impact 

of naloxone provision was published in Annals of Internal Medicine in 2013.(Coffin and 

Sullivan, 2013a) We sought to adjust this model, which has served as the basis for multiple 
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subsequent models (Coffin and Sullivan, 2013b; Langham et al., 2018; Uyei et al., 2017), to 

account for the influx of fentanyl in communities across North America.

METHODS

We adapted our previously published model, which is described in detail elsewhere.(Coffin 

and Sullivan, 2013a) Briefly, the model consisted of a Markov model with an integrated 

decision analytic model built in Microsoft Excel 2010™ (Redmond, WA) estimating costs 

and QALYs from a societal perspective, with annual transitions, standard background 

mortality, and 3% annual discounting. The model followed people from 21 years of age, 

the average age of initiating heroin use in the U.S.(2010) Detailed input parameters and their 

justifications can be found in the original manuscript, with instantaneous rates transformed 

into probabilities. The original model was iteratively calibrated to be consistent with 

conservative estimates of overdose, mortality, naloxone usage, and drug use cessation from 

epidemiologic studies,(Bohnert et al., 2009; Centers for Disease Control and Prevention, 

2012; Coffin et al., 2003; Coffin et al., 2007; Darke et al., 2011; Darke et al., 1996a, 

b; Doe-Simkins et al., 2009; Evans et al., 2012; Galea et al., 2006; Gossop et al., 1996; 

Hakansson et al., 2008; Hser et al., 2001; Jenkins et al., 2011; Maxwell et al., 2006; Ochoa 

et al., 2005; Piper et al., 2008; Stoove et al., 2009; Strang et al., 2008; Tobin et al., 2009; 

Vlahov et al., 1991; Vlahov et al., 2008; Wagner et al., 2010; Wampler et al., 2011; Wu 

et al., 2011; Zador et al., 1996) following methods guidance from Stout et al.(Stout et al., 

2009)

We modified three parameters to account for the transition to fentanyl. First, we multiplied 

the risk of overdose by 2.3 to account for the heightened risk for overdose when people 

knowingly inject fentanyl compared to heroin at safe injection sites.(Latimer et al., 2016) 

Second, we doubled the risk of death in the event of a fentanyl overdose, based on 

data finding that when patients arrive in the ED with fentanyl overdose, they are twice 

as likely to require advanced respiratory support compared to heroin or other opioid 

analgesics.(Fox et al., 2018) Third, we reduced by half the likelihood that naloxone would 

be administered in time to reverse a fentanyl overdose, given the rapidity of fentanyl 

overdose and progression to cardiac arrest compared to heroin.(Somerville et al., 2017; 

Sporer et al., 1996) Importantly, we also modified the efficacy of naloxone such that the 

likelihood of overdose survival was the same for fentanyl or heroin (99.97%) if naloxone 

was administered soon enough.

We determined absolute and relative overdose death rates with and without naloxone 

distribution; we did not update or evaluate cost-effectiveness.

Model:

The model, described in detail in the original manuscript,(Coffin and Sullivan, 2013a, b) 

ran for 64 years by which time most people in the population were deceased. The Markov 

model consisted of the following states: heroin/fentanyl use, discontinued use, nonfatal or 

fatal overdose, and death for other reasons.(Sporer and Kral, 2007) Based on data that 

the primary risk factor for opioid overdose is a prior overdose,(Coffin et al., 2007) data 

regarding the annual and lifetime rates of overdose,(Coffin et al., 2007; Darke et al., 1996a; 
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Darke et al., 2007; Gossop et al., 1996; Hakansson et al., 2008; Havens et al., 2011; 

Jenkins et al., 2011; Milloy et al., 2008; Ochoa et al., 2005) and the risk of subsequent 

fatal overdose,(Darke et al., 2011; Stoove et al., 2009) the original model was calibrated 

to demonstrate a peak in overdose death in the fourth decade of life.(Coffin et al., 2003; 

Zador et al., 1996) This required assuming a relatively low rate of first time overdose that 

declined with age(Darke et al., 2007) but increased after the first overdose and again after 

the second.(Coffin et al., 2007; Darke et al., 2007; Jenkins et al., 2011; Milloy et al., 2008; 

Ochoa et al., 2005; Sporer, 1999) To adjust the model to fentanyl, we multiplied the risk of 

each phase of overdose by 2.315789 for the base case analysis, not to exceed 1.0.(Latimer 

et al., 2016) This adjustment was increased and decreased by 50% for the upper and lower 

limit values.

The decision analytic model processed the overdose event. If an overdose event were 

witnessed, emergency medical services (EMS) might be called, resulting in probabilities that 

the event would produce survival or death. In the setting of naloxone distribution, additional 

layers included if naloxone had been provided to the person, if it was available at the 

event, and if it was administered prior to cardiac arrest. The rate of naloxone administration 

prior to cardiac arrest, 80% in the original model, was reduced to 40% for fentanyl due 

to the rapid progression of fentanyl compared to heroin overdose. The rate of death for an 

overdose without intervention, 8.2% in the original model, was doubled for fentanyl.(Fox 

et al., 2018) The increased likelihood of survival after EMS was assumed to be unchanged 

from the original model.4,5,18−22 For the fentanyl model, however, we adjusted the increased 

likelihood of survival if naloxone was administered to match the likelihood of survival from 

the heroin model (i.e., per the original model, 91.8% of persons would survive a first-time 

heroin overdose without intervention and 99.97% would survive with either EMS activation 

or naloxone; with 100% fentanyl saturation, 83.6% would survive a first-time fentanyl 

overdose without intervention, 91.0% would survive with EMS activation but no bystander 

naloxone, and 99.97% would survive with naloxone administration).

The final modification to the model was to estimate the proportion of opioid use that was 

fentanyl. The model assumed a baseline of 100% heroin use. To estimate the proportion 

of use that was fentanyl, we used the proportion of opioid deaths attributed to fentanyl (a 

readily-available measure in most communities). Because the risk of overdose and overdose 

death due to fentanyl is greater than those due to heroin, we assumed that there was a 

non-linear relationship between prevalence of fentanyl use and the proportion of overdose 

deaths due to fentanyl (e.g., if just 5% of overdose deaths were due to fentanyl, vanishingly 

few people were using fentanyl, whereas if 90% of overdose deaths were due to fentanyl, 

most people at-risk were using fentanyl). We iteratively selected the square of the proportion 

of opioid overdose deaths due to fentanyl as the proportion of use that was fentanyl as 

that was close to the increased risk of overdose from fentanyl and generated an change in 

the mortality rate that was most consistent with empiric data(Coffin et al., 2021; Paone et 

al., 2017); we also conducted sensitivity analyses using exponents of 1.5 and 2.5. We then 

multiplied this value by the adjustments to risk of overdose, risk of death from overdose, 

and proportion of overdoses in which naloxone is administered in time, to generate scenarios 

ranging from 100% heroin to 100% fentanyl use in a community.
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Outcomes:

Outcomes included the rates of non-fatal and fatal overdose, and the proportion of overdose 

deaths prevented by naloxone distribution. We report results ranging from the original model 

focused on heroin, up to 100% fentanyl use.

Uncertainty:

To test the impact of the novel fentanyl parameters, we conducted deterministic sensitivity 

analyses by eliminating each individual fentanyl adjustment. In addition, to model the 

assumption that naloxone is less efficacious in reversing fentanyl overdose compared 

to heroin overdose, we reduced the relative increase in survival when naloxone was 

administered to match that for heroin (resulting in a lower 91.0% surviving a first-

time fentanyl overdose after naloxone administration). We also conducted a probabilistic 

sensitivity analysis to address the uncertainty around the novel fentanyl parameters. 

Proportion of opioid deaths due to fentanyl, relative increase in overdose frequency with 

fentanyl, relative reduction in overdose survival without intervention for fentanyl, reduction 

in naloxone use prior to cardiac arrest for fentanyl, and relative increase in survival with 

naloxone were varied at once in a Monte Carlo simulation with 1,000 iterations. This 

analysis was also conducted with three other scenarios: 20% naloxone coverage, and the 

high and low exponential relationships between the proportion of opioid deaths that were 

due to fentanyl and the proportion of use that was fentanyl.

RESULTS

In the absence of naloxone, the model predicted an average rate of overdose per year 

of 12.3% for heroin and 25.0% for fentanyl, with an overdose death rate among persons 

actively using opioids of 0.97% for heroin and 4.09% for fentanyl. The age at which people 

actively using were most likely to die from an overdose was 47 years for heroin and 36 years 

for fentanyl. The likelihood of survival in the event of an unwitnessed overdose declined 

from 89.9% for heroin to 81.6% for fentanyl. When EMS was contacted, average survival 

was 97.9% for heroin and 88.9% for fentanyl. When naloxone was administered in time, 

average survival was 97.9% in all scenarios, as we assumed naloxone was equally effective 

for heroin and fentanyl.

In the setting of 80% coverage with naloxone, the annual rate of overdose death rate 

declined 26.4% (to 0.71%) for heroin, and 12.0% (to 3.60%) for fentanyl (see Figure 1). The 

reduction in overdose mortality was proportional to naloxone coverage, such that a program 

that reached 100% of people would reduce overdose death by 33.7% for heroin and 15.7% 

for fentanyl, and a program that reached 20% of people would reduce overdose death by 

6.2% for heroin and 2.7% for fentanyl. A community without naloxone programming that 

transitioned from all heroin to all fentanyl use could expect a 4.2-fold increase in opioid 

overdose mortality. A community with naloxone programming could expect a 4.2-fold 

increase if there was 20% coverage, a 5.1-fold increase with 80% coverage, and a 5.4-fold 

increase with 100% coverage.
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Sensitivity Analyses:

On deterministic sensitivity analyses, we individually eliminated fentanyl adjustments and 

report the increase in opioid overdose mortality from 100% heroin to 100% fentanyl use. If 

the frequency of overdose with fentanyl were the same as the frequency of overdose with 

heroin, there would be only a 1.6-fold increase in mortality. If fentanyl overdose did not 

result in a higher rate of death than heroin overdose, mortality would increase 2.7-fold. In 

the setting of 80% naloxone coverage, if naloxone was administered prior to cardiac arrest 

as frequently for fentanyl as for heroin, there would a be 4.1-fold increase in mortality. If 

naloxone administered prior to cardiac arrest resulted in the same proportional increase in 

survival for fentanyl as for heroin (i.e., a lower overall likelihood of survival), there would 

be a 5.6-fold increase in mortality.

The upper and lower limits of the overdose risk adjustment for fentanyl and the risk of death 

from fentanyl overdose without intervention generated estimates of annual fentanyl overdose 

mortality from 3.5-4.8% (Figure 2).

Evaluating the impact of modified parameters on the proportion of opioid overdose deaths 

prevented with naloxone, the increase in overdose risk from fentanyl had minimal impact, 

however the relative reduction in survival for fentanyl overdose was more substantial, 

resulting in a range from 4.1-18.9% of deaths being prevented. Similarly, the ability to 

administer naloxone prior to cardiac arrest had a significant influence, resulting in a range 

from 5.5-19.6% of deaths being prevented (i.e., if naloxone could be administered prior 

to cardiac arrest as often for fentanyl as for heroin, the annual fentanyl overdose death 

rate would be as low as 3.29%). Finally, we assumed at baseline that timely naloxone 

administration resulted in successful reversal of nearly all fentanyl overdoses; assuming 

a lower effectiveness of naloxone resulted in as little as 3.6% of deaths being prevented 

(Figure 3) and a corresponding 5.6-fold increase in opioid overdose mortality with the 

transition from heroin to fentanyl.

In probabilistic sensitivity analysis varying all fentanyl adjustment parameters, as well as the 

efficacy of naloxone for fentanyl reversal, at once in a Monte Carlo simulation with 1,000 

iterations, increasing fentanyl saturation in the community led to a non-linear increase in 

the annual opioid death rate, regardless of naloxone availability (Figure 4). In the context of 

100% fentanyl, the overdose death rate would be 3.3-5.2% without naloxone and 2.6-4.9% 

with naloxone with 95% certainty. In the context of 50% fentanyl, these rates would be 

1.6-2.3% and 1.3-2.1%, respectively. The same analysis resulted in a range from 2.7-23.8% 

of overdose deaths prevented with 80% naloxone coverage, with 95% certainty. The upper 

range would result in a 4.4-fold increase in mortality with the transition from heroin to 

fentanyl.

Assuming 20% naloxone coverage (see Supplement Figure 1) and 100% fentanyl, the 

overdose death rate would be 3.1-5.2% with 95% certainty, with the mean estimate of 

4.2% corresponding to a 2.3% reduction in overdose mortality compared to no naloxone. 

Assuming the rate of fentanyl use was equal to the proportion of opioid deaths due to 

fentanyl to the power of 1.5, the increase in the overdose death rate was more linear, such 

that, in the setting of 50% fentanyl and no naloxone, the overdose death rate would be 
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1.8-2.7% (mean 2.3%) with 95% certainty (see Supplement Figure 2). Assuming the rate of 

fentanyl use was equal to the proportion of opioid deaths due to fentanyl to the power of 2.5, 

the increase in the overdose death rate was more upward sloping, such that, in the setting 

of 50% fentanyl and no naloxone, the overdose death rate would be 1.5-2.0% (mean 1.7%) 

with 95% certainty (see Supplement Figure 3).

DISCUSSION

Modifying an established heroin overdose and naloxone distribution model to fentanyl 

predicted a several-fold increase in the number of opioid overdose deaths experienced as 

fentanyl came to be involved in 100% of opioid overdose deaths. Adjusting only three 

parameters to increase risk for overdose and subsequent mortality, and to reduce the rate of 

naloxone administration prior to cardiac arrest, readily accounts for the dramatic increase 

in overdose death and apparent reduced effectiveness of naloxone distribution in reducing 

opioid overdose mortality. As an empiric example, as San Francisco transitioned from opioid 

overdose deaths due to heroin and prescription opioids in 2014 to 89% of deaths due to 

fentanyl in 2020, opioid overdose deaths increased from 127 to 584, a 4.6-fold increase.

(Coffin et al., 2021) Assuming San Francisco has 80% naloxone coverage, the model would 

have predicted a 4.3-fold increase. Unfortunately, replacement of other opioids with fentanyl 

consistently resulted in a several-fold increase in opioid overdose mortality that would not 

be averted with a bystander-administered reversal agent, regardless of reach or effectiveness.

Simple adjustments to an established model elucidated several unique aspects of opioid 

overdose epidemiology in the setting of fentanyl. Assuming a stable number of at-risk 

persons who initiate use at the same age as during the heroin era, the age at which people 

who were actively using were most likely to die shifted 11 years younger when fentanyl 

came to dominate the market. Thus, at least some of the shift to younger opioid overdose 

decedents may be due to the higher risk nature of fentanyl, rather than a new cohort of youth 

using fentanyl. In addition, the number of overdose events was nearly three-fourths greater 

in the setting of fentanyl compared to heroin, supporting the observed increase in opioid 

overdose events and reported naloxone reversals.(Coffin et al., 2021)

Importantly, these predictions assumed that naloxone was pharmacologically as effective for 

fentanyl overdose as it was for heroin overdose – i.e., naloxone administered prior to cardiac 

arrest resulted in near-universal survival. Reducing the efficacy of naloxone to reverse 

overdose in the setting of fentanyl, as some have suggested to account for rising mortality, 

would be associated with a 5.6-fold increase in overdose mortality as a community shifted 

from heroin to fentanyl, exceeding observed data.(Coffin et al., 2021; Paone et al., 2017) 

If we also assumed naloxone was administered prior to cardiac arrest as often for fentanyl 

as for heroin, overdose mortality increased just 4.1-fold with the transition to fentanyl, 

corresponding to prevention of 19.6% of overdose deaths from naloxone programming. 

These results suggest that interventions allowing immediate administration of naloxone in 

the setting of a fentanyl overdose – such as safe consumption spaces or technology that 

automatically administers naloxone in the setting of hypoxia – could save a significant 

number of lives. Novel naloxone formulations or alternative opioid reversal agents, in 
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contrast, would not be expected to have an outsized impact on the overdose epidemic, as 

they remain limited by the inherent nature of bystander reversal interventions.

Limitations:

This initial effort to adjust an overdose model to the era of fentanyl does not account 

for several factors. First, the proportion of fentanyl overdose deaths due to unintentional 

fentanyl exposure may be higher than for heroin, a phenomenon that would require a 

different approach to capture. Second, we did not consider the variety of fentanyl analogues, 

which may modify the risk of overdose in complex ways (e.g., due to wide variations in 

and awareness of potency). Third, we did not consider medications for opioid use disorder 

treatment, which have also been shown to reduce opioid overdose mortality and would 

be expected to influence outcomes. Fourth, we assumed no change in the efficacy of 

EMS in improving survival after overdose. While the delay to EMS arrival may be more 

likely to reduce survival after fentanyl versus heroin overdose, and thus favor lay naloxone 

administration, the ability of EMS to perform advanced cardiac life support may offset that 

difference, resulting in a similar efficacy for each intervention. There are also other factors 

that influence opioid overdose mortality not considered in this model, such as policing 

practices and social determinants of health, which reduce the precision of predicted changes 

in mortality.

In summary, we applied a longstanding model of heroin overdose and naloxone distribution 

to the emergence of fentanyl. The dramatic increase in mortality as fentanyl enters a 

community is readily explained by the heightened risk for overdose and risk of death 

in the event of overdose. The expected increase in overdose mortality was remarkably 

insensitive to the efficacy of naloxone in reducing the risk of death after fentanyl overdose. 

While naloxone provision remained an effective intervention to reduce fentanyl overdose 

mortality, the relative impact was less than for heroin overdose, implying a need to 

expand programming as broadly as possible, while simultaneously deploying multiple 

other evidence-based and innovative approaches to prevent overdose or ensure more timely 

intervention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Predicted Opioid Overdose Death Rate Among Persons Actively Using, by Presence of 

Fentanyl and 80% Naloxone Coverage (deterministic model)
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Figure 2: Impact of Fentanyl Parameter Adjustments on Annual Opioid Overdose Mortality 
Without Intervention
Baseline estimate is for 100% of opioid deaths due to fentanyl, corresponding to an annual 

opioid overdose death rate of 4.1% among persons actively using opioids in the absence of 

interventions. Solid bars represent upper range of parameters; hashed bars represent lower 

range of parameters (e.g., risk difference in OD survival for fentanyl ranges from an upper 

limit of 0.164, corresponding to a mortality of 4.8%, to a lower limit of 0.041, corresponding 

to 3.5% mortality).
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Figure 3: Impact of Fentanyl Parameter Adjustments on the Proportion of Opioid Overdose 
Deaths Prevented by Naloxone Distribution with 80% Coverage
Baseline estimate is for 100% of opioid deaths due to fentanyl, corresponding to 12.0% 

of deaths reduced by naloxone provision. Solid bars represent upper range of parameters; 

hashed bars represent lower range of parameters (e.g., relative reduction in naloxone 

administration prior to cardiac arrest for fentanyl ranges from an upper limit of 60%, 

corresponding to 5.5% of opioid overdose deaths prevented by naloxone, to a lower limit of 

20%, corresponding to 19.6% of deaths prevented by naloxone).
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Figure 4: Predicted Opioid Overdose Death Rate Among Persons Actively Using, by Presence of 
Fentanyl and 80% Naloxone Coverage (probabilistic model)
Proportion of opioid deaths due to fentanyl, relative increase in overdose frequency with 

fentanyl, relative reduction in overdose survival without intervention for fentanyl, reduction 

in naloxone use prior to cardiac arrest for fentanyl, and relative increase in survival with 

naloxone were varied at once in a Monte Carlo simulation with 1,000 iterations.
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Table 1:
Naloxone distribution model parameters

Parameters related to cost-effectiveness excluded and only base-case presented for the original model 

parameters

Parameter Base-case (Range) Sources

Proportions 

  Proportion of heroin users prescribed naloxone 0.80 (Bassett and Walensky, 2010),**

  Proportion of overdoses witnessed 0.85 (Darke et al., 1996a; Davidson et al., 2003; Davidson et al., 
2002)

  Proportion in possession of naloxone at an overdose 
who use it to attempt reversal prior to cardiac arrest 0.8 (Wagner et al., 2010)

 Adjustment for fentanyl due to rapidity of 
overdose (subtracted) 0.4 (0.2-0.6) (Somerville et al., 2017; Sporer et al., 1996)

Proportion call EMS

(Bohnert et al., 2012; Darke et al., 1996b; Tracy et al., 2005) First-time overdose 0.6

 Subsequent overdoses 0.4

Proportion survive overdose

    First overdose 0.918

(Fox et al., 2018; Sporer, 1999; Sporer and Kral, 2007)
    Adjustment for fentanyl (subtracted) 0.082 (0.041-0.164)

    Absolute reduction for second overdose 0.015

    Additional reduction for subsequent overdoses 0.015

 Relative increase in survival with emergency 
medical services 1.089 (Wampler et al., 2011)

 Relative increase in survival with naloxone 
(heroin) 1.089

(Doe-Simkins et al., 2009; Piper et al., 2008; Stoove et al., 
2009; Strang et al., 2008; Tobin et al., 2009; Wagner et al., 
2010)

 Relative increase in survival with naloxone 
(fentanyl) 1.196 (1.089-1.196) Assumption

Annual transition rates 

Heroin use to non-overdose death (in excess of 
background mortality) 0.0075 (Sporer and Kral, 2007)

Heroin use to overdose

(Coffin et al., 2007; Darke et al., 2011; Darke et al., 2007; 
Stoove et al., 2009)

 First overdose 0.09

 Second overdose 0.22

 Subsequent overdoses 0.34

 Adjustment for fentanyl (multiplied) 2.316 (1.987-2.645) (Darke et al., 2011; Latimer et al., 2016; Teesson et al., 2008)

 Annual relative reduction in risk of first 
overdose* 0.933

Heroin use to discontinuation of heroin use 0.05646 (Bruneau et al., 2004; Huo et al., 2006)

Discontinuation of heroin use to heroin use 0.070 (Hser, 2002)

 Annual relative reduction in risk of relapse* 0.933 (Evans et al., 2009)

Overdose to discontinuation of heroin use 0.062 (Pollini et al., 2006)

*
Parameter is exponentiated to the preceding number of model cycles and multiplied by its reference parameter to reduce likelihood of the event 

over time.
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