
S U P P L E M E N T  A R T I C L E

Ending the HIV Epidemic Among PWID • jid 2020:222 (Suppl 5) • S301

The Journal of Infectious Diseases

 

Correspondence: Bohdan Nosyk, PhD, BC Centre for Excellence in HIV/AIDS, St Paul’s 
Hospital, 613-1081 Burrard Street, Vancouver, BC V6Z 1Y6, Canada (bnosyk@cfenet.ubc.ca).

The Journal of Infectious Diseases®  2020;222(S5):S301–11
© The Author(s) 2020. Published by Oxford University Press for the Infectious Diseases Society 
of America. All rights reserved. For permissions, e-mail: journals.permissions@oup.com.
DOI: 10.1093/infdis/jiaa130

Ending the HIV Epidemic Among Persons Who Inject 
Drugs: A Cost-Effectiveness Analysis in Six US Cities
Emanuel Krebs,1 Xiao Zang,1,2 Benjamin Enns,1 Jeong E. Min,1 Czarina N. Behrends,3 Carlos Del Rio,4,5 Julia C. Dombrowski,6 Daniel J. Feaster,7  
Kelly A. Gebo,8 Brandon D. L. Marshall,9 Shruti H. Mehta,10 Lisa R. Metsch,11 Ankur Pandya,12 Bruce R. Schackman,3 Steffanie A. Strathdee,13 and  
Bohdan Nosyk1,2; on behalf of the Localized HIV Modeling Study Group
1British Columbia Centre for Excellence in HIV/AIDS, Vancouver, British Columbia, Canada, 2Faculty of Health Sciences, Simon Fraser University, Vancouver, British Columbia, Canada, 3Department 
of Healthcare Policy and Research, Weill Cornell Medical College, New York City, New York, USA,  4Rollins School of Public Health, Emory University, Atlanta, Georgia, USA, 5School of Medicine, 
Emory University, Atlanta, Georgia, USA, 6Department of Medicine, Division of Allergy and Infectious Disease, University of Washington, Seattle, Washington, USA,  7Department of Public 
Health Sciences, Leonard M. Miller School of Medicine, University of Miami, Miami, Florida, USA, 8School of Medicine, Bloomberg School of Public Health, Johns Hopkins University, Baltimore, 
Maryland, USA, 9School of Public Health, Brown University, Providence, Rhode Island, USA, 10Department of Epidemiology, Bloomberg School of Public Health, Johns Hopkins University, Baltimore, 
Maryland, USA,  11Department of Sociomedical Sciences, Mailman School of Public Health, Columbia University, New York City, New York, USA, 12Department of Health Policy and Management, 
Harvard T. H. Chan School of Public Health, Boston, Massachusetts, USA, and 13School of Medicine, University of California San Diego, La Jolla, California, USA

Background. Persons who inject drugs (PWID) are at a disproportionately high risk of HIV infection. We aimed to determine 
the highest-valued combination implementation strategies to reduce the burden of HIV among PWID in 6 US cities.

Methods. Using a dynamic HIV transmission model calibrated for Atlanta, Baltimore, Los Angeles, Miami, New York City, and 
Seattle, we assessed the value of implementing combinations of evidence-based interventions at optimistic (drawn from best avail-
able evidence) or ideal (90% coverage) scale-up. We estimated reduction in HIV incidence among PWID, quality-adjusted life-years 
(QALYs), and incremental cost-effectiveness ratios (ICERs) for each city (10-year implementation; 20-year horizon; 2018 $ US).

Results. Combinations that maximized health benefits contained between 6 (Atlanta and Seattle) and 12 (Miami) interventions 
with ICER values ranging from $94 069/QALY in Los Angeles to $146 256/QALY in Miami. These strategies reduced HIV inci-
dence by 8.1% (credible interval [CI], 2.8%–13.2%) in Seattle and 54.4% (CI, 37.6%–73.9%) in Miami. Incidence reduction reached 
16.1%–75.5% at ideal scale.

Conclusions. Evidence-based interventions targeted to PWID can deliver considerable value; however, ending the HIV epi-
demic among PWID will require innovative implementation strategies and supporting programs to reduce social and structural 
barriers to care.

Keywords.  HIV; localized HIV microepidemics; interventions; cost-effectiveness; injection drug use; dynamic HIV transmis-
sion model.

In the United States, persons who inject drugs (PWID) continue 
to be disproportionately at risk of human immunodeficiency 
virus (HIV) infection. Successes in New York City, Vancouver, 
British Columbia, and countries such as Australia, the United 
Kingdom, and France have provided evidence that important 
reductions in HIV incidence among PWID are possible with 
the widespread provision of HIV care and services to prevent 
and reduce harms caused by substance use [1]. Domestically, 
the steady declines in HIV incidence among PWID has been 
a success story and several jurisdictions are now focused on 
preventing resurgence and getting new HIV infections attrib-
uted to drug injection to zero. Nonetheless, following the rise 
in prevalence of opioid injection, 2015 marked the first time 

in 2 decades that injection-related infections increased in the 
United States [2].

There is considerable evidence suggesting that broad imple-
mentation of prevention programs can be highly effective in 
reducing transmission of HIV and other blood-borne patho-
gens among PWID [1, 3, 4]. Nevertheless, the high prevalence 
of drug injection-related HIV infections among people living 
with HIV (18.1% in 2016) [5] and the lifetime prevalence of in-
jection drug use in the United States (estimated to be 2.6%) [6] 
underscore how the public health response and short supply of 
these services have been (and remain) inadequate in many set-
tings [1, 7, 8].

The US Centers for Disease Control and Prevention (CDC) 
have recommended a comprehensive approach to reduce the 
risk of HIV acquisition and transmission among PWID [9]. 
Long-standing recommendations include sterile syringe and 
needle distribution, and medication for opioid use disorders, 
both with robust evidence of effectiveness and cost-effective-
ness [10–13]. In addition, the CDC’s guidance includes ex-
panded HIV testing and the provision of antiretroviral therapy 
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(ART) for treatment and prevention, the latter of which can 
have large independent effects on incidence reduction among 
PWID [4]. Although preexposure prophylaxis (PrEP) at current 
prices has not been found to be cost-effective among PWID in 
prior US-based modelling studies [12, 14], the US Preventive 
Services Task Force recently recommended that PrEP be offered 
to all persons at high risk of HIV acquisition, including PWID 
[15]. Despite a consensus that combination implementation 
strategies are necessary to reduce HIV incidence among PWID 
[1, 3], determining which combination should be expanded 
across cities with different underlying injection drug use epi-
demics is necessary to deliver maximum value and produce the 
greatest impact.

We hypothesized that combination implementation strat-
egies providing the greatest value would vary across cities with 
different epidemiological and structural conditions. Using a dy-
namic compartmental HIV transmission model populated and 
calibrated to replicate the HIV microepidemics in 6 US cities, 
we aimed to determine the highest-valued combination imple-
mentation strategies to reduce the burden of HIV among PWID.

METHODS

Model Description

Our analysis builds on a previously published dynamic, com-
partmental HIV transmission model adapted and calibrated to 
replicate city-level HIV microepidemics in Atlanta, Baltimore, 
Los Angeles, Miami, New York City, and Seattle. We selected 
these 6 cities because they represent nearly one-quarter of the 
population of persons living with HIV in the United States and 
the fact that they represent diverse HIV microepidemics with 
extensive epidemiological and structural differences in their 
public health responses to HIV [16]. This computer simulation 
model was based on a synthesis of the best available evidence 
on epidemiological and structural conditions for each city and 
has previously been described in detail elsewhere [7, 17]. The 
model tracked HIV-susceptible individuals through infection, 
diagnosis, treatment with ART, and ART discontinuation. In 
each city, the adult population aged 15–64 years was partitioned 
by sex at birth, HIV risk group (men who have sex with men 
[MSM], PWID, MSM who inject drugs [MSMWID], and het-
erosexuals), race/ethnicity (black/African American, Hispanic/
Latinx, and non-Hispanic white/others) and sexual risk be-
havior level (high vs low risk). We incorporated region-specific 
ART initiation and persistence rates stratified by race/ethnicity 
and HIV risk group from a prior analysis of HIV Research 
Network data [18].

We derived estimates of the size of the PWID population by 
multiplying race/ethnicity-stratified total population numbers 
by sex-weighted, race/ethnicity-specific prevalence estimates 
for each city. We assumed that gender proportions of PWID 
were equivalent within race/ethnicity strata and used prev-
alence estimates from the most recent available year [7, 19]. 

Given the uncertainty in population sizes for MSMWID, we de-
rived population estimates by taking the average of 2 estimated 
population sizes: (1) the proportion of MSM that inject drugs 
and (2) the proportion of male PWID that have sex with men 
[7, 17, 20–22]. Finally, based on the best available evidence, we 
assumed that 72.7% of PWID and MSMWID had an opioid use 
disorder [23].

HIV transmission within the model was possible between any 2 
HIV-discordant individuals. The probability of HIV transmission 
was determined by: (1) the probability of selecting a partner living 
with HIV; (2) the type of risk behavior engaged in (heterosexual or 
homosexual activity, or sharing injection equipment); (3) the in-
fected individual’s HIV disease stage (acute or by CD4-based strata); 
(4) the infected individual’s ART status; (5) whether the uninfected 
individual was on PrEP; and (6) the probability of condom use. We 
allowed for a combination of assortative and proportional sexual 
partnership mixing; assortative mixing accounted for individuals 
being more likely to form partnerships within a common stratum 
(eg, race/ethnicity, risk behavior level), while proportional mixing 
accounted for individuals with many partners being more likely to 
select a partner who also had many partners. We also assumed pro-
portional mixing among PWID (ie, individuals who share many in-
jections were more likely to select a partner who also shares many 
injections). Further details on the probability of HIV transmission in 
the model have previously been provided elsewhere [17].

The model also captured heterogeneity in maturation (eg, 
rates at which individuals age out of the model) and mortality, 
and the disparities in accessing health, prevention, and treat-
ment services, including HIV testing, ART, syringe service 
programs (SSP), medication for opioid use disorder (MOUD), 
and PrEP.

Model Calibration and Validation

For each city, we calibrated the model to match HIV prevalence, 
new diagnoses, and deaths (2012–2015), stratified by sex, race/
ethnicity, and HIV risk group (17 targets total, including prev-
alence among PWID and MSMWID), and validated against ex-
ternal incidence estimates [17]. The model was used to project 
microepidemic trajectories over a 20-year time horizon (2020–
2040), accounting for external estimates of population growth, 
which incorporated demographic shifts in race/ethnic compo-
sition for each city, to serve as the basis of comparison [24]. In 
the projections, status quo service levels of prevention, testing, 
and treatment services were held at their 2015 levels (Table 1) 
except for PrEP, which was held at 2017 levels to account for its 
recent rapid growth in uptake among MSM.

Interventions

We selected 14 evidence-based interventions within 4 specific 
domains (Table  2): HIV prevention programs (SSP, MOUD 
with either methadone or buprenorphine, PrEP); HIV testing; 
ART engagement (ART initiation and retention); and ART 
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reengagement (reinitiation and relinkage). These interventions 
were selected from the US CDC Compendium of Evidence-
Based Interventions and Best Practices for HIV Prevention and 
from the recently published literature [25, 26].

Although the model captured outcomes across risk groups for the 
entire adult population in each city, the implementation of interven-
tions in our analysis was targeted exclusively to PWID and MSMWID 
(jointly referred to as PWID hereafter). Access to health services were 
held at status quo levels among the non-PWID population in each 
of the scenarios we describe below. Scale-up from status quo service 
levels was implemented proportionally across risk and ethnic groups 
over an 18-month period, entailing greater scale-up for groups re-
ceiving higher service levels at baseline, thus accounting for under-
lying structural barriers to health care access.

We assessed interventions individually and in all combin-
ations (excluding any that would not practically be implemented 
jointly) for a total of 10 239 unique combinations. We assessed 
these combinations at optimistic implementation levels, where 
HIV testing and ART engagement and reengagement interven-
tions were delivered at the upper bound of publicly documented 
evidence of scale-up [26].

Regarding the selected HIV prevention interventions, first, we 
defined optimistic expansion of SSP in accordance with the World 
Health Organization’s (WHO) definition of high coverage [38] (200 
syringes per PWID per year), with the exception of Seattle (Table 2). 

Second, we considered scaled-up access to methadone and 
buprenorphine individually given the different constraints on each 
modality in the US [39]. We defined the optimistic expansion of 
MOUD as 40% coverage of treatment with buprenorphine among 
PWID with an opioid use disorder to reach WHO guidelines on 
high coverage [38]. Optimistic expansion of MOUD with metha-
done was derived from the highest annual growth among PWID 
across the 6 cities [7, 26], thus reaching 40%–55% total MOUD cov-
erage across cities. In addition to the preventive benefit of reducing 
the number of injections (and therefore shared injections) [37], we 
incorporated evidence indicating that MOUD decreases the proba-
bility of ART discontinuation [40], improves the quality of life [41], 
and reduces the risk of mortality [42]. Finally, given the uncertainty 
about PrEP uptake among PWID [43], we assumed no coverage 
in the status quo and that optimistic expanded access would result 
in 50% coverage among PWID. The methods and data sources we 
used to estimate the scale of delivery and the costs of implementing, 
delivering, and sustaining each intervention were previously de-
scribed elsewhere [7, 17, 26].

Economic Analysis

We calculated incremental costs (2018 US $) and quality-
adjusted life-years (QALYs) for the entire adult popula-
tion in each city associated with the implementation of 
evidence-based interventions targeted exclusively to PWID. 

Table 1. HIV Among Persons Who Inject Drugs in 2017 and Selected HIV Treatment and Prevention Service Levels in 2015 in 6 Cities

Treatments and Services Atlanta, GA Baltimore, MD
Los Angeles, 

CA Miami, FL
New York City, 

NY
Seattle, 

WA

Persons who inject drugs who are living with HIV, No. (% among all 
living with HIV)a

      

Prevalence 3612 (11.3) 4759 (21.3) 5575 (10.8) 2425 (9.3) 13 037 (10.5) 884 (12.9

New diagnosesb 67 (4.1) 50 (11.4) 146 (7.5) 27 (2.3) 64 (3.0) 17 (10.8)

HIV prevention program service levels       

Estimated annual number of syringes distributed per PWID 2 20 19 6 24 196

Coverage of medication for opioid use disorder among PWID, %c 3.0 9.4 15.7 7.1 19.9 11.9

HIV testing levels among PWID/MSMWIDd        

Percent receiving an HIV test in the past year 30/15 11/ 12 40/25 16/15 9/41 43/51

HIV treatment engagement among PWID/MSMWIDd       

Percent of diagnosed initiating ARTe 44/38 55/47 51/44 48/41 39/42 51/46

Percent discontinuing ARTe 28/25 11/8 14/13 24/21 11/8 5/4

Percent reinitiating ARTe 42/44 28/29 23/20 43/46 31/32 49/50

Counties included in city boundaries for Atlanta, Baltimore, Los Angeles, and Miami match those included in the definition of Ryan White EMA or TGA. New York City and Seattle bound-
aries are restricted to a subset of counties. Counties included in cities are: Atlanta (Barrow, Bartow, Carroll, Cherokee, Clayton, Cobb, Coweta, DeKalb, Douglas, Fayette, Forsyth, Fulton, 
Gwinnett, Henry, Newton, Paulding, Pickens, Rockdale, Spalding, Walton); Baltimore (Anne Arundel, Baltimore City, Baltimore County, Carroll, Harford, Howard, Queen Anne’s); Los Angeles 
(Los Angeles county); Miami (Miami-Dade county); New York City (county and borough: New York [Manhattan], Kings [Brooklyn], Queens [Queens], Bronx [Bronx], Richmond [Staten Island]); 
Seattle (King county). Excluded counties for New York City compared to the Ryan White EMA definition included Westchester, Rockland, and Putnam, and excluded counties for Seattle 
compared to Ryan White TGA definition included Snohomish and Island.

Abbreviations: ART, antiretroviral therapy; EMA, Eligible Metropolitan Area; HIVRN, HIV Research Network; MSMWID, men who have sex with men who inject drugs; PWID, persons who 
inject drugs; TGA, Transitional Grant Area.
aPersons who inject drugs include men who have sex with men who inject drugs.
bNew diagnoses are from 2017 in city surveillance reports, except for Los Angeles were new diagnoses are for 2016, or from the Centers for Disease Control and Prevention’s Surveillance 
HIV Surveillance Supplemental Report.
cCoverage is among the 72.7% of PWID estimated to have an opioid use disorder [23].
dWhile the model runs in monthly cycles, we have converted these figures to yearly probabilities for ease of interpretation.
eART initiation rates were estimated from the HIVRN data, and ART discontinuation and reinitiation rates were estimated by a continuous-time multistate Markov model based on the same 
HIVRN data [18].
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Table 2. Description, Effectiveness, and Scale-up Implementation Scenarios for the Evidence-Based HIV Prevention Programs and Care Interventions 
Included in Analysis

Intervention

Supporting  
Evidence

Description and Effectivenessb

Scale-up Implementation 
Scenariose

Source, Evidence Levela Study Design Study Setting Optimistic, % Ideal, %c

HIV prevention programs 

SSP Aspinall et al 2014 
[11], 2a

Meta-analysis SSP Clean injection equipment reduces the  
risk of parenteral HIV transmission  
by 58%

200 syringes/
PWID/yearf

90

MOUD with 
buprenorphine

MacArthur et al 
2012 [37], 2a

Meta-analysis Primary care 
and OTP

Office-based MOUD reduces the  
number of shared injections by  
54% for PWID with OUDd

29g 90h

MOUD with 
methadone

MacArthur et al 
2012 [37], 2a

Meta-analysis Primary care 
and OTP

Opioid treatment program-based  
MOUD reduces the number of shared 
injections by 54% for PWID with OUDd

Additional 
scale-up of 17

90h

Full-time PrEP Liu et al 2016 [27], 
1b

RCT substudy and  
cohort study

Primary care Protective level adherence to PrEP (≥4 
doses/week) reduces the risk of HIV 
infection by 60%i 

50 90

HIV testing 

EMR testing offer 
reminder

Felsen et al 2017 
[28], 2b

Pre/post Hospital HIV testing increases by 178%  
among PWID visiting the ER 

13–35 14–36d

Nurse-initiated 
rapid testing

Anaya et al 2008 
[29], 2b

RCT Primary care Nurse-initiated screening and rapid  
testing increases HIV testing by  
73% during health care visits

34–52 56–87

MOUD inte-
grated rapid 
testing

Metsch et al 2012 
[30], 1b

RCT DTP On-site rapid testing increases HIV  
testing by 352% among PWID  
receiving MOUD 

22 49

ART engagement 

Case manage-
ment (ARTAS)

Gardner et al 2005 
[31] 1b

RCT HIV clinics Contacts with a case manager  
increases ART initiation by 41%  
among PLHIV linked to care 

61 77

Care coordination Robertson et al 
2018 [32], 2b

Pre/postj HIV clinics Comprehensive care coordination  
increases ART retention by 10%  
among PLHIV 

12–25 34–68

Targeted care 
coordination

Robertson et al 
2018 [32], 2b

Pre/postj HIV clinics Targeted comprehensive care  
coordination increases ART  
retention by 32% among PLHIV  
with CD4 < 200 cells/µL 

41–48 57–66

EMR ART en-
gagement 
reminder

Robbins et al 2012 
[33], 1b

RCT HIV clinics Interactive EMR alerts reduces ART  
drop-out by 31% among PLHIV 
on ART 

47–84 60–91d

RAPID ART initi-
ation

Pilcher et al 2017 
[34], 3b

Cohort study HIV clinics Multidisciplinary care and support in-
creases immediate ART initiation by 
32% among newly diagnosed PLHIV 

38–71 47–90

ART reengagement 

Enhanced per-
sonal contact

Gardner et al 2014 
[35], 1b

RCT HIV clinics Continuous contact increases ART 
reinitiation by 22% among PLHIV  
having dropped out of ART 

49 62

Relinkage pro-
gram

Bove et al 2015 
[36], 2b

Cohort study HIV clinics Outreach using surveillance data  
increases ART reinitiation by 70% 
among PLHIV who are out of care 

10 22

Abbreviations: ARTAS, Antiretroviral Treatment Access Study; DTP, drug treatment program; EMR, electronic medical records; ER, hospital emergency room; MOUD, medication for OUD; 
OTP, opiate treatment program; OUD, opioid use disorder; PLHIV, people living with HIV; PrEP, preexposure prophylaxis; Pre/post, Prospective, quasi-experimental pre/post study; PWID, 
people who inject drugs; RAPID: rapid ART program for individuals with an HIV diagnosis; RCT, randomized control trial; SSP, syringe service program; WHO, World Health Organization.
aLevels of evidence adapted from Oxford Centre for Evidence-based Medicine Levels of Evidence: 1a, systematic review of RCTs; 1b, individual high-quality RCT; 2a, systematic review of 
cohort studies; 2b, individual cohort study or quasi-experimental study; 3a, systematic review of case-control studies; 3b, individual case-control study; 4, case series.
bInterventions target the PWID adult population aged 15–64 years including men who have sex with men who inject drugs.
cIdeal implementation refers to 90% adoption unless otherwise noted by d which refers to 100% adoption of EMR.
dMOUD also reduces the risk of mortality, increases quality of life, and decreases the probability of ART discontinuation.
eWhere applicable, scale-up ranges indicate evidence stratified by sex/gender and/or race/ethnicity and/or city/region.
fAs recommended by WHO [38], except Seattle (400 syringes/PWID/year) because status quo service levels were already equivalent to this level.
gAs recommended by WHO [38], 40% coverage among the 72.7% of PWID with an OUD [23] results in 29% coverage among all PWID.
hMaximum 90% coverage of both medications combined among the 72.7% of PWID with an OUD [23].
iEffectiveness defined as efficacy for 4 doses/week (96%; 95% confidence interval, 90%–99%) × protective level adherence (62.5%; associated with taking ≥ 4 doses/week), further details 
in Supplementary Materials.
jStudy with contemporaneous surveillance registry-based comparison group.

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa130#supplementary-data
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The cost-effectiveness analysis conformed to best practice 
guidelines of the Second Panel on Cost-Effectiveness in Health 
and Medicine, and we used a health care sector perspective, in-
cluding government, employer-paid, and out-of-pocket health 
care expenditures [44]. Interventions were sustained for a 
period of 10 years to match the goals of the Ending the HIV 
Epidemic initiative with outcomes evaluated over 20  years to 
capture long-term individual health benefits and second-order 
transmission effects (ie, prevented cases beyond those directly 
reached by the interventions). We adhered to best-practice 
guidelines for health economic evaluation and both costs and 
QALYs were reported using a 3% annual discount rate [44]. 
Model-projected outcomes also included new HIV infections 
averted and we reported reduction in incidence among PWID 
over a 10-year period.

In addition, we estimated health production functions, rep-
resenting combination implementation strategies providing 
the greatest health benefits for a range of investment levels, in-
cremental to the status quo. We followed methodological con-
ventions [45] to estimate incremental cost-effectiveness ratios 
(ICERs) as the incremental cost per QALY gained for succes-
sive optimal combination implementation strategies along the 
health production function, compared to the next most costly 
strategy. We identified the strategy producing the greatest health 
benefits while still remaining cost-effective (highly cost-effec-
tive, ICER ≤ 1 × per capita gross domestic product; cost-effec-
tive, ICER > 1 to ≤ 3 × per capita gross domestic product) [44].

Sensitivity Analysis

We performed probabilistic sensitivity analysis (using the 2000 
best-fitting calibrated parameter sets for each city) on indi-
vidual interventions and the strategies producing the greatest 
health benefits while still remaining cost-effective to evaluate 
the extent of parameter uncertainty. Furthermore, using the 
selected combination for each city, we assessed the impact on 
incidence of an ideal implementation scenario, whereby each 
intervention reached 90% of its target population (Table 2).

We also conducted a scenario sensitivity analysis exam-
ining the impact of the changing opioid epidemic in 2 ways. 
First, we assumed a 40% increase in the PWID population 
with an opioid use disorder based on the projections of 
opioid injection prevalence from Chen et al [46]. Second, we 
accounted for increased mortality risk from the introduction 
of fentanyl into the illicit drug supply for PWID who were not 
receiving MOUD by adjusting mortality estimates for each 
city using state-level evidence of law enforcement encoun-
ters testing positive for fentanyl (full details are presented in 
the Supplementary Material) [47]. Finally, we considered in a 
separate scenario sensitivity analysis the impact of free PrEP 
provision (ie, zero PrEP medication costs) in response to re-
cent announcements to this end [48].

RESULTS

Combination Implementation Strategies

Combination implementation strategies producing the greatest 
health benefits while remaining cost-effective were composed 
of between 6 (Atlanta and Seattle) and 12 (Miami) individual 
interventions (Figure  1 and Figure  2). Among the 5 different 
combinations (Baltimore and New York City had the same set 
of interventions), care coordination to improve ART engage-
ment and RAPID (Rapid ART Program for Individuals with an 
HIV Diagnosis) were not included in any city’s optimal strategy, 
while expanded access to MOUD (with buprenorphine and 
methadone) and rapid HIV testing integrated with MOUD 
were included across all cities. Additional scale-up of SSP was 
only recommended in cities with lower current syringe distri-
bution levels (highly cost-effective in Atlanta and Los Angeles 
and cost-saving in Miami), and PrEP for PWID was only in-
cluded in Miami’s optimal strategy (full results are in the 
Supplementary Material).

These strategies were estimated to produce QALY gains 
of between 5914 (95% credible interval [CI], 3791–8312) in 
Seattle and 25 615 (CI, 17 729–35 736) in New York City, over 
the 20-year study horizon. We estimated the selected strat-
egies could reduce HIV incidence by between 8.1% (CI, 2.8%–
13.2%) in Seattle to 54.4% (37.6%–73.9%) in Miami, by 2030 
(Figure 3). Implementing the selected combination strategies at 
near-ideal levels would result in large reductions in Atlanta, Los 
Angeles, and Miami (44.8%, 49.0%, and 75.5%, respectively) 
and Baltimore, New York City, and Seattle reaching 16.1%, 
17.7%, and 19.2% reductions, respectively (Figure 3).

Effects of Individual Interventions

Expanding integrated rapid testing with receipt of MOUD was 
found to be cost-saving in Baltimore, Los Angeles, and Miami, 
and highly cost-effective in all other cities (Supplementary 
Table 1). Both the electronic medical records HIV testing re-
minder and nurse-initiated rapid HIV testing interventions 
were cost-saving in Baltimore and Miami, and they were either 
highly cost-effective or cost-effective in every other city with 
the exception of Seattle. Interventions designed to improve ART 
engagement and reengagement provided greater value within 
each city compared to ART initiation interventions. Among 
these interventions, ART relinkage provided the most value 
in Atlanta, Los Angeles, and Miami, targeted ART retention in 
Baltimore and New York City, and ART reinitiation in Seattle. 
Finally, the ART initiation intervention was only cost-effective 
in Miami and New York City.

Sensitivity Analysis

The changing opioid epidemic scenario had a profound impact 
on the projections and the increased mortality among PWID 
living with HIV resulted in 2030 status quo incidence that was 
now projected to be lower by 6.1% (Miami) to 19.6% (Baltimore).  

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa130#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa130#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa130#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa130#supplementary-data


S306 • jid 2020:222 (Suppl 5) • Krebs et al

As a result of the lower prevalence of PWID living with HIV, 
strategies producing the greatest health benefits while remaining 
cost-effective achieved more modest incidence reductions, ran-
ging from 8.7% in Baltimore to 31.6% in Miami. Strategies for 
Baltimore, Los Angeles, New York City, and Seattle included the 
same set of interventions, whereas expansion of SSP in Atlanta 
and PrEP in Miami were no longer included despite remaining 
cost-effective when evaluated individually. Finally, the pro-
vision of free PrEP resulted in incidence reductions that now 
ranged from 33.4% in New York City to 52.2% in Los Angeles, 
and Miami remained unchanged at 54.4% (Figure 3; full results 
are in the Supplementary Material).

DISCUSSION

Results from this simulation study of 6 US cities with diverse 
microepidemics suggest that distinct combinations of evi-
dence-based interventions targeted to PWID were required to 
produce the greatest public health impact in each setting. In 

no city would the combination that maximized health bene-
fits while remaining cost-effective according to international 
standards completely eliminate new HIV infections among 
PWID. Nevertheless, optimistic expansion of targeted, lo-
cally oriented strategies could achieve greater decreases in the 
burden of HIV in cities with relatively higher rates of new infec-
tions, with  reductions in HIV incidence among PWID by 2030 
ranging from 29.4% in Atlanta to 54.4% in Miami. In addition, 
these combinations could prevent resurgence in cities that have 
maintained low levels of HIV incidence among PWID and re-
sult in incidence below 1 new HIV infection per 1000 PWID in 
Baltimore, New York City, and Seattle.

Opioid-related harms continue to be a major public health con-
cern in the United States and the immediate and life-long improve-
ments in the quality of life from expanded access to MOUD has the 
potential to provide considerably more health benefits (measured 
in QALYs) to PWID than any other intervention. Whereas there 
are clear similarities between New York City and Baltimore (earlier 
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epicenters of the epidemic among PWID driven by opioids) and 
cities like Miami, Los Angeles, and Seattle (featuring more injec-
tion of stimulants) our findings suggested that the substantial value 
provided by expanded access to MOUD was robust in the context 
of different settings with respect to injection drug use. With 1 in 4 

American with an opioid use disorder receiving any care and less 
than a third of those in care receiving MOUD (or as low as 8% 
among PWID living with HIV) [49], access to evidence-based treat-
ment has not kept pace with the increasing problems associated with 
the opioid epidemic in the United States [50, 51].

Atlanta Baltimore Los Angeles Miami New York City Seattle

HIV prevention programs
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MOUD with buprenorphine

MOUD with methadone

PrEP for PWID and MSMWID

HIV testing
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Targeted care coordination
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Enhanced person contact
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Expand Maintain

Figure 2. Interventions composing the health-maximizing cost-effective combinations. Abbreviations: ART, antiretroviral therapy; ARTAS, Antiretroviral Treatment Access 
Study; EMR, electronic medical records; MOUD, medication for opioid use disorder; MSMWID, men who have sex with men who inject drugs; PrEP, preexposure prophylaxis; 
PWID, persons who inject drugs; RAPID, Rapid ART Program for Individuals with an HIV Diagnosis.
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There has been a strong consensus among communities of 
injection drug users (and the scientific community) that the im-
plementation of PrEP for PWID should only be considered to-
gether with widespread access to comprehensive, low-threshold 
HIV prevention and care [33, 52]. In agreement with prior 
US-based modelling studies [12, 14], our results indicate that 
the large incremental costs and modest additional health bene-
fits of expanding PrEP among PWID across cities (eg, clusters 
on the right in Figure 1) did not provide sufficient value at cur-
rent prices to be included in each distinct strategy. Miami offers 
an important counterexample. With an HIV epidemic featuring 
relatively higher transmission rates among MSM, PrEP pro-
vided a comparatively greater public health benefit than in other 
cities. Furthermore, the expansion of SSP services in Miami re-
sulted in important cost-savings that offset a large portion of the 
PrEP expansion costs in the chosen health-maximizing strategy. 
Naturally, there is the potential to achieve greater reductions in 
HIV incidence when PWID have access to PrEP, as highlighted 
by our free PrEP sensitivity analysis. Potential price reductions 
from generics or following the recent approval of a new PrEP 
formulation by the US Food and Drug Administration [53] 
may offer opportunities to improve the cost-effectiveness of 
providing PrEP to PWID. Nevertheless, using PrEP remains an 
individual choice, with adherence greatly determining its effi-
cacy. Access to this biomedical intervention needs to be con-
sidered in the context of criminalization of persons who use 
drugs and structural barriers to HIV prevention and care that 
could potentially diminish the effectiveness of PrEP among 
PWID. Additionally, it is important to emphasize in the context 
of recommendations to offer PrEP to all persons at high risk 
of HIV acquisition [15] that a large proportion of PWID living 
with HIV have yet to fully benefit from ART as treatment and 
prevention [49].

Recent trends in the diagnosis of PWID living with HIV 
have shown promise [54] yet ART engagement among those 
diagnosed has stalled [49, 54]. Sustained viral suppression is 
necessary for reducing HIV transmission risk [55], and as our 
analysis suggests, additional funding to improve ART engage-
ment among PWID and to reengage those who have discon-
tinued treatment may be well justified across most settings. 
These findings were consistent with previous studies noting 
poorer retention [56], lower probability of ART initiation [57], 
and reinitiation that varied across geographic regions [18] and 
lower rates of viral suppression for PWID relative to non-PWID 
[49]. There have been promising examples of reducing dispar-
ities in viral suppression rates [58]. Nonetheless, multidimen-
sional public health strategies addressing stigma and broader 
social determinants of health such as the lack of fulfillment of 
basic needs (food, housing, and education) will be necessary to 
achieve and maintain undetectable viral loads among the most 
vulnerable communities, and ultimately stop the spread of HIV.

We have previously outlined limitations in the structure of 
the model and its evidence base [7, 17]. Our analysis had other 
limitations. First, our model was calibrated and validated using 
historical data and may not capture changing HIV outbreaks 
among PWID that are most likely indicative of emerging pat-
terns of drug use, vulnerability, and injection behavior [59, 60]. 
Our sensitivity analysis on the changing opioid epidemic al-
lowed us to assess the robustness of our results when accounting 
for both changing injection drug use prevalence and associated 
risks. Second, we did not explicitly account for the variation in 
injection frequency or sexual risk networks among subgroups 
using different substances [61]. Nonetheless, we accounted for 
average behavior among all PWID and conducted probabilistic 
sensitivity analysis on all relevant parameters, determining the 
value of different strategies at the population level. Lastly, we 
only captured HIV prevention benefits from SSP. Incorporating 
broader health benefits from HCV and overdose prevention 
would likely result in assessments of greater value even for well-
resourced cities.

In conclusion, evidence-based interventions targeted to 
PWID can deliver considerable value; however, ending the HIV 
epidemic among PWID will require innovative implementation 
strategies and supporting programs to reduce social and struc-
tural barriers to care.
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