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Abstract

People who inject drugs continue to be at greatly increased risk of HIV infection in the United 

States. We modeled HIV transmission in a dynamic network of drug users and non-drug users 

(representing the New York metropolitan statistical area population) to estimate the effectiveness 

of various combination prevention scenarios. We first assumed that current approaches continue 

(status quo), and then compared projected HIV incidence at 2020 and 2040 to those derived from 

hypothetical initiatives: (1) scale-up HIV testing, (2) increased access to substance abuse 

treatment, (3) improved coverage of needle and syringe programs, (4) scaling up Treatment as 

Prevention; and (5), “high-impact“ combination prevention, combining strategies (1) through (4). 

No strategy completely eliminated HIV transmission. High-impact prevention produced the largest 

decrease in HIV incidence, a 62% reduction compared to the status quo. Increased resources for 

and investment in multi-modality HIV prevention approaches will be required to eliminate HIV 

transmission among people who inject drugs.
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Introduction

HIV infection among people who inject drugs (PWID) is an ongoing public health problem 

in the United States.1,2 The large-scale implementation of interventions to reduce injection 

risk behavior has led to substantial reductions in HIV incidence among PWID populations in 

many US settings, including New York City.3,4 However, recent surveillance data from the 

Centers for Disease Control and Prevention (CDC) indicate that declines in incidence among 

PWID have stalled, with approximately one in ten new HIV infections attributable to 

injection drug use annually (representing 4,000 new cases per year).5

To inform improved public health response to the epidemic, expert bodies, including the 

CDC, have published summary guidance that recommends prevention strategies focus on 

the integration of biomedical, behavioral, and structural interventions to reduce HIV 

infectiousness and susceptibility.6,7 Specifically, CDC guidance recommends a prevention 

package that includes: needle and syringe programs (NSPs), opioid substitution therapy and 

other forms of substance abuse treatment, voluntary HIV testing and counseling, and, for 

HIV positive PWID, access to highly active antiretroviral therapy (HAART).7

Despite growing interest in combination HIV prevention for PWID,8,9 there exists a scarcity 

of evidence to inform optimized prevention packages. To achieve greater effectiveness, 

combination prevention must account for the evolving epidemiology of HIV among PWID, 

including dynamic sexual and injecting networks and shifts in HIV risk behavior.2,10 

Furthermore, although studies conducted in New York City and elsewhere suggest that the 

presence of multiple interventions can reduce HIV prevalence among PWIDs to below 

10%,11,12 the cooperative and/or interactive mechanisms through which combined 

approaches could achieve maximal effectiveness have yet to be elucidated. However, in 

order to identify both the independent and combined effects of multiple interventions 

operating in concert, large, long-term studies using complicated factorial designs would be 

required.13

To address these research priorities, the CDC has promoted the development of 

mathematical models to inform the successful implementation of “high-impact prevention” 

strategies.14 Using a type of microsimulation known as agent-based modeling, we conducted 

this study to compare the effectiveness of combination intervention strategies to eliminate 

new HIV infections among PWIDs in the New York metropolitan area.

Methods

We developed a stochastic agent-based model (ABM) that describes HIV transmission in an 

artificial population of PWID, non-injection drug users (NIDU), and non-drug users. The 

ABM simulates individual “agents” as they interact within a dynamic sexual and injecting 

network. We describe here the main features of the model, with additional information 

provided in the online Appendix. A detailed description of model development, 

construction, and calibration has also been published previously.15
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Agent Characteristics and Model Structure

The ABM is coded in Python™ and consists of 150,000 agents. The model is constructed to 

represent the sexually active adult population (15 to 64 years of age) in the New York 

metropolitan statistical area (MSA). The model simulates the passage of time in discrete 

annual time steps. At each time-step, agent states are updated (e.g., HIV disease stage) based 

on pre-programmed rules and interactions with other agents. Agents enter the model 

stochastically and exit the population when they die from HIV or other causes. In addition to 

three time-varying drug use states (PWID, NIDU, and non-drug users), agents are stratified 

by sex (male, female) and sexual orientation – men who have sex with men (MSM), women 

who have sex with women (WSW), and heterosexual males (HM) and females (HF). To be 

consistent with CDC surveillance definitions,16 PWID are agents who have injected an illicit 

drug in the past year. Similarly, NIDU are agents who have used an illicit drug by non-

injection means in the past year (excluding marijuana). At model initialization, 1.2% and 

6.5% of the population are PWID and NIDU, respectively.17,18 The full set of parameter 

values for PWID, NIDU, and non-drug users are shown in online Appendix Exhibits A1-A3.

Agent Network

The model is initialized by placing agents in a network (Appendix Exhibit A4). Network 

links represent sexual activity, and, if both agents are PWID, injecting behavior. The number 

of sexual and injecting partners at each time step is specified by random sampling 

procedures from negative binomial distributions (Exhibit A5) and parameterized from 

published estimates.19-21 At each time step, partnerships are formed, broken or maintained, 

based on a partnership retention algorithm (see Appendix). To incorporate assortative (i.e., 

non-random) mixing, partnerships are weighted to favour the formation of links between 

nodes with similar characteristics. For example, PWID are fourfold more likely to establish 

links with other PWID.19

Two agents in a partnership can engage in unprotected intercourse (defined as <100% 

consistent condom use), and, if both are PWID, share syringes. The probability of risk 

behavior between two agents depends on whether one or both are engaged in HIV 

prevention programs (see Appendix).

HIV Transmission, Testing, Treatment, and Disease Progression

At model initialization, HIV is distributed in the agent population according to published 

estimates (references in Appendix). At each time step, uninfected agents can acquire HIV 

from seropositive partners. The risk of infection is determined by the sex and sexual 

orientation of the agents, the type of risk behavior engaged in, and the HIV disease stage and 

treatment status (including adherence) of the seropositive agent (Appendix Exhibit A1). The 

transmission risk from agents in latent stage HIV disease is parameterized based on mean 

set-point viral load (approximately 4 log10 copies/mL).22,23 The risk of transmission from 

partners in acute stage infection is elevated, based on previously published estimates.24

At each time step, agents can access HIV testing. Once an agent tests HIV positive, they are 

eligible to initiate HAART. Agents initiating therapy are assigned adherence levels (between 

0% and 100%), such that 60% of agents achieve ≥90% adherence.25 To model the effect of 
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HAART on HIV transmission, the relationship between adherence, log10 viral load, and per-

act risk of infection is assumed to be linear.26-28 Adherence to HAART also determines the 

rate of HIV disease progression (i.e., AIDS and death). To reflect imperfect engagement in 

HIV care, agents can discontinue therapy (and re-initiate therapy at any time point 

thereafter).

Model Scenarios

To examine the effect of combination HIV prevention strategies on HIV incidence, we 

included interventions considered by the WHO/UNODC/UNAIDS as “core” services for 

PWID.29 In addition to HIV testing and Treatment as Prevention (TasP) strategies, we 

modeled NSPs and substance abuse treatment. Engagement in the suite of HIV prevention 

interventions is explicitly inter-dependent and not necessarily linear (see Appendix Exhibit 

A6). For example, NSP use improves access to substance abuse treatment,30 which in turn 

increases the rate at which HIV positive PWID initiate HIV treatment.31

As a first step, we projected the course of the HIV epidemic among PWIDs in the New York 

MSA assuming a status quo strategy. In this scenario, we parameterized the model to reflect 

actual intervention coverage in 2012, and assumed this coverage remains constant over the 

projected time period. The coverage of HIV prevention services and annual rate of HIV 

testing and HIV treatment initiation for the status quo strategy are shown in Exhibit 1 

(references in Appendix Exhibit A1). Second, we simulated four hypothetical scenarios, 

representing increased availability, coverage, and use of one of four interventions: (1) HIV 

testing, (2) substance abuse treatment, (3) needle and syringe programs (NSPs), and (4) HIV 

Treatment as Prevention (see Exhibit 1). Third, we modeled a “high-impact combination 

prevention” scenario, which included a scale-up of all interventions (1) through (4). In a 

final set of simulations, we examined “dual” scenarios, consisting of pairwise combinations 

of interventions.

Model Outcomes

The primary outcome was HIV incidence (per 1,000 person-years) in 2020 and 2040 among 

PWID residing in the New York MSA, for each of the status quo and hypothetical 

prevention strategies. The years 2020 and 2040 were chosen as the end time points of 

interest to identify both shorter- and longer-term potential impacts of combination 

prevention strategies. Although the 2040 HIV incidence estimates have greater uncertainty 

than those at the earlier time point, we chose to show these values since previous modeling 

studies in international settings have demonstrated that the full impact of combination 

prevention strategies may only accrue after 10-15 years.32,33 The simulation also estimates 

HIV incidence in the NIDU and non-drug using populations, which we used to calibrate the 

model (see Appendix). In accordance with previous agent-based epidemiologic models,15,34 

we ran the model 50 times for each scenario to obtain mean estimates and 95% confidence 

intervals. All simulations were run on a Beowulf supercomputing cluster.

Model Calibration

Detailed model calibration procedures are provided in the Appendix. In brief, we calibrated 

model outputs to historic HIV surveillance data from the New York City Department of 
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Health & Mental Hygiene,35,36 and to previously validated estimates of key epidemiologic 

outcomes for PWID, computed for the New York MSA between 1992 and 2002.18,37,38 We 

also used historical HIV incidence estimates (1992-2002) for New York PWID to calibrate 

the primary outcome of interest (see Exhibit 2).3 Calibrated outputs for other variables of 

interest (e.g., drug user prevalence, AIDS incidence) are shown Appendix exhibits A7-A9.

Sensitivity Analyses

Recognizing the extent of uncertainty in the model processes and parameter estimates, we 

conducted a series of sensitivity analyses to examine model robustness. As described in the 

Appendix, we varied key parameters including per-contact transmission rates, HIV disease 

progression probabilities, and sexual risk behavior, and analyzed the projected HIV 

incidence at 2040. To further examine the relative benefits and ranking of hypothetical 

strategies examined herein, we conducted a second set of sensitivity analyses representing 

idealized program effectiveness, including 100% annual HIV testing rates, 100% adherence 

to HAART, etc.

Limitations

Like all mathematical models, this study has important limitations. First, as in any modeling 

exercise, there exists uncertainty in parameter estimates. To address this issue, we conducted 

a number of sensitivity analyses involving key parameters of interest, and observed that the 

primary findings were largely insensitive to variations in parameter values. Second, the 

replication of historically observed estimates does not necessary imply model validity. 

However, we conducted a comprehensive calibration procedure, comparing multiple outputs 

(e.g., drug user prevalence, HIV incidence, AIDS incidence) to empirical estimates from 

several validated data sources. Third, we made simplifying assumptions regarding agent 

behavior and other model phenomena, including for example stable rates of engagement in 

risk behavior over the course of HIV disease. Fourth, although the agent-based approach 

allows for greater heterogeneity in individual behavior than most compartmental models 

(e.g., the inclusion of multiple, overlapping risks in sub-groups such as MSM who also 

inject drugs), there are additional sources of variability in HIV risk and transmissibility that 

we did not account for. These include HIV transmission in the context of sex work, types of 

drugs used, and co-morbid infections such as STIs and hepatitis C. As such, we were unable 

to model interventions that influence these factors (e.g., STI screening and treatment). 

Further, our results likely underestimate the overall effect of intervention scenarios that 

reduce HIV incidence in part through these mechanisms. Fifth, we relied on a relatively 

coarse timescale of annual time steps in order to reduce computational requirements, which 

may have limited our ability to capture shorter-term behavioral and network dynamics. 

However, any effect of doing so should apply similarly to all scenarios, and therefore the 

cross-scenario comparisons remain valid. Sixth, we did not consider the effects of these 

interventions on incidence in non-injection drug-using populations and other groups of 

interest, including men who have sex with men. Examining combination prevention 

strategies in these populations will be the focus of future research. Seventh, our model was 

parameterized to represent HIV transmission dynamics among PWID residing in an urban, 

US context. Given the diversity of PWID population behavior, network dynamics, and 

environments in which parenteral HIV transmission occurs, our results are not necessarily 
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generalizable to other settings, particularly those outside the United States. Finally, as with 

any simulation model, longer-term projections are subject to greater uncertainty, as they do 

not capture future innovations, novel prevention tools, and other unforeseen epidemic 

dynamics. The model estimates for future HIV incidence, particularly in 2040, should thus 

be interpreted with appropriate caution.

Results

Projected HIV incidence values at year 2040 are shown in Exhibit 3. In the status quo 

strategy, HIV incidence at years 2020 and 2040 was estimated to be 3.2 per 1,000 person-

years (95%CI: 2.9–3.6) and 2.1 per 1,000 person-years (95%CI: 1.9– 2.4), respectively. As 

shown in Exhibit 3, every hypothetical strategy resulted in a greater reduction in HIV 

incidence at year 2040 compared to the status quo. Specifically, increased HIV testing 

resulted in a 12.2% (95%CI: -5.2% – 29.6%) reduction in HIV incidence at year 2040, 

increased access to substance abuse treatment resulted in a 26.3% reduction (95%CI: 11.3% 

– 41.3%), increased NSP coverage resulted in a 34.3% reduction (95%CI: 19.4% - 49.2%), 

and scaling-up treatment as prevention resulted in a 45.1% reduction (95%CI: 32.9% – 

57.3%) in HIV incidence, all compared to the status quo strategy. The high-impact 

combination prevention scenario (i.e., combining all strategies listed above) produced the 

largest reduction in HIV incidence (62.4%, 95%CI: 52.6% – 72.2%), with a mean value of 

0.8 per 1,000 person-years (95%CI: 0.6–1.0) at year 2040.

The HIV incidence trajectories for each scenario are shown in Exhibit 2. The high-impact 

combination prevention strategy produced a more immediate drop in new infections 

compared to the other prevention scenarios. For this reason, the high-impact combination 

prevention strategy led to the largest proportion of new cases averted. Specifically, the total 

number of new cases observed over the simulation lifetime (2012-2040) was 55% lower in 

the high-impact combination prevention strategy compared to the status quo.

The results of the pairwise “dual strategy” simulations are shown in Exhibit 4. All scenarios 

resulted in lower HIV incidence among PWIDs in 2040 compared to the status quo. Three 

of the six dual strategies (increased substance abuse treatment with scaling up treatment as 

prevention, increased substance abuse treatment with improved NSP coverage, and 

improved NSP coverage with scaling up treatment as prevention) resulted in an HIV 

incidence among PWIDs of less than 1 per 1,000 at 2040.

Sensitivity Analyses

The results of the sensitivity analyses are shown in online Appendix exhibit A10 and A11. 

As expected, an increase in the per-contact rate of HIV transmission resulted in higher HIV 

incidence at 2040 (Exhibit A10, Panel I). The model results appeared robust to changes in 

the probability of progression to AIDS (Exhibit A10, Panel II) and increases in sexual risk 

behavior (Exhibit A10, Panel III). The results of scenario-based sensitivity analyses (Exhibit 

A11) suggest that further reductions in HIV incidence would be observed if HIV testing 

were scaled to 100% of the PWID population annually (from 50% and 90% of the non-NSP 

and NSP attendees tested annually in the primary “increase HIV testing” scenario, 

respectively). Increasing NSP coverage from 90% to 95% (i.e., only 5% of injecting events 
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involve the re-use of syringes) also resulted in further decreases in HIV incidence. 

Treatment as prevention scenarios in which all PWID were adherent to and never 

discontinue therapy each resulted in similar HIV incidence estimates compared to that 

obtained from the primary “scale-up TAsP” strategy.

Discussion

Results of this simulation study suggest that a dramatic scale-up multiple prevention 

programs would be required to significantly reduce the rate of new HIV infections among 

PWID over the coming decades. Although no strategy completely eliminated HIV 

transmission in the simulated PWID population, three “dual strategies” and a “high-impact” 

combination prevention approach resulted in an incidence of less than one new case per 

1,000 per year. The immediate expansion of multiple prevention interventions in PWID 

communities appears to be required to substantially reduce parenteral HIV transmission in 

established epidemics in the United States.

The projected scenarios reveal several important implications for health policy and HIV 

prevention planning. First, increasing the rate of HIV testing as a standalone intervention 

may not reduce HIV incidence significantly. Rather, a comprehensive “treatment as 

prevention” (TAsP) strategy, which included increasing access to HIV treatment for PWID, 

improving adherence to therapy, and ensuring continuation in care, was among the most 

effective intervention analyzed. Second, our results demonstrate that “dual” strategies, in 

which scaling-up TAsP is paired with increasing substance abuse treatment initiation or 

sterile syringe distribution, may be highly effective. In the United States, coverage of NSPs 

and opioid substitution therapy (OST) programs (defined as the number of sterile syringes 

distributed and number of OST recipients per PWID per year) remain significantly lower 

than in Australia, Canada, and most nations in the Western European region.39 Increased 

funding and resources for these programs at US federal and state levels is strongly 

recommended. Our study sought to simulate HIV transmission among PWID in a large 

urban US setting (New York City), and therefore the model does not necessarily account for 

geographic and other population variations in PWID communities. Nonetheless, these “dual 

scenario” results may also have important implications for international settings that restrict 

access to non-antiviral based HIV prevention modalities for PWID. To achieve larger, 

sustained reductions in HIV incidence, political and ideological opposition to harm 

reduction and substitution-based therapies must be overcome. Political will, public health 

leadership, and, in some countries, the reform of laws banning access to evidence-based 

HIV prevention strategies are therefore required to implement the combined intervention 

approaches found to be effective in this study.40

Our findings are consistent with those of previously published deterministic models 

examining combination prevention programs for HIV prevention among PWIDs in low- and 

middle-income countries.33,41,42 For example, in a model of HIV transmission among 

PWID in Ukraine,33 expanding methadone maintenance therapy and antiretroviral therapy 

averted the most number of new cases compared to no intervention. In another model 

assessing the combined effect of opioid substitution treatment, NSPs, and HAART for 

Marshall et al. Page 7

Health Aff (Millwood). Author manuscript; available in PMC 2015 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PWID, increasing coverage of each intervention by 50% resulted in an approximately 40% 

reduction in HIV incidence after 5 years.43

Further work and empirical studies are required to determine the cost-effectiveness of “high-

impact” combination prevention and whether multiple interventions are most effective if 

integrated in the same facilities (or whether they simply need to co-exist in communities). 

However, these results clearly demonstrate the need to dramatically scale-up HIV treatment 

as prevention, harm reduction, and substitution therapy programs for people who inject 

drugs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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EXHIBIT 2. Historical (1992-2011) and projected (2012-2040) HIV incidence (per 1,000 person-
years) among PWID in residing in the New York metropolitan area, for various HIV prevention 
strategies
Sources: Black solid line represents previously published calibrated output.15 Empirical 

data (shown in gray) obtained from Des Jarlais (2005.3

Notes: Hypohetical prevention strategies as described in Exhibit 1. Abbreviations: HIV – 

human immunodeficiency virus; PWID – people who inject drugs; NSP – needle and 

syringe exchange program; SA – substance abuse; TAsP – treatment as prevention.
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EXHIBIT 3. Projected HIV incidence (per 1,000 person-years) at 2040 among PWID residing in 
the New York metropolitan area, for hypothetical HIV prevention strategies
Notes: Hypohetical prevention strategies as described in Exhibit 1. Abbreviations: HIV – 

human immunodeficiency virus; PWID – people who inject drugs; NSP – needle and 

syringe exchange program; SA – substance abuse; TAsP – treatment as prevention.
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EXHIBIT 4. Projected HIV incidence (per 1,000 person-years) at 2040 among PWID residing in 
the New York metropolitan area for hypothetical “dual” HIV prevention strategies
Notes: Hypohetical prevention strategies as described in Exhibit 1. Abbreviations: HIV – 

human immunodeficiency virus; PWID – people who inject drugs; NSP – needle and 

syringe exchange program; SA – substance abuse; TAsP – treatment as prevention.
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