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Abstract

Objective: Despite their effectiveness in preventing the transmission of HIV among people who
inject drugs (PWID), syringe services programs (SSPs) in many settings are hampered by social
and political opposition. We aimed to estimate the impact of closure and temporary interruption of
SSP on the HIV epidemic in a rural US setting.

Methods: Using an agent-based model calibrated to observed surveillance data, we simulated
HIV risk behaviors and transmission in adult populations who inject and do not inject drugs

in Scott County, Indiana. We projected HIV incidence and prevalence between 2020-2025 for
scenarios with permanent closure, delayed closure (one additional renewal for 24 months before
closure), and temporary closure (lasting 12 months) of an SSP in comparison to persistent SSP
operation.
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Results: With sustained SSP operation, we projected an incidence rate of 0.15 per 100 person-
years among the overall population [95% simulation interval: 0.06-0.28]. Permanently closing the
SSP would cause an average of 58.4% increase in the overall incidence rate during 2021-2025,
resulting in a higher prevalence of 60.8% [50.9%-70.6%] (18.7% increase) among PWID by 2025.
A delayed closure would increase the incidence rate by 38.9%. A temporary closure would cause
12 (35.3%) more infections during 2020-2021.

Conclusions: Our analysis suggests that temporary interruption and permanent closure of
existing SSPs operating in rural US may lead to “rebound” HIV outbreaks among PWID. To
reach and sustain HIV epidemic control, it will be necessary to maintain existing and implement
new SSPs in combination with other prevention interventions.
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Introduction

Syringe service programs (SSPs) are an effective and cost-effective measure in curbing the
transmission of HIV and other bloodborne infections, reducing the risk of overdose, and
improving linkage to HIV care among people who inject drugs (PWID) [1-4]. Nonetheless,
rural communities in the United States (US) often face unique obstacles for implementing
SSPs. Such obstacles frequently include stigmatization of drug use, inadequate access to
HIV testing and subsequent care, and limited political and social support [5]. As of August
18, 2019, SSPs were operating in 41 states and the District of Columbia, concentrated
primarily in coastal urban areas [6].

One of the largest outbreaks of HIVV among PWID in the US occurred in Scott County,
Indiana in 2015. Out of a fewer than 24,000 residents, 181 persons were diagnosed with
HIV infection within a year, corresponding to an incidence rate over 50 times that of the
national average [7, 8]. The outbreak raised concerns about vulnerability to rapid HIV
transmission in this rural county, which had historically recorded only a total of five HIV
diagnoses during 2004 to 2013 [7, 9, 10]. Within a week of the declaration of the public
health emergency in April 2015, the Indiana General Assembly authorized the first legal
SSP to operate in the state [7]. In addition to anonymous, needs-based syringe exchange,
the program also provided integrated and comprehensive harm reduction services. Two
modeling studies have examined the dynamics of the Scott County outbreak, concluding that
a more rapid public health response could have substantially reduced the total number of
HIV infections, particularly if an SSP program had been established prior to the outbreak
[11, 12].

In Indiana, the bill authorizing the operation of SSPs in nine of its counties (including Scott
County) is subject to a two-year sunset clause. Consequently, every two years the program
may be jeopardized due to a lack of social and political support. Given the expansion of
HIV incidence during the outbreak and the potential shortage of sterile injection equipment,
questions remain regarding the impact of the SSP closure [13, 14].
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While there is a paucity of literature for the repercussions of SSP interruptions on

HIV incidence, the limited evidence available has demonstrated impacts that would be
expected to exacerbate risks of HIV acquisition. Following the closure of SSP in Windham,
Connecticut, there were significant rises in the percentage of PWID receiving syringes from
an unreliable source, the frequency of reusing syringes, and the percentage of PWID who
reported syringe sharing [15]. lvsins et al. showed a marked increase in the probability of
syringe and needle sharing after the closure of the city’s only fixed-site SSP in Victoria,
British Columbia, despite continuous operation through mobile and satellite programs [16].
A recent qualitative study in Kanawha County, West Virginia showed that PWID described
more frequently injecting with used syringes and engaging in a range of less safe injection
practices after the suspension of an SSP [5].

However, none of these studies have quantified how the closure of SSP might affect the risk
for HIV transmission among PWID. As a rural community which has recently experienced
an HIV outbreak among PWID and is facing imminent threat of closure of the only SSP in
operation [17], Scott County, Indiana provides an ideal context for assessing the potential
impact of SSP closure where transmission network data are readily available as a result

of prior intensive outbreak investigations [7, 9]. Using an agent-based model (ABM), we
aimed to examine the impact of the permanent or temporary closure of a rural SSP on the
HIV epidemic among PWID in Scott County, Indiana, and to determine to what extent there
could be a rebound outbreak after the termination of an SSP in a setting with elevated HIV
prevalence among PWID.

Study design

We adapted and extended the TITAN (Treatment of Infection and Transmission in Agent-
Based Networks) modeling framework (https://www.titanmodel.org), a previously published
ABM [18], to simulate the transmission of HIV among adult population in Scott County,
Indiana and examine the impact of SSPs [12]. Our model simulated the adult population of
14,573 individuals (aged 18-64) in Scott County between 2010 and 2025 at monthly time
steps. We accounted for the heterogeneity of HIV infection risk and access to HIV health
services, including HIV testing, antiretroviral therapy (ART) and SSP utilization [9]. With
this design, we estimated both the preventative benefits of SSP among PWID as well as

the potential spillover effects that SSP might have on HIV transmission among people who
do not inject drugs. Model parameters were informed by local evidence from Scott County
where possible, as well as by estimates from existing literature [12]. More details concerning
model structure, parameter values, uncertainty ranges and process of model calibration can
be found in the Appendix.

Model description

The age and gender distributions of the 14,573 adult individuals in our model were
parameterized by demographic data from the US Census for Scott County [19]. The
prevalence of injection drug use within the population (3.1% [range: 1.9%-4.2%]) was based
on a capture-recapture study in a similar rural setting in Cabell County, West Virginia [20],
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and was adjusted to the defined age range. Without considering the transitions between
PWID and non-PWID, we considered a dynamic population where agents left the model at
death or by aging out at 65 years and were replaced by new agents with the same initial
characteristics to maintain a constant size of PWID and non-PWID populations.

We modeled dynamic networks in which HIV transmission can occur through sexual contact
and syringe sharing. To construct the syringe sharing network and population heterogeneity,
the annual target number of injection partners and the number of inject acts per month

for each PWID agent was randomly drawn from predefined distributions (Appendix Table
Al). Prior to SSP implementation, syringe sharing occurred in 32.1% [17.6%-46.6%] of all
injection acts [21]. Similarly, we also created a concurrent network for sexual transmission
assuming all agents were able to engage in sexual behavior. Each agent was assigned an
annual target number of sex partners and a number of condomless sexual acts per month.
The base per-act probabilities of transmission associated with different injection and sexual
risk behaviors were derived from a meta-analysis [22]. To improve computational efficiency,
only behaviors occurring within serodiscordant dyads (sexual, injection, or both) were
explicitly simulated, and depending on the type of dyad, the corresponding transmission
probabilities were used to estimate the risk of transmission.

Following seroconversion, agents first experienced a two-month acute stage of HIV infection
with five-fold per-act probability of transmission [23], followed by a chronic stage and a
monthly probability of progression to AIDS based on the use of ART and achievement

of viral suppression [24]. Infected agents were modeled with a monthly probability to be
diagnosed via HIV testing, use ART, and achieve viral suppression. HIV-uninfected agents
and HIV-infected agents unaware of their infection status had a yearly probability of HIV
testing of 20.2% [17.8%-22.6%] [25]. Upon diagnosis, an agent initiated antiretroviral
treatment in the next time step with a probability of 65% and achieved viral suppression
with a probability of 91.5%, according to the statewide HIV care continuum data reported
by the Indiana State Department of Health [26]. Here we did not explicitly model treatment
dropout but assumed constant coverage of treatment and viral suppression. We also assumed
no change to injection behavior but 27% fewer condomless sex acts following HIV diagnosis
[27].

Following model initialization, a single agent engaging in injection drug use was selected
to spontaneously seroconvert, representing the initial source of HIV within the dynamic
network. Consistent with our prior study, the selected agent was required to have at least
four injection partners, according to the possible range of injection contacts reported by the
phylogenetic cluster within the inferred transmission network in the Scott County outbreak
[9, 12]. A full list of model parameters is presented in Appendix Table Al.

Syringe Services Program

Based on the Scott County Health Department data [28], the SSP was implemented in

the model in April 2015 and was assumed to scale up linearly to reach a total of 290
PWID in March 2016 and maintain at this level thereafter. PWID enrolled in the SSP
were less likely to share syringes with their partners (2.0% [0.4%-4.8%] versus 32.1%
[17.6%-46.6%] among those not enrolled in the SSP) [21]. Meanwhile, we also accounted
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for additional HIV testing performed alongside SSP services (19.5% per month) among
PWID agents enrolled in the SSP based on local data [28], which was disabled when SSP
was closed. The determination of SSP enrollments and HIV testing alongside SSP services
are detailed in Appendix p10. To replicate the contact tracing investigation conducted in
Scott County during the outbreak, we modeled contact tracing testing practices in 2015
(disabled in 2016 and after) where the monthly probability of HIV screening increased to
87.3% [84.2%-90.2%)] in the time-step immediately following the diagnosis of an agent’s
partner [7].

Modeling scenarios

Before assessing the impact of SSP closure, we ran the baseline model over a 10-year

time period that comprised a period with few to no HIV transmissions (2011-2014), a
rapidly growing HIV outbreak in 2015, a period of declining incidence following SSP
implementation (2015-2016), and a period of returning to low new HIV diagnoses and stable
HIV prevalent cases (2017-2020).

We modeled and compared four distinct scenarios to estimate the impact of SSP closure

on the rebound of HIV infection over an evaluation period between 2020 and 2025: (1)
persistent operation, representing a scenario where an SSP will persist at current service
levels throughout 2021-2025; (2) permanent closure, representing a scenario where SSP

is fully suspended from 2021-2025, during which injection behaviors for the current SSP
enrollees will resume as in the pre-SSP period; (3) delayed closure, representing a scenario
where the SSP will be extended for an additional two years (2021-2022) and then be closed
for the remaining period (2023-2025); (4) temporary closure, representing temporary SSP
service interruption caused by a major incident for the period between April 2020 to March
2021 [29], with conditions returning to pre-interruption levels thereafter.

The primary outcome was HIV incidence, expressed as the cumulative number of HIV
infections over the five-year study period (2021-2025), annual number of new HIV
infections per 100,000 adult population, and the average incidence rate per 100 person-years
during the evaluation period. We also estimated HIV prevalence at the end of 2025 as our
secondary outcome. These outcomes were calculated for the overall population and stratified
by engagement in injection drug use.

Model calibration and sensitivity analysis

We calibrated our model using data from the Indiana State Department of Health on the
number of new HIV diagnoses and number of persons living with HIV/AIDS in each year
between 2015-2018 in Scott County [30]. We applied a random calibration approach to
repeatedly sample from estimated uncertainty ranges for relevant model parameters (N=11)
and then fit against the selected calibration targets. We used a Latin hypercube sampling
method [31] to draw 100,000 random parameters sets to inform the simulation model and
derive 1,000 calibrated subsets providing the best fit (measured by the mean percentage
deviation). We performed evaluation analyses over these calibrated subsets that also captured
parameter uncertainty, and we presented the mean value over these sets with 95% simulation
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intervals (SlIs) where appropriate. More details regarding model calibration can be found in
Appendix pl4.

We performed additional sensitivity analysis on a scenario representing the SSP service
interruption (15% reduction in SSP enrollment and 56% reduction in HIV testing
probability) due to the COVID-19 pandemic using local health department data collected
before and during 2020 (Appendix p15). To examine the relative contributions of SSP
and contact tracing to the HIV incidence reduction in 2015 and after, we constructed
three counterfactual scenarios: (1) no contact tracing; (2) no SSP; and (3) neither SSP nor
contact tracing. The differences in the number of new HIV infections during 2015 to 2019
between scenario (1) and (3) and between scenario (2) and (3) were used to decompose
the independent effects of SSP and contact tracing, respectively. Given the existing high
HIV prevalence among PWID due to the previous outbreak (48% in 2019 based on our
estimates), in another sensitivity analysis, we lowered the prevalence of HIV by 85% (to
match the national average HIV prevalence among PWID [32]) in 2019 to estimate the
potential impact of SSP closure for settings with lower baseline HIV prevalence.

Following calibration, our model demonstrated excellent fit to the selected targets of new
HIV diagnoses and prevalent cases (Fig. 1). The steep decline in new diagnoses from 2015
to 2016 after SSP implementation was captured. \We estimated that contact tracing alone
accounted for a slightly larger percentage in incident HIV cases averted (70% versus 63%
attributable to SSP) in 2015, while the SSP played a greater role in long-term epidemic
control (82%-84%) in 2016 and after (Appendix Fig A3).

With persistent SSP operation, our model projected a total of 109 incident infections [95%
Sl: 46-205] among the entire adult population between 2021-2025 (Fig. 2), resulting in

an incidence rate of 0.15 [0.06-0.28] per 100 person-years and a prevalence of 1.7%
[1.4%-2.2%] in 2025. Stratified analysis also demonstrated a relatively low level of HIV
incidence among both PWID and people who do not inject drugs, with 37 [16-70] and

71 [17-163] infections over five years with persistent SSP operation, respectively. The
incidence rate also remained relatively low at 2.08 [1.12-3.18] and 0.10 [0.02-0.23] per 100
person-years, respectively. Prevalence among PWID remained at 51.2% [41.0%-61.8%] in
2025, similar to that in prior years (2017-2020, Fig. 3).

Suspending the SSP permanently would result in an average increase of 63.5 HIV infections
over a five-year period (2021-2025) (a 58.4% increase) compared with persistent operation.
This corresponded to a substantially higher incidence rate of 0.24 [0.14-0.37] infections per
100 person-years between 2021-2025 among the total population. We estimated an average
of 60.2 more infections (a 161% increase) among PWID, elevating the incidence rate to 5.51
[3.88-7.21] per 100 person-years. Among PWID, HIV prevalence increased by an average of
18.6 percent to 60.8% [50.9%-70.6%)].

If SSP closure is delayed by two years (i.e., the program is renewed once), we estimated
42.4 additional HIV infections (a 38.9% increase) compared with sustaining SSP operation
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for 5 years (2021-2025). This could help maintain the overall incidence rate to a level of
0.21 [0.11-0.34] per 100 person-years and a prevalence of 56.9% [47.0%-67.7%] among
PWID in 2025, although still higher than the persistent operation scenario. In this scenario,
an average of 39.9 more infections (107% increase) were estimated for PWID over a
five-year period.

In modeling a temporary SSP closure during April 2020 and March 2021, we estimated
that this interruption would lead to a temporary spike in HIV incidence, but new infections
soon returned to its original trend when SSP was resumed. An average of 11.6 (35.3%)
more infections were estimated during 2020-2021 in comparison with no interruption

and persistent SSP operation. Under the estimated impact of COVID-19 interruptions, we
estimated a relatively more moderate spike in HIV incidence, with an average of 0.9 (2.6%)
more infections during 2020-2021.

Alternatively, when reducing baseline HIV prevalence by 85%, we found permanent and
delayed closure would lead to greater relative increase in overall incidence rate per 100
person-years by an average of 133.4% and 73.6% (219.8% and 125.2% among PWID)
during the five-year evaluation period, respectively (Fig. 4, Appendix Fig. A4).

Discussion

This analysis presents the first study, to our knowledge, to quantitively examine the impact
of SSP closure on HIV incidence using a modeling approach. In a rural American setting
that had previously experienced an HIV outbreak among PWID, our modeling results
suggest that closing an existing SSP would likely lead to a rebound HIV outbreak, with

a 2.6-fold increase in incident infections among PWID in five years relative to SSP
sustainment. The potential impact of SSP closure was found to be substantially greater for
other settings with lower baseline HIV prevalence (in which a larger share of the population
is susceptible to HIV infection). Although delaying SSP closure with another renewal was
found to reduce the size of the rebound, sustaining SSP operation and associated health
services will be imperative to maintain long-term epidemic control.

The ongoing COVID-19 pandemic is placing an increased burden on the health care system
while creating unprecedented challenges in delivering routine medical services, including
SSPs [29, 33]. In this analysis, we simulated scenarios with temporary interruption to SSP
provision due to the current COVID-19 pandemic and other major incidents, and our results
show that even such a short-term service disruption may cause a spike in HIV incidence.
The economic fallout caused by a “big event” such as the COVID-19 pandemic may also
create vulnerability by increasing in the size of the population of PWID and proportions of
people engaged in high-risk behaviors [34]. If so, the consequences of SSP closure would
be expected to be more severe, although we did not explicitly account for these possible
impacts on the risk levels in Scott County for purposes of this study. Nevertheless, our
conservative estimates underline the importance of sustaining the continuous operation of
SSPs during public health emergencies.
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The public health impact of SSP closure as assessed in this study should not be considered
exhaustive. First, prior evidence has shown that the implementation of SSP in Scott County
was also associated with declining risks for other bloodborne infections such as hepatitis

C virus (HCV) [13, 21]. Second, the SSP in Scott County is integrated with many other
health services, including overdose prevention, referral to substance use disorder treatment,
and referrals to ART and preexposure prophylaxis (PrEP) [21]. Benefits associated with the
scale-up of these services would also be forfeited if the SSP is suspended. Therefore, our
estimates for the impact of SSP closure should be considered conservative since we did not
explicitly account for changes in these services following SSP closure.

Despite scientific consensus on its public health benefits [4], SSPs face substantial barriers
to ongoing operation in rural areas in the US, including laws prohibiting syringe exchange
or syringe possession, lack of federal funding or community support, and stigma [7]. In

a comprehensive analysis after the outbreak in Indiana, the CDC identified 220 other
counties, overwhelmingly rural, that were vulnerable to rapid HIV/HCV transmission. Prior
phylogenetic analyses following the outbreak revealed large networks of syringe sharing
among PWID in Scott County, despite it being sparsely populated. Such networks are

likely present in other rural communities [7, 35]. Therefore, proactively implementing SSPs
will be critical to prevent the spread of HIV into rural networks of PWID. To maximize
preventative benefits or limit future HIV outbreaks, SSP implementation should also be
supported by other public health interventions as a comprehensive prevention portfolio,
such as expanded HIV/HCV screening, ART and PrEP use, and medications for opioid use
disorder [36]. A more recent HIV outbreak among PWID in Kanawha County, West Virginia
[37], which occurred soon after an SSP was closed, may provide real-world evidence for the
importance of continuous operation of SSPs. This modeling framework, although developed
for the setting of Scott County, can be adapted to other vulnerable communities at risk of
HIV outbreaks and be applied to answer various policy questions beyond the impact of

SSP closure, such as how implementing new or expanding existing interventions may help
mitigate the devastating impact if an SSP is forced to close.

Several limitations may be present for this analysis. First, we did not explicitly simulate
durations of injection drug use or transitions to non-injecting states; however, given the
relatively short time-frame of the evaluation, we expect the overall effect of this model
simplification to be small. We also used a stochastic process to assign behavior parameters
upon creating each agent to capture the heterogeneity in their risk behaviors. Second, we
assumed no change to injection behavior (except for the probability of syringe sharing

and HIV testing rate among SSP clients) following SSP closure, given no evidence was
available. Third, we characterized the uptake and population-level effectiveness of the SSP
by modeling a fixed number of PWID enrolled in the SSP, yet detailed data regarding
program engagement and retention were unavailable. Lastly, findings of our additional
sensitivity analysis on reduced HIV prevalence may not be generalizable to all other settings
or representative of the US average since the actual impact of SSP closure is also dependent
on underlying risk behaviors of the population, access to HIV services, and uptake of
existing SSPs.
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Our analysis demonstrates the necessity of maintaining existing SSPs as part of a
comprehensive prevention package for PWID in rural American settings, particularly those
with elevated HIV prevalence. When sociopolitical forces subvert these programs, the most
vulnerable suffer. To reach the goals set by the ‘Ending the HIV Epidemic’ initiative [38],

it will be necessary to overcome the social and structural barriers that are challenging the
implementation and sustained operation of SSPs and other harm reduction strategies in rural
settings in US.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Model calibration to HIV new diagnoses and prevalent diagnosed casesin Scott County,
Indiana.

Dots represent observed data in Scott County, IN between 2014 and 2018.[30] Red lines
represent simulated model estimates following calibration from 1,000 runs (the solid red line
represents the mean). Panel A: number of new HIV diagnoses. Panel B: number of persons
living with diagnosed HIV.
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Fig. 2. Number of new HIV infections per 100,000 population under different modeling scenarios
representing syringe service program (SSP) closurein arural US county.

Solid lines represent the mean of estimated number of new HIV infections per 100,000
population. Green shade represents 95% simulation interval of estimated incidence under
SSP permanent closure scenario. Other simulations intervals are not shown but were of
similar magnitude.
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Fig. 3. Estimated HIV prevalence among people who inject drugs under different scenarios
representing syringe service program closure at the end of 2025.

Dashed line represents baseline estimated HIV prevalence among people who inject drugs at
the end of 2019
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Fig. 4. Estimated rate of new HIV infections per 100 person-years during 2021 to 2025 under
different syringe service program closure scenariosif HIV prevalenceisreduced by 85%: (A)
among all population; (B) among people who inject drugs.
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