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A B S T R A C T   

Background: We explore injecting risk and HIV incidence among PWID in New York City (NYC), from 2012 to 
2019, when incidence was extremely low, <0.1/100 person-years at risk, and during disruption of prevention 
services due to the COVID-19 pandemic. 
Methods: We developed an Agent-Based model (ABM) to simulate sharing injecting equipment and measure HIV 
incidence in NYC. The model was adapted from a previous ABM model developed to compare HIV transmission 
with “high” versus “low” dead space syringes. Data for applying the model to NYC during the period of very low 
HIV incidence was taken from the “Risk Factors” study, a long-running study of participants entering substance 
use treatment in NYC. Injecting risk behavior had not been eliminated in this population, with approximately 15 
% reported recent syringe sharing. Data for possible transmission during COVID-19 disruption was taken from 
previous HIV outbreaks and early studies of the pandemic in NYC. 
Results: The modeled incidence rates fell within the 95 % confidence bounds of all of the empirically observed 
incidence rates, without any additional calibration of the model. Potential COVID-19 disruptions increased the 
probability of an outbreak from 0.03 to 0.25. 
Conclusions: The primary factors in the very low HIV incidence were the extremely small numbers of PWID likely 
to transmit HIV and that most sharing occurs within small, relatively stable, mostly seroconcordant groups. 
Containing an HIV outbreak among PWID during a continuing pandemic would be quite difficult. Pre-pandemic 
levels of HIV prevention services should be restored as quickly as feasible.   

1. Introduction 

Calls for “ending the HIV epidemic” among persons who inject drugs 
(PWID) have been made at the state, national, and international levels 
(The White House, 2021). 

Public-health scale implementation of “combined prevention and 
care for HIV among persons who inject drugs (PWID),” including syringe 
access programs, medication assisted treatment for opioid use disorders, 
and anti-retroviral treatment for HIV seropositive persons, has led to 
very low HIV incidence—from 1/100 person-years to <1/1000 persons 
in PWID populations in many high income countries (Des Jarlais et al., 
2012) and also in Viet Nam, a middle income country (Des Jarlais et al., 
2021; Des Jarlais and Duong, 2018). These very low incidence rates can 
be considered as an “end of the HIV epidemic” in their local areas (Des 
Jarlais et al., 2016b). 

These very low HIV incidence rates have been achieved despite 
continuation of injecting risk behaivor (syringe sharing) among mod-
erate numbers of PWID and without complete elimination of HIV 
transmission in the local PWID population. Even in PWID populations 
that are well aware of the dangers of becoming HIV positive and have 
good access to sterile syringes, it is probably not possible to completely 
eliminate syringe sharing. With many PWID injecting multiple times per 
day, situations in which groups of PWID do not have enough injection 
equipment to avoid sharing will occasionally occur. More importantly, 
there are strong interpersonal dynamics that can promote sharing in-
jection equipment. Sexual partners who do not practice safer sex may 
believe that they might as well share injection equipment (Dasgupta 
et al., 2019; de Oliveira Cintra et al., 2006; Morris et al., 2014). Close 
friends who work together to obtain and use drugs may feel that they 
already share a common fate, and that blood borne viruses are simply 
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part of that common fate (Eicher et al., 2000; Rhodes et al., 2003). 
Despite the stability of very low HIV incidence among PWID in many 

areas, there have also been outbreaks of HIV transmission among PWID 
in over 20 high income areas (Des Jarlais et al., 2020; Lyss et al., 2020). 
Common factors in these outbreaks have been reductions in prevention 
services, increase in homelessness among PWID and introduction of new 
injectable drugs with shorter duration of action, thus requiring more 
sterile injection equipment. We should emphasize, however, that almost 
all of these should be considered “outbreaks,” with the numbers of 
excess infections less than a hundred and not as “epidemics” with the 
numbers of new infections in the multiple hundreds to thousands. 

The COVID-19 pandemic has created special concerns for HIV pre-
vention, as the pandemic recreates many of the factors (disruption of 
prevention services, increased homelessness among PWID, and intro-
duction of new injectable drugs) that generated the pre-COVID-19 out-
breaks noted above. For instance, from March 2021 to March 2022, 
there was an HIV outbreak in Boston, MA, linked to the COVID-19 
pandemic with over 60 new HIV cases among PWID (Freyer FJ, 2021; 
Srikanth A, 2021). 

A better understanding of how situations occur with stable low HIV 
prevalence and stable very low HIV incidence but also with persistent 
syringe sharing should help inform efforts to “end the HIV epidemic” in 
many PWID populations. A better understanding of how outbreaks can 
occur in situations of very low incidence will be critical to maintaining 
“end of the HIV epidemic” situations. Our ability to conduct research on 
such situations, however, is necessarily limited. It would neither be 
practical nor ethical to conduct randomized controlled trials by varying 
syringe sharing parameters to identify the differences between the sit-
uations with stable low HIV transmission versus situations with out-
breaks of HIV transmission among PWID. Mathematical modeling of HIV 
transmission among PWID offers a method for examining situations of 
stable very low HIV incidence and possible disturbances of such situa-
tions (Mumtaz et al., 2018). 

Here we use an agent-based model (ABM) to explore injecting risk 
and HIV incidence among PWID in New York City, during a period 
(2012–2019) when incidence was extremely low, <0.1/100 person- 
years at risk (Des Jarlais et al., 2016a). We then extend the model to 
include consideration of how the COVID-19 pandemic might disturb 
stable very low HIV incidence and generate an outbreak of HIV among 
PWID in the city. 

1.1. Timeline of the HIV epidemic among PWID in New York City 

New York City experienced the first and world’s largest local 
epidemic of HIV among PWID. A brief timeline of the HIV epidemic 
among PWID in New York City will provide the historical context for the 
present modeling study. 

1. Mid-1970s to early 1980s: HIV introduced into the PWID popu-
lation and spread rapidily, reaching 50 % by the early 1980s 

2. Mid-1980s to early 1990s: Early risk reduction among PWID, but 
very limited access to sterile injection equipment; estimated HIV inci-
dence 4–6/100 PY. 

3. Mid-1990s to early 2000s: Legalization, funding and expansion of 
syringe accesss programs. There were large reductions in syringe sharing 
and the residual sharing was often confined within small stable groups of 
close friends, sexual partners and relatives, and that persons who knew 
that they were HIV seropositive avoided “distributive sharing” (passing 
their used syringes to others) (Perlis et al., 1997). Estimated incidence 
declined from 4 to 1/100 PY (Des Jarlais et al., 2004). 

4. Mid-2000s to 2019: Provision of ART to a “Treatment as Preven-
tion (TasP)” level, with the percentage of HIV seropositive PWID who 
received ART reaching 80 %. Expansion of buprenorphine treatment. 
Incidence declined to 0.01/100 PY and remained stable from 2012 to 
2019. 

5. 2020–2022: Many HIV prevention and treatment services initially 
reduced by COVID-19 pandemic. Increased homelessness among PWID 

(Glick et al., 2020). Estimated HIV incidence is uncertain due to the 
great reduction in HIV testing. 

2. Methods 

We developed an agent-based model (ABM) to simulate sharing 
injecting equipment among PWID in NYC. 

Agent-based models are microsimulations that reproduce individual 
behaviors in the context of social networks and account for environ-
mental and individual risks. In our model we simulate communities of 
PWID where individuals form injecting networks, can share syringes and 
equipment, and transmit HIV from one person to another. These models 
allow detailed description of injecting practices where HIV transmission 
risk is decomposed into individual components including the use of ART 
and changing injecting networks. Injecting networks in our model have 
different sizes and connectivity and implement different injecting norms 
(high and low probability of sharing and sharing with “buddies” vs. 
“strangers”). Flexibility in network structure allows us to imitate a va-
riety of areas (e.g. urban or rural) when more information about specific 
structures is known. In model development, we leveraged our past 
experience with ABMs that simulated HIV transmission among PWID 
(though none of these prior studies was specific to HIV among PWID in 
New York City) (Zule and Bobashev, 2009; Zule et al., 2018; Bobashev 
et al., 2010, 2019; Bobashev et al., 2019; Bobashev and Zule, 2010). 

Data for applying the model to New York City was taken from the 
“Risk Factors” study, a long-running serial cross-sectional study of PWID 
entering the detoxification and methadone maintenance programs of 
Mount Sinai Beth Israel Medical Center. The Risk Factors study has 
monitored HIV prevalence, estimated HIV incidence, and risk behaviors 
among PWID in New York City since very early in the HIV epidemic (Des 
Jarlais et al., 1989, 1994). Measures included demographic character-
istics, drug use, and HIV risk behaviors (receptive and distributive sy-
ringe sharing, unprotected sex) and size of sharing networks. 

Data from the Risk Factors study has tracked closely with data from 
other HIV studies among PWID in NYC (Murrill et al., 2001; Neaigus 
et al., 2017; Thomas, 2001). Table 1 presents demographic 

Table 1 
Demographic characteristics and drug use behaviors of Risk Factors study sub-
jects from 2012 to 2018.   

N % 

Total  1009  100.0 
Average Age (SD)  41(10.4) 
Gender 
Male  853  84.5 
Female  153  15.2 
Other  3  0.3 
Race/ethnicity 
White  366  36.3 
Black  154  15.3 
Latinx  449  44.5 
Asian/Pacific Islander  1  0.1 
Native American  2  0.2 
Mixed  22  2.2 
Other  15  1.5 
Last 6 months heroin injected 
Yes  972  96.3 
No  35  3.5 
Last 6 months cocaine injected 
Yes  435  43.1 
No  573  56.8 
Primary drug injecting: heroin 
Yes  717  71.1 
No  292  28.9 
Primary drug injecting: cocaine 
Yes  43  4.3 
No  966  95.7 
Daily injection in the last 6 months 
Yes  739  73.2 
No  270  26.8  
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characteristics and drug use behaviors for Risk Factors participants from 
2012 to 2019, a period when HIV incidence was very low (< 0.1/100 
person-years) (Des Jarlais et al., 2016a). Most importantly, a cohort 
study conducted within the Risk Factors study showed close agreement 
with HIV incidence among PWID based on the surveillance data of the 
New York City and New York State Departments of Health (data pre-
sented below). 

Specific model assumptons are described below:  

1. In our model the agents were arranged in clustered networks (i.e., 
more intense syringe sharing with the members of the same 
networks (buddies) and only occasional sharing with the mem-
bers of other networks (strangers)). These strangers represent the 
common pool of PWID and facilitate the spread of HIV from one 
network to another. In our model the structure of networks (i.e., 
who injects with whom) and within-network risk behavior (i.e., 
how often agents share syringes) was drawn at random from 
uniform distributions. These networks were of different sizes. 

Assumptions 2 – 8 are based on Risk Factors study data. Special 
data runs were conducted on the 1000 plus Rsik Factors subjects 
studied from 2012 to 2018; demographic characteristics are 
presented in Table 1 above. 

2. We assume that 85 % of PWID in NYC have good access to sy-
ringes from syringe service programs and through pharmacy sales 
and their sharing rate is very low, about 1 out of 200 injections.  

3. An additional 10 % of PWID regularly share syringes (in 50 % of 
injections) within small, closed groups (e.g. sex partners, close 
friends and relatives) of size 5 or less. These small groups are 
typically serosorted with all members HIV seronegative or all 
seropositive. However, once every five years the groups pick up a 
new member and lose an old member. We assume that being on 
ART reduces the likelihood of transmitting HIV on average by two 
orders of magnitude (99 %). Sharing occurs in half the injections, 
and random as to who shares with whom for any given injection.  

4. The remaining 5 % of PWID are assumed to share within larger 
(6–15 people) groups with an average of 10 persons per group but 
with 10 % turnover per month. In these groups, 10 % of injections 
are shared, with a 1 % chance that the sharing partner is rela-
tively likely to transmit HIV (HIV seropositive, not on ART and 
willing to share syringes).  

5. Based on Risk Factors data, HIV prevalence is assumed to be 7 %; 
however about 60 % of HIV positive are on ART and thus, only 
2.8 % of PWID population are relatively capable of transmitting 
HIV.  

6. Based on Risk Factors data, we assume that individuals inject on 
average 2 times per day drawn from a distribution ranging be-
tween 0 and 4 times a day.  

7. We assume that only a fraction (e.g., 0.5) of the individuals in a 
network are present at a particular injecting episode. In simula-
tion we only track injections that result in sharing syringes and do 
not consider injections alone.  

8. We consider an annual removal rate of 4 % in the population. 
Individuals may be removed because they die or stop injecting. 
To keep the population stable and have the same denominator for 
incidence and prevalence calculations, individuals who leave the 
population are replaced with HIV-negative individuals on the 
basis that almost all new PWID are unlikely to have been exposed 
to the virus.  

9. Following Jacquez et al. (Jacquez et al., 1994), and Fiebig et al. 
(Fiebig et al., 2003) we assume that during the acute stage of 
being HIV seropositive the probability of transmission increases 
between 5 and 30 times. For simplicity we use the value of a 
10-fold increase. The use of ART, however, reduces the infectivity 
by a factor of 99 %. It is not reduced to zero because we consider 
occasions when the use of ART is intentionally or unintentionally 
interrupted.  

10. We assume that everyone in NYC is using low dead-space syringes 
and powdered heroin. “Dead space” refers to the volume between 
the plunger and the needle when the plunger is fully inserted into 
the barrel of the syringe. A “high dead space” syringe has a 
greater dead space volume, thus increasing the risk that a second 
user of the syringe will be exposed to infectious material. The 
dead space syringe assumption is justified by years of ethno-
graphic and epidemiological research (Zule et al., 2010, 2018) 
that show that in the US the vast majority of syringes are low dead 
space, and especially in NYC where low dead space syringes have 
been used for more than a decade. High dead space syringes and 
unsafe injecting practices are still occasionally found in the 
United States, but in places where access to syringe exchange is 
illegal and thus substantially limited (e.g. Outbreak in Scott 
County, IN in 2014) (Broz et al., 2018). We follow Zule et al., 
(2009, 2018) (Zule and Bobashev, 2009; Zule et al., 2018) and 
Bobashev et al., (2010, 2019) (Bobashev et al., 2019; Bobashev 
and Zule, 2010) and consider estimates of HIV transmission per 
shared injection after an HIV-infected not on ART person being p 
= 0.00008.  

11. Sexual transmission: Following a CDC report (Centers for Disease 
Control and Prevention, 2017) we consider sexual HIV incidence 
among PWID to be 2 per 10,000 person years. We implement that 
transmission as a random chance for each individual. 

Our model does not consider a number of factors that affect the 
dynamics of HIV spread, such as behavior change immediately after 
becoming HIV positive or the number of times syringes are reused 
without sharing. We do, however, consider that after 6 months since 
becoming HIV positive, an individual starts using ART with a probability 
of 60 %. A list of model parameters is presented in Table 2, with their 
sources. Annual and monthly rates in the model are recalculated to 
represent daily probabilities. For example, the annual rate of 0.04 will 
result in the daily rate of 1-(1–0.04)1/365 = 0.00011. 

2.1. Model overview and agent rules in the model 

The model consists of 10,000 agents, some of which are linked in 
“buddy” networks with whom they share syringes and others are called 
“singletons” and do not belong to any syringe sharing networks. Each 
agent is assigned an HIV status; HIV seropositive agents are also assigned 
the stage (acute or not) and ART status. Time is modeled as discrete steps 
representing one day with the time horizon of 1 year. At each time step, 
the model loops over networks, and within the networks a sharing event 
either occurs or not. If sharing occurs, then the model selects individuals 
involved in sharing and the order at which they share. A person injecting 
with the same syringe after an infected individual has injected can get 
infected. It is also checked if there will be sharing with a “stranger” 
which is a randomly chosen agent form the population of agents. Sin-
gletons can only share with a stranger. If a syringe is used after an HIV 
positive individual it can transmit the virus to an HIV negative person 
who injects next. At each time step an agent also has a very small chance 
to contract HIV through sexual transmission. If an agent gets infected 
after a few months with a certain probability they will received ART 
treatment. There is a small probability each agent from a large network 
will move to a different network and get a new set of buddies. 

At each time step information is recorded about each agent’s HIV 
status time when they got infected and to which type of network they 
belonged. At the end of the year the new HIV prevalence and incidence 
values are calculated. We thus simulated a number of scenarios sum-
marized in Table 3. The baseline scenario corresponds to our best esti-
mates of the parameter values before COVID-19 pandemic. Because 
populations can vary in terms of levels of risky behaviors, we considered 
sensitivity analysis where we considered lower and higher risky be-
haviors defined in terms of frequencies sharing with strangers, changing 
networks, sexual incidence and the proprortions of populations in the 

D.D. Jarlais et al.                                                                                                                                                                                                                               



Drug and Alcohol Dependence 238 (2022) 109573

4

large sharing networks. For each scenario we ran 500 replications to 
calculate means and standard deviations for HIV incidence and track 
incidence variability over time. For each of the 500 runs we calculated 
the incidence and counted the numbers of runs with incidence higher 
than 10/10,000 and then divided that number by 500. So if 15 runs 
produced an HIV incidence >10/10000, the probability will be 0.03. 
Each scenario started with exactly 7 % HIV prevalence to avoid bias of 
initial prevalence, but the network structures were randomly generated 
in each of the runs. The model was programmed in NetLogo to provide 
interactive visualization of HIV transmission in a community. 

The COVID-19 pandemic was likely to alter the behaviors of PWID 
and we adjusted our model to reflect scenarios that are likely to arise 
from these situations. For COVID-19 scenarios we assumed that access to 
sterile syringes is reduced, so that the percentage of PWID who never 
share falls from 85 % to 70 %. The percent of those who share in small, 
stable groups increases to 15 %, and the percentage who share in large, 
unstable groups increases to 15 %. The proportion of shared injections 
within each of these two sharing groups increases by half. We also 
consider that during the COVID-19 pandemic the mean frequency of 
daily drug injections increases from 2 to 3, and HIV testing and access to 
ART is disrupted, so that rather than newly HIV positive persons getting 
on ART in 6 months, the period before ART increases to 12 months. 
These changes correspond to the studies of pre-COVID-19 HIV outbreaks 
in other cities (Des Jarlais et al., 2020) and early data on the pandemic 
effects in NYC (Pinto and Park, 2020). 

2.2. Outcomes 

We considered two main outcomes: the annual HIV incidence per 
10,000 PWID and probabilities of annual HIV incidence rising from the 
pre-COVID-19 annual rate of 4 per 10,000 person-years to an outbreak 
level of 10 or more cases per 10,000 person-years. 

3. Results 

3.1. HIV incidence outcomes 

Table 3 shows different scenarios with different HIV incidence rates 
generated by the model. The first three risk scenarios are our “baseline” 
scenario and “low” and “high” risk baseline scenarios. The second and 
third scenarios were sensitivity analyses to examine the effect on HIV of 
varying the frequency of injecting with strangers and the rate of the 
frequency with which individual PWID change sharing networks. Under 
the base case scenario, the probability of reaching an incidence of 10 
cases per 10,000 person years was 0.03; in high-risk scenario it was 0.06. 
In the baseline COVID-19 scenario, however, it reached 0.23 and with an 
additional combination of high risk and COVID-19 it reached 0.33. 

The primary baseline analyses and the two sensitivity analyses (for 
sharing with strangers and for group turnover) all generated very low 

Table 2 
Model Parameters and their sources+*.  

Model Parameter Value Source 

Initial HIV prevalence 0.07 (range 0.03–0.1) Risk Factors data 
Number of networks 64 (range 1–200) Experimental parameter 
Size of network cluster range: 2–15 Risk Factors data 
Proportion of people in the 

cluster participating in 
sharing 

0.5 (range 0.3–0.8) Experimental parameter 

Number of times sharing 
with buddies 

High risk: 1 per day 
Low risk: 1 in 90 days 

Risk Factors data 

Number of times injecting 
with a stranger 

High risk: 10 times per 
year (range 8–20) 
Low risk: 1 time per 
year (range 0–2) 

Experimental parameter 

Removal rate (includes 
PWID HIV+ all-cause 
mortality and PWID 
leaving the population 
(i.e., stop injecting)). 

0.04 per year (range 
0.02–0.06) 

Bailey et al. (2007), Bailey 
et al., (2007), De et al. 
(2007), De et al. (2007) 

Risk multiplier for an acute 
stage of HIV infection 

10 (range 5–30) Jacquez et al. (1994),  
Jacquez et al. (1994),  
Fiebig et al. (2003), Fiebig 
et al. (2003) 

Rate of sexual HIV 2 * 10− 4 per year 
(range 1 *10− 4-3 
*10− 4) 

CDC (2021) (Centers for 
Disease Control and 
Prevention, 2017; Grey 
et al., 2016). Incidence 
rates through sexual 
contacts and other sources 

Population 10000 Risk Factors data 
Proportion small sharing 

clusters 
10 % Risk Factors data 

Proportion large sharing 
clusters 

5 % Risk Factors data 

Initial prevalence 0.07 Risk Factors data 
HIVþ Random Binomial 

with mean 700 
Population size multipled 
by the prevalence 10000 * 
0.07 

Proportion on ART and 
greatly reduced 
likelihood of 
transmitting 

0.6 Risk Factors data 

Proportion on ART and 
greatly reduced 
likelihood of 
transmitting 

Random Binomial 
with mean 420 

Number of HIV+ multipled 
by the ART proportion 700 
* 0.6 

Proportion HIV+ who are 
HIV seropositive, 
sharing, and not on ART 

0.4 Risk Factors data 

Number of those who are 
infectious (HIV 
seropositive, sharing, 
and not on ART) 

Random number with 
mean 280 

Number of HIV+ minus the 
number of those on ART 
700–420 

Proportion HIV+ who are 
HIV seropositive, 
sharing, and not on ART 
and share within a small 
cluster 

0.5 Risk Factors data 

Syringe sharing networks   
Small size 2–5 Risk Factors data 
Large size 6–15 Risk Factors data 
Turnover. Each HIV 

seropositive PWID 
randomly moves to a 
new cluster once in 5 
years 

1825 days Risk Factors data 

Sharing in small group   
Proportion of injections 

shared 
0.5 Risk Factors data 

Frequency of injection 
shared 

1/day Proportion of network 
participating in sharing 
multiplied by the number 
of shares per day 0.5 * 2/ 
day 

Behavior   
HIV- injecting frequency 2/day Risk Factors data  

Table 2 (continued ) 

Model Parameter Value Source 

Proportion among HIV 
seronegative PWID 

0.85 Risk Factors data 

Sharing frequency among 
not-sharing 

0.01 (1/200 injections 
or 0.01/day given 2 
injections/day or 3 
times a year) 

Risk Factors data 

+ Annual and monthly rates in the model are re-calculated to represent daily 
probabilities; for example, an annual rate of 0.04 will result in the daily rate of 1- 
(1–0/04)1/365 = 0.00011 
*“Experimental” parameter means that the value of the parameter varies be-
tween different geographic areas, cultures, etc. For illustration purposes, we use 
a value that is considered reasonable. We use experimental parameters to design 
“what if experiments” aimed at evaluating intervention strategies and con-
ducting sensitivity analysis. 
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HIV incidence rates, all below the 50/10,000 “end of an HIV epidemic” 
level. 

For each of the 500 replications of the baseline simulation we tracked 
daily prevelaence over the year. Fig. 1 shows a sample of 200 trajectories 
of the 500 runs illustrating how variability in prevalence grows over 
time. The heavy line represents the mean of the runs. There is little 
variation in the modeled HIV prevalence among individual runs, mostly 
due to the large size of the PWID community, where the large majority is 
at very low risk. However, for smaller subpopulations the range could be 
much higher when an HIV outbreak occurs. For example, for a network 
of 8 people seroconversion of 2 individuals will add 25 % to the 
prevalence. 

Table 4 shows the HIV incidence observed in three recent empirical 
studies of PWID in NYC. 

All of the non-COVID-19 model generated incidence rates (primary 
analysis and two sensitivity analyses) fell within the 95 % confidence 
bounds of all of the empirically observed HIV incidence rates among 
PWID in the city. 

We note that the non-COVID-19 modeled HIV incidence rates were 
obtained using the Risk Factors study prevalence and injecting risk 
behavior without any recalibration of the model to improve the fit with 
the observed empirical data on HIV incidence. 

4. Discussion 

The model does describe how a moderate percentage of the PWID 
population (15 %) may engage in syringe sharing, with the patterns of 
sharing leading to a very low but non-zero rate of HIV infections in the 
PWID population. Mean HIV incidence in these sensitivity analyses 
varied from 2.0/10,000 person-years to 5.6/10,000, compared to the 
model baseline mean incidence of 4.6/10,000 person-years and the 
empirically observed incidence of 4/10,000 person-years at risk among 
PWID in the city (Des Jarlais et al., 2016a). 

4.1. Key components of maintaining very low incidence 

In our assessment, there are two primary factors for the very low pre- 
COVID-19 HIV incidence observed in NYC. First, as a percentage of the 
total active injecting population, the percentage of PWID who are highly 
likely to transmit HIV—who are HIV seropositive, not on ART and 
engage in syringe sharing—is very low, less than 1 % of the PWID 
population. Thus, even if an HIV seronegative PWID were to share sy-
ringes with another PWID, the chance that this other PWID would be 
capable of transmitting HIV is quite low. This very low percentage can 
be achieved through a combination of multiple factors: a very low HIV 
seroprevalence (7 %), high ART coverage among HIV seropositive PWID 

Table 3 
Simulation results of model runs for our best guess for parameter values and for 
scenarios where the parameters are considered at the high and low community 
behavior risk values. For all scenarios we kept the starting prevalence at 7 %, and 
percent seropositive on ART at 60 %*. All other parameters remain the same as 
described in Table 2.  

Scenario 
Average parameter values 

Incidence per 
10,000 person 
years 
mean, range, 
standard 
deviation 

Probability of reaching 
incidence of 10 or more 
individuals 

Baseline risk scenario 
Sharing with strangers: 3 
times a year 
Changing networks once in 5 
years 
HIV incidence through sexual 
contacts 2 per 10,000 person 
years 
Proportion of individuals in 
large sharing groups 0.05 

4.6 (range 0 – 11) 
std. 2.3  

0.03 

Low risk scenario 
Sharing with strangers: 1 
time a year 
Changing networks once in 5 
years 
HIV incidence through sexual 
contacts 1 per 10,000 person 
years 
Proportion of individuals in 
large sharing groups 0.05 

2.0 (range 0 – 8) 
std. 1.6  

<0.01 

High risk scenario (without 
COVID-19 
Sharing with strangers: 5 
times a year 
Changing networks once a 
year 
HIV incidence through sexual 
contacts 2 per 10,000 person 
years 
Proportion of individuals in 
large sharing groups 0.1 

5.6 (range 0 – 16) 
std. 2.4  

0.06 

COVID-19 baseline scenario 
Sharing with strangers: 4 
times a year 
Changing networks once in 1 
years 
Injecting 3 times a day 
HIV incidence through sexual 
contacts 2 per 10,000 person 
years 
Proportion of individuals in 
large sharing groups 0.15 

7.5 (range 1–20) 
std. 2.8  

0.23 

COVID-19 high risk scenario 
Sharing with strangers: 7 
times a year 
Changing networks once in 
0.5 years 
Injecting 3 times a day 
HIV incidence through sexual 
contacts 2 per 10,000 person 
years 
Proportion of individuals in 
large sharing groups 0.15 

8.5 (range 2–22) 
std. 2.9  

0.33 

*Sensitivity analysis shows that one of the most influential parameters is non- 
surprisingly sexual transmission of HIV because it is bringing HIV indepen-
dently of injecting contacts. This factor is also interacting with the spread pa-
rameters such as the size of large sharing groups and the number of times a 
person shares with a stranger. Sharing with a stranger also has a direct effect on 
incidence because most of the random “strangers” are seronegative, and with 
more of them a seropositive individual shares syringes, the higher is the chance 
to spread. The size of the high-sharing group itself did not have much effect on 
the incidence because the proportion of such groups remains small, and even an 
outbreak remains localized. Similarly, higher changing of groups by a small 
number of highly contagious individuals contributes not much because they end 

up mostly in small groups of individuals and again the spread remains localized. 
Most of the transmission occurs during the acute phase before an individual gets 
tested and gets ART. 

Fig. 1. HIV prevalence trajectories for 200 simulated communities of 10,000 
PWIDs with the baseline parameter values. 
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(60 %), very low rates of distributive syringe sharing by HIV seropositive 
PWID and a generally low probability of transmission per sharing 
(0.00008) in a population where 90 % share on average 3 times a year 
and 10 % share 60 times a year. A second factor is that most of the sy-
ringe sharing that does occur happens within small, relatively stable 
groups of sexual partners, very close friends or relatives. This pattern of 
syringe sharing has been noted previously in empirical studies (Des 
Jarlais et al., 2004) and in previous modeling efforts (Vickerman et al., 
2006). These small groups are likely to be seroconcordant (mostly HIV 
seronegative concordant) so that sharing within these groups would not 
lead to HIV transmission. 

A “back of the envelope” calculation assuminig 10 % of high risk and 
90 % low-risk individuals in a population of 10,000 would result in cor-
responding incidence of 0.07 * (1–0.6)* 3 * 0.00008 * 9000 + 0.07 * 
(1–0.6)* 60 * 0.00008 * 1000 = 2.1 per year per 10,000. With the addi-
tion of sexual transmission of 1/10,000, the crude estimate is about 3/ 
10,000 per year. In reality, of course, variability of behavior, network 
structures, acute infectivity due to late testing, mortality, and other factors 
play an important role in modifying this crude estimate and adding vari-
ability to HIV incidence. 

The above back of the envelope example provides a linear (at the log 
scale) and mean-field interpretation of the epidemic that does not ac-
count for a potentially clustered structure. For example, if there are large 
clusters of sharing networks, then if HIV non-attenuated by ART arrives 
to these clusters, we would expect an outbreak. In the model we spe-
cifically track who acquired HIV from whom and which subgroups 
contributed most to the HIV incidence. For example, singletons acquire 
HIV through injection by only sharing with strangers, but at the same 
time, there are many more singletons than individuals in sharing groups, 
so many risk factors are working linearly in this subpopulation. In large 
sharing networks the potential for infection is higher, but only a small 
percent of the population belongs to these networks. We would not 
expect a large epidemic or unusually large outbreaks just because the 
vast majority of the PWID population are low risk, and occasional out-
breaks are within the stochastic variability. We observed a somewhat 
artificial interaction between the increase of sexual risk and network 
cluster size, which is somewhat expected. Sexual HIV risk in our model is 
acting as a random chance variable to acquiring HIV and equally (lin-
early) affects all agents, but if more individuals become HIV positive in 
large clusters, we would expect an outbreak. 

4.2. Implications of COVID-19 disruptions of HIV prevention and care 
services 

In the two COVID-19 disruption analyses, the probability of an 
outbreak of HIV among PWID—defined as incidence rising to 10 cases 
per 10,000 person-years—increased from 0.03 to between 0.25 and 
0.33. Such an outbreak would not resemble the incidence of 4/100 

person-years that existed prior to the implementation of syringe service 
programs in the city (Des Jarlais et al., 2005), rather it would be similar 
in size to most of the pre-COVID-19 outbreaks in multiple North 
American, Western European, and Middle Eastern cities (Des Jarlais 
et al., 2020; Lyss et al., 2020). However, the efforts needed to contain 
those pre-COVID-19 outbreaks—increased HIV testing and contact 
tracing, genotyping, assisting HIV seropositive PWID to ART, greatly 
increasing supplies of sterile injection equipment, increasing access to 
substance use treatment and housing, would be quite difficult to 
implement when public health personnel are already stressed by an 
ongoing COVID-19 pandemmic. Thus, the adverse public health conse-
quences of an outbreak of HIV among PWID during a continuing 
COVID-19 pandemic would likely be considerably worse than those that 
occurred during the pre- COVID-19 era. 

4.3. General implications for HIV prevention 

There are several direct implications from this model for HIV pre-
vention and care for PWID. First is value of redundancy in large-scale 
prevention programs for achieving very low numbers of PWID who 
are highly likely to transmit HIV to others. This number can be limited 
through (1) providing very good access to sterile injection equipment to 
reduce the need for syringe sharing, (2) providing medication for opioid 
use disorder (MOUD) to reduce injecting, and (3) providing ART to 
reduce infectiousness. As noted in the introduction, NYC has not ach-
ieved the 90–90–90 ART treatment goals for PWID—less than 40 % of 
PWID who are on ART are at viral suppression (New York City Depart-
ment of Health, 2019). However, with the good access to sterile injecting 
equipment (with large syringe service programs and low-cost, non-dis-
criminatory pharmacy sales) and the ready availability of MOUD (no 
waiting lists for entry into treatment), HIV incidence has remained very 
low since the early 2010s 

A second implication is that sharing within small, relatively stable, 
injecting networks does not lead to widespread HIV transmission among 
PWID. This suggests that HIV prevention efforts should not focus on 
trying to eliminate sharing within such networks, but rather should 
address factors that may disrupt these networks, leading to PWID 
sharing syringes within much larger networks with more rapid turnover. 
Incarceration, economic insecurity, and homelessness would be factors 
that could disrupt the small, relatively stable sharing networks. 

5. Limitations 

Several limitations of the analyses reported here should be noted. 
First, the standard limitations that occur with all mathematical 
modeling of epidemics—that the model is a simplification of complex 
reality, that the model is dependent upon assumptions and on the 
quality of the input data—would apply to this model (Metcalf and 
Lessler, 2017). 

A second limitation concerns social desirability effects on the PWID 
reported rates of risk behaviors. We suspect that syringe sharing by HIV 
seropositive PWID is under-reported in our data. 

Third, we modeled injecting related HIV transmission in the PWID 
population of NYC as a whole. We did not attempt separate models for 
different demographic groups within the PWID population because the 
data for several of our key variables were too sparse for separate models. 
For example, less than 1 % of the Risk Factors sample of over 1000 PWID 
met the criteria for the key variable of “PWID likely to transmit HIV” 
(HIV seropositive, not on ART, and engaged in distributive sharing). 
This is consistent with the very low HIV incidence rate in the model and 
in the empirical studies (Table 3), but does not permit meaningful 
disaggregation by demographic subgroups. We believe that our results 
are likely to hold for major demographic subgroups (sex, race/ethnicity) 
but should not be applied to smaller demographic subgroups. 

Fourth, we did not model sexual risk behaviors—particularly men- 
who-have-sex-with-men (MSM) sexual risk behaviors–that would 

Table 4 
Empirical Estimates of HIV incidence among PWID in New York City*.  

Study title/methods Dates HIV incidence 

Risk Factors Cohort 2011–2014 0.00 per 10,000 PY 
(95 % CI = 0.00/10,000 PY – 9.6/10,000 
PY) 

NYS SEA HIV 
Surveillance 

2011–2012 2/10,000 PY 
(95 % CI = 0.01/10,000 PY – 3.0/10,000 
PY) 

NYC HIV Surveillance 2011–2019 Range from 8.0 to 2.3/10,000 PY 

*Risk Factors cohort study and New York State Department of HIV Surveillance 
Serologic Algorithm Estimation (Des Jarlais et al., 2016a) and New York City 
Department of Health and Mental Hygiene HIV Surveillance (New York City 
Department of Health (NYCDOHMH), 2020). The Risk Factors study included a 
modest percent (5 %) of PWID who reported men-with-men sexual behavior, and 
the two surveillance studies do not include the MSM-IDU transmission risk 
category. 
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generate sexual transmission of HIV among PWID. Rather we assigned 
an arbitrary incidence of 1/10,000 new sexual transmissions per year 
(Centers for Disease Control and Prevention, 2017). We did not have the 
data needed for including sexual behavior as a route of HIV transmission 
among PWID. The percentage of MSM-PWID in our Risk Factors study 
was quite modest, approximately 5%. We believe that sexual trans-
mission, particularly among MSM-PWID will require a separate model. 
However, we would note that the low seroprevalence and the high 
percentage of HIV seropositives who were on ART would serve to limit 
sexual transmission. 

Fifth, true validation is possible by observing the data over a period 
of time and evaluating the probability of observed numbers given the 
prediction. Predictive modeling techniques only illustrate the range of 
possible scenarios and probabilities of extreme events. The observed 
reality is a single realization of the underlying process and likely con-
tains some randomness. So even the comparison of future observed 
trajectories with model predictions should be viewed as a comparison of 
two random processes. A number of models could produce similar re-
sults. Our justification is that we used (1) a well developed agent based 
model for HIV transmission among PWID, (2) the best-available data for 
the local NYC situation, (3) our extensive knowledge of the HIV situation 
among PWID in NYC, and (4) observed close matching between the 
model estimates of HIV incidence and the empirical data on HIV inci-
dence among PWID in the city. This close matching was observed 
without having to revise either the behavioral rules for the PWID agents 
or the input data parameters. 

Finally, we would again note the difficulties of precisely measuring 
very low rates of HIV incidence. For example, even with the large sample 
sizes in our cohort studies and in the NYCDOHMH and NYSDOH sur-
veillance data (New York City Department of Health and Mental Hy-
giene, 2020; New York State Department of Health, 2019), the ranges for 
95 % CIs for the observed HIV incidence were over an order of 
magnitude. 

Despite these limitations we observed consistency between the 
modeled incidence to the empirical studies of HIV incidence and prev-
alence in New York City. The true validation fo the projected results 
could be only done when the future data is collected as was done, for 
example, in (Eaton et al., 2015) to evaluate 10 HIV forecasting models in 
Africa. We evaluated the steady state (i.e. situation when the incidence 
and prevalence does not change over time), degree of varia-
bility/uncertainty, and conducted sensitivity analysis to evaluate the 
impact of key parameters on the upward and downward trends. 

We would also note that the COVID-19 pandemic clearly presents a 
challenge to maintaining HIV prevention services in the city (Glick et al., 
2020). 

6. Conclusions 

We applied a previously developed agent-based model of HIV 
transmission in PWID populations to the current situation of very low 
HIV incidence in New York City. Drug injecting and risk behavior (sy-
ringe sharing) data were taken from the Risk Factors study, a large, long- 
running study of PWID in the city. The HIV incidence generated by the 
model closely matched the three available empirical estimates of HIV 
incidence in the city. The primary factors in the very low HIV incidence 
were the extremely small numbers of PWID likely to transmit HIV (PWID 
who are HIV seropositive, not on ART, and engaging in syringe sharing) 
and that the great majority of HIV seronegative PWID who are sharing 
syringes are doing so within small, relatively stable groups that would 
prevent long chains of HIV transmission. The model indicates that the 
COVID-19 pandemic greatly increases the likelihood of an outbreak of 
HIV among PWID, so that efforts to restore services should be of the 
highest priority. 
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