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Background. The coronavirus disease 2019 (COVID-19) pandemic may have disproportionally impacted vulnerable groups 
such  as  people  who  inject  drugs  (PWID)  through  reduced  health  care  services  as  well  as  social  changes  from  pandemic 
mitigation  measures.  Understanding  how  the  COVID-19  pandemic  and  associated  mitigation  strategies  subsequently  changed 
the  trajectory  of  hepatitis  C  virus  (HCV)  and  human  immunodeficiency  virus  (HIV)  transmission  is  critical  to  estimating 
disease burdens, identifying outbreak risk, and developing informed intervention strategies.

Methods. Using behavioral data from the AIDS Linked to the IntraVenous Experience (ALIVE) study, an ongoing community- 
based cohort of PWID in Baltimore, United States, and an individual-based network model, we explored the impacts of service 
disruptions combined with changes in social networks and injecting behaviors of PWID on HCV and HIV transmission.

Results. Analyses of ALIVE data showed that during the pandemic, there was an acceleration in injection cessation trajectories overall, 
but those who continued injecting increased the frequency of injection; at the same time, individual drug-use networks became smaller and 
the probability of injecting with others decreased. Simulation results demonstrated that HCV and HIV prevalence increased from service 
disruptions alone, but these effects were mitigated when including observed behavior changes in addition.

Conclusions. Model results combined with rich individual behavioral data indicated that pandemic-induced behavioral changes of 
PWID  that  lasted  longer  than  service  disruptions  could  have  offset  the  increasing  disease  burden  caused  by  disrupted  service  access 
during the pandemic.
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During the early stages of the coronavirus disease 2019 
(COVID-19)  pandemic,  there  were  global  disruptions  to  health 
care services [1, 2] from the implementation of nonpharmaceut-
ical interventions such as stay-at-home orders and social distanc-
ing measures [3, 4]. These factors led to general concerns about 
increases  in  hepatitis  C  virus  (HCV)  and  human  immunodefi-
ciency virus (HIV) transmission amongst high-risk populations 
such  as  people  who  inject  drugs  (PWID).  Across  the  United 
States,  access  to  clinical  services  such  as  HCV/HIV  testing  and 
treatment, as well as harm-reduction services, including syringe 

service  programs  (SSP) and  medication  for  opioid  use  disorder 
(MOUD), were temporarily closed, scaled down with limited op-
erating hours and capacities, or shifted to new policies surround-
ing service delivery of which PWID had limited awareness [5–7]. 
Consequently,  risk  factors  such  as  low  stock  of  opioid-agonist 
treatment  and  clean  syringes  were  reported  by  PWID  during 
this time [8–10], along with lower rates of HCV and HIV testing 
[11, 12], HCV treatment initiation [13], receipt of prevention such 
as preexposure prophylaxis [12], and HCV or HIV care retention 
[14, 15] across geographic settings and demographic groups [16]. 
In addition, changes to drug markets with supply chain disrup-
tions may have also impacted drug-use behavior [17].

These  factors  could  impact  HCV  and  HIV  transmission 
amongst  PWID.  For  example,  an  increase  in  HIV  prevalence 
among  PWID  over  2019–2021  was  reported  in  Greece  with 
heightened  risk  associated  with  individuals  sharing  syringes 
[18],  and a phylogenetic  analysis in Canada  showed rapid 
growth  of  HIV  transmission  clusters  associated  with  PWID 
[17]. Mathematical modeling results consistently supported 
these ideas with multiple studies estimating an increased disease 
burden following pandemic-induced service disruptions 
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[13,  19–22].  Despite  these  predictions,  few  locations  in  the 
United  States  have  reported  substantial  increases  in  HCV  or 
HIV  prevalence  since  the  COVID-19  pandemic,  creating  dis-
crepancies  between  observed data  and  modeling  results. Such 
discrepancy  may  be  explained  in  part  by  the  underascertain-
ment of HCV and HIV diagnoses during the pandemic: while 
HIV  surveillance  data  from  the  Centers  for  Disease  Control 
and Prevention (CDC) showed an 18% increase in HIV diagnos-
es in the United States from 2020 to 2021, it was likely due to 
HIV diagnoses missed in 2020 [23]. It is also likely that models 
examining impacts of the pandemic on HCV and HIV underes-
timated the impact of behavioral changes that occurred during 
this time. In a multilevel framework, changes to the mezzoenvir-
onment  (service  delivery  landscape),  as  well  as  the  microenvi-
ronment  (individual  behaviors  and  drug  injection  networks), 
could both impact the health outcomes of PWID [24].

Consistently, models assumed that risky behaviors of PWID 
remained static during the pandemic, with only a few modeling 
projections exploring how hypothetical changes in social and 
injecting behaviors could impact HIV incidence amongst 
PWID  in  addition  to  service  closures  [19,  25].  However,  to 
date, there have been few analyses focused on the complex be-
havioral dynamics driving transmission amongst PWID during 
the COVID-19 pandemic. Some evidence showed a decrease in 
injection drug use along with increases in injection frequency 
and the likelihood of using drugs alone [8, 9, 26], which could 
be the compound effect of voluntary social distancing, social/ 
economic instability, and disruptions to the drug market. 
However, less was known about to what extent this could im-
pact disease transmission. Understanding how changes in 
drug-use networks and individual injecting behaviors may in-
fluence HCV and HIV transmission dynamics can help under-
stand observed trends. Our study aimed to incorporate factors 
in both mezzoenvironment and microenvironment impacts to 
estimate changes to the HCV/HIV burden amongst PWID.

Here, we developed an empirically grounded model of HCV 
and  HIV  transmission  among  a  population  of  PWID  like  the 
AIDS Linked to the Intravenous Experience (ALIVE) study co-
hort in Baltimore. We constructed a stochastic individual-based 
network of simulated HCV and HIV transmission considering 
pandemic-induced service disruptions. Using drug-use network 
data and behavioral surveys of ALIVE participants pre- and post-
pandemic, we tested the hypothesis that changes in drug-use net-
works  and  injecting  behavior  can  mitigate  or  even  offset  the 
impact  of  service  disruptions  on  HCV  and  HIV  transmission 
compared with models that did not incorporate these changes.

METHODS

ALIVE Study Data Overview

Our study used empirical data from a subset of participants en-
rolled in the ALIVE study [27]. ALIVE is an ongoing 

community-based cohort in Baltimore, Maryland, United 
States  that  beginning  in  1988–1989,  has  had  5  additional  re-
cruitment waves (1994–1995, 1998, 2000, 2005–2008, and 
2015–2018). To date, the cohort has recruited over 5700 adults 
≥18 years of age who reported a history of injection drug use. 
Participants are followed every 6 months with routine question-
naires to assess sociodemographic characteristics, substance use 
behaviors, and health status, and to collect biospecimens. Here, 
we focused on participants with routine ALIVE visits between 
January 2014 and August 2023 and were alive by March 2020 
(n = 1439). Variables used included sociodemographic charac-
teristics, recent injection drug use behaviors including injection 
frequency in the prior 6 months, access to harm-reduction ser-
vices (eg, methadone, buprenorphine, and SSP), and ART use, 
as  well  as  HCV  and  HIV  viral  loads  from  biospecimens.  We 
also included data from social network surveys from 2 periods 
(November  2018–November  2019,  n = 238  and  June  2022– 
August  2023,  n = 592)  assessing  participants’  drug-use  net-
works  as  well  as  characteristics  of  their  drug-use  partners.  In 
this  egocentric  network  survey,  respondents  represented  egos 
and nominated drug-use partners were alters. Questions used 
included the ages of ego and alters, number of drug-use partner-
ships, frequency of injecting with drug-use partners, frequency 
of syringe sharing, and duration of partnerships [28].

The Johns Hopkins University Institutional Review Board has 
continuously approved the ALIVE study. All study procedures 
were  conducted  in  accordance  with  Johns  Hopkins  University 
Institutional  Review  Board’s  standards  and  the  Declaration  of 
Helsinki. All participants provided written informed consent.

Individual-Based Network Model Structure

We  adapted  and  extended  the  R  package  EpiModel  modeling 
framework  [29]  to  build  a  dynamic  network-based  model  of 
HCV  and  HIV  transmission  within  a  hypothetical  population 
of  approximately  10 000  PWID  with  similar  characteristics  to 
the ALIVE cohort (Figure 1 and Supplementary Material). 
R code for the model can be found at https://github.com/ 
ywang692/PWID_ALIVE_model. Parameters were informed 
by cross-sectional analyses of the ALIVE survey data, when pos-
sible, as well as estimates from existing literature (details about 
data  source,  uncertainty,  and  calibration  of  parameter  values 
can be found in Supplementary Tables 1 and 2). A temporal ex-
ponential random graph model was used to simulate the dynam-
ic  and  heterogeneous  nature  of  injecting  partnerships,  where 
nodes were individuals and edges represented injecting partner-
ships (see “Methods” in Supplementary Material). Baseline char-
acteristics of individuals were assigned either with fixed values 
or  from  probability  distributions  to  account  for  heterogeneity 
within  the  population  (Supplementary  Table  1).  At  each  time 
point,  the  probability  an  individual  was  actively  injecting  was 
based on 4 injection risk trajectories previously identified [30]. 
Individuals  could  enter  the  population  through  the  initiation 
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of injection drug use or leave the population with age-specific, 
disease-status-specific mortality rates derived from ALIVE 
(Supplementary  Material).  Simulations  were  run  for  10  years 
starting in March 2018, accounting for 2 years of pre– 
COVID-19  pandemic  period  (2018–2020),  early  (2020–2021), 
and late periods (2021–2023), with 5 additional years to explore 

longer-lasting pandemic-induced changes. Two hundred simu-
lations were run for each scenario.

Simulating Disease Transmission and Services

Two routes of HCV and HIV infection were considered: paren-
teral exposure by sharing injecting paraphernalia and mucosal 

Figure 1. Schematic description of an individual-based network model simulation of HCV and HIV transmission amongst PWID. We modeled HCV and HIV transmission 
amongst PWID in a population like the ALIVE cohort ( Supplementary Material). Each actively injecting ego was assigned a risk trajectory and injection frequency. If infected by 
HCV and/or HIV, an ego’s injecting events or sexual acts with alters could result in disease transmission. Given the number of risky shared injections or sexual acts, infection 
events were modeled by a binomial distribution with (1) the number of trials dictated by the frequency of shared injections/sexual acts between the ego-alter pair and their 
access to harm-reduction service; and (2) the probability of infection being the product of baseline per-act transmission rate and multipliers including acute infection and 
coinfection. After simulations of potential transmission between each infected-susceptible pair, testing and treatment were simulated, followed by arrivals (initiation of 
injection drug use), departures (death), and cessation/relapse based on individuals’ injection risk trajectory. N was the size of active injector population (n) at a current 
simulation cycle, and T was the time step of the current simulation cycle. Abbreviations: ALIVE, AIDS Linked to the IntraVenous Experience; HCV, hepatitis C virus; HIV, 
human immunodeficiency virus; IDU, injection drug use; MOUD, medication for opioid use disorder; PWID, people who inject drugs; SSP, syringe service programs; SVR, 
sustained virologic response. Figure created using SmartDraw Software. 
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exposure  via  sexual  transmission.  We  primarily  focused  on 
transmission through injecting partnerships and only consid-
ered sexual transmission within overlapping injecting partner-
ships  (details  in  Supplementary  Material);  the  probability  of 
having multiple (ie, injecting and sexual) ties differed by gender 
(Supplementary  Table  3).  The  initial  chronic  HCV  infection 
prevalence  (defined  by  detectable  HCV  RNA)  within  active 
PWID was 46.7% in 2018 (Supplementary Figure 1A). Upon in-
cident  infection,  one  could  spontaneously  clear  HCV  during 
the acute infection phase or reach sustained virologic response 
once treated. The initial HIV prevalence within actively inject-
ing PWID was 22.9% in 2018 (Supplementary Figure 1B). The 
risk of HCV and HIV transmission was higher when a newly 
infected individual was in their acute phase. Initiation of 
ART decreased the base transmission probability by different 
rates with or without successful viral suppression. In the event 
of HCV/HIV coinfection, an individual with HIV infection was 
more likely to acquire HCV infection and less likely to sponta-
neously clear an acute HCV infection; successful HIV viral sup-
pression was also harder to achieve for coinfected individuals 
[31].  The  model  was  calibrated  to  the  reported  HCV  and 
HIV  active  infection  prevalence  in  the  ALIVE  cohort  from 
2018  to  2019  (Supplementary  Figure  1 and  Supplementary 
Table 2). Adoption of harm-reduction services was correlated 
with an individual’s risk trajectory based on ALIVE survey re-
sults (Supplementary Material).

RESULTS

Service Disruptions Increased Both HCV and HIV Burden Amongst PWID

We considered a combination of disruptions in health care ser-
vices reported during the COVID-19 pandemic over multiple 
durations  (3–12  months)  and  impact  (0%–100%  disrupted) 
based on nationwide reports and additional studies (Table 1). 
We assumed that service disruptions initiated in March 2020 
in  all  simulations and  returned to  normal  coverages after  re-
spective disruption durations.

We  simulated  HCV  and  HIV  transmission  with  disrup-
tions  occurring  when  the  majority  of  nonpharmaceutical 

interventions were implemented in the United States  (March 
2020) until our most recent ALIVE postpandemic survey 
(August 2023). Assuming there was no impact from the 
COVID-19  pandemic  (baseline  scenario  in Figure  2),  HCV 
prevalence was estimated to be 42.6% (95% confidence interval 
[CI]  from  repeated  simulations,  42.4%–42.7%)  with  an  inci-
dence of 8.97 (95% CI, 8.83–9.12) cases per 100 person-years 
(PY), and HIV prevalence 23.4% (95% CI, 23.2%–23.5%) 
with  2.21 (95%  CI,  2.15–2.26) incident  cases  per  100  PY. 
Until August 2023, pandemic-induced service disruptions 
(Table  1)  increased  the  prevalence  of  both  HCV  and  HIV 
(P < .01; Figure 2) to a mean HCV prevalence of 44.1% (95% 
CI,  43.9%–44.3%)  and  mean  HIV  prevalence  of  24.3%  (95% 
CI, 24.1%–24.4%), 1.5% and 0.9% above baseline, respectively. 
HCV  and  HIV  incidence  increased  to  11.50  (95%  CI,  11.38– 
11.63) and 3.16 (95% CI, 3.10–3.22) per 100 PY in 2020 
(P < .01), then dropped back to around baseline levels in 2021.

In addition  to the combined impact of all reported service 
disruptions, we conducted sensitivity  analyses comparing the 
impact of each individual service disruption by setting the du-
ration of 1 service disruption to 100% for 12 or 24 months and 
keeping the rest at their prepandemic coverage. Temporary dis-
ruption of each service individually could lead to an increase in 
HCV and HIV prevalence by the end of 2023 with the overall 
impact positively related to the duration of disruption 
(Supplementary  Figure  2).  Disruption  of  HCV  testing  and 
treatment led to the largest increase in HCV prevalence 
(12-month  average  of  5.4%  increase  over  baseline;  95%  CI, 
5.1%–5.6%;  Supplementary  Figure  2A)  followed  by  MOUD 
(12-month  average  of  2.8%  increase  over  baseline;  95%  CI, 
2.7%–3.0%). The slope of prevalence increase did not differ sig-
nificantly between the first and second years of service disrup-
tion. Similarly, disruption of HIV testing and treatment led to 
the biggest increase in HIV prevalence (Supplementary 
Figure 2B), with a 12-month increase of 4.5% (95% CI, 4.3%– 
4.8%; P < .05). MOUD disruptions had the second largest im-
pact  on  HIV  prevalence,  resulting  in  a  12-month  increase  of 
1.5% (95% CI, 1.3%–1.7%).

Since the COVID-19 Pandemic, PWID Reduced the Probability of Injection 
Drug Use and the Number of Injecting Partnerships

Leveraging  data  from  the  ALIVE  study,  we  further  explored 
how individual behaviors may have changed during the 
COVID-19  pandemic  using  pre-  and  postpandemic  routine 
survey  data  from  1439  individuals  (predates,  6  January  2014 
to 28 February 2020; postdates, 7 December 2020 to 31 
August  2023).  Compared  to  the  prepandemic  survey,  signifi-
cantly  fewer  participants  reported  injecting  at  least  once  in 
the past 6 months of their latest visit, from 34.3% (485/1416) 
to 15.1%  (126/833, P < .01). However, of  those  who reported 
injecting within the past month, the frequency of injection in-
creased  by  44%,  from  23.5  (95%  CI,  21.3–25.6)  per  month 

Table 1. Lengths and Magnitudes of COVID-19 Pandemic-Induced 
Service Disruptions Considered in Each Simulation

Service 
Disruptions Values Source

SSP Complete closure 3 mo + 50% 
partial capacity 9 mo

[32]

MOUD Complete closure 3 mo + 50% 
partial capacity 9 mo

Assumed to be 
same as SSP

HIV testing 32%–86% partial capacity 3 mo [12, 33, 34]

ART prescription Minimal disruption [12]

HCV treatment 
(DAA)

50% partial capacity 3 mo+ 70% 
partial capacity 9 mo

[35]

Abbreviations:  ART,  antiretroviral  therapy;  DAA,  direct-acting  antiviral;  HCV,  hepatitis  C 
virus; MOUD, medication for opioid use disorder; SSP, syringe service program.
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prepandemic  to  33.8  (95%  CI,  28.7–38.9)  times  per  month 
postpandemic (P < .01; Figure 3A). Previously, we classified in-
dividuals  into  injection  risk  categories  based  on  individuals’ 
probability of drug injection throughout their drug-use history 
(early cessation, delayed cessation, persistent injection, and fre-
quent relapse) [30]. Briefly, for individuals in the early cessation 
trajectory, the probability of injection drug use decreases quick-
ly since their first injection. This decrease is slower for those in 
delayed cessation and nonexistent for those in persistent injec-
tion trajectory; those in frequent relapse trajectory tend to os-
cillate  between  active  drug  use  and  temporary  cessation  and 
thus are assumed to always have a 50% probability of injection 
drug use. Using data from 325 individuals who had at least 2 
prepandemic study visits and 2 postpandemic study visits 
and had reported active injection drug use in at least 1 of those 
visits, we identified their injection risk trajectories and found 
that there was a higher proportion of participants classified in 
the early cessation trajectory postpandemic (postpandemic 
57.5% compared to prepandemic 43.1%); the other trajectories 
all decreased in their frequency amongst the participants 
(Figure  3B).  These  shifts  primarily  occurred  within  “delayed 

cessation”  (90.2%)  or  “frequent  relapse”  (54.0%)  individuals 
prepandemic switching to “early cessation” postpandemic 
(Supplementary Table 4).

Finally, we analyzed egocentric data from a subset of ALIVE 
social network survey participants to explore how their 
drug-use networks and injecting behaviors with partners 
changed during the pandemic (npre = 238, November 2018 to 
August 2019 vs npost = 592, June 2022 to August 2023). 
Overall,  for  those  reporting  injection  drug  use  in  the  prior 
6 months in their prepandemic versus postpandemic social net-
work  survey  (npre = 179,  npost = 92),  the  median  number  of 
drug-use alters per participant decreased from 3 (prepandemic) 
to 1 (postpandemic) (P < .01; Figure 3C) and the probability of 
ever injecting with their drug-use alters decreased from 81.5% 
prepandemic to 59.2% postpandemic (P < .01; Figure 3D). In 
addition, the probability of syringe sharing with injecting part-
ners also decreased from 22.0% to 11.4%, although the change 
was not statistically significant (P = .08; Supplementary 
Figure 5). Similar trends were observed when comparing indi-
viduals in both pre- and postpandemic surveys (n = 104) 
(Supplementary  Figure  6).  Participants  of  the  postpandemic 

Figure 2. The estimated prevalence and incidence of HCV and HIV from simulations. Prevalence and incidence of HCV ( A and B) and HIV (C and D) from the beginning of the 
COVID-19 pandemic (March 2020, dashed line) to the most recent ALIVE social network survey period (August 2023) were compared across 2 scenarios: (1) baseline scenario 
(“baseline,” yellow) where no pandemic or subsequent responses took place; and (2) service disruption-only scenario (“service change,” purple) where the COVID-19 pan-
demic took place and clinical/harm-reduction services were disrupted in their respective durations and magnitudes as reported in Table 1. The lines and solid dots represent 
mean values of 200 repeated simulations; the shaded areas around the lines and error bars on solid dots represent 95% confidence intervals. Abbreviations: ALIVE, AIDS 
Linked to the IntraVenous Experience; COVID-19, coronavirus disease 2019; HCV, hepatitis C virus; HIV, human immunodeficiency virus.
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social network survey were also asked whether they still used 
drugs with alters they named during their prepandemic social 
network  surveys.  Among  participants  who  were  surveyed  in 
both pre- and postpandemic periods, a total of 99 prepandemic 
edges were reported with 18 of the edges still active after a mean 
of 52 months between the 2 surveys. The rate of edge dissolu-
tion  was  calculated  to  be  1.57%  of  total  edges  per  month, 
with the mean edge duration being 63.6 months.

PWID Behavioral Changes Observed During the COVID-19 Pandemic Offset 
Increases in Disease Burden Due to Service Disruptions

We then simulated HCV and HIV transmission with both ser-
vice disruptions and PWID behavioral changes identified above. 
We  assumed  that  behavioral  changes  occurred  from  March 
2020 until the last enrollment of the postpandemic social net-
work survey (August 2023). Approximately 40% of the prepan-
demic  participants  were  lost  to  follow-up  postpandemic  and 
thus their behavioral changes could not be measured. To esti-
mate changes relative to the individuals with follow-up surveys, 
we compared their prepandemic responses on drug-use behav-
iors  with  responses  from  individuals  who  were  followed  up 
(Supplementary  Table  5).  Before  the  COVID-19  pandemic, 

individuals  who  were  lost  during  the  postpandemic  period 
were  more  likely  to  report  injection  drug  use  [26]  and  had  a 
higher  injection  frequency,  but  the  rate  of  loss  to  follow-up 
did  not  differ  by  injection  risk  trajectories  (Supplementary 
Table 6). To incorporate the uncertainty of behavioral chang-
es by those lost to follow-up, we created 3 scenarios 
(Supplementary Table 7) where the participants lost to postpan-
demic follow-up (1) changed their behaviors in the same direc-
tion and  magnitude as  the retained cohort (reduced  risk); (2) 
did  not  change  their  drug-use  behaviors  (consistent  risk);  or 
(3) increased risky behaviors by the same prepandemic multi-
pliers  relative  to  those  who  remained  in  follow-up  (increased 
risk). Considering all 3 risk categories gave us a range of prev-
alence  and  incidence  output  that  could  reasonably  cover  the 
bias due to losses to follow-up. Including changes in the 
drug-use network and injecting behaviors with service disrup-
tions  resulted  in  significantly  lower  prevalence  and  incidence 
of HCV and HIV (P < .01; Figure 4). The mean HCV prevalence 
in  2023  was  estimated  to  be  between  35.3%  (95%  CI,  35.1%– 
35.5%) and 43.2% (95% CI, 43.0–43.3%); the mean HIV preva-
lence  was  between  19.9%  (95%  CI,  19.8%–20.0%)  and  24.2% 
(95% CI, 24.0%–24.3%). Both estimated prevalences were 

Figure 3. Reported changes in social and injecting behaviors amongst AIDS Linked to the IntraVenous Experience (ALIVE) participants prepandemic versus postpandemic. A, 
Comparison of survey participants’ monthly injecting frequency. Line, box, and whiskers represent median, interquartile range, and lower/upper fences excluding outliers, respec-
tively; the outer shapes represent distribution of individual data points. B, Changes in survey participants’ probability of active injection reflected by the changing distribution of 4 
injection risk trajectories. C, Comparison of the numbers of drug-use partners (alters) in the prior 12 months. D, Comparison of probability distributions of survey participants 
reporting injecting with drug-use partners. For C and D, each solid dot represents an individual data point, and the lined shapes represents distribution of all data points.
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consistently lower than those considering only service 
disruptions (P < .05). HCV incidence in 2020 had a wide range 
between 5.42 (95% CI, 5.35–5.50) and 11.06 (95% CI, 
10.94–11.17) per 100 PY, while the incidence in 2023 was con-
sistently lower than both baseline and service disruption-only 
scenarios,  that  is  between  4.25  (95%  CI,  4.18–4.33)  and  7.31 
(95% CI, 7.19–7.43) per 100 PY. HIV incidence followed similar 
patterns, with 2020 incidence between 1.31 (95% CI, 1.27–1.34) 
and 3.30 (95% CI, 3.23–3.37) per 100 PY, and 2023 incidence 
between  0.81  (95%  CI,  .77–.84)  and  1.73  (95%  CI,  1.68–1.78) 
per 100 PY. Our results were roughly consistent with the linear 
trends of active HCV/HIV prevalence within the ALIVE cohort 
(Supplementary Figure 1).

DISCUSSION

Using rich behavioral data from a cohort of PWID in a high- 
burden urban setting combined with an individual-based mod-
el, we investigated the impact of pandemic-induced changes in 

injecting behaviors and service disruptions on HCV and HIV 
transmission.  As  in  other  studies  [13,  19,  20,  22],  we  found 
that disruptions in harm-reduction and clinical services during 
the pandemic can increase HCV (by 1.5%) and HIV prevalence 
(by 0.9%) by the end of 2023. However, when considering sub-
stantial and statistically significant changes in social and inject-
ing behaviors amongst the ALIVE cohort after the pandemic, 
the  negative  impacts  of  service  disruptions  were  mitigated. 
These results indicated that fewer PWID were actively injecting 
drugs; some possible mechanisms include reduced availability 
of  drugs  or  contamination  of  drugs  with  greater  amounts  of 
synthetic opioids in drug markets, as well as increased use of 
drugs  by  routes  other  than  injection  [36].  In  addition,  our 
data showed that those who continued injection drug use dur-
ing the pandemic did so more frequently and within a smaller 
network, possibly because of declined mental health and social 
distancing,  respectively.  Interestingly,  even  after  taking  into 
account the lower number of injection partnerships postpan-
demic,  the  probability  of  syringe  sharing  decreased  in  the 

Figure 4. The estimated prevalence and incidence of HCV and HIV incorporating service and behavior changes. Prevalence and incidence of HCV ( A and B) and HIV (C and D) 
from the beginning of COVID-19 pandemic (March 2020, vertical dashed line) to the end of latest ALIVE social network survey period (August 2023) were compared across 3 
scenarios: (1) baseline scenario (“baseline,” yellow) where no pandemic or subsequent responses took place; (2) service disruption-only scenario (“service change,” purple) 
where the COVID-19 pandemic took place and clinical/harm-reduction services were disrupted in their respective durations and magnitudes as reported in Table 1; and (3) 
scenarios combining service disruptions and pandemic-induced behavioral changes by 3 risk levels (“service + behavior change,” red) where the pandemic took place as well 
as service disruptions and changes in social and injecting behaviors by the ALIVE cohort. The lines and solid dots represent mean values of 200 repeated simulations; error 
bars represent 95% confidence intervals. Abbreviations: ALIVE, AIDS Linked to the IntraVenous Experience; COVID-19, coronavirus disease 2019; HCV, hepatitis C virus; HIV, 
human immunodeficiency virus.
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postpandemic period despite the temporarily reduced SSP ca-
pacity that could have led to increased syringe sharing. 
However, these data were collected in 2022–2023, which could 
have missed any temporary and immediate changes in syringe 
sharing at the start of the COVID-19 pandemic. Simulation re-
sults suggested that considering pandemic-induced behavioral 
changes in addition to service disruptions could lead to signifi-
cantly lower prevalence estimates by the end of 2023 (HCV by 
0.9% to 8.8%; HIV by 0.1% to 4.4%).

To our knowledge, this study was the first model to include 
empirically  informed  social  and  injecting  behavioral  changes 
into a model of HCV and HIV transmission amongst PWID. 
Several studies have investigated the combined effect of service 
disruptions and pandemic-induced behavioral changes on sex-
ually transmitted infections, including HIV, within the popula-
tion of men who have sex with men [37, 38], with one based in 
Baltimore [37]. In agreement with our results, decreases in sex-
ual  partnerships  due  to  COVID-19–related  sexual  distancing 
could potentially offset the impact of HIV clinical service clo-
sure.  Although  the  magnitudes  of  behavioral  changes  in  the 
above studies were hypothetical, they emphasized the substan-
tial impact of social distancing amongst high-risk populations 
during the pandemic and validated our model estimates. In ad-
dition,  our  estimated  range  of  HIV  incidence  from  2018  to 
2022,  after  incorporating  behavioral  changes,  was  similar  to 
the observed nonincreasing trend of HIV incidence from the 
CDC 2018–2022 HIV surveillance report [39], further empha-
sizing the significance of incorporating realistic behavioral fac-
tors into a model.

While we quantified behavior changes using detailed survey 
data from the ALIVE cohort, this only represented a single ur-
ban, high-burden population. Moreover, the ALIVE study is an 
aging cohort, despite ongoing enrollment, and may not be re-
flective of newly initiating PWID. Furthermore, egocentric in-
jecting partnership data were limited, thus any sociometric or 
geographic clusters that could potentially alter disease transmis-
sion  dynamics  were  not  considered  here.  Although  selection 
bias  may  be  present  in  those  participants  who  were  included 
in  postpandemic  surveys,  with  potentially  differential  demo-
graphic,  social,  and  behavioral  characteristics,  compared  to 
those lost to follow-up, we leveraged prepandemic data to pre-
dict the pandemic-induced changes in risky behaviors amongst 
those lost to postpandemic follow-ups, while also creating dif-
ferent scenarios to account for possible behavioral patterns of 
this  untracked  population.  In  addition,  there  were  temporal 
gaps  in  the  postpandemic  survey  data  (started  in  June  2022) 
that  may  have  missed  any  immediate  changes  at  the  start  of 
the  pandemic.  Lastly,  while  predicting  a  low  likelihood  of  an 
HCV/HIV outbreak, our model did not explicitly estimate risks 
of  other  important  outcomes such  as fatal  and  nonfatal  over-
dose, and is likely to overestimate disease burdens. Risk factors 
observed in our study, including injecting alone, high injecting 

frequency, and limited access to harm-reduction services, could 
lead to high overdose rate and overdose mortality [40]. In pre-
vious work, while the probability of reporting an overdose by an 
average ALIVE participant has increased since the COVID-19 
pandemic,  decreases  in  both  injection  and  noninjection  drug 
use were also observed [26], hence the impact of overdose on 
our model results is likely limited. Additional research to under-
stand the impact of overdose on this population is necessary giv-
en the increases in mortality observed nationally that persisted 
through the pandemic [41].

In  conclusion,  our  study  highlighted  the  importance  of 
considering behavioral data when modeling transmission dy-
namics in populations such as PWID. While our study pro-
vided  a  potential  explanation  for  the  gap  between  previous 
concerns  about  service  disruptions  and  the  lack  of  reports 
on  observed  HCV/HIV  outbreaks  in  the  United  States,  the 
possibility of future resurgence of HCV/HIV transmission re-
mains,  particularly  if  behavior  changes  were  not  sustained. 
Disease burdens in locations that are high-risk or had recent 
outbreaks  [42]  should  still  be  closely  monitored  in  case  of 
behavioral rebounds or long-term impacts of other socioeco-
nomic factors such as homelessness and unemployment 
[24, 43].

Supplementary Data

Supplementary materials are available at The Journal of 
Infectious Diseases online (http://jid.oxfordjournals.org/). 
Supplementary materials consist of data provided by the author 
that are published to benefit the reader. The posted materials 
are  not  copyedited.  The  contents  of  all  supplementary  data
are the sole responsibility of the authors. Questions or messages 
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Notes
Acknowledgment. The authors thank the participants in the 

ALIVE study.
Author contributions. J. W., B. L. G., and A. W. conceived 

the project and wrote the manuscript. J. W. and 
A. W. performed the quantitative analysis. B. L. G., S. H. M., 
and G. D. K. designed and carried out the cohort 
study. J. W., B. L. G., K. G., and A. W. interpreted the 
findings. J. W., B. L. G., K. F., G. D. K., S. H. M., K. G., and 
A. W. interpreted the findings as well as reviewed and revised 
the manuscript.

Financial support. This work was supported by the National 
Institutes  on  Drug  Abuse  (grant  number  R01DA053136  to 
J.  W.,  B.  L.  G.,  S.  H.  M.,  and  A.  W.;  U01DA036297  to  B.  L. 
G. and S. H. M.); the National Science Foundation (grant num-
ber NSF-23-546 to J. W., B. L. G., S. H. M., K. G., and A. W.); 
and  the  Burroughs  Wellcome  Fund  (Career  Award  at  the 
Scientific Interface to A. W.).

640  •  JID 2025:231  (15 March) •  Wang et al

D
o

w
n

loa
d

e
d fro

m
 h

ttps://aca
d

em
ic.o

u
p.co

m
/jid

/a
rticle

/2
31

/3
/6

3
3

/7
9

1
83

6
3

 by Joh
n

s H
o

p
kins U

n
ive

rsity u
se

r o
n

 01
 A

u
g

ust 2
02

5



Potential conflicts of interest. All authors: No reported con-
flicts. All authors have submitted the ICMJE Form for 
Disclosure of Potential Conflicts of Interest. Conflicts that the 
editors  consider  relevant  to  the  content  of  the  manuscript 
have been disclosed.

References

1. Núñez A, Sreeganga SD, Ramaprasad A. Access to health-
care  during  COVID-19.  Int  J  Environ  Res  Public  Health 
2021; 18:2980.

2. World Health Organization (WHO). Maintaining essential 
health  services:  operational  guidance  for  the  COVID-19 
context: interim guidance. Geneva: WHO, 2020:63.

3. Chu DK, Akl EA, Duda S, et al. Physical distancing, face 
masks,  and  eye  protection  to  prevent  person-to-person 
transmission of SARS-CoV-2 and COVID-19: a systematic 
review and meta-analysis. Lancet 2020; 395:1973–87.

4. Moreland A, Herlihy C, Tynan MA, et al. Timing of state 
and territorial COVID-19 stay-at-home orders and chang-
es in population movement—United States, March 1-May 
31, 2020. MMWR Morb Mortal Wkly Rep 2020; 69: 
1198–203.

5. Meyer  D, Slone SE,  Ogungbe  O, et al.  Impact of  the 
COVID-19  pandemic  on  HIV  healthcare  service  engage-
ment,  treatment  adherence,  and  viral  suppression  in  the 
United States: a systematic literature review. AIDS Behav 
2023; 27:344–57.

6. World Health Organization (WHO). The impact of 
COVID-19 on mental, neurological and substance use ser-
vices: results of a rapid assessment. Geneva: WHO, 2020:49.

7. Thakarar K, Kohut M, Hutchinson R, et al. The impact of 
the COVID-19 pandemic on people who inject drugs ac-
cessing harm reduction services in a rural American state. 
Harm Reduct J 2022; 19:80.

8. Genberg BL, Astemborski J, Piggott DA, et al. The health 
and  social  consequences  during  the  initial  period  of  the 
COVID-19  pandemic  among  current  and  former  people 
who inject drugs: a rapid phone survey in Baltimore, 
Maryland. Drug Alcohol Depend 2021; 221:108584.

9. Conway FN, Samora J, Brinkley K, et al. Impact of 
COVID-19  among  people  who  use  drugs:  a  qualitative 
study  with  harm  reduction  workers  and  people  who  use 
drugs. Harm Reduct J 2022; 19:72.

10. Aponte-Melendez Y, Mateu-Gelabert P, Fong C, et al. The 
impact of COVID-19 on people who inject drugs in 
New York city: increased risk and decreased access to ser-
vices. Harm Reduct J 2021; 18:118.

11. Yeo YH, Gao X, Wang J, et al. The impact of COVID-19 on 
the  cascade  of  care  of  HCV  in  the  US  and  China.  Ann 
Hepatol 2022; 27:100685.

12. Hoover KW, Zhu W, Gant ZC, et al. HIV services and out-
comes  during  the  COVID-19  pandemic—United  States, 

2019–2021.  MMWR  Morb  Mortal  Wkly  Rep  2022;  71: 
1505–10.

13. Blach S, Brown KA, Brown RS, et al. Modeling HCV elim-
ination recovery following the COVID-19 pandemic in the 
United States: pathways to regain progress. J Infect Public 
Health 2023; 16:64–70.

14. Hochstatter KR, Akhtar WZ, Dietz S, et al. Potential influ-
ences  of  the  COVID-19  pandemic  on  drug  use  and  HIV 
care among people living with HIV and substance use dis-
orders: experience from a pilot mHealth intervention. 
AIDS Behav 2021; 25:354–9.

15. Cooper  MP,  Foley  H,  Damico  D,  et  al.  Impact  of  the 
COVID-19 pandemic on hepatitis C outcomes at a health- 
system  specialty  pharmacy.  J  Manag  Care  Spec  Pharm 
2022; 28:667–72.

16. Feder KA, Choi J, Schluth CG, et al. Factors associated with 
self-reported avoidance of harm reduction services during 
the COVID-19 pandemic by people who use drugs in five 
cities  in  the  United  States  and  Canada.  Drug  Alcohol 
Depend 2022; 241:109544.

17. Miller  RL,  McLaughlin  A,  Montoya  V,  et  al.  Impact  of 
SARS-CoV-2 lockdown on expansion of HIV transmission 
clusters  among  key  populations:  a  retrospective  phyloge-
netic analysis. Lancet Reg Health Am 2022; 16:100369.

18. Sypsa V, Roussos S, Tsirogianni E, et al. A new outbreak of 
HIV infection among people who inject drugs during the 
COVID-19  pandemic  in  Greece.  Int  J  Drug  Policy  2023; 
117:104073.

19. Jarlais DD, Bobashev G, Feelemyer J, et al. Modeling HIV 
transmission among persons who inject drugs (PWID) at 
the “end of the HIV epidemic” and during the 
COVID-19  pandemic.  Drug  Alcohol  Depend  2022;  238: 
109573.

20. Zang X, Goedel WC, Bessey SE, et al. The impact of syringe 
services program closure on the risk of rebound HIV out-
breaks among people who inject drugs: a modeling study. 
AIDS 2022; 36:881–8.

21. Kessel B, Heinsohn T, Ott JJ, et al. Impact of COVID-19 
pandemic and anti-pandemic measures on tuberculosis, vi-
ral hepatitis, HIV/AIDS and malaria—a systematic review. 
PLOS Glob Public Health 2023; 3:e0001018.

22. Laniece Delaunay C, Klein MB, Godin A, et al. Public health 
interventions, priority populations, and the impact of 
COVID-19 disruptions on hepatitis C elimination among 
people  who  have  injected  drugs  in  Montreal  (Canada):  a 
modeling study. Int J Drug Policy 2023; 116:104026.

23. Centers for Disease Control and Prevention. HIV 
Surveillance  Report,  Vol.  34,  2021.  http://www.cdc.gov/ 
hiv/library/reports/hivsurveillance.html. Published May 
2023. Accessed 20 May 2024.

24. Bradley H, Austin C, Allen ST, et al. A stakeholder-driven 
framework  for  measuring  potential  change  in  the  health 

PWID Behavioral Changes During COVID-19  •  JID 2025:231 (15 March)  •  641

D
o

w
n

loa
d

e
d fro

m
 h

ttps://aca
d

em
ic.o

u
p.co

m
/jid

/a
rticle

/2
31

/3
/6

3
3

/7
9

1
83

6
3

 by Joh
n

s H
o

p
kins U

n
ive

rsity u
se

r o
n

 01
 A

u
g

ust 2
02

5



risks of people who inject drugs (PWID) during the 
COVID-19 pandemic. Int J Drug Policy 2022; 110:103889.

25. Zang X, Krebs E, Chen S, et al. The potential epidemiolog-
ical impact of coronavirus disease 2019 (COVID-19) on the 
human  immunodeficiency  virus  (HIV)  epidemic  and  the 
cost-effectiveness of linked, opt-out HIV testing: a model-
ing study in 6 US cities. Clin Infect Dis 2021; 72:e828–34.

26. Feder  KA,  Patel  EU,  Buresh  M,  et  al.  Trends  in  self- 
reported non-fatal overdose and patterns of substance 
use before and during the COVID-19 pandemic in a pro-
spective cohort of adults who have injected drugs— 
Baltimore,  Maryland,  2014–2022.  Drug  Alcohol  Depend 
2023; 251:110954.

27. Vlahov D, Anthony JC, Munoz A, et al. The ALIVE study, a 
longitudinal study of HIV-1 infection in intravenous drug 
users: description of methods and characteristics of partic-
ipants. NIDA Res Monogr 1991; 109:75–100.

28. Campbell KE, Lee BA. Name generators in surveys of per-
sonal networks. Soc Netw 1991; 13:203–21.

29. Jenness  SM,  Goodreau  SM,  Morris  M.  EpiModel:  an  R 
package  for  mathematical  modeling  of  infectious  disease 
over networks. J Stat Softw 2018; 84:8.

30. Genberg BL, Gange SJ, Go VF, et al. Trajectories of injec-
tion  drug  use  over  20  years  (1988–2008)  in  Baltimore, 
Maryland. Am J Epidemiol 2011; 173:829–36.

31. Gobran ST, Ancuta P, Shoukry NH. A tale of two viruses: 
immunological insights into HCV/HIV coinfection. Front 
Immunol 2021; 12:726419.

32. Baltimore Needle Exchange Program. Newsletter. 
Facebook, 2020. https://www.facebook.com/Baltimore 
NeedleExchange/. Accessed 20 May 2024.

33. Pyra M, Schafer T, Rusie L, et al. Temporary changes in STI 
& HIV testing & diagnoses across different phases of the 
COVID-19  pandemic,  Chicago  IL.  Front  Reprod  Health 
2023; 5:1072700.

34. Taylor JL, Ruiz-Mercado G, Sperring H, et al. A collision of 
crises: addressing an HIV outbreak among people who in-
ject drugs in the midst of COVID-19. J Subst Abuse Treat 
2021; 124:108280.

35. Levengood TW, Aronsohn AI, Chua K-P, et al. Dispensing 
of  HIV  and  hepatitis  C  antivirals  during  COVID-19:  an 

interrupted time-series analysis of U.S. national data. Am 
J Prev Med 2022; 63:532–42.

36. Kral AH, Lambdin BH, Browne EN, et al. Transition from 
injecting  opioids  to  smoking  fentanyl  in  San  Francisco, 
California. Drug Alcohol Depend 2021; 227:109003.

37. Mitchell KM, Dimitrov D, Silhol R, et al. The potential ef-
fect  of  COVID-19-related  disruptions  on  HIV  incidence 
and HIV-related mortality among men who have sex 
with  men  in  the  USA:  a  modelling  study.  Lancet  HIV 
2021; 8:e206–15.

38. Xiridou M, Heijne J, Adam P, et al. How the disruption in 
sexually transmitted infection care due to the COVID-19 
pandemic could lead to increased sexually transmitted in-
fection transmission among men who have sex with men in 
the Netherlands: a mathematical modeling study. Sex 
Transm Dis 2022; 49:145–53.

39. Centers  for  Disease  Control  and  Prevention.  Estimated 
HIV incidence and prevalence in the United States, 
2018–2022. HIV Surveillance Supplemental Report, 2024; 
29  (No.1).  https://www.cdc.gov/hiv-data/nhss/estimated- 
hiv-incidence-and-prevalence.html.  Accessed  6  September 
2024.

40. Williams LD, Lee E, Latkin C, et al. Economic challenges 
and behavioral and mental health risks for overdose 
during the COVID-19 pandemic among people who 
inject  drugs.  Int  J  Environ  Res  Public  Health  2022;  19: 
5351.

41. Ahmad FB, Rossen LM, Sutton P. Provisional drug 
overdose death counts. Natl Health Stat Rep 2024. 
https://www.cdc.gov/nchs/nvss/vsrr/drug-overdose-data. 
htm. Accessed 23 April 2024.

42. Wiessing L, Sypsa V, Abagiu AO, et al. Impact of 
COVID-19 & response measures on HIV-HCV prevention 
services and social determinants in people who inject drugs 
in  13  sites  with  recent  HIV  outbreaks  in  Europe,  North 
America and Israel. AIDS Behav 2023; 27:1140–53.

43. Arum C, Fraser H, Artenie AA, et al. Homelessness, unsta-
ble housing, and risk of HIV and hepatitis C virus acqui-
sition among people who inject drugs: a systematic 
review  and  meta-analysis.  Lancet  Public  Health  2021;  6: 
e309–23.

642  •  JID 2025:231  (15 March) •  Wang et al

D
o

w
n

loa
d

e
d fro

m
 h

ttps://aca
d

em
ic.o

u
p.co

m
/jid

/a
rticle

/2
31

/3
/6

3
3

/7
9

1
83

6
3

 by Joh
n

s H
o

p
kins U

n
ive

rsity u
se

r o
n

 01
 A

u
g

ust 2
02

5


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10

