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Background: Understanding the sources of HIV transmission provides a basis for prioritizing
HIV prevention resources in specific geographic regions and populations. This study estimated the
number, proportion, and rate of HIV transmissions attributable to individuals along the HIV care
continuum, within different HIV transmission risk groups in six US cities.

Methods: We used a dynamic, compartmental HIV transmission model that draws on racial/
ethnic- and risk-behavior-specific linkage to HIV care and use of HIV prevention services

from local, state and national surveillance sources. We estimated the rate and number of

HIV transmissions attributable to individuals in the stage of acute undiagnosed HIV, non-acute
undiagnosed HIV, HIV diagnosed but antiretroviral therapy (ART) naive, off ART, and on ART,
stratified by HIV transmission group for the 2019 calendar year.

Results.—Individuals with undiagnosed non-acute HIV infection accounted for the highest
proportion of total transmissions in every city, ranging from 36.8% [26.7%—-44.9%] in New York
City to 64.9% [47.0%-71.6%] in Baltimore. Individuals who had discontinued ART contributed to
the second highest percentage of total infections in four of six cities. Individuals with acute HIV
had the highest transmission rate per 100 person years, ranging from 76.4 [58.9-135.9] in Miami
to 160.2 [85.7-302.8] in Baltimore.

Conclusion: These findings underline the importance of both early diagnosis and improved

ART retention for ending the HIV epidemic in the US. Differences in the sources of transmission
across cities indicate that localized priority-setting to effectively address diverse microepidemics at
different stages of epidemic control is necessary.

Keywords

sources of HIV transmission; HIV care continuum; HIV transmission risk group; dynamic HIV
transmission model

Introduction

Progress towards the control of HIV in the United States has stalled; approximately 38,000
new diagnoses of HIV have occurred annually since 2013.1 In response, the United States’
(US) declared the ambitious ‘Ending the HIV Epidemic’ (EHE) initiative, with goals to
reduce the number of new HIV infections by 75% by 2025 and 90% by 2030.2

The HIV care continuum provides a population-level snapshot of the proportion of people
living with HIV (PLHIV) at each stage of HIV clinical care, including diagnosis of HIV,
access to antiretroviral therapy (ART) and continuous engagement on ART leading to

viral suppression. Improving engagement across the HIV continuum of care has been part
of the National HIV Strategy and is useful for measuring the performance of HIV care
programs34. Estimates of the sources of HIV transmission along the HIV care continuum
serve as a basis for understanding the number of deaths and cases that could be averted

by focusing resources on individual continuum steps to maximize population health benefit.
While previous analyses have estimated the number and rate of HIV transmissions arising
from each step of the care continuum in 2009° and 2015° at the national level, these results
are likely to differ across jurisdictions with varying epidemiological conditions and levels
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of HIV services. Stratified analysis for each microepidemic is necessary to inform effective
localized epidemic response.

To this end, we had previously published a series of articles using a dynamic, compartmental
HIV transmission model that simulates HIV epidemics in six US cities, which accounted
for nearly a quarter (24.1%) of all PLHIV nationally.”11 We used this model to reproduce
city-level continuums of HIV care and identify localized combination strategies to help
reach the EHE goals by 2030. Examining the sources of new HIV infections by steps along
the care continuum is essential to help understand the underlying mechanisms for these
recommendations and identify key transmission risk factors that may explain differences

in recommendation across cities. This vital context has been cited as a critical gap in the
effective dissemination of modeling results.}2 Doing so translates model outputs to better
align with the types of evidence typically presented in surveillance reports, thus augmenting
it and increasing the likelihood that this form of analysis is applied by decision makers.12.13
These estimates can help reinforce the need for focused attention and resources in specific
geographic regions and populations as a means of achieving the ambitious EHE goals — an
approach consistent with the plan’s conception.2

Our objective was to estimate the number and rate of HIV transmissions in 2019 attributable
to individuals at each step of the HIV care continuum, and to stratify by HIV transmission
risk group across six US cities, highlighting regional differences and focal populations for
targeted intervention.

Methods

We estimated the number, proportion, and rate of HIV transmissions in 2019 attributable to
individuals at each stage of the HIV continuum of care. HIV transmission was expressed

as a rate per 100 person-years, with the number of PLHIV in each care continuum step

as the denominator. City-level utilization of pre-exposure prophylaxis (PrEP), medication
for opioid use disorder (MOUD), syringe service programs (SSP), HIV testing and ART
engagement levels were held according to most recent data up to 20197 (Supplement A).

To reflect current clinical care guidelines that recommend ART initiation immediately
following HIV diagnosis,1* we defined the following five continuum of care steps: (1) Acute
undiagnosed HIV infection, (2) Non-acute undiagnosed HIV, (3) HIV diagnosed but ART
naive, (4) Off ART (i.e., diagnosed and initiated ART, but no ART prescription for at least
90 days), and (5) On ART. To assess heterogeneity across key population subgroups, results
were stratified by sex, race/ethnicity, and HIV transmission risk group.

Model Description

We used a dynamic, compartmental HIV transmission model to simulate HIV
microepidemics among adults aged 15-64 in six US cities: Atlanta (GA), Baltimore (MD),
Los Angeles(LA) (CA), Miami (FL), New York City(NYC) (NY), and Seattle (WA).11 The
model tracked the population of adults susceptible to HIV infection through seroconversion,
diagnosis, and treatment with ART, accounting for ART dropout and re-initiation. Disease
progression was captured by transitions from acute infection to strata based on CD4 cell
count (=500, 200-499, and <200 cells/mL). For each city, the population was stratified by
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biological sex (male or female), race/ethnicity (Black, Hispanic, non-Hispanic white/other),
HIV transmission risk group (men who have sex with men [MSM], people who inject
drugs [PWID], MSM-PWID, heterosexual), and sexual risk behavior intensity (high- or
low-risk). The high-/low-risk stratification was defined by the proportion of MSM reporting
condomless sex with casual partners (25%)1° according to recommended indications for
PrEP usel6 for MSM and MSM-PWID, and by the proportion of individuals who had 5 or
more sexual partners in the past 12 months for heterosexuals.’

Within the model, the probability of HIV transmission was determined by: (i) the probability
of selecting a sexual or injection partner living with HIV; (ii) the type of transmission

risk (heterosexual or homosexual sexual activity, or sharing injection equipment); (iii) the
infected individual’s HIV disease stage (acute and then by CD4-based strata); (iv) the
infected individual’s ART status; (v) whether the uninfected individual was on PrEP; and
(vi) the probability of condom use. We allowed for assortative mixing by race/ethnicity and
sexual risk behavior intensity. According to a prior meta-analysis, individuals reduced their
number of sexual partners by 68% (59%-76%) following HIV diagnosis.18 We otherwise
assumed PLHIV who discontinued ART (off ART) had the same HIV transmissibility and
mortality rate as those who were ART naive.

We previously published the results of an evidence synthesis executed to populate the
model, which included local public health surveillance reports, peer reviewed publications
and primary analyses of survey and health administrative data.” Of note, for this analysis
we used HIV Research Network data which estimated ART engagement, dropout and re-
initiation rates stratified by CD4-based strata, region, risk group, race/ethnicity and sex.1®
These CD4-based ART engagement estimates allowed us to capture recent initiation and
re-initiation, individuals that may not be responding to their regimen as well as those

with occasional non-adherence. ART initiation rates were supplemented with data from the
Medical Monitoring Project 2010-2014 cycles.20

The model was calibrated to match HIV prevalence, new diagnoses and deaths, stratified by
sex, race/ethnicity and HIV risk group and validated against additional external incidence
estimates for each city.11 From our prior research we have updated estimates for HIV
services, including PrEP, MOUD, SSP and ART engagement, up to 2019 (Supplement
Table 1). Based on the updated HIV service utilization data, the estimated proportion of
people living with HIV along the HIV care continuum in 2019 are presented in Table

1. To standardize the estimates of transmission attributable to PLHIV on ART, we held
ART effectiveness in reducing sexual transmissions at 91% according to a meta-analysis of
prospective studies which provided estimates of ART effectiveness in real-life settings.?!
Further, the relative risk of transmission during acute HIV infection and the duration

of acute infection were calibrated to fit local epidemiological targets in our previous
applications. Differences across cities reflected population heterogeneity but also the
uncertainty in other model parameters. For this exercise, we used our point estimates for the
relative risk of transmission (5.3 times the transmission risk during non-acute stage)?2 and
duration of acute HIV infection (1.7 months)22 across all cities to ensure comparability in
the percentage of HIV transmissions attributable to this stage. These estimates were drawn
from a modeling analysis of a retrospective cohort of HIV serodiscordant couples in Rakai,
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Uganda, which provided a reassessment of the relative infectivity and duration of the acute
phase accounting for risk heterogeneity among study participants and potential biases from
the retrospective cohort design.2?

Sensitivity analysis

Probabilistic sensitivity analysis—To incorporate parameter uncertainty in our model,
we estimated transmission projections as median values from 2,000 model runs for each
city. The probabilistic sensitivity analysis samples were constructed by appending 2,000
best-fitting calibrated parameter sets with 2,000 random samples for all non-calibrated
parameters simultaneously from predefined distributions.11 We reported 95% credible
intervals [Crls] for projected transmission numbers, proportions, and rates at each step of the
continuum.

Deterministic sensitivity analysis—We performed one-way sensitivity analysis on two
parameters that our model differed from prior national studies and ones that were influential
on the outcomes: (1) multiplier for the transmission probability during acute stage compared
to non-acute stage, and (2) change in the number of sexual partners following diagnosis.
More details for this sensitivity analysis and its results are presented in Supplement C.

Results

Of all projected new HIV transmissions in 2019, we estimated the highest percentage

were attributable to people living with undiagnosed acute and non-acute HIV infection,
ranging from 51.7% in NYC to 85.8% in Baltimore (Table 2). Among undiagnosed PLHIV,
individuals with non-acute HIV accounted for the highest percentage of total transmissions
in every city, ranging from 37.5% [95% Crl, 31.4%-42.3%] in NYC to 64.8% [51.0%
-70.9%] in Baltimore. The percentage of transmissions from individuals with undiagnosed
acute HIV ranged from 10.2% [8.0%-18.1%] in Miami up to 21.0% [11.5%-39.4%] in
Baltimore. The percentage of transmissions attributable to those diagnosed with HIV but not
yet on ART were no greater than Miami’s 6.5% [4.9%-8.0%]. Individuals who discontinued
ART (off ART) accounted for the second highest percentage of total infections in Atlanta
(14.7% [11.5%-21.0%]), LA (28.4% [15.4%-42.3%]), Miami (18.0% [12.2%—28.0%)]),
and NYC (29.5% [16.4%-41.2%]). Transmissions attributable to individuals on ART were
low in most cities but highest in NYC (13.2% [8.9%-17.0%]) and Seattle (13.9% [10.6%
-18.3%]).

In all cities, transmission rates decreased with each successive step of the HIV continuum of
care. People with undiagnosed acute HIV had the highest transmission rate per 100 person
years (PYSs) in every city, ranging from 76.4 [58.9-135.9] in Miami to 160.2 [85.7-302.8] in
Baltimore. People with non-acute undiagnosed HIV had the second highest transmission rate
in each city, and the highest in Baltimore (27.6 [18.1-31.1]). Comparatively, transmission
rates among individuals off ART ranged from 1.8 [1.3-2.5] (Baltimore) to 5.5 [3.5-8.1]
(LA), and were 0.5 or less in all cities among people on ART.

By HIV risk category, men who have sex with men accounted for the greatest percentage of
transmissions (Supplement Table 2). Among MSM, transmissions largely occurred in those
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with non-acute undiagnosed HIV, though relatively high proportions also occurred among
PLHIV who were off ART in LA and NYC (Fig. 1). Overall, transmission rates per 100
person years were highest among MSM in Baltimore (8.8 [4.6-12.5]), LA (5.1 [4.1-6.9])
and NYC (2.3 [1.4-4.1]) and highest among PWID in Atlanta (4.8 [2.9-7.9]), Miami (5.5
[3.3-9.0]), and Seattle (2.6 [1.3-3.9]).

Discussion

In this modeling study of six cities which account for almost one-quarter of all PLHIV

in the United States, we identified three major sources of incident HIV transmissions,
including people with undiagnosed acute and non-acute HIV infection as well as people
who discontinued ART. While these major sources identified are generally consistent, the
order and magnitude of the proportions and rates of transmission from each step may differ
from the prior national studies®® given the large differences in city-level microepidemics
and access to services therein. We also identified significant differences in the proportions of
transmission across cities and population subgroups, indicating that localized priority-setting
to effectively address diverse microepidemics at different stages of epidemic control is
necessary.

These results underline the importance of the first pillar of the EHE initiative, which

is to ‘diagnose all individuals with HIV as early as possible’.2 Efforts across all cities

to reduce transmission to meet EHE goals should target undiagnosed PLHIV through
increased access to rapid, free or low-cost HIV testing coupled with effective linkage to
care. We previously estimated that expanding HIV testing interventions (including MOUD-
integrated rapid testing for PWID) was cost-effective or cost-saving in each of the 6 cities
we considered, with long-term cost savings of up to $235.6 million in LA for electronic
medical record testing reminders.® However, HIV testing interventions alone delivered at
publicly-documented levels were estimated to have limited impact on incidence; with the
most impactful testing intervention reducing incidence no more than 8% over 20 years.8
These projections stress the need for more aggressive scale-up and likely more carefully-
considered implementation strategies for HIV testing, including routine, universal HIV
screening in health care settings,23 the potential reach of interventions delivered outside of
clinical settings (e.g., HIV self-testing),24 and expanded screening among populations at
high risk of HIV infection.23 These efforts will be particularly crucial in Atlanta, Baltimore
and Miami, three cities where undiagnosed PLHIV contributed to higher proportions of new
HIV transmissions. Given the low rate of transmission from those on ART, it is equally
important that newly diagnosed PLHIV should initiate ART as early as possible both to
achieve the greatest reduction in transmission and for its direct clinical benefits.22

We also found differences in the sources and rates of transmission across cities. Many
social and clinical factors may contribute to these differences, including the distribution
of the population across HIV transmission risk groups, population demographics, mixing
patterns in sexual contact networks, the heterogeneity in HIV risk behaviors, and different
levels of HIV prevention and treatment services engagement. The highest proportions of
HIV transmissions attributable to individuals on ART were observed in NYC (13.2%) and
SEA (13.9%), which also have the highest populations of PLHIV on ART. The proportion
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of on-ART HIV transmissions is thus likely to rise as ART coverage increases, but the

rate of transmission during this step remains the lowest and will help lower the overall
transmission rate. HIV transmission arising from individuals off ART was highest in LA
(28.4%), a setting that had relatively poor ART engagement. We previously recommended
the inclusion of an intervention that reduces ART dropout (i.e., electronic medical records
ART engagement reminder) for these three cities (LA, NYC and Seattle) and Miami.10
Meanwhile, in cities with relatively higher estimated rates of HIV transmission (Atlanta,
Baltimore and Miami), targeted PrEP for high-risk MSM was recommended for further
expansion in our prior study. Similarly, expanding SSP was recommended for cities

with high rates of transmission from HIV-infected PWID. The HIV epidemic in the

US is characterized by geographic regions with disparate epidemiological conditions,
demographics, and healthcare infrastructure.2> The differences across cities identified in
this study underline the importance of developing targeted prevention strategies informed by
local epidemiological conditions. While surveillance reports have primarily focused on care
engagement, explicating the sources of HIV transmission allows for further identification
of the underlying drivers of each microepidemic and potential ramifications for HIV
prevention.

Unlike previous studies (Skarbinski model®, CDC model®) that analyzed the proportions
of transmissions along each step of the care continuum at the national level, our analysis
provided city-specific estimates accounting for their heterogeneities in healthcare access,
socioeconomic and transmission risk behaviours. Our analysis otherwise differed in several
key respects. First, definitions of the steps in the care continuum differed: we disaggregated
undiagnosed HIV infection by acute and non-acute stages, differentiated those diagnosed
with HIV but not retained on ART as ART naive (HIV diagnosed but ART naive) and ART
experienced (off ART), and characterized change in HIV transmissibility during non-acute
stage only by whether PLHIV are on ART. These distinctions result in recommendations
for more focused intervention strategies, specifically for those undiagnosed following acute
infection, and those having discontinued ART. There were also notable differences in the
proportion of transmissions attributable to undiagnosed PLHIV. We estimated that people
living with undiagnosed HIV infection accounted for the majority (51.7%-85.5%) of HIV
transmission in all six cities, whereas the Skarbinski model® and CDC model® estimated

a more moderate 30.2% and 37.6% from this population subgroup. These differences

may be setting-related, as we focused exclusively on major urban centers where HIV

care resources are more concentrated with higher percentages of PLHIV diagnosed and
retained in treatment (61%-83% in our model) compared to the national average (33% and
51% in Skarbinski and CDC models).28 According to HIV surveillance data in the US,
80% of all PLHIV, and 81% of new diagnoses were recorded in large metropolitan areas
(population > 500,000) in 2018.27 In addition, in contrast to the Skarbinski model® which
assumed a higher number of sexual partners and injection drug use and needle sharing
among individuals diagnosed with HIV (but not in care) than those with undiagnosed HIV,
we allowed for a reduced average number of sexual partners (68%) following diagnosis
according to a meta-analysis comparing high-risk sexual behavior in PLHIV aware and
unaware of their serostatus.18 This resulted in a significantly lower transmission rate when
PLHIV were diagnosed in our model and lower proportions of transmissions from these
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stages in each city. The deterministic sensitivity analysis found that a change to this
parameter might result in very different estimates for proportions of transmissions from
undiagnosed and diagnosed stages (Supplement C). Our estimates indicate that the benefits
of early detection and treatment may be greater, and more important in achieving epidemic
control than previously thought. Another major difference in this analysis is the HIV
transmission rate during the acute stage; our estimates (4—6 times the rate of non-acute)
were substantially higher than the CDC model® (only 90% higher than non-acute), while
the Skarbinski model® did not account for the acute stage. This higher transmission rate

in acute HIV infection was based on a prior modeling study that fitted closely with the
cohort data in Rakai, Uganda, which provided a rigorous assessment of HIV infectivity and
the duration of the acute phase.22 This study has accounted for possible sources of bias

in previous published estimates and provided revised estimates considerably lower than all
previous studies. The resulting estimated rates of transmission per 100 person years from
the acute stage in our model were more in line with a highly cited statistical analysis that
was fitted directly to the same Rakai, Uganda cohort data.28 The deterministic sensitivity
analysis also confirmed the sensitivity of model results to this parameter (Supplement C).
Our results highlight the important role the acute stage may play in the spread of HIV, as
well as the population impact of prevention interventions such as PrEP for persons at high
risk of HIV infection to mitigate such high risk of transmission.

Limitations of the model itself are documented in previous publications,’~1! and those most
pertinent to this analysis are largely due to limitations in the underlying evidence base. First,
there is a dearth of high-quality, externally valid data pertaining to the numbers of HIV

tests administered and the size of infected but undiagnosed PLHIV for each city. Our HIV
testing rates were derived during model calibration and validation. This indirect estimation
of HIV testing rates may result in uncertainty in the size of the population with undiagnosed
HIV and, subsequently, the number of transmissions attributable to this population. Second,
although the ongoing COVID-19 pandemic may have profoundly affected the course of the
HIV epidemic across the US, we did not attempt to extend our analysis to the year of 2020
given that evidence on HIV service provision and potential changes in HIV risk behaviours
is still emerging.29 In addition, we did not explicitly account for HIV transmissions that
may occur across boundaries of each city. However, one previous HIV transmission network
analysis has shown that persons residing in large central metro counties were least often
linked to viruses outside the same or adjacent counties at HIV diagnosis.3°

The estimates of the number of transmissions attributable to each step of the care
continuum highlight how undiagnosed HIV infections and inadequate retention in care lead
to onward transmission and undermine progress towards epidemic control. Rather than a
homogeneous national epidemic, the HIV epidemic in the US is a collection of diverse
local microepidemics featuring different levels of engagement in HIV services and varying
degrees of epidemic control. Comprehensive and targeted strategies are therefore needed

to address these localized priorities to maximize epidemiological impact towards achieving
EHE goals in each setting.
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Figure 1. Estimated proportion of HIV transmissions along the HIV care continuum in 2019, by
HIV transmission risk group, in six US cities.

MSM: men who have sex with men; PWID: people who inject drugs (including MSM who
inject drugs). Percentages in each city (5 HIV care continuum steps * 3 HIV risk groups)
sum to 100%.
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