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Background.The human immunodeficiency virus (HIV) epidemic in Newark, New Jersey, is among the most

severe in the United States. Prevalence ranges up to 3.3% in some groups. The aim of this study is to use a mathe-

matical model of the epidemic in Newark to assess the impact of interventions along the continuum of care, leading

to virologic suppression.

Methods.A model was constructed of HIV infection including specific care-continuum steps. The model was

calibrated to HIV/AIDS cases in Newark among different populations over a 10-year period. Interventions applied

to modelfits were increasing proportions tested, linked and retained in care, linked and adherent to treatment, and

increasing testing frequency, high-risk-group testing, and adherence. Impacts were assessed by measuring incidence

and death reductions 10 years postintervention.

Results.The most effective interventions for reducing incidence were improving treatment adherence and in-

creasing testing frequency and coverage. No single intervention reduced incidence in 2023 by >5%, and the most ef-

fective combination of interventions reduced incidence by approximately 16% (2%–24%). The most efficacious

interventions for reducing deaths were increasing retention, linkage to care, testing coverage, and adherence. In-

creasing retention reduced deaths by approximately 27% (24%–29%); the most efficacious combination of interven-

tions reduced deaths in 2023 by approximately 52% (46%–57%).

Conclusions.Reducing HIV deaths in Newark over a 10-year period may be a realizable goal, but reducing inci-

dence is less likely. Our results highlight the importance of addressing leaks across the entire continuum of care and

reinforcing efforts to prevention new HIV infections with additional interventions.

Keywords.HIV; care continuum; mathematical model.

More than 30 years into the human immunodeficiency

virus (HIV)/AIDS epidemic, Newark, New Jersey, con-

tinues to be one of the most severely HIV/AIDS-

impacted communities within the United States. Newark

residents have an HIV prevalence of 2.3%, nearly 7

times that of the rest of New Jersey [1]. Moreover, the

non-Hispanic black community in Newark is dispro-

portionately affected, with an HIV prevalence of 3.3%,

similar to the prevalence observed in some sub-Saharan

African countries—for example, Ghana (1.8%) and

Rwanda (2.9%) [2–4]. The profile of risk behaviors in

Newark is complex, with high prevalence and interaction

of injection drug use and risky sexual behaviors [1,5,6].

Prevention interventions over the last decade have

not succeeded in substantially reducing HIV incidence

in the United States [7]. Nevertheless, there is reason

for new optimism as recent studies demonstrated that

effective antiretroviral therapy (ART) of HIV-infected

persons results in a 96% decrease in sexual HIV trans-

mission [8]. This has led to intense dialogue and new

initiatives to increase HIV testing coverage, improve

connection/retention in care, and expand ART with

maximal rates of virologic suppression. Mathematical

modeling may help assess potential contributions of

various interventions and identify combinations that may
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contribute most to overall epidemic control. Previous modeling

work has suggested that universal test-and-treat interventions

may control local HIV epidemics [9]. However, significant

doubt remains, due to the difficulty of scaling up screening pro-

grams and the marked heterogeneity among HIV-infected

persons with respect to disease transmission, access, and accep-

tance of care and ART [10]. Additionally, impact of test-and-

treat strategies may differ in areas with generalized epidemics

compared with concentrated microepidemics.

The HIV epidemic in the United States is a set of microepi-

demics—“hotspots”of infection [11]. Results of modeling for

generalized HIV epidemics may not accurately inform HIV

control in the United States. Modeling the impact of interven-

tions to prevent HIV in Newark, New Jersey, is an important

case study for several reasons: Newark is a well-described hot-

spot of HIV infection in the United States, and its epidemic is

driven by multiple factors including heterosexual transmission,

intravenous drug use, and unreported sexual activity among

Figure 1. Graphical representation of modelflow and risk group interactions.A, Susceptible individualsflow into the acute infection compartment via
the force of infection. Acutely infected individualsflow into asymptomatic undiagnosed. Asymptomatic individuals either receive a diagnosis before pro-
gressing to AIDS or do not. Tested, ineligible individuals eventually become eligible as their CD4 counts drop, but may be lost to follow up before attaining
eligibility. Tested-eligible individuals can be lost to follow-up or not linked to treatment, or be linked to treatment and then either be virologically sup-
pressed or not suppressed. Unsuppressed individuals move into a dead-end AIDS post–antiretroviral therapy compartment. Finally, undiagnosed and un-
linked individuals progress to AIDS–never treated, from which they either die or present for treatment and then either show suppression or do not. Flows
are in blue arrows and excess deaths are in red.B, Male and female risk groups are shown with arrows indicating groups that most strongly assort. Abbre-
viations: ART, antiretroviral therapy; Het, heterosexual; IDU, injection drug user; MSM, men who have sex with men.
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men in prisons or other settings. Furthermore, as Newark is a

small city, it may be possible to implement interventions and

assess validity of modeling. Results of modeling may therefore,

be useful for other US hotspots. Here, we use dynamic models,

linked to epidemiological data, to assess probable impact of

several interventions on future HIV incidence and mortality in

Newark, New Jersey. Crucially, our model explicitly includes

each step in the continuum of HIV care leading to virologic

suppression (ie, testing, linkage to care, retention in care,

linkage to treatment, and adherence to treatment) [12].

METHODS

Model

To capture the dynamics of the Newark epidemic, a compart-

mental model was used (Figure1A). Following others (eg, [9,

13–15]), the model includes compartments for 3 infection

stages: acute, high viral load but short duration (3–6 months);

asymptomatic, lower viral load with duration of 8 years; and

AIDS, intermediate viral load with duration approximately

2.5 years. These stages are further stratified by awareness of

infection, eligibility, and treatment status. Progression is as

follows: Susceptible individuals move to acute infection, which

progresses to asymptomatic–will be diagnosed before CD4

<200 cells/µL or asymptomatic–will be diagnosed after CD4

<200 cells/µL. Those who are tested and diagnosed move into

the category“tested, eligible for ART”or“tested, ineligible for

ART.”Eligibility for ART depends on CD4 count. Before 2010,

those with CD4 <350 cells/µL are eligible. From 2011 onward,

all HIV-infected individuals are deemed eligible. Tested ineligi-

ble individuals become eligible as CD4 count declines. Eligible

individuals move into“treated, suppressed compartment”or

“treated, unsuppressed compartment”categories.

Current percentages of infected individuals passing each

point in the continuum are included in the model: Tested indi-

viduals are linked to care, individuals linked to care upon

testing are retained in care, and individuals retained in care are

linked to ART, if eligible, with a mean delay of 3 months. Indi-

viduals linked to treatment achieve viral suppression, depend-

ing on ART adherence. Individuals who were never tested or

Table 1. Prior and Posterior Parameter Ranges

Parameter
Name Description Prior Range Posterior Range Source

a Death rate when CD4 <200 0.2–2y−1 0.20–1.99 y−1 [18–20]

z 1/duration of drug use .025–.1667 y−1 0.03–.09 y−1 [21]

u 1/duration of acute period 1.5–6y−1 1.62–5.98 y−1 [19,20]

1 Assortativeness coefficient .05–.95 0.05–.95 ME

cðm;hÞ Rate of partner change in high-risk men (het) 3–10 partners/y 3.02–9.79 partners/y [22]

cðm;lÞ Rate of partner change in low-risk men (het) 0.01–2 partners/y 0.04–1.98 partners/y [16,22]

cðhrhm:mÞ Rate of male partner change in bisexual men 1–5 partners/y 1.21–4.98 partners/y [23], ME

cðmsm;hÞ Rate of partner change in high-risk MSM 3–10 partners/y 3.01–9.97 partners/y [23], ME

cðmsm;lÞ Rate of partner change in high-risk MSM .1–3 partners/y 0.14–2.92 partners/y [22], ME

mx Proportion of men exclusively MSM 0.03–.12 0.04–.12 [24]

hd Needles shared per partner 50–350 needles/partner 52.64–349.65 needles/partner [21]

cred Coefficient of reduction in drug use incidence 0.001–.1 0.0025–.0951 ME

nðl;lÞ Number of sex acts in a low-risk/low-risk partnership 20–150 sex acts/partner 20.09–149.95 sex acts/partner ME

nðh;hÞ Number of sex acts in a high-risk/high-risk partnership 1–30 sex acts/y 1.48–29.85 sex acts/y ME

nðl;hÞ Number of sex acts in a low-risk/high-risk partnership 1–30 sex acts/y 1.02–28.79 sex acts/y ME

bmf Ratio of transmission probability male to female 1.5–6 1.54–5.8 [25]

bmm Ratio of transmission probability male to male 1.5–6 1.52–5.92 [25]

vI0 Ratio of infectiousness during acute phase 20–30 20.25–29.98 [19]

f Per-sex-act transmission probability 1 × 10−5–.01/sex act 1e-4–.0032/sex act [20]

sd Per-injection transmission probability 2 × 10−5–.05/injection 5e-4–.049/injection [26]

pdu Initial percent prevalence of drug use 0.5%–10% 4%–10% [6]

pmdu Initial percent prevalence of drug use among MSM 0. 5%–20% 1%–20% [27]

prm Proportion of MSM high risk 0.1–.95 0.19–.95 [26]

cd Rate of change of needle-sharing partner 0.5–3 partners/y 0.51–2.97 partners/y ME

qnm Coefficient of reduction in unprotected sex acts when
aware of status

.1–.9 0.11–.88 ME

Abbreviations: het, heterosexual; ME, model estimate; MSM, men who have sex with men.
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dropped out from the care continuum progress with infection,

until presenting for care with a CD4 count of <200 cells/µL. In-

dividuals who progress to AIDS after failing on ART die after

1–3 years.

The equations are applied to males and females comprising

high- and low-risk sexual activity classes, and injection drug

users (IDUs) and non-IDUs. The model takes into account het-

erosexual, homosexual, bisexual, and injection drug use trans-

mission, as well as combinations of sexual and injection drug

use risk behaviors. Individuals move between IDU and non-

IDU groups, and sexual mixing is assortative as per a study

conducted using sexually transmitted infection clinic data from

Newark in the 1990s [16] (Figure1B). Additionally, the model

includes a bounded decline in needle sharing and drug-use in-

cidence as injection drug use has declined in Newark [17].

Ranges for model parameters were gathered from the literature

(Tables1and2). Uncertainty analysis was performed, altering

parameters one at a time to see what influence ranging a given

parameter had on results. In this way, a subset of influential

parameters, those whose variation yielded >10% average shift

over all model outputs, was selected forfitting. Next, Latin-

hypercube sampling was performed using the subset of influen-

tial parameters [28]. A multidimensional grid describes the

model’s parameter space. Latin-hypercube sampling forces each

grid segment to be sampled exactly once, thus efficiently covering

the whole parameter space. Model outputs from sampled parame-

ter sets were then compared with observed counts stratified by

risk group of persons living with HIV/AIDS in Newark over

time. Parameter sets were accepted if theyfit within prior limits

of the data [28]. Sensitivity analysis was performed by calculat-

ing partial rank correlation coefficients (PRCCs) using standard

methods [28]. PRCCs provide a postfitting breakdown of which

parameters influence model outputs the most, thereby enabling

validation of model assumptions.

Table 2. Invariant Parameters

Parameter Description Value Source

Ttest Time between infection and testing if tested before CD4 count
<200 cells/μL and eligible when tested

4y [30–32]

z Percent of diagnosed individuals diagnosed before CD4 <200 41% [32]

zratioi Ratio of testing in other risk groups to heterosexual women .68–1.1 [32]

testlnk Percent linked to care given tested 75% [33–36]

ret Percent retained in care given linked 51% [33–36]

trtlnk Percent linked to treatment given retained in care 89% [33–36]

x Percent of treated who achieve viral suppression 77% [33–36]

xratioi Ratio of adherence/suppression in other risk groups to
heterosexual women

.8–1 EO

Ttreat Time between eligibility and treatment .25 EO

y Percentage of asymptomatic individuals eligible for treatment
when tested (CD4 count 200–349 cells/µL)

30% [32]

Telig Time to eligibility if tested and not eligible 2 y [30–32]

vIA;vItsvtns;vA Weighting of transmission probability by stage of infection 1, .04, .9, 7 [8–19]

gnm Rate of progression for untreated individuals from HIV to AIDS 1/8 y−1 [18–20]

gns Reduced progression rate for treated, unsuppressed individuals 1/12 y−1 EO

m;mIDU Death rates/recruitment rates (non-IDU, IDU) 1/58 y−1, 1/36 y−1 [37]

pdur;pdurf Percentage of IDUs who engage in risky sexual behavior (M, F) 34%, 18% [21]

pmdur Percentage of MSM IDUs who engage in risky sexual behavior 80% ME

pr Percentage of heterosexual men engaging in high-risk behavior 30% [22]

prf Percentage of heterosexual women engaging in high-risk
behavior

20% [22]

fdu Percentage of IDUs who are female 36% [21]

hrhm Percentage of high-risk heterosexual men engaging in bisexual
behavior

15% [21], ME

cðhrhm:fÞ Rate of female partner change in bisexual men 3 partners/y [21], ME

TART Year of availability of ART 1995 [1]

c0 Initial incidence of injection drug use (approximated by
prevalence/duration)

pdu z

nred Coefficient of reduction in needle sharing per 5 years .3 ME

Abbreviations: ART, antiretroviral therapy; EO, expert opinion; HIV, human immunodeficiency virus; IDU, injection drug user; ME, model estimate.
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Interventions

Increasing tested and adherent proportions overall (Figure2A)

and in high-risk groups by 5% and 25% and increasing testing

frequency were implemented. For tested HIV-infected individ-

uals, interventions at each point in the care continuum were

implemented at 3 different levels representing a modest, mod-

erate, or optimal level of intervention (Figure2B).

Data

Data used for thefitting came from Project IMPACT (Intensive

Mobilization to Promote AIDS Awareness through Communi-

ty-based Technologies), a New Jersey Department of Health

initiative to address the HIV epidemic in New Jersey communities

most affected [1,3]. Project IMPACT data represent reported

cases for Newark from 2002 to 2010 as ascertained by epidemi-

ological surveillance.

Many parameter estimates came from National HIV Behav-

ioral Surveillance (NHBS) data. Created in 2003 by the Centers

for Disease Control and Prevention to collect behavioral

information on individuals at high risk for acquiring HIV, the

NHBS is conducted in rotating cycles targeting men who have

sex with men (MSM), IDUs, and high-risk heterosexuals. A

range of sampling techniques are used for each key population,

and standardized, anonymous questionnaires on behavior,

testing, and prevention are administered and HIV testing is

offered [29].

Figure 2. Testing and care-continuum interventions.A, Current, modest intervention, and moderate intervention levels are shown of percentages of indi-
viduals tested before reaching a CD4 count of <200, in current, modest intervention, and moderate intervention levels.B, Percentages of individuals achiev-
ing each step in the care continuum, in current, modest intervention, and moderate intervention levels. Abbreviations: IDU, injection drug user; MSM, men
who have sex with men.
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RESULTS

Model Fitting

Thefitting process was run until 100 parameter sets were identi-

fied that produced model runs within the specified prior limits.

Figure3shows the range offitted runs plotted with data points

by risk group (Table1shows prior and posterior intervals on

fitted parameters). PRCCs were calculated using the posterior

range of each parameter against model outputs of prevalence and

incidence. Different parameters showed peak influence for inci-

dence and each risk group’s prevalence, although parameters that

governed drug-use incidence and duration and contact patterns

were influential on all outputs (Supplementary Table A). The

amount of initial uncertainty that was reflected in the prior

ranges of the influential parameters varied significantly; some pa-

rameters such as transmission probability ratios for male–female

and male–male transmission and death rate at a CD4 count of

<200 cells/µL had comparatively small ranges, whereas others,

such as number of sex acts per low-risk/low-risk partnership, had

wide ranges. While size of prior range may influence parameter

sensitivity, PRCC strength can inform the relative importance of

ascertaining more informative priors for these parameters for future

studies.Crucially,however,inthismodel,thequalitativeresultsof

scenario testing are robust to the differences in parameterfits.

Interventions

To test the impact of interventions at each point in the care con-

tinuum, parameters dictating the intensity at a given point were

altered in isolation and conjunction, representing a range of

intervention strength. Intervention scenarios were run on all para-

meter sets to assess their efficacy. Parameters included propor-

tion of individuals tested before CD4 <200 cells/µL, proportion

connected to care given newly positive test, proportion retained

in care given connection to care, proportion receiving ART given

retention in care, proportion virally suppressing given ART (ie,

proportion adherent to ART), percentage of increase in testing

and viral suppression in high-risk groups, time between infection

and test if tested before CD4 <200 cells/µL, and proportion eligi-

ble if tested before CD4 <200 cells/µL.

The top 4 most efficacious interventions for averting infec-

tions were run in isolation and combination on all parameter

sets. According to the best parameterfit, these were, in de-

scending order of efficacy: increasing ART adherence in high-

risk groups, increasing ART adherence in all groups, reducing

time between infection and testing, and increasing proportion

tested before CD4 <200 cells/µL. Combinations of these inter-

ventions resulted in larger reductions in incidence than single

interventions (Table3, Figure4A).

The top 4 most efficacious interventions for reducing the

number of deaths were similarly run in isolation and combina-

tion on all parameter sets. According to the best parameter

fit, these were, in descending order of efficacy: increasing pro-

portion retained in care, increasing proportion linked to care,

increasing testing coverage, and increasing ART adherence in

all groups. Again, combinations of interventions resulted in

larger numbers of deaths averted (Table4, Figure4B).

Of note, the order of efficacy of interventions varied slightly

between parameter sets, but the 4 most efficacious remained

the same across all parameter sets.

The 10-year impact on incidence of any individual interven-

tion was small, but when all interventions were run together at

maximum levels, incidence declined steeply (Figure5). This

highlights the importance of closing gaps throughout the care

continuum. Each individual intervention can only have limited

effect if the cascade is“leaky”elsewhere. Figure5also shows

impact of secular declines in injection drug use over time. The

red line shows a counterfactual scenario, that is, one without re-

ductions in incidence of injection drug use and needles shared.

The epidemic in Newark had the potential to be worse, with ap-

proximately 40% higher annual incidence.

Although no currently available individual intervention can

effect a substantial reduction in incidence, combination inter-

ventions at intermediate levels can yield a reduction in inci-

dence in 2023 of approximately 16%. Interventions may have

different levels of achievability and cost, and various combina-

tions at different levels can yield similar results. Contour plots

Figure 3. Modelfits and data. Data from project IMPACT (solid lines
with dots) are shown, overlaid with the range of modelfits for each data
point. The 12 risk groups in the model are aggregated into 6 shown here
as follows: Het Female comprises low- and high-risk non-injection drug
user (IDU) heterosexual females; IDU Female, low- and high-risk IDU het-
erosexual females; Het Male, low- and high-risk non-IDU heterosexual
males and non-IDU bisexual males; MSM, low- and high-risk non-IDU
men who have sex with men (MSM); IDU Male, low- and high-risk IDU
heterosexual males and IDU bisexual males; and MSM IDU, Men who
have sex with men who are also IDU. Abbreviations: Het, heterosexual;
HIV, human immunodeficiency virus; IDU, injection drug user; MSM, men
who have sex with men.
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show the combination levels for pairs of interventions that can

achieve similar results (Supplementary Figure 2). Changing the

profile of combination interventions changes the distribution

of incident infection sources (Figure6).

DISCUSSION

HIV remains highly endemic in focal areas of the United States.

Despite availability of ART, HIV incidence in the United States

has been relatively stable, with roughly 50 000 new infections

per year [7]. Recent empirical work has shown the efficacy of

treatment as prevention in a clinical trial setting among stable

serodiscordant couples and confirmed that maintenance of vi-

rologic suppression is key in HIV prevention [8]. Given the

recent national dialogue regarding the care continuum, in

which only 33%–55% of HIV-infected persons are retained in

care and 19%–26% achieve virologic suppression [33–36], our

model addresses the key questions of which interventions are

most likely to prove efficacious at decreasing HIV acquisition

and mortality. Surprisingly, HIV incidence is estimated to de-

crease by just 16%, when all interventions along the continuum

of care are implemented at“achievable”levels, suggesting that

ART interventions cannot alone be relied upon to curb HIV

transmission in hotspots and that additional prevention inter-

ventions are urgently required.

A major contributor to the modest impact of interventions is

the“leaky”care continuum. Large impacts on HIV incidence

are only evident when all interventions approach 100%. In

Newark, as in other settings, there is a subset of individuals

who either cannot or will not access care. In a study of HIV ac-

quisition among women living in areas of the United States

with high levels of poverty and HIV prevalence, 20% reported

that they were unable to access needed medical care [38]. The

Affordable Care Act may improve access to care, but other

factors (eg, distrust of the medical establishment and stigma

Table 3. Impact of Interventions on Incident Cases

Intervention

Change From
Baseline

Level

% Incident Cases
Change in 2023

(Range)

Absolute
Change in

Incident Cases

in 2023 (Range)

% Change in
Cumulative Incident
Cases 2013–2023

(Range)

Absolute Change in
Cumulative Incident
Cases 2013–2023

(Range)

Increase in high-risk ART adherence 25% increase 4.6 (0.8–6.4) 22 (2–43) 2.4 (0.5–3.1) 133 (13–260)

Increase in all-group ART adherence 77%–95% 3.8 (0.6–5.8) 18 (1–38) 1.9 (0.3–2.8) 108 (9–225)

Increase in testing frequency 4 y–1.5 y 2.6 (0.2–6.2) 12 (0–40) 2.3 (0.3–4.4) 127 (7–340)

Increase in HIV testing coverage 46%–75% 2.3 (0.2–4.3) 11 (1–30) 1.2 (0.1–2.3) 68 (4–197)

Increase in ART adherence: all-group
and high risk

As above 8.3 (1.2–11.2) 38 (3–72) 4.2 (0.8–5.5) 235 (21–422)

Increase in ART adherence: all-group
and high risk plus increase in
testing coverage

As above 11.1 (1.6–14.8) 52 (4–98) 5.6 (1.1–7.3) 314 (27–565)

All top 4 interventions As above 15.8 (2.1–24.5) 73 (5–158) 9.1 (1.6–13.7) 508 (40–1039)

Abbreviations: ART, antiretroviral therapy; HIV, human immunodeficiency virus.

Figure 4. Incident cases and deaths time series: percentage change
over time by intervention (according to best-fit parameter set).A, Projected
change in incident cases over time under increasing combinations of the
top 4 most efficacious interventions.B, Projected change in deaths over time
under increasing combinations of the top 4 most efficacious interventions.
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associated with HIV infection) may continue to contribute to

poor care access. Nonetheless, for individuals successfully

linked/retained in care, this modeling exercise estimates mor-

tality decreases of approximately 35%. The challenges surround-

ing improved linkage and retention in care are particularly

difficult, as improved retention requires ongoing efforts rather

than single-point change. Novel strategies to link and retain in-

dividuals in care need to be created and tested. Only by com-

bining interventions that involve linking and retention in care

can further reductions in mortality be realized.

Virologic suppression is a demonstrated powerful tool for

averting HIV transmission. However, maximizing adherence to

ART is challenging as it involves extensive follow-up and moni-

toring of individuals over long periods of time. Indeed, test-and-

treat interventions may have the potential to increase numbers of

patients initiating ART early, but without stabilizing the back

end of treatment continuation (ie, care retention and ART adher-

ence), test-and-treat strategies cannot achieve full potential.

The proportion of incident cases that arise from acute infec-

tions does not decline with successive interventions (Figure6),

Table 4. Impact of Interventions on Deaths

Intervention
Change From
Baseline Level

% Deaths Change
in 2023 (Range)

Absolute Change in
Deaths in 2023
(Range)

% Change in
Cumulative Deaths
2013–2023 (Range)

Absolute Change in
Cumulative Deaths
2013–2023 (Range)

Increase in retention 51%–67% 26.4 (24–29.1) 89 (39–150) 24.7 (23–26.6) 1056 (484–1650)

Increase in Linkage to care 75%–83% 9.4 (8.6–10.3) 32 (14–53) 8.6 (8–9.2) 370 (167–578)

increase in HIV testing coverage 46%–75% 5 (3.3–6.5) 17 (5–31) 3.2 (1.7–4.2) 135 (34–275)

Increase all-group ART adherence 25% Increase 5.4 (3–6.7) 18 (5–31) 2.3 (1.1–3) 97 (23–176)

Increase in retention and linkage As above 39.4 (36–43.5) 132 (60–224) 37.4 (34.9–40.4) 1598 (741–2496)

Increase in retention, linkage and
testing coverage

As above 43.2 (39.1–47.2) 145 (63–247) 39.4 (36.6–42.3) 1687 (762–2656)

Abbreviations: ART, antiretroviral therapy; HIV, human immunodeficiency virus.

Figure 5. Pressure test of interventions. Impact on annual number of
new infection incidence of maximal implementation of all interventions.
By 2023, there are <200 incident cases. Abbreviation: IDU, injection drug
user.

Figure 6. Pie charts designating provenance of incident cases in 2023
for baseline and top 4 most efficacious interventions at moderate level.
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so HIV transmission is maintained even in the 4-intervention

scale-up scenario. This result suggests that unaddressed acute

infection may play a critical role in the limited efficacy of test-

and-treat interventions to decrease HIV incidence at least over

the short time-scales examined here; however, further explora-

tion of this hypothesis is needed. No intervention tested in this

study addresses acute infection directly, as many commonly

used testing algorithms are unable to detect acute infection [39].

Implementation of newer-generation HIV tests that simulta-

neously assess acute and chronic infection may be critical to

further decreasing HIV incidence [39,40].

Previous modeling studies have assessed the efficacy of test-

and-treat interventions in different settings. Granich et al [10]

predict transition of the epidemic into an elimination phase

after introduction of test-and-treat in a setting of generalized

HIV infection, but their assumptions differ from those in this

study in several substantive ways: immediate treatment, higher

adherence rates (ie, elements of a perfect care continuum), and

only heterosexual transmission. The results of the model pre-

sented here are more consistent with the predictions of Dodd

et al [16], who explore the efficacy of test-and-treat in a range

of epidemiological settings. Although they also test scenarios

that include perfect or near-perfect care continua, they predict

modest HIV incidence reductions in settings with greater varia-

tion in risky behavior, where key populations at high risk of in-

fection and transmission drive the epidemic. Powers et al [40]

also predict modest reductions in HIV prevalence in a develop-

ing world setting (even with high coverage) unless individuals

with early infection are targeted [40]. Walensky et al [41], ex-

amining outcome measures in Washington, D.C., draw similar

conclusions on test-and-treat impact, predicting increases in

life expectancy but only a 15% reduction in HIV incidence over

5 years of overall population life-years spent with transmissible

viral load [41]. Long et al [41], using a model based on 2007 US

data, predict similarly modest effects of test-and-treat; inci-

dence is reduced by 2.3% with enhanced testing, and ART

averts only 10.3% of infections over 20 years [15]. Last, Soren-

sen et al [42], modeling an urban population based on MSM in

New York City, report a greater impact on incidence, predicting

roughly a 50% reduction over 20 years with intermediate levels

of interventions implemented throughout the care continuum [42].

The present analysis offers a unique perspective on the Newark

epidemic, but agrees broadly with some prior predictions in the

literature about the impact of test-and-treat strategies in the

United States.

This study adds to the literature a bespoke model for a devel-

oped-world urban setting; it takes into account differential dy-

namics between heterosexual, homosexual, and bisexual HIV

transmission in addition to injection drug use. Although there

is uncertainty around many of the model parameters, the

fitting process used in this study helps quantify it. Additionally,

this model incorporates all steps in the care continuum, from

initial test through linkages and viral suppression.

There are inevitable simplifications in the model that may

lend some uncertainty to the results. Only approximations are

used for disease stage. There is no age structure, and the model

does not take into account ethnic variation, which is likely an

oversimplification of the transmission situation in Newark.

Whereas individuals can change drug-use status, no change in

sexual risk behavior over time is incorporated. Most parameters

stay constant over time, and as there are multiple pathways to

being treated, some individuals may suffer too short a survival

penalty upon reaching this state, which may in turn slightly

impact mortality estimates.

In addition, assumptions made about sexual mixing patterns

were derived from a single study performed in Newark’s sexu-

ally transmitted infection clinic roughly 15 years ago. As can be

seen in the PRCCs (Supplementary Table B), the assortativity

coefficient only comes up as influential for heterosexual preva-

lence measures. This result validates model assumptions:

Sexual-mixing diversity should be most important in heterosex-

ual groups because they mix with the greatest number of other

groups. Sexual assortativeness does not play a role in transmis-

sion among IDUs, as IDUs are far more likely to acquire infec-

tion through drug use than sexual contact. Similarly, MSM are

naturally more assortative as they only acquire infection from

other MSM or the few bisexual men. Model prevalence esti-

mates are also roughly validated by incidence predictions, al-

though available data on incidence are limited. Although these

assumptions may compromise the specific quantitative accura-

cy of the model predictions, the general predictions of relative

efficacy of various interventions are robust.

Our model of the Newark HIV epidemic suggests that realis-

tic implementation of current interventions will have a modest

impact on decreasing HIV incidence; however, a more marked

impact on mortality is possible. Our results emphasize the im-

portance of reinforcing additional forms of HIV prevention

and reducing losses of patients throughout the entire care con-

tinuum. We believe that the implications of these results are

important, and may have policy applications for other US

areas. It is imperative that innovative strategies to link and

retain HIV-infected persons in care be developed and tested.

Only by stopping care-continuum leakage will we be able to ef-

fectively decrease new HIV infections in the United States.

Supplementary Data

Supplementary materialsare available atClinical Infectious Diseasesonline
(http://cid.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 regarding errors

should be addressed to the author.

282•CID 2014:58 (15 January)•HIV/AIDS

D
o
w
nl
o
a
d
e
d fr
o
m 
htt
ps://
ac
a
d
e
mic.
o
u
p.c
o
m/ci
d/
articl

e-
a
bstr
act/
5
8/
2/
2
7
4/
3
3
4
7
4
9 
by 
Pri
nc
et
o
n 
U
niv
ersity 

us
er 
o
n 
0
5 
D
ec
e
m
b
er 
2
0
1
8

http://cid.oxfordjournals.org/lookup/suppl/doi:10.1093/cid/cit687/-/DC1
http://cid.oxfordjournals.org/lookup/suppl/doi:10.1093/cid/cit687/-/DC1
http://cid.oxfordjournals.org/
http://cid.oxfordjournals.org/
http://cid.oxfordjournals.org/


Notes

Acknowledgments. The authors thank Paula Grant from the New
Jersey State Department of Health, Division of HIV, STD and TB Services,
for assistance with data acquisition; Steven Saunders, MS, Director, Preven-

tion and Education, New Jersey Department of Health, Division of HIV,
STD and TB Services; Barbara Bolden, PhD, Acting Director, Epidemiolog-

ic Services, New Jersey Department of Health, Division of HIV, STD and
TB Services; and Professors Andrea Graham and Simon Levin from the
Princeton University Department of Ecology and Evolutionary Biology for

their helpful comments.
Financial support. The work was supported by a grant from the New

Jersey Health Foundation (formerly University of Medicine and Dentistry
Foundation). R. B. B. was supported by a Princeton University Department of
Ecology and Evolutionary Biology Fellowship. B. T. G. was supported by the

Bill and Melinda Gates Foundation and the RAPIDD program of the Science
and Technology Directorate, US Department of Homeland Security, and the

Fogarty International Center, National Institutes of Health.T. B. H. was sup-
ported by the Bill and Melinda Gates Foundation and Imperial College.
Potential conflicts of interest.S. L. H. has received research support

from BMS, Gilead, Janssen Therapeutics, and Viiv-GSK, and has served as a
consultant for Janssen Therapeutics, BMS, Gilead, and Merck & Co. S. L. H.’s

spouse is a member of the Becton-Dickinson board of directors, and has
Merck & Co. stock options. A. S. has serves as a consultant for Merck Inc.
All other authors report no potential conflicts.

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. Division of HIV/AIDS Services. HIV/AIDS epidemiological profile for
the state of New Jersey 2007. New Jersey: Department of Health and

Senior Services,2007.
2. United Nations Joint Programme on HIV/AIDS. UNAIDS report on
the global AIDS Epidemic 2010. Available at:http://www.unaids.org/

globalreport/global_report.htm. Accessed 10 July 2012.
3. New Jersey Department of Health and Senior Services. HIV/AIDS,
STD and TB services, county and municipal statistics, top ten cities

with highest number of HIV/AIDS cases reported as of December 31,
2010. Available at:http://www.state.nj.us/health/aids/repa/cities.shtml.

4. Wu S-Y. Growing New Jersey minority population reaches majority in
some municipalities, 2011. Available at:http://lwd.dol.state.nj.us/labor/
lpa/pub/lmv/LMV_7.pdf. Accessed 5 February 2013.

5. Jones R, Oliver M. Young urban women’spatternsofunprotectedsex
with men engaging in HIV risk behaviors. AIDS Behav2007;11:812–21.

6. Mammo A. Patterns of drug abuse in Newark. In: Community
Epidemiology Work Group, ed. Epidemiologic Trends in Drug Abuse
Bethesda, Maryland: National Institutes of Heatlh,2001; 103–12.

7. Centers for Disease Control and Prevention. New HIV infections in the
United States, 2012. Available at:http://lwd.dol.state.nj.us/labor/lpa/

pub/lmv/LMV_7.pdf. Accessed 5 February 2013.
8. Cohen M, Chen Y. Prevention of HIV-1 infection with early antiretro-
viral therapy. N Engl J Med2011; 365:493–505.

9. Granich R, Gilks C, Dye C, De Cock KM, Williams BG. Universal vol-
untary HIV testing with immediate antiretroviral therapy as a strategy
for elimination of HIV transmission: a mathematical model. Lancet

2009; 373:48–57.
10. Garnett G, Baggaley R. Treating our way out of the HIV pandemic:

could we, would we, should we? Lancet2009; 373:9–11.
11. El-Sadr WM, Mayer KH, Hodder SL. AIDS in America—forgotten but
not gone. N Engl J Med2010; 362:967–70.

12. Cheever LW. Engaging HIV-infected patients in care: their lives depend
on it. Clin Infect Dis2007; 44:1500–2.

13. Baggaley R, Garnett G, Ferguson N. Modelling the impact of antiretro-
viral use in resource-poor settings. PLoS Med2006; 3:e124.

14. Long E, Brandeau M, Owens D. The cost-effectiveness and population
outcomes of expanded HIV screening and antiretroviral treatment in

the United States. Ann Intern Med2010; 153:778–89.
15. Dodd P, Garnett G, Hallett T. Examining the promise of HIV elimination
by‘test and treat’in hyper-endemic settings. AIDS2010; 24:729–35.

16. Garnett G, Mertz K, Finelli L. The transmission dynamics of gonor-
rhoea: modelling the reported behaviour of infected patients from Newark,

New Jersey. Philos Trans R Soc Lond B Biol Sci1999; 354:787–97.
17.Centers for Disease Control and Prevention. Trends in injection drug
use among persons entering addiction treatment—New Jersey, 1992–

1999. MMWR Morb Mortal Wkly Rep2001; 50:378–81.
18. Boily M, Anderson R. Sexual contact patterns between men and

women and the spread of HIV-1 in urban centres in Africa. Math Med
Biol1991; 8:221–47.

19. Hollingsworth T, Anderson RM, Fraser C. HIV-1 transmission, by

stage of infection. J Infect Dis2008; 198:687–93.
20. Wawer M, Gray R. Rates of HIV-1 transmission per coital act, by stage
of HIV-1 infection, in Rakai, Uganda. J Infect Dis2005; 191:1403–9.

21. Neaigus A. National HIV Behavioral Surveillance System (NHBS). In-
jection drug users, cycle 1, Report Presented to the New Jersey Depart-

ment of Health and Senior Services/Division of HIV/AIDS Services,
and the North Jersey Community Research Initiative, 26 June 2008.

22. Kim S. National HIV Behavioral Surveillance System: heterosexuals in

the Newark Metropolitan Statistical Area, sampling time frame: April-
October 2007. Report Prepared for New Jersey Department of Health

and Senior Services, Division of HIV/AIDS Services and the North
Jersey Community Research Initiative, 9 February 2010.

23. Sanchez T, Finlayson T, Drake A, Behel S, Cribbin M. Human immu-

nodeficiency virus (HIV) risk, prevention, and testing behaviors—
United States, National HIV Behavioral Surveillance System: men who

have sex with men. MMWR Surveill Summ2005; 55:1–16.
24. Sell R, Wells J, Wypij D. The prevalence of homosexual behavior and at-
traction in the United States, the United Kingdom and France: results of

national population-based samples. Arch Sex Behav1995; 24:235–48.
25. Royce R, Sena A. Sexual transmission of HIV. N Engl J Med1997; 336:

1072–8.
26. Kaplan E, Heimer R. A model-based estimate of HIV infectivity via
needle sharing. J Acquir Immune Defic Syndr1992; 5:1116–8.

27. Finlayson T, Le B, Smith A, Bowles K. HIV risk, prevention, and testing
behaviors among men who have sex with men: National HIV Behavio-
ral Surveillance System, 21 US cities, United States, 2008. MMWR

Morb Mortal Wkly Rep2011:1–34.
28. Blower SM, Dowlatabadi H. Sensitivity and uncertainty analysis of

complex models of disease transmission: an HIV model, as an example.
Int Stat Rev1994; 62:229–43.

29. Centers for Disease Control and Prevention. National HIV behavioral

surveillance. Available at:http://www.cdc.gov/hiv/bcsb/nhbs/index.
htm. Accessed 18 December 2012.

30. Lodi S, Phillips A, Touloumi G, Pantazis N. CD4 decline in sero-
converter and seroprevalent individuals in the precombination of anti-
retroviral therapy era. AIDS2010; 24:2697–2704.

31. Lodi S, Phillips A. Virus seroconversion to reaching CD4+ cell
count thresholds <200, <350, and <500 cells/mm3: assessment of need

following changes in treatment guidelines. Clin Infect Dis2011; 53:
817–25.

32. Centers for Disease Control and Prevention. Reported CD4 + T-

lymphocyte results for adults and adolescents with HIV infection—37
states, 2005-2007. HIV surveillance supplemental report. Atlanta, GA:
CDC, 2011, vol 16.

33. Hall HI, Frazier EL, Rhodes P, et al. Continuum of HIV care: differenc-
es in care and treatment by sex and race/ethnicity in the United States.

In: AIDS 2012: XIX International AIDS Conference, Washington, DC,
22–27 July2012.

34. Cohen S, Van Handel M. Vital signs: HIV prevention through care and

treatment—United States. MMWR Morb Mortal Wkly Rep2011; 60:
1618–23.

HIV/AIDS•CID 2014:58 (15 January)•283

D
o
w
nl
o
a
d
e
d fr
o
m 
htt
ps://
ac
a
d
e
mic.
o
u
p.c
o
m/ci
d/
articl

e-
a
bstr
act/
5
8/
2/
2
7
4/
3
3
4
7
4
9 
by 
Pri
nc
et
o
n 
U
niv
ersity 

us
er 
o
n 
0
5 
D
ec
e
m
b
er 
2
0
1
8

http://www.unaids.org/globalreport/global_report.htm
http://www.unaids.org/globalreport/global_report.htm
http://www.unaids.org/globalreport/global_report.htm
http://www.state.nj.us/health/aids/repa/cities.shtml
http://www.state.nj.us/health/aids/repa/cities.shtml
http://www.state.nj.us/health/aids/repa/cities.shtml
http://lwd.dol.state.nj.us/labor/lpa/pub/lmv/LMV_7.pdf
http://lwd.dol.state.nj.us/labor/lpa/pub/lmv/LMV_7.pdf
http://lwd.dol.state.nj.us/labor/lpa/pub/lmv/LMV_7.pdf
http://lwd.dol.state.nj.us/labor/lpa/pub/lmv/LMV_7.pdf
http://lwd.dol.state.nj.us/labor/lpa/pub/lmv/LMV_7.pdf
http://lwd.dol.state.nj.us/labor/lpa/pub/lmv/LMV_7.pdf
http://www.cdc.gov/hiv/bcsb/nhbs/index.htm
http://www.cdc.gov/hiv/bcsb/nhbs/index.htm
http://www.cdc.gov/hiv/bcsb/nhbs/index.htm
http://www.cdc.gov/hiv/bcsb/nhbs/index.htm


35. Burns DN, Dieffenbach CW, Vermund SH. Rethinking prevention of
HIV type 1 infection. Clin Infect Dis2010; 51:725–31.

36. Gardner EM, McLees MP, Steiner JF, Del Rio C, Burman WJ. The spec-
trum of engagement in HIV care and its relevance to test-and-treat
strategies for prevention of HIV infection. Clin Infect Dis2011; 52:

793–800.
37. US Census Bureau. Newark City: New Jersey QuickLinks from the US

Census Bureau.2007. Available at:http://quickfacts.census.gov/qfd/
states/34/3451000lk.html. Accessed 21 July 2010.

38. Hodder SL, Justman J, Hughes JP, et al. HIV acquisition among women

from selected areas of the United States: a cohort study. Ann Intern
Med2013; 158:10–8.

39. Branson BM. The future of HIV testing. J Acquir Immune Defic Syndr
2010; 55(suppl 2):S102–5.

40. Powers K, Ghani A, Miller W. The role of acute and early HIV infection
in the spread of HIV and implications for transmission prevention
strategies in Lilongwe, Malawi: a modelling study. Lancet2011;

378:256–68.
41. Walensky RP, Paltiel AD, Losina E, et al. Test and Treat DC: forecasting

the impact of a comprehensive HIV strategy in Washington DC. Clin
Infect Dis2010; 51:392–400.

42. Sorensen SW, Sansom SL, Brooks JT, et al. A mathematical model of

comprehensive test-and-treat services and HIV incidence among men
who have sex with men in the United States. PLoS One2012; 7:e29098.

284•CID 2014:58 (15 January)•HIV/AIDS

D
o
w
nl
o
a
d
e
d fr
o
m 
htt
ps://
ac
a
d
e
mic.
o
u
p.c
o
m/ci
d/
articl

e-
a
bstr
act/
5
8/
2/
2
7
4/
3
3
4
7
4
9 
by 
Pri
nc
et
o
n 
U
niv
ersity 

us
er 
o
n 
0
5 
D
ec
e
m
b
er 
2
0
1
8

http://quickfacts.census.gov/qfd/states/34/3451000lk.html
http://quickfacts.census.gov/qfd/states/34/3451000lk.html
http://quickfacts.census.gov/qfd/states/34/3451000lk.html
http://quickfacts.census.gov/qfd/states/34/3451000lk.html


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


