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Background. Recent guidelines advocate early antiretroviral therapy (ART) to decrease human immunodeficiency virus (HIV)
morbidity and prevent transmission, but suboptimal engagement in care may compromise impact. We sought to determine the eco-
nomic and epidemiologic impact of incomplete engagement in HIV care in the United States.

Methods. We constructed a dynamic transmission model of HIV among US adults (aged 15–65 years) and conducted a cost-
effectiveness analysis of improvements along the HIV care continuum. We evaluated enhanced HIV testing (annual for high-risk
groups), increased 3-month linkage to care (to 90%), and improved retention (50% relative reduction in yearly disengagement and
50% increase in reengagement). Our primary outcomes were HIV incidence, mortality, costs and quality-adjusted life-years
(QALYs).

Results. Despite early ART initiation, a projected 1.39 million (95% uncertainty range [UR], 0.91–2.2 million) new HIV infec-
tions will occur at a (discounted) cost of $256 billion ($199–298 billion) over 2 decades at existing levels of HIV care engagement.
Enhanced testing with increased linkage has modest epidemiologic benefits and could reduce incident HIV infections by 21% (95%
UR, 13%–26%) at a cost of $65 700 per QALY gained ($44 500–111 000). By contrast, comprehensive improvements that couples
enhanced testing and linkage with improved retention would reduce HIV incidence by 54% (95% UR, 37%–68%) and mortality rate
by 64% (46%–78%), at a cost-effectiveness ratio of $45 300 per QALY gained ($27 800–72 300).

Conclusions. Failure to improve engagement in HIV care in the United States leads to excess infections, treatment costs, and
deaths. Interventions that improve not just HIV screening but also retention in care are needed to optimize epidemiologic impact and
cost-effectiveness.
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In recent years, antiretroviral therapy (ART) for human immu-
nodeficiency virus (HIV) has become more potent with less side
effects and simpler dosing schedules. Viral suppression is asso-
ciated with improved immunologic function and reductions in
both infectious and noninfectious morbidity and mortality rates
[1]. ART is also increasingly recognized as an effective tool to
prevent HIV transmission [2, 3]. Earlier models have suggested
that a “test and treat” policy, if widely implemented, could reduce
HIV prevalence significantly over the coming decades [4]. In light
of these findings, current US treatment guidelines recommend
ART initiation without regard to CD4 cell count [1, 5].

Despite widespread focus on testing and initiation of treat-
ment, arguably the greatest barrier to prevention of both
HIV-related morbid conditions and HIV transmission is

suboptimal engagement in care [6]. In the United States, nearly
20% of all persons living with HIV remain unaware of their in-
fection [7], and the median CD4 cell count at the time of first
presentation remains unacceptably low at <350 cells/ μL [8]. As
a result, the US Centers for Disease Control and Prevention and
others have advocated for routine testing for HIV among pa-
tients aged 13 to 64 years in most healthcare settings [9, 10].
However, once HIV infection is diagnosed, engagement in
care remains suboptimal. A sizeable proportion of individuals
do not link (eg, keep a first appointment) to HIV care in a time-
ly manner [7, 11–16]; among those who do link to care, lack of
long-term retention remains an important challenge [17, 18].
Ultimately, current estimates suggest that fewer than half of per-
sons living with HIV in the United States are virologically sup-
pressed, even though nearly 80% are probably aware of their
serostatus [7, 11, 12, 19]. Each step in this “continuum of
care” results in potentially preventable morbid effects and
HIV transmission.

The impact and cost-effectiveness of expanded HIV screen-
ing and ART initiation have been studied [20, 21]. By contrast,
the effects of suboptimal engagement in care on both the
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epidemiology and the economics of HIV care in the United
States have not been adequately quantified. As guidelines con-
tinue to favor early testing and prolonged therapy, interruptions
in care may increase. We therefore constructed a model of the
US continuum of HIV care to estimate the economic and epi-
demiologic consequences of incomplete or intermittent engage-
ment in care and explore the potential impact of interventions
that strengthen such engagement relative to early treatment ini-
tiation alone.

METHODS

HIV Epidemic-Economic Model
Model Structure

Our model incorporates HIV transmission, disease progression,
and health system engagement in the United States. The model
partitions the adult population (aged 15–65 years) based on sex,
age, HIV infection status, and risk profile (heterosexuals, men
who have sex with men [MSM], and persons who inject
drugs [PWID]) (Figure 1). Among persons living with HIV,
the population is further characterized by CD4 cell count,
engagement in care, and treatment status (eg, unaware of HIV
status, aware but out of care, in care but not receiving ART, re-
ceiving ART but not virologically suppressed, and virologically
suppressed). The size of each subpopulation changes over time
based on a system of ordinary differential equations (Supple-
mentary Materials).

The model incorporates HIV transmission through sex (het-
erosexual or male homosexual) and through needle sharing.
The risk of transmission is based on the frequency of sexual
partnerships (and needle-sharing partnerships) and associated
HIV transmission probabilities and was calibrated to match

the observed HIV epidemiology in the United States. The prob-
ability of HIV transmission was modified by sex, stage of HIV,
awareness of serostatus, and ART usage.

Among subpopulations with untreated HIV, the CD4 cell
count declined at rates based on existing literature (Table 1).
We assumed that awareness of HIV serostatus occurs through
both routine screening and symptomatic presentation, the
rates of which vary according to risk group. We incorporated
benefits of virologic suppression through immunologic recovery
and reduced transmission potential. We explicitly modeled rates
of discontinuation in care, calibrating those rates to reflect cur-
rent estimates of engagement in the continuum of care [59].

Economic and Epidemiologic Impact of HIV Continuum of Care

We estimated health-care costs, HIV incidence, AIDS mortality
rate, and quality-adjusted life-years (QALYs), over a 20-year
time horizon. In the base-case analysis, we assumed implementa-
tion of current guidelines on timing of ART initiation (ie, initia-
tion at any CD4 cell count), with continuation of current trends in
the HIV care continuum [1, 59, 60]. We then sequentially project-
ed the epidemiologic impact and incremental cost-effectiveness of
improvements in the HIV care continuum. We specifically exam-
ined the following interventions (under assumptions of immedi-
ate implementation), either independently or jointly:

• Enhanced targeted screening: annual testing for high-risk
individuals (MSM, persons who inject drugs, and heterosexuals
aged 15–24 years) [61], concordant with US Preventive Services
Task Force guidelines [62];

• Enhanced targeted and general screening: annual testing
for high-risk individuals, plus testing every 3 years for the gene-
ral population aged 25–65 years;

Figure 1. Model schematic of human immunodeficiency virus (HIV) transmission, disease progression, and engagement in HIV care. The population is divided into com-
partments based on HIV status (and stage of HIV for HIV-infected), and engagement with HIV care. HIV+ represents HIV-infected individuals; HIV−, HIV-uninfected individuals.
Each compartment is stratified further by sex and risk group (heterosexual, men who have sex with men, persons who inject drugs). The model incorporates transmission
through sex and injection drug use. *Persons living with HIV (at any point in the HIV continuum of care) progress through a series of HIV stages from acute HIV to AIDS if not
receiving antiretroviral therapy (ART), shown in subset. Individuals experience immunologic recovery if receiving ART and virally suppressed. CD4 represents CD4 cell count (in
cells per microliter).
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Table 1. Key Model Parameters

Variable Value (Range for Sensitivity Analysis) Source (References)

Demographics

Total adult population (aged 15–65 y) 207 million 22

PWID (men) 1.2 million 21, 23, 24

PWID (women) 600 000 21, 23, 24

MSM 3.5 million 25

HIV disease dynamics without ART

Duration of acute infection, mo 2.9 (1–4) 5, 26, 27

Duration of chronic infection, y

CD4 >350 6.5 (3–10) 28–30

CD4 200–350 2.5 (1–5) 28, 29

Duration of AIDS (CD4 ≤200), y 2 (1–5) 26, 27, 30–33

Excess HIV mortality rate in persons not receiving ART (CD4 >200), %/y 0.14 (0.1–1) 34–36

HIV disease dynamics with ARTa

Reduction in transmission rate, % 93 (80–99.5) 3, 21, 37, 38

Time to viral suppression with ART, mo 6 (2–12) 32

Reduction in rate of AIDS death with ART (CD4 ≤200), % 90 (50–95) 33, 39

Transmission dynamicsb

Annual partnerships, No./y 1.5–5 (0.2–6) 21, 40–42, Calculated

Transmission per partnership, %

Male to female 4.75 (2.4–7.1) 21, Calculated

Female to male 3.75 (1.8–5.6) 21, Calculated

MSM 5 (2.5–7.5) 21, Calculated

Transmission probability per needle-sharing partnership (PWID) 0.0025 (0.0025–0.0075) 21, 43, 44, Calculated

Increase in transmission probability during acute HIV infection, relative risk 12 (2–24) 26, 27

Engagement in care dynamicsc

HIV testing in past 12 mo, % 5–20 (2.5–30) 40, 45

Patients with newly diagnosed HIV infection linked to care, % 55–75 (20–100) 7, 11–16

Annual rate of disengagement from care 0.15–0.32 (0.05–0.63) 13, 46, 47

Annual rate of reengagement in care 0.20 (0.1–0.4) 47, 48

Costs, $d

HIV test 32 (10–50) 49–51

HIV viral load 106 (50–150) 52

Genotyping 351 (25–500) 52

Outpatient visit 118 (50–250) 52

CD4 test 45 (20–90) 52

Annual ART costs 16 263 (5000–20 000) 21, 52

“Rapid linkage to care” intervention (per individual linked to care) 500 (10–3000) 53, 54, Assumption

“Increased retention in care intervention” (per person per year) 1000 (100–7500) 53, 55, 56, Assumption

Utility weights

Uninfected 1 (. . .) 57, 58

Acute HIV 0.84 (0.8–0.9) 57, 58

HIV unsuppressed (CD4 >350) 0.94 (0.9–0.99) 57, 58

HIV unsuppressed (CD4 200–350) 0.84 (0.8–0.99) 57, 58

HIV/AIDS unsuppressed (CD4 ≤200) 0.70 (0.5–0.9) 57, 58

Reduction in disability with viral suppression, % 50 (0–90) Assumption

Usage of ART 0.96 (0.94–1) 57, 58

Abbreviations: ART, antiretroviral therapy; HIV, human immunodeficiency virus; MSM, men who have sex with men; PWID, persons who inject drugs.
a Rapid ART initiation occurred for all populations in care regardless of CD4 cell count (see Supplementary Materials). Reduction in AIDS mortality rate with ART assumes usage of prophylaxis
for opportunistic infections when indicated.
b The number of partnerships per year and probability of transmission per partnership were calibrated (see Supplementary Table 1, Supplementary Figure 2, and Supplementary Figure 3) to fit
observed HIV incidence and prevalence in the United States and varied by sex and risk group. The probability of transmission per partnership was further modified by condom usage, male
circumcision, stage of HIV infection, and awareness of HIV serostatus.
c Annual HIV screening rates, percentage linkage, and disengagement from carewere varied by sex and risk group. Linkagewas defined as an initial HIV clinic visit within 3 months of diagnosis.
We also incorporated symptomatic testing and engagement in care (stratified by HIV stage). Reengagement refers to a return to care among persons living with HIV aware of serostatus but not
in care (see Supplementary Table 2).
d We also included annual healthcare costs for individuals not in care or receiving ART (eg, hospitalizations, emergency department visits) (see Supplementary Table 3).
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• Increased linkage to care: increasing the proportion of newly
diagnosed persons completing an HIV care visit within 3 months
from current level of approximately 70% [13, 63] to 90%; and

• Improved retention in care: 50% reduction in yearly rate of
disengagement from care, plus 50% increase yearly rate of re-
turn to care for those not in care (relative to current rates of dis-
engagement and reengagement; Table 1).

Costs and QALYs were calculated from a societal perspective
with a unit-costing (Table 1) approach that considers the per-
son-time spent in each model compartment (eg, person-time
receiving ART) and the number of transitions between com-
partments (eg, transition from unaware to aware as a result of
HIV testing). All costs are reported in 2014 US dollars; costs
and QALYs were discounted at an annual rate of 3% [64]. Esti-
mates of disease burden (eg, infections or deaths averted) are
reported without discounting.

There are limited data on the cost of interventions seeking
to improve the HIV care continuum [53–55, 65]. For interven-
tion scenarios involving increased screening, we assumed a
20% increase in per-test costs to account for added resources
dedicated to an expanded testing program; for linkage to care
interventions, we assumed an intervention cost of $500
(range, $10–$3000) per individual linking to care to represent
intensified case management after diagnosis [53, 54].We esti-
mated the costs of retention in care based on staffing for social
work, nurse managers, and case managers at local HIV clinics
(base case, $300 per patient in care per year [range, $50–
$1500]) (Baltimore City Health Department HIV/EII pro-
gram, personal communication). We assumed additional
costs of $1000 (range, $100–$7500) per engaged patient per
year for an intervention (assumed to consist of intensified
case management) capable of reducing the yearly rate of
care disengagement by 50% (compared with current rates)
and increasing reengagement among those lost from care by
50% [53, 55, 56].

Model Calibration and Sensitivity Analysis
We calibrated the annual number of sexual partnerships, prob-
ability of transmission per partnership, and rates of care en-
gagement to reported epidemiologic data on the incidence,
prevalence, and care continuum from 2006 to 2010 (Supple-
mentary Materials) [7, 12, 13, 46, 66–69]. We conducted sensi-
tivity analyses on all parameter values over the ranges specified
in Table 1 and report on the parameters that most influenced
model results. We also conducted a probabilistic uncertainty
analysis by simultaneously varying all parameter values over
beta distributions bounded by their ranges. We report 95% un-
certainty ranges (URs) as the 2.5th and 97.5th percentiles of
those simulations and report the proportion of simulations fall-
ing under different willingness-to-pay thresholds [70–73]. We
performed all analyses using R software, version 3.0.1 (R Foun-
dation for Statistical Computing).

RESULTS

In the base-case, incorporating early ART initiation at any CD4
cell count but at current levels of retention in care, we projected
that 1.39 million (95% UR, 0.91–2.2 million) new HIV infec-
tions would occur from 2015 to 2035 (Figure 2), with 435 000
AIDS deaths (95% UR, 249 000–774 000). Among new HIV
cases, we estimated that 784 000 (56%) would occur as trans-
mission from individuals aware of their HIV diagnosis. The ma-
jority (54%) of incident HIV occurred among MSM. HIV
diagnosis and care was projected to cost the US health system
$256 billion (with 3% discounting; $344 billion without dis-
counting) over the next 2 decades (95% UR, $199–$298 billion)
(Table 2).

Strategies focused on increasing testing alone had only mod-
est benefits. Annual targeted screening of high-risk individuals
would avert 215 000 new HIV infections (16% reduction; 95%
UR, 9%–20%) over the next 20 years, at an incremental (dis-
counted) cost of $49.2 billion (95% UR, $34–$65), or $84 700
per QALY gained (95% UR, $57 200–160 000; Figure 2 and
Table 2). Screening the entire general population every 3
years (in addition to high-risk individuals yearly) would require
an additional $21.9 billion over 20 years to avert only 11 600 ad-
ditional infections. Overall, enhanced population screening
(whether high-risk only or general population) averted 18%–

21% of AIDS-related deaths (95% UR, 10%–28%) during the
analysis period. Increasing the proportion of persons linked
to care (within 3 months) after a new HIV diagnosis to 90%,
coupled with targeted yearly screening of high-risk individuals,
would avert an estimated 292 000 HIV infections (21% reduc-
tion; 95% UR, 13%–26%) and 107 000 AIDS-related deaths
(25% reduction; 95% UR, 16%–30%) at an incremental (dis-
counted) cost of $52.9 billion dollars (95% UR, $39–$70 billion)
compared with current levels of testing and linkage. This inter-
vention was projected to cost $65 700 per QALY gained (95%
UR, $44 500–$111 000).

In contrast to interventions limited to screening and linkage,
interventions targeting retention and reengagement in care were
projected to have larger population-level impact (Figure 2).
Even at current levels of awareness and linkage, an intervention
that would reduce the current rate of disengagement from care
and increase the rate of reengagement in care (for individuals
lost to follow-up) by 50% was projected to avert 494 000 HIV
infections (95% UR, 186 000–984 000) over 20 years, a 36%
reduction (95% UR, 15%–53%). The cost-effectiveness ratio of
this intervention was also more favorable, at $33 700 per QALY
gained (95% UR, $20 000–60 600) (Table 2).

Alternatively, a comprehensive package of interventions that
coupled targeted screening of high-risk groups, improved link-
age, and enhanced retention and reengagement in care was pro-
jected to have the greatest population benefit, averting a
projected 752 000 new HIV infections (54% reduction; 95%
UR, 37%–68%) and 276 000 AIDS deaths (64% reduction;
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95% UR, 46%–78%) (Figure 2). The incremental cost of such an
approach was projected to be $96 billion (95% UR, $67–$138
billion) over 20 years, or $45 300 per QALY gained (95% UR,
$27 800–$72 300).

Sensitivity Analysis
In sensitivity analysis, there was no single dominant driver of
the cost-effectiveness of the comprehensive intervention, with
incremental cost-effectiveness mostly varying between $28 000
and $55 000 per QALY gained (Figure 3A). We initially mod-
eled improved retention at a cost of $1000 per person per
year; a 7.5-fold increase in intervention costs (to $7500 per pa-
tient-year) resulted in a 1.9-fold increase in cost-effectiveness
(from $45 300 to $89 800 per QALY gained). Similarly, varying
the effectiveness of retention interventions (from 25% to 75%
reductions in the disengagement rate) caused minimal changes

in cost-effectiveness ( from $51 400 to $42 000 per QALY
gained), though the effect on epidemiologic impact was greater
(from 593 000 [43% reduction] to 939 000 infections averted
[67% reduction]). In a “worst-case scenario” when all compo-
nent intervention costs (ie, linkage, testing, and retention) and
ART costs were simultaneously set to their highest estimates,
the incremental cost-effectiveness of the combined intervention
rose to $118 000 per QALY gained. In probabilistic sensitivity
analysis evaluating this combined intervention compared with
the base case, 70% of simulations fell below a threshold of
$50 000 per QALY gained, rising to 100% of simulations at a
threshold of $100 000 per QALY gained [70–73].

Model projections of averted HIV infections were sensitive to
estimates of risk behaviors and the infectiousness of acute peri-
od (Figure 3B). Under scenarios with increased risk behavior
(eg, higher number of sexual partnerships), comprehensive

Figure 2. Impact of interventions to improve human immunodeficiency virus (HIV) screening and engagement in care. Shown are the model projections of total numbers
(boldface) and percentage reductions (in parentheses) of new HIV infections (blue) and AIDS deaths (red) during the next 20 years, after implementation of 5 different inter-
ventions (95% UR). Intervention A includes yearly screening of young heterosexuals, all men who have sex with men, and all persons who inject drugs; intervention B, general
population screening every 3 years, coupled with intervention A; intervention C, an intervention that results in 90% of newly diagnosed individuals achieving linkage to care
within 3 months, coupled with intervention A (targeted screening); intervention D, an intervention that reduces the annual rate of disengagement by 50%, and increases the rate
of reengagement in care by 50%; and intervention E, a comprehensive package of interventions that includes interventions C (targeted screening plus improved linkage to care)
and D (improved retention in care). All scenarios (including current standard of care) assume antiretroviral eligibility at all CD4 cell counts. Abbreviation: UR, uncertainty range.

224 • CID 2016:62 (15 January) • HIV/AIDS



improvements to the HIV care continuum avert a greater num-
ber of new HIV cases. Relative reductions in incidence were less
sensitive to model estimates than were absolute projections; for
example, assuming a 2-fold increase in relative infectiousness
during the acute HIV period compared with chronic HIV led
the model to project that the comprehensive intervention
would reduce incident cases from 1.1 million to 520 000, an ab-
solute decline of 580 000 and a relative decline of 53%. Increas-
ing the infectiousness of the acute period by a factor of 24
compared with infectiousness during chronic HIV led the
model to project a reduction from 2.1 million incident cases
with current levels of care to 920 000 with the comprehensive
intervention, a much greater absolute decline of 1.2 million
but a similar relative decline of 57% (Figure 3B, second bar).

DISCUSSION

Although guidelines often focus on testing and early treatment,
suboptimal linkage and retention in care are also important driv-
ers of ongoing HIV transmission and cost of care in the United
States today. This epidemic-economicmodel suggests that, even if
ART is initiated irrespective of CD4 cell count, nearly 1.4 million
HIV infections and >400 000 AIDS deaths may occur in the
United States over the next 20 years, at a (discounted) cost of >
$250 billion. Increased screening and ensuring rapid linkage to
care for 90% of all those testing positive was projected to reduce
the burden of HIV incidence and mortality rate by 20%–25%. By
contrast, adding interventions to improve retention and reen-
gagement in HIV care could more than double this epidemiolog-
ic impact while also improving cost-effectiveness.

In an era of constrained resources for HIV prevention in the
United States, these findings are relevant for resource allocation

decisions. Recent emphasis has been placed on increasing
screening, particularly among persons at high risk [9, 74]. How-
ever, our model suggests that focusing some of these resources
toward retention and reengagement of persons with known
HIV—even at an additional cost of several thousand dollars
per person-year—might be a more cost-effective use of resourc-
es. This finding reflects the fact that more than half of HIV in-
fections were projected to occur after serostatus awareness.
Thus, ensuring that persons with known HIV infection remain
in care addresses the largest avertable burden of HIV.

This study adds an important perspective to a growing body
of literature estimating the impact and cost-effectiveness of HIV
care interventions in the United States. Previous studies have
demonstrated that expanded HIV screening and earlier treat-
ment initiation are cost-effective [4, 20, 21, 75]. The current
model supports these findings but adds the comparative effec-
tiveness and cost-effectiveness of linkage and of retention in
care. Earlier ART initiation has the benefit of improved survival
but also leads to increased opportunities for interruptions in
care which can lead to additional transmission. In accounting
for such “real-world” gaps in the continuum of care, our esti-
mate of 1.4 million new HIV infections over 20 years despite
rapid ART initiation is greater than some prior estimates (eg,
1.2 million with more limited ART use) [21]. However, our
findings suggest that a substantial proportion of these infections
can be averted through improving retention in HIV care.

Improving retention will require innovative strategies. Rela-
tively few studies have evaluated interventions to enhance reten-
tion, especially in the context of treatment as prevention [76].
Patient navigators decreased disengagement from 36% to 21%
over a 12-month period in 1 study [77]. An HIV Prevention

Table 2. Cost-effectiveness of Alternative Strategies for Enhanced Engagement in Human Immunodeficiency Virus Care

Intervention

Total Health
System Costs

(95% UR), $ Billiona
Incremental Costs
(95% UR), $ Billion

Incremental QALYs
(95% UR), ×1000a

Incremental Cost-
effectiveness (95% UR),

$/QALY Gainedb

Incremental Cost-
effectiveness (95% UR),

$/QALY Gainedc

Early ART initiation: current levels
of engagement in care

256 (199–298) Reference Reference Reference . . .

A. Enhanced targeted screeningd 305 (241–343) 49.2 (34–65) 582 (313–828) 84 700 (57 200–160 000) Dominated

B. Enhanced general screeninge 327 (267–370) 71.1 (52–95) 650 (352–913) 109 000 (74 600–208 000) Dominated

C. Enhanced targeted screening
with improved linkage to caref

309 (247–350) 52.9 (39–70) 805 (485–1139) 65 700 (44 500–111 000) Dominated

D. Improved retention in careg 303 (241–348) 47.7 (23–83) 1413 (536–2811) 33 700 (20 000–60 600) Reference

E. Comprehensive package of
interventionsh

352 (291–407) 96.0 (67–138) 2120 (1155–3695) 45 300 (27 800–72 300) 68 300 (24 000–95 000)

Abbreviations: ART, antiretroviral therapy; HIV, human immunodeficiency virus; QALY, quality-adjusted life-year; UR, uncertainty range.
a Costs in 2014 US dollars with 3% discounting of future costs and QALYs.
b Incremental cost-effectiveness in which all interventions are compared with a common reference (current HIV continuum of care).
c Incremental cost-effectiveness ranked according to ascending order of cost-effectiveness.
d Intervention A: yearly screening of young heterosexuals, all men who have sex with men, and all persons who inject drugs.
e Intervention B: intervention A (yearly targeted screening) with general population screening every 3 years.
f Intervention C: targeted yearly screening (intervention A), coupled with an intervention that results in 90% of newly diagnosed individuals achieving initial linkage to care.
g Intervention D: an intervention that reduces the annual rate of disengagement by 50% and also increases the rate of reengagement in care by 50%.
h Intervention E: a comprehensive package of interventions that strengthens the full spectrum of the HIV continuum of care (ie, intervention C [Enhanced targeted screening and linkage to care]
plus intervention D [improved retention in care]).
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Trials Network study (HPTN 065) is ongoing to assess, among
other end points, whether patient financial incentives can im-
prove clinic and medication adherence [78]. Peer counseling
[77, 79], directed youth case management [80], and buprenor-
phine or methadone treatment for opioid-dependent patients
[81] are examples of targeted interventions that may also im-
prove retention in care.

Although our findings speak to the urgency of identifying lo-
cally relevant interventions for improving care engagement, exist-
ing mechanisms that support retention should be recognized.
Ryan White Act funding currently provides outpatient visit

coverage for the uninsured, emergency medication coverage,
treatment education [82], transportation [83], housing assistance
[84],and support groups [85]. These ancillary services help main-
tain current levels of care engagement. It may be extrapolated
from our results that removing support for such existing pro-
grams may have a large negative epidemiologic impact.

As with any modeling analysis, our study has certain limita-
tions. We adopted a population-level approach; as such, we did
not perform a detailed costing of specific interventions, the cost
of which will differ according to local conditions. Rather, we
projected the epidemiologic impact of interventions capable

Figure 3. Sensitivity analysis of key parameters comparing current levels of engagement in care with comprehensive enhancements in human immunodeficiency virus (HIV)
continuum of care (targeted yearly screening of high-risk groups, improved linkage to care, and improved yearly retention). A, Incremental cost-effectiveness ratio (ICER) com-
paring a comprehensive intervention to improve HIV continuum of care with current HIV care. B, Incident HIV cases averted comparing a comprehensive intervention to improve
HIV continuum of care with current HIV care. Solid vertical line represents base-case values (ie, base-case ICER [$45 300 per QALY gained] in A, and base-case incremental HIV
cases averted [n = 752 000] in B); blue bars, low values of parameter range; red bars, high values of parameter range. Abbreviations: ART, antiretroviral therapy; CD4, CD4 cell
count (in cells per microliter); IDU, injection drug use; MSM, men who have sex with men; PWID, persons who inject drugs; QALY, quality-adjusted life-year.
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of achieving a certain effect immediately and varied unit costs of
those interventions widely, with little resultant changes in our
projected cost-effectiveness ratios. Thus, as with prior analyses
of national HIV guidelines [65], our model cannot speak to the
cost-effectiveness of specific interventions implemented on the
local level, but we provide broad estimates of the likely impact
and cost-effectiveness of such interventions on a population
level. Sexual partnerships and preferences, needle sharing, and
risk behaviors all occur within complex and heterogeneous net-
works. We used a compartmental modeling approach that sim-
plifies these dynamics. For example, key parameters (such as
partnerships per year) may be very heterogeneous at the indi-
vidual level, and we model these parameters as population aver-
ages (within each risk group). To the extent that heterogeneous
behavior within subpopulations of age and risk behavior is not
well represented by average values, our results may be biased.
However, such simplifying assumptions increase the transparen-
cy of results, and we present URs based on a probabilistic sensi-
tivity analysis that consider a wide range for each of these
population-average parameter values. Our model also uses a
fixed time horizon of 20 years to estimate costs and effects (ie,
QALYs), which is likely to give conservative estimates of cost-ef-
fectiveness of interventions, relative to analyses using lifetime
closed-cohort time horizons. Given this potential limitation, we
also provide data onHIV incident cases averted, as well as averted
AIDS deaths for each intervention scenario to allow examination
of the relative effectiveness of varying interventions.

Our model has several important strengths. In contrast to deci-
sion-analytic or strict Markovmodels, we are able to capture trans-
mission dynamics and their impact on HIV-associated costs and
epidemiology over time. We also incorporate key subpopulations
and risk groups with differential behaviors, and explicitly model
steps in the HIV continuum of care. Finally, our combined eco-
nomic-epidemiologic framework generates estimates of cost and
cost-effectiveness as well as epidemiologic impact (incidence and
mortality rate) at the level of the US population.

In conclusion, to alter the course of the HIV epidemic in the
United States, strategies of “test and treat” alone may be insuf-
ficient; attention to the full continuum of care will be essential.
Although targeted HIV screening, rapid linkage to care, and
early ART initiation are all effective interventions, improved re-
tention may ultimately have a more transformative impact on
the HIV epidemic in the United States over the next 20 years.
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