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Abstract

Epidemic modeling suggests that a major scale-up in HIV treatment could have a dramatic impact on HIV
incidence. This has led both researchers and policymakers to set a goal of an ‘‘AIDS-Free Generation.’’ One of
the greatest obstacles to achieving this objective is the number of people with undiagnosed HIV infection.
Despite recent innovations, new research strategies are needed to identify, engage, and successfully treat people
who are unaware of their infection.

Introduction

Successful treatment has long been known to block
the progression of HIV infection to AIDS and increase

survival.1–3 Recent epidemic modeling suggests that a major
scale-up of antiretroviral therapy (ART) could also have a
dramatic impact on HIV-1 incidence.4 These observations
have led both researchers and policymakers to set a goal of an
‘‘AIDS-Free Generation.’’

The mathematical models of treatment as prevention are
supported by a recent UNAIDS report that new HIV infection
rates fell 50% or more in 25 countries during the past decade,
most of which are African nations that have been scaling up
ART.2 A careful ecologic analysis in rural KwaZulu-Natal
has provided even stronger evidence of an association be-
tween increased ART coverage and a lower risk of HIV ac-
quisition.5 Community randomized trials starting this year in
sub-Saharan Africa will examine the population level impact
of expanded ART on HIV incidence when offered in com-
bination with other prevention interventions.6

At the same time, HIV prevention efforts in more resource-
rich settings have encountered a number of obstacles. For
example, despite increases in testing and uptake of ART, HIV
incidence among men who have sex with men (MSM) has

increased.7–9 More than 80% of new infections in this highly
affected population appear to be attributable to men who are
unaware of their HIV infection.8,9 To address this critical
issue, we reviewed recent innovations, identified remaining
gaps, and considered research priorities required to overcome
these challenges.

Epidemiology of People Unaware of Their HIV Infection

In higher income countries, it is estimated that approxima-
tely 20–30% of people living with HIV infection are undiag-
nosed.10,11 In resource-limited settings, this proportion is
estimated to exceed 60%.12–14 There is also considerable var-
iability across different populations in the mean time to diag-
nosis and number of susceptible partners, and the frequency
and type of unprotected sexual/injecting drug use acts.15

In the United States, adolescents (13–24 years) are more
likely to be undiagnosed than other age groups (58.9%,
compared to 31.5% for 25–34 years and 18% or less for older
people), males more than females, and heterosexual males
more than MSM.11 The proportion of undiagnosed cases is
also higher for Asian/Pacific Islanders and American Indian/
Alaskan natives, followed by black/African Americans,
Hispanic/Latinos, and whites.11
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People who are undiagnosed are estimated to have a
transmission rate three to seven times higher than those who
are aware of their infection, depending on the number of at-
risk sexual partners and the prevalence of linkage to care,
retention, and viral suppression among diagnosed persons.16

As a result, 44–66% of all new infections in the United States
may be attributable to people who are unaware of their
status.16,17 This proportion will increase as more diagnosed
persons are started on ART and viral suppression is suc-
cessfully maintained.

Among undiagnosed persons, those with acute HIV in-
fection are likely to have the highest risk of transmission due
to higher viral loads and the dominance of variants that clo-
sely resemble the transmitted/founder virus.18–21 An in-
creased rate of risk taking near the time of infection and other
behavioral dynamics may also play important roles.22,23 In
addition, the transmission risk may be amplified by con-
comitant sexually transmitted infections, which are relatively
common during this period.24–26 The acute phase of infection
is comparatively brief, however, and there is still no con-
sensus on its overall impact.20,27,28

In the United Kingdom, HIV incidence among MSM has
not declined in the past decade despite a substantial increase
in HIV testing, a reduction in the mean time to diagnosis, and
an increase in ART uptake.29 These improvements have oc-
curred in parallel with a modest (26%) rise in condomless
sex.9 One analysis indicates that the source of nearly half of
all new infections is undiagnosed men during their primary
infection (median 0.48; 5–95% centiles, 0.34–0.62).9 Esti-
mates for other sources are undiagnosed men after primary
infection, 0.34 (0.22–0.46), diagnosed ART naive, 0.10
(0.04–0.19), and diagnosed ART experienced, 0.07 (0.02–
0.17). These data emphasize that as ART uptake increases,
earlier diagnosis and treatment are necessary to further re-
duce the number of new infections.9,20

Insights from Mathematical Modeling

Mathematical models developed over the past decade have
clearly indicated that new HIV infections can be substantially

reduced if testing and ART can be massively scaled up.4,30–32 It
has been repeatedly noted, however, that outcomes are sensi-
tive to changes in the level of HIV risk behaviors.31,33,34 The
results of these models are also highly dependent on a number
of testing and treatment parameters. For example, to achieve a
60% reduction in HIV incidence in a given population, one
model indicates that testing must identify 60% of new cases
within 1 year of infection, 90% of those diagnosed must be
started on ART (regardless of CD4 cell count), 87% must
achieve viral suppression within 6 months, and 99% must be
retained on ART [Novel calculation using the Eaton model
described in reference #4,T. Hallett (timothy.hallett@imperial
.ac.uk), personal communication with David Burns, June 18,
2013]. This model also assumes that viral suppression will be
associated with a 98% reduction in onward transmission, which
is similar to what was observed in a randomized clinical trial
that enrolled HIV serodiscordant heterosexual couples in nine
countries worldwide,35 but substantially greater than the 26–
92% reduction observed in observational cohort studies in more
‘‘real world’’ settings.36–38 Reliable estimates for other part-
nerships, e.g., MSM and injecting drug users, are not yet
available.39,40

To reach the HIV incidence targets predicted by current
models, improvement is needed at all steps in the testing and
treatment continuum.41,42 This is complicated by the fact that
the ‘‘continuum’’ is not a strictly ordered sequence of events
(Fig. 1).43 Some newly diagnosed persons decline HIV care
or are linked to care but decline treatment until symptoms
occur; others achieve some or all of these milestones but later
drop out of treatment. Considerable effort is required to
maximize the proportion of people who initiate ART, adhere
to the dosing regimen, and remain in care. In addition, in-
creased case finding and earlier diagnosis and treatment are
imperative.

Other insights from mathematical modeling can be de-
scribed using the basic reproduction number, R0, the number
of new infections, on average, caused by one infected indi-
vidual in a susceptible population.44,45 If R0 is greater than 1,
an epidemic will continue to spread. The primary goal of HIV
prevention programs is therefore to reduce R0 to < 1.

FIG. 1. Nonlinear nature of the HIV
treatment continuum. Some persons will fail
to test, test but decline linkage to care, or
link but decline treatment until symptoms
occur. Others will achieve some or all of
these milestones but later drop out of care
and treatment. Entry is therefore constantly
occurring not only through the ‘‘front door’’
but also through at least two ‘‘side’’ doors.43
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For a given infectious agent in a particular population and
setting, R0 varies with the frequency and type of contact
between an infectious case and a susceptible partner (e.g.,
vaginal, oral, receptive anal, insertive anal), the risk of
transmission per encounter, and the duration of infectious-
ness.45 Both regular and casual partners must be considered,
together with the sexual networks to which they are linked.
For example, modeling indicates that for MSM in Am-
sterdam, in the absence of ART R0 exceeds 1 and then rises
rapidly when the proportion of men in regular partnerships
who also have casual partners surpasses one third ( ‡ 0.34).46

Other modeling indicates that if R0 is > 3 during the initial
phase of the epidemic, elimination by ‘‘test-and-treat’’
strategies is unlikely unless other effective interventions are
added (Fig. 2).47

Methods for Finding and Engaging
Undiagnosed Persons

Phylogenetics

HIV phylogenetic data have become increasingly valuable
as a prevention tool. In many resource-rich settings, viral
sequencing is performed for most newly diagnosed cases in
order to monitor drug resistance and guide treatment. The
more closely related two sequences are the more likely the
cases are linked epidemiologically.48 Although a transmis-
sion pair can never be known with certainty (given the pos-
sibility of a common source for both, or an intervening
partner closely spaced in time), closely linked cases can be
identified and transmission clusters described.49–51 To the
extent that demographic, behavioral, and other correlates are
also available, a profile of persons most at risk of HIV in-

fection in a given population can be constructed. This in-
formation can then be used to design and target prevention
interventions.52

Phylogenetic analysis can also be used to estimate R0.53,54

Using the sequences identified, a phylogenetic tree is con-
structed to describe the evolutionary history of the virus in the
population. The time of entry of the virus into the population,
the initial exponential growth rate of the epidemic, the gen-
eration time distribution, and R0 can all be estimated. Greater
discrimination will be possible as whole genome sequencing
becomes more affordable and as the sampling fraction is
increased.49,52 As with all epidemiologic analyses, the ana-
lytic methods should take into account the sampling strategy
used.

To protect confidentiality, all possible identifiers must be
carefully delinked from phylogenetic data sets. Messaging
should make clear that these data can never be used to de-
termine person-to-person transmission. The United Nations
Global Commission on HIV and the Law and others have
made declarations that address this issue.55,56

Network research

Social and sexual network research can also provide ex-
tremely valuable information for finding and engaging un-
diagnosed persons in HIV treatment and prevention.
Sociocentric study designs are usually preferable to ego-
centric designs, given that they aim to provide information
regarding all members of a network rather than being limited
to the contacts of the individuals interviewed.57,58 An indi-
vidual’s involvement in a particular network may have a
positive or negative impact on their health depending on the
nature of the network and his or her position within it. For
example, those at or near the center of a health information
network may experience various benefits, whereas a person
who is highly connected within a sexual network is likely to
be at greater risk of HIV and other infections.57

Various methods are available for collecting and analyzing
network data. Partner notification (contact tracing) programs
provide demographic, behavioral, and partnership data that
can be used to identify partner characteristics associated with
undiagnosed HIV infection.59 Respondent-driven sampling
(RDS) is often used to sample MSM, injecting drug users, and
other ‘‘hidden’’ populations.60–63 ‘‘Seeds’’ are given coupons
to share with members of their network, and this process is
repeated through several cycles. RDS is analytically unbiased
under a limited number of assumptions; ongoing methodo-
logical research is examining limitations under other condi-
tions and how best to estimate variance.62,64

An advantage of network research over phylogenetic
studies is that it can provide information on both infected
‘‘cases’’ and uninfected ‘‘controls’’ in the network. Analyses
comparing these two groups can yield insights that may not
be evident from studies limited to HIV-positive people.

Combined methods

Data from epidemiologic, phylogenetic, and social and
sexual network research can be used in a complementary
manner with mathematical modeling and other methods. For
example, the rates of unprotected anal intercourse reported by
men in a prospective cohort study in Amsterdam during the
period 1984–2009 have been compared with an independent

FIG. 2. Elimination threshold as a function of the annual
treatment uptake and dropout rate for various values of the
basic reproduction number R0. The two curves describe the
threshold for R0 = 2.0 and for R0 = 3.0. For parameter com-
binations above the lines, elimination is possible; for com-
binations below the curve it is not possible.47
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estimate of risk behavior among MSM in the Netherlands
during the same period derived from mathematical model-
ing.65 The model incorporated multiple parameters including
annual HIV diagnoses, stage of infection, and ART. The
proportion of HIV-negative men reporting unprotected anal
intercourse—which dropped precipitously between 1984 and
1986, rose sharply and then more gradually after 1996, and
plateaued from 2005 onward—coincided very closely with
similar changes in the modeled transmission rates for the
same period. It was concluded that the beneficial impact of
enhanced testing and ART on HIV incidence was offset by
increased risk behavior among untreated and susceptible in-
dividuals.

Epidemiologic, phylogenetic, and clinical data have been
combined to examine the risk of HIV transmission among
MSM followed at a sexual health clinic in southern England
between 2000 and 2006.66 Younger age, recent HIV infec-
tion, coinfection with another sexually transmitted infection,
and HIV viral load in the source partner were associated with
an increased risk of transmission.

Another particularly innovative strategy has been to
combine geospatial, phylogenetic, and population-based co-
hort data.67 Using probabilistic transmission models, spatial
clustering statistics, and phylogenetic analyses, the investi-
gators found that a substantial proportion of new transmis-
sions in a rural African setting came from outside the
community, followed by onward transmission within
households (more than 1/3 of new infections) and small
community networks.67 This implies that successful treat-
ment as prevention within households requires rapid diag-
nosis and initiation of ART by newly infected partners. In this
study, a large proportion of extracommunity partners came
from regional urban centers and fishing villages along Lake
Victoria.

Other combined methods research suggests that the pattern
of risk-taking over time can also influence the rate of spread
of HIV-1 infection.23,68 One model indicates that when
higher contact rates occur frequently in an episodic manner,
the size and duration of acute infection outbreaks increase.23

Cohort data suggest that this type of risk dynamic may be
more characteristic of certain populations, such as urban
MSM.69

Interventions and strategies

A number of innovative strategies to find undiagnosed
persons and engage them in care and treatment are in vari-
ous stages of development. Examples include a ‘‘peer-
driven’’ social network strategy that is being examined in
New York City communities known to have a high preva-
lence of undiagnosed heterosexuals,70,71 a combined be-
havioral, psychosocial, epidemiologic, and phylogenetic
approach being used to characterize HIV transmission
clusters among MSM in San Francisco and to evaluate the
impact of specific risk-reduction interventions,72 and vari-
ous innovative strategies to find and engage people with
acute HIV infection.73–75

Special attention is needed for adolescents and young
adults, given their disproportionately high rates of undi-
agnosed HIV infection.11 Some innovative strategies in de-
velopment include online messages promoting testing and
linkage to care, educational materials presented in a mobile

phone game format, and virtual ‘‘safe spaces’’ where young
people can interact with online avatars to role play commu-
nicating with a provider, taking an HIV test, and receiving
test results.76–78 These interventions are being tailored ac-
cording to gender and sexual identity.

Priorities for Future Research

After reviewing these areas of research, an expert working
group convened by the National Institutes of Health and the
Bill and Melinda Gates Foundation discussed which recent
innovations deserved further development, identified re-
maining gaps, and made recommendations for prioritizing
future research. Research methodologies that were felt to be
particularly promising included phylogenetic studies, geos-
patial analysis, social and sexual network studies, mathe-
matical modeling, and combined studies that included these
and other related areas of prevention research. Although the
group focused on sexual transmission of HIV, the same
methods can and should be applied to transmission via in-
jecting drug use. The ‘‘modes of transmission’’ model is a
useful tool for setting local/national priorities.15,79

One of the most important overall priorities identified was
new strategies to increase the yield of HIV testing programs.
Further studies should determine the optimal use of physical
venues, internet sites, and other electronic social media. In
addition to advancing earlier diagnosis, expanded testing can
be expected to reduce stigma and increase utilization of HIV
treatment and prevention services. There is evidence that
expanded testing is also cost-effective.80

To reach largely ‘‘hidden’’ at-risk groups such as young
MSM in the United States, enhanced partner referral services
and other innovative strategies must be developed. Greater
involvement of peer advocates may prove to be crucial. In-
centives should be linked to care, treatment, and viral sup-
pression, not just testing, so that all steps in the treatment
continuum are reinforced.

In resource-limited settings, where the number and pro-
portion of undiagnosed people are greatest,12,13 simply
scaling up ‘‘test-and-treat’’ programs must be the first pri-
ority. Home-based counseling and testing has shown prom-
ise, yielding up to 90% acceptance.81 Point of care CD4 + and
viral load testing may facilitate linkage to care, retention,
ART initiation, and successful viral suppression.82,83 Al-
though side effects and high pill burdens remain significant
barriers to ART uptake in some settings, improvement is
expected if newer, better tolerated, long-acting combination
formulations can be introduced.84,85 Uptake can also be ex-
pected to increase if ongoing studies unequivocally show that
earlier ART provides a long-term immune system benefit,
reduces viral reservoirs, and increases the potential for cure
or functional cure.86

In all populations and settings, a combination of research
methods will be required to develop strategies that are both
effective and cost-efficient. One approach that warrants fur-
ther examination is the use of anonymized, phylogenetic-
based techniques to identify acute transmission clusters and
launch an intensive public health effort targeting those at
greatest risk. A combination of partner referral services, re-
spondent-driven sampling, and venue (‘‘hot spot’’)-based
sampling and testing may be most successful at reaching
these target populations. Greater community participation
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and ownership are clearly needed to make these methods
more acceptable, accessible, and effective.

Other priorities are efficient inferential procedures and
more high-quality data to improve our mathematical models.
For example, current data for the risk behaviors of a given
population may underestimate the actual overall risk, given
that particularly high-risk members may be less likely to
enroll in research studies. A shortage of high-quality data can
also make it more difficult to estimate correlations between
crucial parameters in the model, increasing uncertainty re-
garding their impact on major outcomes.

The ‘‘behavioral economics’’ of HIV testing, care, and
treatment is another important area for further research. A
growing body of evidence indicates that conditional economic
incentives can improve health-related measures, including
adherence to ART.87–89 For other behaviors that are largely
automatic, interventions must target the stimuli that produce
them.89 In some cases this may be as simple as resetting de-
fault choices (e.g., opt-out versus opt-in), but a number of
other options are available and should be explored further.87

Conclusions

Epidemic modeling suggests that a major scale-up in HIV
treatment could have a dramatic impact on HIV incidence,
leading both researchers and policymakers to set a goal of an
‘‘AIDS-Free Generation.’’ One of the greatest obstacles to
achieving this objective in both domestic and international
settings is the number of people who are unaware of their
HIV infection. Further research is required to develop ef-
fective strategies to identify these persons and engage them
in HIV care, treatment, and prevention programs.

This research will require a combination of methods, in-
cluding epidemiologic, phylogenetic, network, and clinical
studies; geospatial analysis; mathematical modeling; behav-
ioral economics; implementation science; and cost-effective
analysis. Although some of this work can be done by small
groups of investigators working in their individual areas of
expertise, multidisciplinary teams will also be required. As
new strategies are developed, further research will be needed
to rigorously assess acceptability and efficacy in target pop-
ulations as well as adherence and overall effectiveness in real
world settings.

Acknowledgments

NIH-BMGF Finding Persons Unaware of their HIV In-
fection Workshop participants: Susannah Allison (NIMH),
Ruanne Barnabas (University of Washington), Linda-Gail
Bekker (Desmond Tutu HIV Center), Chris Beyrer ( Johns
Hopkins University), Alison Brown (Public Health England),
David N. Burns (NIAID), Susan Buchbinder (San Francisco
Department of Public Health), Connie Celum (University of
Washington), Grace Chow (NIAID), Myron S. Cohen (Uni-
versity of North Carolina at Chapel Hill), Nicole Crepaz
(CDC), Katherine Davenny (NIDA), Rebecca Delcarmen-
Wiggins (NIMH), Victor DeGruttola (Harvard University),
Carl Dieffenbach (NIAID), Chris Duncombe (BMGF), Emily
Erbelding (NIAID), Vanessa Elharrar (NIAID), Elizabeth H.
Flanagan (NIAID), Andrew D. Forsyth (DHHS), Christophe
Fraser (Imperial College London), Christopher M. Gordon
(NIMH), Alan Greenberg (George Washington University),
Marya Gwadz (New York University), Tim Hallett (Imperial
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