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Abstract

Purpose—In this paper, we examine the effectiveness of a variety of HIV diagnosis
interventions that utilize the preventive potential of post-diagnosis behavior change (PDBC) in
recently HIV-diagnosed men who have sex with men (MSM), as measured by reduction in number
of new infections. Empirical evidence for PDBC was presented in the behavioral sub-study of the
Southern California Acute Infection and Early Disease Research Program (AIEDRP). In previous
modeling work, we demonstrated the existing preventive effects of PDBC. However, a large
proportion of new infections among MSM are either undiagnosed or diagnosed late, and the
preventive potential of PDBC is not fully utilized.

Methods—We derive empirical stochastic, network-based models to examine the effectiveness
over a 10 year period of several diagnosis interventions that account for PDBC among MSM.
These interventions involve tests with shorter detection windows, more frequent testing, and
individualized testing regimens.

Results—We find that individualized testing interventions (i.e. testing individuals every 3
partners or 3 months, whichever is first, or every 6 partners or 6 months, whichever is first) result
in significantly fewer new HIV infections than the generalized interventions we consider.

Conclusions—This work highlights the potential of individualized interventions for new public
health policies in HIV prevention.

Introduction

Men who have sex with men (MSM) continue to be the population most affected by HIV in
the United States (US) [1,2]. MSM account for an estimated 63% of all new HIV infections
in the US [3]. Additionally, many infections in this population are either undiagnosed [3,4],
or diagnosed late [5]. There are at least two public health benefits to early diagnosis: timely
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enrollment in treatment [6-8] and early adoption of behaviors to reduce risk of transmission
to one’s partners; examples of the latter include partner reduction [9-11], serosorting [12—
15], and increased condom use [10]. Multiple interventions to increase testing frequency,
testing promptness after exposure, and test sensitivity, or to reduce the window period, are
under consideration. The public health impacts of these interventions tend to be indirect,
because cases averted are not among testers themselves but among their partners and
partners’ partners. Empirically derived mathematical models and computational analyses
can help assess the effectiveness of various interventions to reduce HIV incidence among
MSM.

Early HIV diagnosis is a function of the “detection window” (time between infection and
development of a positive test result) of the test used. HIV tests with shorter detection
windows continue to be developed, and third- and fourth-generation enzyme immunoassays
(E1A’s) have detection windows of 20-30 days and 15-20 days, respectively [16]. Fourth-
generation EIAs are widely used in industrialized economies [17-19]. Rapid nucleic acid
amplification tests (NAATS) are an alternative, as are antigen tests that can detect HIV as
early as 10-15 days after infection [16,20]. However, NAATS are much more expensive
than antibody tests [21]. Current recommendations in high-incidence populations include
pooled NAAT or fourth-generation assays [22].

Early diagnosis also depends on MSM'’s testing patterns and their risk behavior. Currently,
the CDC recommends that all MSM test for HIV every year, and states that sexually active
MSM may benefit from testing every 3 to 6 months [3], regardless of risk behavior
including number of partners. Estimates from clinical data in four metropolitan US centers
suggest that MSM tend to test on average about once a year [23], but data from the CDC’s
National HIV Behavioral Surveillance (NHBS) system suggest that a high proportion of
HIV-infected MSM (~44%) are undiagnosed [4]. As previously shown [24], these sources
are difficult to reconcile; our knowledge of true testing frequencies and diagnosis levels for
MSM remains imperfect.

Some health jurisdictions are exploring individually-tailored testing interventions. For
example, the “Find Your Frequency” program, recently implemented in the Seattle
metropolitan area, uses a website to encourage MSM to evaluate their risk based on the
status and number of partners, type of sex, drug use and history of sexually transmitted
diseases, and uses a simple algorithm to make recommendations to test every 3 or 12
months, contingent on individual risk characteristics [25]. Similarly, other health
departments are interested in exploring an approach that proposes that MSM test after a
certain number of partners or period of time, e.g. every 3 months or 3 partners, whichever
comes first (known as “the oil change model”) [26]. Under this approach, testing
recommendations are dependent on recent risk, with the hope that a tailored approach will
result in more frequent testing among those at highest risk of HIV acquisition. Both these
programs recognize that a single testing recommendation does not capture the diversity of
risk among MSM.

The preventive potential of diagnosis-induced behavior change also depends upon its timing
and magnitude. Interventions to maximize this prevention potential require knowledge of the
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network-level effects of such behavior change; network approaches for the implementation
and assessment of interventions have traditionally been relatively uncommon, but have great
potential [27]. Post-diagnosis behavior change (PDBC) in Southern Californian MSM was
documented in the behavioral sub-study of the Southern California Acute Infection and
Early Disease Research Program (AIEDRP) [9,10]. These studies demonstrated a
statistically significant reduction in the mean number of partners and in the likelihood of
unprotected anal intercourse (UAI) with the last partner of negative or unknown HIV status
soon after a positive diagnosis [10]. In prior work, we demonstrated the epidemiological
significance of PDBC; our findings indicated that without observed levels of PDBC, HIV
prevalence in this population would be much higher [24].

How such behavior change can be used to better design interventions to impact incidence
among MSM, however, remains largely unknown. The benefits of early diagnosis are
recognized [28], and are being explored in modeling studies [29]. Much of this focus is on
early initiation of treatment to prevent transmission through viral suppression (“treatment-
as-prevention”) [30-33]. Relatively little attention is given to the preventive power of
diagnosis-induced behavior change through changes in testing patterns (what we might call
“testing-as-prevention”). In this paper, we develop network-based mathematical models,
parameterized with detailed data on PDBC among US MSM, to examine the effectiveness of
three types of HIV testing interventions to reduce incidence: 1) instituting tests with shorter
detection windows, 2) increasing frequency of testing generally, and 3) increasing testing
using risk-based individually-tailored algorithms.

We retain the model structure from our work on PDBC and HIV prevalence among
Southern Californian MSM [24]. These models are derived from the exponential-family
random graph model (ERGM) framework, which is increasingly used to model HIV
transmission [34-36]. We incorporate numerous key processes: demographic (birth; death;
and aging), epidemiological (testing behavior; treatment; methamphetamine use;
circumcision), sexual network (partnership types, activity levels, concurrent partnerships of
various types, sexual role heterogeneity; sero-adaptive behaviors) and biological (viral load
trajectories; variable infectivity by stage; treatment status; and adherence). One key focus
here is on the heightened risk of transmission due to acute infection during the first forty
days after seroconversion [34].

As in our previous work, the behavioral data are primarily from the Southern California (Los
Angeles and San Diego Counties) AIEDRP study [9,10], supplemented with published
biological and demographic data (see the online appendix of our prior study [24]). Newly
HIV-diagnosed men completed AIEDRP questionnaires via computer-assisted self-
interviewing (CASI) at baseline; follow-up CASI interviews occurred at three months
intervals. At baseline, respondents provided detailed information on their three most recent
partners, and at follow-up, on the most recent partner, in addition to reporting total numbers
of partners at baseline and follow-up [10]. The types of partnerships MSM engage in are
complex [37], but for simplicity we dichotomize these partnerships as “main”, and “non-
main” [24]. We model non-main partnerships as discrete unprotected anal intercourse (UAI)
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events, and main partnerships using temporally evolving networks, in which UAI episodes
may occur on any given day. We do not consider protected anal intercourse, seropositioning
(explicit adoption of roles by serostatus), or oral intercourse. Our baseline models assume a
22-day test detection window, consistent with third- and fourth-generation EIA’s, and other
modeling work [34]. The key parameter sources are in Table 1.

Our model is meant to represent only those MSM whose HIV risk is more than occasional,
and not reflective of the unknown percentage of MSM who never engage in UAI, or whose
lifetime UALI only occurs within concordant seronegative mutually monogamous main
partnerships. This risk structure is reflected in the distribution of behaviors present in our
baseline model. Of specific relevance to the testing interventions we consider is the fact that
~40% of HIV-uninfected men in the model average >3 UAI partners every 3 months or >6
UAI partners every 6 months.

We model three PDBC mechanisms (estimates in Table 2):
1. reduction in number of non-main UAI partnerships,
2. disproportionate selection of non-main partners by diagnosis status,
3. reduction in UAI within ongoing main partnerships.

Although this is not an explicit model of treatment-as-prevention interventions, treatment is
initiated for most men when they have been diagnosed and infected long enough to have an
expected CD4+ count that matches levels observed in practice at treatment initiation in the
US [38,39] (as opposed to assuming that treatment guidelines are universally met). Thus,
diagnosis is a necessary but not sufficient condition for initiating treatment. Further details
are in Goodreau et al. [34].

We consider three baseline testing scenarios to account for the variation in existing reports
of testing frequency and levels of diagnosis, summarized in Table 3. In all three, we assume
that undiagnosed men have an equal and constant daily testing probability, independent of
the time since last test and risk behavior. Our first baseline model is derived from a clinical
study from four major US metropolitan centers [23]. This study reported a median inter-test
interval (1TI) of 243 days, which corresponds to a mean ITI of 351 days, under our model’s
assumption of memoryless (i.e. geometrically distributed) waiting times between tests. We
then consider a second baseline testing frequency of one test on average every two years,
consistent with a separate modeling study [13]. We call these baseline conditions the testing
frequency (TF) scenarios, and label the former (mean 351 days) as “TF1”, and the latter
(mean two years) as “TF2.” We then examine a separate scenario that matches the level of
awareness (LOA) of infection from NHBS (55-60% of HIV-infected men are diagnosed)
[4]. This condition yields a mean ITI of 4000 days (~10.9 years).

Since HIV among MSM in the US is a mature epidemic, we simulated each of the three
baseline models until achieving stable equilibrium prevalence. Since our models are
stochastic, prevalence does not achieve a single value at equilibrium, and was ~32—-34% for
the TF1 and TF2 baseline scenarios and ~44% for the LOA baseline scenario. Simulated
prevalence outputs were used to calibrate the model; it must be noted that we see high
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values because our model represents only those MSM whose HIV risk is consequential (i.e.
our denominator is smaller than in population-based estimates of HIV prevalence among
MSM). Prevalence is higher in the LOA model because in the presence of PDBC, lower
rates of testing at baseline are expected to yield higher prevalence.

We then model the effect of six interventions on each of our three baseline scenarios, as
summarized in Table 4. Our first intervention considers a test with a 1-day detection window
(abbreviated DW-1). This case is hypothetical, and provides a theoretical limit to the number
of infections avertable by developing a test with the shortest possible detection window,
without any change in baseline testing behavior. We then return to the baseline assumption
of a 22-day detection window, and model generalized testing (GT) interventions where all
MSM test every 6 months (GT-6) or every 3 months (GT-3). We then consider
individualized testing (IT) interventions where MSM test every 6 months or 6 non-main

UAI partners, whichever comes first (IT-6), or every 3 months or 3 non-main UAI partners,
whichever comes first (IT-3). As a hypothetical scenario, we model a “best case” (BC)
where every undiagnosed individual tests every day and the test has a 1-day detection
window; this intervention helps us evaluate the theoretical limit of incidence reduction
through diagnosis and PDBC alone. We also simulate a “control” setting with no changes to
any baseline scenario. We assume that all MSM, including high-risk MSM, are equally
reachable by the diagnosis interventions we consider. We assume complete uptake following
notification; although we recognize this assumption is unrealistic, it allows us to consider
the maximum potential of each intervention relative to one another.

We model each intervention in daily time steps over 10 years, and perform 10 independent
runs of each baseline/intervention combination. Our primary outcome is the number of new
infections over those 10 years. We also consider the proportionate reduction in the number
of new infections achieved through intervention relative to baseline, and relative to the
maximum possible (defined as the difference in the mean number of infections between
baseline and the hypothetical best case model).

We hypothesize the rank of effectiveness of each of these interventions a priori, as: BC >
IT-3>1T-6 >GT-3 > GT-6 > DW-1. Because our simulations are stochastic, two scenarios
with similar true impact may yield point estimates in the reverse order from logical
expectations. Thus, we perform two-sample t-tests (at the 0.05-level) to make pairwise
comparisons of the number of infections produced by each intervention in this sequence.
The choice of t-test was based on our limited number of runs per scenario (10), which was in
turn based on the computational complexity of the models; this test is conservative, and any
results that are significant with this number of repetitions will remain so at larger numbers of
model runs.

We summarize the mean number of infections for each baseline scenario, and for each
intervention from each baseline in Table 5, along with the results of the two-sampled t-tests.
The number of infections averted relative to baseline, and relative to the maximum possible,
are in Figure 1. Since we assume a very infrequent rate of testing in the LOA model to
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match the empirical proportion of HIV-infected individuals who are unaware of their status,
any intervention produces a larger effect in the baseline LOA scenario relative to the
baseline TF1 or TF2 scenarios. Our interest is in comparing incidence between interventions
within a baseline scenario.

For all baseline scenarios, instituting a test with a 1-day detection window does not
significantly reduce the number of new infections. Generalized testing every 3 months and 6
months significantly reduces the number of infections in TF2 only; thus the effectiveness of
generalized interventions appears contingent upon the baseline assumptions that define each
scenario. In the TF1 scenario, the IT-6 intervention performs significantly better than
generalized interventions that involve more frequent testing but there is no significant
difference between the IT-3 and IT-6 interventions. In the TF2 and LOA scenarios, the 1T-3
intervention performs significantly better than the IT-6. Thus, one or both IT interventions
are significantly more effective (as measured by incidence) in all baseline scenarios. For two
of the three scenarios, the 1T-6 intervention is significantly more effective than GT-3,
despite less testing by most MSM in the former. This is because the impact of that reduction
is more than offset by greater testing among the most highly active MSM.

Discussion

Among the implementable interventions we consider, individualized testing is most effective
in preventing new infections over a 10-year period. In all scenarios, an intervention that only
uses a test with the shortest possible detection window without any change in testing
behavior does not make a significant difference in the number of new infections. The
effectiveness of the generalized testing interventions (whether every 6 or 3 months) depends
on the baseline assumptions that define the scenario. At one extreme, the TF1 scenario
assumed approximately annual testing on average (and resulted in approximately 95% of
infections diagnosed); at the other, the LOA scenario was set to match 55-60% of diagnoses
among those infected at equilibrium (and resulted in testing on average once every 10.9
years). The truth is likely somewhere between these two extremes, and investigating these
distinct baseline conditions leads us to conclude that individualized testing interventions are
significantly more effective under all baseline testing assumptions.

The IT interventions account for men who have three or six partners, and those who have
significantly more partners in a short period. The success of these IT interventions, however,
is contingent upon continual risk assessment, and adherence to testing regimens.

While overall reductions in incidence might seem low, we must note that these interventions
only consider testing and diagnosis. In practice, interventions may involve a combination of
testing, prevention through antiretroviral treatment (ART), and pre-exposure prophylaxis
(PrEP). Future modeling work should consider the interaction of these interventions. We
only focused on testing due to its relatively low implementation cost, and because there is a
public health infrastructure devoted to its delivery, especially in large urban settings with
higher populations of MSM. This work helps isolate the benefits of testing and diagnosis
interventions, all else being equal.
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Our study has several limitations. We assume optimistically that all MSM, even high risk
MSM, are equally reachable by these interventions. Implicitly we also assume that risky
men will be open to testing, and will not suffer from “testing fatigue”. Our baseline models
also did not consider dependence between the timing of risk behavior and testing behavior.
Studies have shown that some men test after specific risk episodes [40-42]. Additionally, a
test with a shorter detection window could cause men to interpret partners’ test results as
more reliable, and increase levels of serosorting. This could yield a greater impact of tests
with short window periods than our results suggest. We also assume that within each
intervention and baseline scenario, individual-level risk behaviors do not change in the
absence of an HIV diagnosis; future empirical work should focus on risk behaviors in the
absence of testing and diagnosis.

Our intervention models assume that all diagnosed individuals are notified, and they modify
their behavior immediately in accordance with the specified rules. Violations of this
assumption are likely for non-rapid tests. Therefore, efforts to notify all diagnosed
individuals quickly must be a priority. Home-testing may be helpful in increasing testing
among MSM, and reduce the barrier between diagnosis and PDBC.

Additionally, our IT intervention models were restricted to non-main partners, as a
computational simplification. Counting main partners also may reduce the time between
tests, and increase the effectiveness of these interventions. IT interventions require MSM to
account for partner numbers and time since their last test; while accounting for both is
difficult, the increased use of online and app-based dating and hookup sites in MSM
communities may make this process easier, especially with the development of an app that
includes sexual and testing history.

Our data on PDBC are from urban Southern California, and other parameters are from a
broader array of urban US settings. The relevance of these results to particular communities
in the US or elsewhere depends upon the resemblance between that setting and our source
data. Identifying the public health impact of individualized interventions will require
continued analyses of feasibility and acceptability among MSM, and a full cost-benefit
analysis to evaluate implementation challenges and goals.

Finally, we reiterate that the focus of this work is on increasing testing to further leverage
the behavior change that already appears to follow HIV diagnosis for many men (i.e. stand-
alone “testing-as-prevention”). We do not consider treatment-as-prevention interventions,
which have been explored by other models; that work, however, does not generally consider
existing PDBC in as much detail as we do. Future work should consider the synergistic
interactions of the two approaches. Nevertheless, even in the absence of treatment-as-
prevention, we find convincing evidence that individually tailored testing interventions
could have significantly more public health impact than traditional, “one-size-fits-all” HIV
testing recommendations for MSM.
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Figure 1.
(Top) Number of infections prevented by each intervention relative to baseline. (Bottom)

Number of infections prevented by each intervention relative to maximum possible, defined
as the difference between the mean number of infections in the baseline and best case
interventions. In each case, results are averaged across 10 stochastic model runs.
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Table 1

Sources of key parameters. AIEDRP represents the Southern California sub-study of the Acute Infection and
Early Disease Research Program; study details are in two prior publications [9,10]. Parameters marked PUMA
are from the modeling component of the Prevention Umbrella for MSM in the Americas project [34].
Complete details for all our parameters are in the online appendix to a prior study [24].

Source Parameters

AIEDRP  Mean number of main and non-main partnerships, mixing by diagnosis status, daily probability of unprotected anal intercourse
(UAI), mixing by age, mean duration of main partnerships, mean number of partnerships for methamphetamine users and non-users

PUMA Detection window for HIV tests in baseline models, proportion of treated men who achieve partial, full, or no viral suppression,
role versatility in main partnerships, all biological parameters (including evolution of viral load trajectories, adjustment parameters
for acute and late-stage infection, and transmission)
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Table 2

Estimates of key input parameters that describe post-diganosis behavior change

Page 14

diagnosed relative to partnerships where both partners are HIVV-negative or undiagnosed

Parameter Estimate | Source
Average reduction in mean number of non-main partnerships per individual for HIV-positive and undiagnosed 25.6% AIEDRP [10]
MSM relative to HIV-negative or undiagnosed MSM

Average reduction in the number of sero-discordant partnerships with at least one HIV-positive and diagnosed 40% AIEDRP [10]
individual, relative to the number expected by proportional mixing on diagnosis status

Reduction in daily probability of UAI within partnerships where at least one partner is HIVV-positive and 30% PUMA [34]
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Table 3

Salient features of each baseline scenario.

Notation  Data to match Study

TF1 Mean inter-test interval of 351 days  Helms et al. (2009) [23]
TF2 Mean inter-test interval of 2 years Cassels et al. (2009) [13]
LOA 55-60% of infected aware of status ~ NHBS (2008) [4]
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Salient features of each intervention

Table 4

Intervention Notation | Detection Window | Mean Inter-Test Interval
Baseline BL 22 days As per scenario (TF1, TF2, LOA) under consideration
Shortened detection window | DW-1 1 day Same as BL
Generalized testing GT-6 Same as BL 6 months
GT-3 Same as BL 3 months
Individualized testing IT-6 Same as BL Every 6 partners or 6 months
IT-3 Same as BL Every 3 partners or 3 months
Best Case BC 1 day 1 day
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Table 5

Number of new infections produced with different interventions in each baseline scenario. The 95%
confidence interval about the mean is computed using the t-distribution across 10 repetitions of each
intervention. The numbers in parentheses are p-values from two-sample t-tests of sequential comparison of
number of new infections between the testing interventions that appear in consecutive rows, within each
testing scenario (i.e. column). The order of effectiveness of interventions was hypothesized a priori.
Comparisons significant at the 0.05-level are in boldface.

Model TF1 TF2 LOA

BL 738.9£20.1 790.2+22.9 955.3+21.1

DW-1  738.0+10.2(0.94)  804.9+22.3 (0.41)  944.1+257 (0.62)

GT-6  7344+34(052)  764.9+8.6 (0.007)  881.8+18.5 (0.002)

GT-3  730.1+11.6 (0.54)  736.2+12.3 (0.002) 866.6+10.3 (0.21)

IT-6  696.5+10.9 (0.001) 739.2+14.3 618.2+35.5 (<0.001)
0.77

IT-3 704.9+21.3 (0.53) 705.8+16.7 (0.01) 553.6+15.2 (0.009)

BC 689.9+10.1 (0.26)  654.8+6.6 (<0.0001)  517.9+10.8 (0.002)

1 . . . . -
In the TF1 and TF2 scenarios, we assume a mean inter-test interval of 351 days and two years respectively, and the LOA scenario is set up to

match 55-60% of infected diagnosed at equilibrium prevalence.:L
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