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Abstract

Objectives

Identifying prescribing strategies that improve the efficiency of PrEP should increase its

impact at the population level. This study identifies PrEP allocation criteria that most effec-

tively reduce 10-year HIV incidence by 25%, in accordance with the US National HIV/AIDS

Strategy’s goal for the proportionate reduction in new diagnoses.

Methods

We used a discrete-time stochastic agent-based model to simulate several PrEP engage-

ment strategies. The model represented MSM aged 15–74 in Rhode Island and was cali-

brated to statewide prevalence from 2009–2014. We simulated HIV transmission in the

absence of PrEP and compared the following PrEP engagement scenarios: 1) allocation to

the current patient population; 2) random allocation; 3) allocation to MSM with greater than 5

sexual partners in one year; 4) allocation to MSM with greater than 10 sexual partners in

one year.

For each scenario and coverage level we estimated the number and proportion of infec-

tions averted and the person-years on PrEP per averted infection.

Results

In 2014, HIV prevalence before PrEP implementation was between 4% and 5%. In the No

PrEP scenario 826 new infections (95% simulation limits [SL]: 711, 955) occurred over 10

years, with an incidence rate of 3.51 per 1000 person-years (95% SL: 3.00, 4.08). Preva-

lence rose to 7.4% (95% SL: 6.7, 8.1). None of the PrEP scenarios reduced new HIV infec-

tions by 25% while covering less than 15% of the HIV-uninfected population. At 15%

coverage, allocating PrEP to the current patient population, MSM with greater than 5 sexual
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partners in a year, and MSM with greater than 10 partners reduced new infections by at

least 25%, requiring 161 (95% SL: 115, 289), 150 (95% SL: 107, 252), and 128 (95% SL:

100, 184) person-years on PrEP per averted infection, respectively.

Conclusions

Engaging MSM with high numbers of sexual partners would improve the population-level

impact and efficiency of PrEP in settings where PrEP coverage remains low. However, the

sustained population-level PrEP coverage needed to reduce new infections by 25% is sub-

stantially higher than current levels of PrEP uptake.

Introduction

While HIV incidence among men who have sex with men (MSM) in the United States has

stabilized over the past several years [1], MSM account for approximately 70% of new infec-

tions [2]. Moreover, in 2010, the National HIV/AIDS Strategy (NHAS) set a 10-year goal of

reducing the number of new HIV diagnoses in the US by 25% [3]. Given current trends, at the

start of 2020, these goals will be unlikely to have been met among MSM populations, but the

Strategy identifies expanded pre-exposure prophylaxis (PrEP) use as one of the primary bio-

medical interventions among those recommended for mitigating the epidemic in the United

States.

Randomized controlled trials and demonstration projects have established the efficacy and

effectiveness of pre-exposure prophylaxis (PrEP) for the prevention of HIV in MSM [4–8], yet

PrEP uptake overall appears to have been slow to date in most areas of the US, despite wide-

spread eligibility [9]. Modelling studies have suggested that a more robust scale-up will be

required to realize significant reductions in incidence at the population level, even in areas

with high background HIV incidence among MSM [10–12]. To our knowledge, however, no

simulation studies have evaluated statewide PrEP implementation, and while other authors

have used data from PrEP demonstration projects and trials to inform relevant parameters, we

are unaware of any studies that have used primary clinic data endogenous to the target popula-

tion to inform adherence and sexual behavior parameters among MSM on PrEP. Furthermore,

as most of the aforementioned analyses have focused on HIV epidemics among MSM in large

urban centers [10,11], we believe that modelling smaller urban settings like Rhode Island,

where the epidemic is typified by generally lower prevalence, may be useful for informing

PrEP implementation in these areas [13,14].

Given the continued uncertainty surrounding the feasibility and ultimate reach of PrEP

scale-up, determining allocation strategies that maximize both the population-level impact

and efficiency of PrEP will be important to informing ongoing and future implementation

efforts in a range of settings. These same modelling studies have also suggested differential effi-

ciency of PrEP by risk group [10–12]. Jenness et al, for instance, simulated the effect of the

Center for Disease Control and Prevention’s recommended PrEP indications in MSM [15]

and found that allocation to individuals within serodiscordant partnerships averted a large

number of infections while minimizing the number needed to treat [11]. The authors also

found that allocation to those engaging in condomless anal sex within HIV-status-unknown

partnerships achieved a similar population-level reduction in new HIV cases but did so less

efficiently [11].
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To inform statewide PrEP implementation policies, we sought to compare hypothetical

PrEP allocation scenarios to determine which of these maximized PrEP impact (i.e., reductions

in population-level HIV incidence) and efficiency over 10 years. In particular, we sought to

identify scenarios that would most efficiently achieve the 2020 NHAS goals of producing a

25% reduction in incidence [3]. To achieve these objectives, we used patient data from a state-

wide PrEP clinic to parameterize an agent-based model (ABM) that simulates HIV transmis-

sion in a dynamic sexual network of MSM.

Methods

Model overview

We constructed a discrete-time stochastic ABM to simulate HIV transmission within a virtual

population of agents (N = 25,000) parameterized to represent all MSM aged 15–74 in Rhode

Island. Agents in the model were assigned both fixed and variable characteristics related to

demographic attributes, sexual behavior, HIV status, antiretroviral treatment (ART) resulting

in viral suppression, and PrEP. Fixed characteristics included sexual role preference (insertive-

only, receptive-only, versatile), mean number of annual sex partners (actual partner number

varied annually), and mean annual sex frequency per partner. Time-updated attributes

included age, HIV status, PrEP status, and viral suppression (yes/no). To keep the population

size static, agents who died were replaced by new HIV-negative agents from the same age

group. For all other characteristics, agents “born” into the model were assigned characteristics

stochastically according to the seed distributions. More information regarding model pro-

cesses and parameterization is available in Table 1 and S1 Appendix.

Sexual partnerships

Agents were assigned a static mean annual partner number which determined the expectation

value for the mean number of sexual partners for a given year. Each year, the agent drew an

annual target partner number from their static distribution and achieved this target probabilis-

tically. In this way, agents can be considered to have had sexual tendencies with regard to part-

ner acquisition while exhibiting behavioral variation from year to year.

During each time step, agents searched for and acquired partners stochastically. New part-

nerships were assigned a duration based on distributions described in a study by Wall et al

[23]. The model prohibited certain sexual partnerships based on role preference—for instance,

two exclusively insertive agents could not pair. To account for assortative mixing by age, agents

had a 50% probability of pairing within their own age group; the probability of pairing with

agents outside an index agent’s age group decreased as a function of age discordance (see S1

Appendix). At the dyadic level, the number of sex acts was assigned as an average between

each individual agent’s desired annual per-partnership sexual frequency [23], a fixed attribute

assigned to each agent at initialization.

Each month, agents engaged in a given number of sex acts with their partners, probabilisti-

cally transmitted HIV within serodiscordant partnerships, and initiated or discontinued PrEP

or HIV treatment. The model simulated at-risk sexual contacts, defined as condomless anal

sex acts within serodiscordant partnerships. The probability of condom use during a given sex-

ual episode was based on the number of prior contacts between two paired agents, derived

from data regarding the most recent sexual episode among a sample of MSM [20]. Per-act

HIV transmission risk within HIV serodiscordant couples was modified directly by several fac-

tors: 1) the PrEP status of the uninfected partner, 2) the respective sexual roles of the infected

and uninfected agents, 3) the viral suppression status of the infected agent, and 4) the HIV-

positive partner’s diagnosis status.
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HIV testing and treatment

HIV-uninfected agents tested for HIV with a starting frequency based on Rhode Island data

[22], and this value was tuned such that approximately 82% were diagnosed [14]. Diagnosed

agents initiated ART stochastically, and a subset of these become virally suppressed, with a tar-

get rate of viral suppression among HIV-infected agents of 45% [27] (see S1 Appendix). Inde-

pendent of treatment status, sexual acts involving HIV-infected agents aware of their infection

were subject to a decreased risk of transmission based on the general observation that HIV-

infected MSM reduce certain risk behaviors post-diagnosis [35–38]. For serodiscordant part-

nerships in which the HIV-infected agent was diagnosed, the overall transmission probability

to the HIV-uninfected partner was scaled by a fixed value of 0.5.

Table 1. Overview of model parameters and processes.

Processes Provenance Sources

Demography
Population size Rhode Island [16,17]

Age (15–74) Rhode Island [18]

Background mortality Rhode Island [19]

Sexual Behavior
Condom use External [20]

Sexual role External [21]

Sexual Networks
Annual partner number Rhode Island

Selection into clinic (Rhode Island, primary data)

[22]

Sex frequency External [23]

Relationship duration External [23]

Assortative mixing External, Assumed Based on [10,24,25]

HIV/AIDS
Testing probability Rhode Island, calibrated Starting probability from [22]

Proportion of PLWH

diagnosed

Rhode Island [14]

Proportion of PLWH on ART Rhode Island Calculated, [26]

Proportion of PLWH virally suppressed Rhode Island [13,27]

Proportion of PLWH currently with AIDS Rhode Island Inferred, based on [28]

Transmission probability by sexual position External [29]

Transmission risk reduction due to HIV

diagnosed status

Assumed Assumed

Transmission risk reduction due to viral

suppression

External [29]

HIV prevalence (age-specific) Rhode Island [30]

HIV/AIDS-related mortality rate ratio External, Rhode Island [13,14,27,28,31–33]

Pre-exposure Prophylaxis
Dropout rate Rhode Island [34]

Adherence probability (full vs. partial) Rhode Island [34]

HIV transmission risk reduction conferred

by full and partial adherence

External [5]

PLWH, people living with HIV; PrEP, pre-exposure prophylaxis; ART, antiretroviral therapy. Parameters, their values, and their sources are discussed in more detail in

S1 Appendix.

https://doi.org/10.1371/journal.pone.0199915.t001
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Model calibration

The model was calibrated to reproduce the inferred HIV prevalence in Rhode Island between

2008 and 2014 along with new diagnoses, based on surveillance data from the National Center

for HIV/AIDS, Viral Hepatitis, STD, and TB Prevention Atlas [30]. We inferred the true HIV

prevalence, assuming that in each year, prevalent diagnosis in the NCHHSTP Atlas repre-

sented 82% of the true number of cases [14]. See S1 Fig for a summary of relevant calibration

targets. Additional targets included the proportion of HIV-infected agents virally suppressed,

the proportion diagnosed, and age-specific HIV incidence/diagnoses.

Each run progressed from a stochastically generated base population, the probability of

prevalent HIV infection at model initialization for a given agent being conditional upon their

age (see S1 Appendix). After calibration, each model run incorporated a burn-in period of 6

years to recreate the HIV prevalence trend in Rhode Island, after which PrEP was introduced

and its effects on HIV transmission observed from 2015 through 2024.

PrEP scenarios

The following PrEP scenarios were modelled, in which PrEP was preferentially allocated to

MSM based on particular characteristics deemed to be of interest:

1. No PrEP—PrEP was never implemented

2. Current Patient Population—Agents who initiated PrEP did so based on the partner num-

ber and age distributions of the Miriam Hospital PrEP Clinic

3. Random—PrEP agents were selected at random from the HIV-uninfected population

4. Annual Partner Number

a. Agents were selected for PrEP if they had a target annual partner number of greater than

5 (PN> 5) in the current 12-month interval

b. Agents were selected for PrEP if they had a target annual partner number of greater than

10 (PN> 10) in the current 12-month interval

In all cases, PrEP was implemented across a range of population coverage rates between 0

and 30%, defined as the proportion of all HIV-uninfected MSM on PrEP. In each PrEP alloca-

tion scenario, the predetermined population-level PrEP coverage was achieved by administer-

ing prescriptions only to those agents who met the scenario’s criteria. For example, covering

10% of the entire HIV-uninfected MSM population was achieved either by allocating all avail-

able prescriptions each month to agents meeting the CPP criteria or, alternatively, to those

who had drawn a target of at least 5 or 10 partners for a given year during simulation, depend-

ing on the scenario in play. The maximum population-level coverage in PrEP-targeted scenar-

ios was therefore limited in some cases by the size of the indicated subpopulation. Random

allocation to all negative MSM was included as a referent (i.e., “control”) scenario to assess

whether expanding PrEP to patients based on the current patient population might perform

better than randomly in this context.

We elected to impose the PrEP coverage level immediately upon implementation in the

model and maintain that proportion over the course of the simulation. During each timestep,

a predetermined number of prescriptions were made available. Agents who dropped out of

PrEP were replaced by new agents whose probability of selection varied based on the particular

engagement scenario.
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The Miriam Hospital PrEP clinic

The Miriam Hospital (TMH) is the state’s primary provider of PrEP and other HIV-related

clinical services. Information regarding the early implementation of the PrEP clinic at TMH

has been published previously [39,40]. In 2013, the clinic began prescribing PrEP to patients

who meet criteria set forth in national CDC guidelines [15]. The PrEP Current Patient Popula-
tion allocation scenario used information from a row-level dataset describing the first 241

MSM to initiate PrEP at this clinic. In this scenario, agents initiated PrEP based on quintiles of

the observed annual sexual partner number distribution and an age distribution grouped as

follows: 15–24, 25–34, 35–44, 45–54, 55+. These distributions were treated as independent

during selection for PrEP in the simulations. In all scenarios, rates of agent adherence were

based on early data from this cohort of TMH PrEP clinic patients [34]; based on this data, 82%

of PrEP agents were classified as “fully adherent, 4+ doses/week”, corresponding to a 96%

reduction in HIV transmission risk, and the remainder as “partially adherent”, corresponding

to a 76% reduction, in accordance with data on the association between drug concentrations

and protection against HIV acquisition [5]. Retention was translated into a monthly probabil-

ity of a PrEP agent’s discontinuing their prescription, based on clinical data from The Miriam

Hospital PrEP Clinic patients (described in more detail in S1 Appendix). We applied these

adherence and dropout rates to all PrEP allocation scenarios.

Analysis

Each scenario was simulated 1000 times. To characterize the distribution of model outputs, we

present medians and 95% simulation limits.

We calculated 10-year incidence rates and cumulative incidence, the number/proportion of

infections averted (NIA/PIA, respectively), and the person-years on PrEP per averted infection

(PYPAI). NIAs were calculated by subtracting the 10-year cumulative incidence for each of the

1000 runs within a given PrEP allocation scenario from the mean cumulative incidence in the

No PrEP scenario, following a method based on that of Jenness et al [11]. PYPAI was calcu-

lated by summing the total person-years on PrEP within the allocation scenario and dividing

by the NIA. We penalized the PYPAI distribution to account for instances in which transmis-

sion within a PrEP allocation scenario run exceeded mean incidence in the No PrEP scenario

and thus led to a negative or null NIA: for any scenario in which the NIA was� 0, we set the

denominator to 1 when calculating the PYPAI. Doing so avoided including observations in a

way that would have artificially improved the efficiency measure.

Sensitivity analysis

We performed a number of sensitivity analyses to examine the effects of perturbing parameters

one at a time. The following alternative scenarios were simulated:

1. Population sexual frequency (+ 50% / - 50%)

2. Target annual partner number (+ 50% / - 50%)

3. PrEP adherence among agents in care (full vs. partial)

a. 0% vs. 100%

b. 50% vs. 50%

c. 100% vs. 0%

4. Assortative mixing proportions
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a. Random mixing by age

b. Use of an age mixing matrix specifying a 50% probability of acquiring a within-group

partner for 0–75% of partner selections

c. Use of an age mixing matrix specifying a 50% probability of acquiring a within-group

partner for 100% of partner selections (used in main analysis)

Because scenarios 1, 2, and 4 would have changed underlying transmission dynamics in the

absence of PrEP by altering the rate of at-risk contacts and/or sexual network density, we ran

separate base-case models at 0% PrEP coverage for each of these sensitivity analyses. Subse-

quently, we simulated the Current Patient Population allocation scheme at 15% PrEP coverage

using the corresponding base-case as a reference for calculating NIA, PIA, and PYPAI. For sce-

nario 3, we modelled different PrEP adherence rates at 15% coverage and compared outcomes

against the same 0% PrEP coverage simulations used in the main analysis.

Ethics statement

The institutional review boards at The Miriam Hospital and Brown University approved this

study (#1603001437). Patients provided written informed consent to take part in an observa-

tional cohort from which the clinic data for this study was derived.

Results

In the absence of PrEP implementation, the model predicted a median of 826 infections over

10 years (95% SI: 711–955) and an aggregate incidence rate of 3.51 per 1000 person-years at

risk (95% SI: 3.00–4.08). At the beginning of the simulation (2008), HIV prevalence was

approximately 3.5% and rose to 4.7% (95% SI: 4.3–5.1) by the beginning of the analytic win-

dow (2015). HIV prevalence at the end of 2024 in the base case was 7.4% (95% SI: 6.7–8.1).

At 15% PrEP coverage, most scenarios reduced HIV incidence by at least 25%, with the

exception of the Random scenario. At 20% coverage of the HIV-uninfected population, all sce-

narios achieved a 25% reduction in incidence. No scenario averted 25% of infections at lower

PrEP coverage, though allocation to MSM with greater than 10 partners reduced infections by

a median of 23.5% (95% SI: 10.9–34.3) at 10% coverage over 10 years. (See Table 2 and S2 Fig).

The Current Patient Population scenario appeared to increase the impact of PrEP over that

of random allocation, as measured by the NIA. Provision of PrEP to agents with high mean

Table 2. Ten-year summary statistics across PrEP allocation scenarios (15% coverage) vs. base case (0% PrEP coverage).

Scenario HIV Prevalence (%) New Infections Incidence Rate� Infections Averted (#) Infections Averted (%) PYPAI

No PrEP 7.4

(6.7, 8.1)

826

(711, 955)

3.51

(3.00, 4.08)

- - -

Current patients 6.5

(5.9, 7.2)

612

(523, 709)

2.59

(2.21, 3.02)

218

(121, 307)

26.2

(14.5, 37.0)

161

(115, 289)

Random 6.7

(6.0, 7.4)

654

(546, 756)

2.77

(2.31, 3.22)

176

(74, 284)

21.2

(8.9, 34.2)

199

(124, 474)

PN > 5 6.5

(5.8, 7.1)

595

(499, 691)

2.52

(2.11, 2.94)

235

(139, 331)

28.3

(16.7, 39.9)

150

(107, 252)

PN > 10 6.3

(5.7, 6.9)

555

(478, 639)

2.35

(2.01, 2.71)

275

(191, 352)

33.1

(23.0, 42.4)

128

(100, 184)

Notes: HIV Prevalence, ending HIV prevalence; PYPAI, person-years on PrEP per averted infection; Current patients, Current Patient Population scenario; PN> 5,

expected annual partner number greater than 5; PN> 10, expected annual partner number greater than 10. Medians and 95% simulation limits presented.

� Incidence rate per 1000 person-years at risk.

https://doi.org/10.1371/journal.pone.0199915.t002
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annual partner numbers (greater than 5 or greater than 10) improved both PrEP effectiveness

and reduced the number of person-years on PrEP per averted infection (Figs 1 and 2). The

impact of allocation to MSM with annual partner numbers greater than 10 is limited at higher

PrEP coverage due to a smaller number of MSM with this characteristic.

Results pertaining to age-specific outcomes and PrEP allocation are presented in brief

within S1 Appendix.

Sensitivity analyses

Scaling the annual anal sex frequency distribution to investigate PrEP measures in settings

with differing incidence indicated similar proportional reductions in HIV incidence due to

PrEP compared to the main analysis (Table 3, Fig 3). PrEP efficiency, however, improved by

59% relative to the base case when sex frequency was scaled upward by 50%. This reflects a
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Fig 1. Distribution of NIA (number of infections averted) estimates produced by 1000 independent simulations for each PrEP allocation scenario. Mean

cumulative incidence in base case scenario used as reference to calculate NIA. Dashed line, null effect of PrEP; Dotted line, 25% reduction in cumulative incidence.

Negative values indicate individual PrEP scenario runs in which cumulative incidence exceeded the mean cumulative incidence in the No PrEP scenario. (Note: The

PN> 10 allocation scenario covered a maximum of approximately 15–17% of the HIV-uninfected population. PrEP coverage scenarios between 20% and 30% should be

interpreted with this ceiling coverage in mind when comparing allocation criteria against one another).

https://doi.org/10.1371/journal.pone.0199915.g001
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scenarios featured more infections than the mean base case—simulation intervals are omitted to avoid overplotting.

https://doi.org/10.1371/journal.pone.0199915.g002

Table 3. Sex frequency and partner number sensitivity analyses. HIV prevalence and incidence at 0% PrEP coverage.

Scenario HIV

Prevalence

Cumulative Incidence Incidence Rate Incidence Change (%)

Main 7.4

(6.7, 8.1)

826

(711, 955)

3.51

(3.00, 4.08)

-

Sex Frequency
SF0.5 4.5

(4.1, 4.9)

294

(246, 348)

1.23

(1.03, 1.46)

-64.3

SF1.5 11.9

(10.7, 13.3)

1756

(1516, 2003)

7.65

(6.56, 8.81)

112.6

Partner Number
PN0.5 5.2

(4.7, 5.7)

389

(332, 459)

1.63

(1.39, 1.93)

-52.9

PN1.5� 24.1

(21.8, 26.4)

4487

(4011, 4930)

20.88

(18.39, 23.30)

443.2

Notes:

Main, base case from main analysis

SF[X], sex frequency scale

PN[X], partner number scale

HIV Prevalence, ending HIV prevalence; CumInc, new infections over 10 years; IR, incidence rate per 1000 person-years at risk

Incidence change = percent change in 10-year median cumulative incidence relative to Main scenario

Medians and 95% simulation limits reported

� Omits 62 runs for which submitted jobs timed out (N = 938 independent simulations). All other results based on 1000 independent simulations for each scenario.

https://doi.org/10.1371/journal.pone.0199915.t003
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drop in the median PYPAI from 161 to 66 (Table 4). Conversely, halving sex frequency

resulted in a rise of the PYPAI to 527, a 227% increase. Changes to the annual partner number

distribution using the same proportional scales resulted in significantly more pronounced

changes to epidemiologic outputs and measures of PrEP impact and efficiency when scaled

upward (Tables 3 and 4).
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Fig 3. HIV incidence rates, PIA, and PYPAI by population sex frequency scenario. Each scenario scaled sex frequency by the factors depicted in the images. In the

top row, lines encode means at each year. In the bottom row, the dashed line and purple band indicate the median and 95% simulation interval in the Current Patients
PrEP allocation scenario at 15% coverage. Point ranges depict these statistics for the alternative sex frequency scenarios, also at 15% PrEP coverage. Abbreviations: IR,

incidence rate per 1000 person-years at risk; PIA, percentage of infections averted; PYPAI, person-years per averted infected.

https://doi.org/10.1371/journal.pone.0199915.g003
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Altering the proportion of active PrEP agents who are fully adherent did not result in

changes in PrEP-related measures, with minimal changes to median NIA and PYPAI (Table 4,

Fig 4). Additional comments on this sensitivity analysis appear in the S1 Appendix.

Use of the age mixing matrix for 100% of partnership acquisitions resulted in a pattern

of incidence across age groups that most closely approached the observed targets. The

effects of partial use of the matrix (0%–75% of the time) are displayed in the S1 Appendix

(S3 Fig).

Discussion

In this study, we estimated the population impact of varying PrEP allocation strategies on HIV

prevalence and incidence among MSM at a state level. We found that a significant increase in

PrEP coverage, in addition to the targeted engagement of HIV-uninfected MSM with higher

numbers of partners in a PrEP program, could result in 10-year decreases in HIV incidence

that would meet the National HIV/AIDS Strategy goals, though not by 2020.

We found that a scenario in which PrEP continues to be provided to individuals who

mirror the current PrEP clinic population is more efficient and effective than random PrEP

allocation. This finding is consistent with a modelling study demonstrating that the Centers

for Disease Control and Prevention (CDC) guidelines strike a reasonable balance between

Table 4. Sex frequency, partner number, and PrEP adherence sensitivity analyses. PrEP impact and efficiency at

15% coverage of HIV-negative MSM.

Scenario NIA PIA PYPAI

Main 218

(121, 307)

26.2

(14.5, 37.0)

161

(115, 289)

Sex Frequency
SF0.5 68

(23, 108)

22.9

(7.7, 36.4)

527

(332, 1567)

SF1.54 520

(348, 696)

29.6

(19.8, 39.7)

66

(50, 98)

Partner Number
PN0.5 89

(34, 142)

22.7

(8.6, 36.2)

401

(251, 1059)

PN1.5� 1471

(1134, 1809)

32.8

(25.3, 40.4)

23

(19, 29)

PrEP Adherence
Adh0.00 190

(79, 285)

22.9

(9.5, 34.3)

185

(124, 444)

Adh0.50 202

(100, 295)

24.4

(12.0, 35.5)

174

(120, 350)

Adh1.00 221

(125, 316)

26.6

(15.0, 38.0)

159

(112, 281)

Notes:

Main, base case from main analysis

SF[X], sex frequency scale

Adh[X], proportion of PrEP agents fully adherent (remainder are partially adherent in all cases)

PrEP, pre-exposure prophylaxis; MSM, men who have sex with men; NIA, number of infections averted, PIA,

percentage of infections averted; PYPAI, person-years per averted infection

Medians and 95% simulation limits reported

� Omits 40 runs for which submitted jobs timed out (N = 960 independent simulations). All other results based on

1000 independent simulations for each scenario.

https://doi.org/10.1371/journal.pone.0199915.t004

Improving HIV pre-exposure prophylaxis implementation for men who have sex with men

PLOS ONE | https://doi.org/10.1371/journal.pone.0199915 July 9, 2018 11 / 18

https://doi.org/10.1371/journal.pone.0199915.t004
https://doi.org/10.1371/journal.pone.0199915


epidemiological impact and program efficiency [11]. In our study, we did not model these

guidelines explicitly, though selecting agents for PrEP based on the empirical partner number

distribution from a real-world clinic accounts for likely the most important risk factor for HIV

acquisition. Hypothetical scenarios engaging agents with higher numbers of partners tended

to improve both PrEP impact and efficiency. Notably, PrEP allocation to agents with greater

than 10 partners in a year averted 33% of HIV infections over 10 years at 15% coverage of the

HIV-negative population. Kasaie et al found an approximately 20% decrease in HIV incidence

over 5 years when allocating PrEP to MSM with greater than 5 partners annually, which

achieved approximately 13% coverage of HIV-negative population [10]. Both Jenness et al and

Kasaie et al modelled PrEP within higher incidence settings (Atlanta and Baltimore, respec-

tively), whereas our study extends the prior PrEP modelling literature by simulating statewide

program implementation in a target population with lower HIV prevalence and incidence.

Because implications for efficient PrEP implementation may vary by setting [41], we believe

comparing results from modelling studies using different parameters and assumptions can be

informative for policy and public health practice.

Care should be taken in interpreting reductions in HIV incidence directly, as we imple-

mented PrEP coverage at the specified level immediately, without imposing a scale-up period;

therefore, these figures cannot be considered true forecasts. Nevertheless, our results provide

some guidance in early-stage PrEP implementation, either at the state or local level. Engage-

ment and increased uptake of PrEP among MSM with high numbers of partners could result

in earlier population-level impact and better efficiency. However, priorities and strategies for

implementation may to be setting-specific if underlying epidemiology and sexual behaviors

vary by context. For instance, in our study, selective allocation to MSM agents with greater

than 10 expected partners in a year reached a maximum population coverage threshold of

approximately 16%. The proportion of MSM engaging in high rates of partner turnover may
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Fig 4. NIA and PYPAI measures by PrEP adherence scenario. Each scenario altered the proportions of individuals on PrEP who were fully vs. partially adherent (0/

100, 50/50, 100/0, respectively). In the main analysis, 82% of current PrEP patients were considered to be fully adherent. NIA, number of infections averted; PYPAI,

person-years per averted infection. The dashed line and purple band indicate the median and 95% simulation interval in the Current Patients PrEP allocation scenario at

15% coverage. Point ranges indicate these same statistics for the alternative PrEP adherence scenarios, also at 15% coverage.

https://doi.org/10.1371/journal.pone.0199915.g004
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be higher or lower in other settings. Nonetheless, this finding does suggest that too restrictive

criteria may limit population coverage.

Nonetheless, our study corroborates prior findings that improvement in PrEP efficiency

can be achieved by engaging those who meet current CDC criteria, though in our case, we did

not model these criteria directly [11,12]. Given low rates of PrEP uptake nationally [9], our

findings suggest that PrEP alone will be insufficient to produce a marked decrease in HIV inci-

dence at population-level without significant increases in coverage. An analysis of the 2014

National HIV Behavioral Surveillance survey conducted in San Francisco, a city in which PrEP

rollout has been more aggressive than in most areas, found that 9.9% of MSM (14.5% of those

eligible) reported PrEP use within the last year [42]. These figures suggest substantial chal-

lenges lay ahead and that successful implementation of PrEP requires sustained focus on

engaging populations at high risk of HIV infection.

Limitations

Our study has a number of limitations. First, while our model takes into account various

sources of behavioral and demographic heterogeneity, processes that plausibly drive observed

disparities in Rhode Island among MSM are not accounted for. In many cases, a lack of data

necessitates simplifying assumptions or omission of these processes. For instance, the model

does not account for heterogeneities in sex frequency by age [43]; condom use patterns that

differ by partner type (eg, main vs. casual) [20], HIV serostatus, and/or sexual role [20,21]; or

age discordance [44,45]. However, we do vary the probability of condom use by the number of

prior sexual episodes, which we opted for as an alternative to the treatment of partnerships as

“main” or “casual”. Furthermore, in using monthly time steps, we were unable to explicitly

account for brief partnerships (i.e., “one night stands”) and other short-term sexual behavior

dynamics (e.g., group sex events). Because we focused on aggregate epidemiologic outputs

over a 10-year simulation period, we do not believe the choice of time step would affect these

measures substantially; however, using shorter time steps may facilitate a higher-resolution

analysis of HIV transmission dynamics in this population.

Second, our model predicts rising incidence, though diagnoses in Rhode Island have

remained relatively steady [13,46]. The trend in this model output is due possibly to our cali-

brating to a rising prevalence while imposing a steady mortality rate among HIV-infected

agents. Surveillance data in Rhode Island suggests progression to AIDS and HIV/AIDS-related

mortality is slowing, though these estimates are likely to be unstable [13,33]. Nonetheless,

increasing prevalence brings with it the potential for a corresponding increase in incidence,

which cannot be ruled out. The sex frequency sensitivity analyses allowed us to model PrEP in

a population with substantially different background HIV incidence, indicating similar pro-

portionate reductions in HIV incidence but with implications for PrEP efficiency.

Third, selection for PrEP did not take into account other indications for PrEP, such as recent

condom use behavior prior to prescription. It is conceivable, therefore, that simulated measures

of PrEP efficiency are slightly pessimistic in the allocation scenarios. However, while 8% of the

MSM in the model were assigned an annual partner number mean of 10 or greater at model ini-

tialization (or upon the agent’s entry into the population), the PN> 10 PrEP allocation scenario

achieved approximately 15–17% population coverage, due to the fact that agents with lower

annual means stochastically drew a target partner number matching the scenario criterion in a

given year, increasing the population of MSM indicated for PrEP. Given this information, the

maximal impact for this scenario may in fact be lower than that observed in the model. Having

modeled alternative levels of coverage, the 5% and 10% scenarios may be the most informative

in predicting the likely effects of allocating PrEP to MSM with at least 10 partners annually.
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Fourth, we did not model behavioral risk compensation, such as a decrease in condom use

or an increase in partner acquisition rate, for agents initiating PrEP. An early study of MSM

initiating PrEP in Rhode Island indicated a higher number of partnerships within which con-

domless anal sex occurred but not an overall increase in the number of partners over the first 6

months of follow-up [47]. We also did not implement the (approximately) 3-month HIV

screening interval among MSM agents on PrEP, who continue in the model to test stochasti-

cally at the background rate.

Fifth, MSM from Rhode Island are likely to engage in partnerships with men from other

states and, possibly, to seek PrEP from outside providers. We did not account for these poten-

tialities. The model therefore may overestimate HIV incidence attributable to in-state sexual

partnerships. Nonetheless, HIV incidence was calibrated based on new and prevalent diagno-

ses reported among Rhode Island residents, regardless of the source partner’s state of resi-

dence, and these are the infections we would seek to prevent. As new diagnoses are not

necessarily incident infections, however, surveillance data cannot rule out the presence of

imported infections [13]. MSM seeking PrEP from out-of-state sources would not be captured

in the Rhode Island PrEP clinic data, which we acknowledge is an inherent limitation.

Sixth, in future studies using this model, we will attempt to employ more sophisticated cali-

bration methods and sensitivity analyses. The sex frequency and partner number sensitivity

analyses sought to examine how measures of PrEP impact and efficiency responded to funda-

mentally different patterns of transmission, but these analyses also featured markedly different

dynamics than those underlying the main model.

Finally, a general challenge of modelling remains the considerable uncertainty surrounding

model parameters. Different parameter sets could feasibly reproduce the incidence or preva-

lence trends sought, potentially affecting the underlying transmission dynamics. In our case,

parameters governing sex frequency and condom use are derived from populations that may

not necessarily resemble MSM in Rhode Island [20,23]. Recent research and commentary have

attempted to understand the inferences drawn from ABMs within the counterfactual frame-

work in causal inference [48–51]. We refer readers to two recent articles which elucidate the

potential bias induced by erroneously assuming the portability of parameter estimates from

external populations in the context of ABMs, a concern which may apply to this study [50,51].

We stress the importance of collecting detailed behavioral data in a range of settings, informa-

tion which is indispensable for parameterizing agent-based models.

Conclusions

This study sought to determine PrEP allocation strategies that maximize the population-level

impact of a statewide PrEP implementation, with the aim of reaching the US national goal of

reducing HIV transmission by 25% over 10 years. Most allocation scenarios achieved at least a

25% reduction in new infections when PrEP coverage was sustained at 15% of the HIV-nega-

tive population over 10 years. Focusing PrEP engagement for individuals with higher numbers

of partners achieved the 25% reduction at lower coverage than other scenarios. New PrEP

implementations at the state or city level should consider the importance of engaging MSM at

especially high risk of HIV infection, both to increase the population-level impacts of PrEP

and to reduce the number of prescriptions required to curb incidence.
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ery, Omar Galárraga, Mattia Prosperi, Philip A. Chan, Brandon D. L. Marshall.

References
1. Hall HI, Song R, Tang T, An Q, Prejean J, Dietz P, et al. HIV Trends in the United States: Diagnoses

and Estimated Incidence. JMIR Public Health Surveill. 2017; 3: e8. https://doi.org/10.2196/publichealth.

7051 PMID: 28159730

2. Diagnoses of HIV Infection in the United States and Dependent Areas, 2015 [Internet]. Centers for Dis-

ease Control and Prevention; 2016 Nov. Report No.: 27. Available: https://www.cdc.gov/hiv/pdf/library/

reports/surveillance/cdc-hiv-surveillance-report-2015-vol-27.pdf

3. National HIV/AIDS Strategy for The United States: Updated to 2020 [Internet]. Office of National AIDS

Policy; 2015 Jul. Available: https://www.aids.gov/federal-resources/national-hiv-aids-strategy/nhas-

update.pdf

4. Grant RM, Anderson PL, McMahan V, Liu A, Amico KR, Mehrotra M, et al. Uptake of pre-exposure pro-

phylaxis, sexual practices, and HIV incidence in men and transgender women who have sex with men:

a cohort study. Lancet Infect Dis. 09/2014; 14: 820–829. https://doi.org/10.1016/S1473-3099(14)

70847-3 PMID: 25065857

5. Anderson PL, Glidden DV, Liu A, Buchbinder S, Lama JR, Guanira JV, et al. Emtricitabine-Tenofovir

Concentrations and Pre-Exposure Prophylaxis Efficacy in Men Who Have Sex with Men. Sci Transl

Med. 2012; 4: 151ra125–151ra125. https://doi.org/10.1126/scitranslmed.3004006 PMID: 22972843

6. Volk JE, Marcus JL, Phengrasamy T, Blechinger D, Nguyen DP, Follansbee S, et al. No New HIV Infec-

tions With Increasing Use of HIV Preexposure Prophylaxis in a Clinical Practice Setting. Clin Infect Dis.

2015; 61: 1601–1603. https://doi.org/10.1093/cid/civ778 PMID: 26334052

7. McCormack S, Dunn DT, Desai M, Dolling DI, Gafos M, Gilson R, et al. Pre-exposure prophylaxis to

prevent the acquisition of HIV-1 infection (PROUD): effectiveness results from the pilot phase of a prag-

matic open-label randomised trial. Lancet. 2016; 387: 53–60. https://doi.org/10.1016/S0140-6736(15)

00056-2 PMID: 26364263

8. Grant RM, Lama JR, Anderson PL, McMahan V, Liu AY, Vargas L, et al. Preexposure Chemoprophy-

laxis for HIV Prevention in Men Who Have Sex with Men. N Engl J Med. 2010; 363: 2587–2599. https://

doi.org/10.1056/NEJMoa1011205 PMID: 21091279

9. Parsons JT, Rendina HJ, Lassiter JM, Whitfield THF, Starks TJ, Grov C. Uptake of HIV Pre-Exposure

Prophylaxis (PrEP) in a National Cohort of Gay and Bisexual Men in the United States. J Acquir Immune

Defic Syndr. 2017; 74: 285–292. https://doi.org/10.1097/QAI.0000000000001251 PMID: 28187084

10. Kasaie P, Pennington J, Shah MS, Berry SA, German D, Flynn CP, et al. The Impact of Pre-Exposure

Prophylaxis Among Men Who Have Sex With Men: An Individual-Based Model. J Acquir Immune Defic

Syndr. 2017; 75: 175–183. https://doi.org/10.1097/QAI.0000000000001354 PMID: 28498144

11. Jenness SM, Goodreau SM, Rosenberg E, Beylerian EN, Hoover KW, Smith DK, et al. Impact of the

Centers for Disease Control’s HIV Pre-Exposure Prophylaxis Guidelines for Men Who Have Sex with

Men in the United States. J Infect Dis. 2016; jiw223. https://doi.org/10.1093/infdis/jiw223 PMID:

27418048

12. Carnegie NB, Goodreau SM, Liu A, Vittinghoff E, Sanchez J, Lama JR, et al. Targeting Pre-Exposure

Prophylaxis Among Men Who Have Sex With Men in the United States and Peru: Partnership Types,

Contact Rates, and Sexual Role. Journal of Acquired Immune Deficiency Syndromes. 05/2015; 69:

119–125. https://doi.org/10.1097/QAI.0000000000000555 PMID: 25942463

13. 2015 Rhode Island HIV/AIDS Epidemiologic Profile with Surrogate Data [Internet]. Rhode Island

Department of Health; 2016 Dec. Available: http://health.ri.gov/publications/epidemiologicalprofiles/

2015HIVAndSurrogateData.pdf

14. Hall HI, An Q, Tang T, Song R, Chen M, Green T, et al. Prevalence of Diagnosed and Undiagnosed HIV

Infection—United States, 2008–2012. MMWR Morb Mortal Wkly Rep. 2015; 64: 657–662. Available:

https://www.ncbi.nlm.nih.gov/pubmed/26110835 PMID: 26110835

15. Preexposure Prophylaxis for the Prevention of HIV Infection in the United States—2014: A Clinical

Practice Guideline [Internet]. Centers for Disease Control and Prevention; 2014 p. 499. Available:

https://www.cdc.gov/hiv/pdf/prepguidelines2014.pdf

Improving HIV pre-exposure prophylaxis implementation for men who have sex with men

PLOS ONE | https://doi.org/10.1371/journal.pone.0199915 July 9, 2018 16 / 18

https://doi.org/10.2196/publichealth.7051
https://doi.org/10.2196/publichealth.7051
http://www.ncbi.nlm.nih.gov/pubmed/28159730
https://www.cdc.gov/hiv/pdf/library/reports/surveillance/cdc-hiv-surveillance-report-2015-vol-27.pdf
https://www.cdc.gov/hiv/pdf/library/reports/surveillance/cdc-hiv-surveillance-report-2015-vol-27.pdf
https://www.aids.gov/federal-resources/national-hiv-aids-strategy/nhas-update.pdf
https://www.aids.gov/federal-resources/national-hiv-aids-strategy/nhas-update.pdf
https://doi.org/10.1016/S1473-3099(14)70847-3
https://doi.org/10.1016/S1473-3099(14)70847-3
http://www.ncbi.nlm.nih.gov/pubmed/25065857
https://doi.org/10.1126/scitranslmed.3004006
http://www.ncbi.nlm.nih.gov/pubmed/22972843
https://doi.org/10.1093/cid/civ778
http://www.ncbi.nlm.nih.gov/pubmed/26334052
https://doi.org/10.1016/S0140-6736(15)00056-2
https://doi.org/10.1016/S0140-6736(15)00056-2
http://www.ncbi.nlm.nih.gov/pubmed/26364263
https://doi.org/10.1056/NEJMoa1011205
https://doi.org/10.1056/NEJMoa1011205
http://www.ncbi.nlm.nih.gov/pubmed/21091279
https://doi.org/10.1097/QAI.0000000000001251
http://www.ncbi.nlm.nih.gov/pubmed/28187084
https://doi.org/10.1097/QAI.0000000000001354
http://www.ncbi.nlm.nih.gov/pubmed/28498144
https://doi.org/10.1093/infdis/jiw223
http://www.ncbi.nlm.nih.gov/pubmed/27418048
https://doi.org/10.1097/QAI.0000000000000555
http://www.ncbi.nlm.nih.gov/pubmed/25942463
http://health.ri.gov/publications/epidemiologicalprofiles/2015HIVAndSurrogateData.pdf
http://health.ri.gov/publications/epidemiologicalprofiles/2015HIVAndSurrogateData.pdf
https://www.ncbi.nlm.nih.gov/pubmed/26110835
http://www.ncbi.nlm.nih.gov/pubmed/26110835
https://www.cdc.gov/hiv/pdf/prepguidelines2014.pdf
https://doi.org/10.1371/journal.pone.0199915


16. Grey JA, Bernstein KT, Sullivan PS, Purcell DW, Chesson HW, Gift TL, et al. Estimating the Population

Sizes of Men Who Have Sex With Men in US States and Counties Using Data From the American Com-

munity Survey. JMIR Public Health and Surveillance. 2016; 2: e14. https://doi.org/10.2196/publichealth.

5365 PMID: 27227149

17. Lieb S, Fallon SJ, Friedman SR, Thompson DR, Gates GJ, Liberti TM, et al. Statewide Estimation of

Racial/Ethnic Populations of Men Who Have Sex with Men in the U.S. Public Health Rep. 2011; 126:

60–72. Available: http://www.jstor.org/stable/41639324

18. United States Department of Health and Human Services (US DHHS), Centers for Disease Control and

Prevention (CDC), National Center for Health Statistics (NCHS). Bridged-Race Population Estimates,

United States July 1st resident population by state, county, age, sex, bridged-race, and Hispanic origin

[Internet]. Available: https://wonder.cdc.gov/controller/saved/D134/D17F709

19. Centers for Disease Control and Prevention, National Center for Health Statistics. Underlying Cause of

Death 1999–2015 on CDC WONDER Online Database, released December, 2016. Data are from the

Multiple Cause of Death Files, 1999–2015, as compiled from data provided by the 57 vital statistics juris-

dictions through the Vital Statistics Cooperative Program [Internet]. [cited 19 Jul 2017]. Available:

https://wonder.cdc.gov/controller/saved/D76/D17F932

20. Rosenberger JG, Reece M, Schick V, Herbenick D, Novak DS, Van Der Pol B, et al. Condom Use dur-

ing Most Recent Anal Intercourse Event among a U.S. Sample of Men Who Have Sex with Men. J Sex

Med. 2012; 9: 1037–1047. https://doi.org/10.1111/j.1743-6109.2012.02650.x PMID: 22353190

21. Tieu H-V, Li X, Donnell D, Vittinghoff E, Buchbinder S, Parente ZG, et al. Anal sex role segregation and

versatility among men who have sex with men: EXPLORE Study. J Acquir Immune Defic Syndr. 2013;

64: 121–125. https://doi.org/10.1097/QAI.0b013e318299cede PMID: 23945255

22. Chan PA, Rose J, Maher J, Benben S, Pfeiffer K, Almonte A, et al. A Latent Class Analysis of Risk Fac-

tors for Acquiring HIV Among Men Who Have Sex with Men: Implications for Implementing Pre-Expo-

sure Prophylaxis Programs. AIDS Patient Care STDS. 11/2015; 29: 597–605. https://doi.org/10.1089/

apc.2015.0113 PMID: 26389735

23. Wall KM, Stephenson R, Sullivan PS. Frequency of Sexual Activity With Most Recent Male Partner

Among Young, Internet-Using Men Who Have Sex With Men in the United States. J Homosex. 10/

2013; 60: 1520–1538. https://doi.org/10.1080/00918369.2013.819256 PMID: 24059971

24. Goodreau SM, Carnegie NB, Vittinghoff E, Lama JR, Sanchez J, Grinsztejn B, et al. What Drives the

US and Peruvian HIV Epidemics in Men Who Have Sex with Men (MSM)? PLoS One. 2012; 7: e50522.

https://doi.org/10.1371/journal.pone.0050522 PMID: 23209768

25. Krivitsky PN, Handcock MS, Morris M. Adjusting for network size and composition effects in exponen-

tial-family random graph models. Stat Methodol. 2011; 8: 319–339. https://doi.org/10.1016/j.stamet.

2011.01.005 PMID: 21691424

26. Hall HI, Frazier EL, Rhodes P, Holtgrave DR, Furlow-Parmley C, Tang T, et al. Differences in Human

Immunodeficiency Virus Care and Treatment Among Subpopulations in the United States. JAMA Intern

Med. 2013; 173: 1337–1344. https://doi.org/10.1001/jamainternmed.2013.6841 PMID: 23780395

27. Rhode Island Integrated Prevention & Care Comprehensive and Statewide Coordinated Statement of

Need Plan, CY 2017–2020: State of Rhode Island [Internet]. Executive Office of Health & Human Ser-

vices, Rhode Island Department of Health; Available: http://www.eohhs.ri.gov/Portals/0/Uploads/

Documents/HIVAIDS/RI_HIV_IntegratedPlan2017-2021.pdf

28. Touzard Romo F, Gillani FS, Ackerman P, Rana A, Kojic EM, Beckwith CG. Monitored viral load: a mea-

sure of HIV treatment outcomes in an outpatient setting in Rhode Island. R I Med J. 2014; 98: 26–30.

Available: https://www.ncbi.nlm.nih.gov/pubmed/25562057

29. Patel P, Borkowf CB, Brooks JT, Lasry A, Lansky A, Mermin J. Estimating per-act HIV transmission

risk: a systematic review. AIDS. 06/2014; 28: 1509–1519. https://doi.org/10.1097/QAD.

0000000000000298 PMID: 24809629

30. Atlas Plus | National Center for HIV/AIDS, Hepatitis, STD, and TB Prevention | Centers for Disease

Control and Prevention [Internet]. [cited 13 Jul 2017]. Available: https://www.cdc.gov/nchhstp/atlas/

31. Eyawo O, Franco-Villalobos C, Hull MW, Nohpal A, Samji H, Sereda P, et al. Changes in mortality rates

and causes of death in a population-based cohort of persons living with and without HIV from 1996 to

2012. BMC Infect Dis. 2017; 17: 174. https://doi.org/10.1186/s12879-017-2254-7 PMID: 28241797

32. Jensen-Fangel S, Pedersen L, Pedersen C, Larsen CS, Tauris P, Møller A, et al. Low mortality in HIV-

infected patients starting highly active antiretroviral therapy: a comparison with the general population.

AIDS. 2004; 18: 89–97. Available: https://www.ncbi.nlm.nih.gov/pubmed/15090834 PMID: 15090834

33. 2014 Rhode Island HIV/AIDS Epidemiologic Profile with Surrogate Data [Internet]. Rhode Island

Department of Health; 2015 Dec. Available: http://www.health.ri.gov/publications/

epidemiologicalprofiles/2014HIVAIDSViralHepatitisWithSurrogateData.pdf

Improving HIV pre-exposure prophylaxis implementation for men who have sex with men

PLOS ONE | https://doi.org/10.1371/journal.pone.0199915 July 9, 2018 17 / 18

https://doi.org/10.2196/publichealth.5365
https://doi.org/10.2196/publichealth.5365
http://www.ncbi.nlm.nih.gov/pubmed/27227149
http://www.jstor.org/stable/41639324
https://wonder.cdc.gov/controller/saved/D134/D17F709
https://wonder.cdc.gov/controller/saved/D76/D17F932
https://doi.org/10.1111/j.1743-6109.2012.02650.x
http://www.ncbi.nlm.nih.gov/pubmed/22353190
https://doi.org/10.1097/QAI.0b013e318299cede
http://www.ncbi.nlm.nih.gov/pubmed/23945255
https://doi.org/10.1089/apc.2015.0113
https://doi.org/10.1089/apc.2015.0113
http://www.ncbi.nlm.nih.gov/pubmed/26389735
https://doi.org/10.1080/00918369.2013.819256
http://www.ncbi.nlm.nih.gov/pubmed/24059971
https://doi.org/10.1371/journal.pone.0050522
http://www.ncbi.nlm.nih.gov/pubmed/23209768
https://doi.org/10.1016/j.stamet.2011.01.005
https://doi.org/10.1016/j.stamet.2011.01.005
http://www.ncbi.nlm.nih.gov/pubmed/21691424
https://doi.org/10.1001/jamainternmed.2013.6841
http://www.ncbi.nlm.nih.gov/pubmed/23780395
http://www.eohhs.ri.gov/Portals/0/Uploads/Documents/HIVAIDS/RI_HIV_IntegratedPlan2017-2021.pdf
http://www.eohhs.ri.gov/Portals/0/Uploads/Documents/HIVAIDS/RI_HIV_IntegratedPlan2017-2021.pdf
https://www.ncbi.nlm.nih.gov/pubmed/25562057
https://doi.org/10.1097/QAD.0000000000000298
https://doi.org/10.1097/QAD.0000000000000298
http://www.ncbi.nlm.nih.gov/pubmed/24809629
https://www.cdc.gov/nchhstp/atlas/
https://doi.org/10.1186/s12879-017-2254-7
http://www.ncbi.nlm.nih.gov/pubmed/28241797
https://www.ncbi.nlm.nih.gov/pubmed/15090834
http://www.ncbi.nlm.nih.gov/pubmed/15090834
http://www.health.ri.gov/publications/epidemiologicalprofiles/2014HIVAIDSViralHepatitisWithSurrogateData.pdf
http://www.health.ri.gov/publications/epidemiologicalprofiles/2014HIVAIDSViralHepatitisWithSurrogateData.pdf
https://doi.org/10.1371/journal.pone.0199915


34. Montgomery MC, Oldenburg CE, Nunn AS, Mena L, Anderson P, Liegler T, et al. Adherence to Pre-

Exposure Prophylaxis for HIV Prevention in a Clinical Setting. Datta PK, editor. PLoS One. 2016; 11:

e0157742. https://doi.org/10.1371/journal.pone.0157742 PMID: 27333000

35. Gorbach PM, Weiss RE, Jeffries R, Javanbakht M, Drumright LN, Daar ES, et al. Behaviors of recently

HIV-infected men who have sex with men in the year postdiagnosis: effects of drug use and partner

types. J Acquir Immune Defic Syndr. 2011; 56: 176–182. https://doi.org/10.1097/QAI.

0b013e3181ff9750 PMID: 21119524

36. Gorbach PM, Drumright LN, Daar ES, Little SJ. Transmission behaviors of recently HIV-infected men

who have sex with men. J Acquir Immune Defic Syndr. 2006; 42: 80–85. https://doi.org/10.1097/01.qai.

0000196665.78497.f1 PMID: 16763494

37. Marks G, Crepaz N, Senterfitt JW, Janssen RS. Meta-analysis of high-risk sexual behavior in persons

aware and unaware they are infected with HIV in the United States: implications for HIV prevention pro-

grams. J Acquir Immune Defic Syndr. 2005; 39: 446–453. https://doi.org/10.1097/01.qai.0000151079.

33935.79 PMID: 16010168

38. Colfax GN, Buchbinder SP, Cornelisse PGA, Vittinghoff E, Mayer K, Celum C. Sexual risk behaviors

and implications for secondary HIV transmission during and after HIV seroconversion. AIDS. 2002; 16:

1529–1535. PMID: 12131191

39. Chan PA, Glynn TR, Oldenburg CE, Montgomery MC, Robinette AE, Almonte A, et al. Implementation

of Preexposure Prophylaxis for Human Immunodeficiency Virus Prevention Among Men Who Have

Sex With Men at a New England Sexually Transmitted Diseases Clinic. Sex Transm Dis. 11/2016; 43:

717–723. https://doi.org/10.1097/OLQ.0000000000000514 PMID: 27893604

40. Chan PA, Mena L, Patel R, Oldenburg CE, Beauchamps L, Perez-Brumer AG, et al. Retention in care

outcomes for HIV pre-exposure prophylaxis implementation programmes among men who have sex

with men in three US cities. J Int AIDS Soc. 2016; 19: 20903. https://doi.org/10.7448/IAS.19.1.20903

PMID: 27302837

41. Mayer KH, Chan PA, R Patel R, Flash CA, Krakower DS. Evolving Models and Ongoing Challenges for

HIV Preexposure Prophylaxis Implementation in the United States. J Acquir Immune Defic Syndr. 2018;

77: 119–127. https://doi.org/10.1097/QAI.0000000000001579 PMID: 29084044

42. Snowden JM, Chen Y-H, McFarland W, Raymond HF. Prevalence and characteristics of users of pre-

exposure prophylaxis (PrEP) among men who have sex with men, San Francisco, 2014 in a cross-sec-

tional survey: implications for disparities. Sex Transm Infect. 2017; 93: 52–55. https://doi.org/10.1136/

sextrans-2015-052382 PMID: 27356041

43. Twenge JM, Sherman RA, Wells BE. Declines in Sexual Frequency among American Adults, 1989–

2014. Arch Sex Behav. 2017; https://doi.org/10.1007/s10508-017-0953-1 PMID: 28265779

44. Del Pino HE, Harawa NT, Liao D, Moore AA, Karlamangla AS. Age and Age Discordance Associations

with Condomless Sex Among Men Who Have Sex with Men. AIDS Behav. 2017; https://doi.org/10.

1007/s10461-017-1694-9 PMID: 28144790

45. Anema A, Marshall BDL, Stevenson B, Gurm J, Montaner G, Small W, et al. Intergenerational sex as a

risk factor for HIV among young men who have sex with men: a scoping review. Curr HIV/AIDS Rep.

2013; 10: 398–407. https://doi.org/10.1007/s11904-013-0187-3 PMID: 24272070

46. Oster AM, Tang T, Irene Hall H. Trends in HIV infection diagnoses among men who have sex with men,

overall and by state, United States, 2008–2014. Available: http://programme.ias2017.org//

PAGMaterial/eposters/2866.pdf

47. Oldenburg CE, Nunn AS, Montgomery M, Almonte A, Mena L, Patel RR, et al. Behavioral Changes Fol-

lowing Uptake of HIV Pre-exposure Prophylaxis Among Men Who Have Sex with Men in a Clinical Set-

ting. AIDS Behav. 2017; https://doi.org/10.1007/s10461-017-1701-1 PMID: 28150120

48. Marshall BDL, Galea S. Formalizing the Role of Agent-Based Modeling in Causal Inference and Epide-

miology. Am J Epidemiol. 2015; 181: 92–99. https://doi.org/10.1093/aje/kwu274 PMID: 25480821

49. Hernán MA. Invited Commentary: Agent-Based Models for Causal Inference—Reweighting Data and

Theory in Epidemiology. Am J Epidemiol. 2015; 181: 103–105. https://doi.org/10.1093/aje/kwu272

PMID: 25480820

50. Murray EJ, Robins JM, Seage GR, Freedberg KA, Hernán MA. A Comparison of Agent-Based Models

and the Parametric G-Formula for Causal Inference. Am J Epidemiol. 2017; 186: 131–142. https://doi.

org/10.1093/aje/kwx091 PMID: 28838064

51. Keyes KM, Tracy M, Mooney SJ, Shev A, Cerdá M. Invited Commentary: Agent-Based Models—Bias
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