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Despite advances in the detection and treatment of HIV, the incidence of infection in the United 

States has increased in some subgroups over the past decade and remained stable in others. These 

trends point to a need for improved strategies for prevention that take into account the social, 

behavioral, and clinical context of different target populations. 

We conducted an internet-based survey to measure sexual behavior and use of pre-

exposure prophylaxis (PrEP) among men who have sex with men (MSM) in Washington State 

(Chapter 1). Among 1,080 cisgender MSM respondents, 79% had heard of PrEP, 19% reported 

current use, and 36% of PrEP-naïve men reported that they wanted to start taking it. Among 

high-risk men recommended to initiate PrEP, 31% were taking it. With the data from this survey, 

in combination with secondary data from local surveillance systems and other surveys, we 

developed a dynamic network-based mathematical model to evaluate the potential impact of 

PrEP on HIV incidence in Washington MSM (Chapter 2). In the context of the high levels of 

testing and treatment in Washington, our model estimated that HIV incidence at the end of the 

10-year simulation would be 48-83% lower with continued or increasing use of PrEP relative to 

a counterfactual scenario with no PrEP use.  

In chapter 3, we constructed a static linear mathematical model to estimate the impact 

and optimal age for one-time routine HIV screening in terms of case detection, person-years of 



 

undiagnosed infection, and progression to symptomatic HIV/AIDS. When added to prenatal, 

risk-based, symptom-based, and partner notification testing, our model estimated that the impact 

of routine screening is likely to be modest. The percent of tests resulting in new diagnoses 

exceeded the recommended minimum of 0.1% only in a setting with high HIV incidence in 

groups that don’t engage in repeat, targeted testing.  

The results from these three projects provide important insights to inform local policies 

and HIV prevention strategies, demonstrating the value of applying mathematical modeling to 

inform public health practice. Our findings highlight the influence of epidemiologic context on 

the impact of interventions such as PrEP and HIV screening, underscoring the importance of 

using local data to define context-specific prevention strategies. 
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In the 38 years since the start of the HIV epidemic, advances in prevention and treatment have 

resulted in significant decreases in incidence, AIDS diagnoses, and HIV/AIDS-associated 

mortality in the United States.1–3 However, these gains have not been uniform by region or 

sociodemographic group.3–6 Among men who have sex with men (MSM), who account for two-

thirds of new HIV infections,7 incidence has been increasing in certain age groups and among 

Hispanics.4 To curb these trends and accelerate progress in controlling the epidemic, the US 

Department of Health and Human Services launched an initiative in 2019 with a focus on 

improving HIV diagnosis, engagement in care, and access to HIV pre-exposure prophylaxis 

(PrEP).8 In light of pronounced geographic heterogeneity in transmission risk and clinical 

outcomes,3,9–11 the initiative calls for context-specific policies and programs informed by local 

data.8 

Historically, the only prevention tools available to HIV-negative individuals targeted 

sexual risk behavior change, with limited practical effectivenes.12,13 The availability of PrEP, 

which has demonstrated >90% efficacy with adequate dosing,14,15 presents an opportunity to 

achieve substantial reductions in incidence among MSM. Interest and investment in the 

intervention is growing rapidly,1,216–19 signaling a need to develop reliable methods to monitor 

changes in awareness and utilization. The impact of PrEP on population-level transmission 

dynamics will depend on uptake, adherence, discontinuation, changes in risk behavior, use of other 

prevention interventions, HIV clinical care, and the sexual network structure in targeted 

populations. Variability in these factors may lead to important differences in the potential 

contribution of PrEP to prevention efforts at the subnational level. 

Questions remain about the optimal implementation of secondary prevention efforts as 

well, such as timely testing and treatment of persons found to be HIV-positive. In 2015, the median 

time from infection to diagnosis in the United States was 3 years.20 To improve clinical outcomes21 
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and reduce the number of transmission events resulting from undiagnosed, untreated infection,22,23 

identifying strategies to shorten this window is a key objective. The Centers for Disease Control 

and Prevention recommends that all persons aged 13-64 test for HIV at least once in their lifetime 

regardless of risk factors (routine screening).24 The US Preventative Services Task Force has 

issued a similar recommendation.25 However, the impact of this non-targeted testing has been 

unclear,26–29 and in any given jurisdiction it will depend on the distribution and magnitude of HIV 

incidence and existing patterns of risk-based, prenatal, symptom-based, and partner notification 

testing.  

To inform policy and program design, mathematical models can be used to evaluate and 

project the impact of interventions such as PrEP and HIV screening. By taking a systems-level 

view, models allow us to understand how biology, behavior, and factors operating at levels beyond 

the individual interact to shape epidemiologic outcomes.30–32 With explicit representation of the 

key processes and variables relevant to the outcomes of interest, we can use models to test 

alternative scenarios and make context-specific projections. To support these analyses, detailed 

behavioral, demographic, and clinical data are needed at the local level. 

Chapters 1 and 2 of this dissertation were conducted in collaboration with partners at the 

Washington State Department of Health and Public Health—Seattle & King County to monitor 

and evaluate the impact of PrEP among MSM in Washington State. Compared to much of the rest 

of the United States,11 Washington has uniquely high levels of HIV treatment and viral 

suppression.33 An estimated 89% of diagnosed cases in 2017 were engaged in care and 80% had 

evidence of a suppressed viral load.33 In King County, which is home to 53% of persons living 

with diagnosed HIV in Washington, 92% were in care and 85% were virally suppressed.33 Despite 

these successes, the rate of new HIV diagnoses declined only 5% from 2014 to 2017,33 falling 

below the pace required to meet the State’s goal for a 50% decline by 2020.34 As part of a 
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comprehensive strategy to improve prevention outcomes, the Department of Health has invested 

in increasing access to PrEP, and Washington was the first state to launch a drug assistance 

program to help remove financial barriers to uptake.34 To support and maximize the impact of 

these efforts, the Department of Health identified a need to develop systems to monitor PrEP use 

and evaluate the long-term impact on HIV incidence. 

In Chapter 1, we present the findings from an internet-based survey that was designed to 

measure awareness, interest, and use of PrEP among MSM in Washington State. Key outcomes 

from this survey include the proportion of men with indications for PrEP according to local 

guidelines,35 levels and correlates of PrEP use, patterns of discontinuation, and reported barriers 

to uptake and retention. The survey also collected data on sexual partnerships and partner-specific 

behavior, which were used to parameterize a dynamic network-based mathematical model of HIV 

transmission among Washington MSM. With this model, we estimated the potential impact of 

PrEP on HIV incidence and diagnoses over 10 years (Chapter 2). To explore a range of possible 

outcomes, we evaluated scenarios defined by varying levels of uptake, adherence, and decreases 

in condom use associated with PrEP (risk compensation). 

Chapter 3 uses a static linear mathematical model to assess the population-level impact of 

adding one-time routine HIV screening to existing practices of targeted testing of high-risk MSM, 

pregnant women, partners of newly diagnosed cases, and persons presenting with AIDS-associated 

symptoms. The model was parameterized at the national level and for two jurisdictions 

distinguished by the rates and distribution of infection: King County, Washington, and 

Philadelphia County, Pennsylvania. For each model, we evaluated the optimal ages for one-time 

routine HIV screening in terms of the percent of tests that yield new diagnoses, the cumulative 

population-level years of undiagnosed infection, and the number of cases that progress to 

symptomatic HIV/AIDS. To assess the relative contribution of routine vs. targeted screening, we 
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compared the incremental impact of implementing prenatal, risk-based, and routine screening with 

respect to these outcomes. 

The work presented in this dissertation demonstrates the value of integrating public health 

surveillance with mathematical modeling to advance public health practice. Using local data, 

mathematical models can provide context-specific estimates of intervention effectiveness and 

efficiency and identify areas where more research is needed. These insights can be used to improve 

strategies to curb HIV incidence and improve public health outcomes.
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ABSTRACT 

Background: Many state and local health departments now promote and support the use of HIV 

pre-exposure prophylaxis (PrEP), yet monitoring use of the intervention at the population level 

remains challenging. 

Methods: We report the results of an online survey designed to measure PrEP use among men who 

have sex with men (MSM) in Washington State. Data on the proportion of men with indications 

for PrEP based on state guidelines and levels of awareness, interest, and use of PrEP are presented 

for 1,080 cisgender male respondents who completed the survey between January 1 and February 

28, 2017. We conducted bivariate and multivariable logistic regression to identify factors 

associated with current PrEP use. To examine patterns of discontinuation, we conducted Cox 

Proportional Hazards regression and fit a Kaplan Meier curve to reported data on time on PrEP. 

Results: Eighty percent of respondents had heard of PrEP, 19% reported current use, and 36% of 

men who had never used PrEP wanted to start taking it. Among MSM for whom state guidelines 

recommend PrEP, 31% were taking it. In multivariable analysis, current PrEP use was associated 

with older age, higher education, and meeting indications for PrEP use. Our data suggest that 20% 

of PrEP users discontinue within 12 months, and men with lower educational attainment were 

more likely to discontinue.  

Conclusions: Despite high levels of use, there is significant unmet need for PrEP in Washington. 

Our experience indicates that internet surveys are feasible and informative for monitoring PrEP 

use in MSM. 
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INTRODUCTION 

Expanding access to HIV pre-exposure prophylaxis (PrEP) has become a pillar of the HIV 

prevention strategy in the United States,36 supported by strong evidence of the intervention’s 

efficacy and effectiveness from clinical trials and observational studies.37 The potential 

population-level impact of PrEP is particularly significant for men who have sex with men (MSM), 

who experienced 70% of new HIV diagnoses nationally in 2016.38 The U.S. Public Health Service 

has issued guidelines recommending PrEP for high-risk MSM and other priority populations,39 but 

large gaps have been reported between eligibility, interest, and use.40–42 To inform efforts to 

improve PrEP delivery, reliable data are needed to describe the populations at risk, monitor use, 

and characterize the barriers to uptake and retention in care.  

 Measuring PrEP use among MSM is methodologically challenging due to the lack of 

efficient and unbiased sampling methods for this population. In the U.S., data on MSM’s use of 

prevention interventions have primarily come from clinic samples,42,43 which are limited to persons 

who seek care in selected clinics or healthcare organizations, and venue- and event-based 

samples,44,45 which are often expensive and limited in geographic scope. Internet-based 

recruitment has gained popularity as an alternative strategy for sampling MSM,46–50 but this 

approach has not yet been widely adopted by state and local health departments for purposes of 

public health monitoring. 

In this paper, we present the findings from the 2017 Washington HIV Prevention Project 

(WHPP), an internet-based survey developed to monitor the success of Washington State’s efforts 

to promote PrEP use among high-risk resident MSM. To evaluate the consistency of WHPP 

findings with data from offline samples, we compare our estimates of PrEP use to estimates from 

an in-person survey administered at the 2017 Seattle Pride parade.51  
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METHODS 

We recruited participants to complete an online cross-sectional survey between January 1 

and February 28, 2017. Participants accessed the survey through banner and text-based pop-up 

advertisements on social media, male-male geosocial networking, and general LGBTQ-interest 

apps and websites.  Upon clicking past a landing webpage with information on the purpose of the 

survey, participants were randomly shown one of three informed consent pages that differed only 

in the stated incentive: a $10 Amazon gift certificate, a $10 donation to charity, or no monetary 

incentive. Through daily monitoring of IP addresses and timestamps (described in Supplemental 

Appendix 1), we identified a pattern of seemingly fraudulent responses that led us to discontinue 

the gift certificate incentive after nine days.  

Consenting participants were shown a set of questions to screen for eligibility. Persons 

were ineligible if they were female sex at birth, age <16 years, lived outside of Washington, did 

not have oral or anal sex with a man in the past 12 months, reported ever testing positive for HIV, 

or had an Internet Protocol (IP) address outside the U.S. Additional details on survey methods are 

provided in Supplemental Appendix 1. Because this work was conducted as a public health 

surveillance activity, it was determined not to be human subjects research by the University of 

Washington Institutional Review Board. 

 

Key Measures 

Prior to answering questions about PrEP, respondents were presented with the following 

description: “PrEP is a pill taken every day by HIV-negative people to reduce the risk of getting 

HIV. It is currently available under the brand name Truvada®.” Respondents who had heard of 

PrEP were asked if they were currently taking or had taken it in the past. Men who had never taken 

PrEP were asked if they were interested in taking it, with response options of “Yes, I want to start 
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taking PrEP”, “I am not sure about PrEP, but I would like to learn more about it,” and “No, I am 

not interested in taking PrEP.” Follow-up questions asked why they were not interested or had not 

yet initiated (see Supplemental Appendix 1 for response options). Current and past PrEP users 

reported the month and year they most recently started PrEP, and men who had discontinued 

additionally reported the month and year in which they last took PrEP. We measured self-reported 

adherence over the past 30 days and defined high adherence as taking ≥4 pills per week on 

average.14 Men who had discontinued PrEP indicated why they stopped their medication and 

whether they were interested in taking it again. All participants were asked how effective they 

thought PrEP is at preventing HIV infection if taken every day. 

PrEP candidacy was defined according to guidelines developed by Public Health – Seattle 

and King County and the Washington State Department of Health (WADOH).35 These guidelines 

were adapted from those issued by the U.S. Public Health Service,39 the International Antiviral 

Society—USA,52 and the World Health Organization53 to reflect the local epidemic context, and 

were informed by analyses that identified factors associated with HIV acquisition. The guidelines 

define two tiers of risk: persons for whom medical providers should recommend PrEP, and persons 

with whom providers should discuss PrEP (Table 1.1).  

To assess heterogeneity in PrEP uptake across the state, we categorized respondents as 

residing in one of three regions based on reported ZIP codes: King County (which includes 

Seattle), other counties in western Washington, and eastern Washington (see Figure 1.1 for a 

regional map).  

 

Analyses 

Duplicate and invalid responses were flagged and removed using a modified version of a 

published protocol,54 described in Supplemental Appendix 1. Data are presented from respondents 
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who completed the survey at least through initial questions about PrEP awareness and use. To 

identify factors associated with current PrEP use, we conducted logistic regression. We first 

examined associations for a base model including the following covariates, which were defined a 

priori: region, age, race/ethnicity, sexual orientation, education, income, and PrEP candidacy. In 

an exploratory analysis, we examined bivariate associations with other factors measured in our 

survey, including health insurance, perceived effectiveness of PrEP, and specific HIV risk 

indicators. Our multivariable exploratory model included base model social and demographic 

variables and additional factors that were significant in bivariate analyses.  

We estimated time to PrEP discontinuation by fitting a Kaplan Meier curve to reported data 

on dates of first and last PrEP use. Current users’ time on PrEP was censored at the date of survey 

completion. Time-invariant predictors of discontinuation (age at PrEP initiation, race/ethnicity, 

education, and region of residence) were explored using multivariable Cox Proportional Hazards 

regression, employing the exact marginal method to adjust for ties.  

To assess the consistency of WHPP findings with data from sources using offline (in-

person) recruitment, we compared estimates of PrEP awareness and use with those from a sample 

of MSM who completed a self- or interviewer-administered paper questionnaire at the Seattle Pride 

Parade in June 2017.16 In this analysis, both samples were restricted to cisgender males living in 

the Seattle metropolitan area. To account for differences in the HIV risk profile of the two samples, 

we tabulated the proportion reporting PrEP use among high-risk men for whom state guidelines 

recommend the intervention. Because the Pride survey did not measure current partnerships with 

HIV-positive partners, this indication is not included when defining risk groups for this 

comparison. Analyses were conducted using Stata version 13.1 (StataCorp, College Station, TX). 

An alpha of 0.05 was used for significance testing. 
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RESULTS 

Recruitment, response rates, and cost 

In the two-month recruitment period, 2,767 unique individuals consented to the survey, 

44% of whom (1,225) met inclusion criteria. Seventy-nine percent (973) of eligible participants 

completed the survey. The costs of recruitment, survey administration, and incentives totaled 

$23.69 per complete response (see Supplemental Appendix 1 for details on response rates and 

expenses). For this analysis, we excluded respondents who reported a gender other than male 

(n=32), resulting in 1,080 responses from cisgender males who completed the survey through 

initial questions about PrEP, of whom 924 completed the entire survey.  

 

Sample characteristics 

The median age in the sample was 30 (range: 16-82), and 61% of respondents were below 

the age of 35 (Table S.2). Two-thirds of the sample (68%) identified as non-Hispanic white, and 

49% reported a 4-year college degree or higher education. Fifty-six percent of respondents 

reported residence in King County. Based on reported behaviors and experiences within the past 

12 months, 33% of men met criteria indicating that medical providers should recommend PrEP 

initiation. Another 30% of men met criteria indicating that a medical provider should discuss PrEP 

with them.  

 

Awareness, interest, and use of PrEP 

Eight in ten respondents (79%) had heard of PrEP, 19% reported current use, and 4% had 

used PrEP in the past (Table S.2). By Washington State PrEP candidacy category, 31% of men for 

whom PrEP is recommended and 25% of those with whom it should be discussed reported current 
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use, compared to only 4% of those for whom PrEP is not indicated. Among men in the 

“recommend” category, current PrEP use was reported by 37% in King County, 20% in other 

western Washington counties, and 22% in eastern Washington.  

More than one third (36%) of men who had never used PrEP indicated that they wanted to 

start taking it, and 33% weren’t sure but wanted to learn more. Among never-users for whom PrEP 

is recommended, 56% wanted to start PrEP and 23% weren’t sure; among those with whom PrEP 

should be discussed, 51% wanted to start and 32% weren’t sure. Reported reasons for not using or 

not being interested in PrEP are presented in Figure 1.2, stratified by PrEP candidacy category and 

interest. Overall, the most common barriers to uptake among PrEP-naïve men for whom PrEP is 

recommended were a perception of being at low risk for HIV (29%), concern about side-effects 

(26%), and cost or insurance coverage issues (23%). 

 

Correlates of current PrEP use 

In bivariate analyses, current PrEP use was associated with residence in King County, older 

age (relative to 18-24), identifying as gay or homosexual, higher education, higher income, and 

meeting criteria for PrEP being recommended or discussed (Table 1.3). In the base multivariable 

model adjusting for a priori covariates, only age, education, and PrEP candidacy remained 

significantly associated with current use. In a multivariable exploratory model, older age, having 

health insurance, diagnosis with rectal gonorrhea or syphilis, reporting ³10 anal sex partners in the 

past 12 months, having a current HIV-positive male partner, CAS with a partner who was not 

main/primary or whose HIV status was positive or unknown, poppers use, and perceiving PrEP to 

be ≥90% effective were positively associated with current PrEP use.  
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PrEP adherence and discontinuation 

Current PrEP users reported high adherence, with 93% having taken an average of 4 or 

more pills per week in the past 30 days and 66% reporting perfect adherence. Current users 

reported having started PrEP a median of 12 months prior to survey completion (interquartile range 

(IQR): 5-20), and past users reported a median of 5 months of use (IQR: 2-8.5). The most common 

reasons for stopping PrEP were a perception of no longer being at high risk for HIV (52%), concern 

about long-term health effects (27%), not being able to afford PrEP or having lost insurance (23%), 

and side-effects (20%). In a Kaplan-Meier analysis (Figure 1.3), we estimated that 20% of men 

discontinue PrEP within 12 months of initiation (95% CI: 15%-26%). Discontinuation was 

associated with having a high school education or lower (adjusted hazard ratio (aHR): 4.86, 95% 

CI: 1.77-13.38) or having completed some college or vocational school (aHR: 2.08, 95% CI: 1.02-

4.25), relative to having a 4-year college degree or higher, but was not significantly associated 

with age, race/ethnicity, or region. Fifty-three percent of men who had discontinued PrEP wanted 

to start taking it again, and 28% were unsure about taking PrEP again. 

 

Comparison with the 2017 Seattle Pride Parade survey 

Awareness of PrEP was similar among the 739 Seattle-area WHPP respondents (82%) and 

the sample of 297 HIV-negative cisgender MSM who completed the 2017 Seattle Pride Parade 

survey (86%; chi-square p=0.073). In both samples, 26% of men reported lifetime use of PrEP, 

with 21% of WHPP and 22% of Pride survey respondents reporting current use (p=0.853). A 

higher proportion of men in the WHPP sample reported behaviors indicating that PrEP should be 

recommended (33% vs. 19%; p<0.001). Among those in this high-risk category, 39% of WHPP 

respondents and 36% of Pride survey respondents reported lifetime use of PrEP (p=0.739), and 

33% and 27% reported current use, respectively (p=0.398).  
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DISCUSSION 

In this sample of internet-recruited Washington State MSM, awareness and interest in PrEP 

were high, with more than half of high-risk men who had never used PrEP indicating that they 

wanted to start taking it. Current PrEP use was associated with sexual and drug-related HIV risk 

indicators in multivariable regression, and nearly one-third of men classified by state guidelines as 

having the strongest indication for PrEP reported current use. However, the gaps between reported 

interest and use of PrEP reveal substantial unmet need, and our analyses indicate 

sociodemographic disparities in uptake.  

 Previous surveys of MSM in the United States, conducted between 2014 and 2016, have 

reported 4%-10% current or past-12-month use of PrEP40,55,56 and 10%-15% lifetime use.49,57 

Among higher risk men, these studies have found that 6%-13% report current or past-12-month 

use.41,58 The differences between these estimates and our findings are likely partially attributable 

to increased PrEP uptake in the years over which these data were collected. However, the 23%-

26% lifetime and 19%-22% current use of PrEP reported by men in the WHPP and Seattle Pride 

survey samples suggest that PrEP use is higher in Washington State than in many other parts of 

the county.  

 Despite the high uptake of PrEP reported by men at high risk for HIV, many respondents 

reported barriers to PrEP initiation. Thirty percent of PrEP-naïve men who met indications for 

PrEP being recommended or discussed perceived themselves to be at low risk. Although 

Washington State guidelines may misclassify some individuals, our findings suggest a potential 

disconnect between perceived and actual risk. Among men recommended to initiate PrEP who 

wanted to start taking it, reported barriers suggest that many men face real or perceived financial 
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barriers to PrEP, lack sufficient information about the intervention or how to receive it, or live 

somewhere where access is inadequate.  

 In particular, PrEP use was lower among younger, less educated, and uninsured men. Of 

note, we did not observe disparities in PrEP use by race/ethnicity, though our sample of black 

respondents was small. Some previous surveys of MSM have similarly reported no significant 

differences in PrEP use by race/ethnicity,49,58 but others have reported lower use among black and 

other minority MSM.41,57,59 In light of the high incidence of HIV among black and Hispanic MSM,4 

concerted efforts are needed to ensure that PrEP reaches these at-risk populations. 

We estimated that in our population, 20% of men who initiate PrEP will discontinue by 12 

months. This estimate is similar to that derived from a cohort study of patients in northern 

California,60 but substantially lower than estimates from studies focusing on STD clinic patients 

and other high-risk populations.61,62 As in prior studies,49,61 the primary reasons for discontinuation 

reported by WHPP participants included no longer being at high risk, concern about long-term 

health effects, and financial barriers. While discontinuation may be indicated for some men, these 

findings point to a need for more consistent follow-up to encourage patients to discuss their 

concerns before discontinuing their medication. More than half of men who had discontinued PrEP 

expressed interest in starting it again, highlighting the need for clinicians and public health staff to 

serially discuss the intervention with men whose risks may be dynamic.  

Our approach to PrEP monitoring has implications for diverse public health HIV programs. 

To inform implementation and evaluate the success of efforts to promote PrEP and other 

interventions, state and local health departments need to establish systems to monitor patterns of 

utilization and related behaviors at the population level. Alongside data from general population 

probability samples, event-based surveys, partner services interviews, and in-person surveys of 

high-risk groups (i.e., the National HIV Behavioral Surveillance System), internet-based surveys 
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can be a valuable component of a comprehensive HIV surveillance strategy. Internet-based surveys 

have several advantages over other methods, particularly for recruitment of MSM: they can 

efficiently collect data over broad geographic areas; avoid linking PrEP monitoring to STI 

surveillance activities, which likely results in biased estimates since persons on PrEP are screened 

for asymptomatic STIs as part of their care; and are relatively inexpensive, at approximately $24 

per completed response. Collaboration between public health and academic partners could 

facilitate expansion of internet-based public health monitoring to jurisdictions with limited time or 

expertise, a factor that was key to the success of this project.  

Our findings have several limitations. First, our sample may not be representative of all 

Washington State MSM. As with other internet-based samples,48,49,63 WHPP participants were 

young, highly educated, and reported high engagement in HIV risk behaviors. The fact that the 

prevalence of PrEP use was similar in the WHPP and Pride samples lends credibility to the 

estimates, though the representativeness of the Pride survey sample is also uncertain. Second, the 

relative anonymity afforded to participants in online surveys makes it difficult to verify their 

eligibility and prevent duplicate responses. Through monitoring of IP addresses, time stamps, and 

response patterns, we detected 851 apparently invalid entries, but this approach is not foolproof. 

Third, our analyses of time to PrEP discontinuation assumed uninformative censoring (i.e. that 

current and past PrEP users were comparably likely to complete the survey), and used data on 

dates of PrEP use during a period of increasing awareness and uptake. These data may not be 

generalizable to men starting PrEP now or in the future. Additionally, our estimates of time to 

discontinuation might overestimate the duration of PrEP use, since our cross-sectional design may 

be more likely to collect data on longer periods of PrEP use among respondents who have gone on 

and off PrEP multiple times (length time bias). 



 

 

18 

 The 2017 WHPP survey suggests high use of PrEP among MSM in Washington State, 

particularly among those at highest risk for HIV. Despite this success, there is substantial unmet 

need for PrEP; many men – particularly young, less educated MSM – require additional 

information or assistance to access PrEP, and our region has not yet achieved our defined 2020 

objective of 50% PrEP use among MSM at highest risk.51 Our experience indicates that internet-

based monitoring to measure PrEP utilization is feasible, relatively low cost, and allows for 

collection of statewide data which may not otherwise be available. Particularly if they are repeated 

at regular intervals, the data such surveys generate can play a critical role in monitoring the uptake 

of public health interventions over time and in identifying populations with disproportionate unmet 

need. 
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Table 1.1: PrEP candidacy categories based on Washington State PrEP implementation 
guidelines 

Recommend PrEP for MSM with any of the following risk factors: 
• Diagnosis of rectal gonorrhea or syphilisa in the past 12 months  
• Methamphetamine or poppers use in the past 12 months 
• History of exchanging sex for money or drugs in the past 12 months 
• Ongoing sexual partnership(s) with HIV-positive partners(s) who are not on antiretroviral 

therapy (ART), started ART ≤6 months ago, or are not virologically suppressed 

Discuss PrEP with MSM who do not meet the above criteria for recommending PrEP and who report 
any of the followinga: 

• Diagnosis of urethral gonorrhea or rectal chlamydia in the past 12 months 
• Condomless anal sex (CAS) with a partner not considered to be main/primary, or with a 

partner of unknown or positive HIV status in the past 12 monthsb 
• Non-prescription injection drug use in the past 12 months 
• Ongoing sexual partnership(s) with HIV-positive partners(s) who have been on ART >6 

months and are virologically suppressed 
aThe guidelines refer to diagnosis of early syphilis. Due to the difficulty of measuring stage of infection via self-
report, for this analysis we included any diagnosis of syphilis as an indication for recommending PrEP; bThree 
indications for discussing PrEP with MSM were not measured in the survey: having an HIV-positive female 
partner with intentions to conceive, completing a course of post-exposure prophylaxis for non-occupational 
exposure, and seeking a prescription for PrEP; cProxy measure for CAS outside of a long-term, mutually 
monogamous relationship with a partner who is HIV-negative;  
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Figure 1.1. Map of the regions of Washington State defined for survey analysis 

King County is home to an estimated 55% of the state’s MSM population64 and 59% of prevalent MSM HIV/AIDS 
cases.65 This figure was created using the 'maps’66 and ‘ggplot2’67 packages in R version 3.4.2.68  
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Table 1.2: Sample characteristics 
 n/Na % 
Recruitment platform   

Social media 806/1,080 74.6% 
Geosocial networking 211/1,080 19.5% 
General LGBTQ interest 63/1,080 5.8% 

Demographic and social characteristics   
Region   

King County 610/1,080 56.5% 
Other counties in western Washington 308/1,080 28.5% 
Eastern Washington 162/1,080 15.0% 

Age    
16 to 24 313/1,080 29.0% 
25 to 34 351/1,080 32.5% 
35 to 44 167/1,080 15.5% 
45 to 54 128/1,080 11.9% 
55 and older 121/1,080 11.2% 

Race/ethnicity   
Hispanic 198/1,067 18.6% 
Non-Hispanic white 725/1,067 67.9% 
Non-Hispanic black 42/1,067 3.9% 
Non-Hispanic other 102/1,067 9.6% 

Gay/homosexual identity 889/1,076 82.6% 
Education   

High school or less 176/1,065 16.5% 
Some college/vocational school 364/1,065 34.2% 
4-year college or higher 525/1,065 49.3% 

Income   
Less than $15,000 110/930 11.8% 
$15,000 to $29,999 111/930 11.9% 
$30,000 to $49,999 167/930 18.0% 
$50,000 to $99,999 278/930 29.9% 
$100,000 or more 215/930 23.1% 
Prefer not to answer 49/930 5.3% 

Has health insurance 929/1,037 89.6% 

HIV and STI testing   
HIV testing history   

Never tested 219/1,074 20.4% 
Tested in the past 12 months 657/1,074 61.2% 
Tested >12 months ago 198/1,074 18.4% 

STI diagnosis (past 12 months)   
Rectal gonorrhea 47/1,025 4.6% 
Syphilis 57/1,025 5.6% 
Any bacterial STIb 189/1,025 18.4% 

Sexual behaviors and drug use (past 12 months)    
Anal sex role    

No anal sex 103/1,000 10.3% 
Exclusively bottom 197/1,000 19.7% 
Versatile 578/1,000 57.8% 
Exclusively top 122/1,000 12.2% 
≥10 anal sex partners 162/1,013 16.0% 
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Current main/primary male partner 443/998 44.4% 
Current HIV-positive male partner 79/979 8.1% 
CAS with a non-main partner 476/980 48.6% 
CAS with an unknown status partner 280/975 28.7% 
CAS with an HIV-positive partner 145/979 14.8% 
Injection drug use 57/938 6.1% 
Methamphetamine use 81/926 8.7% 
Poppers use 211/926 22.8% 
History of exchange sex 36/935 3.9% 

PrEP awareness and use   
PrEP awareness 852/1,080 78.9% 
Perceived effectiveness of PrEP   

Less than 75% 260/1,036 25.1% 
75% to 89% 174/1,036 16.8% 
90% or higher 524/1,036 50.6% 
Unsure/Prefer not to answer 78/1,036 7.5% 

Use of PrEP   
Never 832/1,080 77.0% 
Current 200/1,080 18.5% 
Past 48/1,080 4.4% 

WA State PrEP guideline category   
Recommendc 303/912 33.2% 
Discussd 271/912 29.7% 
Not indicated 338/912 37.1% 

Acronyms: STI, sexually transmitted infection; CAS, condomless anal sex; PrEP, pre-exposure prophylaxis 
aIncludes data from 924 complete and 156 partial responses that completed the survey at least through questions 
about PrEP use. Denominators may vary due to missing data; bDiagnosis of gonorrhea (pharyngeal, urethral, or 
rectal), chlamydia (pharyngeal, urethral, or rectal), or syphilis; cMSM who reported a diagnosis of rectal 
gonorrhea or syphilis, use of methamphetamine or poppers, or history of exchange sex in the prior 12 months, and 
those in ongoing sexual relationships with HIV-positive male partners who are not on ART, on ART <6 months, 
or not virologically suppressed; dMSM who do not meet criteria for recommending PrEP and who reported CAS 
with a partner who is not main/primary, CAS with an HIV-positive or unknown status partner, diagnosis of 
urethral gonorrhea or rectal chlamydia, or injection drug use in the past 12 months, and those in ongoing sexual 
relationships with HIV-positive male partners who have been on ART ≥6 months and who are virologically 
suppressed. 
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Figure 1.2: Reasons for not taking or not being interested in PrEP among PrEP-naïve MSM who 
meet local indications for PrEP being recommendeda (top panel) or discussedb (bottom panel), by 
reported interest in starting PrEP (N=373). 
aMSM who reported a diagnosis of rectal gonorrhea or syphilis, use of methamphetamine or poppers, or history of 
exchange sex in the prior 12 months, and those in ongoing sexual relationships with HIV-positive male partners who 
are not on ART, on ART <6 months, or not virologically suppressed; bMSM who do not meet criteria for 
recommending PrEP and who reported CAS with a partner who is not main/primary, CAS with an HIV-positive or 
unknown status partner, diagnosis of urethral gonorrhea or rectal chlamydia, or injection drug use in the past 12 
months, and those in ongoing sexual relationships with HIV-positive male partners who have been on ART ≥6 months 
and who are virologically suppressed. 
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Table 1.3: Correlates of current PrEP use (N=850)a 
 Using PrEP Unadjusted associations Adjusted associations 

Base modelb Exploratory modelc 

 
n % OR (95% CI) 

p-
value aOR (95% CI) p-value aOR (95% CI) 

p-
value 

A priori covariates 
Region of residence    <0.001  0.260  0.676 

King County 123 25.2% Reference  Reference  Reference  
Other western Washington 32 13.4% 0.46 (0.30, 0.70)  0.67 (0.41, 1.09)  0.80 (0.45, 1.44)  
Eastern Washington 18 14.5% 0.50 (0.29, 0.86)  0.82 (0.44, 1.53)  1.13 (0.53, 2.42)  

Age     <0.001  <0.001  0.043 
16 to 24 18 7.2% Reference  Reference  Reference  
25 to 34 70 25.4% 4.36 (2.51, 7.57)  3.97 (2.19, 7.18)  2.99 (1.43, 6.25)  
35 to 44 44 33.1% 6.34 (3.48, 11.57)  5.23 (2.66, 10.27)  3.09 (1.33, 7.23)  
45 to 54 29 28.7% 5.17 (2.71, 9.85)  4.17 (2.03, 8.57)  3.34 (1.32, 8.41)  
55 and older 12 13.2% 1.95 (0.90, 4.23)  2.06 (0.87, 4.88)  2.31 (0.83, 6.41)  

Race/ethnicity    0.717  0.784  0.858 
Non-Hispanic white  125 21.3% Reference  Reference  Reference  
Hispanic 26 17.4% 0.78 (0.49, 1.25)  0.76 (0.45, 1.29)  0.96 (0.50, 1.84)  
Non-Hispanic black 7 21.9% 1.03 (0.44, 2.45)  0.86 (0.32, 2.33)  0.60 (0.19, 1.91)  
Non-Hispanic other 15 18.3% 0.83 (0.46, 1.50)  0.95 (0.47, 1.90)  0.98 (0.44, 2.17)  

Gay/homosexual identity 160 22.3% 2.68 (1.47, 4.87) 0.001 1.90 (0.96, 3.75) 0.063 1.50 (0.67, 3.39) 0.326 
Education    <0.001  0.002  0.126 

High school or less 7 5.2% Reference  Reference  Reference  
Some college/vocational school 41 15.0% 3.23 (1.41, 7.41)  2.00 (0.82, 4.89)  1.50 (0.52, 4.33)  
4-year college or higher 125 28.3% 7.21 (3.28, 15.86)  3.66 (1.55, 8.66)  2.34 (0.83, 6.55)  

Income    <0.001  0.319  0.534 
Less than $15,000 7 7.1% Reference  Reference  Reference  
$15,000 to $29,999 13 12.6% 1.90 (0.72, 4.98)  2.07 (0.73, 5.86)  1.76 (0.53, 5.87)  
$30,000 to $49,999 34 23.1% 3.95 (1.68, 9.33)  2.80 (1.09, 7.14)  2.84 (0.98, 8.29)  
$50,000 to $99,999 59 22.8% 3.88 (1.71, 8.82)  2.37 (0.96, 5.86)  1.96 (0.68, 5.62)  
$100,000 or more 54 27.3% 4.93 (2.15, 11.30)  2.90 (1.13, 7.46)  1.84 (0.62, 5.50)  
I prefer not to answer 6 13.6% 2.08 (0.65, 6.58)  1.94 (0.54, 7.01)  1.77 (0.39, 8.12)  

WA State PrEP guidelines category    <0.001  <0.001   
Not indicated 13 4.1% Reference  Reference    
Discussd 69 27.2% 8.81 (4.74, 16.37)  10.14 (5.31, 19.37)    
Recommende 91 33.0% 11.62 (6.32, 21.36)  13.91 (7.35, 26.34)    

Exploratory covariates  
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Has health insurance 170 21.9% 6.74 (2.10, 21.67) 0.001   6.16 (1.57, 24.14) 0.009 
Diagnosis with rectal gonorrhea or 
syphilis 27 41.5% 3.11 (1.84, 5.26) <0.001   3.35 (1.49, 7.49) 0.003 
Anal sex role    <0.001    0.364 

No anal sex 1 1.0% 0.03 (0.00, 0.24)    0.28 (0.03, 2.33)  
Exclusively bottom 20 12.1% 0.41 (0.21, 0.78)     0.74 (0.31, 1.74)  
Versatile 127 25.9% 1.04 (0.63, 1.70)    1.13 (0.58, 2.20)  
Exclusively top 25 25.3% Reference    Reference  

≥10 anal sex partners 83 60.6% 10.64 (7.08, 16.00) <0.001   2.99 (1.73, 5.14) <0.001 
Current HIV-positive male partner 30 41.1% 3.09 (1.88, 5.10) <0.001   3.63 (1.52, 8.69) 0.004 
CAS with a partner who was not 
main/primary or whose HIV status 
was positive or unknown  

153 33.8% 9.61 (5.89, 15.69) <0.001   4.78 (2.63, 8.70) <0.001 

Injection drug use 5 9.3% 0.38 (0.15, 0.97) 0.044   0.33 (0.09, 1.19) 0.092 
Methamphetamine use 10 13.5% 0.59 (0.30, 1.17) 0.130     
Poppers use 77 41.4% 4.18 (2.91, 6.01) <0.001   1.91 (1.17, 3.13) 0.010 
History of exchange sex 1 3.1% 0.12 (0.02, 0.89) 0.038   0.32 (0.03, 3.02) 0.321 
Perceived effectiveness of PrEP 
≥90% 

153 36.0% 11.39 (6.97, 18.61) <0.001   4.83 (2.62, 8.89) <0.001 

Acronyms: OR, odds ratio; CI, confidence interval; aOR, adjusted odds ratio; CAS, condomless anal sex; PrEP, pre-exposure prophylaxis 
aThis analysis is restricted to respondents who have never or are currently using PrEP and provided responses to all covariates; bThe base model includes 
only a priori covariates (region, age, education, race/ethnicity, sexual orientation, income, and PrEP candidacy based on Washington state guidelines); cThe 
exploratory model includes base model social and demographic variables and exploratory variables that were significant in biviariate analyses. The 
Washington state PrEP guideline category variable was not included in the exploratory model because it is derived from the specific HIV risk indicators 
included as exploratory covariates; dMSM who do not meet criteria for recommending PrEP and who reported CAS with a partner who is not main/primary, 
CAS with an HIV-positive or unknown status partner, diagnosis of urethral gonorrhea or rectal chlamydia, or injection drug use in the past 12 months, and 
those in ongoing sexual relationships with HIV-positive male partners who have been on ART ≥6 months and who are virologically suppressed; eMSM who 
reported a diagnosis of rectal gonorrhea or syphilis, use of methamphetamine or poppers, or history of exchange sex in the prior 12 months, and those in 
ongoing sexual relationships with HIV-positive male partners who are not on ART, on ART <6 months, or not virologically suppressed.  
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Figure 1.3: Time to PrEP discontinuation 

Includes data from 194 current and 44 past PrEP users who provided data on their dates of PrEP use. Tic marks 
indicate censoring times for current PrEP users. The graph is truncated at 18 months; 60 men reported having taken 
PrEP for 18 months or longer. 
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CHAPTER 2: A network-based mathematical model to evaluate the impact of pre-

exposure prophylaxis on HIV incidence in Washington State MSM 

  



 

 

29 

ABSTRACT 

Background: With high preventative efficacy against HIV infection, pre-exposure prophylaxis 

(PrEP) has the potential to contribute to substantial declines in HIV transmission at the population 

level. However, the impact of the intervention will depend on individual, structural, and network-

level factors, which are heterogeneous across the United States.  

Methods: We constructed a stochastic network-based mathematical model to estimate the impact 

of PrEP among men who have sex with men (MSM) in Washington State, using local data for 

model parameterization and calibration. To evaluate the range of possible outcomes with PrEP, 

we defined scenarios with varying uptake, adherence, and risk compensation, each of which we 

simulated 500 times over 10 years. PrEP scenarios were evaluated in terms of annual diagnosis 

and incidence rates, the incidence rate ratio (IRR) relative to a scenario with no PrEP, the 

cumulative percent of infections averted, and the number needed to treat to avert one infection. 

Results: Relative to a scenario with no PrEP, our model estimated that PrEP use would result in a 

48-83% reduction in the annual HIV incidence rate at the end of 10 years. With uptake increased 

from observed 2017 levels to 50% coverage among eligible men by 2020, 62-65% of infections 

would be averted over 10 years. Our model indicates that the HIV prevention benefits of PrEP are 

robust to risk compensation resulting in decreases in condom use.  

Conclusions: Grounded in local data, our model indicates that sustained use of PrEP over 10 years 

could have a substantial impact on HIV incidence in Washington State. Decreases in condom use 

and modest variations in adherence are unlikely to undermine the population-level benefits of the 

intervention. 
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INTRODUCTION 

Antiretroviral medications have been shown to be highly effective for both prevention and 

treatment of HIV,69 spurring goal-setting and discussions of the path towards elimination of the 

virus in the United States.8,9,70 Men who have sex with men (MSM) bear a disproportionate burden 

of infection, and incidence in this group has remained relatively stable over the past decade.4,7 

Prevention strategies relying on sexual risk behavior change have been shown to have limited 

practical effectiveness,12,13,71,72 and there is evidence that use of condoms has decreased in recent 

years.50,73 With pre-exposure prophylaxis (PrEP), men who maintain high adherence have a >90% 

reduced risk of acquiring HIV through male-male sexual contact.114,15 However, the population-

level impact of PrEP on the trajectory of the epidemic will depend on levels of uptake and 

adherence, changes in risk behavior, engagement in care, and patterns of sexual contact.  

 The HIV epidemic in the United States is demographically and geographically 

heterogeneous,7,74–78 with the estimated prevalence of infection among MSM ranging from 4% in 

South Dakota to 32% in the District of Columbia.77 Within geographic regions, further disparities 

in HIV prevalence and transmission risk reflect differences in behavior, access to care, and in the 

size, composition, and structure of sexual networks.79 For sexually transmitted infections such as 

HIV, the rate of partnership formation and temporal overlap in partnerships (concurrency) are 

important drivers of transmission.80–87 The degree to which individuals form partnerships with 

persons similar to themselves on attributes such as race/ethnicity and age also has a strong 

influence on transmission dynamics and resulting disparities.88,89  To the extent that these features 

vary across the United States, so too will the impact of PrEP. 

 When parameterized using appropriate local data, mathematical models provide a valuable 

framework for assessing the context-specific impact of interventions such as PrEP, accounting for 

both individual- and network-level factors that influence transmission.30–32 A growing number of 
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studies have used mathematical modeling to estimate the epidemiologic impact and cost-

effectiveness of PrEP in MSM.90–108 However, most of these studies have used compartmental 

model frameworks, which have limited ability to account for individual heterogeneity and 

structural features of the sexual network.82,109,110 Of the U.S.-based models designed to represent 

the dynamic properties of the sexual network, all but one99 have been parameterized using national-

level data, which limits the relevance of model predictions to any given jurisdiction. 

 In this paper, we present findings from a network-based mathematical model developed to 

estimate the impact of PrEP on HIV transmission among Washington State MSM. Washington has 

high levels of diagnosis and engagement in care, with an estimated 91% of persons living with 

HIV diagnosed and 73% virally suppressed in 2017.33 These features make Washington a unique 

setting in which to assess the potential contribution of adding PrEP to the existing prevention 

portfolio. Using empirical data on the sexual networks, behaviors, clinical epidemiology, and 

patterns of PrEP use of Washington MSM, our model provides policy-relevant insights on 

effective strategies to control the HIV epidemic locally.  

 

METHODS 

Model overview 

We constructed a network-based mathematical model to represent the demographic, sexual 

network, and epidemiologic processes that influence HIV transmission among MSM in 

Washington State using the EpiModel software platform.109 EpiModel provides functions for 

estimation and simulation of network-based mathematical models using the statistical framework 

of exponential family random graph models (ERGMs).111 For this project, we modified and 

adapted previous models of HIV transmission among men who have sex with men94,112 for the 
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Washington State context. The model’s structure and parameter values were informed by analyses 

of data from local surveys of MSM and surveillance records.  

Our model represents an open population of MSM aged 18 to 59. Upon entry at age 18, 

individuals are assigned fixed attributes, such as race/ethnicity, region of residence, and 

circumcision status. Dynamic attributes, such as age, treatment status, and viral load are updated 

in weekly time steps. Pairs of individuals form and dissolve partnerships according to probabilities 

dependent on their attributes and the presence of other ties, which are estimated from observed 

data using ERGMs.109,111,113 Within these partnerships, the model simulates sex acts, condom use, 

and HIV transmission stochastically. Full details on the methodology and derivation of parameters 

are provided in Supplemental Appendix 2. 

 

Data sources 

 The primary source of data on sexual partnerships and behaviors within partnerships was 

the 2017 Washington HIV Prevention Project (WHPP), an internet-based survey of MSM in 

Washington State (Chapter 1).114 As this survey excluded men who reported a positive HIV 

diagnosis, we supplemented it with data on HIV-positive MSM from three sources. Where 

possible, we used local data from the Washington site of the 2014 Medical Monitoring Project 

(MMP), an annual probability-based survey of persons living with diagnosed HIV who are in 

care.115 For parameters not measured in the MMP, we used data from HIV-positive respondents to 

an online survey of MSM in the U.S. (ARTnet) and from a previous analysis of Atlanta-based 

cohort studies.94 Data from the WHPP, MMP, and ARTnet surveys were weighted to match the 

demographic composition of males in Washington, as detailed in Supplemental Appendix 2.  

 Parameters relating to HIV testing were derived from the WHPP survey and Washington 

State surveillance data on late diagnoses. Engagement in care, viral suppression, and HIV-
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associated mortality rates were estimated from surveillance data, and HIV natural history and 

transmission probability parameters were drawn from published studies. We used data from the 

WHPP survey to estimate PrEP coverage and discontinuation, and PrEP adherence and efficacy 

were defined from the literature.  

 

Sexual network 

 To account for heterogeneity in partnership dynamics and behaviors, we modeled three 

overlapping partnership networks distinguished by partner type. Main partners were defined as 

individuals whom respondents feel “committed to above all others.” Partners with whom men have 

ongoing sexual relationships but whom they do not classify as main were categorized as 

“persistent,” and partners with whom men have sex only once were represented in the 

“instantaneous” network. For each of these networks, partnership formation depended on the 

race/ethnicity and region of residence of the individuals involved, patterns of sexual mixing by 

age, race/ethnicity, and region, and each individual’s number of ongoing partnerships. For 

instantaneous partnerships, an additional term specified heterogeneity based on membership in one 

of four risk groups with varying propensity for instantaneous partnerships. Main and persistent 

partnerships dissolved as a function of the estimated median duration of each partner type. 

 

HIV transmission and disease progression 

 Within serodiscordant partnerships, we simulated receptive and insertive anal sex acts 

according to data on mean coital frequency by partnership type. For a given sex act, transmission 

depended on condom use, the susceptible partner’s sexual position, circumcision status, and 

CCR5-D32 genotype, and the infected partner’s stage of infection and viral load. Time to diagnosis 

was controlled by a fixed attribute that assigned men to either screen for HIV at regular intervals 
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or test only with progression to symptomatic HIV/AIDS, which was assumed to occur after 7.5 

years of infection.116,117 All diagnosed individuals were assumed to initiate ART, with levels of 

viral suppression and rates of cycling on and off treatment determined by an adherence profile 

attribute. Persons living with HIV were subject to elevated age- and race-specific mortality rates. 

 

PrEP 

 Men were eligible to initiate PrEP at the time of HIV screening if they tested HIV-negative 

and met at least one behavioral indication defined based on guidelines developed by the 

Washington State Department of Health and Public Health—Seattle and King County:35 1) being 

in an ongoing partnership with a known HIV-positive partner, or 2) having condomless anal sex 

in the past 12 months outside of the context of a mutually monogamous relationship with a main 

partner who had tested negative for HIV. While the guidelines also recommend initiation or 

discussion of PrEP with men who report drug use, exchange sex, or STIs, these indications function 

as proxy measures of HIV risk, which, for sexual exposure, our model tracks directly. 

To examine a range of potential outcomes with PrEP, we defined scenarios with varying 

levels of uptake, adherence, and changes in risk behavior with use of PrEP (risk compensation). 

Eligible men were started on PrEP in a given timestep if current coverage was below the defined 

threshold. The first uptake scenario assumed stable coverage at 33% of eligible men, the level of 

PrEP use among high-risk respondents to the 2017 WHPP survey.114 A second scenario increased 

coverage linearly to a maximum of 50% in 2020, aligning with Washington State goals.33 In the 

third scenario, we increased coverage linearly to 66%, corresponding to the proportion of eligible 

MSM in Washington who reported use of or interest in starting PrEP in 2017.114 Acknowledging 

that selection and response biases may impact survey data on PrEP coverage (i.e., if PrEP users 

were more likely to complete the survey than men not on PrEP), in our final scenario we set PrEP 
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coverage to 25% for the duration of the simulation. Figure 2.1 displays PrEP coverage over time 

under these four scenarios. 

Men who initiated PrEP were assigned one of three adherence profiles, corresponding to 

mean adherence of <2 doses per week, 2-3 doses per week, or ³4 doses per week. PrEP use was 

assumed to lower the per-contact probability of HIV transmission by 31%, 81%, and 96% for each 

of these respective levels of adherence.14,15 In our baseline scenario, the proportion of men in each 

of these groups was 5%, 30%, and 65%, based on data from demonstration projects and open-label 

studies that measured tenofovir diphosphate concentrations over time using dried blood spot 

samples.10,15118,119 In sensitivity analyses, we evaluated the impact of higher adherence, with levels 

drawn from self-reported data, medication possession ratios, and cross-sectional dried blood spot 

samples taken closer to the time of PrEP initiation.114,118–123 The proportions of men with low, 

medium, and high adherence in these analyses were 3%, 7%, and 90%, respectively. 

 Although data on risk compensation attributable to PrEP have been 

inconsistent,15,118,119,121,123–131 there is strong evidence that PrEP use is associated with increased 

engagement in condomless anal sex.119,121,123–125,127,129,132 We simulated risk compensation by 

decreasing the probability of condom use across partnership types from 0% to 100% with use of 

PrEP. 

 We modeled discontinuation of PrEP coinciding with HIV diagnosis, changes in risk 

behavior resulting in the intervention no longer being indicated, and spontaneously. In scenarios 

with risk compensation, we explored the impact of men maintaining on-PrEP levels of condom 

use following spontaneous discontinuation.133 
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Calibration, simulation, and analysis 

We calibrated the model in the absence of PrEP to the prevalence of diagnosed HIV in 

2017 among Washington State MSM aged 18-59, which we estimated at 8.18% using data on the 

size of the MSM population from Grey et al.134 to define the population denominator. We selected 

two variables with substantial uncertainty for use as tuning parameters: condom use and per-act 

HIV transmission probability. Prior distributions were informed by assessment of the magnitude 

and direction of potential bias in survey data and the range of estimates from the literature.135–138 

Posterior distributions were estimated using approximate Bayesian computation with sequential 

Monte Carlo sampling,96,139 and we selected the set of values that resulted in equilibrium 

prevalence within 0.1% of the target.  

Using these calibrated parameters, we simulated network, demographic, and epidemic 

dynamics in a starting network of 10,000 MSM. After allowing the model to burn-in to an 

equilibrium state, we simulated each PrEP use scenario 500 times over 10 years, from 2017 to 

2027, for comparison with a baseline counterfactual scenario of no PrEP. For each scenario, we 

calculated the annual number of new HIV diagnoses, mean incidence rates per 100 person-years, 

incidence rate ratios (IRRs) relative to the baseline scenario, the cumulative percent of infections 

averted, and the number needed to treat (NNT) with PrEP to avert 1 new infection. The NNT is 

defined as the total person-years on PrEP divided by the number of infections averted. For 

assessment of the marginal impact of each PrEP uptake scenario, we assume 20% risk 

compensation.119,124,127,140 Outcomes are summarized as the median and interquartile range (IQR) 

across simulations.  
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RESULTS 

In the absence of PrEP, our model estimated an annual incidence rate of 0.54 cases per 100 

person-years (IQR: 0.44, 0.65). Figure 2.2 shows the projected annual incidence rates over time 

with varying PrEP uptake, baseline adherence, and a 20% reduction in condom use among PrEP 

users. In the scenario with stable PrEP coverage at observed 2017 levels (33% of eligible men), 

the HIV incidence rate was reduced by 41% in the first year (IRR: 0.59, IQR: 0.44, 0.80) and by 

58% in 2026 relative to the no-PrEP scenario (IRR: 0.42; IQR: 0.32, 0.57; Table 2.1). With 

increased coverage up to 50% of eligible men by 2020, the HIV incidence rate decreased by 71% 

by 2026 (IRR: 0.29; IQR: 0.21, 0.40). Decreases in new diagnoses were similar in magnitude, 

though with a slight delay (Figure 2.3). In the first year of stable 33% coverage, new diagnoses 

declined by 14% (IQR: -15%, 31%), and were 41% lower than the no-PrEP scenario in the second 

year (IQR: 24%, 55%). 

Over the 10-year period, PrEP use under the modeled scenarios with 20% risk 

compensation would avert 40% to 70% of new infections (Table 2.1). In the scenario with stable 

PrEP coverage at 33% of eligible men, 50% of all new infections would be averted with baseline 

adherence levels (IQR: 41%, 57%). Higher adherence would increase the impact of PrEP slightly 

to avert 52% of all new infections over 10 years (IQR: 44%, 59%). With uptake increased to 50% 

coverage among eligible men in 2020, 62% (IQR: 55%, 67%) and 65% (IQR: 59%, 70%) of 

infections would be averted with baseline and high adherence, respectively. With higher coverage, 

the number of person-years on PrEP required to avert one infection would increase (Table 2.1). 

With baseline adherence, stable 25% coverage would avert one infection for every 85 person-years 

on PrEP (IQR: 74, 99), compared to one infection averted for every 118 person-years on PrEP 

under the maximal coverage scenario (IQR: 112, 125).  
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As shown in Figure 2.4, prevention gains with PrEP were fairly insensitive to risk 

compensation. With condom use returning to pre-PrEP levels for men who discontinue 

spontaneously, the percent of infections averted in a scenario with 50% coverage by 2020 and 

baseline adherence levels ranged from 62% (IQR: 56%, 67%) with no risk compensation to 60% 

(IQR: 53%, 66%) with 100% risk compensation. If condom use were to remain at on-PrEP levels 

following spontaneous discontinuation, the percent of infections averted would be reduced by up 

to 7% with 100% risk compensation (55% of infections averted; IQR: 48%, 62%). 

 

DISCUSSION 

 Our model indicates that substantial declines in HIV incidence are possible with continued 

use of PrEP among Washington State MSM. With stable coverage over 10 years at observed 2017 

levels,114 approximately half of the incident cases predicted in the absence of PrEP would be 

averted. If coverage were to increase to meet State goals of 50% uptake among eligible men by 

2020, an estimated 60% of infections would be averted. Incidence rates were still declining at the 

end of the simulation after PrEP coverage stabilized, suggesting even greater long-term benefits 

with sustained PrEP use. These findings provide strong support for further investment in programs 

to promote and facilitate uptake of PrEP among MSM at high risk of infection in Washington. 

 The predicted impact on HIV incidence from our model is higher than suggested by 

previous models of MSM in the US.94,98,99,103,141,142 In a national-level dynamic network model, 

Jenness et al.94 estimated that 30% coverage of PrEP among eligible men would result in 27% 

fewer incident cases over 10 years, and 50% coverage would avert 37% of cases. However, in this 

model, 21% of PrEP users were assumed to be fully non-adherent, lowering effective coverage. 

Other models have reported 16% to 33% of infections averted with mid-range coverage,99,103,141 
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although a model of MSM in San Francisco predicted a 50-86% decline in incidence if PrEP uptake 

is concentrated among men at highest risk.120  

One reason for the higher estimated impact of PrEP from our model may be the high 

engagement in care in Washington State. Prior models have represented populations with 20% to 

67% of diagnosed cases virally suppressed,94,99,101,103,120,141 whereas 82% of diagnosed MSM aged 

18-59 in Washington were suppressed in 2017. In this context, acutely infected and undiagnosed 

cases are likely to account for a relatively greater proportion of transmission events, and the impact 

of preventing new infections will be accentuated. By representing temporal overlap in 

partnerships, a network-based model is well-suited to capture the chain of transmissions that arise, 

or are averted, during this window of high risk. Empirical data from New South Wales, Australia, 

where engagement in care is similar to Washington State, indicate that new diagnoses declined by 

25% from the 12 months before to the 12 months after roll-out of a large-scale PrEP project.143 

Diagnoses with recent infection, used as indicator for incidence, fell by 32%. These declines 

coincided with scale-up to 20% coverage among all MSM in the region and were comparable to 

our model projections of a 32% decline in incidence and a 12% decline in new diagnoses over 12 

months of PrEP at 25% coverage among eligible men (19% coverage overall).  

Our findings highlight the cascading, non-linear effects of PrEP at the population level. In 

the scenario with PrEP coverage increasing to 50% among eligible men by 2020, 36% of all 

person-years at risk were covered by PrEP and 62% of infections were averted. With higher 

coverage, the efficiency of PrEP, measured as the number needed to treat to avert one infection, 

declined. Other models have reported similar declining marginal returns with increasing 

coverage,98,141 which reflect the benefits of PrEP in averting downstream infections; with use of 

PrEP, fewer people acquire HIV, thereby decreasing the force of infection at the population level.  
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 Adherence to PrEP has been found to be an important determinant of effectiveness in 

clinical trials,37 with the relative reduction in incidence in trials of MSM ranging from 44% to 86% 

depending on levels of adherence in the cohorts.125,144,145 In our simulations, increasing the 

proportion of men who maintain adherence of ³4 doses per week from 65% to 90% conferred only 

a modest improvement to population-level outcomes. In both of these scenarios, ³95% of men 

were assumed to take at least 2 doses per week, which corresponds to a 76%-99% reduction in the 

risk of infection.14,15 While the population-level impact of PrEP would be reduced if more men 

took PrEP with low adherence, there is consistent evidence from observational studies that levels 

of adherence are high, with very few reported seroconversions among MSM with ongoing use of 

PrEP.118,127,140,143,146     

 Although concerns about risk compensation tempered early enthusiasm about PrEP,147 our 

model aligns with previous simulation analyses in demonstrating that the benefits of PrEP are 

robust to even large decreases in condom use.90,97,104,108 A previous network-based model 

estimated that complete cessation of condom use among PrEP-using men would result in 1 

percentage point fewer infections averted relative to a scenario with no risk compensation.97 If 

men who discontinue PrEP while still at high risk maintain lower levels of condom use, our model 

indicates that up to 7% fewer total infections would be averted over 10 years. One reason for the 

relatively small impact of risk compensation in our model is low baseline levels of condom use. 

By partner type, the average probability of condom use was 17% in main partnerships, 41% in 

persistent partnerships, and 51% in instantaneous partnerships. With 60% risk compensation, the 

proportion of sex acts within PrEP-using dyads that were protected decreased to 7%, 16%, and 

20% for each partnerships type, respectively. Counterbalancing the resulting increased 

transmission risk for these individuals, lower condom use among the partners of PrEP users 
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expands the pool of men who meet condom-based indications for PrEP.97 As a result, the model 

assumes that uptake will increase to maintain the same level of coverage among eligible men.  

 A limitation of our model is that we do not model transmission of other sexually transmitted 

infections, which could increase HIV transmission. STI incidence is high among PrEP-users,148 

and some studies have reported increasing incidence with use of PrEP.121,128,149,150 A recent 

mathematical modeling study revealed that PrEP may end up decreasing STI incidence in the 

population if it leads to higher rates of STI screening and treatment as components of PrEP care.96 

However recent evidence suggests that provider adherence to STI screening guidelines is low. A 

study in New York City found that only half of PrEP users reported receiving a rectal or oral swab 

for STI screening at their last visit,151 and a study in San Francisco similarly reported low STI 

screening at PrEP care visits.152 Future models should examine the impact of risk compensation 

on both STI and HIV incidence in the context of suboptimal STI screening. It would also be 

valuable for future models to examine the impact of community-level risk compensation, whereby 

increases in risk behavior may spill over to populations not taking PrEP.153 As awareness of and 

confidence in the effectiveness of PrEP become more widespread, increases in risk behavior may 

become more pronounced.130  

 Although we predict strong declines in HIV incidence among Washington State MSM with 

use of PrEP, our model cannot be used to forecast when or if we might achieve elimination of HIV. 

Surveillance data show that new diagnoses were decreasing in Washington before the introduction 

of PrEP,33 reflecting the effects of improvements in the care cascade and more effective ART 

regimens. In calibrating our model to sustain the estimated 2017 prevalence of diagnosed HIV 

among MSM in the absence of PrEP, we do not account for these pre-existing trends in 

transmission, nor for possible early effects of PrEP on prevalence. As such, our findings should be 

interpreted with caution regarding implications for the trajectory of the epidemic. Future work is 
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needed to improve calibration and validation, possibly by collecting longitudinal network and 

behavior data to support fitting models to observed epidemic trends. 

 Better data on patterns of sexual behavior and PrEP use would also improve the accuracy 

of modeled projections. Our parameter estimates were largely derived from internet-based surveys, 

which tend to over-sample young, highly-educated, white, and high-risk men.63,114 We re-weighted 

the survey samples to match the demographic profile of Washington males, but this procedure 

does not account for all sources of bias. However, in the absence of population-based methods for 

recruitment of MSM, internet-based surveys provide a feasible, efficient means for collecting 

valuable data at the county, state, or national level.50,114  It is worth noting that estimates of PrEP 

use from the WHPP survey were consistent with estimates derived from local event- and venue-

based surveys.33 An additional limitation of our approach is that we estimated parameters relating 

to sexual mixing and behavior within partnerships using data on the most recent partnership, which 

may not capture the range of typical behaviors. Because condom use is a key determinant of HIV 

transmission risk and eligibility for PrEP, models could be improved with better data on 

heterogeneity in condom use within and between individuals, and on how individual-level 

preferences influence condom use at the dyad-level. With models that span a wide age range, it is 

also important to consider how behaviors change over the life course. This could be particularly 

informative for interpreting the implications of PrEP discontinuation. A recent Netherlands-based 

model found that incorporation of data on risk trajectories increased the projected impact of 

PrEP.154 To support further research into these dynamics, new data collection is needed. 

In 2019, the US Department of Health and Human services established new targets to 

reduce HIV incidence by 90% by 2029,8 and increasing uptake of PrEP is a core component of the 

proposed strategy. In light of the geographic heterogeneity in the HIV epidemic, the national plan 

calls for data-driven policies tailored to the local level.8 Grounded in local data on behavior, sexual 
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network dynamics, and clinical care, our model indicates that efforts to support and increase uptake 

of PrEP in Washington State will be a valuable investment, yielding long-term reductions in 

transmission. In the context of high levels of testing and treatment in Washington, scale-up of PrEP 

to 50% coverage among eligible men by 2020 could avert nearly two-thirds of incident cases over 

10 years. Within the range of observed levels of adherence, decreased condom use among PrEP 

users will do little to diminish these prevention gains. Future models are needed to identify the 

optimal allocation of prevention resources and to assess the potential for elimination of HIV in 

Washington State if PrEP uptake is paired with concurrent improvements in the HIV care cascade. 
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Figure 2.1: PrEP uptake scenarios 
 
PrEP uptake is controlled in the model with thresholds defining the proportion of men with indications for 
PrEP who can use it at any point in time. We model four scenarios: two with stable coverage over the 
course of the simulation and two with increased coverage up to specified maximums. 
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Figure 2.2: Annual HIV incidence rates (per 100 person-years) over 10 years, by PrEP uptake 
scenario 
 
 The solid lines connect median annual HIV incidence rates over time across 500 simulations, and the 
vertical lines span the interquartile range. Coverage thresholds are defined among men who meet 
indications for PrEP use. The scenarios presented assume baseline adherence levels and 20% reduction in 
condom use among PrEP users. 
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Figure 2.3: Annual HIV diagnoses by PrEP uptake scenario 
 
The points indicate the median annual number of new diagnoses, and the vertical lines span the 
interquartile range from 500 simulations of each uptake scenario. Coverage thresholds are defined among 
men who meet indications for PrEP use. The scenarios presented assume baseline adherence levels and 
20% reduction in condom use among PrEP users. Over the simulated period, the number of persons at risk 
in the presented scenarios ranged from 8,919 to 9,167. 
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Table 2.1: Projected impact of PrEP on HIV incidence in Washington State over 10 years with varying uptakea and adherence 
 2026 HIV incidence 

rate (per 100 PY)b 
2026 Incidence rate 
ratio (IRR)b 

Percent of infections 
averted 

Number needed to 
treat (NNT) 

 Median (IQR) Median (IQR) Median (IQR) Median (IQR) 
No PrEP 0.54 (0.44, 0.65) Ref Ref Ref 
PrEP with baseline adherencec     

Stable, 25% coverage 0.27 (0.22, 0.35) 0.52 (0.38, 0.69) 40.4% (32.1%, 49.2%) 84.6 (74.2, 98.8) 
Stable, 33% coverage 0.23 (0.19, 0.29) 0.42 (0.32, 0.57) 50.2% (41.4%, 57.3%) 93.0 (83.7, 103.4) 
Increase to 50% coverage 0.16 (0.12, 0.20) 0.29 (0.21, 0.40) 61.8% (55.2%, 67.9%) 107.9 (100.4, 116.9) 
Increase to 66% coverage 0.11 (0.08, 0.14) 0.20 (0.15, 0.27) 67.0% (61.7%, 71.9%) 118.1 (111.6, 124.8) 

PrEP with higher adherencec     
Stable, 25% coverage 0.27 (0.21, 0.34) 0.49 (0.35, 0.68) 44.1% (33.6%, 52.1%) 80.5 (69.2, 95.5) 
Stable, 33% coverage 0.22 (0.16, 0.27) 0.41 (0.29, 0.55) 52.0% (44.4%, 59.9%) 89.0 (80.8, 98.8) 
Increase to 50% coverage 0.15 (0.11, 0.19) 0.27 (0.19, 0.37) 64.8% (58.6%, 70.3%) 103.2 (97.6, 109.1) 
Increase to 66% coverage 0.09 (0.07, 0.12) 0.17 (0.12, 0.24) 70.1% (63.5%, 74.5%) 113.5 (108.1, 119.4) 

aCoverage thresholds are defined among men who meet indications for PrEP. The presented scenarios assume 20% risk compensation; bIncidence rates 
are calculated over the last year of the simulation; cIn the baseline adherence scenario, 5% of men have low adherence (<2 doses/week), 30% have 
mid-level adherence (2-3 doses/week), and 65% have high adherence (4 doses/week). In the higher adherence scenario, these proportions are 3%, 7%, 
and 90%, respectively. 
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Figure 2.4: Percent of infections averted by 2027 relative to a scenario with no PREP, by 
PrEP uptake scenario, level of risk compensation, and whether risk compensation continues 
after spontaneous discontinuation 
 
The points indicate the median percent of infections averted over 10 years of PrEP use, and the vertical lines 
span the interquartile range from 500 simulations of each uptake scenario. Coverage thresholds are defined 
among men who meet indications for PrEP use, and the plotted scenarios are with baseline levels of 
adherence. Risk compensation is modeled as a percent reduction in condom use across all partner types. In 
scenarios with continued risk compensation, on-PrEP levels of condom use are assumed to continue with 
spontaneous discontinuation of PrEP. 
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CHAPTER 3: The potential impact of routine one-time HIV screening in the 

United States: a model-based analysis of case finding strategies in two settings 
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ABSTRACT 

Background: To improve clinical and prevention outcomes through earlier HIV diagnosis, US 

guidelines recommend routine screening of all adults and adolescents at least once (routine 

screening). The impact and efficiency of this strategy will vary across the US and will depend on 

patterns of targeted HIV screening.  

Methods: We constructed a static linear model to estimate the optimal age and incremental impact 

of adding routine screening to risk-based and prenatal screening and testing prompted by symptom 

onset or partner notification. The model represents the processes of infection and diagnosis in a 

cohort of 100,000 persons aged 16-64. Using surveillance data and published studies, we 

parameterized the model at the national level and for two settings representing subnational 

variability in the rates and distribution of infection: King County, WA and Philadelphia County, 

PA. Screening strategies were evaluated in terms of test positivity, change in cumulative person-

years of undiagnosed infection, and the number of cases that progress to symptomatic HIV/AIDS. 

To account for uncertainty in model inputs, we conducted 500 Monte Carlo simulations for each 

scenario.  

Results: Depending on levels of risk-based screening, the optimal age for routine screening ranged 

from 30-34 in the national model, 26-27 in King County, and 44 in Philadelphia County. At these 

ages, test positivity with routine screening exceeded the established cost-effectiveness threshold 

of 0.1% only in Philadelphia County. Across settings, routine screening resulted in an incremental 

2-7% reduction in years of undiagnosed infection and a 3-11% reduction in symptomatic cases, 

compared to reductions of 36-68% and 39-74% attributable to risk-based screening. 

Conclusion: One-time routine HIV screening in the general population is likely to have a modest 

impact on population-level outcomes, though test positivity may be sufficient for the intervention 
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to be cost-effective in settings with high incidence in groups not typically the focus of risk-based 

screening.  
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INTRODUCTION 

Reducing the time from HIV infection to diagnosis is central to efforts to control the HIV 

epidemic. Early diagnosis and treatment initiation is associated with improved clinical outcomes21 

and substantially reduced risk of transmission to susceptible partners.22,23,155–157 In 2015, an 

estimated 15% of persons living with HIV in the United States were undiagnosed, and the median 

time from infection to diagnosis was 3 years.20 To improve primary and secondary prevention 

endpoints, more work is needed to define effective strategies to identify individuals earlier in the 

course of infection. 

The Centers for Disease Control and Prevention (CDC) and the US Preventative Services 

Task Force recommend that all adults and adolescents undergo screening for HIV at least once in 

their lifetime regardless of risk.24,25 This recommendation for opt-out (routine) screening is in 

addition to guidelines calling for screening of high-risk persons at least annually, screening the sex 

and injection partners of diagnosed cases, screening pregnant women as part of prenatal care, and 

testing patients with HIV/AIDS-associated symptoms. Modeling studies have indicated that one-

time routine screening is cost-effective in settings where the prevalence of undiagnosed infection 

exceeds 0.05%-0.2%.158,159 

However, data suggest that the impact of routine screening has been limited.26–28 In the 

years following the 2006 revision to the CDC HIV testing guidelines, the proportion of people 

who had ever tested for HIV in the United States remained largely unchanged.29 Although some 

analyses of the case detection yield from routine screening programs have reported increases in 

diagnoses,160,161 others have reported equivalent or lower case detection compared to targeted and 

symptom-driven testing.26,162 An analysis comparing rates of testing and diagnosis pre- and post-

implementation of a routine screening program in North Carolina STD clinics reported decreases 

in HIV testing among some sub-groups at high risk of infection.27 To identify settings where 
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routine screening is likely to be beneficial, analyses need to account for existing patterns of 

screening and the risk profile of the population. 

In this paper, we evaluate the population-level impact of adding routine screening to other 

established screening strategies in terms of case detection, cumulative years of undiagnosed 

infection, and the number of cases that develop HIV/AIDS symptoms prior to diagnosis. Building 

on a previous model that did not account for targeted screening strategies,163 we estimate the 

optimal ages for routine screening with respect to these outcomes. To highlight the dependence of 

the impact of routine screening on the local epidemic context, we compare three models: a national 

model, a model representing a jurisdiction with infection concentrated among MSM (King County, 

WA), and a model representing a jurisdiction with a more diverse distribution of infection 

(Philadelphia County, PA). 

 

METHODS 

Model overview 

We constructed a static linear mathematical model using Microsoft Excel (Version 16.9) 

to represent the processes of HIV infection, testing, and diagnosis in a hypothetical population of 

100,000 persons. To account for heterogeneity in HIV risk and patterns of testing, we divided the 

population into four groups: high- and low-risk men who have sex with men (MSM), men who 

have sex with women only (MSW), and women. All persons enter the model at age 16 and progress 

in yearly time steps through age 64 or HIV diagnosis, at which point they exit the model. 

Our model evaluates the incremental impact of adding one-time routine screening to four 

baseline targeted HIV testing strategies: 1) repeat screening of those at high risk of infection; 2) 

prenatal screening; 3) testing prompted by partner notification, and; 4) diagnostic testing at the 
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onset of HIV/AIDS-associated symptoms. Routine screening was implemented at specific ages, 

with all persons who had not engaged in risk-based or prenatal screening in that year offered 

routine screening. To examine the tradeoff between targeted and routine screening, we defined 

scenarios with low, mid-range, and high risk-based screening. Because repeat HIV testing among 

MSW and women is not common,164 our model represents risk-based testing only among MSM. 

To account for uncertainty in parameter estimates, we conducted Monte Carlo simulation 

using @RISK software (version 7.6, Palisade Company, Ithaca, NY). Distributions were defined 

based on the range of estimates in the literature or expert opinion (see Table 3.1 and Supplemental 

Appendix 3). Additional details about the model, including a model schematic and equations 

describing the modeled processes and outcomes, are presented in the Supplemental Appendix.  

 

Parameters and data sources 

Model inputs and sources are summarized in Table 3.1. To parameterize the model to King 

and Philadelphia Counties, we used local data to define the risk group distribution, HIV incidence 

rates, and birth rates. All other parameters were held at the values used in the national model. 

Risk group distribution: To distribute the modeled cohort by gender, we used American 

Community Survey (ACS) data on the number of individuals ages 16-64 at the national level and 

in King and Philadelphia Counties.165,166 For each setting, we applied estimates of the proportion 

of males who have had sex with men in the past 5 years to define the size of the MSM 

population.134,167 Uncertainty intervals for the proportion of males who are MSM were defined to 

encompass 95% confidence intervals and estimates from other sources.33 The percent of MSM 

who are high risk was informed by estimates of the percent with indications for PrEP use.10 

HIV incidence: For the national-level model, we used published estimates of the number 

of incident HIV cases attributable to male-male sex, including MSM who also reported injection 
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drug use, and heterosexual contact among males and females in 2016.7 The age distribution of 

infection for MSM, males, and females was defined as the weighted average of race/ethnicity-

specific distributions. We derived the age distribution specific to MSW from the calculated 

distributions for all males and for MSM. We used 2016 ACS data165 to define denominators for 

calculation of incidence rates, assuming the proportion of males who are MSM to be uniform 

across age groups. 

For the King County model, we obtained estimates of the number of incident infections in 

2016 using a back-calculation method that uses data on the number of new diagnoses and the date 

of the last negative test to measure undiagnosed infection.168 Incident infections were calculated 

for MSM and other non-injection adult cases, and we apportioned non-MSM cases by gender 

according to the distribution of new diagnoses.33 For the Philadelphia model, we used incidence 

estimates for 2016 published by the Philadelphia Department of Public Health.169 For both 

jurisdictions, we applied the same age distribution as in the national model. We defined population 

denominators using 2016 ACS data in combination with estimates of MSM population sizes, 

described above. 

In all three models, we assumed that all infections in individuals aged 13 and older occur 

between the ages of 16-64. Incidence rates for high- and low-risk MSM were calculated assuming 

the incidence rate among high-risk MSM to be 2.5 times that of low-risk MSM,170 with a uniform 

uncertainty interval ranging from 2 to 3 times higher. With these inputs for incidence, the mean 

percent of infections in MSM was 71% in the national model, 77% in the King County model, and 

57% in the Philadelphia County model. The lifetime risk of infection was 1 in 135, 1 in 225, and 

1 in 62 for the three models, respectively. 

Risk-based screening: We modeled patterns of risk-based screening by dividing the MSM 

population into three groups: men who do not engage in risk-based screening, men who screen 
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every year, and men who screen less than once a year. The screening interval for non-annual testers 

was sampled from a normal distribution with a mean of 3 years and a standard deviation of 0.51 

(Table 3.1). The proportion of men in each group varied by age, with mid-range estimates defined 

based on data from national surveys of MSM.171–174 High-risk MSM were more likely to screen 

annually and less likely to never screen compared to low-risk MSM.175 In the low risk-based 

screening scenario, the proportion of men assumed to screen annually was reduced and the 

proportion who do not regularly screen was increased, both by 30%. In the high risk-based 

screening scenario, annual screening was increased and never screening was reduced by 30%. 

Figure 3.1 displays the proportion of men in each screening group by age for the low, mid, and 

high screening scenarios. 

 Prenatal screening: Birth rates were used to define the number of women who become 

pregnant at each age.176–178 We used data from surveys and medical records to define a plausible 

range for the proportion of pregnant women screened for HIV.179–182 

Partner notification testing: For every 100 newly diagnosed cases, we estimated that an 

average of 8 additional persons would be diagnosed through partner notification.183 To account for 

uncertainty in this estimate, we sampled values from a normal distribution with a standard 

deviation defined based on the range of published estimates.183–186 

Symptom-based testing: Diagnostic testing was assumed to occur for all HIV-positive 

individuals upon CD4+ cell count depletion below 200 cells/mm3. Following the approach adopted 

by Golden et al.,163 we assumed that 8.8% of persons develop a CD4+ cell count <200 cells/mm3 

within the first year of infection, after which the risk of dropping below this threshold is linear at 

a rate of 6.08% per year.117 Symptom onset was assumed to coincide with CD4+ depletion.  



 

 

57 

Routine screening coverage: For consistency with previous models of routine 

screening,158,187–189 we assumed that 80% of eligible individuals are offered and accept routine 

screening.  

 

Analyses 

To identify the optimal age for routine screening, we examined the impact of adding one-

time screening at each age in the model. For each specified age, all persons who had not been 

tested through risk-based or prenatal screening in that year were considered eligible for routine 

screening. Outcomes were defined as the percent of tests that result in a new diagnosis (test 

positivity), the population-level person-years of undiagnosed infection, and the number of cases 

that progress to symptomatic HIV/AIDS before diagnosis in each modeled scenario. We assessed 

the optimal ages for routine screening as the ages at which test positivity was maximized and/or 

years of undiagnosed infection and symptomatic cases were minimized. We also report the range 

of ages for which these outcomes were within 10% of the optimal values. 

For comparison with the impact of more targeted screening strategies, we evaluated the 

incremental impact of implementing prenatal, risk-based, and routine screening. For this analysis, 

we defined a series of nested screening scenarios. In the baseline scenario, diagnosis occurred only 

as a result of symptom-based testing and partner notification. We then added prenatal screening, 

with continued partner notification and symptom-based testing. The third and fourth scenarios 

added low- and high-level risk-based screening to these strategies. The fifth and sixth scenarios 

added routine screening to scenarios with low- and high-level risk-based screening, respectively. 

For each scenario, we report the test positivity for the added screening strategy and the percent 

change in person-years of undiagnosed infection and symptomatic HIV/AIDS cases relative to the 

baseline scenario.  
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In all analyses, we assumed 100% HIV test sensitivity and no window period. Outcomes 

are presented as the mean and 95% uncertainty intervals (UI) from 500 Monte Carlo simulations.  

 

RESULTS 

Optimal age for routine screening 

In the national-level model, the test positivity from routine screening increased with age 

up to a peak of 0.06% (95% UI: 0.05%, 0.07%) at 31 years in a scenario with mid-range risk-based 

screening (Figure 3.1). Screening between the ages of 26 and 36 resulted in test-positivity within 

10% of optimal. The cumulative population-level years of undiagnosed infection and symptomatic 

HIV/AIDS cases were both minimized with routine screening at age 34. Compared with test 

positivity, these latter two outcomes were less sensitive to the age of routine screening, with 

screening between the ages of 16 to 62 and 20 to 57, respectively, resulting in outcomes within 

10% of optimal (Table 3.2). 

The optimal age for routine screening was lower in King County, with test positivity 

maximized at 0.04% (95 % UI: 0.04%, 0.05%) at age 26 in the mid-range screening scenario (note 

that y-axes differ across plots in Figure 3.1). In Philadelphia County, routine screening at age 44 

yielded a test positivity rate of 0.16% (95% UI: 0.14%, 0.19%). The age ranges for which test 

positivity was within 10% of optimal for these scenarios were 24 to 33 in King County and 38 to 

52 in Philadelphia County. 

By gender, test positivity was projected to be higher for males than for females across 

modeled settings (Figure 3.1). In the national and King County models, where MSM account for 

>70% of prevalent cases, the overall estimated routine screening test positivity by age more closely 

tracked that of males, for whom peak test positivity occurred at ages 28 and 25, respectively, 
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compared to age 44 for females in both models. In the Philadelphia County model, where MSM 

account for an estimated 57% of prevalent cases, test positivity was optimized at age 44 for both 

males and females. 

 
Relative impact of routine and targeted screening strategies 

Test positivity with risk-based screening was high for all three modeled settings, ranging 

from 0.22% (95% UI: 0.18, 0.28) with high-level screening in King County to 1.20% (95% UI: 

0.87%, 1.58%) with low-level screening in Philadelphia County (Table 3.3). Relative to a scenario 

with only symptom-based and partner notification testing, the mean incremental impact of adding 

low-level risk-based screening was a 50% (95% UI: 45%, 54%) reduction in person-years of 

undiagnosed infection and a 55% (95% UI: 49%, 60%) reduction in symptomatic HIV/AIDS cases 

in the national model. With high-level risk-based screening, these outcomes were reduced by 60% 

(95% UI: 57%, 63) and 66%, (95% UI: 62%, 69%) respectively. In King County, the incremental 

impact of risk-based screening was of a similar magnitude, while in Philadelphia County the 

impact was slightly lower, with mean estimates of 40-48% reductions in person-years of 

undiagnosed infection and 44-53% reductions in symptomatic cases. 

Test positivity with routine screening at the national level was 0.07% (95% UI: 0.06%, 

0.09%) when added to low-level risk-based screening and 0.05% (95% UI: 0.04%, 0.06%) when 

added to high-level risk-based screening (Table 3.3). Mean estimates for routine screening test 

positivity were 0.04% and 0.03% in King County, and 0.17% and 0.15% in Philadelphia County. 

Incorporating uncertainty intervals, the percent reduction in person-years of undiagnosed infection 

with routine screening ranged from 2-7% and the percent reduction in symptomatic cases ranged 

from a 3-11%. For comparison, increasing risk-based screening from low to high levels in the 

national model resulted in a 10% reduction in person-years of undiagnosed infection (95% UI: 8%, 

13%) and an 11% reduction in symptomatic HIV/AIDS cases (95% UI: 8%, 14%). These gains 
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were achieved with an average of 4.75 times fewer screening tests than in the scenario adding 

routine screening to low risk-based screening.  

DISCUSSION 

By accounting for heterogeneity in HIV risk and explicitly representing established 

screening practices, our model provides more realistic estimates of the potential impact of routine 

screening in different contexts in the United States. Even at optimal ages with high test acceptance, 

we estimated that one-time routine HIV screening in the general population will have limited 

impact on cumulative years of undiagnosed infection and the number of cases who develop 

HIV/AIDS symptoms prior to diagnosis. Although the test positivity values at the national level 

and in King County were below the established threshold of cost-effectiveness,24,158,159 this 

threshold may have shifted with adoption of test and treat policies,190,191 and willingness to pay 

may be higher as jurisdictions work towards meeting the goals of the Ending the HIV Epidemic 

Initiative.8  Our results indicate that routine screening may be an effective case finding strategy 

particularly in settings with high HIV incidence and a relatively high proportion of cases in females 

and non-MSM males, such as Philadelphia County. 

Our analyses demonstrate that the optimal age for routine screening depends on the local 

epidemic context. In King County, where HIV infection is concentrated in men who have sex with 

men, the optimal age range was younger and more narrowly defined than in Philadelphia, where 

the epidemic is more diverse. The range of ages resulting in a test-positivity within 10% of the 

optimal was also narrower with a more concentrated epidemic, driven by heightened incidence at 

younger ages for men who have sex with men. At the national level, our results are comparable 

with a previous model of the optimal age for routine screening in adults and adolescents,163 and 
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reinforce the conclusion that one-time screening before age 24 is not an efficient use of 

resources.189 

Consistent with previous models,187,192 our findings highlight a tradeoff between targeted 

and non-targeted screening. With higher practice of risk-based screening, the incremental impact 

of adding routine screening is diminished. However, the relative benefits of risk-based and routine 

screening depend on the epidemiologic context. In settings with transmission largely concentrated 

in MSM, increasing from low- to high-level risk-based screening resulted in shorter time to 

diagnosis and fewer symptomatic cases than adding routine screening to a scenario with low-level 

risk-based screening. In Philadelphia County, these scenarios were more comparable, although 

increased risk-based screening required far fewer screening tests to achieve the same results across 

all settings. Of note, our outcomes do not account for downstream effects of screening, in that 

earlier diagnosis would be associated with reduced risk of transmission.22,23 Taking these effects 

into account would likely amplify the relative population-level benefits of targeted screening 

strategies, as improving diagnosis in groups with high rates of partner turnover and among 

pregnant women will avert more infections. 

A key advantage of routine screening is that it does not depend on risk assessment and 

captures people who are not the typical focus of targeted testing campaigns.27,162 Survey data 

indicate that 23% to 39% of MSM do not disclose to their healthcare providers that they have sex 

with men,193,194 and providers do not always offer HIV tests to those with indications for repeat 

testing.195 As a result, many high-risk individuals fall through the cracks with risk-based 

screening.28,196 However, evaluations of routine screening programs have reported low rates of 

testing,26,162,197 with perceptions of low risk reported as a common reason for screening not being 

offered or accepted.198 Perceived and actual risk are often mis-aligned,197,199,200 such that over-

reliance on opt-out routine screening may miss opportunities to identify cases and engage persons 
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at risk of infection in effective prevention strategies like pre-exposure prophylaxis. More research 

is needed to develop and test improvements in clinic procedures to prompt and facilitate screening 

of at-risk patients, which have been shown to outperform universal routine screening in some 

settings.160,201,202  

A limitation to our model is the reliance on estimates of HIV incidence, which is measured 

with substantial uncertainty. A recent analysis suggested that HIV cases are over-counted by 26% 

in New York City and may be over-counted by as much as 100%-200% in other jurisdictions.203 

King County implements a rigorous de-duplication procedure,33 but incidence estimates from 

Philadelphia and at the national level may be biased, resulting in an over-estimation of the impact 

of routine screening. Improvements in surveillance systems and methods to estimate incidence 

could improve the accuracy of model predictions. The age of infection is also subject to a high 

degree of uncertainty, and small numbers for some subgroups make these estimates unreliable.7 

Lacking data on the risk-group-specific age distribution of infection in King and Philadelphia 

Counties, we assumed the age distributions to be the same as in the national model. Future models 

should seek to incorporate data on how age at infection varies across contexts. Incidence rates are 

also influenced by uncertainty in the size of the MSM population, although results produced by 

sampling within a range of plausible values were not meaningfully different.  

Our model made a number of simplifying assumptions. Based on data indicating low levels 

HIV testing in non-MSM populations,164 we modeled risk-based screening only in MSM. To the 

extent that females and MSW engage in regular screening, our model will overestimate the impact 

of routine screening. We assumed that diagnostic testing occurs for all individuals with progression 

to CD4 count <200 cells/mm3. Although we modeled heterogeneity in the time to reach this 

immunologic threshold, we do not fully capture variability in the timing of symptom onset and 

resulting diagnosis.116,204 However, we do not expect variability in this process to meaningfully 
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affect modeled outcomes. We also did not account for transmission attributable to injection drug 

use among non-MSM males and females, which contributed 5% of incident cases in 2016.7 

Although injection drug users engage in risk-based screening,205,206 recent increases in diagnoses 

in this population33,207 highlight the importance of improving case finding and may add value to 

routine screening programs.  

Even with a relatively modest impact on HIV prevention and care outcomes, making HIV 

testing a routine component of healthcare provision is valuable to help normalize HIV testing and 

detect cases who would not be tested through other modalities. Together with modeled estimates 

from Golden et al.163 and Neilan et al.,189 our findings can be used to inform more efficient and 

impactful implementation of routine screening at optimal ages in different contexts. Ultimately, 

the question of whether routine screening is indicated for any particular clinical setting is an 

empirical question, but at the population level our model demonstrates that the impact will be 

modest in comparison to more targeted testing strategies. It will be important to ensure that 

implementation of the policy does not detract from targeted testing efforts. With data on HIV 

incidence and patterns of targeted HIV screening, other jurisdictions could use similar models to 

inform local HIV screening strategies. 
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Table 3.1: Model parameters and sources 

Parameters varied across modeled settings 

 National King County Philadelphia County  

Parameter 
Base 
value Distributiona 

Base 
value Distributiona 

Base 
value Distributiona Refs 

Population composition        
Proportion female 0.502  0.491  0.522  165, 166 

Proportion MSM 0.019 Normal (!=0.001) 0.080 Uniform(0.064, 0.096) 0.061 Uniform(0.049, 0.073) 33,134,167 

HIV incidence (per 100,000) 
      134,165,166,

169,208 

MSM (overall)b,c        

16-24 881 ! = 64.1 311 ! = 49.3 1,149 ! = 181.3  

25-34 1,329 ! = 97.1 309 ! = 47.3 1,335 ! = 210.9  

35-44 586 ! = 41.5 145 ! = 22.7 815 ! = 124.8  

45-54 357 ! = 26.1 100 ! = 15.7 535 ! = 83.1  

55-64 188 ! = 13.2 58 ! = 8.92 286 ! = 44.2  

MSWc        

16-24 1.37 ! = 0.169 1.30 ! = 0.135 7.90 ! = 0.810  

25-34 3.85 ! = 0.475 2.40 ! = 0.246 17.06 ! = 1.743  

35-44 3.81 ! = 0.472 2.55 ! = 0.261 23.41 ! = 2.399  

45-54 2.93 ! = 0.362 2.22 ! = 0.228 19.42 ! = 1.980  

55-64 2.39 ! = 0.296 1.99 ! = 0.203 16.05 ! = 1.641  

Women         

16-24 4.36 Normal(! = 0.29) 2.07 Normal(! = 0.21) 9.57 Normal(! = 0.98)  

25-34 8.67 Normal(! = 0.57) 2.86 Normal(! = 0.29) 14.39 Normal(! = 1.47)  

35-44 6.98 Normal(! = 0.46) 2.50 Normal(! = 0.26) 16.16 Normal(! = 1.65)  

45-54 5.19 Normal(! = 0.34) 2.11 Normal(! = 0.22) 13.03 Normal(! = 1.33)  

55-64 4.20 Normal(! = 0.28) 1.85 Normal(! = 0.19) 10.38 Normal(! = 1.06)  

Age-specific birth rates (per 1,000) 166,176-178 

16-17 8.8  5.1  17.7   

18-19 37.5  16.7  46.4   

20-24 73.8  37.4  76.5   
25-29 102.1  65.6  73.2   
30-34 102.7  109.4  86.1   
35-39 52.7  69.7  51.4   
40-44 11.4  16.2  12.8   
45-49 0.9  1.7  0.8   
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50+ 0.0  0.0  0.0   

Parameters applied to all modeled settings 

Parameter Base value Distributiona     Refs 

MSM: proportion high-risk 0.247 Normal (!=0.072)     10 

Risk-based screening in MSM (mid-range scenario estimates)   
    171,172,174,

209,210 

Proportion who screen annually        

16-24 0.46       

25-34 0.55       

35-44 0.50       

45-54 0.38       

55-64 0.32       

Proportion who do not screen        

16-24 0.28       

25-34 0.09       

35-44 0.10       

45-54 0.12       

55-64 0.15       

Risk-based screening interval for MSM who screen <once/year 3 Normal(!=0.51)      

Relative risk of annual screening for high- vs. low-risk MSM 1.5 Uniform(1.0, 2.0)      

Relative risk of no screening for high- vs. low-risk MSM 0.7 Uniform(0.5, 1.0)      

Proportion of pregnant women screened for HIV 0.8 Normal(!=0.089)     179-182 

Rate of symptom development       117,163 

Year 1 of infection 0.0880 Normal(! = 0.003)      

Years 2-16 of infection 0.0608 Normal(! = 0.003)      

Partner notification: new diagnoses per index case 0.082 Normal(! = 0.03)     183-186 

Routine screening acceptance 0.80       

aPrior distribution used for Monte Carlo simulation, for variables with substantial uncertainty; bCombined incidence for high- and low-risk MSM; cFor MSM and 
MSW, uncertainty is modeled separately for the numerator and denominator. In this table, we present the mean and standard deviation from the resulting 
distribution of sampled values across 500 Monte Carlo simulations. 

165,166  33,134,167  134,165,166,169,208  166,176–178  10  171,172,174,209,210  179–182  117,163  183–186 
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Figure 3.1: Levels of risk-based screening among men who have sex with men by age group in 
low, mid-range, and high screening scenarios.  
 
All men who are not annual or never screeners are assumed to screen at an interval sampled from a normal 
distribution with a mean of 3 years and a standard deviation of 0.51 years.  



 

 

67 

 

 
 
  

Figure 3.2: Impact of adding routine screening to targeted testing strategies by age of 
screening 
Routine screening is implemented at specific ages with 80% coverage, added to scenarios with mid-
level risk-based screening among MSM, prenatal screening, and testing prompted by symptom onset 
and partner notification. The top row of figures presents the proportion of screening tests that result in 
a new diagnosis. The middle row presents the cumulative population-level years of undiagnosed 
infection, and the bottom row presents the total number of symptomatic HIV/AIDS cases. The black 
lines show the mean across 500 Monte Carlo simulations and the shaded area corresponds to the 95% 
uncertainty interval from the simulations. The vertical doted red lines indicate the optimal age in terms 
of test positivity, and the grey area highlights the ages that resulted in a test positivity within 10% of 
the optimal. Note that the y-axes differ across plots. 
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Table 3.2: Optimal age for routine screening, by risk-based screening scenario and model 
setting 
 Low risk-based 

screening 
Optimal age 
(rangea) 

Mid-range risk-
based screening 
Optimal age 
(rangea) 

High risk-based 
screening 
Optimal age 
(rangea) 

Test positivity    
National 30 (26, 34) 31 (26, 36) 34 (27, 46) 
King County 26 (24, 32) 26 (24, 33) 27 (24, 34) 
Philadelphia County 44 (28, 51) 44 (38, 52) 44 (39, 54) 

PY undiagnosed infection    
National 34 (16, 62) 34 (16, 62) 44 (16, 63) 
King County 24 (17, 59) 24 (17, 61) 25 (16, 63) 
Philadelphia County 44 (17, 62) 44 (17, 62) 44 (17, 62) 

Symptomatic cases    
National 34 (20, 55) 34 (20, 57) 44 (23, 57) 
King County 25 (19, 54) 26 (19, 57) 44 (18, 60) 
Philadelphia County 44 (22, 58) 44 (24, 57) 44 (28, 57) 

aCorresponds to the ages at which the outcome is within 10% of optimal 
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Table 3.3: Estimated incremental test positivity, change in person-years (PY) of undiagnosed infection and symptomatic 
HIV/AIDS cases from different HIV screening scenarios 
 

Test positivitya 
Percent reduction in PY of 
undiagnosed infectionb 

Percent reduction in 
symptomatic HIV/AIDS 
casesb 

 Mean (95% UI)c Mean (95% UI)c Mean (95% UI)c 
National    
A) Prenatal screeningd 0.04% (0.03%, 0.04%) 3% (2%, 4%) 4% (3%, 5%) 
B) A + low risk-based screening 0.99% (0.80%, 1.19%) 50% (45%, 54%) 55% (49%, 60%) 
C) A + high risk-based screening 0.82% (0.71%, 0.96%) 60% (57%, 63%) 66% (62%, 69%) 
D) B + routine screeninge 0.07% (0.06%, 0.09%) 5% (4%, 6%) 7% (5%, 9%) 
E) C + routine screeninge 0.05% (0.04%, 0.06%) 4% (3%, 4%) 5% (4%, 6%) 
    
King County    
A) Prenatal screeningd 0.01% (0.01%, 0.02%) 2% (1%, 2%) 2% (2%, 3%) 
B) A + low risk-based screening 0.26% (0.19%, 0.35%) 53% (48%, 58%) 58% (52%, 64%) 
C) A + high risk-based screening 0.22% (0.18%, 0.28%) 64% (61%, 68%) 71% (66%, 74%) 
D) B + routine screeninge 0.04% (0.04%, 0.05%) 6% (5%, 7%) 7% (6%, 9%) 
E) C + routine screeninge 0.03% (0.02%, 0.03%) 3% (2%, 4%) 4% (3%, 5%) 
    
Philadelphia County    
A) Prenatal screeningd 0.07% (0.06%, 0.08%) 2% (2%, 3%) 3% (3%, 4%) 
B) A + low risk-based screening 1.20 (0.87%, 1.58%) 40% (36%, 44%) 44% (39%, 49%) 
C) A + high risk-based screening 1.00% (0.79%, 1.27%) 48% (45%, 52%) 53% (50%, 57%) 
D) B + routine screeninge 0.17% (0.14%, 0.20%) 6% (5%, 7%) 9% (8%, 11%) 
E) C + routine screeninge 0.15% (0.13%, 0.18%) 6% (5%, 7%) 9% (7%, 10%) 
aProportion of tests from each added screening strategy that are estimated to yield new HIV diagnoses, assuming 100% test sensitivity; bRelative to a 
baseline scenario with diagnostic symptom-based testing and testing resulting from partner notification; cMean value and 95% uncertainty interval 
(UI) across 500 Monte Carlo simulations; dThis scenario does not account for years of undiagnosed infection averted in infants; eAssuming screening 
at the optimal ages with 80% test acceptance 
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The findings from these three chapters provide valuable information to guide local public 

health decision-making and support implementation of high-impact HIV prevention strategies in 

the United States. To inform the design of evidence-based public health programs and policies, 

empirical data collection is necessary to describe the characteristics, behaviors, and prevention 

needs of the target population. However, individual-level behaviors and outcomes do not always 

scale linearly to the population level.30,31 Mathematical models can play an important role in public 

health practice by providing a flexible framework with which to evaluate population-level 

outcomes, test alternative scenarios, and make long-term projections. 

With high interest and investment in PrEP as a core component of the HIV prevention 

strategy across the US, data collection systems are needed to monitor patterns of utilization and 

evaluate the impact of efforts to increase uptake and retention. MSM are a primary target 

population for PrEP, but due to the lack of a sampling frame for probability-based recruitment,211–

213 collecting data on the behaviors of this population has proven challenging. In Chapter 1, we 

demonstrated the feasibility of an internet-based survey to measure PrEP use and HIV risk 

behaviors in a statewide sample of MSM in Washington State. As with most methods for 

recruitment of MSM, the data are subject to selection biases that limit the generalizability of the 

findings. However, advantages of internet-based recruitment for ongoing public health 

surveillance include the low cost, efficiency of data collection, and the ability to reach broad 

geographic areas, including men in rural areas and those who may be missed by venue-, event- 

and clinic-based samples.  

Data from this survey indicate that PrEP use is high in Washington, with 19% of all MSM 

and 31% of those recommended to initiate PrEP reporting current use. After adjustment for 

differences in the samples, estimates from the internet-based survey and an event-based survey of 

MSM at the Seattle Pride parade were similar. Additional analyses comparing these two surveys 
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with data from the 2017 Seattle-area NHBS survey found consistent estimates of PrEP use among 

high-risk men.33 While this does not establish the representativeness of any of the samples, it 

provides support for the credibility of the estimates. 

Looking forward, an important question for public health decision-makers is what impact 

current and future levels of PrEP use in Washington will have on HIV incidence. PrEP use has 

been shown to be highly effective for individuals who take it,14,15,119,125,127,140,146 but the long-term 

impact on transmission at the population level cannot be estimated from empirical data. The 

network-based model in Chapter 2 used data on the sexual partnerships, behaviors, and 

engagement in care of MSM in Washington to simulate the potential impact of PrEP on HIV 

incidence. With representation of the timing and sequence of sexual contact that connects 

individuals over time,109 this model captures the cascading benefits of PrEP use on averting 

infection along the potential chain of transmission. The model estimated that with PrEP uptake 

increasing to 50% among eligible men in 2020, corresponding to 36% coverage of total person-

years at risk, nearly two-thirds of the incident cases projected in a scenario without PrEP would be 

averted. 

In addition to PrEP, improvements in strategies to diagnose people earlier in the course of 

infection are needed to reduce transmission and morbidity from HIV. Routine screening of all 

adults and adolescents regardless of risk has been promoted as an important and cost-effective 

strategy to increase case finding,124,25,214 but the model in Chapter 3 indicates that this approach 

may not be an efficient use of resources in all settings. In jurisdictions such as Philadelphia County, 

PA, where HIV incidence is high and a relatively low proportion of cases are MSM (60%),169 one-

time routine screening in the optimal age range of 28 to 51 was found to exceed the established 

cost-effectiveness threshold of 0.1% test positivity.24 However, even in this setting, the impact on 

total years of undiagnosed infection and the number of cases that develop HIV/AIDS-associated 
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symptoms prior to diagnosis was modest. Routine screening has other advantages, such as 

increasing equity by reaching populations not captured in targeted testing campaigns, but our 

model highlights the importance of continued investment in risk-based screening, which was 

estimated to reduce undiagnosed infection and symptomatic cases by 36% to 74%.  

The models in Chapters 2 and 3 point to several areas where additional research is needed. 

The process of constructing a model requires synthesizing and summarizing available data and 

assumptions to represent the processes that influence transmission in the population, which can 

highlight potentially important gaps in knowledge. For the network-based model in Chapter 2, 

initial parameter estimates did not reproduce the observed HIV prevalence in equilibrium. We 

calibrated the model by applying scalars to adjust condom use and the per-act probability of 

transmission, two influential parameters with substantial uncertainty. However, simulations from 

our calibrated model did not match observed disparities in HIV prevalence by race/ethnicity or 

region of the state. Other models have similarly had difficulty reproducing racial disparities in HIV 

prevalence,112 suggesting that more research is needed to investigate the causes of disparities. In 

the course of constructing the model, we noted a need for additional data on patterns of condom 

use and the factors that influence the decision to use condoms within a dyad. Better data on these 

dynamics, as well as how use of PrEP and ART influence partner selection,215 could improve 

model fit. Additionally, in expanding the modeled age range from previous network-based MSM 

models, we were limited by inadequate data on how behaviors change over the life course. Studies 

to describe trajectories of sexual behavior could inform age-based targeting of interventions and 

recommendations for the duration of PrEP use. 

The model in Chapter 3 revealed potential biases in estimates of HIV incidence. Using 

available estimates, our model projected a lifetime risk of infection of 1 in 62 in Philadelphia 

County, 1 in 225 in King County, and 1 in 135 at the national level. Among MSM, lifetime risk 
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was estimated at 1 in 3 in Philadelphia County, 1 in 12 in King County, and 1 in 4 at the national 

level. Although previous studies have reported lifetime risks of infection in line with our estimates 

for Philadelphia County in some southern states and among black MSM,74,216 there is indication 

that reported HIV cases may be overestimated.203 More rigorous de-deduplication procedures in 

other jurisdictions, as have been implemented in King County,33 could result in a lower projected 

yield from routine screening. Additionally, we lacked data on the age distribution of infection in 

the modeled jurisdictions. More complete records of HIV test history could improve efforts to 

estimate age at infection using local surveillance data. 

Together, the chapters of this dissertation demonstrate the value of integrating 

mathematical models with public health practice. When constructed using appropriate data, models 

can be used to make projections to guide policy and prevention planning at the local level. 

Modeling can also inform areas where additional data collection is needed, which can be used to 

iteratively improve model projections. With prevention strategies tailored to the local context, 

significant reductions in HIV transmission may be achievable in the coming decade.   
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SUPPLEMENTAL APPENDIX 1: Recruitment, administration, and data cleaning 

protocol for the Chapter 1 survey 
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Recruitment methods and survey administration  

 
To recruit participants, we placed banner and text-based pop-up advertisements in English 

and Spanish on social media, male-male geosocial networking, and general LGBTQ-interest apps 

and websites. Advertisements on all platforms were targeted based on location in Washington, and 

advertisements on social media were additionally targeted to males who reported an interest in 

relationships with men or expressed an interest in LGBTQ-related topics or groups. The design 

and content of the advertisements were informed by feedback from MSM visiting the Public 

Health—Seattle & King County STD clinic and from the University of Washington/Fred Hutch 

Center for AIDS Research Community Action Board. Example advertisements are presented in 

Figure S1.1, below. 
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The survey was open to all individuals who clicked on posted advertisements between January 1st 

and February 28th, 2017. Upon clicking on an ad, individuals were linked to a webpage hosted by 

SurveyGizmo (Boulder, CO). The landing page stated that the survey was designed to collect 

information to improve efforts to prevent HIV and other sexually transmitted infections (STIs) in 

Washington State, with a focus on learning about awareness, interest in, and use of HIV pre-

exposure prophylaxis (PrEP). This page additionally stated that the project was developed and 

conducted by the Washington State Department of Health, Public Health—Seattle & King County, 

and the University of Washington, and was not sponsored by or connected to any pharmaceutical 

company or private enterprise.  

Example pop-up ad: 
Help improve sexual health in Washington 
Share your experiences and opinions to help improve sexual health and HIV prevention 
programs in Washington. Your responses will be confidential, and you will have an 
opportunity to see how your answers compare to others in Washington at the end of the 
project. Click below for more information and to get started. 
 

Figure S1.1: Example survey advertisements 
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Individuals who clicked past this page were shown an informed consent page, which stated 

that the survey would take approximately 10 minutes to complete, participation is voluntary, and 

responses would be completely confidential. We informed participants that we would record their 

computer or device’s Internet Protocol (IP) address, but that this would be used only to detect and 

screen out duplicate responses, would be deleted upon removal of duplicates, and no attempts 

would be made to identify individuals. We did not use web cookies to block repeat responses from 

the same browser. 

The survey was programmed to randomly show one of three consent pages that differed 

only in the stated incentive. These pages stated either that individuals would receive a $10 Amazon 

gift certificate, could choose from one of five charitable organizations* to which we would donate 

$10, or would receive no monetary incentive. All individuals were informed that we would provide 

them with a link at the end of the survey where we would post a summary of results upon 

completion of the project, and they could request to have these results emailed to them. Email 

addresses for $10 Amazon gift certificates and communication of results were collected upon 

completion of the survey through separate electronic forms that were not linked to survey 

responses.  

After nine days of data collection, we noticed a pattern of responses that led us to 

discontinue the $10 gift certificate incentive. Through monitoring of IP addresses and timestamps, 

we observed that individuals appeared to be clicking the advertisements repeatedly and providing 

consent only when presented with the $10 gift certificate incentive, and many individuals 

completed the survey for this incentive multiple times. We found no evidence that information 

about the survey and the opportunity to earn $10 had been posted on any websites other than those 

                                                
* Human Rights Campaign, the Latino Commission on AIDS, the It Gets Better Project, Equal Rights Washington, 
and the Northwest Network of Bi, Trans, Lesbian, and Gay Survivors of Abuse (The NW Network) 
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on which we posted advertisements, and we decided to drop this incentive. We removed duplicate 

entries according to the protocol described below, and for the remainder of the recruitment period, 

participants were randomized to the $10 donation or no monetary incentive. In sensitivity analyses, 

we excluded participants who completed the survey for the $10 gift certificate before this incentive 

was discontinued. The proportion of men who reported current (20%) and past (4%) PrEP use was 

comparable to findings from the full sample (19% and 4%). Among men for whom PrEP is 

recommended, a higher proportion reported current use (37% vs. 31% in the full sample) and a 

lower proportion reported interest (40% vs. 56%). The findings from analyses of time on PrEP, 

correlates of PrEP, and the comparison with the Seattle Pride survey were not meaningfully 

different.  

Upon clicking to indicate consent, participants answered a set of screening questions. 

Persons were ineligible if they were female sex at birth, less than 16 years of age, reported 

residence outside of Washington State or did not provide a valid Washington zip code, did not 

have oral or anal sex with a man in the past 12 months, reported ever testing positive for HIV, or 

completed the survey from a device with an Internet Protocol (IP) address outside the United 

States. Eligible individuals were asked about their social and demographic characteristics, 

healthcare utilization, drug use, sexual behavior, and awareness, interest, and use of PrEP. Survey 

items were informed by review of the literature and adapted from existing measures,210,217–221 and 

the instrument was tested and refined through cognitive interviewing with MSM attending the 

Public Health—Seattle & King County (PHSKC) STD clinic. All questions were required, though 

participants could indicate that they prefer not to answer for any question they were not 

comfortable with. The survey had an average of three questions per page. To minimize response 

burden, we used adaptive questioning to skip questions and pre-fill domains based on participants’ 

previous responses. We programmed the survey to flag implausible or inconsistent responses and 
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prompt participants to correct flagged entries. Participants could not otherwise go back to change 

answers on previous pages, and we did not ask them to review their answers prior to submission. 

An open text field was included at the end of the survey in which participants could clarify or 

correct previous responses and provide feedback. Respondents took a median of 11 minutes to 

complete the survey.  

 

Protocol to remove invalid and duplicate responses 

We used a modified version of a published protocol54 to define four patterns of responses 

suggestive of invalid or duplicate entries. The first pattern identified responses from individuals 

who appeared to have clicked the link to open the survey repeatedly and consented only when they 

were randomized to receive a higher incentive. Observations that accessed the survey from the 

same recruitment platform, matched on the first three quadrants of the IP address, and were 

submitted for a higher incentive within 10 minutes of a previous entry were flagged, and all but 

the first entry were dropped. The second pattern of responses indicated a change in answers to 

screening questions to satisfy eligibility criteria. We flagged observations submitted within two 

hours of a disqualified response that matched on recruitment platform and the first three quadrants 

of the IP address. Through manual review, we excluded from analysis responses with similar 

answers to screening questions apart from one or two answers that may have been changed to meet 

eligibility criteria. Responses for which the survey language was changed were considered valid, 

and preceding responses were discarded. The two-hour window was defined after reviewing the 

distribution of time intervals between flagged responses and selecting the window that captured 

most of the entries that appeared invalid. Third, we flagged and removed duplicate responses. As 

above, we flagged responses for manual review if they matched on recruitment platform and the 

first three quadrants of the IP address and were submitted within two hours of a previous entry. 
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We considered responses with matching or similar data to be duplicates and retained only the first 

or most complete response. Fourth, to identify respondents who appeared to have clicked through 

without reading questions or contemplating their responses, we removed entries submitted in less 

than half the median time to completion. 

 

Recruitment and response rates 

From January 1 to February 28, 2017, we delivered 4,759,004 advertisement impressions 

and 14 broadcast ads, which generated 25,927 clicks to the survey, 4,987 of which (19%) 

proceeded past the landing page (Figure S1.2). Of these, 826 (17%) were flagged as duplicate 

entries and removed, leaving 4,161 unique visits past the landing page. Seventy-nine percent of 

eligible, consenting participants completed the survey, and after removing responses with 

implausible completion times, 951 complete and 249 partial responses were recorded. Recruitment 

costs totaled $11.24 per complete response; accounting for incentives, survey administration, and 

translation of the instrument and advertisements into Spanish, expenses totaled $23.69 per 

complete response (Table S1.1). 

To assess response bias, we compared the characteristics of respondents who completed 

the survey to those who dropped off, using chi-square tests to assess statistical significance. 

Among the 1,157 eligible cisgender males who started the survey, drop-off was associated with 

not identifying as gay or homosexual (p<0.001), reporting less than a 4-year college degree 

(p=0.003), residence outside of King County (p=0.002), and accessing the survey in Spanish 

(p=0.015). Eligible respondents assigned to receive the $10 gift certificate were the most likely to 

complete the survey (126/140; 90%), followed by those assigned to the $10 donation incentive 

(413/507; 81%; p=0.016 for comparison with the gift certificate group), and those assigned to 

receive no monetary incentive (385/510; 75%; p=0.021 for comparison with the donation group). 
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Figure S1.2: Recruitment and response rates 
 

To identify and remove duplicate and invalid responses, we flagged entries based on IP address, 
recruitment platform, time stamp, and answers to screening and basic demographic questions. Responses 
removed using this protocol are presented in grey boxes. 
 
aOne advertising platform, which delivered 1,096,094 impressions, recorded clicks that opened a pop-up display 
within the app, rather than clicks to the survey; bAn additional 4 responses were wrongfully disqualified due to a 
programming error. Reasons for disqualification are not mutually exclusive. 
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Table S1.1: Survey expenses  
 

Expensesa 
Complete 
responsesb 

Cost per complete 
response 

Recruitment    
Advertisement design $364.00   
Advertisement placement    

Social media  $3,925.65 722 $5.44 
Geosocial networkingc $4,000.00 172 $23.26 
General LGBTQ interest $2,400.00 57 $42.11 

RECRUITMENT TOTAL $10,689.65 951 $11.24 
    
Incentives    
Amazon gift certificate $2,970.00   
Donation $5,170.00    
INCENTIVES TOTAL $8,140.00    
    
Translation servicesd $2,621.00   
    
Survey administratione $1,080.00   
    
TOTAL $22,530.65 951 $23.69 
aExpenses do not include staff time developing or programming the survey instrument; 
bExcluding responses flagged as invalid. This does not account for the 163 partial responses 
that provided data at least through questions about current or past use of PrEP; cOne of the 
geosocial networking platforms placed ads at no cost, but contributed only 30 complete 
responses; dCosts of translating the survey instrument and advertisements into Spanish; 
eIncludes the costs of staff time to set up contracts with advertising partners, manage 
advertisements, and monitor survey performance. 
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SUPPLEMENTAL APPENDIX 2: Technical details on the Chapter 2 

mathematical model 
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1. Model overview 

We constructed a stochastic network-based model to represent HIV transmission in sexual 

partnerships of men who have sex with men (MSM) in Washington State. Network-based models 

are a subset of individual (agent-based) models in which partnerships and are explicitly modeled 

and tracked over time.82 In a given time step, the probability of a new partnership forming between 

any two individuals and the probability of an existing partnership dissolving are governed by 

exponential family graph models.111 Over the past decade, advances in statistical methods have 

made it possible to estimate and simulate these models using egocentrically sampled data,111,222,223 

allowing for construction of context-specific models. Within the simulated sexual networks, the 

model represents individual anal sex acts, condom use, PrEP use, disclosure of HIV status, and 

disease transmission. These processes are described in detail in sections 5, 8, and 9, below. 

Separate modules track viral load, HIV diagnosis, and use of antiretroviral therapy, with the 

clinical attributes of HIV-positive individuals updated in weekly time steps (sections 6-7). The 

model represents an open network of men aged 18 to 59, with the rate of entry defined to maintain 

a stable population in the absence of HIV/AIDS mortality, as described in section 3. 

The model was programmed in the R software language using the EpiModelHIV 

package,224 which is an extension to the EpiModel platform (http://www.epimodel.org).224 

Foundational to both of these is a suite of packages developed to support network analysis, 

simulation, and visualization (statnet; http://www.statnet.org).225 These tools have been used for 

previous network-based models of MSM in the United States.94,112,226 Our model modifies and 

extends the code from these previously developed models for application to the Washington State 

context.  

This work was facilitated though the use of advanced computational, storage, and 

networking infrastructure provided by the Hyak supercomputer system at the University of 
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Washington. Using functionality in the EpiModel package to run simulations in parallel, this 

system reduced the computation time required to run large numbers of simulations across a wide 

range of scenarios. 

2 Data sources 

2.1 Overview 

To represent the partnership patterns, sexual behavior, and clinical profile of MSM in 

Washington, we estimated model parameters using data from local surveys and surveillance 

records, supplemented with data from a national survey where local data were unavailable. Line-

level data from these surveys were raked to match the demographic profile of Washington males, 

described in more detail below. For parameters on changes in condom use with diagnosis and 

disclosure, we used estimates calculated from Atlanta-based studies for a previous model.94 To 

define the demographic composition of the network and background mortality rates, we used vital 

statistics227 and census data,228 weighted by the estimated proportion of MSM by county in 

Washington State.134 We reviewed the published literature for data on HIV natural history, 

transmission probabilities, and PrEP efficacy and adherence patterns. Table S2.1 summarizes the 

data sources used for each set of parameters in the model.  

2.2 Survey samples 

The primary source of data for this project was the 2017 Washington HIV Prevention 

Project (WHPP), an internet-based survey of MSM in Washington conducted in January and 

February 2017.114 Respondents were recruited through banner and text-based pop-up 

advertisements on social media, MSM sexual networking apps, and general LBGTQ websites. 

Eligible respondents were Washington residents who were male sex at birth, aged 16 and older, 
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reported oral or anal sex with a man in the past 12 months, and never tested positive for HIV. For 

the present analyses, we restricted the sample to 1,036 cisgender males aged 18 to 59. Respondents 

were asked questions about their demographic characteristics, HIV and STI testing, sexual 

behavior, and use of PrEP. Sexual behavior was measured with global questions summarizing 

behaviors and partnership counts in the past 12 months, as well as with detailed questions about 

the most recent anal sex partner in the past 12 months.  

Because the WHPP survey did not include HIV-positive respondents, we incorporated data 

from two surveys that included HIV-positive men. With the goal of using local data sources, we 

used data from the Washington site of the Medical Monitoring Project (MMP) to the extent 

possible. The MMP is a national surveillance system that collects behavioral and medical record 

data from people receiving medical care for HIV in the United States on an annual basis.229 The 

latest data available at the time of analysis were from the 2014 MMP questionnaire. Participants 

were recruited using a three-stage probabilistic sampling design to select HIV-positive individuals 

in care.115 For this project, we analyzed survey data from cisgender male respondents aged 18-59 

who had anal sex with males or identified as gay or bisexual (N=134). Relevant variables included 

respondent age and race/ethnicity, the age and race/ethnicity of the most recent male anal sex 

partner, and sexual position and HIV status disclosure with each of up to the most recent 5 male 

anal sex partners.  
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For variables not measured in the MMP, we analyzed data from HIV-positive respondents 

to the 2017-2018 ARTnet Study, a nationwide internet-based survey of MSM. The ARTnet 

sample was recruited from respondents who completed the American Men’s Internet Survey 

(AMIS).50 For consistency with WHPP inclusion criteria, we restricted the sample to cisgender 

males aged 18-59 who reported oral or anal sex with a man in the past 12 months and reported a 

positive HIV diagnosis. We analyzed data on past-12-month sexual behavior and the 

characteristics of and behaviors with the most recent male anal sex partner. 

Finally, we analyzed data from the Seattle project area of the 2014 National HIV 

Behavioral Surveillance (NBHS) survey of MSM230 to obtain estimates of the prevalence of 

circumcision. The NHBS MSM cycle uses venue-based, time-space sampling to recruit 

participants from a sampling frame of site-specific venues attended by MSM and days and times 

Table S2.1: Data sources 

Parameter set Data source(s) 
Demography • Washington State Vital Statistics 

• 2011-2015 American Community Survey 
• Grey et al.134  
• 2014 Seattle MSM National HIV Behavioral Surveillance 

Survey     
• Published studies 

Sexual network structure • 2017 Washington HIV Prevention Project 
• 2014 Washington Medical Monitoring Project 
• 2017-2018 ARTnet survey 

Behavior within partnerships • 2017 Washington HIV Prevention Project 
• 2014 Washington Medical Monitoring Project 
• 2017-2018 ARTnet survey 
• Atlanta-based cohort studies 

HIV natural history  • Published studies 

Clinical epidemiology • 2017 Washington HIV Prevention Project 
• Washington State HIV surveillance data 

Transmission • Published studies  

PrEP • 2017 Washington HIV Prevention Project 
• Published studies 



 

 

90 

when men are likely to be present. We analyzed self-reported circumcision status among 475 

respondents aged 18-59. 

2.3 Reweighting  

To improve the consistency and representativeness of estimates from these surveys, we 

adjusted the samples to match the demographic composition of Washington males. As online 

convenience samples, the WHPP is subject to selection biases. While reweighting the samples 

does not remove all sources of bias, we sought to adjust for observed discrepancies in the 

distribution by region, age, and race/ethnicity. We defined three geographic regions of the state 

distinguished by the size of the MSM population,134 racial/ethnic composition,228 and engagement 

in care:33 King County, which includes Seattle, other counties in western Washington, and eastern 

Washington.  

To calculate the expected regional distribution, we used data from a 2016 analysis by Grey 

et al.134 County-level data were obtained from Emory University’s Coalition for Applied Modeling 

for Prevention website (http://www.emorycamp.org) and aggregated to the regional level to 

estimate the proportion of males who are MSM by region. We multiplied these proportions by the 

number of males aged 18 to 59 in each region from the 2011-2015 American Community Survey 

(ACS) 5-year estimates.228 

We assumed that the distribution of MSM by age and race/ethnicity in each region mirrors 

the distributions for all males, again based on data from the 2011-2015 ACS.228 Because the WHPP 

was administered only to men who had never tested positive for HIV, we subtracted the number 

of MSM living with diagnosed HIV by age, race/ethnicity and region from the population totals. 

We used estimates of the number of MSM living with diagnosed HIV as population targets for 

reweighting the MMP and ARTnet samples. 
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To reweight the sample compositions, we used the survey package231 in R to rake to the 

joint distribution of race/ethnicity and region and the marginal distribution of age, categorized into 

the following groups: 18-24, 25-29, 30-34, 35-39, 40-49, 50-59. We grouped ages ³40 into 10-

year age groups to increase the stability of the estimates, as there were fewer respondents in these 

ages and the number of respondents in the component 5-year age groups were comparable. The 

MMP sample included only 7 MSM from eastern Washington and 15 from western Washington 

outside of King County, so we raked it to the marginal distributions of race, region, and age. 

Because the ARTnet sample was nationwide, we raked it to the margins of race/ethnicity and age 

only. The NHBS sample includes only Seattle-area men, so we raked it to the margins of 

race/ethnicity and age. Because the MMP and NHBS used complex sampling designs, we first 

applied the appropriate sampling weights, and then raked the resulting objects to the target 

distributions for consistency with the other samples. 

3. Demography 

The model represents an open population of MSM ages 18-59 distributed by race and 

region according to proportions derived from U.S. Census data on Washington males228 and 

estimates of the proportion of males who are MSM by region,134 as described in section 2, above. 

Individuals age through the model in weekly time steps and exit with death or at age 60. New 

entries arrive at age 18 and are assumed to be HIV negative. 
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3.1 Demographic composition of the network 

At initialization, individuals in the model were assigned age, race/ethnicity and region 

attributes according to the estimated distribution of MSM in Washington (Figures S2.1 – S2.2). 

To represent key disparities in the Washington HIV epidemic, we defined three racial/ethnic 

groups: Hispanic, regardless of race, non-Hispanic black (alone or in combination with any other 

race), and non-Hispanic other. The non-Hispanic other group includes all non-Hispanic, non-black 

men, of whom 82% are white.  
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3.2 Entries and exits 

Individuals exit the model deterministically at age 60 or stochastically according to age- 

and race/ethnicity-specific mortality rates. We defined background mortality rates for HIV-

negative men using 2015 Washington vital statistics data227 and population denominators from the 

2011-2015 American Community Survey228 (Table S2.2). HIV/AIDS-related mortality is 

represented by multiplying background mortality rates by age-specific scalars for men living with 

HIV. Using surveillance data on deaths from all causes among MSM living with HIV/AIDS, we 

defined mortality rates for men aged 18-44, 45-54, and 55-64. Assuming the mortality rate for 

HIV-positive men aged 55-64 applies to men aged 55-59, we calculated the relative excess 

mortality among persons living with HIV by age group. These scalars are assumed to apply 

uniformly across racial and ethnic groups.  
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 Although there is evidence that HIV/AIDS mortality depends on treatment status and CD4 

count,232,233 because our model does not track CD4 cell count, these patterns would be difficult to 

implement. However, lifetable analyses indicate that, even for individuals with low CD4 cell count 

and no viral suppression, expected survival exceeds or comes close to the modeled age range.234–

236 There is evidence that survival has improved over time,233,235,236 such that current estimates are 

likely even higher. 

The rate of new entries to the model was defined to achieve a stable population in the 

absence of HIV/AIDS mortality. All new entries start at as HIV susceptible at age 18 and are 

assigned attributes according to specified distributions. Although the population in Washington is 

projected to grow in coming years,237 much of this growth will be due to in-migration from out of 

the state, and we do not have data on the HIV status and other attributes of new entries from 

migration. 

3.3 Other attributes 

In addition to age, race/ethnicity, region, and HIV status, individuals in the network are 

assigned fixed and dynamic attributes that influence behavior and their risk of HIV transmission 

or acquisition. Two of the fixed attributes that influence HIV acquisition risk are circumcision 

Table S2.2 Age- and race/ethnicity-specific background mortality rates (per 100,000) and 
relative mortality for men living with HIV/AIDS 
 General population HIV-positive 
Age group Black Hispanic Other Relative rate 
18-19 167.5 89.0 68.2 3.8 
20-24 116.8 106.8 101.3 3.8 
25-29 161.4 112.5 118.9 3.8 
30-34 168.7 123.3 138.3 3.8 
35-39 267.3 126.0 161.1 3.8 
40-44 224.4 186.1 197.9 3.8 
45-49 427.9 202.2 306.5 3.0 
50-54 609.2 342.6 517.0 3.0 
55-59 1322.3 503.2 780.4 2.0 
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status and CCR5-D32 genotype. Circumcision was assigned by race/ethnicity according to 

proportions calculated from 2014 Seattle are NHBS data (Table S2.3). Based on evidence of 

differential susceptibility to HIV infection associated with a mutation in the CCR5-D32 allele,238 

individuals were assigned a genotype with no mutations (wild type), one mutation (heterozygous), 

or mutations on both chromosomes (homozygous) according to prevalences reported by 

race/ethnicity in Marmor et al.238 Other fixed and dynamic attributes are described in the relevant 

sections, below. 

 

4. Sexual networks 

To account for heterogeneity in partnership types, we modeled three overlapping 

partnership networks. Aligning with measures in the WHPP and ARTnet surveys, main 

partnerships were defined as partners men “feel committed to above all others” and whom they 

might refer to as a “boyfriend, spouse, husband, significant other, or life partner.” Partners with 

whom respondents had anal sex only once and did not expect to have sex with again were classified 

as “instantaneous” (one-time) partners. All other partners were classified as “persistent,” indicating 

non-main partnerships with duration.  

Each of these partnership networks was estimated with a separate exponential family 

random graph model (ERGM), taking into account observed cross-network dependencies (i.e., the 

probability of forming a persistent partnership depends on main partnership status). Because the 

same statistical model is used for estimation and simulation, this approach has the advantage of 

Table S2.3: Distribution of circumcision and CCR5-D32 genotype by race/ethnicity 
 Black Hispanic Other 
Proportion Circumcised 0.645 0.490 0.860 
CCR5-D32 genotype    

Heterozygous 0.034 0.050 0.164a 
Homozygous 0.000 0.003 0.017a 

aCalculated as a weighted average of the reported prevalence for men of white and other racial groups, from 
Marmor et al.238  
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preserving expected network features over time.109 Section 4.1. describes the features of the sexual 

network our models were parameterized to represent, and section 4.2 presents the statistical 

methods used to implement them.  

4.1 Modeled network features 

The key features of the sexual network that our models represent are the expected number 

of active partnerships of each type men at any point in time (mean degree), partnership duration, 

and patterns of assortative mixing by age, race, and region. We include constraints to prohibit 

partnerships between two men who exclusively engage in receptive anal sex or two men who 

exclusively engage in insertive anal sex. Each of these features are described below, along with 

the approach used to derive target statistics for the model.  

4.1.1 Active main and persistent partnerships 

To estimate the distribution of active main and persistent partnerships, we combined the 

reweighted data from the WHPP and ARTnet samples into a single dataset representing all MSM 

in Washington. Active partnerships were defined as those in which the respondent expects to have 

anal sex again. We assumed that men can only have one main partnership at a time, and we 

truncated the number of concurrent persistent partnerships at 2. To represent the dependence of 

persistent partnership formation on main partnership status and vice versa, we fit our models to 

the joint distribution of active main and persistent partnerships (Figure S2.3). We also accounted 

for differential rates of partnership formation by race/ethnicity (Figure S2.4) and region (Figure 

S2.5) by calculating the mean number of active partnerships of each type stratified by these 

attributes. As described in section 4.5, the marginal effects of each of these variables are expressed 

as log-odds, which are combined to give an overall conditional probability of partnership 

formation for each time step. 
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4.1.2 Instantaneous partnerships 

For an individual in the model, the probability of forming an instantaneous partnership in 

a given time step is a function of his race/ethnicity, region of residence, current main and persistent 
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partnership status, and a risk group attribute. Table S2.4 shows the expected numbers of 

instantaneous partnerships by race/ethnicity and region. Table S2.5 shows the expected number of 

instantaneous partnerships per time step by the joint cross-sectional distribution of active main and 

persistent partnerships.  

The risk group attribute was informed by exploratory analyses, which indicated a right-

skewed distribution, with a high proportion of men reported no instantaneous partnerships in the 

past 12 months. This distribution differed by age, with relatively more men over age 50 reporting 

no instantaneous partners in the past 12 months. To capture this effect, we defined a dynamic 

attribute assigning differential propensities for forming instantaneous partnerships within and 

across age groups. Data on the number of instantaneous partnerships in the past 12 months from 

the combined WHPP and ARTnet dataset were transformed into expected rates per time step. Men 

aged 18-49 were assigned one of four risk groups upon entry to the model with rates of 

instantaneous partnership formation calculated as the mean of each quartile of the distribution. 

Upon aging past 50 years, this attribute was updated by adjusting expected rates to the mean of the 

corresponding quartile of the distribution among men aged 50-59 in the survey data. The expected 

numbers of instantaneous partnerships per weekly time step for each quartile by age are presented 

in Table S2.6. For ease of interpretation, values in parentheses show the expected numbers of 

partnerships per year.  

Table S2.4: Expected number of instantaneous partnerships 
per weekly time step (and per year) by race/ethnicity and 
region 
Race/ethnicity  

Hispanic 0.138 (7.21) 
Black 0.124 (6.49) 
Other 0.088 (4.60) 

Region  
King County 0.111 (5.78) 
Western WA 0.074 (3.86) 
Eastern WA 0.083 (4.31) 
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4.1.3 Racial/ethnic mixing 

Patterns of selective mixing by race/ethnicity for each partnership type were defined using 

data on the race/ethnicity of the most recent partner from the WHPP and MMP samples. A 

challenge with using self-reported partnership data to obtain patterns of sexual mixing is that the 

number of partnerships reported by men in group A with men in group B may not match the 

number of partnerships reported by men in group B with men in group A. To account for 

imbalances in the data, we defined mixing matrices representing the expected number of 

partnerships for each combination of respondent (ego) and partner (alter) race/ethnicity based on 

observed data, and we averaged the off-diagonal elements. In the model, we represented the 

proportion of main, persistent, and instantaneous partnerships that are within-group (on the 

diagonal) for each racial/ethnic group. 

Table S2.6 presents data on patterns of racial/ethnic mixing in each partnership type after 

adjusting for imbalances. The value labels and size of the circles indicate the row conditional 

probabilities that a partnership involving man of a given race/ethnicity is with a partner of the same 

or different race/ethnicity. To account for differences in the size of each group, the circles are 

colored to indicate how much more or less the observed probabilities are than we would expect 

with random (proportional) mixing. To quantify this, we took the log of the ratio of the observed 

Table S2.5: Expected number of instantaneous partnerships per weekly time step (and per 
year) by active main and persistent partnership status 
 0 persistent partners 1 persistent partner 2+ persistent partners 
0 main partners 0.109 (5.67) 0.047 (2.45) 0.174 (9.06) 
1 main partner 0.051 (2.66) 0.077 (4.03) 0.241 (12.6) 

Table S2.6: Expected number of instantaneous partnerships per weekly time step (and per 
year) by risk group and age 
Age First quartile Second quartile Third quartile  Fourth quartile 
18-49 0.000 (0.000) 0.004 (0.222) 0.037 (1.92) 0.395 (20.63) 
50-59 0.000 (0.0000 0.000 (0.000) 0.012 (0.625) 0.191 (9.98) 
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cell count for partnerships between egos of race/ethnicity ! and alters of race/ethnicity " to the 

expected cell count under random mixing: #$%&'()* = #$%&$,-() &./0()*⁄ *, where the expected 

cell count ./0() = &2( ∗ 2)* 2⁄ .	Larger (red) values indicate that the observed value is higher than 

expected, and lower (blue) values indicate that the observed value is less than expected. 

 
4.1.4 Age mixing 

Following previous network-based models,94,239,240 we modeled age mixing as the mean 

difference between the square root of the age of each partner. For each partnership type, we defined 

age mixing matrices in single years of age using egocentric data from the combined WHPP and 

MMP surveys, weighted by mean degree by age calculated from the WHPP and ARTnet datasets 

and the number of men of each age. We balanced the matrix by taking the average of off-diagonal 

elements. We then calculated the absolute difference between each combination of respondent 

(ego) and partner (alter) ages, weighted these differences by the edge count in the corresponding 

cell in the balanced mixing matrix, and took the mean of the non-zero elements.  
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For illustrative purposes, Figure S2.7 shows the balanced age mixing matrices for each 

partnership type, with age collapsed into 5-year age groups. As for racial/ethnic mixing, the value 

labels and size of the circles indicate the row conditional probabilities, and the color corresponds 

to the #$%&'()* value. Red indicates that observed probability is higher than expected under 

random (proportional) mixing, and blue indicates that the observed probability is less than 

expected. Table S2.7 shows the mean absolute difference in the square root of ego and alter ages 

for each partnership type. These data indicate that men have stronger assortative tendencies by age 

in main partnerships than in persistent and instantaneous partnerships. 

 
 
 

Table S2.7: Mean absolute difference in the square root 
of ego and alter ages, by partnership type 
Main partnerships 0.538 
Persistent partnerships 0.825 
Instantaneous partnerships 0.794 

 
4.1.5 Regional mixing 

In light of observed geographic differences in HIV prevalence and engagement in care in 

Washington, patterns of sexual mixing by region may be important for transmission dynamics. 

Because our surveys did not ask where sex partners live, we lacked data to inform this. However, 

58.89% 20.16% 6.71% 1.34% 5.67% 7.24%

18.35% 40.56% 23.95% 5.4% 6.04% 5.7%

6.16% 24.15% 30.1% 20.44% 17.71% 1.45%

1.68% 7.46% 28% 31.04% 25.26% 6.56%

3.47% 4.06% 11.79% 12.27% 38.59% 29.84%

6.88% 5.95% 1.5% 4.95% 46.37% 34.35%

27.83% 15.27% 13.43% 7.46% 13.36% 22.65%

16.01% 31.14% 27.8% 1.5% 21.51% 2.03%

12.84% 25.35% 18.62% 21.3% 10.3% 11.6%

11.33% 2.18% 33.86% 25.79% 15.83% 11%

8.17% 12.55% 6.59% 6.37% 39.87% 26.44%

20.51% 1.75% 10.98% 6.55% 39.14% 21.06%

22.2% 14.94% 4.07% 30.96% 20.94% 6.88%

10.37% 24.2% 27.25% 18.92% 13.91% 5.36%

2.21% 21.33% 8.05% 47.4% 13.95% 7.05%

15.66% 13.79% 44.14% 3.6% 14.38% 8.43%

11.33% 10.84% 13.89% 15.38% 41.98% 6.57%

9.86% 11.07% 18.62% 23.92% 17.42% 19.09%

Main Persistent Instantaneous

18−24 25−29 30−34 35−39 40−49 50−59 18−24 25−29 30−34 35−39 40−49 50−59 18−24 25−29 30−34 35−39 40−49 50−59

50−59

40−49

35−39

30−34

25−29

18−24

Alter

Eg
o

Age mixing row conditional probabilitiesFigure S2.7: Sexual mixing by age and partnership type: conditional row probabilities

Re
sp

on
de

nt
 (e

go
) a

ge

Partner (alter) age



 

 

103 

not specifying region mixing terms in our model would allow partnerships to form randomly by 

region. We therefore assumed that all main partnerships and 80% of persistent and instantaneous 

partnerships are with men in the same region. Future work is needed to collect and use data on 

patterns of mixing by region to better represent these dynamics. 

 

4.1.6 Mixing by sex role 

Because the risk of HIV transmission is higher with receptive than insertive anal sex,135,137 

individuals in our model are assigned a fixed attribute determining their role in anal sex as 

exclusively receptive, exclusively insertive, or versatile. Sexual partnerships between two 

exclusively receptive or two exclusively insertive men are prohibited. 

The distribution of this attribute, shown in Table S2.8, was informed by data from the 

WHPP and MMP surveys. In the WHPP survey, men were asked to characterize their role in anal 

sex with all of their male anal sex partners in the past 12 months, with options of: always a bottom 

(receptive partner), mostly a bottom (receptive partner), equally a bottom (receptive partner) and 

a top (insertive partner), mostly a top (insertive partner), or always a top (insertive partner). All 

responses except always a bottom and always a top were categorized as versatile. In the MMP 

survey, sex role was calculated from reported engagement in receptive and insertive anal sex with 

each of the most recent 5 partners. Men who reported both receptive and insertive sex with their 

partners were classified as versatile. 

Table S2.8: Anal sex role 
Exclusively receptive 0.213 
Exclusively insertive 0.149 
Versatile 0.638 
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4.1.7 Duration 

Main and persistent partnership dissolution was modeled as a memoryless process with a 

constant hazard of dissolution. With the assumption of an exponential distribution of durations for 

each partnership type, the mean age of active ties measured with cross-sectional data can be used 

as an unbiased estimator of the mean time from relationship onset to dissolution.239 To estimate 

this, we used data from the WHPP and ARTnet datasets on the time since first sex (partnership 

age) in most recent main and persistent partnerships that were reported to be ongoing. We obtained 

the median partnership age from these data and calculated the corresponding mean duration 

assuming an exponential distribution. The expected durations were 1071 days (2.9 years) for main 

partnerships and 223 days (7.3 months) for persistent partnerships. 

To test the assumption of an exponential distribution, the plots below show the observed 

distribution of partnership age in the reweighted samples, with an overlaid exponential 

distribution. Note the difference in the axes for the two plots. Although the exponential distribution 

does not provide a perfect fit to the observe data, particularly for main partnerships, we took it to 

be a reasonable fit. Future work to improve estimation and simulation of the process and 

determinants of partnership dissolution could improve model performance. 
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4.2 Statistical model 

Exponential family random graph models (ERGMs) provide a statistically principled 

framework for estimation and simulation of sexual networks that reproduce features observed in 

empirical data.222,223 These models estimate the probability of observing a set of relationships (6) 

Main partnerships

Persistent partnerships

Figure S2.8: Observed partnership age with overlaid exponetial distribution 
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conditional on the network statistics (%(6)) and characteristics (/) of the 9	individuals in the 

network. For partnerships with duration across multiple time steps, separable temporal ERGMs 

additionally model partnership persistence, providing representation of the dynamic processes that 

generate an observed set of prevalent relationships.111 Using an ERGM for estimation of 

instantaneous partnerships and STERGMs for main and persistent partnerships, our network 

models can be expressed as the conditional log odds of relationships existing, forming, and 

persisting:94 

#$%!: ;<&=(),? = 1|=(),?BC = 0, =(),?
E *F = GHI

JK&%HI (6)*    Main partnership formation 

#$%!: ;<&=(),? = 1|=(),?BC = 0, =(),?
E *F = GHB

JK&%HB (6)*   Main partnership persistence 

#$%!: ;<&=(),? = 1|=(),?BC = 0, =(),?
E *F = GLI

JK ;%LI(6)F    Persistent partnership formation 

#$%!: ;<&=(),? = 1|=(),?BC = 0, =(),?
E *F = GLB

JK ;%LB(6)F  Persistent partnership persistence 

#$%!: ;<&=(),? = 1|=(),?
E *F = G(

JK&%((6)*        Instantaneous partnership existence 

where: 

• =(),? =	a binary indicator of the existence of a tie between persons ! and " at time :  

• =(),?
E = all other ties in the network at time : (the network complement of !, ") 

• %(6) = a vector of network statistics in each model.  

• G = a vectors of parameters in the formation (existence) model 

The vectors %(6) and G are indexed by whether they correspond to the formation (+) or 

persistence (-) models for main (m), persistent (p), or instantaneous partnerships (i). The network 

statistics used to fit each of our models are indicated below. These correspond to the features of 

the network detailed in section 4.1. The target statistics provided to the model are given as counts, 



 

 

107 

from which G coefficents are estimated for simulation. Adjustments to these coefficients allow for 

preservation of the expected number of partnerships per person (degree) and patterns of mixing as 

network composition changes over the course of the simulation.240 

Main partnership formation model statistics (%HI (6)): 

1. Total number of active main partnerships 

2. Number of men with 1 persistent partnership who are in a main partnership 

3. Number of men with 2 persistent partnerships who are in a main partnership 

4. Number of black men who are in a main partnership 

5. Number of Hispanic men who are in a main partnership 

6. Number of men in Eastern Washington who are in a main partnership 

7. Number of men in Western Washington who are in a main partnership 

8. Number of main partnerships that involve two black men 

9. Number of main partnerships that involve two Hispanic men 

10. Number of main partnerships that involve two men of other race/ethnicity 

11. Sum of the absolute difference in the square root of the ages of partners across all 

main partnerships 

12. Number of main partnerships between two exclusively receptive men 

13. Number of main partnerships between two exclusively insertive men 

14. Number of main partnerships between men residing in different regions 

The latter three statistics were constrained to be 0, prohibiting partnerships of these 

types. 

Main partnership persistence model statistic (%HB (6)): 

1. Total number of active main partnerships 
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Persistent partnership formation model statistics (%LI(6)): 

1. Total number of active persistent partnerships 

2. Number of persistent partnerships involving men with 1 main partner  

3. Number of persistent partnerships involving black men  

4. Number of persistent partnerships involving Hispanic men  

5. Number of persistent partnerships involving men in Eastern Washington 

6. Number of persistent partnerships involving men in Western Washington 

7. Number of men with 2 concurrent persistent partnerships 

8. Number of persistent partnerships that involve two black men 

9. Number of persistent partnerships that involve two Hispanic men 

10. Number of persistent partnerships that involve two men of other race/ethnicity 

11. Sum of the absolute difference in the square root of the ages of partners across all 

persistent partnerships 

12. Number of persistent partnerships between two exclusively receptive men 

13. Number of persistent partnerships between two exclusively insertive men 

14. Number of persistent partnerships between men residing in different regions 

15. Number of men with three or more persistent partnerships 

For statistics 2-6, partnerships between two men with the same attribute were 

counted twice. As in the main partnership model, statistics 12-13 were constrained to 

be 0. Statistic 15 is also set to 0 to truncate persistent degree at 2. 

Persistent partnership persistence model statistic (%LB(6)): 

1. Total number of active persistent partnerships 

Instantaneous partnership existence model statistics (%((6)): 
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1. Total number of instantaneous (inst.) partnerships in a given time step 

2. Number of inst. partnerships involving men with 0 main and 1 persistent partner  

3. Number of inst. partnerships involving men with 0 main and 2 persistent partners 

4. Number of inst. partnerships involving men with 1 main and 0 persistent partner  

5. Number of inst. partnerships involving men with 1 main and 1 persistent partner  

6. Number of inst. partnerships involving men with 1 main and 2 persistent partners  

7. Number of inst. partnerships involving men aged 18-49 in the first risk quartile 

8.  Number of inst. partnerships involving men aged 18-49 in the second risk quartile 

9. Number of inst. partnerships involving men aged 18-49 in the third risk quartile 

10. Number of inst. partnerships involving men aged 50-59 in the first risk quartile 

11. Number of inst. partnerships involving men aged 50-59 in the second risk quartile 

12. Number of inst. partnerships involving men aged 50-59 in the third risk quartile 

13. Number of inst. partnerships involving men aged 50-59 in the fourth risk quartile 

14. Number of inst. partnerships involving black men  

15. Number of inst. partnerships involving Hispanic men  

16. Number of inst. partnerships involving men in Eastern Washington 

17. Number of inst. partnerships involving men in Western Washington 

18. Number of inst. partnerships that involve two black men 

19. Number of inst. partnerships that involve two Hispanic men 

20. Number of inst. partnerships that involve two men of other race/ethnicity 

21. Sum of the absolute difference in the square root of the ages of partners across all 

inst. partnerships 

22. Number of inst. partnerships between two exclusively receptive men 

23. Number of inst. partnerships between two exclusively insertive men 
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24. Number of inst. partnerships between men residing in different regions 

For statistics 2-17, partnerships between two men with the same attribute were 

counted twice. As in the main and persistent partnership models, statistics 22-23 

were constrained to be 0. 

To simulate dynamic sexual networks using these models and statistics, we start with a 

network of 10,000 men with no partnerships, who are assigned attributes according to the 

distributions specified in sections 3 and 4. To initialize the network, individuals are assigned 

placeholder attributes for main and persistent degree to match the observed distributions in section 

4.1.1. This attribute is updated as partnerships form and dissolve. We use the mean durations of 

main and persistent partnerships (section 4.1.7) to calculate persistence model parameters. Using 

the target statistics calculated from our data for each of the terms listed above, we use an MCMC 

algorithm to obtain maximum likelihood estimates of the corresponding parameters.241 This step 

utilizes an approximation method for the main and persistent network STERGMs to improve 

computational efficiency.242 

4.3 Network diagnostics 

To ensure that the simulated networks reproduce the observed features of the sexual 

network, we ran diagnostics on the models for each of the three partnership types in the absence 

of epidemic and demographic dynamics. We achieved excellent fit with the main and 

instantaneous models, with mean simulated network statistics within 1-2% of the observed targets. 

For the persistent model, however, partnership duration was too short for the dynamic 

approximation method to work as expected.242 To improve the fit, we adjusted the coefficients by 

sampling values from a range of ±0.15 and taking the mean of the best-fitting 5 sets of coefficients 
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from 10,000 simulations. This adjusted model resulted in mean simulated network statistics within 

5% of the observed targets.  

5. Behavior within sexual partnerships 

In each time step, our model simulates four behaviors within active partnerships: HIV 

status disclosure, the number of anal sex acts, condom use in each act, and sex role in each act. 

These behaviors are modeled only in HIV serodiscordant partnerships, including those in which 

the positive partner is undiagnosed, to focus on events with transmission potential. 

5.1 Disclosure 

At the start of a serodiscordant partnership, we model whether or not the HIV-positive 

partner discloses his status, given that he’s been diagnosed. Disclosure is assumed to influence the 

probability of condom use, as described in section 5.3. Using data from the Washington MMP 

sample, we estimated probabilities of disclosure by partner type. The MMP did not ask respondents 

to describe partners as main, so we defined main partners using a variable that measured 

respondents’ level of commitment to each of their most recent 5 partners. Those whom respondents 

reported being “committed to above and beyond anyone else” were categorized as main. Partners 

with whom respondents reported having anal sex only once in the past 12 months were categorized 

as instantaneous, and all others were categorized as persistent. Disclosure was measured by asking 

respondents if their partners know their HIV status, and if so, if the partners were aware of their 

status every time they had sex in the past 12 months. In the 2014 dataset, 51 HIV-positive men 

reported on 102 partnerships with negative or unknown-status men. Of these, 13 were classified 

as main partners, 44 as persistent, and 45 as instantaneous. All men who reported disclosing their 

status to a discordant partner indicated that their partner was aware of their status every time they 
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had sex in the past 12 months. Table S2.9 shows the proportion who reported disclosure with 

partners of each type. 

Table S2.9: HIV status disclosure by partner type 
Main partners 1.000 
Persistent partners 0.567 
Instantaneous partners 0.492 

Although the sample size for these data is small, particularly for main partners, we used 

these data to set the probability of disclosure in the model. We assumed that if disclosure does not 

occur at the outset of a relationship, it will not happen. We also assumed that all men disclose their 

status to main and persistent partners if they are diagnosed while in an ongoing partnership, 

consistent with previous models.94,112 

5.2 Anal sex acts 

 In instantaneous partnerships, only one anal sex act is modeled by definition. In main and 

persistent partnerships, the number of anal sex acts per weekly time step is determined by a draw 

from a Poisson distribution, with mean values derived using data from the combined WHPP and 

ARTnet samples. Exploratory analyses did not indicate any meaningful differences in coital 

frequency by modeled attribute, so we calculated overall rates of coital frequency for each 

partnership type.  

Table S2.10: Mean number of anal sex acts per week 
Main partnerships 1.30 
Persistent partnerships 0.83 

5.3 Condom use 

The probability of condom use in a partnership is influenced by individual and dyad-level 

factors. For each partnership type, we specified base probabilities for dyads in which the positive 

partner has not yet been diagnosed. To estimate these probabilities, we used data on condom use 

with the most recent partner from the WHPP sample, restricted to partnerships where both partners 
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were HIV negative or status-unknown. With the objective of estimating the baseline probability of 

condom use in a population with no PrEP use, we further restricted the sample for these analyses 

to respondents who had not used PrEP in the past 12 months and whose most recent partner was 

not known to be using PrEP. However, by excluding PrEP users, resulting estimates are likely to 

overestimate the probability of condom use, given that unprotected anal sex is an indication for 

starting on PrEP. For this reason, and in recognition of social desirability biases in self-reported 

data, we used condom use as a tuning parameter for calibration, as described in section 10.2.  

Exploratory analyses suggested age differences in the probability of condom use with main 

partners, with higher condom use in partnerships involving younger men. To represent this in the 

model, we defined separate probabilities of condom use with main partners for partnerships 

between two men aged 18-34 and for all other age combinations (Table S2.11). For persistent and 

instantaneous partnerships, we assigned attributes to indicate men who always use condoms in 

these partnerships. Using data from the WHPP survey, we defined the proportion of men who 

always use condoms with persistent partners as the proportion who reported 2 or more persistent 

partners in the past 12 months and reported no condomless anal sex with any non-main partners. 

We took a similar approach to define the proportion of men who always use condoms with 

instantaneous partners. To allocate these attributes in the network, we calculated the correlation 

between consistent condom use with persistent and instantaneous partners using a phi coefficient.  
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Table S2.11: Baseline condom use parameters for undiagnosed serodiscordant partnerships in 
the absence of PrEP: initial estimates before calibration 
Main partnerships   

Mean probability of condom use in dyads involving two men aged 18-34 0.339 
Mean probability of condom use for all other age combinations 0.140 

Persistent partnerships  
Proportion of men who always use condoms 0.092 
Probability of condom use for inconsistent users 0.393 

Instantaneous partnerships  
Proportion of men who always use condoms 0.198 
Probability of condom use for inconsistent users 0.414 

Correlation between consistent condom use with persistent and instantaneous 
partners 

0.601 

For calibration, we applied a general scalar to the baseline probability of condom use across 

partnership types and the proportion of men who always use condoms with persistent and 

instantaneous partnerships. We defined a prior distribution for this scalar with the lower bound 

corresponding to the relative reduction in the overall probability of condom use in our data if we 

assumed that none of the PrEP users used condoms before going on PrEP: 0.64. We set the upper 

bound to 1. The selected posterior value for this scalar was 0.73 (section 10.2). 

To account for changes in condom use with diagnosis and disclosure, these baseline 

condom use probabilities were first transformed into log odds. Because we lacked data on the 

impact of diagnosis and disclosure on the probability of condom use with discordant partners 

among Washington MSM, we used estimated logistic regression coefficients from an analysis of 

data from Atlanta-area cohort studies.94,112 These coefficients were added to the baseline log odds 

to modify condom use following disclosure or diagnosis, and were assumed to be the same across 

partnership types. 

Table S2.12: Logit coefficients for the change in 
condom use with HIV diagnosis and disclosure 
Disclosure 0.670 
Diagnosis 0.850 

These logit values were then converted back to probabilities, and condom use was 

simulated stochastically for each act by sampling from a binomial distribution. After calibration, 
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the mean proportion of acts that were protected by condoms was 17% in main partnerships, 41% 

in persistent partnerships, and 51% in instantaneous partnerships. As described in section 9, PrEP 

use was also assumed to modify the probability of condom use in scenarios with risk compensation. 

5.4 Anal sex role 

Sexual position is determined by a fixed attribute assigning men to be exclusively 

receptive, exclusively insertive, or versatile (section 4.6). For partnerships involving two versatile 

men, we define a probability that they will both take the receptive and the insertive role in a single 

anal intercourse event (intraevent versatility). Using data on the frequency of intraevent versatility 

with the up to the most recent 5 partners from the ARTnet survey, we estimated this probability at 

27.9%. If intraevent versatility does not occur in a given sex act, sex role is determined by an 

attribute indicating each partner’s preference for being the insertive partner, which is assigned by 

drawing from a uniform distribution between 0 and 1. The probability of being the insertive partner 

is given by each man’s preference for insertativity divided by the sum of the insertativity 

preference values for both members of the partnership.  

6. HIV natural history 

Disease progression is modeled through changes in HIV viral load with each stage of 

infection. As in previous network-based MSM models,94,112,239 viral load rises in the absence of 

treatment from a starting value of 0 to a peak value in acute infection after 45 days. Subsequently, 

viral load falls over 45 days to a chronic phase set point and remains at this value for 9.7 years 

until onset of AIDS (at 10 years post seroconversion), which is marked by an increase in viral 

load.243 Our model deviates from previous models94,112,239 in that we do not explicitly model AIDS 

mortality. As described in section 3.2, we instead represent HIV/AIDS-associated mortality by 

applying age-specific scalars to background mortality. For individuals who progress to AIDS, viral 
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load is assumed to rise to a peak of 7 log10 within 2 years, after which point viral load stabilizes. 

Since we assume universal treatment with ART (see section 7), very few men are expected to reach 

this point. Because HIV/AIDS symptoms often appear before clinical AIDs,116 we define an 

interval of 7.5 years from seroconversion to symptom onset, which is assumed to prompt 

diagnostic testing. Table S2.13 lists the relevant model parameters. 

Table S2.13: HIV natural history parameters 
Parameter Value Source 
Time from seroconversion to peak acute-stage viremia  45 243,244 

Peak viral load in acute stage 6.866 log10 
244 

Time from peak acute-stage viremia to set point viral 
load 

45 243,244 

Level of set point viral load 4.5 log10 245 

Time from seroconversion to symptom onset  2738 days 116,117 

Duration of chronic stage infection 3550 days 246,247 

Time to peak AIDS-stage viremia 728 days 246 

Peak viral load in AIDS stage 7 log10 Estimated94 

243,244  244  243,244  245  116,117  246,247  246  94 

7. Clinical epidemiology 

We model the processes of diagnosis, ART initiation, cycling on and off ART, and 

resulting changes in viral load. A fixed attribute determines men’s probability of HIV testing and 

adherence to ART. For HIV testing, men are assigned to either screen at regular intervals or only 

with symptom onset. After diagnosis, all men are assumed to initiate ART and either treat with 

high adherence, resulting in full viral suppression, or treat with suboptimal adherence, resulting in 

partial viral suppression. As described in detail below, we derived values for these clinical 

parameters to match Washington State surveillance data on the proportion of MSM/MSM-IDU 

cases diagnosed with AIDS within one year of an HIV diagnosis and the proportions engaged in 

care, virally suppressed, and durably suppressed. 
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7.1 HIV testing 

The screening interval for regular testers was estimated from WHPP survey data on days 

since the last HIV test among respondents not currently taking PrEP. Because the survey was not 

administered in connection with any testing event, we assume the survey date was randomly 

distributed within men’s testing intervals, such that on average it fell halfway between testing 

events. We calculated the intertest interval as twice the reported days since the last test, which 

yielded an estimated median interval of 436 days. This interval did not appear to vary by 

race/ethnicity or region, so we used a single parameter for the entire network. We assume that tests 

that occur within a 21-day window period after infection will yield false-negative results,248 and 

all other tests are 100% sensitive. Men using PrEP are assumed to test for HIV every 3 months. 

We estimated the proportion of men who test only with symptom onset by race/ethnicity 

and region using Washington State surveillance data on the proportion of MSM/MSM-IDU cases 

that were diagnosed with AIDS within 1 year of their HIV diagnosis from 2013-2017. Because 

CD4+ cell count declines rapidly for some individuals117, we adjusted this estimate to account for 

the fact that some proportion of late diagnoses will occur among men who test regularly. Since the 

average intertest interval for regular testers is 436 days, we assume that men in this group are 

diagnosed on average 218 days after seroconversion, such that regular testers would be considered 

late diagnoses if they progressed to AIDS within 583 days (~1.6 years) of seroconversion. From 

Lodi,117 if 8.8% of men progress to AIDS within a year and 3.4% progress in the second year, 

approximately 10.8% of regular testers will be late diagnoses. The proportion of men who test only 

upon progression to symptoms can be expressed as 0 = ($,- − 0.108) (1 − 0.108)⁄ , where $,- 

indicates the observed proportion of all diagnoses that are defined as late. Table S2.14 presents the 

estimated values from solving this equation using data on the observed proportion of diagnoses 

defined as late for each racial/ethnic group and region. 
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Table S2.14: Proportion of men who don’t test for HIV until 
symptom onset 
Region Race/ethnicity Estimate 
King County 
 

Black 0.080 
Hispanic 0.064 
Other 0.104 

Western WA 
 

Black 0.120 
Hispanic 0.102 
Other 0.148 

Eastern WA 
 

Black 0.161 
Hispanic 0.140 
Other 0.192 

7.2 Antiretroviral therapy (ART) initiation 

We estimated the time from diagnosis to treatment initiation using data on the median time 

from diagnosis to viral suppression for each racial/ethnic group and region. Based on the typical 

timing of labs and expert consultation, we assumed that treatment was initiated an average of 8 

weeks before the first recorded date of viral suppression. The resulting parameters for the time to 

ART initiation are listed in table S2.15. Lacking empirical data on the distribution of time to ART 

initiation, for simplicity we assume that all men start treatment after the specified intervals. 

Table S2.15: Estimated weeks from diagnosis to ART initiation 
Region Race/ethnicity Estimate 
King County 
 

Black 6.6 
Hispanic 6.2 
Other 6.7 

Western WA 
 

Black 8.0 
Hispanic 7.6 
Other 8.1 

Eastern WA 
 

Black 7.6 
Hispanic 7.1 
Other 7.6 

7.3 Antiretroviral therapy (ART) adherence, viral suppression, and retention in care  

With initiation of ART, we modeled a decrease in viral load to either full or partial 

suppression according to men’s assigned adherence profile. For men who treat with full 

suppression, viral load declines linearly over 28 days to an on-treatment level of 1.5 log10. The 
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time to viral suppression was defined using data from randomized trials of dolutegravir to reflect 

the effects of contemporary regimens including integrates inhibitors.249,250 For men who treat with 

partial suppression, we model a decline in viral load over 28 days to an on-treatment level of 3.5 

log10, consistent with previous models.94,112 With treatment cessation, viral load is assumed to 

increase back to set point viral load.251–253 We assume that the slope of viral rebound for both 

groups mirrors the slope of viral suppression in full suppressors. 

Rates of treatment cessation were derived from data on the durability of viral suppression. 

We obtained data on the proportion of MSM/MSM-IDU cases in Washington who were virally 

suppressed at their first lab visit in 2016 that remained virally suppressed at their next visit 5-7 

months later. Because the typical timing of labs may differ for men who have demonstrated stable 

adherence, we also calculated the proportion of that remained virally suppressed at a subsequent 

visit within 11-13 months of their initial suppressed viral load in 2016. By including data only 

from men who had a follow-up viral load in the defined intervals, these proportions will over-

estimate durable suppression since men who fall out of care are not included in the denominator. 

To adjust for this, we defined the probability of durable suppression through / months 

(corresponding to 6- or 12-month intervals) as the probability of remaining in care times the 

probability of remaining suppressed given that an individual is in care: <(PQ) = <(RS) ×

<(UQ	|	RS). The probability of remaining in care was estimated as 1 minus the proportion of men 

who were suppressed at their first visit in 2016 that had no viral load labs for the subsequent 18 

months and were not on record as having died or moved to another jurisdiction. 

Assuming that the process of treatment cessation follows a geometric distribution, we 

calculated the parameter 0 that has a cumulative distribution of =at time /, where = = 1 − <(PQ), 

based on the geometric distribution cumulative distribution function, 0 = 1 −	(1 − =)C Q⁄ . We 

solved this equation using data on durable suppression over both the 6- and 12-month intervals 
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and took the weighted average of the estimated rates, which were very similar at 0.0022 and 0.0023 

per weekly time step, respectively. The resulting value was used to define the rate of treatment 

cessation for men who treat with full suppression. We assume that men who treat with partial 

suppression fall out of care at twice this rate. Because of the constraints of this analysis, we did 

not stratify these parameters by race/ethnicity or region. However, as described in the next 

paragraph, we calculated differential rates of treatment reinitiation such that the proportion of men 

on treatment in the cross-section aligns with observed patterns. 

Table S2.16: Rates of treatment cessation per weekly 
time step 
Full suppressors 0.002 
Partial suppressors 0.004 

Using the calculated rate of treatment cessation and observed cross-sectional proportions of 

diagnosed MSM who were engaged in care and virally suppressed in 2017, we solved for a) rates 

of treatment reinitiation and b) the proportions of men who treat with full suppression by 

race/ethnicity and region.  Engagement in care is defined as having evidence of one or more HIV 

labs in the past year, as was used as a proxy indicator for the proportion on treatment. In solving 

for the rates of treatment reinitiation that are consistent with observed data, we assumed that partial 

suppressors reinitiate at half the rate for full suppressors. 

Table S2.17: Rates of treatment reinitiation per weekly time step 
Region Race/ethnicity Full suppressors Partial suppressors 
King County 
 

Black 0.024 0.012 
Hispanic 0.024 0.012 
Other 0.028 0.014 

Western WA 
 

Black 0.020 0.010 
Hispanic 0.020 0.010 
Other 0.022 0.011 

Eastern WA 
 

Black 0.022 0.011 
Hispanic 0.021 0.011 
Other 0.024 0.012 
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Table S2.18: Estimated proportion of diagnosed men who treat 
with full suppression 
Region Race/ethnicity Proportion 
King County 
 

Black 0.839 
Hispanic 0.902 
Other 0.920 

Western WA 
 

Black 0.811 
Hispanic 0.885 
Other 0.905 

Eastern WA 
 

Black 0.759 
Hispanic 0.847 
Other 0.874 

 

8. Transmission 

HIV transmission is modeled stochastically for each anal sex act within active 

serodiscordant partnerships as a function of behavior and relevant attributes of each member of 

the dyad. We defined baseline probabilities of transmission for sex acts in which the susceptible 

partner takes the receptive role and acts in which the susceptible partner takes the insertive role. 

Published estimates of these probabilities reflect substantial uncertainty,135–138,254 so, as described 

in section 10, we calibrated the model using baseline transmission probability as a tuning 

parameter. Our initial estimates are presented in Table S2.19, and we bounded our prior 

distribution such that the calibrated parameters fell within the range of estimates in the literature. 

These baseline transmission probabilities are modified by the HIV viral load of the infected 

partner, acute stage infection, CCR5-D32 genotype and circumcision status of the susceptible 

partner, and condom use (Table S2.19). Transmission is simulated with a draw from a binomial 

distribution with the adjusted probability defined as a function of these factors. As described in 

section 9.2, PrEP use also modifies transmission risk, with varying efficacy as a function of 

adherence.  
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Table S2.19: Determinants of per-act HIV transmission probability 
Predictor Parameter References 
Baseline probabilitiesa   

Susceptible partner is receptive 0.008938 when the HIV+ partner is at 
set point viral load (4.5 log10)  

138 

Susceptible partner is insertive 0.003379 when the HIV+ partner is at 
set point viral load (4.5 log10) 

138 

HIV viral load (VL) Multiplier of 2.45(YZB[.\) 255 

Acute stage infection Multiplier of 6 256,257 

Susceptible partner CCR5-D32 genotype   

Homozygous Multiplier of 0 238 

Heterozygous Multiplier of 0.3 238 

Susceptible partner circumcision status Multiplier of 0.40 (for insertive sex) 258 

Condom use Multiplier of 0.25 259,260 

aThese baseline probabilities were adjusted in calibration (see section 10) 
138  138  255  256,257  238  238  258  259,260  

9. PrEP 

We defined a range of scenarios for PrEP use by jointly varying coverage, adherence, 

change in condom use (risk compensation), and the persistence of changes in condom use 

following discontinuation.  

9.1 PrEP eligibility and coverage  

Coverage was varied by setting the maximum proportion of eligible men who could be 

using PrEP, with eligibility defined based on Washington State guidelines.35 These guidelines 

define indications for PrEP to be recommended and a lower tier of indications for PrEP to be 

discussed. Based on analyses of local data that identified factors associated with HIV acquisition, 

these indications include being in an ongoing serodiscordant relationship, use of meth or poppers, 

nonprescription injection drug use, diagnosis with a bacterial STI, use of non-occupational post-

exposure prophylaxis (PEP), and condomless anal sex outside of the context of a long-term 

mutually monogamous relationship with an HIV-negative partner.  
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Because our model does not represent drug use, use of PEP, or STI diagnosis, we were not 

able to implement the full set of criteria to define eligibility. However, these indications are defined 

to serve as proxy measures of HIV exposure risk, which our model represents explicitly. We 

categorized men as eligible for PrEP in a given time step if they are in an active main or persistent 

partnership with a diagnosed HIV-positive partner or had condomless anal sex in the past 12 

months with any persistent or instantaneous partners, in main partnerships where either member 

of the dyad had a concurrent partner, or with a main partner who had never been tested for HIV.† 

Men initiate PrEP at the time of HIV screening if they are eligible and current coverage in that 

time step is below the defined threshold. Because PrEP uptake is linked to HIV screening, 

individuals assumed not to test until symptom onset cannot initiate PrEP. 

Data from the re-weighted WHPP survey indicate that 33.3% of men who meet guidelines 

for PrEP being recommended or discussed were using PrEP in 2017. Data form a range of sources 

in King County, Washington have found similar levels of use among high risk men.33 In one 

scenario, we assume coverage stays at this level for the duration of the simulated 10-year period. 

In a second scenario, PrEP uptake increases linearly to a maximum of 50% coverage by 2020, 

meeting state goals.33 In a third scenario, we allow coverage to continue to increase linearly up a 

maximum of 66%, based on the proportion of WHPP respondents who reported use of or interest 

in starting PrEP. Lastly, we consider a scenario with stable 25% coverage, allowing for the 

possibility that data from the WHPP survey overestimated PrEP use. 

                                                
† Because our model assumes a fixed interval of 436 days between HIV tests for all men who test, men who have 
ever tested will have done so a maximum of 436 days ago. 
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9.2 PrEP adherence and efficacy  

Adherence to PrEP is determined by a fixed attribute with three levels: low adherence (<2 

doses/week), moderate adherence (2-3 doses/week), and high adherence (³4 doses per week). Data 

from observational studies have suggested that adherence is high among MSM, however the 

proportion of men maintaining high adherence has been found to decrease over time.118,119,122 We 

defined two adherence profiles, with lower levels based on data from studies that measured 

tenofovir diphosphate concentrations over time using dried blood spots,118,119 and optimistic higher 

levels based on self-reported data, medication possession ratios, and cross-sectional dried blood 

spot samples taken closer to the time of PrEP initiation.114,118–123 The proportions of men in the 

low, moderate, and high adherence classes for these two scenarios were 5%, 30%, and 65% and 

3%, 7%, and 90%, respectively.  

The percent reduction in the per-act probability of HIV transmission was 31% with low 

adherence, 81% with moderate adherence, and 96% with high adherence.14,15 We assume the 

protective effects of PrEP apply immediately upon initiation and cover all exposures up to the date 

of discontinuation. This may overestimate the impact of PrEP, as pharmacokinetic analyses 

suggest that TFV-DP reaches protective levels after approximately 7 days of dosing and MSM are 

recommended to continue PrEP for 4 weeks after the last potential exposure.261 However, we do 

not expect this to have a meaningful impact on our findings. While on PrEP, men are assumed to 

test for HIV every 3 months. 

9.3 PrEP discontinuation 

Men discontinue PREP in three ways: with diagnosis of HIV, following changes in sexual 

partnerships and condom use that result in PrEP no longer being indicated, or spontaneously. 

Discontinuation is assumed to occur in the time step at which men cease to be eligible. To inform 
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parameters for spontaneous discontinuation, Figure S2.9 shows data from a Kaplan-Meier analysis 

of time to discontinuation among WHPP survey respondents. This analysis is based on reported 

dates of first and last PrEP use among 229 respondents who had ever used PrEP, reweighted to the 

demographics of Washington MSM, as reported in section 2.3. Current users’ time on PrEP was 

censored at the date of survey completion. Although it is difficult to draw conclusions about 

patterns of discontinuation beyond ~18 months from these data, we assumed that up to 30% of 

men will discontinue PrEP spontaneously. Upon initiating PrEP, men are assigned to either stay 

on PrEP until they are no longer eligible (at 70%) or experience a constant hazard of 

discontinuation (30%). To calculate the rate of discontinuation among these 30%, we will fit an 

exponential distribution to the survival curve up to 70%, with the median corresponding to the 

85th survival quantile. From this, we estimated a mean 13-month duration of PrEP use, for a 

weekly rate of discontinuation of 0.0177. 
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Figure S2.9: Kaplan-Meier plot of time to PrEP discontinuation 
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9.3 Risk compensation 

To assess the impact of changes in risk behavior with PrEP use, we model scenarios with 

the probability of condom use reduced by 0%, 20%, 40%, 60%, 80%, and 100% in partnerships 

where the susceptible partner is using PrEP. These reductions are assumed to apply uniformly 

across partnership types and PrEP adherence classes. Based on data showing no change or 

decreases in the number of sex partners with PrEP use,15,15,121,124–126,129,132,149 we model decreased 

condom use as the only form of risk compensation. To explore the implications of persistent 

changes in condom use following discontinuation,133 we model scenarios in which men who 

discontinue PrEP spontaneously maintain on-PrEP levels of condom use. These men may reinitiate 

PrEP at their next HIV test if current coverage is below the defined threshold. 

10. Calibration and simulation 

10.1 Calibration 

To calibrate our model, we compared the simulated prevalence of diagnosed infection to 

the observed prevalence in 2017, which was defined using surveillance data on the number of 

MSM/MSM-IDU cases aged 18-59 in residing in Washington divided by the estimated MSM 

population size, described in section 2.3. As explained by Goodreau,239 our methods seek to 

represent the current epidemiologic profile, rather than replicating historical trends in the 

epidemic. While the latter approach would more accurately represent the dynamic determinants of 

transmission and the implied epidemic trajectory, the lack of longitudinal data on changes network 

structure, behavior, and demographics make this unfeasible.  

We initiated the model with a population of 10,000 MSM and seed infection in a random 

sample of 7% of the population. We then ran burn-in simulations for a period of 40 years to allow 



 

 

127 

the network, demographic, and epidemiologic processes to evolve and stabilize. With our initial 

parameter estimates, our model projected sustained decreases in prevalence. To fit the model to 

the target prevalence of 8.18%, we used approximate Bayesian computation with sequential Monte 

Carlo sampling139 to calibrate the model.  

As described in sections 5.3. and 8, we used condom use and baseline per-contact 

transmission probability as tuning parameters. Informed by the magnitude and likely direction of 

uncertainty in these parameters, we defined prior distributions for multiplicative scalars to adjust 

the initial values. For condom use, we sampled from a uniform prior distribution from 0.65 to 1, 

with the lower bound corresponding to the relative reduction in condom use estimates from the 

WHPP survey if none of the men on PrEP used condoms in the absence of PrEP (see section 5.3). 

This scalar was applied to the proportion of men who use always use condoms with persistent and 

instantaneous partners and to the probability of condom use per act in dyads of inconsistent 

condom users. For the baseline transmission probability, we defined from a uniform prior 

distribution from 1 to 1.25 for the relative increase in the per-act probability of transmission. This 

range was consistent with the range of estimates in the literature.135–138,254 

We used the EpiABC package in R, which extends the functionality of the EasyABC 

package to run calibration simulations. We ran 30 sequential waves of the ABC-SMC algorithm, 

and selected the set of parameters from the posterior distribution that produced an equilibrium 

prevalence of diagnosed infection within 0.1% of the target of 8.18%. The resulting scalars were 

0.73 for condom use and 1.19 for the per-act transmission probability. 

10.1 Intervention simulations 

Using the calibrated model, we simulated a baseline scenario and all combinations of the 

PrEP use scenarios, each 500 times. After 40 years of burn-in simulations to allow the model to 
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equilibrate, we evaluated scenarios over 10 years, representing the calendar period from 2017 to 

2027. Simulations were conducted on the Hyak supercomputer system at the University of 

Washington. 
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SUPPLEMENTAL APPENDIX 3: Technical details on the Chapter 3 

mathematical model 
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Model structure and assumptions 

The model represents a cohort of 100,000 individuals from age 16 to 64. The population is 

stratified into four groups with varying HIV risk and testing practices: low- and high-risk men who 

have sex with men (MSM), men who have sex with women only (MSW) and women. Figure S3.1 

presents a simplified model schematic. Individuals in each of the four population groups enter the 

model at age 16 and progress in yearly time-steps through age 64, exiting at age 65 or with HIV 

diagnosis. All persons start in the susceptible state, and age- and risk group-specific HIV incidence 

rates are applied to determine the number who become infected at each age. HIV-positive 

individuals are stratified by year of infection, and HIV diagnosis occurs in one of five ways: 

through risk-based screening of MSM, prenatal screening of pregnant women, upon progression 

to symptomatic HIV/AIDS, as a result of partner notification, or with routine screening. Those 

who remain undiagnosed at the end of the year progress to the next year of infection up through 

year 16, at which point all are assumed to experience symptoms leading to diagnostic testing. The 

model was built using Microsoft Excel (Version 16.9). 

As a static linear model, it does not represent transmission dynamics or account for the 

impact of screening and diagnosis on downstream infection. We assume an implicit ordering of 

events, with HIV infections occurring at the beginning of each year, diagnoses through risk-based, 

prenatal, and routine screening at the mid-point of the year, and diagnoses prompted by symptom 

onset or partner notification at the end of the year. The rate of symptom development was estimated 

from data on time from HIV seroconversion to CD4+ cell count <200 cells/mm3,117 which suggest 

an 8.8% probability of reaching this threshold after 1 year and an approximately linear increase up 

through a cumulative 32% probability by year 5. Consistent with Golden et al.,163 we model a 

6.08% risk of progression in each subsequent year, with all individuals progressing to CD4+ <200 

cells/mm3 after 16 years. We assume that HIV/AIDS associated symptoms present upon reaching  
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Figure S3.1: Model schematic showing the processes of infection, aging, disease progression, 

and diagnosis for one of the four modeled population groups. 

this threshold and prompt diagnosis. While some people develop HIV/AIDS-associated symptoms 

before CD4+ cell depletion, others may experience symptoms later. Our model suggests a median 

time to symptom onset of 8 years, aligning with estimates from cohort studies.116,204 

Risk-based, prenatal, and routine screening occur at the midpoint of the year, such that 

individuals diagnosed through these strategies contribute half a year of undiagnosed infection in 

the year they are diagnosed. Persons not screened for HIV remain undiagnosed until they develop 

symptoms or are notified of potential exposure to an infected partner. For partner notification, we 

assume no bridging of the MSM and heterosexual populations: the number of diagnoses resulting 

from partner notification among MSW and women depend on the number of diagnoses from other 

modes of testing among females and MSW, respectively, and partner notification diagnoses among 
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MSM are calculated based on the number of other diagnoses among MSM in both risk groups. In 

allocating these diagnoses by age, we make a simplifying assumption of perfect age matching in 

partnerships. All HIV tests are assumed to be 100 sensitive and specific, and individuals exit the 

model once they become diagnosed. 

 

Monte Carlo simulation: uncertainty distributions 

To account for uncertainty in model inputs, we conducted Monte Carlo simulation using 

@RISK software (version 7.6, Palisade Company, Ithaca, NY). For parameter estimates for which 

a 95% confidence interval was available in the literature, we sampled from normal distributions 

with standard deviations equal to the range of the confidence interval divided by 2 × 1.96. Where 

estimates from different sources were inconsistent, we defined normal distributions with standard 

deviations equal to the range of estimates divided by 2 × 1.96.  

For the King County and Philadelphia County models, we lacked confidence interval data 

on the size of the MSM population or the number of incident cases. We applied a range of ±20% 

to both sets of parameters, as this range encompassed an alternate estimate of the size of the MSM 

population in King County and was larger than the margin of error in incidence estimates at the 

national level, accounting for greater uncertainty with smaller counts. We used this range to define 

normal distributions around point estimates of incidence as described above. However, because 

we did not have reason to believe that either estimate for the size of the MSM population in King 

County was closer to the truth,33,134 we sampled values for this parameter from a uniform 

distribution. As data were not available on the relative probability of risk-based screening for high- 

and low-risk men, we defined uniform uncertainty intervals with ranges informed by expert 

opinion. 
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To account for dependence in parameters defining the proportion of MSM who are high-

risk, the incidence rate ratio for high- to low-risk MSM, and the relative risk-based screening 

frequencies, we defined a correlation matrix to ensure that sampled values for these parameters 

preserved expected relationships between these variables. We assumed that as the size of the high-

risk population decreased, the differences in incidence rates and HIV testing relative to low-risk 

MSM would become more extreme. We also assumed that, as the relative likelihood of screening 

annually for high-risk MSM increased, the relative likelihood of not screening would decrease. 

For each of these associations, we defined moderate correlations, shown in Table S3.1. 

 
Table S3.1: Correlation coefficients for Monte Carlo Simulation 
 

Proportion high 
risk 

Incidence rate 
ratio (high:low 
risk) 

Relative risk of 
annual 
screening 

Relative risk of 
no screening 

Proportion high risk 1    
Incidence rate ratio 
(high:low risk) -0.6 1   

Relative risk of 
annual screening -0.5 0.5 1  

Relative risk of no 
screening 0.5 -0.5 -0.6 1 

   
 

Model processes and formulae 

Table S3.2 defines model parameters, and the sections that follow detail the formulae and 

assumptions used to construct and execute the model.  

Table S3.2: Parameter definitions 
Parameter/
variable 

Definition 

_ Age 

6 Year of infection (1-16) 

` Risk group (high-risk MSM, a-ab; low-risk MSM, a-ad; non-MSM males, 
a-e; females, f.a) 

0g  Proportion of the population in risk group ` 
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fh Fertility rate for women of age _ 

/ Targeted screening group. Among MSM, groups are never, annual, and non-annual 
risk-based screeners (_99, 9_99, and 9.i). Among females, groups define 
pregnant and non-pregnant women (0`.% and 90`.%). MSW are not stratified by 
targeted screening group. 

9 Non-annual risk-based screening interval (years) 

0/Q
g,h Proportion of low- and high-risk MSM of age _	in each risk-based testing group / 

(never, annual, and non-annual) 

0`:.-: Proportion of pregnant women screened for HIV in the pre- or perinatal periods 

j/09 Number of new diagnoses from partner services resulting from one index case 

k Age of routine screening 

`:l$i Routine screening acceptance rate 

' Proportion of HIV-infected persons who develop symptoms in years 2-16 of 
infection 

m Proportion of HIV-infected persons who develop symptoms in year 1 of infection 

UQ,hg  Number of susceptible individuals in risk group `, targeted screening group /, and 
age _ 

RQ,hg  Incident infections in risk group ` and targeted screening group / occurring at age 
_ 

Rnhg  Incidence rate among persons of risk group `	and age _ 

oQ,h,pg  Number of undiagnosed infections in risk group `, screening group /, and age _ at 
the start of year of infection 6 

nqQ,h,pg  Number of diagnoses due to risk-based screening among MSM in high- or low-risk 
group `, screening group /, and age _ in year of infection 6 

<nh,p Number of new diagnoses due to prenatal screening among females at age _ in year 
of infection 6 

nrQ,h,pg  Number of new diagnoses due to routine screening among persons in risk group `, 
screening group /, and age _ in year of infection 6 

UsQ,h,pg  Number of new diagnoses due to symptomatic testing among persons in risk group 
`, screening group /, and age _ in year of infection 6 

<2Q,h,pg  Number of new diagnoses due to partner notification testing among persons in risk 
group `, screening group /, and age _ in year of infection 6 

oQ,h,pg  Number of persons in risk group `, screening group /, and age _ who are HIV-
infected and undiagnosed at the start of year of infection 6 

U= Total number of undiagnosed cases that develop symptoms 

=o Cumulative population-level years of undiagnosed infection 
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1. Initial population size for each risk group ` and screening group / 

 
f$`	` ∈ 	 {a-ad,a-ab}, 	UQ,Cw

g	 = 2 × 0g × 0/Q
g,h 

ULgxy,Cw
zxH = 2 × 0g × fCw 

 
U{Lgxy,Cw
zxH = 2 × 0g × (1 − fCw) 

 
UQ,Cw
H|} = 2 × 0g 

 
Assumptions: All persons enter the model at age 16 in the susceptible state. 
 

2. Number susceptible in risk group `and screening group / at age a>16 

f$`	` ∈ 	 {a-ad,a-ab}, UQ,h~Cw
g	 =�&UQ,h~(CwBC)

g − RQ,h~(CwBC)
g	 * 	×

Q

0/Q
g,h 

ULgxy,h~Cw
zxH =�;UQ,h~(CwBC)

zxH − RQ,h~(CwBC)
zxH F	×

Q

fh 

U{Lgxy,h~Cw
zxH =�;UQ,h~(CwBC)

zxH − RQ,h~(CwBC)
zxH	 F 	×

Q

(1 − fh) 

UQ,h~Cw
H|} = UQ,h~(CwBC)

H|} − RQ,h~(CwBC)
H|}  

  
Assumptions: No mortality and no new entries to the population. 

 
3. Incident infections in risk group `and screening group / at age a 

RQ,hg = UQ,hg × Rnhg  
 
4. Undiagnosed infections in risk group `, screening group /, and age _ at the start of year of 

infection 6 
 
f$`	` ∈ 	 {a-ad,a-ab},		 

oQ,h,pg = oQ,hBC,pBC
g − nqQ,hBC,pBC

g − nrQ,hBC,pBC
g −	UsQ,hBC,pBC

g − <2Q,hBC,pBC
g  

oLgxy,h,p
zxH = fh × &o{Lgxy,hBC,pBC

zxH −	nr{Lgxy,hBC,pBC
zxH − Us{Lgxy,hBC,pBC

zxH

− <2{Lgxy,hBC,pBC
zxH * 

o{Lgxy,h,p
zxH = (1 − fh)

× ;&o{Lgxy,hBC,pBC
zxH −	nr{Lgxy,hBC,pBC

zxH − Us{Lgxy,hBC,pBC
zxH

− <2{Lgxy,hBC,pBC
zxH *

+	&oLgxy,hBC,pBC
zxH −	nrLgxy,hBC,pBC

zxH − UsLgxy,hBC,pBC
zxH − <2Lgxy,hBC,pBC

zxH *F 
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oQ,h,pH|} = oQ,hBC,pBC
H|} − nrQ,hBC,pBC

H|} −	UsQ,hBC,pBC
H|} − <2Q,hBC,pBC

H|}  
 

5. Number of MSM in high- or low-risk group `, screening group /, age _, and year of 
infection 6 diagnosed through risk-based screening 

nqh{{,h,C
g = Rh{{,hg   

nq{h{{,h,C
g = Å

1
9
Ç × R{h{{,hg  

f$`	6 ∈ {2,… ,16}, 

nq{h{{,h,pg = Å
1

9 − (6 − 1)
Ç × o{h{{,h,pg  

 
Assumptions: Risk-based screening is modeled for MSM only. Of MSM who test every n 
years, 1/9 of those not yet diagnosed are assumed to test in years 1:n. 

 
6. Number in risk group `, screening group /, age _ and year of infection 6 diagnosed through 

routine screening 

nrQ,Ö,p
g = &oQ,Ö,p

g −	nqQ,Ö,p
g − <nÖ,Ü* × `:l$i 

 

Assumptions: Routine screening is implemented only for those in the specified age who 
were not already screened through prenatal or risk-based testing in that year. 
 

7. Number of women at age _ and year of infection 6 diagnosed through prenatal screening 

<nh	,p = oLgxy,h,p
zxH × 0`:.-: 

 
Assumptions: Pregnancy occurs at the start of the year. Women cannot be pregnant two 
years in a row, such that all women pregnant at age _ were not pregnant at age _ − 1. 

 
8. Number in risk group `, screening group /, age _ and year of infection 6 diagnosed through 

symptom-based testing 

UsQ,h,C
g = &oQ,h,C

g − nqQ,h,C
g − nrQ,h,C

g − <nh,C* × m 
 

f$`	6 ∈ {2,… ,16}, UsQ,h,pg = &oQ,h,pg − nqQ,h,pg − nrQ,h,pg − <nh,p* × Å
'

(1 − '(6 − 2) − m)
	Ç 

 
Assumptions: The proportion of individuals who progress to symptomatic HIV/AIDS is 
assumed to be constant for years 2-16 of infection at 0.608. All persons who develop 
symptoms are diagnosed, and all persons living with undiagnosed HIV/AIDS are 
assumed to develop symptoms resulting in diagnosis by year 16. 
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9. Number in risk group `, screening group /, age _ and year of infection 6 diagnosed through 
partner notification 
 

f$`	` ∈ áa-ab(yb,a-adà}â,		 
<2Q,h,pg	 = j/09 × oQ,h,pg

× � ��ä
&nqQ,h,pgã + nrQ,h,pgã		 + UsQ,h,pgã	 *

&oQã,h,pã
gã − nqQã,h,pã

gã − nrQã,h,pã
gã −	UsQã,h,pã

gã *
å

pãQãgã	∈{	H|Hç,H|Hé}

 

 

<2Q,h,pH|} = j/09 × è
oQ,h,pH|}

∑ ∑ oQã,h,pã
H|} − nrQã,h,pã

H|} −	UsQã,h,pã
H|}

pãQã
ë

×��;<nh,pã
zxH + nrQãh,pã

zxH + UsQã,h,pã
zxH F	

pãQã

 

 

<2Q,h,p
zxH = j/09 × ä

oQ,h,p
zxH

∑ ∑ oQã,h,pã
zxH − nrQã,h,pã

zxH −	UsQã,h,pã
zxH

pãQã
å ×��;nrQãh,pã

H|} + UsQã,h,pã
H|} F	

pãQã

 

 
Assumptions: MSM are assumed to only partner with other MSM, non-MSM males 
partner exclusively with females, and females partner exclusively with non-MSM males. 
Notified partners are of the same age as index cases, reflecting an assumption of perfect 
age matching in sexual partnerships. For persons in risk group ` and age _, the number 
of new diagnoses resulting from partner notification is a function of the number of 
diagnoses from risk-based, prenatal, routine, or symptomatic testing among members of 
the group with whom they partner who are in the same age _, multiplied by the 
diagnostic yield from partner notification (dxpn). These partner notification diagnoses 
are distributed across year of infection and screening group according to the proportion 
of cases that remain undiagnosed at the end of the year in risk group ` and age _ that are 
in each year of infection and screening group. 

 
10. Total number of cases that progress to symptomatic HIV/AIDS prior to diagnosis 

U= =����UsQ.h,pg

phQg

 

 
Assumptions: All symptomatic HIV/AIDS cases are diagnosed at the time of symptom 
onset. Persons diagnosed before symptoms arise exit the model and do not contribute to 
the count of symptomatic cases. 

 
11. Cumulative population-level years of undiagnosed infection 

=o =��&oQ,h,pg − nqQ,h,pg − <nh,p − nrQ,h,pg * + Å
1
2
Ç × &nqQ,h,pg + <nh,p + nrQ,h,pg *

hg

 

 
Assumptions: Persons diagnosed through risk-based, prenatal, and routine screening 
contribute half a year of undiagnosed infection in the year of diagnosis. Persons 
diagnosed through symptomatic testing or partner notification contribute 1 year of 
undiagnosed infection, as do those who remain undiagnosed at the end of the year 
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