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The cost-effectiveness of oral HIV
pre-exposure prophylaxis and early
antiretroviral therapy in the presence of
drug resistance among men who have sex
with men in San Francisco
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Abstract

Background: Poor adherence to either antiretroviral treatment (ART) or pre-exposure prophylaxis (PrEP) can
promote drug resistance, though this risk is thought to be considerably higher for ART. In the population of men
who have sex with men (MSM) in San Francisco, PrEP coverage reached 9.6% in 2014 and has continued to rise.
Given the risk of drug resistance and high cost of second-line drugs, the costs and benefits of initiating ART earlier
while expanding PrEP coverage remain unclear.

Methods: We develop an infection–age-structured mathematical model and fit this model to the annual incidence
of AIDS cases and deaths directly, and to resistance and demographic data indirectly. We investigate the impact of
six various intervention scenarios (low, medium, or high PrEP coverage, with or without earlier ART) over the next
20 years.

Results: Low (medium, high) PrEP coverage with earlier ART could prevent 22% (42%, 57%) of a projected 44,508
total new infections and 8% (26%, 41%) of a projected 18,426 new drug-resistant infections, and result in a gain of
43,649 (74,048, 103,270) QALYs over 20 years compared to the status quo, at a cost of $4745 ($78,811, $115,320) per
QALY gained, respectively.

Conclusions: High PrEP coverage with earlier ART is expected to provide the greatest benefit but also entail the
highest costs among the strategies considered. This strategy is cost-effective for the San Francisco MSM population,
even considering the acquisition and transmission of ART-mediated drug resistance. However, without a substantial
increase to San Francisco’s annual HIV budget, the most advisable strategy may be initiating ART earlier, while
maintaining current strategies of PrEP enrollment.
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Background
In July 2012, the US Food and Drug Administration
(FDA) approved tenofovir/emtricitabine for use as oral
pre-exposure prophylaxis (PrEP) [1]. Estimates of PrEP
efficacy in preventing HIV infection range from 39% to
86% in randomized controlled trials [2–6]. PrEP con-
sumer demand has accelerated since mid-2013 [7]. PrEP
coverage among men who have sex with men (MSM) in
San Francisco was estimated at 9.6% in 2014 [8]. In May
2016, more than 6000 MSM in San Francisco were
reported to receive PrEP [9], suggesting a coverage of
approximately 12% given that the HIV-negative MSM
population is estimated at 50,000 [7, 10, 11]. In 2010,
prior to this increased PrEP uptake, San Francisco was
one of the first cities to institute guidelines to initiate
antiretroviral therapy (ART) as early as possible post-
infection rather than waiting for signs of disease pro-
gression, such as clinical symptoms or low CD4+ cell
counts [12], given findings that early ART initiation im-
proves survival while reducing the risks of transmission
to others [13]. However, it has been hypothesized that
early ART initiation might provide more time for the
evolution of drug resistance and that subsequent
transmission of drug-resistant HIV might reduce PrEP
effectiveness [14–16].
Herein, we address the long-term population-level

costs and health benefits of expanding PrEP coverage in
combination with increasingly early ART initiation
among the MSM population in San Francisco. We assess
the effectiveness and cost-effectiveness of expanding
PrEP coverage, with and without earlier ART guidelines,
using an infection–age-structured model [17, 18]. The
model tracks the transmission rate and life expectancy
of individuals at each infection age, while accounting for
ART-mediated drug resistance and the costs of treatment
failure and second-line regimens. We fit this model to
epidemiological data on the annual incidence of newly
diagnosed AIDS cases and deaths amongst MSM in San
Francisco (simultaneously matching prevalence, resist-
ance, and demographic data [18]) and estimate the impact
of various intervention scenarios over the next 20 years.
Several modeling studies have addressed the impact of

PrEP in San Francisco, including estimates of coverage
required to curtail transmission [7], an assessment of
whether PrEP might increase the drug-resistant trans-
mission [14], and a cost-effectiveness analysis of PrEP in
combination with a partially effective HIV vaccine [19].
Our study differs from these prior analyses and others of
PrEP cost-effectiveness [20–26] in the United States in
several aspects. First, we analyze the expansion in PrEP
coverage in conjunction with changing ART guidelines,
rather than comparing initiation of PrEP to no PrEP
[7, 14, 19–24, 27, 28]. Second, we model the acquisi-
tion and transmission of ART-mediated resistance and

the indirect population-level effects of PrEP (i.e., by
reducing the number of infected individuals, PrEP in-
directly benefits other individuals in the population
who could have otherwise been infected by individuals
on PrEP), which have not been addressed in previous
studies [7, 19–25]. While two prior analyses of PrEP
[16, 26] considered ART-mediated resistance and subse-
quent treatment failure, one [16] did not address the im-
pact of earlier ART initiation on PrEP cost-effectiveness,
and the other [26] did not account for increased costs and
effectiveness of second-line drugs. Third, we consider
increasingly earlier initiation of ART and the consequent
increases in survival. In contrast, many prior studies mod-
eled early ART by assuming individuals initiate ART
whilst their CD4+ T cell counts remain above 350
cells/mm3 [29], by assuming ART eligibility occurs
once their CD4+ T cell count drops below 500 cells/mm3

[30, 31], or by assuming ART initiation occurs within 2
years of infection [32]. Two studies that modeled ART
initiation at 1 year post-infection [33, 34] did not incorp-
orate the increased survival times, which may cause
underestimation of intervention cost-effectiveness.

Methods
We extended our previously developed infection–age-
structured model [18] to include a PrEP class (see the
schematic diagram of the model structure in Fig. 1a,
Additional file 1: Figure S1 and Table S1). We modeled
the MSM population in San Francisco aged 18–65 years
old [10, 18], assuming that first- and second-line ART
reduced infectivity by 96% [13] and 80% [18], respect-
ively. Here, the effectiveness of second-line drugs for
drug-resistant cases is assumed to be lower than that of
first-line drugs for drug-sensitive cases due to lower adher-
ence [35]. We assume that earlier ART initiation confers
longer life expectancy, as indicated previously [18, 36],
based on clinical data [37, 38] and that treated individuals
with drug resistance have life expectancies that are 11 years
(varying from 0 to 20 years in sensitivity analyses) shorter
than drug-sensitive patients [18, 37, 38]. We estimate that
the average period from infection to ART initiation in San
Francisco has been 1.6 years, on average [18] (‘early ART’,
see Additional file 1: Supplementary Material for details).
We compared early ART to ‘earlier’ ART, i.e., treatment
initiation at 1 year post-infection, on average. Of the 33%
of treated MSM who are virally unsuppressed [10], 76%
exhibit drug resistance [39]; we thus assume that 25% of
treated MSM in San Francisco [18] have acquired drug
resistance as our base case (varied from 0 to 100% in a sen-
sitivity analysis). Resistance here is assumed to be resistant
to one or more first-line ART drugs. Given local moni-
toring protocols, we assume that drug-resistant cases
are quickly switched to second-line drugs. We do not dif-
ferentiate drug combinations beyond the categorizations
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of first- or second-line for two reasons. First, data to esti-
mate drug-specific efficacies and adherence levels is not
readily available. Second, drug-specific parameters are un-
necessary to achieve our goal of estimating intervention
cost-effectiveness when using these assumptions regarding
the average relative effectiveness of first-line and second-
line regimens.
We assumed PrEP effectiveness against drug-sensitive

strains was 53% based on a meta-analysis [40], where this
value reflects both biomedical efficacy and adherence. We
assumed relative PrEP effectiveness against resistant strains

was 50% (the ratio of PrEP effectiveness against drug-
resistant versus drug-sensitive strains) [14–16]. In a
sensitivity analysis, we varied PrEP effectiveness against
drug-sensitive strains from 10% to 90% [21, 27] and
relative effectiveness against drug-resistant strains from
0 to 1. We assumed an 8% annual rate of PrEP attrition,
based on a cohort study in San Francisco [41], and var-
ied it from 1% to 30% per year in sensitivity analyses.
Based on low empirically observed dropout proportions
[10], we assume that all individuals who initiate ART
remain on ART until the end of life and do not drop

a

b

Fig. 1 a Flow diagram of the HIV transmission dynamics with PrEP and ART interventions, incorporating the acquisition and transmission of drug
resistance following ART. b Low, medium, and high PrEP coverage scenarios in the San Francisco MSM population. PrEP coverage increased to an
estimated 9.6% (blue circle) of San Francisco’s MSM population by 2014 [8] after the Food and Drug Administration approved PrEP in 2012.
Projection to 2023 of this rate of increase yields a PrEP coverage of 25% in 2023 (low PrEP scenarios). Efforts to further expand PrEP coverage
were modelled by identifying a constant PrEP initiation rate that yielded coverage levels that saturated at 50% (medium PrEP coverage) and 80%
(high PrEP coverage) by 2023. Earlier initiation of ART minimally affects PrEP coverage projections because, while it leads to increases in the
number of susceptible individuals and, consequently, the numbers of PrEP users (Additional file 1: Figure S2), their ratio (i.e., PrEP coverage)
remains relatively unchanged. PrEP pre-exposure prophylaxis, ART antiretroviral therapy, MSM men who have sex with men
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out of care. We considered only ART-mediated and not
PrEP-mediated resistance, because both clinical data
[42, 43] and mathematical models [44, 45] suggest that
PrEP contributes less than 5% to the total burden of re-
sistance since PrEP-selected resistant phenotypes decay
below detection by 6 months after drug cessation and
remain undetectable for at least 2 years thereafter [46].

Model calibration
To achieve a realistic baseline scenario, we fitted our
model to the annual incidence of diagnosed AIDS cases
and deaths from 1980 to 2014 among MSM in San
Francisco (Fig. 2a–c) using data from the San Francisco
Department of Public Health HIV Epidemiology Section
(see [18] for details). We modeled five distinct interven-
tion eras, namely (1) no ART availability (1980–1995);

(2) ART administered based on clinical symptoms or
CD4 thresholds (1995–2006); (3) expanded ART and
shortened time to begin ART based on name-based HIV
reporting, which, without altering treatment guidelines,
increased ART coverage [18, 47] (2006–2012); (4) initial
PrEP roll out (2012–2018); and (5) expanded PrEP, with
or without earlier ART (2018–2038). We estimated the
parameters by fitting the model to data in eras 1–4, and
then simulated various intervention scenarios in era 5.
The detailed calibration of the first three eras has been
previously provided [18] and the parameters of these
eras in this study are the same as used therein. We cali-
brated the model to the fourth era by choosing a con-
stant rate for PrEP initiation such that PrEP coverage
rose from 0% in 2012 (post-Food and Drug Administra-
tion approval) to the most recent observed value of 9.6%

a d

b e

c f

Fig. 2 Model fit (blue lines) to observed AIDS incidence (black circles in a), AIDS deaths (black hollow squares in b) in a San Francisco MSM
cohort. c Comparing model-generated prevalence with observed HIV prevalence data among sampled MSM populations (black solid squares and 95%
confidence interval if available). Dashed vertical black line divides the pre-treatment and post-treatment phases of our model, roughly approximating
the increase in ART availability post-1995 in San Francisco. Dot-dashed vertical black lines show rollout of low coverage PrEP starting in 2012. AIDS
cases (d), deaths (e), and prevalence (f) are projected for different PrEP coverage levels, with or without earlier ART (as shown in Fig. 1b) over the next
20 years (2018–2038) with the Y-axis rescaled relative to the left panels to clarify the differences between scenarios (blue lines in left and right panels
correspond). PrEP pre-exposure prophylaxis, ART antiretroviral therapy, MSM men who have sex with men
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in 2014 [8] (Fig. 1b). At this initiation rate (low PrEP
coverage scenario), PrEP coverage would reach 25% (low
coverage) after 5 years (2023). For the fifth era, we simu-
lated various intervention scenarios, including continu-
ation of PrEP initiation at this low level or increasing to
50% (medium) or 80% (high) PrEP coverage by 2023.
We also considered how these PrEP scenarios interacted
with the implementation of new, earlier ART guidelines
(1 year post-infection versus the status quo of 1.6 years
post-infection). We combined each of the three levels of
PrEP intervention with each of the two timings of ART
to model six different intervention strategies over the
2018–2038 period (Fig. 1b). The PrEP initiation rates
were assumed to be constant for each of the low,
medium, and high PrEP scenarios, with rates chosen
such that PrEP coverage would saturate at the specified
values for each scenario.

We predicted how the AIDS cases, deaths, prevalence
(Fig. 2d–f ), total new infections (incidence), and new
drug-resistant infections (Fig. 3a, b), as well as the frac-
tion of new infections that are drug resistant (Additoinal
file 1: Figure S3) would change after 2018 under each of
the six strategies, using the low PrEP and baseline ART
strategy as our reference comparator. Additionally, we
examined the potential for the incidence of drug-
resistant infections to increase as a function of second-
line drug effectiveness, PrEP coverage, and ART timing
(Fig. 3c, d). All analyses were carried out in Matlab.

Economic model
We used published quality of life estimates for each
health state (Additional file 1: Table S1) [23, 26, 48–51].
We assumed that PrEP did not reduce the quality of life
[23, 26], but that the quality of life for drug-resistant

a

c

b

d

Fig. 3 The cumulative total incidence (a) and drug-resistant incidence (b) from 2018 to 2038 for different combinations of PrEP coverage and
ART initiation time (as shown in Fig. 1b). The ratios of cumulative drug-resistant incidence over 20 years for low PrEP coverage plus earlier ART
versus the status quo (c), and for medium PrEP coverage versus the status quo (d), respectively, where we consider the status quo as the low PrEP
coverage scenario. The green and red areas in c indicate parameter combinations in which adding earlier ART to the status quo would decrease
and increase the incidence of drug resistance, respectively. The drug-resistant incidence always decreases for medium PrEP coverage across all
range of second-line drug effectiveness as shown in green area in d. The blue circles in c and d denote the base cases (the second-line drug
effectiveness is 80% and 25% of treated cases have acquired drug resistance, and all of them switch to second-line drugs timely). All other
parameters are fixed as shown in Additional file 1: Table S1. PrEP pre-exposure prophylaxis, ART antiretroviral therapy
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cases decreases by 5% relative to drug-sensitive individ-
uals at the same stage [26, 52] (varied from 0 to 10% in
sensitivity analysis).
We also used published estimates of HIV-related

healthcare costs, first- and second-line ART costs, the
costs of antibody testing, genotype resistance testing,
and counseling and diagnosis [23, 26, 49–51]. Our base
case assumed that second-line drug costs for drug-
resistant patients were 1.24 times higher than first-line
drug costs for drug-sensitive individuals [53], and varied
this multiplier from 1 to 5 in sensitivity analysis. Annual
PrEP costs included ART medication, laboratory fees (i.e.,
HIV antibody test every 2–3 months, sexually transmitted
infections test every 6 months), and professional fees for
patient visits and consultations [54].
We discounted costs and quality-adjusted life years

(QALYs) at 3% annually [55] and expressed costs in
2017 U.S. dollars. We calculated net health benefits
(QALYs) and costs for various strategies over a 20-year
time horizon assuming a public health perspective. The
incremental cost-effectiveness ratio (ICER) for each
strategy was calculated relative to both the status quo
and the next best strategy. Using WHO standards [56],
we denoted strategies with an ICER less than the per
capita gross domestic product (GDP; $81,347 for San
Francisco in 2015 [57]) as very cost-effective and those
with an ICER less than three times the per capita GDP
as cost-effective ($244,041).

Sensitivity analysis
We used sensitivity analyses to examine the impact of vari-
ous model parameters on intervention cost-effectiveness,
including the effectiveness of PrEP against drug-sensitive
and drug-resistant strains, PrEP coverage, PrEP attrition
rate, annual PrEP costs, ART effectiveness, and costs
for first- and second-line drug regimens, as well as the
reduction in lifespan of treated drug-resistant cases
relative to treated drug-sensitive cases. We reported
additional sensitivity analyses of ICER estimates to vari-
ous combinations of PrEP coverage and ART timing in
Additional file 1: Supplementary Material.

Results
Health outcomes
Under baseline levels of PrEP and ART coverage, we es-
timate that 44,508 total new HIV infections and 18,426
new drug-resistant infections would occur among
MSM in San Francisco over the next 20 years (Table 1
and Fig. 3a, b). Assuming that ART timing remains un-
changed, an increase in PrEP coverage to 50% of the
MSM population is expected to prevent 13,798 total
infections (31% of projected incidence under baseline
PrEP and ART) and 3741 drug-resistant infections
(20%), and yield 46,757 incremental QALYs (Table 1).

An even greater increase in PrEP coverage (to 80%),
would avert 23,138 total new infections (52%) and 6939
(38%) new drug-resistant infections, yielding an add-
itional 87,411 QALYs relative to the status quo.
Expanding PrEP coverage not only reduces AIDS cases
(Fig. 2d) and deaths (Fig. 2e), but also decreases HIV
prevalence (Fig. 2f ). A 50% (or 80%) PrEP coverage
would reduce the prevalence after 20 years from 9.26%
in the base scenario to 5.67% (or 3.81%) (Table 1).
Relative to the base scenario, combining low or

medium PrEP coverage and earlier ART is expected to
avert an additional 9700 (22%) or 18,616 (42%) total new
infections, 1457 (8%) or 4740 (26%) new drug-resistant
infections, and add 43,649 or 74,048 QALYs, respect-
ively. High PrEP coverage combined with earlier ART
provides the most health benefits, with an additional
25,414 (57%) total new infections and 7559 (41%) new
drug-resistant infections averted relative to the base
scenario (Table 1 and Fig. 3a, b). HIV prevalence would
drop to 7.43%, 5.14%, and 3.74% after 20 years when
earlier ART is combined with low, medium, and high
PrEP coverage, respectively.
Figure 3a, b shows that, in the base case, combining

earlier ART and expanded PrEP coverage leads to reduc-
tions in drug-resistant incidence and even greater reduc-
tions in total incidence. For example, adding earlier ART
reduces incidence of drug-resistant and total cases by
8% and 22%, respectively, and expansion to medium
PrEP coverage leads to respective reductions of 20% and
31% (Table 1). However, the fraction of new infections
that are drug resistant is expected to increase across all
scenarios (Additional file 1: Figure S3b), in accordance
with previous findings [14, 18]. Earlier ART combined
with the low levels of PrEP coverage may also increase
absolute drug-resistant incidence (i.e., not just the drug-
resistant fraction of total incidence) relative to the base
case only when second-line drug effectiveness is less
than 60% (Fig. 3c). However, expansion to medium or
high PrEP coverage decreases drug-resistant incidence
(Fig. 3d) across all levels of second-line drug effective-
ness both with and without earlier ART.

Economic outcomes
Expanding PrEP to either medium or high levels of cover-
age without changing ART timing was cost-effective by
WHO standards [56], with an ICER of $117,130 or
$132,520 per QALY gained, respectively, compared to the
status quo (Table 1 and Fig. 4). Medium PrEP coverage
would cost an additional $5477 million over 20 years
($5929 million for PrEP prevention minus $452 million in
treatment savings; Additional file 1: Table S2), or $274
million annually, which is five times San Francisco’s
2015–2016 annual HIV budget ($16.8 million for pre-
vention and $37.6 million for care [58]).
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Adding earlier ART to baseline PrEP coverage is the
most cost-effective strategy under our base assumptions,
costing only $4745 per QALY gained relative to the sta-
tus quo (Table 1 and Fig. 4). Combining earlier ART
with expanded PrEP coverage (50% or 80%) provides
more health benefits and costs $78,811 or $115,320 per
QALY gained, respectively, compared to the status quo,
costing an additional $5836 or $11,909 million, respect-
ively, over 20 years relative to the status quo. However,
incremental expansion of PrEP coverage when earlier
ART is already in place is substantially more expensive.
In particular, earlier ART with medium PrEP coverage
costs $185,160 per QALY gained compared to earlier
ART with low PrEP coverage level, and earlier ART with
high PrEP coverage costs $207,830 per QALY gained
compared to earlier ART with medium coverage. This is
because earlier ART has already led to a substantial re-
duction in HIV infections (Fig. 2) and great gains in
QALYs (Table 1), such that increased PrEP coverage pro-
vides protection only to individuals at a lower infection
risk, yielding only modest gains in QALYs per unit cost
(Table 1 and Fig. 4).

Sensitivity analysis
Our findings are qualitatively robust to parameter un-
certainty. In sensitivity analysis, we found that the PrEP
costs and coverage had the largest impact on PrEP

cost-effectiveness for the combination of high PrEP cover-
age and earlier ART compared to the status quo (Fig. 5). If
the annual costs of PrEP were 50% lower than the base
case, the ICER would decrease from $115,320 to $54,027
per QALY gained. Increasing PrEP coverage from the low
to high scenario in the presence of earlier ART would in-
crease the ICER from $4745 to $115,320 per QALY gained.
However, the ICER is less sensitive to other parameters
(Additional file 1: Supplementary Material).

Discussion
We found that expanding PrEP while initiating ART earl-
ier (at 1 year post-infection versus the status quo of 1.
6 years post-infection) could provide substantial, cost-
effective health benefits to the San Francisco MSM popu-
lation. However, the most cost-effective intervention is
earlier ART without further PrEP expansion. This would
prevent 9700 (22%) total new infections and 1457 (8%)
new drug-resistant infections, and add 43,649 QALYs over
the next 20 years; this is very cost-effective at $4745 per
QALY gained. Expanding PrEP coverage in addition to
earlier ART would further reduce incidence, but only add
1.7–2.4 times more QALYs while costing 28–58 times
more than earlier ART alone (Table 1). Still, high PrEP
coverage plus earlier ART ($115,320 per QALY gained) is
cost-effective for San Francisco even considering the ac-
quisition and transmission of ART-mediated drug resist-
ance. For a budget under $470 million annually, the best
strategy is to keep current strategies of PrEP enrollment
while initiating ART earlier. This may be advisable for San
Francisco, based on the city’s 2015–2016 annual HIV/
AIDS budget [58] (though this excludes private insurance
and may therefore underestimate the total funding avail-
able). A higher budget would suggest that PrEP expansion
in addition to earlier ART is advisable.
Our estimated ICER of expanding PrEP without earlier

initiation of ART of $117,130–132,520 per QALY gained
(Table 1) is far greater than estimates for targeted high-
risk MSM interventions in New York City ($31,970 [20])
, Los Angeles County ($27,863–37,181 [26]), and nation-
wide US ($52,443 [23]), but lower than estimates for the
general MSM population in New York City ($353,739
[22]) and nationwide US ($172,091–216,480 [23]). These
discrepancies may stem from the different settings, PrEP
targeting strategies, or model assumptions. For example,
San Francisco has higher testing and treatment rates
than New York City and the entire US [10, 18, 22, 23].
We assume two-fold higher life expectancy gains follow-
ing treatment than Juusola et al. [23], based on more
recent life expectancy estimates [37, 38]. Recent reviews
discussed variation amongst ICER calculations in greater
detail [28, 59].
Drabo et al. [26] conducted a similar study for high-

risk MSM in Los Angeles, but used a different model

Fig. 4 Incremental costs and QALYs of expanded PrEP coverage
with and without earlier ART (Fig. 1b), with the origin corresponding
to the status quo of low PrEP coverage and baseline ART guidelines.
The solid lines show the incremental cost-effectiveness ratio (ICER)
relative to the next best strategy. The dashed lines show the ICER
relative to the next best strategy when earlier ART is not implemented.
These strategies are dominated by similar strategies with earlier ART,
meaning that they are not an efficient use of resources. Incremental
costs and QALYs are calculated over a 20-year time horizon (2018–2038)
and are discounted to the present at 3% annually. PrEP pre-
exposure prophylaxis, ART antiretroviral therapy, ICER incremental
cost-effectiveness ratio, QALY quality-adjusted life-year
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structure. Our infection–age-structured model allows us
to track the life expectancy at different ART initiation
times and among individuals with drug sensitive or re-
sistant strains (the primary innovation of our model). In
addition, their model initiated ART treatment at a CD4+
cell count ≤ 500 cells/mm3, whereas we considered an
even earlier ART strategy. Finally, we accounted for the
switch to second-line drug treatment after treatment
failure and its associated costs. Despite these differences,
we concur that all combinations of earlier ART and PrEP
coverage are cost-effective to varying degrees, and that
the optimal strategy depends on budgetary constraints.
Our study has several limitations. First, to explore the

cost-effectiveness of the above scenarios, we fit our
model to multiple sources of data, including incidence
of AIDS diagnoses and deaths, HIV prevalence, the frac-
tion of drug-resistance amongst incident cases, and
other demographic data [18]. Fitting to so many sources
data has the advantage of integrating much of what is
known about this epidemic but is ambitious in the sense
that it is difficult to closely fit all data sets simultan-
eously. One possibility to solving this would have been
to fit only a subset of these data such that model fits
would have better reflected those datasets but not been
informed by others. Second, we did not model PrEP-
mediated acquired drug resistance. Our results should
be robust to this exclusion, as recommended screening

practices are thought to limit PrEP-acquired resistance
via quick identification of breakthrough infections
amongst individuals on PrEP [21, 43, 60]. Third, we as-
sumed that sexual partners were assorted independent
of PrEP or ART usage. If PrEP were targeted towards
individuals whose partners, if infected, were less likely to
be on ART, then PrEP would be expected to be more
effective and cost-effective. Should individuals on PrEP
be more likely to engage in sexual partnerships with in-
fected individuals on ART than with those not on ART,
then this would reduce the estimated cost-effectiveness
of PrEP. Fourth, we assumed a homogenous PrEP cover-
age for the entire population irrespective of risk and age.
We made this assumption for simplicity and due to the
lack of information about age- and risk-group mixing
contact patterns. If PrEP coverage is higher in individ-
uals within the MSM population who are at higher risk
of infection than the average (i.e., because of PrEP tar-
geting to high-risk groups or high-risk individuals seek-
ing out PrEP), then PrEP would be more cost-effective.
In contrast, if high-risk groups also constitute groups
that are hard to reach with PrEP, then PrEP cost-
effectiveness would be lower than estimated. Similarly,
the indirect effects of PrEP on the population would
depend on the propensity to transmit of individuals on
PrEP, should they have been infected if they were not on
PrEP. Finally, while our results were qualitatively robust

Fig. 5 One-way sensitivity analysis of the cost-effectiveness of high PrEP coverage plus earlier ART compared to the status quo. The horizontal
bars represent the range of the incremental cost-effectiveness ratios (ICERs) as each variable is varied across its plausible range listed. The solid
vertical black line indicates the base case ICER ($115,320 per QALY gained). The dashed vertical blue and red lines represent the per capita gross
domestic product (GDP) for San Francisco ($81,347 in 2015 [57]) and three times the per capita GDP, respectively, two thresholds denoting a very
cost-effective and cost-effective use of resources, by international standards [56]. PrEP pre-exposure prophylaxis, ART antiretroviral therapy, ICER
incremental cost-effectiveness ratio, QALY quality-adjusted life-year, GDP gross domestic product
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to parameter uncertainty, future changes in intervention
costs or efficacy may affect our estimates.

Conclusions
In summary, expanding PrEP coverage and shifting ART
initiation even earlier in San Francisco would reduce the
total and drug resistant incidence, and add over 40,000
QALYs to the population over 20 years. Combining
higher PrEP coverage and earlier ART is predicted to be
cost-effective at three times the per capita GDP thresh-
old. These results are robust across a wide range of as-
sumptions regarding drug resistance and the
effectiveness and cost of second-line drug regimens.

Additional file

Additional file 1: Supplementary materials used to describe model
details and parameters estimation. (PDF 400 kb)
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