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Abstract

Background: Syphilis co-infection risk has increased substantially among HIV-infected men who have sex with men (MSM).
Frequent screening for syphilis and treatment of men who test positive might be a practical means of controlling the risk of
infection and disease sequelae in this population.

Purpose: We evaluated the cost-effectiveness of strategies that increased the frequency and population coverage of syphilis
screening in HIV-infected MSM receiving HIV care, relative to current standard of care.

Methods: We developed a state-transition microsimulation model of syphilis natural history and medical care in HIV-
infected MSM receiving care for HIV. We performed Monte Carlo simulations using input data derived from a large
observational cohort in Ontario, Canada, and from published biomedical literature. Simulations compared usual care (57%
of the population screened annually) to different combinations of more frequent (3- or 6-monthly) screening and higher
coverage (100% screened). We estimated expected disease-specific outcomes, quality-adjusted survival, costs, and cost-
effectiveness associated with each strategy from the perspective of a public health care payer.

Results: Usual care was more costly and less effective than strategies with more frequent or higher coverage screening.
Higher coverage strategies (with screening frequency of 3 or 6 months) were expected to be cost-effective based on usually
cited willingness-to-pay thresholds. These findings were robust in the face of probabilistic sensitivity analyses, alternate
cost-effectiveness thresholds, and alternate assumptions about duration of risk, program characteristics, and management
of underlying HIV.

Conclusions: We project that higher coverage and more frequent syphilis screening of HIV-infected MSM would be a highly
cost-effective health intervention, with many potentially viable screening strategies projected to both save costs and
improve health when compared to usual care. The baseline requirement for regular blood testing in this group (i.e., for viral
load monitoring) makes intensification of syphilis screening appear readily practicable.
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Introduction

Major urban centers in the developed world have witnessed a

dramatic re-emergence of syphilis in recent years, with the

epidemic concentrated among men who have sex with men

(MSM) and HIV-infected individuals [1–4]. Rates of syphilis

acquisition among HIV-positive MSM up to 300-fold higher than

those observed in the general male population have been reported

[5]. Individuals who acquire syphilis may be asymptomatic, but

untreated infection can lead to ocular, auditory, and neurological

complications, even during the early stages of infection [6,7]. By

reducing the duration of infectiousness, early treatment also limits

syphilis transmission to other individuals [8]. Canadian guidelines

recommend that individuals at ongoing risk for syphilis be

screened at 3-month intervals and that all MSM with STI risk,

regardless of HIV status, undergo screening at least annually [9].

Annual syphilis testing rates were approximately 57% in HIV-

infected MSM enrolled in the Ontario HIV Treatment Network

Cohort Study (OCS) in 2009 [10].

The disproportionate and increasing burden of syphilis in MSM

and HIV-infected individuals has led to calls for novel syphilis

control strategies targeting these populations [11–13]. Men who

are currently under medical care for HIV typically undergo

routine blood work every 3 to 6 months [9]. Implementing routine
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syphilis serologic testing in this group presents a practical and

inexpensive opportunity for increasing screening frequency,

allowing for timely detection and treatment [14].

The current syphilis testing algorithm in Ontario, Canada

includes a treponemal screening test followed by a confirmatory

non-treponemal test (and a second confirmatory treponemal test).

Although the treponemal test is more sensitive than the non-

treponemal test for detecting early infection, once the test is

positive, it often remains so for life, resulting in low specificity in

individuals with previously treated syphilis [15,16]. Follow-up non-

treponemal tests can distinguish current from past (treated)

infection, although with imperfect sensitivity and specificity.

Increasing the frequency of syphilis screening in a population

with high prevalence of previous syphilis infection, as is seen in

HIV-positive MSM in Ontario [10], may thus result in a high

number of false positives, leading to unnecessary treatment [17,18]

and diversion of limited public health resources [19].

Given the current burden of syphilis in HIV-positive MSM, it is

unclear if the benefits associated with preventing new cases of

neurosyphilis and tertiary syphilis via more frequent screening

would outweigh the costs and health consequences associated with

unnecessary treatment. Our objective was to evaluate whether

strategies of enhanced (more frequent and/or higher coverage)

routine syphilis screening in HIV-positive MSM receiving HIV

medical care would be effective and economically attractive,

relative to the current standard of care.

Methods

Model overview
We developed an individual-level state-transition (‘‘microsimu-

lation’’) model [20] that follows simulated patients from time of

model entry until death. The model included syphilis screening,

the natural history of syphilis, and costs and consequences of

syphilis screening and treated and untreated syphilis. We

synthesized health and economic data related to syphilis in HIV-

positive MSM; probability, cost, and quality-of-life estimates were

derived from the published literature wherever possible and are

presented in Table 1. The model was used to simulate 500,000

individual men similar to those enrolled in the Ontario HIV

Treatment Network Cohort Study (OCS), an observational, open

dynamic cohort of people receiving medical care for HIV infection

in Ontario, Canada [21]. OCS data were used to estimate the

proportion of men in the cohort with previous treated infection

[10].

In our base case, we compared usual care to more frequent

screening, and screening with higher population coverage. For the

usual care strategy, 57% of the population received syphilis

screening annually [10]. In the usual coverage – 3 and -6 months

strategies, 57% of the population was screened every 3 or 6

months. In higher coverage strategies, 100% of the population was

screened annually, or every 3 or 6 months. In all usual coverage

strategies, individuals who had been screened once were more

likely to be tested in the future [10]. Upon model initiation, 50% of

individuals who were screened in the first round of screening were

assigned to the regular screening group and were screened at all

subsequent screening events; individuals in the non-regular

screening group were selected at random at each screening event,

such that the total proportion of the population screened equaled

57%. We assumed a standard screening algorithm consisting of a

treponemal-specific assay (such as EIA) followed by a non-

treponemal assay (such as RPR), which is now standard practice in

Ontario. Test sensitivities were based on stage of infection, and

specificities depended on prior infection history. After testing, men

could be correctly or incorrectly classified as infected or

uninfected, with incorrect classification resulting in the inappro-

priate use of resources (for false positives and false negatives).

Among men with a history of previous treated syphilis, we

assumed different probabilities of treatment for true vs. false

positive cases, to capture the incorporation of additional informa-

tion (such as reported sexual risk behavior) in a clinician’s decision

to treat. This assumption was tested in sensitivity analyses.

Screening programs were conducted for 20 years in the base

case. Each month, individuals could seek testing for syphilis

symptoms. All individuals were eligible for screening, with

frequency and uptake dependent on the strategy. We assumed

that higher screening would be implemented as an opt-out policy

with perfect compliance in our base case. We assumed that lumbar

puncture was performed for all men diagnosed with late latent

syphilis, neurosyphilis, or tertiary syphilis, and for those testing

positive for syphilis with CD4 count,350 cells/mL [9]. An

overview of the decisions involved in screening and treatment is

presented in Figure 1.

Our Markov model consisted of mutually exclusive and

collectively exhaustive health states: uninfected; primary syphilis,

secondary syphilis and early latent syphilis (‘‘early syphilis’’); late

latent syphilis; neurosyphilis; tertiary syphilis; treated late syphilis;

and death (Figure 2). The uninfected state was subdivided into

uninfected with no prior syphilis infection and uninfected with

previously treated syphilis infection, to capture different syphilis

incidence [10], test specificities and probabilities of treatment

following positive test results in these two groups. The neurosyph-

ilis state was divided into early symptomatic neurosyphilis and late

neurosyphilis, to reflect the fact that individuals treated for early

neurosyphilis could recover without long-term disability [22].

In the base case, incidence of syphilis infection was based on

estimated rates observed in the OCS for MSM, with infection

rates higher in men with prior syphilis [10]. As surveillance data

suggest that risk of syphilis infection is low in individuals aged $65

[4], we assumed that men were at risk of syphilis acquisition for a

period of 20 years after model entry, although this was varied in

sensitivity analyses. Monthly transitions between stages of infection

(i.e., primary to secondary, secondary to early latent, early latent to

late latent) and return to the uninfected state following treatment

for late syphilis, were derived from mean estimates of time spent in

each stage and were converted to probabilities assuming an

exponential distribution [23]. Individuals treated for primary,

secondary, or early latent syphilis were assumed to return

immediately to the uninfected state. Individuals successfully

treated for late latent or early symptomatic neurosyphilis with

no long-term disability entered a transient immune state prior to

returning to the uninfected state [8]. Individuals with early

symptomatic neurosyphilis were assumed to either recover after six

months, or transition to the tertiary syphilis state, to capture the

long-term health consequences associated with their health state.

All individuals with late neurosyphilis were assumed to have long-

term health consequences and transitioned to the tertiary state

following treatment, to capture the associated lifetime costs and

disutility. Tertiary syphilis was considered to be associated with

long-term sequelae whether or not treatment was received (i.e.,

transitions back to morbidity-free health states were disallowed).

Mortality rates were based on Canadian life tables [24], the excess

mortality observed in HIV-infected individuals compared to the

general population [25], and the excess mortality associated with

untreated tertiary syphilis [26].

In all strategies, syphilis infection was managed according to the

current Canadian guidelines with early syphilis treated with a

single dose of benzathine penicillin, late syphilis treated with three
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Table 1. Model variables and sources.

Variable Details Base Case Value Range Source

Population characteristics

Age (yr, SD) 43.5 9.6 Burchell et al. [10]

CD4 count (cells/mL) (SD) 455 266 Burchell et al. [10]

Population with previous treated
syphilis infection (%)a

21 – Burchell et al. [10]

Annual incidence (%) First infection 4.0 – Burchell et al. [10]

Re-infection 4.8 – Burchell et al. [10]

Probability of death (per yr) Baseline probability of death Age-specific estimates Statistics Canada
[54]

Excess mortality hazard in
HIV-positive individuals

0.05 0.03–0.09 Bhaskaran et al.
[25]

Syphilis natural history

Average duration of syphilis stages (mo) Primary 0.7 0.2–3.0 Garnett et al. [8];
PHAC [9]

Secondary 3.6 0.5–6.0 Garnett et al. [8];
PHAC [9]

Early latent 7.7 3.0–11.3 Garnett et al. [8];
PHAC [9]

Duration of immunity after treatment of
late latent syphilis (yr)

5 1–10 Garnett et al. [8]

Time to develop late neurosyphilis (yr) 15 2–30 Golden et al. [44]

Probability of developing symptomatic
neurosyphilis

Probability of neurologic involvement 0.33 0.2–0.4 Golden et al. [44];
Rolfs et al. [55];
Zetola and
Klausner [25]

Probability of developing early
neurosyphilisb (among those with
neurological involvement)

0.05 0.03–0.09 Golden et al. [44]

Probability of developing late
neurosyphilis (among those with
neurologic involvement)

0.09 0.04–0.14 Golden et al. [44]

Probability of recovery from symptomatic
early neurosyphilis without disability,
following treatment

0.70 0.54–0.83 CDC [22]

Odds of developing neurosyphilis if CD4
count ,350 cells/mL (relative to CD4$350)

3 1.3–7 Ghanem et al.
[27]; Marra et al.
[28]

Time to develop tertiary syphilis (yr) 20 10–30 PHAC [9]

Probability of developing tertiary syphilis
(gummatous and cardiovascular)

0.25 0.15–0.35 Larsen [16];
Golden et al. [44]

Test characteristics

Screening test (EIA) sensitivity Primary 0.93 0.77–1 Sena et al. [15]

Secondary 1 0.95–1 Owusu-Edusei
et al. [18]; Sena
et al. [15]

Early latent 1 0.95–1 Owusu-Edusei
et al. [18]; Sena
et al. [15]

Late latent 0.99 0.94–1 Owusu-Edusei
et al. [18]

Screening test (EIA) specificity No prior syphilis infection 0.99 0.94–1 Sena et al. [15]

Previous treated syphilis infection 0.11 0.02–0.28 Blandford et al.
[56]; Owusu-
Edusei et al. [17]

Confirmatory test (RPR) sensitivity Primary 0.86 0.77–0.99 Sena et al. [15]

Secondary 0.99 0.95–1 Owusu-Edusei
et al. [17]; Sena
et al. [15]

Early latent 0.98 0.95–1 Sena et al. [15]

Cost-Effectiveness of Syphilis Screening
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Table 1. Cont.

Variable Details Base Case Value Range Source

Late latent 0.73 0.37–0.94 Owusu-Edusei
et al. [17]; Sena
et al. [15]

Confirmatory test (RPR) specificity No prior syphilis infection 0.98 0.93–0.99 Sena et al. [15]

Previous treated syphilis infection 0.95 0.7–1 Owusu-Edusei
et al. [17]

Probability of receiving lumbar puncture Late latent, tertiary,
neurosyphilis or any state with
CD4 count #350 cells/mL

1 PHAC [9]

CD4 count .350 cells/mL and
not in late latent, tertiary or
neurosyphilis stage

0 PHAC [9]

Probability of post-dural headache
following lumbar puncture

0.2 0.06–0.36 Turnbull and
Shepherd [57]

Treatment characteristics

Probability of seeking treatment
for syphilis symptoms

Primary 0.35 0.2–0.45 Bissessor et al.
[14]; Kourbatova
et al. [58]

Secondary 0.6 0.4–0.85 Bissessor et al.
[14]; Kourbatova
et al. [58]

Early latent 0.1 0.05–0.15 Bissessor et al.
[14]; Kourbatova
et al. [58]

Probability of treating individual
identified as syphilis infected

True positive 0.95 0.8–1 Blandford et al.
[59]; Assumption

False positive, no prior
history of syphilis infection

0.95 0.8–1 Blandford et al.
[59]; Assumption

False positive, history of
treated syphilis infection

0.2 0–0.95 Assumption

Probability of treatment failure Early syphilisc 0.05 0.02–0.09 Blank et al. [60];
Riedner et al. [61]

Late syphilis 0.19 0.15–0.30 Blank et al. [60];
Riedner et al. [61]

Probability of anaphylaxis following treatment 0.0002 0.0001–0.0004 Tsevat et al. [62]

HIV natural history and treatment

Set point viral load (log copies/mL) 4.6 – Deeks et al. [63];
Mocroft et al. [64];
Rhone et al. [65]

Increase in CD4 count with initiation
of ART (cells/mL) 100z

535| initialCD4ð Þ0:98

initialCD4ð Þ0:98
z260

– Drusano et al.
[66]; Sanders et al.
[30]

Decline in CD4 count with detectable
viral load (cells/mL)

279.2+33.56 log viral load – Cook et al. [67]

Strategies

Achieved coverage Higher coverage screening 1 – Assumption

Usual care 0.57 – Burchell et al. [10]

Costs (2011 CDN$)

Diagnostic tests (including labour) Screening test 3.8 3.0–5.3 Public Health
Ontario
Laboratories
(PHOL); Ontario
Ministry of Health
and Long-Term
Care (MHLTC) [36]

Confirmatory test 16.0 6.0–25.0 PHOL; Ontario
Ministry of Health
and Long-Term
Care (MHLTC) [36]
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once-weekly doses, and neurosyphilis treated with high dose

intravenous penicillin [9]. To account for enhanced risk of

neurosyphilis with lower CD4 counts [27,28] and CD4 count-

based recommendations for lumbar puncture upon syphilis

diagnosis [9], we modeled progression of HIV infection, as

measured by changes in viral load and CD4 level. Antiretroviral

therapy (ART) was initiated when CD4 count was #500 cells/mL

[29]. We did not model interruptions in ART. In the absence of

ART, men were assumed to experience a decline in CD4 count.

Health outcomes measured intermediate disease-specific outcomes

and changes in quality adjusted survival. We used previously

published estimates of the quality-of-life of individuals with HIV

[30], disutility associated with primary, secondary, tertiary, and

neurosyphilis, and the adverse outcomes associated with lumbar

puncture and treatment [31–34].

Costs
Costs are presented in Table 1, and included testing, treatment

and follow-up costs, as well as lifetime costs for untreated

individuals who progressed to tertiary disease. We used Ontario-

specific testing and treatment costs [35,36]. Treatment costs

depended on disease stage and included medication and physician

costs, and costs of follow-up visits and testing, with the number of

follow-up tests based on Canadian treatment guidelines [9].

Adverse event costs included a general practitioner visit for post-

Table 1. Cont.

Variable Details Base Case Value Range Source

Lumbar puncture 275 128–309 PHOL; Ontario
Ministry of Health
and Long-Term
Care (MHLTC) [36]

Treatmentd Early syphilis 400 200–600 MHLTC [35];
Assumption

Late syphilis 635 320–950 MHLTC [35];
Assumption

Neurosyphilis 14680 7340–22020 MHLTC [35];
Assumption

Tertiary 4160 2080–6240 MHLTC [35];
Assumption

Adverse eventse Post-dural headache 66 33–99 Fisman et al. [68];
Assumption

Anaphylaxis 4850 2425–7275 Fisman et al. [68];
Assumption

Lifetime cost of tertiary or neurosyphilis
(excluding treatment)

91015 45005–136520 Owusu-Edusei
et al. [38]

Utilities

Base case, HIV-infected individual on ART 0.83 0.45–1 Sanders et al. [30]

Base case, HIV-infected individual,
asymptomatic, not on ART

0.89 0.8–1 Sanders et al. [30]

Syphilis disutility Primary syphilis 0.0072 0.0065–0.0079 Kwong et al. [31];
WHO [32]

Secondary syphilis 0.041 0.036–0.045 Kwong et al. [31];
WHO [32]

Neurosyphilis and tertiary
syphilis (per year)

0.094 0.074–0.283 Kwong et al. [31];
WHO [32]

Lumbar puncture disutility Procedure 0.01 0.005–0.05 Ward et al., [69];
Assumption

Post-dural headache 0.02 0.005–0.05 Ward et al., [69];
Assumption

Disutility of treatment-associated anaphylaxis 0.02 0.007–0.03 Pepper and
Owens [33]

Other variables

Cycle length (mo) 1 Assumption

Discount rate (%) 5 0–5 CADTH [39]

aWe assumed no prevalent infection at baseline.
bEarly neurosyphilis refers to neurosyphilis that develops during the primary, secondary, or early latent stages of syphilis infection.
cEarly syphilis refers to primary, secondary, or early latent syphilis infection.
dBase case treatment cost for neurosyphilis was calculated as the weighted average of inpatient and outpatient treatment, assuming 95% of cases require inpatient
treatment. Base case treatment cost for tertiary syphilis was calculated as the weighted average of gummatous and cardiovascular syphilis, assuming 62% of tertiary
syphilis cases are gummatous and 38% are cardiovascular [16]. Cardiovascular cases were further subdivided into those requiring surgery (20%) [70] and those not
requiring surgery.
ePost-dural headache was assumed to require a general practitioner visit. Anaphylaxis was assumed to require hospitalization.
doi:10.1371/journal.pone.0101240.t001
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dural headache and hospitalization for anaphylaxis. All costs were

converted to year 2011 Canadian dollars using the health and

personal care component of the Canadian Consumer Price Index

[37]. In the absence of Canadian data about lifetime costs

associated with tertiary syphilis, we used costs derived from the

United States [38], which were adjusted for inflation and

converted to 2011 Canadian dollars.

We performed cost-effectiveness analyses from a public

Canadian health care payer perspective, which approximates a

societal perspective in a country like Canada with publicly funded

health services, but ignores patient time and travel costs. Cost

effectiveness of each strategy was estimated as the incremental cost

per QALY gained relative to the next most expensive strategy.

Since the effects of untreated syphilis often takes decades to

manifest, we used a lifetime time horizon. A base case discount

rate of 5% was applied to future costs and outcomes [39].

Model Validation and Simulations
To ensure that our model was reproducing observed trends in

reported syphilis infection, we compared the expected incidence of

diagnosed early neurosyphilis in our modeled cohort under the

usual care scenario to estimated rates of neurosyphilis between

2008 and 2012 [4] in Toronto’s HIV infected male population

[40]. Our base case analysis was performed as a first-order Monte

Carlo simulation of 500,000 individuals assigned to each strategy.

To account for uncertainty surrounding parameter estimates we

performed probabilistic sensitivity analyses using second-order

Monte Carlo simulations, such that parameters were sampled

from distributions for each of 1000 simulated trials; each trial

included 1000 identical ‘‘individuals’’ with costs and outcomes

projected in stochastic (first-order) simulations. We used gamma

distributions for costs and beta distributions for probabilities and

utilities [41], with plausible ranges based on 95% confidence

intervals, lowest and highest published values, or by varying inputs

by 650%, depending on available data. We performed additional

sensitivity analyses with alternate assumptions around treatment

probabilities, syphilis incidence, infection risk period, program

duration, compliance with higher coverage strategies, and CD4

count at initiation of ART.

Results

Model Validation and Projected Effectiveness
In the absence of enhanced (more frequent and/or higher

coverage) screening, approximately 2.9 per 10,000 men were

projected to be diagnosed with neurosyphilis annually, which is

within the range of rates of 0.7–9.1 (mean 4.5) per 10,000 HIV-

infected males in Toronto between 2008–2012. Compared to

usual care, higher (100%) coverage 3-monthly screening was

projected to reduce incidence of diagnosed early neurosyphilis (0.9

per 10,000 person-years), while increasing the diagnosis of

infectious syphilis (from 3.7 to 4.7 per 100 person-years).

Unnecessary treatment of uninfected men due to false positive

test results also increased (from 0.5 to 3.5 per 100 person-years)

(Figure 3). The additional strategies resulted in infection

Figure 1. Simplified overview of screening and treatment component of the decision analytic model. A decision is made to screen or
not screen HIV-positive MSM at risk of syphilis acquisition. If screening is performed, men can be correctly or incorrectly classified, resulting in
appropriate or inappropriate use of resources, with associated costs and health consequences. Syphilis is treated according to the current Canadian
guidelines. Chance nodes indicate points at which probabilities (described in Table 1) are applied. Individuals progress to the appropriate health
state (outlined in Figure 2) following progression through the screening and treatment decision tree. Note that men who seek treatment for
symptomatic syphilis infection follow the same set of decisions.
doi:10.1371/journal.pone.0101240.g001
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incidence intermediate between usual care and higher coverage 3-

monthly strategies.

Cost Effectiveness
Compared to the usual care (57% coverage, annual) strategy,

higher (100%) coverage 3-monthly screening was projected to cost

more ($98.69) and be more effective (0.015 QALY) (Table 2). All

intermediate strategies cost less than the usual care strategy, but

provided fewer QALY gains than higher coverage 3-monthly

screening. The differences in QALYs between strategies were

minimal, reflecting the fact that most health consequences of latent

syphilis occur years or decades after initial infection.

To capture second-order uncertainty, we performed 1000

simulated trials, each with 1000 participants randomly assigned

to each screening strategy. The preferred strategy varied depended

on the willingness-to-pay threshold (Figure 4). Assuming a

willingness-to-pay (WTP) of $0 per QALY, higher coverage

screening every 3 or 6 months was most frequently preferred. At a

WTP threshold of $50,000 or $150,000/QALY, preferences for

individual strategies were less clear, though in general higher

coverage strategies were preferred to lower coverage strategies of

the same frequency, and there was an approximately linear

relationship between increased screening frequency and likelihood

that a strategy would be preferred.

Sensitivity Analysis
As uncertainty in model parameters was incorporated into

second order Monte Carlo simulations, we performed additional

sensitivity analyses using alternate assumptions about disease

epidemiology, natural history and programmatic features

(Table 3). As we reduced syphilis risk, we found that usual care

became a viable strategy when risk of infection declined to,20%

of baseline risk, and even in this circumstance, higher coverage 6-

monthly screening remained a highly cost-effective strategy

($39,096 per QALY). We identified no other circumstance under

which usual care was a non-dominated strategy. Similarly, usual

screening coverage strategies with increased frequency of screen-

ing seldom emerged as viable strategies. We found that usual

coverage screening at a frequency of every six months emerged as

a potentially viable strategy only when the probability of treatment

of false-positive tests became equivalent to the probability of

treating true-positive syphilis (ICER for usual coverage screening

every 6 months $13,807 per QALY relative to higher coverage

annual screening).

In other sensitivity analyses, higher coverage strategies domi-

nated usual coverage strategies (i.e., cost less and provided greater

health benefit) but the optimal screening interval was sensitive to

input parameters. In our base case we assumed that treatment with

combination ART would begin when CD4 counts reached

500 cells/mL; when we assumed ART at a CD4 count of

Figure 2. Markov model overview. The model has eleven health states, with allowed transitions between states indicated by arrows. Men have a
chance of remaining uninfected or acquiring syphilis and progressing through the disease states. Syphilis infection is characterized by four stages:
primary, secondary, early latent, and late latent, which may develop into tertiary syphilis. Men only exit the tertiary syphilis state via death, even if
they receive treatment. Men may develop neurosyphilis at any stage of their syphilis infection. Men with early syphilis may receive treatment and
recover without disability or have lifetime disability (indicated by entry into the tertiary syphilis state). All men with late neurosyphilis are assumed to
have lifetime disability and enter the tertiary syphilis state. Men may transition to the death state from any model state. Treatment results in men
returning to the ‘previously infected and treated’ state. Movement through the model health states depends on transition probabilities identified
from the literature. Disutilities are associated with the primary, secondary, tertiary, and neurosyphilis states and long-term healthcare costs are
associated with tertiary and neurosyphilis.
doi:10.1371/journal.pone.0101240.g002
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350 cells/mL, higher coverage every 3 months became costly

relative to every 6 months (ICER $130,834 per QALY) but might

still be considered cost-effective in high income countries [42].

Higher coverage every 6 months was the preferred strategy when

duration of infection risk was varied from 10 to 30 years (assuming

a WTP of $50,000/QALY), regardless of whether screening was

halted once syphilis acquisition risk stopped or continued beyond

the infection risk period. When we assumed equal probability of

treatment of true and false positive cases among men with a history

of previous treated syphilis, higher coverage was the preferred

strategy, with frequency of screening depending on the assumed

level of treatment. Decreasing coverage in the higher coverage

strategies to 60–90% resulted in higher coverage every 6 months

dominating all of the other strategies. When costs and health

outcomes were not discounted, higher coverage every 6-months

dominated all other strategies except for 3-monthly higher

coverage (ICER $239,539 per QALY) (Table 4).

Discussion

We project that a universal syphilis screening program in HIV-

infected MSM under medical care has the potential to improve

health and save costs, relative to usual care. However, increased

screening may result in unnecessary treatment of men with false

positive tests and lead to excess adverse events associated with

Figure 3. Model validation and projections. Model estimated diagnosis of early neurosyphilis, infectious (primary, secondary, and early latent)
syphilis, and false positive cases. Reported values represent the average rates in the modeled cohort over a 20-year period for the different strategies
evaluated. Neurosyphilis infections are plotted x100 for comparability. Usual care – annual represents model projections based on current estimates
of screening coverage and frequency among HIV-infected MSM under medical care. Toronto HIV-infected men represents estimated rates of
diagnosed early neurosyphilis among HIV infected men living in Toronto (average for the years 2008–2012, error bars represent 95% confidence
intervals). Usual care, usual 6 months, and usual 3 months refer to screening 57% of the population every 12, 6, or 3 months, respectively. Higher
coverage annual, 6, months and 3 months refer to screening 100% of the population every 12, 6, or 3 months, respectively.
doi:10.1371/journal.pone.0101240.g003

Table 2. Discounted health and economic outcomes associated with different syphilis screening strategies.

Strategya

Discounted Costb

(CDN $)

Incremental Cost

(CDN $)
Discounted Life
Expectancy (y)

Discounted
Effectivenessb (QALY)

Incremental
Effectiveness (QALY) ICER ($/QALY)

Higher coverage,
6 months

1019.51 – 16.0871 13.3497 – –

Higher coverage,
annual

1059.74 40.22 16.0888 13.3468 20.0030 Dominated

Usual, 6 months 1148.20 128.69 16.0891 13.3466 20.0031 Dominated

Usual, 3 months 1195.81 176.30 16.0824 13.3448 20.0049 Dominated

Usual care 1310.25 290.73 16.0855 13.3398 20.0099 Dominated

Higher coverage,
3 months

1408.94 389.42 16.0892 13.3548 0.0050 77,516.35

Abbreviations: QALY, quality-adjusted life year; ICER, incremental cost-effectiveness ratio.
aHigher coverage, 100% coverage; Usual, 57% coverage.
bDiscounted at 5%.
doi:10.1371/journal.pone.0101240.t002
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testing and treatment (e.g., adverse consequences of lumbar

puncture). Although previous studies have examined the disease

dynamic impacts of screening frequency, [11,43] with projections

that more frequent screening would reduce syphilis burden in

MSM, to our knowledge, this model is the first to evaluate the cost-

effectiveness of more frequent and higher coverage syphilis

screening in a high-risk group.

Perhaps most importantly, we project that both increases in test

frequency and coverage for MSM with HIV infection would

increase effectiveness relative to current standard of care, and that

all more-intense screening regimens (with the exception of higher

coverage, 3-monthly screening) would decrease, rather than

increase, net healthcare costs due to aversion of downstream

sequelae of untreated syphilis infections. Although the projected

increase in effectiveness observed with enhanced (higher coverage

and/or increased frequency) screening was small compared to

usual care, this reflects the fact that the major health consequences

of syphilis occur years, and often decades, after initial infection

[8,44], and consequently the health impact of screening is reduced

by discounting.

We restricted our analysis to HIV-positive MSM because

surveillance data show this to be the population at greatest risk of

syphilis in much of North America [45–47]. Men currently under

medical care for HIV present an ideal target for this intervention,

since syphilis screening can be included with existing blood-work

with minimal inconvenience and expense [14]. By implementing

an opt-out syphilis screening test, we would expect screening

frequency in HIV-positive MSM to increase [14]. The major

concern with implementing such a strategy is the management of

false positive test results in individuals with a history of previously

treated syphilis infection and the resulting physician burden [48].

With more frequent RPR testing, clinicians will have a better

history of an individual’s titre, assisting with the interpretation of

titre changes and helping to distinguish new infections from past

cases (in particular serofast cases). Appropriate management of

individuals with previous treated syphilis infection would be

crucial for minimizing unnecessary treatment and the develop-

ment of clear guidelines about how to manage test results would be

critical.

Our study is subject to several limitations. Our estimates of

syphilis acquisition risk are based on HIV-positive MSM in

Ontario [10], our target population, and are somewhat higher

than reported estimates in MSM in other jurisdictions [45,49,50].

Nonetheless, we found our projections of cost-effectiveness to be

robust in the face of variation in syphilis risk, and elevated syphilis

risk in MSM is currently widespread in North America and

Europe [4,51]. It is important to note that syphilis epidemics tend

to occur in waves separated by periods of low incidence, and

during the latter periods the screening strategies we identify as

cost-effective in this analysis may cease to be attractive. As

discussed above, interpretation of titre changes is important for

individual case management; we did not include treatment

algorithms for serofast cases in the model, due to the associated

complexity. Our model included simplifying assumptions and

incorporates parameter values that are subject to uncertainty, but

our findings were robust in the face of wide-ranging sensitivity

analyses and alternate assumptions.

Lastly, we used a traditional static risk Markov model to

evaluate the health-economic attractiveness of syphilis screening in

MSM. Such models are limited in their ability to capture the

indirect effects of disease treatment and prevention that are

characteristic of communicable disease control programs [52],

including not only reductions in the future stream of syphilis

infections but also the impact of untreated syphilis infections on

the transmission of HIV [53]. However, our previously published

work on screening effectiveness in a dynamic, agent-based model

Figure 4. Strategy acceptability for different willingness-to-pay thresholds. The frequency with which each strategy was optimal at
willingness-to-pay thresholds of 0, $50,000, or $150,000 per QALY is shown for 1000 probabilistic trials with 1000 individuals assigned to each strategy
within each trial. Usual care, usual 6 months, and usual 3 months refer to screening 57% of the population every 12, 6, or 3 months, respectively.
Higher coverage annual, 6, months and 3 months refer to screening 100% of the population every 12, 6, or 3 months, respectively.
doi:10.1371/journal.pone.0101240.g004
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[43] similarly identified an increase in effectiveness of screening as

a means of reducing syphilis incidence with increased frequency of

syphilis screening. Work remains for the quantification of the

economic attractiveness of syphilis screening strategies in a manner

that includes both direct and indirect effects of screening.

In summary, we have shown that when rates of syphilis

acquisition are high, implementing routine syphilis screening in

MSM currently under medical care for HIV is expected to be a

highly cost-effective intervention. This strategy has been imple-

mented in Australia and has been demonstrated to increase the

detection of early asymptomatic syphilis [14], but the long-term

effectiveness and cost-effectiveness of this intervention has not

been evaluated. While a clinical trial would be an ideal means of

testing our model projections, the policy-relevant time horizon

Table 3. Preferred syphilis screening strategies under alternate model assumptions and for different willingness-to-pay thresholds.

Preferred Strategya by Willingness-to-Pay Threshold ($/QALY)

Variable Details 0 50,000 150,000

Base caseb Higher coverage 6 Higher coverage 6 Higher coverage 3

Probability of treating false positive cases
among previously infected men

0 Higher coverage 6 Higher coverage annual Higher coverage 3

0.5 Higher coverage annual Higher coverage annual Higher coverage annual

0.95 Higher coverage annual Usual 6 Higher coverage 3

Probability of treating false and true positive
cases among previously infected men

0.2 Higher coverage 3 Higher coverage 3 Higher coverage 3

0.5 Higher coverage 6 Higher coverage 3 Higher coverage 3

0.75 Higher coverage annual Higher coverage 6 Higher coverage 6

Syphilis incidence 2-fold increase Higher coverage 6 Higher coverage 6 Higher coverage 6

5-fold increase Higher coverage 3 Higher coverage 3 Higher coverage 3

2-fold decrease Higher coverage annual Higher coverage 6 Higher coverage 6

5-fold decrease Usual care Higher coverage 6 Higher coverage 6

Linear decrease from current
level to 0 over 20 years

Higher coverage annual Higher coverage annual Higher coverage annual

CD4 count at which initiate ART 350 cells/mL Higher coverage 6 Higher coverage 6 Higher coverage 3

Uptake of higher coverage screening 60–90% Higher coverage 6 Higher coverage 6 Higher coverage 6

Duration of infection risk/duration
of screening program (yr)

10/10 Higher coverage 6 Higher coverage 6 Higher coverage 6

10/20 Higher coverage annual Higher coverage 6 Higher coverage 6

10/30 Higher coverage annual Higher coverage 6 Higher coverage 6

20/30 Higher coverage annual Higher coverage 6 Higher coverage 6

30/30 Higher coverage 6 Higher coverage 6 Higher coverage 6

aHigher coverage annual, 6, and 3 refer to screening 100% of the population every 12, 6, or 3 months, respectively (except for the analysis where uptake was varied from
60–90%). Usual care and usual 6 refer to screening 57% of the population every 12 or 6 months, respectively.
bIn the base case, probability of treating a false positive case with prior history of syphilis infection was 0.2; probability of treating a false positive case with no prior
history of syphilis infection and all true positive cases was 0.95; syphilis incidence was 4 per 100 person-years (py) in never infected men and 4.8 per 100 py in previously
infected men; ART was initiated when CD4 count was ,500 cells/mL; uptake of higher coverage screening was 100%; and duration of infection risk and duration of
screening program were both 20 years.
doi:10.1371/journal.pone.0101240.t003

Table 4. Undiscounted health and economic outcomes associated with different syphilis screening strategies.

Strategya Cost (CDN $)

Incremental Cost

(CDN $)
Life
Expectancy (y)

Effectiveness
(QALY)

Incremental
Effectiveness (QALY) ICER ($/QALY)

Higher coverage, 6 months 1661.30 35.1304 29.129

Higher coverage, annual 1834.26 172.96 35.1079 29.1241 20.005 Dominated

Usual, 3 months 1959.64 298.34 35.0891 29.1037 20.0253 Dominated

Usual, 6 months 2003.24 341.94 35.1271 29.1252 20.0039 Dominated

Higher coverage, 3 months 2225.39 564.08 35.1205 29.1314 0.0024 239,539

Usual care 2499.95 838.65 35.1077 29.0968 20.0323 Dominated

Abbreviations: QALY, quality-adjusted life year; ICER, incremental cost-effectiveness ratio.
aHigher coverage, 100% coverage; Usual, 57% coverage.
doi:10.1371/journal.pone.0101240.t004
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would likely exceed the attainable duration of such a trial. Our

model provides an estimation of the potential impact of an

enhanced syphilis screening program among HIV-positive MSM

that can help guide policy decisions.

Acknowledgments

The authors wish to thank Ahmed Bayoumi for helpful discussions and

input.

Author Contributions

Conceived and designed the experiments: AT AB DF. Performed the

experiments: AT. Analyzed the data: AT. Contributed reagents/materials/

analysis tools: AB. Contributed to the writing of the manuscript: AT DF.

References

1. Fenton KA, Breban R, Vardavas R, Okano JT, Martin T, et al. (2008) Infectious

syphilis in high-income settings in the 21st century. Lancet Infect Dis 8: 244–
253.

2. Aral SO, Fenton KA, Holmes KK (2007) Sexually transmitted diseases in the

USA: temporal trends. Sex Transm Infect 83.

3. Sullivan PS, Hamouda O, Delpech V, Geduld JE, Prejean J, et al. (2009)

Reemergence of the HIV Epidemic Among Men Who Have Sex With Men in
North America, Western Europe, and Australia, 1996–2005. Ann Epidemiol 19:

423–431.

4. Toronto Public Health Communicable diseases in Toronto 2012: Sexually
transmitted and bloodborne diseases. Available: http://www1.toronto.ca/

staticfiles/City Of Toronto/Toronto Public Health/Communicable Disease

Control/Communicable Disease Surveillance/Annual Reports/Files/pdf/2/1-
Sexually transmitted infections - COMPLETE3.pdf. Accessed 2014 Jan 13.

5. Burchell AN, Moravan V, Allen V, Bayoumi AM, Collins E, et al. (2012)
Extremely high risk of syphilis co-infection and re-diagnosis among men who

have sex with men living with HIV in Ontario. 21st Annual Canadian

Conference on HIV/AIDS Research. Toronto, Canada.

6. Lukehart SA (2006) Syphilis. Sexually transmitted diseases: 311–330.

7. Singh A, Romanowski B (1999) Syphilis: review with emphasis on clinical,

epidemiologic, and some biologic features. Clin Microbiol Rev 12: 187–209.

8. Garnett GP, Aral SO, Hoyle DV, Cates W, Anderson RM (1997) The natural

history of syphilis. Implications for the transmission dynamics and control of
infection. Sex Transm Dis 24: 185–200.

9. Public Health Agency of Canada (2010) Canadian guidelines on sexually

transmitted infections. Available: http://www.phac-aspc.gc.ca/std-mts/sti-its/
guide-lignesdir-eng.php. Accessed 2012 Nov 20.

10. Burchell AN, Allen VG, Moravan V, Gardner S, Raboud J, et al. (2013) Patterns

of syphilis testing in a large cohort of HIV patients in Ontario, Canada, 2000–
2009. BMC Infect Dis 13: 246.

11. Gray RT, Hoare A, Prestage GP, Donovan B, Kaldor JM, et al. (2010) Frequent
testing of highly sexually active gay men is required to control syphilis. Sex

Transm Dis 37: 298–305.

12. Bissessor M, Fairley CK, De Guingand D, Bradshaw CS, Chen MY (2009)
Delay in the diagnosis of early syphilis among men who have sex with men: need

for greater community and health provider education. Int J STD AIDS 20: 52–

53.

13. Fenton KA, Nicoll A, Kinghorn G (2001) Resurgence of syphilis in England:

time for more radical and nationally coordinated approaches. Sex Transm Infect
77: 309–310.

14. Bissessor M, Fairley CK, Leslie D, Howley K, Chen MY (2010) Frequent

screening for syphilis as part of HIV monitoring increases the detection of early
asymptomatic syphilis among HIV-positive homosexual men. J Acquir Immune

Defic Syndr 55: 211–216.

15. Sena AC, White BL, Sparling PF (2010) Novel Treponema pallidum serologic
tests: a paradigm shift in syphilis screening for the 21st century. Clin Infect Dis

51: 700–708.

16. Larsen SA (1998) A manual of tests for syphilis. Washington, DC: American

Public Health Association.

17. Owusu-Edusei K Jr, Koski KA, Ballard RC (2011) The tale of two serologic tests
to screen for syphilis–treponemal and nontreponemal: does the order matter?

Sex Transm Dis 38: 448–456.

18. Owusu-Edusei K Jr, Peterman TA, Ballard RC (2011) Serologic testing for
syphilis in the United States: a cost-effectiveness analysis of two screening

algorithms. Sex Transm Dis 38: 1–7.

19. Goswami ND, Stout JE, Miller WC, Hecker EJ, Cox GM, et al. (2013) The

footprint of old syphilis: using a reverse screening algorithm for syphilis testing in

a US geographic information systems-based community outreach program. Sex
Transm Dis 40: 839–841.

20. Siebert U, Alagoz O, Bayoumi AM, Jahn B, Owens DK, et al. (2012) State-

transition modeling: a report of the ISPOR-SMDM Modeling Good Research
Practices Task Force-3. Med Decis Making 32: 690–700.

21. Rourke SB, Gardner S, Burchell AN, Raboud J, Rueda S, et al. (2013) Cohort
profile: the Ontario HIV Treatment Network Cohort Study (OCS).

Int J Epidemiol 42: 402–411.

22. Centers for Disease Control and Prevention (2007) Symptomatic early
neurosyphilis among HIV-positive men who have sex with men–four cities,

United States, January 2002-June 2004. MMWR Morb Mortal Wkly Rep 56:
625–628.

23. Beck JR, Kassirer JP, Pauker SG (1982) A convenient approximation of life

expectancy (the ‘‘DEALE’’). I. Validation of the method. Am J Med 73: 883–
888.

24. Statistics Canada (2006) Complete life table, Canada, 2000 to 2002, Table 2a -
males. Available: http://www.statcan.gc.ca/pub/84-537-x/4064441-eng.htm.

Accessed 2012 Nov 20.

25. Bhaskaran K, Hamouda O, Sannes M, Boufassa F, Johnson AM, et al. (2008)

Changes in the risk of death after HIV seroconversion compared with mortality
in the general population. JAMA 300: 51–59.

26. Shafer JK, Usilton LJ, Gleeson GA (1954) Untreated syphilis in the male Negro;
a prospective study of the effect on life expectancy. Public Health Rep 69: 684–

690.

27. Ghanem KG, Moore RD, Rompalo AM, Erbelding EJ, Zenilman JM, et al.

(2008) Neurosyphilis in a clinical cohort of HIV-1-infected patients. AIDS 22:

1145–1151.

28. Marra CM, Maxwell CL, Smith SL, Lukehart SA, Rompalo AM, et al. (2004)

Cerebrospinal fluid abnormalities in patients with syphilis: association with
clinical and laboratory features. J Infect Dis 189: 369–376.

29. Department of Health and Human Services Panel on Antiretroviral Guidelines
for Adults and Adolescents Guidelines for the use of antiretroviral agents in

HIV-1-infected adults and adolescents. Available: http://aidsinfo.nih.gov/
contentfiles/lvguidelines/AdultandAdolescentGL.pdf. Accessed 2014 Mar 11.

30. Sanders GD, Bayoumi AM, Sundaram V, Bilir SP, Neukermans CP, et al.
(2005) Cost-effectiveness of screening for HIV in the era of highly active

antiretroviral therapy. N Engl J Med 352: 570–585.

31. Kwong JC, Ratnasingham S, Campitelli MA, Daneman N, Deeks SL, et al.

(2012) The impact of infection on population health: results of the Ontario

burden of infectious diseases study. PLoS One 7: e44103.

32. World Health Organization (2008) The global burden of disease: 2004 update.

Available: http://www.who.int/healthinfo/global_burden_disease/2004_
report_update/en/index.html. Accessed 2012 Nov 20.

33. Pepper PV, Owens DK (2002) Cost-effectiveness of the pneumococcal vaccine in
healthy younger adults. Med Decis Making 22: S45–57.

34. Grap MJ, Munro CL, Unoki T, Hamilton VA, Ward KR (2012) Ventilator-
associated pneumonia: the potential critical role of emergency medicine in

prevention. J Emerg Med 42: 353–362.

35. Ontario Ministry of Health and Long-Term Care Ontario Health Insurance

Schedule of Benefits and Fees: Schedule of Benefits for Physician Services.
Available: http://www.health.gov.on.ca/english/providers/program/ohip/

sob/physserv/physserv_mn.html. Accessed 2014 Mar 11.

36. Ontario Ministry of Health and Long-Term Care Ontario Health Insurance

Schedule of Benefits and Fees: Scehdule of Benefits for Laboratory Services.

Available: http://www.health.gov.on.ca/english/providers/program/ohip/
sob/lab/lab_mn.html. Accessed 2014 Mar 11.

37. Statistics Canada The Consumer Price Index. Catalogue no.62-001-XWE.

38. Owusu-Edusei K Jr, Chesson HW, Gift TL, Tao G, Mahajan R, et al. (2013)

The estimated direct medical cost of selected sexually transmitted infections in
the United States, 2008. Sex Transm Dis 40: 197–201.

39. Canadian Agency for Drugs and Technologies in Health (2006) Guidelines for
the economic evaluation of health technologies: Canada. Available: http://

www.cadth.ca/media/pdf/186_EconomicGuidelines_e.pdf. Accessed 2012 Nov
20.

40. Remis RS, Swantee C, Liu J (2010) Report on HIV/AIDS in Ontario 2008.
Available: http://www.ohemu.utoronto.ca/tech reports.html. Accessed 2014

Mar 11.

41. Briggs A (2005) Probabilistic analysis of cost-effectiveness models: statistical

representation of parameter uncertainty. Value Health 8: 1–2.

42. World Health Organization Choosing interventions that are cost effective

(WHO-CHOICE): Cost-effectiveness thresholds. Available: http://www.who.

int/choice/costs/CER_thresholds/en/. Accessed 2014 Mar 11.

43. Tuite AR, Fisman DN, Mishra S (2013) Screen more or screen more often?

Using mathematical models to inform syphilis control strategies. BMC Public
Health 13: 606.

44. Golden MR, Marra CM, Holmes KK (2003) Update on syphilis: resurgence of
an old problem. JAMA 290: 1510–1514.

45. Pathela P, Braunstein SL, Schillinger JA, Shepard C, Sweeney M, et al. (2011)
Men who have sex with men have a 140-fold higher risk for newly diagnosed

HIV and syphilis compared with heterosexual men in New York City. J Acquir
Immune Defic Syndr 58: 408–416.

Cost-Effectiveness of Syphilis Screening

PLOS ONE | www.plosone.org 11 July 2014 | Volume 9 | Issue 7 | e101240

http://www.phac-aspc.gc.ca/std-mts/sti-its/guide-lignesdir-eng.php
http://www.phac-aspc.gc.ca/std-mts/sti-its/guide-lignesdir-eng.php
http://www.statcan.gc.ca/pub/84-537-x/4064441-eng.htm
http://aidsinfo.nih.gov/contentfiles/lvguidelines/AdultandAdolescentGL.pdf
http://aidsinfo.nih.gov/contentfiles/lvguidelines/AdultandAdolescentGL.pdf
http://www.who.int/healthinfo/global_burden_disease/2004_report_update/en/index.html
http://www.who.int/healthinfo/global_burden_disease/2004_report_update/en/index.html
http://www.health.gov.on.ca/english/providers/program/ohip/sob/physserv/physserv_mn.html
http://www.health.gov.on.ca/english/providers/program/ohip/sob/physserv/physserv_mn.html
http://www.health.gov.on.ca/english/providers/program/ohip/sob/lab/lab_mn.html
http://www.health.gov.on.ca/english/providers/program/ohip/sob/lab/lab_mn.html
http://www.cadth.ca/media/pdf/186_EconomicGuidelines_e.pdf
http://www.cadth.ca/media/pdf/186_EconomicGuidelines_e.pdf
http://www.ohemu.utoronto.ca/tech
http://www.who.int/choice/costs/CER_thresholds/en/
http://www.who.int/choice/costs/CER_thresholds/en/


46. Torrone EA, Bertolli J, Li J, Sweeney P, Jeffries WLt, et al. (2011) Increased

HIV and primary and secondary syphilis diagnoses among young men–United
States, 2004–2008. J Acquir Immune Defic Syndr 58: 328–335.

47. Heffelfinger JD, Swint EB, Berman SM, Weinstock HS (2007) Trends in

primary and secondary syphilis among men who have sex with men in the
United States. Am J Public Health 97: 1076–1083.

48. Mishra S, Boily MC, Ng V, Gold WL, Okura T, et al. (2011) The laboratory
impact of changing syphilis screening from the rapid-plasma reagin to a

treponemal enzyme immunoassay: a case-study from the Greater Toronto Area.

Sex Transm Dis 38: 190–196.
49. Muldoon E, Mulcahy F (2011) Syphilis resurgence in Dublin, Ireland. Int J STD

AIDS 22: 493–497.
50. Marcus U, Schmidt AJ, Kollan C, Hamouda O (2009) The denominator

problem: estimating MSM-specific incidence of sexually transmitted infections
and prevalence of HIV using population sizes of MSM derived from Internet

surveys. BMC Public Health 9: 181.

51. Leber A, MacPherson P, Lee BC (2008) Epidemiology of infectious syphilis in
Ottawa. Recurring themes revisited. Can J Public Health 99: 401–405.

52. Pitman R, Fisman D, Zaric GS, Postma M, Kretzschmar M, et al. (2012)
Dynamic transmission modeling: a report of the ISPOR-SMDM Modeling

Good Research Practices Task Force Working Group-5. Med Decis Making 32:

712–721.
53. Fleming D (1999) From epidemiological synergy to public health policy and

practice: the contribution of other sexually transmitted diseases to sexual
transmission of HIV. Sex Transm Infect 75: 2–17.

54. Ballini A, Cantore S, Fatone L, Montenegro V, De Vito D, et al. (2012)
Transmission of nonviral sexually transmitted infections and oral sex. J Sex Med

9: 372–384.

55. Rolfs RT, Joesoef MR, Hendershot EF, Rompalo AM, Augenbraun MH, et al.
(1997) A randomized trial of enhanced therapy for early syphilis in patients with

and without human immunodeficiency virus infection. The Syphilis and HIV
Study Group. N Engl J Med 337: 307–314.

56. Blandford JM, Gift TL, Vasaikar S, Mwesigwa-Kayongo D, Dlali P, et al. (2007)

Cost-effectiveness of on-site antenatal screening to prevent congenital syphilis in
rural eastern Cape Province, Republic of South Africa. Sex Transm Dis 34:

S61–66.
57. Turnbull DK, Shepherd DB (2003) Post-dural puncture headache: pathogenesis,

prevention and treatment. Br J Anaesth 91: 718–729.

58. Kourbatova EV, Akovbyan VA, Chesson HW, Lytkina IN, Dmitriev GA, et al.

(2008) Assessment of the routine, occupation-based gonorrhea and syphilis
screening program in Moscow, Russia: an analysis of sexually transmitted

infection prevalence and cost-effectiveness. Sex Transm Dis 35: 453–460.

59. Blandford JM, Gift TL (2003) The cost-effectiveness of single-dose azithromycin
for treatment of incubating syphilis. Sex Transm Dis 30: 502–508.

60. Blank LJ, Rompalo AM, Erbelding EJ, Zenilman JM, Ghanem KG (2011)
Treatment of syphilis in HIV-infected subjects: a systematic review of the

literature. Sex Transm Infect 87: 9–16.

61. Riedner G, Rusizoka M, Todd J, Maboko L, Hoelscher M, et al. (2005) Single-
dose azithromycin versus penicillin G benzathine for the treatment of early

syphilis. N Engl J Med 353: 1236–1244.
62. Tsevat J, Durand-Zaleski I, Pauker SG (1989) Cost-effectiveness of antibiotic

prophylaxis for dental procedures in patients with artificial joints. Am J Public
Health 79: 739–743.

63. Deeks SG, Hecht FM, Swanson M, Elbeik T, Loftus R, et al. (1999) HIV RNA

and CD4 cell count response to protease inhibitor therapy in an urban AIDS
clinic: response to both initial and salvage therapy. AIDS 13: F35–43.

64. Mocroft A, Gill MJ, Davidson W, Phillips AN (1998) Predictors of a viral
response and subsequent virological treatment failure in patients with HIV

starting a protease inhibitor. AIDS 12: 2161–2167.

65. Rhone SA, Hogg RS, Yip B, Sherlock C, Conway B, et al. (1998) The antiviral
effect of ritonavir and saquinavir in combination amongst HIV-infected adults:

results from a community-based study. AIDS 12: 619–624.
66. Drusano GL, Stein DS (1998) Mathematical modeling of the interrelationship of

CD4 lymphocyte count and viral load changes induced by the protease inhibitor
indinavir. Antimicrob Agents Chemother 42: 358–361.

67. Cook J, Dasbach E, Coplan P, Markson L, Yin D, et al. (1999) Modeling the

long-term outcomes and costs of HIV antiretroviral therapy using HIV RNA
levels: application to a clinical trial. AIDS Res Hum Retroviruses 15: 499–508.

68. Fisman DN, Chan CH, Lowcock E, Naus M, Lee V (2012) Effectiveness and
cost-effectiveness of pediatric rotavirus vaccination in British Columbia: A

model-based evaluation. Vaccine 30: 7601–7607.

69. Ward MJ, Bonomo JB, Adeoye O, Raja AS, Pines JM (2012) Cost-effectiveness
of diagnostic strategies for evaluation of suspected subarachnoid hemorrhage in

the emergency department. Acad Emerg Med 19: 1134–1144.
70. Jackman JD Jr, Radolf JD (1989) Cardiovascular syphilis. Am J Med 87: 425–

433.

Cost-Effectiveness of Syphilis Screening

PLOS ONE | www.plosone.org 12 July 2014 | Volume 9 | Issue 7 | e101240


