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Abstract

Background: Syphilis is a major public health problem in many regions of China, with increases in congenital syphilis (CS)
cases causing concern. The Chinese Ministry of Health recently announced a comprehensive 10-y national syphilis control
plan focusing on averting CS. The decision analytic model presented here quantifies the impact of the planned strategies to
determine whether they are likely to meet the goals laid out in the control plan.

Methods and Findings: Our model incorporated data on age-stratified fertility, female adult syphilis cases, and empirical
syphilis transmission rates to estimate the number of CS cases associated with prenatal syphilis infection on a yearly basis.
Guangdong Province was the focus of this analysis because of the availability of high-quality demographic and public
health data. Each model outcome was simulated 1,000 times to incorporate uncertainty in model inputs. The model was
validated using data from a CS intervention program among 477,656 women in China. Sensitivity analyses were performed
to identify which variables are likely to be most influential in achieving Chinese and international policy goals. Increasing
prenatal screening coverage was the single most effective strategy for reducing CS cases. An incremental increase in
prenatal screening from the base case of 57% coverage to 95% coverage was associated with 106 (95% CI: 101, 111) CS
cases averted per 100,000 live births (58% decrease). The policy strategies laid out in the national plan led to an outcome
that fell short of the target, while a four-pronged comprehensive syphilis control strategy consisting of increased prenatal
screening coverage, increased treatment completion, earlier prenatal screening, and improved syphilis test characteristics
was associated with 157 (95% CI: 154, 160) CS cases averted per 100,000 live births (85% decrease).

Conclusions: The Chinese national plan provides a strong foundation for syphilis control, but more comprehensive
measures that include earlier and more extensive screening are necessary for reaching policy goals.
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Introduction

Congenital syphilis (CS) has reemerged in China as a common,

preventable cause of stillbirth, neonatal death, low birth weight,

and irreversible congenital malformations [1–4]. In response to the

resurgent syphilis epidemic, the Chinese Ministry of Health

recently announced a comprehensive 10-y National Syphilis

Prevention and Control Plan (NSCP). Averting CS cases stands

at the center of this mandate, with explicit strategies that focus on

improving prenatal syphilis screening coverage (target of 80%

coverage in urban areas and 60% coverage in rural areas),

increasing treatment rates in infected pregnant woman (target of

90% coverage in urban areas and 70% coverage in rural areas),

and increasing syphilis awareness among adults [5]. The NSCP

aims to reduce the number of newly reported CS cases to less than

30 cases per 100,000 live births by 2015 and to less than 15 cases

per 100,000 live births by 2020. In 2009, there were 139 reported

CS cases per 100,000 live births. The 2015 goal represents a

78.4% reduction from the 2009 reported caseload. The 2015 goal

is consistent with recommendations from a working group led by

the World Health Organization (WHO) and critical to achieving

the 2020 objective of fewer than 15 CS cases per 100,000 live

births [6]. Prioritizing policy strategies and understanding the key

drivers of adverse outcomes associated with syphilis in pregnancy

are essential for meeting these policy goals.

The lack of population-based data on adverse outcomes

associated with syphilis infection during pregnancy in China has

generated ambiguity about the extent of this public health problem

and the organization of optimal control strategies. Although

syphilis is associated with other adverse outcomes (neonatal death,

premature birth, and low birth weight), this study focused on

measuring CS cases because of the availability of robust data and a

direct connection to NSCP goals [1–4]. Decision analytic methods

provide a quantitative foundation for understanding the scope of

CS in China and have been widely used to explore syphilis burden

in other contexts [7,8]. Drawing on empirical Chinese studies,

adult syphilis case rates, and age-stratified fertility data, we

estimate the reduction in CS burden among pregnant women with

syphilis in Guangdong Province, China, with the expectation of

achieving NSCP goals.

Methods

Analytic Overview
Based on published literature and Guangdong surveillance data,

a decision analytical tree approach was used to model the

acquisition and natural history of syphilis from infection to

pregnancy to congenital birth outcomes. The Chinese case

definition of CS was used, requiring positive treponemal and

non-treponemal serologies in addition to a consistent clinical

history. The decision analytical model consists of sequences of

possible health states that simulate the pathways leading to CS

within a population (Figure 1). Each health transition state is

separated from other states by a transition state probability

(Table 1). The decision analytical model consists of four main

health events: syphilis acquisition, pregnancy, prenatal screening,

and birth outcome.

The cycle length for the model simulation was 1 y. Within each

year, the female population was stratified into seven age groups:

15–19 y old, 20–24 y old, 25–29 y old, 30–34 y old, 35–39 y old,

40–44 y old, and 45–49 y old. The total estimated CS burden was

the sum of infants with CS born to pregnant women across all

seven age groups.

The model was validated both internally and externally

according to International Society for Pharmacoeconomics and

Outcomes Research modeling guidelines [9], using, respectively,

Guangdong syphilis surveillance data from years 2005 to 2008 and

empirical data from a CS intervention program in Guangdong

Province that screened 477,656 pregnant women citywide from

2002 to 2005 [10]. For both validation exercises, the set of the data

used for validation purposes was separate from data used for later

input parameter estimates.

Model
The decision analytic model was built and programmed using

TreeAge Pro 2011 (TreeAge Software). Women entered the model

through one of two possible starting states—uninfected or infected.

The proportion of women in each starting state was determined by

syphilis prevalence, represented by provincial data on syphilis

burden per 100,000 people.

For uninfected women, the probability of acquiring syphilis was

represented by the primary and secondary syphilis incidence rates.

All sexually transmitted infection (STI) data for syphilis were

obtained from the province-wide mandatory reporting system

organized by the Guangdong Provincial Center for STI Preven-

tion and Control [11].

Data
Table 1 lists the transition state probabilities used in the decision

analytic model and respective data ranges. The base case was

based on disease and demographic data from 2009. Conservative

parameter estimates were used for base case values but were varied

across the upper and lower ranges of reported values and values

from sensitivity analyses to ensure that the results were robust.

Syphilis prevalence rates refer to primary and secondary syphilis

cases. Latent and tertiary syphilis cases were excluded because

mother–child transmission rates are very low for these stages.

Treatment completion was defined as three doses of penicillin G

benzathine or its equivalent. Whenever possible, we used data

from randomized controlled trials and epidemiologic studies

specific to the population under evaluation. In addition, model

inputs were drawn from Chinese studies. We drew from a large

body of literature pertaining to the natural history and epidemi-

ology of syphilis in pregnancy, using data from large and high-

quality studies. Incidence and prevalence rates utilized as model

inputs were predominantly from urban clinics, where there is a

greater burden of syphilis and better infrastructure to respond to

diagnosed cases. In instances where data specific to the analysis

population were limited, relevant applicable data from the

literature for populations that most closely approximated our

study population characteristics, while providing the best available

parameter estimate, were used.
Sensitivity analyses. We performed 1,000 simulations using

parameter values randomly sampled from uniform distributions

between the upper and lower ranges of all health state variables to

ensure that the model was stable and robust (ranges used are

shown in Table 1). For model parameters obtained from strong,

geographically relevant, empirical sources (e.g., syphilis incidence

rates, test sensitivity and specificity, treatment completion, testing

coverage, and time of testing), a 65% uncertainty interval was

applied. For the CS outcome probability, a 610% uncertainty

interval was applied because there was some variation from study

to study, although all studies considered were Chinese studies. For

behavioral measures that lacked reliable and accurate data (e.g.,

test-seeking behavior and abortion rate), a 620% uncertainty

interval was applied. For each individual policy strategy (see
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‘‘Strategies’’ below), the percent reduction was computed; the

point estimate was the mean of these percent reduction estimates.

The confidence interval was taken from the 2.5th and 97.5th

percentiles. Policy strategy, CS outcome probability, and preva-

lence rate were the only health state variables that resulted in more

than a 4% change in the number CS cases.

In addition, sensitivity analyses were performed on all variables

that corresponded to each policy strategy. The individual policy

strategies that were associated with the largest number of CS cases

averted were identified. Multivariate sensitivity analyses were then

performed to identify the combinations of individual strategies

associated with the greatest decreases in CS cases.

Validation exercises. Two exercises were used to validate

the model, involving 2005–2008 CS incidence in Guangdong

Province and a CS intervention program in Shenzhen City.

Internal Validation: Historical Guangdong Province
Reported CS Cases

After model testing and debugging, an internal validation was

performed with data for a 4-y period (2005–2008) from the

Figure 1. Decision analytic model. The figure illustrates the series of transition states leading to various adverse birth outcomes attributable to CS.
doi:10.1371/journal.pmed.1001375.g001
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Guangdong Provincial Center for STI Prevention and Control.

This constitutes an internal validation because data exist on both

model inputs (demographic data and adult syphilis incidence and

prevalence rates) and model outputs (incident annual CS cases) over

the same time period [9]. This time period was chosen because

there were major administrative changes in reporting from 2003 to

2004 [12]. Demographic data, adult syphilis incidence rates, and

adult syphilis prevalence rates for each respective year were used.

Demographic data consisted of birth rates and female population

sizes for each age-stratified group obtained from the 2000 and 2005

China censuses. Adult syphilis incidence and adult syphilis

prevalence rates were obtained from the Guangdong Provincial

Center for STI Prevention and Control [11]. The number of

reported CS cases was divided by the number of estimated CS cases

to calculate reporting rates. The validation exercise showed similar

trends for model estimates and reported CS cases across all 4 y, with

reporting rates of 54%, 69%, 78%, and 82% for 2005, 2006, 2007,

and 2008, respectively. Reporting rates from 2005 to 2008 were

stable, with an average reporting rate of 71% (95% CI: 59%, 83%).

External Validation: Shenzhen CS Intervention Program
The model was validated against published data from a CS

intervention among 477,656 pregnant women in Shenzhen. This

external validation tested the model outcomes against a pilot study

Table 1. Transition state probabilities with uncertainty.

Variable Base Case Range
Model Uncertainty
Range Sources

Primary and secondary syphilis Age-dependent

Incidence rate 15–19 y old: 0.015%–
0.017%

65% Guangdong Provincial Center for
STI Prevention and Control [11]

20–24 y old: 0.068%–
0.083%

25–29 y old: 0.104%–
0.114%

30–34 y old: 0.064%–
0.077%

35–39 y old: 0.038%–
0.052%

40–45 y old: 0.030%–
0.052%

46–50 y old: 0.022%–
0.034%

Prevalence rate 0.47%–0.83%

Test-seeking behaviora 20% — 620% [16,48]

Non-treponemal test sensitivity 95%

Primary syphilis 77%–86% 65% [15]

Secondary syphilis 100%

Latent syphilis 95%–100%

Non-treponemal test specificity 98% 98% 65% [15]

Adult syphilis treatment completion rateb 80% — 65% [36]

Pregnant women treatment completion rateb 85% — 65% [36]

Birth ratec Age Dependant 0.06%–11% — 2000 and 2005 China census

Total prenatal testing coverage 57% — 65% Guangdong Provincial
Syphilis Test Capacity Project

Prenatal testing across trimesters

1st trimester 23% 17%–25% 65% [25,49]

2nd trimester 23% 17%–25%

3rd trimester 28% 20%–40%

Abortion rate for positive prenatal syphilis tests 13.6% 13.6%–16.9% 620% [8,10]

Complete treatment: CS outcomes

Treatment in 1st trimester 0.03% 0.03%–9% 610% [4,13,36,50–52]

Treatment in 2nd trimester 5% 5%–30%

Treatment in 3rd trimester 30% 28%–60%

No treatment: CS outcomes 30% 30%–77% 610% [8,10,36,51,52]

aApproximately 50% of patients who are infected with primary syphilis report symptoms [16]. A population-representative survey of sexual health in China found that
among all those with STI symptoms, approximately 40% actively seek testing [48].
bComplete treatment is defined as the completion of three doses of penicillin G benzathine or its equivalent [53].
cAverage birth rates from the 2000 and 2005 China censuses were used.
doi:10.1371/journal.pmed.1001375.t001
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conducted in a Guangdong city. Model inputs were obtained from

Cheng et al. [10] and did not include inputs used to make base

case model assumptions. From 2002 to 2005, the Shenzhen

government initiated a citywide syphilis prevention program for

pregnant women to curb the sharp rise in CS cases [10]. The

program provided free syphilis screening, treatment, and follow-up

for all pregnant women. Demographic data, prenatal screening

coverage, syphilis prevalence and incidence rates, and treatment

completion rates that were specific to Shenzhen were inputted into

the decision analytic model [8,10,13,14]. Data used for validation

of the model consisted of a subset of the original data that was not

used for producing policy parameter estimates. Shenzhen demo-

graphic data were obtained from the 2000 and 2005 China

censuses. Shenzhen adult syphilis incidence rates were obtained

from the Guangdong Provincial Center for STI Prevention and

Control. The adult syphilis prevalence in Shenzhen was obtained

from a published study that investigated syphilis in many

populations [14]. The intervention program increased prenatal

screening coverage to 94% and the treatment completion rate to

92%. Based on all of the above inputs, the model estimated 29

(95% CI: 28, 30) CS cases per 100,000 live births over the course

of the entire Guangdong CS intervention program, compared to

the 27 (95% CI: 24, 30) cases per 100,000 reported in the

empirical data, after accounting for loss to follow-up. This

represents a difference of 7% between the model and the

empirical Shenzhen data.

Strategies
The NSCP approach focuses on four main strategies [5]:

running educational campaigns aimed at educating the public on

safer sex practices to decrease syphilis incidence rates, increasing

prenatal screening coverage, increasing treatment completion

rates in rural and urban places, and improving the medical

knowledge and skills of health professionals. In addition to these

four strategies, we investigated three strategies that have been

successful in other countries and settings [4]: increasing the

percentage of pregnant women who receive syphilis testing early,

i.e., in the first and second trimester; introducing new testing

technologies that might improve test sensitivity and specificity; and

running educational campaigns aimed at reducing the social

stigma associated with STIs and promoting recognition of syphilis

symptoms among the general adult population, to increase test-

seeking rates.

The number of CS cases expected with the isolated implemen-

tation of each policy strategy was estimated. Single policy

strategies were combined into combination strategies, and all

possible combinations were explored. Analyzing the CS case

reductions from combined strategies is crucial because the overall

outcome from combination strategies depends on the interaction

between individual strategies. The reduction in the number of CS

cases that would result from the successful implementation of the

NSCP was computed and compared against NSCP and WHO

targets, and against the combination policies that resulted in the

highest CS case reductions. This analysis enables the advocacy of

effective strategies outside of the scope of the NSCP.

Results

Base Case Results
The base case year 2009 had a model estimate of 2,079 new CS

cases, corresponding to 184 (95% CI: 172, 196) CS cases per

100,000 live births. Given the 1,567 CS cases reported by the

Guangdong Provincial Center for STI Prevention and Control

surveillance system, this represents an estimated reporting rate of

75.5% if the model estimate is correct. Table 1 includes all base

case model inputs used in this analysis. Conservative inputs within

the respective input ranges were used to avoid the possibility of

overestimating CS cases.

One-Way Sensitivity Analyses: Single CS Policy Strategies
Total prenatal screening coverage. Increasing prenatal

screening coverage to 95% was the most influential individual

strategy in reducing CS burden (Table 2). In 2009, the estimated

coverage for screening of pregnant women was 57%, with an

estimated 184 (95% CI: 172, 196) CS cases per 100,000 live births.

Increasing prenatal screening coverage to 95% while leaving all

other aspects of the 2009 model inputs constant resulted in an

estimated 78 (95% CI: 73, 83) CS cases per 100,000 live births.

This policy strategy alone averted 58% (95% CI: 55, 60) of CS

cases compared to the base case. Figure S1 shows the linear

relationship between increasing prenatal screening coverage and

total CS cases over a range of values.

Earlier prenatal screening. The second most influential

individual strategy was earlier prenatal screening. The proportion

of women screened during their first trimester and second

trimester was increased from 23% to 30% while holding total

prenatal coverage constant at the base case value of 57%. Third

trimester screening was reallocated to the first and second

trimesters to keep the total prenatal screening coverage constant.

Hence, this measure isolates the effect of reaching out to already

accessible women earlier in their pregnancy without increasing

testing coverage or affecting other variables. This strategy was

associated with 160 (95% CI: 149, 171) CS cases per 100,000

births and a 13% (95% CI: 7, 19) reduction compared to the base

case (Table 2).

Syphilis incidence. The third most influential individual

strategy was decreasing adult syphilis incidence, a strategy in

which the NSCP has substantially invested. Syphilis incidence was

decreased by 100% to 0% in the model, and it was found that after

the 50% point, CS case reductions were negligible. Hence a 50%

decrease was used as the maximum policy parameter target. This

strategy was associated with 172 (95% CI: 160, 184) CS cases per

100,000 births and a 7% (95% CI: 0, 13) reduction compared to

the base case (Table 2).

Treatment completion. The fourth most influential indi-

vidual strategy was increasing treatment completion rates.

Treatment completion rate is defined as the portion of pregnant

women with syphilis overall who receive three doses of penicillin G

benzathine or its equivalent. The treatment completion rate for

pregnant women was increased in the model from 85% to 95%,

while the treatment completion rate for all non-pregnant adults

was increased from 80% to 95%. This strategy was associated with

175 (95% CI: 163, 187) CS cases per 100,000 births and a 5%

(95% CI: 22, 11) reduction compared to the base case (Table 2).

Test sensitivity and specificity. The fifth most influential

individual strategy was improving test sensitivity and specificity.

Current non-treponemal test sensitivity and specificity are 95%

and 98%, respectively [15]. This policy parameter aims to increase

both test sensitivity and specificity to 99%, which is the upper limit

demonstrated in US Centers for Disease Control and Prevention

studies [15]. This strategy was associated with 176 (95% CI: 164,

188) CS cases per 100,000 births and a 4% (95% CI: 22, 11)

reduction compared to the base case (Table 2).

Test-seeking behavior among adult population. The

least influential policy strategy was increasing test-seeking behav-

ior. Test-seeking behavior is limited by biological symptoms, with

only 50% of patients infected with primary and secondary syphilis

reporting symptoms [16]. Test-seeking behavior was increased

Modeling Congenital Syphilis Policies in China
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from 40% to 100%. When test seeking reached 80%, it resulted in

the greatest CS case reductions, but above that point, increases in

test seeking resulted in negligible CS case reductions.

Multi-Way Sensitivity Analyses: Combination CS Policy
Strategies

We performed multi-way sensitivity analyses to identify the

combinations of strategies that averted the most CS cases for

multi-pronged policy strategies. Feasibility was also taken into

account when developing combination CS policy strategies. All

combinations of two-pronged, three-pronged, four-pronged, and

five-pronged strategies were tested. The most effective combina-

tions are reported (Table 2). No five-pronged policy strategy

reduced more CS cases than the most effective four-pronged

combination.

Two-pronged strategy. The two-pronged strategy that

averted the most CS cases consisted of increased prenatal

screening coverage and earlier prenatal testing, which were also

the two most influential individual strategies. Prenatal screening

coverage was increased from 57% to 95% and prenatal screening

was performed 75% of the time in the first and second trimester.

This screening strategy was associated with 50 (95% CI: 46, 54)

CS cases per 100,000 births and a 73% (95% CI: 71, 75) reduction

compared to the base case (Table 2; Figure 2).

Three-pronged strategy. The three-pronged strategy that

averted the most CS cases consisted of increased prenatal

screening coverage, earlier prenatal testing, and increased

treatment completion. Total prenatal screening coverage was

increased from 57% to 95%, prenatal screening was performed

75% of the time in the first and second trimester, and treatment

completion rates were 95%. This three-pronged strategy was

associated with 35 (95% CI: 32, 38) CS cases per 100,000 births

and an 81% (95% CI: 79, 83) reduction compared to the base case

(Table 2; Figure 2).

The three-pronged strategy that averted the second most CS

cases consisted of increased prenatal screening coverage, earlier

prenatal testing, and decreased adult syphilis incidence. Prenatal

screening coverage metrics were similar to the above, and syphilis

incidence was decreased by 50%. This three-pronged strategy was

associated with 50 (95% CI: 46, 54) CS cases per 100,000 births

and a 73% (95% CI: 71, 75) reduction compared to the base case

(Table 2; Figure 2).

Four-pronged strategy. The four-pronged strategy that

averted the most CS cases consisted of increased prenatal

screening coverage, earlier prenatal testing, increased treatment

completion, and improved test sensitivity and specificity. Total

prenatal screening coverage was increased from 57% to 95%,

prenatal screening was performed 75% of the time in the first and

second trimester, treatment completion rates were 95%, and test

sensitivity and specificity were 99%. This four-pronged strategy

was associated with 27 (95% CI: 24, 30) CS cases per 100,000 live

births and an 85% reduction (95% CI: 84, 87) compared to the

base case. This was the only strategy that met the WHO and

NSCP target of less than 30 CS cases per 100,000 live births.

Comparison to national syphilis control plan

combination strategies. Based on the 2015 and 2020 NSCP

strategies laid out by the Chinese Ministry of Health, parameter

values were extracted and input into the decision analytic model

(Table 2). These parameter changes include incrementally

increasing prenatal screening coverage to 86%, incrementally

increasing treatment completion rates to 92%, and decreasing

incidence rates. The NSCP policies were effective in reducing the

number of CS cases to 148 and 105 CS cases per 100,000 live

births for the years 2015 and 2020, respectively (Figure 2).

Implementing the 2015 policy strategies in the model reduced the

CS caseload by 20%, while implementing the 2020 policy

strategies reduced the CS caseload by an additional 23%.

Figure 2 compares the estimated reduction expected from

implementing NSCP strategies with their goals, and illustrates

that NSCP strategies alone are insufficient to achieve the desired

goals. The four-pronged approach that consisted of increased

prenatal syphilis testing, earlier screening, higher treatment

completion rate, and increased test specificity and sensitivity was

able to achieve the WHO benchmark of ,30 CS cases per

100,000 live births.

Discussion

Our model suggests that prenatal syphilis screening coverage is

the single most important component of CS control, but several

other strategies, including earlier screening and improved treat-

ment completion, are needed to achieve targets established by the

Chinese government. Increasing prenatal screening coverage to

95% resulted in an estimated 78 (95% CI: 73, 83) CS cases per

100,000 live births, compared to the estimated 184 (95% CI: 172,

196) CS cases per 100,000 live births with current screening

coverage (57%). Catalyzed by momentum from the NSCP and

subsequent increased local resources for syphilis control, China is

uniquely positioned to implement far-reaching CS control

programs that could have a major impact on maternal and child

health [17]. While previous studies have analyzed the relationship

between screening coverage and CS cases [10,18], to our

knowledge this is the first study to analyze the relative contribution

of individual and comprehensive strategies to overall syphilis

control, and the first syphilis control model with empirical

validation datasets available, representing a substantial improve-

ment on earlier studies.

Our analysis suggests that improving prenatal syphilis screening

is the most important individual component of CS control. This is

likely related to suboptimal baseline screening and the critical

position of screening in downstream control efforts [19,20].

Although there have been reports of duplicate reporting of cases

and misdiagnosis in China [12], our findings are consistent with

net underreporting, with an estimated reporting rate of 75.5%.

Some reasons for underreporting include misdiagnosis, lack of CS

testing, and non-hospital deliveries. Our model input parameters

were conservative and did not account for the underreporting of

adult syphilis cases or birth rates [21], and hence CS case

outcomes are likely to be an underestimation. While other studies

have modeled syphilis screening as part of a comprehensive

strategy [4], the relative contribution of screening has not been

investigated to date. Achieving 95% screening coverage rates in

prenatal settings exceeds the Chinese policy goals of 60%

screening coverage in rural areas and 80% screening coverage

in urban areas. The 95% screening coverage target is not only

necessary but feasible, and has been implemented in similar rural

and urban settings. The pilot study in urban Shenzhen City

achieved 94% prenatal screening coverage, while another study

conducted in rural Guangdong achieved 96% prenatal screening

coverage [10,22]. Globally, greater than 90% prenatal screening

coverage rates have been implemented in pilot programs in several

low- and middle-income countries [4,22]. A simple, inexpensive,

rapid on-site syphilis test has been rolled out in China and could

help realize the universal syphilis screening required at hygiene

stations and other low-level prenatal clinics that may not be able to

implement non-treponemal syphilis screening [23], but improve-

ment in point-of-care test sensitivity is needed. A United Nations

report in 2010 estimated that there is 92% antenatal care coverage
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across China and suggested the feasibility of expanding syphilis

screening coverage across China [24].

Next, earlier syphilis treatment is a critical variable for averting

CS burden. Previous models of syphilis control have not explicitly

targeted first and second trimester syphilis screening [4,7,8]. Many

pregnant women in China initiate prenatal care late in pregnancy

[25]. Earlier prenatal care would be useful not only for syphilis

screening, but also for routine prenatal care [26–28]. Treatment in

the third trimester is minimally effective in reducing CS

transmission to the infant [29–32] because much of vertical

syphilis transmission occurs prior to the third trimester [33]. At the

same time, there are benefits to third trimester screening that

include detection of reinfection and prevention of subsequent

transmission, in addition to early treatment of infected infants.

Early syphilis screening has been proven feasible in resource-

constrained settings. A Zambian study successfully implemented

earlier prenatal screening through educational campaigns, in-

creasing prenatal syphilis screening before the first 16 wk of

gestation from 9.4% to 42.5% [34]. Earlier prenatal screening in

Mongolia also resulted in reduced CS cases [35]. Delayed prenatal

care is a particular problem among migrant women in China,

many of whom have an increased risk of syphilis [36]. The WHO

Global Strategy for the Elimination of Congenital Syphilis also

calls for early, high-quality prenatal care to increase the impact of

syphilis screening [37]. More operational research is needed in

order to implement earlier routine prenatal care, especially among

migrant women in China.

Treatment completion was also found to reduce CS cases, and

previous studies in global settings have demonstrated the potential

feasibility of attaining high treatment completion rates in low-

income settings [22,38–40]. In the Shenzhen intervention trial, the

treatment completion rate was 92% [10]. Increasing treatment

completion rates will require the strengthening of local health

systems in order to enhance health professional training and

identify sustainable financing. Mistrust of syphilis test results,

physicians, and clinics has been observed in China, and may

contribute to incomplete treatment [41]. In addition, suboptimal

test kits were problematic in the past in Guangdong Province.

Newly available point-of-care testing provides a higher sensitivity

and specificity than many existing test technologies [4].

There are limitations as to how effective small pilot studies can

be applied on a larger scale in China and across diverse

populations around the world. The presence of existing infra-

structure and political will, as well as public acceptance of health

Figure 2. National syphilis control plan and combination strategy estimated outcomes with 95% CIs. The three-pronged strategy
consists of increased prenatal screening coverage, earlier prenatal testing, and increased treatment completion rate. The four-pronged strategy
consists of increased prenatal screening coverage, earlier prenatal testing, increased treatment completion rate, and increased test sensitivity and
specificity. These values were compared to the 2009 base case estimate.
doi:10.1371/journal.pmed.1001375.g002
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outreach programs are critical components for attaining high

screening coverage and completion of treatment. Widespread

scale-up of successful prenatal syphilis screening pilot programs

and clinical services that are trusted among pregnant women

within most-at-risk populations are needed in order to overcome

these challenges [10]. The NSCP consists of policies targeted at

decreasing adult syphilis rates and educational campaigns aimed at

increasing test-seeking probabilities. These interventions may

decrease adult syphilis cases, but appear to have a limited effect

on reducing CS rates, as one-way sensitivity analysis results

demonstrated that they avert no more than 7% of the estimated

CS case burden, and two-way sensitivity analysis with increased

screening coverage demonstrated that they avert no more than 3%

of estimated CS case burden. Nonetheless, the additional benefits

of reducing the incidence of syphilis among the adult population

should not be overlooked—improved sexual health and possibly

reduced HIV transmission risk.

The most effective three-pronged strategy fell slightly short of

the Chinese Ministry of Health target of ,30 cases per 100,000

births, but the four-pronged strategy consisting of increased

prenatal syphilis screening coverage, earlier prenatal testing,

increased treatment completion rates, and increased test specificity

and sensitivity managed to surpass that target, with a model-

estimated CS outcome of 27 cases per 100,000 live births. This

particular four-pronged strategy was also the most successful of all

the combinations: no five-pronged strategy resulted in more CS

case aversions. The model suggests that this combination strategy

is the strategy that would most likely be associated with achieving

the Chinese Ministry of Health goals.

This study has several important limitations. First, as with any

model-based analysis, there are inherent uncertainties associated

with the structure and necessary simplifying assumptions used for

model analysis of a complex problem. In particular, pregnant

women and non-pregnant women may have different clinical

presentations or test-seeking behaviors. No model can simulate all

aspects of real-world interactions. However, simplified models

provide a useful tool for understanding the dynamics of

relationships between interacting components, which facilitates

greater understanding of complex phenomena. Based on current

understanding and data from the literature, we included key

aspects of syphilis natural history and treatment as well as critical

features of intervention strategies, both those laid out in the NSCP

and other proven intervention strategies. Confidence intervals for

each model estimate were calculated, and the resulting uncertainty

in the model did not affect the results. Second, this study generated

estimates only for Guangdong Province in China and so may not

be applicable to other regions with different syphilis epidemiology,

health-seeking behaviors, or other health systems issues. At the

same time, our estimates could potentially be applied to similar

Chinese urban settings where , as in Guangdong Province, there is

a substantial burden of syphilis. Third, our model addresses the

impact of syphilis control strategies on the number of CS cases

averted, but it does not include other adverse outcomes avoided

and all the benefits associated with syphilis control policies in

pregnancy. There was a lack of data from Chinese studies that

described other adverse outcomes associated with syphilis such as

stillbirths and prematurity. Fourth, this study did not collect or

evaluate costing data, but other Guangdong research has shown

that prenatal syphilis screening is highly cost-effective [8]. Prenatal

syphilis testing has also been found to be cost-effective in a variety

of settings from Europe to Africa and across a range of syphilis

prevalence settings [4,7,42–45]. Lastly, this study could not

quantify the health systems strengthening and improved case

management that are also likely to play an important role in

syphilis control programs [4]. Health systems strengthening would

be useful for CS prevention as well as stemming the syphilis

epidemic among pregnant women.

While our analysis specifically focuses on Guangdong Province,

these results have broader implications within China and for other

middle-income nations. Our analysis illustrates the importance of

using multi-pronged approaches to address the complex problem

of syphilis control and to reduce the number of CS cases.

Reducing the burden of CS would also help achieve child and

maternal health goals established by the United Nations [46] and

the Asian Development Bank [47].

CS control is a solvable public health problem, but critical

details about metrics and screening strategies are required for

successful implementation. China’s high level of commitment to

syphilis control and extensive public health infrastructure create

unparalleled opportunities for progress. The targets in the NSCP

are consistent with WHO recommendations and represent useful

goals. However, our model suggests that achieving these goals may

require broadening and further refining of public health strategies

for syphilis control.

Supporting Information

Figure S1 Sensitivity analysis: varying prenatal screen-
ing coverage. This figure shows the estimated decrease in CS

births resulting from increased prenatal screening coverage, which

was the single most significant policy intervention.
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Editors’ Summary

Background. Every year, 1.5 million pregnant women are
infected with syphilis, a bacterial infection that is usually
transmitted during sexual contact but that can also pass
from a mother to her unborn child. In many of these women,
the disease is detected through routine antenatal testing
and is successfully treated with penicillin. But among those
women who are not treated, about half experience adverse
outcomes—the death of their baby during early or late
pregnancy (fetal death and stillbirth, respectively) or soon
after birth (neonatal death), or the birth of an infected baby.
Babies born with syphilis (congenital syphilis) often fail to
thrive and can develop problems such as blindness,
deafness, and seizures if not treated. In 2008, syphilis in
pregnancy contributed to 305,000 fetal deaths, stillbirths,
and neonatal deaths, and 215,000 babies were affected by
other adverse consequences of congenital syphilis. Yet
congenital syphilis is simple and cheap to eliminate—a few
injections of penicillin can clear the infection in a pregnant
woman, and screening all pregnant women for syphilis is
feasible even in low-resource settings.

Why Was This Study Done? Congenital syphilis has
recently reemerged in China. In the 1990s, there were very
few cases of congenital syphilis in China, but by 2009, the
reported incidence of congenital syphilis had risen to 139
cases per 100,000 live births. In 2010 the Chinese Ministry of
Health announced a ten-year National Syphilis Prevention
and Control Plan (NSCP) that, in line with World Health
Organization (WHO) recommendations, aims to reduce the
incidence of congenital syphilis to fewer than 30 cases per
100,000 live births by 2015 and to fewer than 15 cases per
100,000 live births by 2020. China’s strategy for achieving
these targets includes increasing prenatal syphilis screening
coverage to 80% in urban areas and 60% in rural areas,
increasing treatment rates among infected women to 90% in
urban areas and 70% in rural areas, and increasing syphilis
awareness among adults. But will this strategy be sufficient?
Here, the researchers develop a mathematical model to
quantify the likely impact of the NSCP’s strategy on the
incidence of congenital syphilis in southern China.

What Did the Researchers Do and Find? The researchers
developed a decision analytic model in which women move
through a sequence of health states from uninfected,
through infection and pregnancy, and to the development
of congenital syphilis, and fed data collected in Guangdong
Province between 2005 and 2008 on women’s fertility,
female syphilis cases, and syphilis transmission rates into the
model. The researchers checked that their model provided
estimates of the incidence of congenital syphilis that
matched the reported incidence for Guangdong Province
(internal validation) and the reported incidence in a
congenital syphilis intervention program in Shenzhen,

Guangdong (external validation). They then used their model
to identify which parts of the NSCP strategy are likely to have
the greatest effect on the incidence of congenital syphilis.
Increasing prenatal screening coverage was the single most
effective strategy for the reduction of congenital syphilis, but
neither this strategy alone nor implementation of the whole
NPSC strategy achieved the plan’s target outcomes. By
contrast, a four-pronged approach (95% coverage of
prenatal screening, 75% of screening during the first two-
thirds of pregnancy, 95% treatment completion, and having
an accurate screening test) reduced the estimated incidence
of congenital syphilis cases to 27 per 100,000 live births.

What Do These Findings Mean? These findings suggest
that although the NSCP is a strong foundation for control of
congenital syphilis in China, more comprehensive measures
will be needed to reach the plan’s policy goals. In particular,
the findings suggest that earlier and more extensive
screening will be needed to reduce the incidence of
congenital syphilis to below 30 cases per 100,000 live births,
WHO’s benchmark for congenital syphilis control. The
accuracy of these findings is limited by the assumptions
included in the model and by the data fed into it. Moreover,
because the data included in the model came from
Guangdong Province, these findings may not apply else-
where in China or in other countries. Nevertheless, this study
illustrates the importance of using multi-pronged approach-
es to address the complex problem of congenital syphilis
control and identifies some strategies that are likely to
improve the control of this important public health problem.

Additional Information. Please access these websites via
the online version of this summary at http://dx.doi.org/10.
1371/journal.pmed.1001375.

N The World Health Organization provides information on
sexually transmitted infections, including details of its
strategy for the global elimination of congenital syphilis,
the investment case for the elimination of mother-to-child
transmission of syphilis, and regional updates on progress
towards elimination (some information is available in
several languages)

N The US Centers for Disease Control and Prevention has a
fact sheet on syphilis

N The UK National Health Service Choices website also has a
page on syphilis

N MedlinePlus provides information on congenital syphilis
and links to additional syphilis resources (in English and
Spanish)

N ‘‘Haiti: Congenital Syphilis on the Way Out’’ is a YouTube
video describing the introduction of rapid diagnostic tests
for syphilis in remote parts of Haiti
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