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Screen more or screen more often? Using
mathematical models to inform syphilis control
strategies
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Abstract

Background: Syphilis incidence among men who have sex with men (MSM) continues to rise despite attempts to
increase screening and treatment uptake. We examined the marginal effect of increased frequency versus increased
coverage of screening on syphilis incidence in Toronto, Canada.

Methods: We developed an agent-based, network model of syphilis transmission, representing a core population
of 2,000 high-risk MSM. Epidemiological and biological parameters were drawn from regional surveillance data and
literature-derived estimates. The pre-intervention period of the model was calibrated using surveillance data to
identify 1000 credible simulations per strategy. Evaluated strategies included: annual syphilis screening at baseline
coverage, increased screening frequency at baseline coverage, and increased coverage of annual screening.
Intervention impact was measured as annual prevalence of detected infectious cases and syphilis incidence per
year over 10 years.

Results: Of the strategies evaluated, increasing the frequency of syphilis screening to every three months was most
effective in reducing reported and incident syphilis infections. Increasing the fraction of individuals tested, without
increasing test frequency, resulted a smaller decline in incidence, because reductions in infectious syphilis via
treatment were counterbalanced by increased incident syphilis among individuals with prior latent syphilis. For an
equivalent number of additional tests performed annually, increased test frequency was consistently more effective
than improved coverage.

Conclusions: Strategies that focus on higher frequency of testing in smaller fractions of the population were more
effective in reducing syphilis incidence in a simulated MSM population. The findings highlight how
treatment-induced loss of immunity can create unexpected results in screening-based control strategies.
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Background
Urban centres in high-income countries have witnessed
a re-emergence of syphilis in recent years, with the epi-
demic concentrated among men who have sex with men
(MSM) and HIV-infected individuals [1-3]. Although the
reason for this re-emergence remains unclear, proposed
explanations include: increased survival of HIV-infected
individuals [4,5] and changes in sexual behaviour
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(such as serosorting [6] or unprotected oral sex [7,8]).
Despite educational campaigns promoting safer sex and
serological screening, the rate of diagnosed infectious
cases in many North American cities continues to in-
crease [9-13]. Between 2000 and 2010, there was a greater
than 20-fold increase in infectious (primary, secondary,
and early latent) syphilis cases in the Canadian city of
Toronto, with annual rates increasing from 1.9 to 38.3 cases
per 100,000 males [14]. Individuals who acquire syphilis
may be asymptomatic, but untreated infection can lead to
ocular, auditory, and neurological complications, even dur-
ing the early stages of infection [15,16]. Infectious syphilis
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has also been associated with acquisition and transmission
of HIV [17,18].
Challenges that make syphilis difficult to control in-

clude: the development of vague or no symptoms during
early infection, such that infected individuals may not
seek treatment [19]; low serologic test sensitivity during
the first 4–6 weeks of infection [20]; and the failure to
develop protective immunity following successful treat-
ment of infectious syphilis, such that in the presence of
ongoing high-risk behaviours, individuals are at risk of
syphilis re-infection [13,21-23]. In the face of these chal-
lenges, frequent syphilis screening in at-risk individuals
remains the best available tool for syphilis control, by re-
ducing the length of time an individual with syphilis
remains infectious and untreated.
Clinical studies have shown that the adoption of more

frequent syphilis screening among high-risk groups is
feasible and increases the detection of asymptomatic infec-
tious syphilis [19,24,25]. A recent mathematical modeling
study suggested that more frequent testing may be more
effective at reducing syphilis incidence than expanding the
proportion of the population receiving annual screening
[26]. However, these conclusions were based on a small
number of model realizations of an epidemic in a large
MSM population [26]. Further evaluation is required to
determine whether the findings [26] are robust to param-
eter uncertainty (using a larger number of simulations),
model uncertainty (using a different model structure), and
are applicable to a smaller, core population of high-risk
MSM at greatest risk of re-infection.
Given the burden of syphilis in MSM and the clear need

for more impactful interventions to reduce incidence and
achieve long-term epidemic control, we created a math-
ematical model of syphilis transmission dynamics in
Toronto, Canada to estimate the potential effectiveness of
different syphilis screening strategies. Specifically, we eval-
uated whether expanding population coverage or increas-
ing test frequency among individuals already undergoing
routine syphilis screening would be more effective in a
population of high-risk MSM.

Methods
Transmission model overview
We modeled the dynamics of syphilis in MSM in Toronto,
Canada, using an agent-based approach. We modeled
Toronto because it is one of the cities most affected by the
recent syphilis resurgence in the MSM population [14],
and sexual behaviour data are readily available for high-
risk MSM [27]. Of the approximately 500 men diagnosed
with infectious syphilis in Toronto in 2010, 89% reported
sex with men as a risk factor, and up to 48% were co-
infected with HIV [14]. Data used to model the behav-
ioural component of the model (discussed in more detail
below) were derived from a second generation surveillance
study that used a venue-based recruiting strategy to enrol
MSM from major urban centres, such that study partici-
pants were more likely to identify with the gay community
[27]. We use the term high-risk to emphasize that the
modeled population likely differs from the general popula-
tion of MSM in Canada with respect to frequency of un-
protected anal intercourse and other high-risk behaviours,
and has an incidence of HIV infection that is approxi-
mately five times higher than that observed among all
MSM in this region of Canada [27,28]. An agent-based ap-
proach allowed for the explicit modeling of complex sex-
ual networks and recording of sexual histories and health
states of discrete individuals over time. The model was
constructed using the Any Logic software package (http://
www.xjtek.com/anylogic/).
The model represented a population of 2,000 high-risk

MSM, with individuals forming a network of sexual con-
tacts along which the transmission of syphilis occurred.
Based on local HIV prevalence estimates in MSM, 20%
of the population was assumed to be HIV positive [29].
Each modeled individual was described by an infection
transmission component and a partnership component,
as described in greater detail below. Model parameters
were drawn from the literature and were Toronto-specific,
wherever possible, or were based on expert opinion in the
absence of data (Table 1). Since parameters were based on
aggregate and publicly available estimates, the study did
not require institutional ethical approval.

Infection transmission component
The infection transmission component of the model
(Figure 1) represented an individual’s health state and in-
corporated the stages of syphilis infection: susceptible,
incubating, primary, secondary, early latent, late latent,
and immune. Uninfected individuals became infected via a
transmission event following contact with an infected
partner. Individuals progressed through the various stages
of syphilis, with parameters describing the transitions be-
tween states listed in Table 1.
Men were tested for syphilis if they sought medical care

for symptoms or accepted screening, with a likelihood of
correct diagnosis dependent on test sensitivity [20,44]. We
did not include the diagnosis of false positive cases. A pro-
portion of regular and casual contacts of diagnosed cases
were identified and screened via contact tracing, with trace
back periods dependent on disease stage, as per Canadian
guidelines (3 months, 6 months, and 1 year, for primary,
secondary, and latent syphilis, respectively) [43]. At base-
line, HIV-positive men were more likely to undergo regu-
lar screening than HIV-negative men [29,45]. Successful
treatment of infectious individuals was assumed to abort
the development of protective immunity for men with pri-
mary or secondary syphilis, such that they returned dir-
ectly to the susceptible state following effective treatment
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Table 1 Model parameters

Parameter Details Value Distribution Source

Type

Population characteristics

Population size 2,000

Time spent in model (years) (min, max, mode) 1, 34, 17 Triangular [27];
assumption

Proportion of MSM who are HIV positive 0.2 [29];
assumption

Syphilis natural history

Probability of transmission (per act) (min, max, mode) Penile-anal/Penile-oral 0.01, 0.05, 0.014 Triangular [26];
assumption

Incubation period (days) 21-28 Uniform
discrete

[30]

Infection/infectious period (days) [16,31,32]

Primary 45-60 Uniform
discrete

Secondary 100-140 Uniform
discrete

Early latent* 365

Recurrent 90

Late Latent* Until end of life
in model

Probability of recurrent syphilis 0.25 [33]

Duration of protective immunity following [21,34,35]

treatment (years)

Primary or secondary syphilis 0

Latent syphilis 5

Partnership characteristics

Number of partners in past 6 months (proportion of population in
each category)

[27]

1 0.28

2-9 0.48

10-29 0.15

30-75 0.09

Maximum number of partnersin past 6 months (by partner
number category) (min, max, mode)

1 1 Assumption

2-9 2,9,8 Triangular

10-29 10,29,25 Triangular

30-75 30,75,50 Triangular

Duration of partnership (days) (min, max, mode) [27];
Assumption

Casual 1,2,1 Triangular

Regular 7,3000,365 Triangular

Behavioural characteristics

Frequency of anal sex (per day) [26]

Casual partnership 0.7

Regular partnership 0.3
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Table 1 Model parameters (Continued)

Frequency of oral sex (per day) [26]

Casual partnership 1

Regular partnership 0.3

Probability of condom use (anal sex) [2,27]

HIV-concordant 0.5

HIV-discordant 0.8

Condom efficacy Assume condom use for anal
intercourse only

0.9 [36]

Test and Treatment characteristics

Probability of seeking medical care for symptoms [19,37]

Primary 0.25

Secondary 0.60

Time to treat (days) Primary 3-56 Uniform [38];
assumption

Secondary 1-57 Uniform

Proportionof population screened routinely for [19,24,39,40];

syphilis assumption

HIV positive 0.5

HIV negative 0.2

Test sensitivity Treponemal-specific screening
test

0.95 [41,42]

Probability of partner notification Assumption

Casual partner 0.1

Regular partner 0.6

Trace-back period for partner notification [43]

(months)

Primary 3

Secondary 6

Early latent 12

Time from index case identification to screening of named partner
(s) (days)

3-21 Assumption

*Not infectious.
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[34]. Individuals with latent syphilis who received treat-
ment were assumed to be immune from re-infection for 5
years [21]. We assumed that an individual could not be-
come `super-infected’ with syphilis if he was already
infected or had recently received treatment for latent in-
fection and was transiently immune.

Partnership component
The partnership component described an individual’s sex-
ual network and was based on Toronto-specific data from
the Lambda survey [27]. This biological and behavioural
survey was conducted on a convenience sample of 2,500
gay and bisexual men in Toronto and Ottawa, who were
enrolled through targeted gay venues [27]. The survey col-
lected data on sexual and health-seeking behaviours, in-
cluding condom use, known HIV status, and syphilis
testing [27]. Behavioural parameters were estimated for
men reporting one or more sexual partners in the past six
months.
In the model, each individual was assigned a number

of desired partners per six-month period, and formed
partnerships with other partner-seeking individuals in
the simulated population. Partnerships could be concur-
rent or serial. Casual and regular partnerships differed
by frequency of sexual contact and partnership duration.
We differentiated between casual and regular partner-
ships for the sake of applying contact tracing (i.e., we
assumed different probabilities of identification and
treatment of regular versus casual partners) and for the
application of different behavioral characteristics, such
as condom use and frequency of sexual contact. Con-
dom use was assumed to be nil during oral sex [27]. We



Figure 1 Schematic of the infection transmission component of
the model. Each box represents a discrete health state for an
individual, with transition times between health states defined in
Table 1. Dashed lines represent transitions that occur following
successful treatment of syphilis-infected individuals.
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assumed a greater likelihood of condom use for part-
nerships involving men with discordant HIV status,
compared to partnerships involving HIV concordant
men [27].

Model calibration
Each stochastic model realization represents one result
out of many possible epidemic trajectories. We selected
and analyzed simulated epidemics that reproduced the an-
nual case detection rate of primary, secondary, and early
latent syphilis among high-risk MSM in Toronto between
2006 and 2010. We used the reported number of cases of
infectious syphilis among males in Toronto during this
time period divided by the estimated size of the Toronto
MSM population [28,29,46] to provide lower bound esti-
mates of the expected burden of detected disease in the
modeled population of 2000 men over a five year period
(~50-75) [14]. The upper bound was based on annual
number of cases of infectious syphilis diagnosed in senti-
nel surveillance clinics (Leo Mitterni, personal communi-
cation), which are expected to serve higher-risk MSM;
using these data, we expected to see approximately
10-fold more cases in the modeled population over the
five-year pre-intervention period than the number esti-
mated using city of Toronto surveillance data (i.e., ~750
cases). This is comparable to estimates for other sexually
transmitted infections (STIs) in epidemiological core
groups [47]. We therefore regarded model realizations as
“credible” if they produced detected case counts that fell
within the uncertainty bounds defined above during the
pre-intervention period (i.e. between 50–750 reported in-
fections over the five year pre-intervention period in our
population of 2000 men). A total of 1000 of these credible
model realizations were used for the analysis of each inter-
vention. During the calibration process, parameters were
varied within plausible limits (as described in Table 1). In-
dividual parameter values in the calibrated model realiza-
tions covered this same range and distribution for key
input parameter values, but were used jointly in individual
realizations in a manner that optimized model fit to ob-
served data.

Control strategies and analysis
We evaluated the impact of increasing either the coverage
or frequency of syphilis screening in high-risk MSM
(Table 2) by comparing the projected number of reported
and incident syphilis cases under these interventions to
the base case of annual screening at current coverage
(Strategy A). Increasing annual population coverage by
10% (Strategy B) and increasing frequency of screening in
those already being screened (Strategy C) were considered
feasible, pragmatic interventions. However, because the in-
creased frequency strategies required many more tests
than the expanded coverage scenario, we also evaluated
the impact of dramatically increasing population coverage
for annual testing (Strategy D), such that the total number
of tests performed per year was approximately equivalent
to the number of test performed under the increased fre-
quency scenarios. Note that screening 100% of the popula-
tion annually resulted in 80 fewer tests per year than
screening individuals already seeking screening every 3
months.
All interventions were initiated in 2011, with immedi-

ate scale-up, and were sustained over a 10-year period.
Intervention impact was measured as the prevalence of
detected infectious (primary, secondary, and early latent)
cases per year over the intervention period. We also esti-
mated the annual incidence of syphilis. To characterize
the uncertainty around these estimates, we constructed
95% bootstrap confidence intervals with 1000 replica-
tions, using sampling with replacement from the 1000
runs conducted for each model scenario.

Results
In total, approximately 2500 simulations were required
to produce 1000 “credible” epidemics for each scenario.
Of the discarded simulations, 37% fell below the lower
limit and 63% produced detected cases above the upper
limit. None of the credible epidemics achieved local
elimination over the subsequent 10 years.
Using model realizations that produced reported case

counts within our target calibration range for the time
period between 2006 and 2010, we examined the effect



Table 2 Syphilis screening strategies evaluated in the model

Intervention Description Details

(A) Base case Screen every 12 months • 20% of HIV-negative individuals screened

• 50% of HIV-positive individuals screened

• 60% of regular and 10% of casual partners
of infectious index cases treated

• 520 tests performed annually

(B) Increase coverage of screening Increase coverage by 10% Same as (A), but:

• 30% of HIV-negative individuals screened

• 60% of HIV-positive individuals screened

• 720 tests performed annually

(C) Increase frequency of screening Screen every 6 or every 3 months Same as (A), but

• Frequency of screening in population is
increased to every 6 (1040 tests annually)
or 3 (2080 tests annually) months*

(D) Equivalent number of tests Screen a proportion of the population
every 12 months such that the total
number tests performedis equivalent to (C)

To equal every 6 months:

• 100% of HIV-positive individuals screened
and 40% of HIV-negative individuals
screened (1040 tests annually)

To equal every 3 months:

• 100% of the population screened
(2000 tests annually)*

*Note that there are 80 extra tests required annually for the screen every 3 months strategy, compared to the equivalent number of tests strategy with 100%
annual coverage.
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of increasing the frequency or coverage of screening in
the model population for a 10-year period beginning in
2011. All strategies were projected to reduce the number
of reported infectious syphilis cases, compared to the
base case scenario of continuing to screen a fixed pro-
portion of the population annually (Figure 2). Results
were similar for incident syphilis cases (data not shown).
Increasing the frequency of screening to every 3 months
Figure 2 Model-projected annual rates of reported infectious
syphilis. Results are based on 1000 realizations of each intervention
scenario and are presented as mean values with corresponding
95% uncertainty bounds. Prior to 2011, all scenarios included annual
screening only, with the specified interventions implemented at the
start of 2011 (indicated by a dashed line).
in men already undergoing testing was the most effective
strategy for reducing infectious syphilis cases in this
population; over the 10-year intervention period, 3
monthly screening was projected to avert approximately
650 incident syphilis cases relative to the base case, com-
pared with 300 and 125 cases averted with 6 monthly or
expanded annual coverage, respectively.
Comparing strategies that required approximately the

same annual number of tests, more frequent testing in
men already accessing screening was projected to be more
effective than expanding the proportion of the population
that received annual testing (Figure 3). The proportions of
cases averted, relative to the base case, were greater for
the more frequent screening strategies than when the
equivalent number of tests was applied to expanded
coverage over the intervention period (Figure 4).

Discussion
Using a dynamical model of syphilis transmission in a core
group of MSM that was parameterized with the best avail-
able data on the epidemiology of the current epidemic and
disease natural history, we evaluated plausible screening
strategies that might be employed for epidemic control.
We found that increasing test frequency in at-risk MSM
who already access screening, rather than expanding
outreach to provide screening to under-screened individ-
uals, would be the optimal means of reducing syphilis
incidence.



Figure 3 Model-projected annual rates of reported infectious
syphilis under equivalent test volume strategies. Results are
based on 1000 realizations of each intervention scenario and are
presented as mean values with corresponding 95% uncertainty
bounds. Prior to 2011, all scenarios included annual screening only,
with the specified interventions implemented at the start of 2011
(indicated by a dashed line). 3-monthly and 100% annual screening
(black lines) required approximately the same number of screening
tests annually, as did the 6-monthly and 52% annual screening
(grey lines).
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While the finding may appear counterintuitive, it is
consistent both with the observed rebound in syphilis
rates that occurred in Vancouver in the context of dra-
matic expansion of empirical treatment efforts [48], and
with the hypothesis that recurrent syphilis epidemics
occur as a result of emergence of large populations of sus-
ceptible, rather than infectious, individuals [35,49]. Our
findings are expected under a disease natural history
Figure 4 Expected reduction in infectious syphilis cases following imp
cases averted was calculated relative to the expected number of cases in t
screening). Proportion of cases averted is presented for both diagnosed ca
using the mean value of 1000 realizations for each intervention scenario. E
same number of annual tests are indicated.
model that includes immunity to super-infection in indi-
viduals with late syphilis, and which allows infected
individuals to become re-infected (and infectious) after
treatment. Rebound in such a system occurs because cre-
ation of a large population of newly syphilis-susceptible in-
dividuals, via treatment, provides the necessary population
at risk for a marked increase in new infections. By con-
trast, screening and treating a limited subset of the
population more frequently and rapidly continually
truncates infectiousness in the population, allowing case
numbers to decline.
By incorporating sexual network data and capturing the

indirect effects of interventions, such as the downstream
prevention of cases following treatment of a single individ-
ual, we are able to evaluate the potential impact of changes
in syphilis screening on disease dynamics. Previous model-
ing studies of syphilis transmission have provided impor-
tant qualitative and quantitative insights for epidemic
control by exploring the influence of key parameters on
syphilis rebound [1,21,48,50]. These studies demonstrated
that a rapid loss of immunity following treatment, faster
turnover in high-risk groups, and higher rates of partner
exchange would lead to an earlier and larger rebounds in
syphilis incidence [1,48,50]. The observed transient drop
in cases observed prior to initiation of the interventions
(in Figures 2 and 3) likely represents damped oscillations
occurring in the system, as would be expected to occur in
a dynamic model with replacement of removed individuals
with susceptibles.
To our knowledge, only one previous study has

performed a similar examination using an agent-based
model of syphilis in Australian MSM, and demonstrated
lementation of different intervention strategies. The proportion of
he base case scenario (no increase in frequency or coverage of
ses and incident cases (reported and unreported), and is calculated
rror bars represent 95% uncertainty bounds. Strategies requiring the
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the potential impact of more frequent screening in MSM,
compared to increasing the proportion of MSM screened
[26]. Our model differs from the Australian study, in that
we focused on a core group of high-risk MSM, with higher
expected rates of partner change and connectivity. Our
results therefore confirm that the Australian findings are
robust to parameter and model uncertainty, and are
generalizable to a smaller, core population of high-risk
MSM, in a different epidemic context. Our findings lend
epidemiological support to current STI guidelines that
recommend frequent syphilis screening in MSM [43,51].
Our model is subject to limitations, including uncer-

tainty in model parameters. When the appropriate data
were available, parameters were drawn from distribu-
tions to account for this uncertainty. Although we in-
cluded results from a large number of model realizations
for each strategy, we did not explicitly evaluate the im-
pact of stochastic uncertainty on model results within
each parameter set. However, the impact of stochasticity
on the results appears to be small, likely due to the reason-
ably large number of simulations performed. The partner-
ship component of the model was parameterized using
data from a cross-sectional study, and thus may not cap-
ture changes in behaviour over time, and their consequent
impact on the syphilis epidemic in Toronto’s MSM popu-
lation. Although our model included HIV status, we did
not attempt to evaluate the synergistic impact of syphilis
testing and treatment on syphilis-HIV co-infection. An
important next step is to incorporate costs and evaluate
the cost-effectiveness of these strategies.

Conclusions
In summary, a model that incorporates the best available
data on syphilis transmission in MSM core groups in a
large urban centre suggests that syphilis screening cam-
paigns will be most successful if they focus on reducing
the interval between tests in high-risk MSM, rather than
focusing on outreach to increase the proportion of the
population screened.
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