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The rise in gonococcal antibiotic resistance and the threat of untreatable infection are focusing attention on strategies to limit the
spread of drug-resistant gonorrhea. Mathematical models provide a framework to link the natural history of infection and patient
behavior to epidemiological outcomes and can be used to guide research and enhance the public health impact of interventions.
While limited knowledge of key disease parameters and networks of spread has impeded development of operational models of
gonococcal transmission, new tools in gonococcal surveillance may provide useful data to aid tracking and modeling. Here, we high-
light critical questions in the management of gonorrhea that can be addressed by mathematical models and identify key data needs.
Our overarching aim is to articulate a shared agenda across gonococcus-related fields from microbiology to epidemiology that will
catalyze a comprehensive evidence-based clinical and public health strategy for management of gonococcal infections and antimi-

crobial resistance.
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Gonorrhea was an early priority for antibiotic treatment, such as
for military personnel during World War II [1]. Now, the emer-
gence of ceftriaxone-resistant Neisseria gonorrhoeae and the
threat of potentially untreatable gonococcal infections is a call
to action to improve strategies and tools for prevention, surveil-
lance, and treatment of gonorrhea [2]. With its high incidence
(an estimated 820 000 cases in the United States annually [3]
and >105 million cases worldwide [4]), gonorrhea presents a
widespread global health risk. However, considering its global
burden, gonorrhea has received underinvestment in research rel-
ative to other infectious diseases [5]. Efforts to develop vaccines
[6] and test old [7] and develop new [2] antibiotics are critically
important. However, while we await the breakthroughs that intro-
duce novel therapies and vaccines, and even once these innova-
tions come into use, it is equally important to establish an
evidence-based approach to optimizing the public health tool
kit for management of gonorrhea, to minimize the overall burden
of disease and slow or control the spread of antibiotic-resistant
strains. This requires a better understanding of the epidemiology
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and transmission dynamics of all N. gonorrhoeae strains, includ-
ing those susceptible to drugs, which are not only precursors of
resistant strains but also their competitors.

In fundamental work on gonorrhea, Hethcote and Yorke
[8, 9] used mathematical modeling to deduce from epidemio-
logical data (overall incidence and characteristics of the at-risk
population) and from data on the biology of infection (duration
of infection and lack of protective immunity) that the popula-
tion must not be homogeneously mixing, and a crucial aspect of
gonorrhea epidemiology is circulation in core groups of individ-
uals who are part of a more highly connected sexual network
than average. Since then, a number of models of gonococcal
transmission have been proposed [10]. These models have vary-
ing structures, differing in how they represent sex partnerships,
including compartmental models (Figure 1) [11, 12], partner-
ship models [13], and individual-based models [14, 15], and
in their assumptions about key parameters in transmission dy-
namics, as well as in the relative fitness costs of resistance and,
more generally, strain competition [16, 17]. While these models
have offered valuable inferences about the effects of duration of
infection, population size, and sex-partner concurrency and the
effects of treatment capacity on disease incidence and persis-
tence, among others the uncertainty surrounding the assump-
tions inherent in the model structure and parameterization
have, so far, limited their applicability.

We summarized some of the key questions related to
gonorrhea management in Box 1. Given the potential for
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Figure 1. Examples of different structures of transmission models for gonorrhea.
A, In the diagram (adapted from [11]) of a model to explore drug resistance, unin-
fected (U) and infected (1) individuals may be of multiple risk classes (denoted by the
subscript “i”), and the infected strain may be susceptible to both drugs (subscript
“0"), resistant to drug A (subscript “A”), resistant to drug B (subscript “B"), or resis-
tant to both (subscript “AB"). B, This model considers a single strain and distinguish-
es symptomatic (S) and asymptomatic (A) infections, with uninfected individuals
denoted by “U.” Here, B is the effective contact rate leading to transmission, ps
is the probability that infection will be symptomatic, and the rates of recovery
from symptomatic and asymptomatic infection are s and &4, respectively. The mod-
els in panels A and B are examples of compartmental models, which track numbers
of individuals in the population who are in different states regarding infection and do
not explicitly represent sex partnerships. C, This model represents the natural history
of gonorrhea in the same way as the model in panel B, but it is a pair model, which
explicitly represents the process of formation and dissolution of partnerships. Arrows
denoting partnership formation have been omitted for clarity. Boxes with single let-
ters denote singletons, who are uninfected (U), have symptomatic infection (S), or
asymptomatic infection (A); boxes with pairs of letters denote partnerships and the
status of the 2 partners. The model tracks the numbers of singletons and partner-
ships of each type. Singletons can have an infection acquired in a previous partner-
ship. If so, then they can recover from it but cannot transmit it, as transmission of
infection requires being in partnership with an infected partner. While the pair for-
mulation has greater complexity, it allows explicit representation of processes such
as treated index patients becoming reinfected from an infected partner and for part-
ner notification and treatment to prevent this occurrence.
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mathematical models to address those questions and improve
control of gonorrhea, it is critical to consider the gaps in knowl-
edge of the natural history and transmission of gonorrhea and
identify those that may impact the outcome of the models; that
is, what data do we need to acquire and what methods do we need
to develop to establish the best-informed strategy to manage gon-
orrhea and counter the emergence and spread of drug resistance?

Below, we list areas of uncertainty and suggest approaches to
address them, drawing on current and prospective sources of

data and ongoing research efforts. We note that the relative im-
pact of these areas of uncertainty on mathematical models de-
pends on the structure of the models themselves and is difficult
to anticipate without construction and calibration of these mod-
els. However, it is important to emphasize that one need not de-
finitively address each of the questions below to advance the
frontiers of gonorrhea epidemiology and address some of the
key questions described in Box 1.

We encourage researchers across microbiology, immunology,
epidemiology, and behavioral science to collaborate in multidis-
ciplinary studies to maximize the value of insights gained by
obtaining as much information as possible about the epidemi-
ologic and behavioral characteristics of the populations of
patients sampled, as well as the characteristics of the N. gonor-
rhoeae strains infecting them, including anatomical sites of in-
fection. Examples of such studies are given throughout the text.

FITNESS OF N. GONORRHOEAE LINEAGES AND
ANTIBIOTIC SELECTION PRESSURE

Epidemiological and clinical data are needed to address the fol-
lowing questions: what is the relationship between antibiotic use
and emergence of resistance within individual hosts and com-
munities (Figures 1A and 2) [11]? What is the rate of emergence
of resistance, given treatment, and how does this depend on ge-
netic background, minimum inhibitory concentration, and the
kinetics of the drug used? Those questions have a bearing on the
fitness cost or the selective advantage that resistant strains may
carry. For example, results from a study by Goldstein et al [19]
suggest that when resistance prevalence becomes common
enough, multidrug resistance in men who have sex with men
(MSM) is no longer associated with recent travel, suggesting
local proliferation. Is this proliferation the result of the biolog-
ical fitness advantage of multidrug-resistant strain, or is it aided
by antibiotic use, including for reasons other than gonorrhea
treatment?

Defining the fitness cost of resistance is relevant to predicting
the emergence and spread of resistant strains. Epidemiological
evidence suggests that these costs might, in some cases, be se-
vere: in the 5 years since the first case of ceftriaxone-resistant
gonorrhea emerged in 2009, only a handful of cases have
been reported, including cases in France, Spain, and Australia.
The reasons for the limited number of cases remain to be elu-
cidated, but suspicion centers on the fitness costs of carrying the
antibiotic resistance determinant. Azithromycin resistance has
remained at low levels in the United States [20]; population ge-
nomics studies will be helpful in estimating the extent to which
this is due to the fitness cost of resistance-conferring mutations
(which might be seen if resistance emerges independently in
multiple locations but resistant populations fail to continue to
circulate and expand). In vitro studies have indicated that genet-
ic background can be a key determinant of antibiotic resistance
phenotype [21], and in vivo study of quinolone resistance in an
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Box 1.

Research Questions to Guide Public Health Management of Gonorrhea

Screening, surveillance, and prevention

1.

In what ways can we improve on and restructure current surveillance programs, particularly when the aim is preventing the spread of antibiotic
resistance? More generally, what is the optimal surveillance structure (at local, regional, national, and international levels) to inform timely and
appropriate proportionate action to decrease the burden of disease? What are the roles of screening, outbreak surveillance using molecular
tools, and identification of target groups (eg, according to sexual behavior and/or travel history) for which extra surveillance efforts are
warranted? How can surveillance be optimized to assess the effectiveness of public health interventions when applied at scale in real-world
conditions?

. What are the optimal intervals for routine screening, and to what extent should screening be population dependent, based on demographic or

individual behavioral risk factors?

. Given the use of nucleic acid amplification tests for diagnosis in place of culture, what strategy of testing antibiotic susceptibility would allow

for the greatest sensitivity for detecting the emergence of resistance within the population?

. How should novel molecular diagnostic tests that report antibiotic susceptibilities be incorporated into screening, surveillance, and treatment

strategies to maximize their epidemiological impact?

. How can vaccines best be deployed to combat drug resistance and to decrease the overall burden of disease?
. What conditions promote severe sequelae of infection, including pelvic inflammatory disease and infertility? Is the risk primarily due to

incident infection or long-term prevalent infection (including due to treatment failure)? Should test of cure be recommended for female
patients? Do gonococcal strains differ in their propensity to cause sequelae? What diagnostic tests or interventions might improve not only
the incidence of infection but also the incidence of severe manifestations of infection?

Diagnostic analysis

1

. What is the best use and potential impact of a rapid diagnostic test that provides information on antibiotic susceptibility in real-time? How

might continuing evolution of the bacterial population in response to such diagnostic tests and the resulting changes in treatment strategies
affect their long-term impact, compared to their short-term impact?

2. What are the risk groups for which such diagnostic tests should be used?

3. What is the potential impact of home gonorrhea test kits?
Treatment

. What are the benefits and downsides of multidrug treatment?

a b~ W N -

antibiotics to provide to their partners for expedited treatment?
Behavioral change

. Under what contexts should empirical treatment be guided by local antibiotic resistance, rather than by aggregated nationwide patterns?

. What is the impact of dual treatment with ceftriaxone and azithromycin on Neisseria gonorrhoeae specimens resistant to one of the 2 drugs?
. Can persistent infection due to treatment failure be distinguished from reinfection?
. What are the impacts, either positive or negative, of expedited partners services, which include giving individuals with a gonorrhea diagnosis

1. What role might behavior change play, including spontaneous behavioral change motivated by changing risk perceptions or changes

promoted by public health interventions?

2. Would such changes potentiate or reduce the effects of changing antimicrobial use policies or diagnostics?

estrogenized mouse model showed that quinolone resistance
can have either a fitness cost or advantage, depending on the
genetic background [22], emphasizing the epidemiological im-
plications of compensatory mutations in antibiotic-resistant
strains.

These observations indicate the importance of combining
microbiological studies performed in vitro to determine the rel-
ative fitness of isolates having different resistance determinants
and genetic backgrounds with studies using animal models,
such as in the quinolone-resistance experiments [22]. Molecular
epidemiological surveys of both resistant and closely related
susceptible isolates may also help identify cases in which
there is reversion from resistance to susceptibility, suggesting
a fitness cost for resistance and providing a set of isolates for
direct experimental evaluation. Such data can then be used to
help parameterize both single and multistrain mathematical
models that incorporate empirical data on fitness, rather than
making the simple assumption of a fixed fitness cost for
resistance.

THE IMPACT OF IMMUNITY

While immunity to gonorrhea following infection has long been
treated as nonexistent or negligible in models, work on develop-
ment of a gonococcal vaccine eliciting protective immunity [6]
raises important questions about the impact of a vaccine both
on overall incidence and on antibiotic resistance.

A vaccine that results in reduction in the incidence and prev-
alence of infection will (1) reduce the frequency of the initial
emergence of resistant strains, by reducing the number of exis-
tent gonococci in which mutation and genetic exchange can
occur; and (2) reduce the incidence of antibiotic treatment, al-
though whether this effect will substantially reduce selective
pressure favoring proliferation of gonococcal resistance is un-
clear, because, at least in simple models, the selective pressure
for resistance is proportional to the probability that each infec-
tion is treated, not to the number of infections treated [11, 23].
However, a vaccine that reduces the overall infection burden

might be expected to reduce resistant infection proportionately.
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Figure 2. Mechanisms that represent possible relationships between antibiotic treatment and resistance (based on Figure 3 in [18]). Untreated hosts (white large circles)
infected with Neisseria gonorrhoeae (small circles [green, antibiotic susceptible; red, antibiotic resistant]) can remain untreated, such as in asymptomatic infection, or receive
treatment (yellow large circles). Sex partners/new hosts (blue large circles) can then acquire N. gonorrhoeae through transmission. A, Inadequate treatment (as suspected may
occur in pharyngeal infections, which require higher antibiotic concentrations for eradication than at other sites) may result in selection for resistance, which can then be
transmitted to uninfected individuals. B, Treatment of an individual infected with a mixed population of resistant and susceptible strains may select for the resistant strains.
C, Successful treatment of an individual infected with an antibiotic-susceptible strain prevents the strain from transmitting to other hosts, making those hosts more likely to be
infected by resistant strains than they would otherwise have been and shifting the competitive balance toward resistant strains. D, Exposure to an individual with antibiotic-
susceptible gonococcus and to an individual with resistant gonococcus may result in infection with antibiotic-susceptible gonococcus, if there is a sufficiently large relative
fitness cost to resistance, or in mixed infection. £, Mixed infections then present the opportunity for transformation of antibiotic-susceptible strains into resistant strains through
horizontal gene transfer.
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More subtle effects might also be possible. Vaccine efficacy can
be considered in terms of a reduction in the likelihood of acquir-
ing infection per exposure if uninfected and, if infected, a reduc-
tion in the severity of symptoms and in infectiousness [24]. In the
context of gonorrhea, the bacterial load likely affects severity of
symptoms, infectiousness per exposure, and the duration of infec-
tion, including through symptom severity affecting rates of care-
seeking (the average duration of infection will also be affected by
the frequency of testing for infection in the absence of symptoms).
As reduction in severity of symptoms could result in asymptom-
atic infection, the consequences of vaccination may be complicat-
ed to predict a priori: whereas reducing likelihood of infection or
duration of infectiousness could lower incidence, reduction in
symptom severity could prolong infection (and result in more-
frequent sex acts while infected, if symptoms deter sexual activity),
raising concern for greater transmission or acquisition of resis-
tance. However, if a higher proportion of infections remains
asymptomatic, the incidence of treatment per infection may de-
cline, reducing selection pressures. Mathematical modeling stud-
ies may be helpful in designing vaccine trials, to measure these
different effects, and appropriate monitoring, to better anticipate
how to distribute a vaccine optimally.

If a vaccine is equally efficacious against all strains regardless
of their antibiotic susceptibility, then vaccination could be cost-
effective if targeted at groups at high risk of acquiring infection,
especially if these core groups were disproportionately at risk for
resistant infections, which are more expensive to treat [25].

If antibiotic-resistant strains are less fit, then such a vaccine
might select against resistant strains more strongly than against
susceptible ones, amplifying their competitive disadvantage. In
this scenario, the less fit strains have a lower effective reproduc-
tion number (R), which means that the same proportionate re-
duction of R for both wild-type and resistant strains yields a
value for the resistant strains that is more likely to be below
the epidemic threshold value of 1, below which transmission
is not sustained [26], and that, if R remains >1 for the resistant
strain, then it will be closer to 1 than R for the wild-type strain.

Additionally, if a resistance determinant that is even slightly
immunogenic is included in a vaccine, then it could contribute
to a reduction of antibiotic resistance [27]. Even a slightly effi-
cacious vaccine may have significant impact on overall inci-
dence of drug-resistant infection [28] and, if targeted to high-
risk groups, may be cost-effective [29].

DEMOGRAPHIC, GEOGRAPHIC, AND SEX-PARTNER
“SUPPLY AND DEMAND” MODELS OF
GONOCOCCAL SEXUAL CONTACT NETWORKS

One of the main questions raised by the remarkable heteroge-
neity observed in data from surveillance programs (Figure 3) is
how gonorrhea is spread geographically and through demo-
graphic groups. There is a need to better understand the com-
bination of factors that determines risk of infection in different

No. of cases per 100 000 population

[] <190 (n=1108)
[] £19.1-1000  (n=1424)
B 1000 (n=610)

Figure 3. Geographic heterogeneity in gonococcal infection incidence. A major
challenge to mathematical modeling of gonococcal disease dynamics and spread
is geographic heterogeneity. County-based incidence data (white, <19.0 cases/
100000 population; gray, 19.1-100.0 cases/100 000 population; and blue, >100.0
cases/100 000 population). The underlying demographic and geographic sexual con-
tact network structure is unknown [30].

population groups in different settings [31]. While the existence
of a core subgroup within the population maintains gonorrhea
as an endemic disease, it is unclear how individuals in the core
group are linked across sexual networks (eg, heterosexual and
homosexual networks) and from one city to another. Indeed,
molecular typing reveals that gonorrhea can spread in different
sexual contact networks within the same city, with different be-
havioral characteristics, although with individuals acting as
links between networks [32]. Furthermore, HIV serosorting
may be an important behavioral characteristic resulting in high-
ly interconnected networks of high-risk behavior for transmis-
sion of sexually transmitted infections (STIs) other than HIV
[33]. The belated rise in the rates of ciprofloxacin resistance in
the southeastern United States despite its high prevalence of
gonorrhea, as compared to the West Coast [34], for example,
may stem from the fact that the sexual contact networks in
these 2 locations are fairly distinct. A model of demographic
and geographic spread of gonorrhea would aid in development
of an improved surveillance network, as well as in targeting re-
sources, including screening, monitoring for outbreaks, and be-
havioral and therapeutic interventions.

Several new data streams offer opportunities to develop better
models of gonorrhea spread. Genome sequences from large num-
bers of N. gonorrhoeae isolates can be used to reconstruct the phy-
logenetic relationships among the isolates. Then, incorporating
the dates and locations and the sexual orientation of the infected
individuals into the phylogenetic model can provide evidence of
routes of spread across the population [35]. This approach can be
explored for use in identifying outbreaks at the local level, with the
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hypothesis that outbreaks are identifiable by unexpectedly high
prevalence of a single clone, as well as description of contact net-
works at multiple geographic scales. Similar models, which treat
host location and, in this example, sexual preference as discrete
traits of a pathogen, have aided in inferring the spread and evolu-
tion of various other infectious diseases [36, 37].

Another potential data source to characterize sexual contact
networks is social network data, such as from online dating or
so-called hook-up sites, which to date have been analyzed as in-
dividual-level risk factors for infection, as well as a way to sam-
ple individuals [38, 39]. Data obtainable from these sites can
include demographic characteristics of users and their prefer-
ences for partners, as well as the locations in which they are
based and where they search. While the representativeness of
these data is not clear—whether it is different for MSM, com-
pared with heterosexuals; how well user demographic character-
istics can be defined; how many sexual contacts occur offline,
compared with online; how the nature of those contacts
might differ; and how well online data from the entire popula-
tion reflect the behaviors of a subset, such as those at high risk of
having gonorrhea—these data may at least provide a scaffold to
learn demographic and geographic preferences and help bound
the parameters of a model of spread.

Furthermore, by providing information on both members of a
sex partnership, these data on sexual networks offer insights into
partnership dynamics and the effects of behavior change on those
dynamics, which is a long-standing issue in understanding the
epidemiology of STTs. For example, in a heterosexual population,
the number of sex partnerships involving men must be the same
as the number involving women, yet, in surveys, men on average
report a higher number of partnerships per unit time than
women. One approach is to assume that female sex workers are
undersampled and account for the missing partnerships; another
is to adjust the estimates for one sex or both, assuming overre-
porting by men and/or underreporting by women [40]. While
an assumption is necessary, there is little evidence which partic-
ular assumption is the right one. The issue becomes more com-
plex when considering changes in behavior, which requires
understanding of how partnerships form as a function of the
availability of partners. Data from online and mobile partnering
networks could inform how partnership acquisition depends on
the availability and desirability of potential partners. Such data
sets could also help to provide evidence on true levels of assorta-
tiveness in mixing by demographic and other characteristics, an-
other important set of structural assumptions in transmission
models. Another potential information source for addressing
these issues is randomized trials of interventions designed to re-
duce risky sexual activity in a segment of the population [41].

TRANSMISSION PARAMETERS

Models of the spread of gonococcal infection require estimates
of a set of parameters representing the mechanistic, biological,

and clinical features of gonorrhea. These include the per-sex-act
probabilities of transmission to and from each of the mucosal
sites of infection, the durations of symptomatic and asymptom-
atic infection (at each site of infection), and the proportion of
infections (again, at each site of infection) that prompts the in-
fected individual to seek evaluation and treatment.

Transmission rates from cervical to urethral infection were
estimated in a classic study of Navy sailors on shore leave and
the gonorrhea prevalence among the women they visited [42].
Rates of urethral to cervical transmission have also been exam-
ined [43], although the estimate was based on only 12 cases. In
neither of these studies was it clear whether the infections
among women were symptomatic or asymptomatic. Little is
known about the rates of transmission from pharyngeal or
rectal infection. Recently, transmission probabilities per un-
protected sex act were estimated using models with behavioral
parameters drawn from surveys [44]. Behavioral surveys in
high-risk populations, particularly in populations with repeat
infections, together with regular short-interval screening,
should provide an opportunity to further explore and refine
these estimates and to understand the potential effectiveness
behavioral interventions, such as encouraging use of condoms
for oral sex.

The course of infection may be characterized in terms of dura-
tion and severity, and it is unclear how those factors affect the like-
lihood of onward transmission. In one study, symptomatic
urethral or cervical infection prompted men and women to
seek care on average 5 days and 12 days, respectively, after initia-
tion of symptoms [16]. Asymptomatic infection is often assumed
to last 6 months on average [8], but there are no clear data on the
spontaneous resolution of either asymptomatic or symptomatic
infection (such as in the preantibiotic era or in the case of a treat-
ment-resistant strain). In one study, men with asymptomatic in-
fection remained infected until treated [45]. While prospective
population monitoring with interval screening could help set
the lower limit, estimates of duration of infection in the context
of modeling efforts will require thorough sensitivity analyses.

The symptomatic fraction (ie, the proportion of cases at each
site of infection that prompts the infected individual to seek
evaluation and treatment) is believed to be high for urethral
infection and relatively low for cervical, pharyngeal, and rectal
infection [46]. In a population of MSM screened for STIs, 64%
of gonorrhea cases were nonurethral; most of these were pha-
ryngeal (and asymptomatic), and the rest were rectal, with
84% of the latter being asymptomatic [47]. Retrospective anal-
ysis of annual screening of a population of MSM indicated rec-
tal gonococcal prevalence of 24% when diagnosed by nucleic
acid amplification testing (the prevalence was 9% when diag-
nosed by culture) [48]. Further information is needed to assess
the roles of symptomatic and asymptomatic infection at differ-
ent anatomical sites in the transmission dynamics and acquisi-
tion of resistance of N. gonorrhoeae.
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ADDITIONAL QUESTIONS RELATED TO TREATMENT
GUIDELINES

While we have identified a number of questions to improve our
understanding of the fundamental epidemiology and the struc-
ture of transmission models, there are other questions with po-
tential direct applicability to treatment guidelines. First, what are
the target groups requiring extra intervention efforts? Previous
work [19] suggests that during the early stages of the rise in
rates of resistance to a particular antibiotic in N. gonorrhoeae, his-
tory of recent travel to an area in which the prevalence of resis-
tance is higher is associated with carrying a resistant phenotype.
What would be required to screen for recent travel in individuals
with a diagnosis of gonorrhea? Is it feasible and cost-effective for
infected individuals with such recent travel history (including do-
mestic travel) and their sexual contacts to be tested for antimicro-
bial susceptibility? Second, during later stages, when resistant
phenotypes, particularly multidrug-resistant phenotypes, are es-
tablished in the community, should individuals presenting for
treatment of STIs be screened for gonorrhea, including asymp-
tomatic, nonurethral infection, with positive specimens routinely
tested for antimicrobial susceptibility? Third, modeling results
suggest that extra screening/treatment efforts focusing on high-
risk individuals, while initially acting to reduce the prevalence
of gonorrhea in the community, may eventually contribute to
the proliferation of resistant strains [11]. To what extent could
this be balanced by antimicrobial susceptibility testing or use of
other antibiotics? Fourth, a recent study suggests that dual treat-
ment of cefixime plus azithromycin yielded better outcomes than
treatment with cefixime plus doxycycline [49]. This suggests that
when resistance to the primary antimicrobial emerges, recom-
mendation for dual treatment with azithromycin (or, more gen-
rally, an effective combination therapy [50]) may slow the spread
of resistant strains. Should reporting of the antibiotic regimen se-
lected for treatment be mandatory, to permit inference about the
relationship among community-wide antibiotic pressure, disease
incidence, and resistance? Fifth, while models routinely dichoto-
mize the continuous range of MIC into susceptible and resistant
isolates and assume that treatment will fail for the latter and suc-
ceed for the former (except for a low frequency of resistance
emergence), evidence suggests that the situation is more subtle.
Elevated MICs are associated with an increased probability of
treatment failure [51], with the mucosal site of infection further
impacting this probability. How would incorporating this proba-
bilistic framework into transmission models affect guidance for
decisions about screening and antibiotic dosing?

CONCLUSIONS

A unified agenda to address the immense burden of gonorrhea
and the threat of resistance should ideally incorporate both devel-
opment of novel technologies and basic science and optimization
of public health strategies. Just as it is clear that we need

technological and scientific advances—including point-of-care
diagnostic testing for resistance, novel therapeutic options, and,
ideally, antigonococcal vaccines—we will need better models of
gonococcal transmission, which incorporate more of the details
of the evolution and interactions of strains, and better under-
standing of the risk factors associated with antimicrobial resis-
tance, to maximize the effectiveness of our current surveillance
and interventions and to best deploy any innovations. As de-
scribed above, efforts ranging from pharmaceutical advances to
behavioral studies can address key unknowns and be combined
to establish strong empirical data-driven public health surveil-
lance and intervention strategies to control the spread of antibi-
otic-resistant gonorrhea and reduce the overall incidence of

disease.
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