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Abstract

In the absence of point-of-care gonorrhea diagnostics that report antibiotic susceptibility,
gonorrhea treatment is empiric and determined by standardized guidelines. These guide-
lines are informed by estimates of resistance prevalence from national surveillance sys-
tems. We examined whether guidelines informed by local, rather than national, surveillance
data could reduce the incidence of gonorrhea and increase the effective lifespan of antibiot-
ics used in treatment guidelines. We used a transmission dynamic model of gonorrhea
among men who have sex with men (MSM) in 16 U.S. metropolitan areas to determine
whether spatially adaptive treatment guidelines based on local estimates of resistance prev-
alence can extend the effective lifespan of hypothetical antibiotics. The rate of gonorrhea
cases in these metropolitan areas was 5,548 cases per 100,000 MSM in 2017. Under the
current strategy of updating the treatment guideline when the prevalence of resistance
exceeds 5%, we showed that spatially adaptive guidelines could reduce the annual rate of
gonorrhea cases by 200 cases (95% uncertainty interval: 169, 232) per 100,000 MSM popu-
lation while extending the use of a first-line antibiotic by 0.75 (0.55, 0.95) years. One poten-
tial strategy to reduce the incidence of gonorrhea while extending the effective lifespan of
antibiotics is to inform treatment guidelines based on local, rather than national, resistance
prevalence.

Author summary

Antimicrobial resistance threatens the effective treatment of a growing number of infec-
tions worldwide. In the absence of rapid point-of-care diagnostics that determine
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antibiotic susceptibility, the treatment of several infections caused by bacteria (e.g., gonor-
rhea and tuberculosis) remain empiric and informed by guidelines. These guidelines are
usually determined at the national level and based on the estimated resistance prevalence
nationally. Here, we show that more cases of gonorrhea could be prevented and the effec-
tive lifespan of antibiotics suitable for the treatment of gonorrhea could be extended if
treatment guidelines are determined locally and based on the regional resistance preva-
lence rather than on a single nationwide recommendation. Our analysis provides evidence
to highlight the importance of 1) maintaining local surveillance systems of antimicrobial
resistance and 2) engaged policymakers who use the data from these surveillance systems
to inform timely and effective decisions at the local level.

Introduction

Gonorrhea is a major public health concern, with 583,405 reported cases in 2018 in the United
States [1] and an estimated 87 million cases worldwide in 2016 [2]. In both 2013 and 2019, the
U.S. Center for Disease Control and Prevention (CDC) named antimicrobial-resistant (AMR)
gonorrhea among the most urgent infection threats in the United States, as N. gonorrhoeae,
the bacterial pathogen that causes gonorrhea, has developed resistance to all antibiotics used to
treat it [3]. The threat of untreatable gonococcal infections highlights the need for strategies to
reduce the burden of gonorrhea and maximize the clinically useful lifespan of existing antibiot-
ics while awaiting the introduction of new anti-gonococcal antibiotics [4,5].

The diagnosis of gonorrhea is usually made by nucleic acid amplification test, and treat-
ment is most often empiric and based on national guidelines [3,6-8]. Even when culture is
available, patients usually receive first-line empiric antibiotic treatment while awaiting drug-
susceptibility results. In the US, guidelines for the treatment of gonorrhea are determined
nationally and based on the prevalence of antimicrobial resistance estimated by the Gonococ-
cal Isolate Surveillance Project (GISP) [9]. GISP is a sentinel surveillance system that monitors
trends in antimicrobial susceptibilities of gonococcal strains in the US [10]. To ensure the
effectiveness of first-line empiric treatment, only antibiotics with low prevalence of resistance
are considered for use as first-line therapy. Historically, the World Health Organization
(WHO) recommended switching the first-line antibiotic gonorrhea treatment once the preva-
lence of resistance to that antibiotic exceeds 5% [9,11].

The data from GISP reveal heterogeneity in the prevalence and trends of AMR gonorrhea
across the participating surveillance sites. For example, in 2017, although overall 30% of Neis-
seria gonorrhoeae isolates collected through GISP were resistant to ciprofloxacin, this percent-
age varied widely (2.5% to 56%) across GISP surveillance sites [12]. This suggests that
guidelines for the first-line therapy of gonorrhea that are based on a national average estimate
of resistance prevalence may not provide optimal treatment recommendations for all regions.
For regions with higher than average prevalence of resistance to first-line antibiotics, a greater
proportion of gonorrhea cases will not receive an antibiotic that matches their susceptibility
profile. This would lead to longer durations of infectiousness, facilitating further transmission
of resistant gonorrhea. In contrast, for regions with lower than average prevalence of resistance
to first-line antibiotics, revising the national guidelines prematurely will remove an effective
antibiotic from clinical use and would lead to earlier and more extensive use of second-line
regimens. This suggests that one potential strategy to extend the effective lifespan of existing
antibiotics is to optimize local treatment guidelines using local resistance prevalence rather
than relying on a single national recommendation.
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In this study, we used a transmission dynamic model to compare the performance of poli-
cies that inform guidelines for first line gonococcal therapies. Specifically, we evaluated the
degree to which locally tailored recommendations could extend the effective lifespan of antibi-
otics compared with the current switching strategy, which is based on the national estimate of
resistance prevalence from annually reported surveillance efforts. We also investigated how
increasing the frequency and size of drug-resistance surveys would impact the performance of
these strategies to inform guidelines for the first-line therapy of gonococcal infections.

Methods
Simulating guidelines for the first-line treatment of gonorrhea

We developed a transmission dynamic model of gonorrhea to compare the performance of
four types of strategies to generate first-line treatment recommendations in terms of their abil-
ity (a) to prolong the effective life of antibiotics and (b) to reduce the incidence of gonorrhea
(Table 1). The ‘Base’ strategy represents the guideline that recommends switching to a new
first-line antibiotic once the national estimate of resistance prevalence during the past year
passes a certain threshold. A threshold of 5% in the ‘Base’ strategy is consistent with the histor-
ical recommendations of the WHO, as the estimates of resistance prevalence from surveillance
systems (such as GISP in the United States) become available on yearly basis [9,11]. Consistent
with the observation that 5,061 GISP isolates were tested for drug susceptibility in 2017 with
an average of 196 annual tests for each surveillance site [12], we assumed that for the ‘Base’
strategy, 200 isolates are tested annually in each area.

The ‘Spatial’ strategy seeks to delay the emergence of resistance to the first-line treatment
regimen by using regional estimates of resistance prevalence to inform each region’s recom-
mended regimen. The strategy ‘Enhanced Spatial’ is similar to ‘Spatial’ except that to obtain
local estimates of resistance prevalence, it assumes 800 susceptibility tests each year (as
opposed to 200). With 200 susceptibility tests, the local prevalence of resistance can be esti-
mated with a 95% Wilson’s confidence interval of 2.7%-9.0% if the true prevalence of resis-
tance reaches 5%. This confidence interval can be reduced to 3.7%-6.7% when 800
susceptibility tests are performed.

The fourth strategy, ‘Enhanced Spatial-Quarterly’, differs from ‘Enhanced Spatial’ in how
frequently the estimates of resistance prevalence are obtained and treatment recommendations
are updated. The ‘Enhanced Spatial-Quarterly’ strategy relies on the same annual number of
susceptibility tests as in ‘Enhanced Spatial,” but assumes that survey data are reported at
3-month intervals. Therefore, the quarterly strategy may detect changes in the point prevalence
of resistance more quickly, but at the expense of lowering the precision in these estimates.

Table 1. Adaptive guidelines to inform first-line treatment recommendations for gonorrhea.

Strategies Frequency of Annual Number of Tests for Policy Examples
Decision Making Resistance at Each Surveillance Site*

Base Annually 200 Switch to a new first-line drug in all metropolitan areas when the estimate for the
national proportion of resistant isolates during the past year exceeds x%.

Spatial Annually 200 Switch to a new first-line drug only in metropolitan areas with the estimate for
the proportion of resistant isolates during the past year exceeds x%.

Enhanced Spatial Annually 800 Same as ‘Spatial’

Enhanced Spatial- Quarterly 800 Same as ‘Spatial’

Quarterly

*1n 2017, 5,061 GISP isolates were tested for drug susceptibility with an average of 196 annual tests for each surveillance site [12].

https://doi.org/10.1371/journal.pchi.1009842.t001
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We simulate a scenario in which three hypothetical antibiotics (Drug A, Drug B, and Drug M)
are available for the treatment of gonococcal infection. Drug A represents a first-line antibiotic,
such as ceftriaxone [13,14], and Drug B represent an alternative antibiotic suitable for first-line
treatment of gonorrhea, such as zoliflodacin [4] or gepotidacin [5], both of which have been over
95% effective against urogenital gonococcal infections in phase 2 trials. Drug M represents the
last-line antibiotic that is reserved for use for those resistant to other current empiric regimens.
Therefore, its use for the first-line treatment of gonorrhea should be delayed as long as possible.

We assumed Drug A is initially used for the empiric treatment of gonorrhea and that Drug
B is used as the second-line therapy for cases that fail the treatment with Drug A. As more
cases of gonorrhea are treated with Drug A, the selective pressure for resistance to Drug A
increases. Under the current recommendations, Drug A would then be replaced with Drug B
once the resistance to Drug A exceeds the 5% threshold [9,11]. Subsequently, those who fail
first-line treatment with Drug B will be retreated with Drug M. Similarly, when the estimate
for the prevalence of resistance to Drug B reaches a certain threshold, Drug B will be removed
from the first-line therapy and Drug M will be used for both first-line and second-line therapy.

Our model describes the transmission of N. gonorrhoeae among men who have sex with
men (MSM) in 16 metropolitan areas in the United States (Fig 1). We selected these 16 areas
based on the availability of local data on the population of MSM and on the incidence of gon-
orrhea among MSM (Table A in S1 Text). Data from GISP clinics suggest approximately
37.2% of gonorrhea cases in 2018 were among MSM and the emergence of resistance among
this population is of serious concern [1].

Our model is adapted from a prior study [15] with additional extensions to simulate the
transmission of N. gonorrhoeae among the MSM population of 16 metropolitan areas. We
assume no intercity transmission which implies that an individual’s risk of infection depends

Natural Natural
Recovery -7 “~_  Recovery
rd N
' 'y A |
[ ISymptomatic j { |Asymptomatic j
B.
S |«
,’,’ ’ \\\\\
P 4 \ S
”11 ,/ \\ T \B\\\
TX B—== . Ty
0 Tx A 0 Tx A
Tx M+
Tx A or TX M———
TxBorTxM

Tx A, TX B, or Tx M

Fig 1. A stochastic compartmental gonorrhea transmission model (adapted from [15] and extended to simulate
the transmission of N. gonorrhoeae among men who have sex with men in 16 metropolitan areas in the United
States). Dotted arrows represent new infection and red arrows represent resistance acquisition while under treatment.
S represents susceptible individuals, I, represents individuals with drug-susceptible infections, and I, Iy, and Ixp
represent individuals with infections resistant to Drug A, B, and both. Tx A, Tx B, and Tx M denote treatment with
drugs A, B, and M.

https://doi.org/10.1371/journal.pchi.1009842.9001
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on the local prevalence of infection in the metropolitan area where they reside (and is not
impacted by the prevalence of infection in other metropolitan areas).

Infected cases can be symptomatic or asymptomatic (Fig 1A). Infected individuals are fur-
ther classified by the resistant profile of the infecting strain: drug-susceptible infection (Ip),
infection resistant to Drug A (I,), infection resistant to Drug B (I), and infection resistant to
both Drugs A and B (I,) (Fig 1B). Asymptomatic cases do not seek treatment and remain
infectious until they recover spontaneously or get detected through active screening (Fig 1A).
All symptomatic cases are seeking treatment with some delay.

Infected individuals who seek treatment or are detected through screening will receive
treatment with either Drug A, B, or M, depending on the current recommendation for first-
line therapy. We assume that treatment always fails if the infecting strain is resistant to the pre-
scribed antibiotic. Treatment with an antibiotic to which the infecting strain is susceptible may
lead to one of two possible outcomes: 1) the treatment succeeds and the individual returns to
the susceptible state, or 2) the treatment leads to resistance and fails (Fig A in SI Text). A frac-
tion of symptomatic individuals failing the first-line treatment (due to receiving ineffective
treatment or developing resistance) will seek retreatment with some delay. These individuals
will receive a second-line antibiotic, which is Drug B in the absence of resistance to Drug B,
and Drug M in the case of resistance to Drug B. We assume that treatment with Drug B could
lead to the selection of resistance to Drug B with a small probability, upon which the individual
will be treat with Drug M (Fig A in S1 Text). As soon as effective treatment (i.e., treatment
with an antibiotic that matches the individual’s susceptibility profile) is initiated, we assume
that infected individuals no longer contribute to the force of infection (due to either negligible
infectiousness or reduced sexual activity). Those symptomatic individuals who fails the first-
line treatment but do not seek retreatment will remain in their current state where they may
naturally recover or seek treatment in future time steps. Asymptomatic individuals may be
detected only through screening.

Antibiotic treatment may select for resistance (represented by red arrows in Fig 1B), and
resistant strains may be transmitted directly to other susceptible individuals. To account for
fitness costs associated with resistance, we assumed that resistant strains are less transmissible
than susceptible strains, at least initially [16,17]. Data from GISP indicate that despite tetracy-
cline, penicillin, and ciprofloxacin no longer being used for gonococcal treatment, the preva-
lence of resistance to tetracycline and penicillin has been fairly stable and resistance to
ciprofloxacin has increased [18]. To produce simulated trajectories that allow for this persis-
tence despite reduced use of these antibiotics, we allow the fitness cost of resistance to gradu-
ally decrease, consistent with the idea that the fitness costs may be ameliorated through
compensatory mutation [16]. We also allowed for the importation of resistant cases to each
metropolitan area that occurs continuously over time according to a Poisson process. Addi-
tional details about the model are provided in S1 Text.

Model calibration and validation

We used a Bayesian approach to calibrate our model jointly against the rate of reported gonor-
rhea for each metropolitan area in 2017 and against the overall estimates for the prevalence of
gonorrhea and the proportion of gonorrhea cases that are symptomatic. We chose this calibra-
tion approach because estimates for prevalence of gonorrhea and the proportion of gonorrhea
cases that are symptomatic were not available for each metropolitan area. This Bayesian
approach seeks to estimate the probability distributions of unknown parameters such that tra-
jectories that are simulated using random draws from these distributions fit the available epi-
demiological data [19].
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As Drug A and Drug B are hypothetical future antibiotic treatments for gonorrhea, we did
not specify prior distributions for the parameters that relate to the emergence and spread of
resistance to these drugs. Instead, we derived relevant ranges for these parameters by retaining
only those simulated trajectories where the prevalence of resistance to Drug A and Drug B
reaches at least 5% in during the simulation (Tables C, E and F in S1 Text). This is motivated
by the observation that this level of resistance has been observed for each of the past first-line
antibiotics used to treat gonorrhea [1]. The details of the calibration procedure are provided in
§S3 of S1 Text.

Comparing the performance of treatment guideline strategies

We compared the performance of strategies in Table 1 based on the number of gonorrhea
cases that are averted with respect to the status quo (the “Base” strategy in Table 1 with 5%
switch threshold) and the increase in the effective life of Drugs A and B. We define the effective
lifespan of Drugs A and B as the area under the curve of the percentage of gonorrhea cases that
are successfully treated with Drugs A or B over 50 years of simulation. This performance mea-

50
i %, where Z (1), Zp(t) and Zy(t) are the number of gonor-

rhea cases treated successfully with Drugs A, B, or M during the simulation year ¢ [15] (Fig E
in S1 Text).

As we will demonstrate later, changing the switch threshold from 5% would impact both
the effective lifespan of Drugs A and B and the number of annual gonorrhea cases. Therefore,
we define AE as the maximum increase in the effective lifespan of antibiotics that could be
achieved compared to the status quo while keeping the gonorrhea incidence unchanged. For
any strategy that extended the effective lifespan of Drugs A and B by AE years, we estimated
the expected number of additional cases of gonorrhea that would be treated successfully with

first-line antibiotics without increasing the number of gonorrhea cases during the simulation

AE
Ey’

during the simulation period, and Ej is the effective lifespan of Drugs A and B under the status
quo [15].

The simulation window of 50 years was selected to ensure enough time for the resistance
against Drug A and Drug B to reach 5% (in a sensitivity analysis, we set the simulation window
at 35 years). We summarized results using the mean and 95% uncertainty interval (i.e. the
interval between 2.5th and 97.5th percentiles of realizations) across 500 simulated trajectories.

sure is calculated as ) |

period with V| 25, where V/, is the total number of cases successfully treated with Drugs A or B

Sensitivity analyses

Through a number of sensitivity analyses, we investigated the robustness of our conclusions
with respect to the choice of parameters relating to the emergence and spread of resistance to
Drugs A and B, the simulation duration, choice of prior distributions for model parameters,
the initial prevalence of resistance to drug B, and the trend in the rate of reported gonorrhea
cases and the prevalence of gonorrhea. Details of these sensitivity analyses are described in §54
of SI Text.

Results

We fit our model to gonorrhea prevalence, the rate of reported gonorrhea cases in 2017 for all
metropolitan areas included in the model, and the proportion of gonorrhea cases with symp-
toms (Fig 2A-2C). We estimated the proportion of cases resistant to Drugs A, B, or both A
and B when 200 annual gonorrhea cases are tested for drug resistance at each surveillance site
during each simulation (Fig 2D-2F). We note that trajectories displayed in Fig 2D-2F differ
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Fig 2. Displaying 200 simulated trajectories from the calibrated model. The green dots in panels A-C represent the
estimates the model is calibrated against: gonorrhea prevalence (4.5% [3.6%, 5.4%] among MSM [28]), the estimated
rate of reported gonorrhea cases in metropolitan areas included in our model in 2017 (5,548 cases per 100,000 MSM,
Table A in S1 Text), and the proportion of gonorrhea cases among MSM that are symptomatic (67.9% [64.4-71.4%]
[29]). In these simulated trajectories, the first-line treatment is changed when more than 5% of the annual gonorrhea
cases are resistant to the first-line drug.

https://doi.org/10.1371/journal.pchi.1009842.g002

substantially in terms of the speed at which resistance emerges and spread. This is consistent
with the history of N. gonorrhoeae resistance; for example, resistance to sulfonamides took
only a few years to emerge and spread while resistance to penicillin took about 30 years to
emerge and spread [20].

The fit of the model against the estimated rate of reported gonorrhea cases and the preva-
lence of infection among the MSM population of the metropolitan areas included in our
model and the estimated proportion of cases resistant to Drugs A, B, or both in each area are
shown in Fig C-Fig F of S1 Text. Fig 3 demonstrates that the rate at which resistance to Drug A
increases within the 16 metropolitan areas of our model is consistent with the geographical
variation in the trends of ciprofloxacin-resistant gonorrhea observed in GISP. We note that
ciprofloxacin is no longer recommended as first-line therapy of gonorrhea. However, since the
percentage of GISP isolates that exhibit resistance to ceftriaxone, the currently recommended
first-line therapy for gonorrhea [14], is low (around 0.2% between 2014-2018 [12]), we used
the historical estimates of the prevalence of ciprofloxacin resistance (Fig 3) to validate our
model. The spatial heterogeneity in resistance in our model is driven by the difference in the
rates of gonorrhea cases (Fig C in S1 Text), the prevalence of gonorrhea (Fig D in S1 Text),
and the initial prevalence of resistance to Drugs A and B (Table E in S1 Text) across different
metropolitan areas. This leads to different transmission dynamics in different metropolitan
areas and hence, the resistance spreads at a different speed in different areas.

Our calibration approach reduced the uncertainty in the estimates for the following param-
eters (and the correlation between them): transmission parameter, probability that an infection
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Fig 3. Percentage of Neisseria gonorrhoeae isolates that are ciprofloxacin-resistant, overall and by GISP sites between 2000-2017 [12]. The
shaded areas in Panel A represent the 95™ (dark grey) and 99" (light grey) percentile interval of the prevalence of resistance to Drug A in the 16
metropolitan areas of our model. Panel B displays the standard deviation for the percentage of isolates resistant to ciprofloxacin across GISP sites.
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areas of our model. This figure demonstrates that the rate at which resistance to Drug A increases within the 16 metropolitan areas of our model is
consistent with the geographical variation in the trends of ciprofloxacin-resistant gonorrhea observed in GISP.

https://doi.org/10.1371/journal.pchi.1009842.g003

will be symptomatic, duration of infections (without treatment), and time until screened for
infection (Table B and Fig G in S1 Text). Based on the correlation between parameter values
and the estimated lifespan of Drugs A and B, the following parameters had important effects:
transmission parameter, duration of infections (without treatment), time until screened for
infection, probability that an infection will be symptomatic, and parameters related to the fit-
ness cost of Drugs A and B (Tables I-] in S1 Text).

Increasing the resistance-prevalence threshold for the ‘Base’ strategy (moving toward top-
right corner of Fig 4A) increased the effective lifespan of Drugs A and B, i.e., allowed the use of
these drugs for a longer period. Increasing this switching threshold, however, led to increases
in the annual gonorrhea cases, since delaying the switch to a new antibiotic drug lowers the
probability of receiving effective first-line therapy and extends the duration of infectiousness.

At the switch threshold of 5% and compared to the status quo, the ‘Spatial” strategy could
prevent an additional 200 (95% uncertainty interval: 169, 232) cases of gonorrhea per year per
100,000 MSM population and extend the effective lifespan of Drugs A and B by 0.75 (0.55,
0.95) years. If the switch threshold is further increased, the ‘Spatial’ strategy could increase the
effective lifespan of Drugs A and B by 2.67 years without increasing the number of gonorrhea
cases (this is measured as the horizontal distance between the points where the curves in Fig
4A crosses the x-axis). This is equivalent to successfully treating an additional 269 (157, 395)
gonorrhea cases per 100,000 MSM population each year with Drugs A and B without worsen-
ing the burden of gonorrhea.

The benefits of the ‘Spatial’ strategy were enhanced under conditions that assumed a larger
number of gonorrhea isolates could be tested for drug susceptibility to estimate the local preva-
lence of resistance with greater precision (Fig 4B). Compared to the status quo, a strategy that
allows for local responses and performs 800 annual drug susceptibility tests in each area
increased the effective lifespan of Drugs A and B by 2.89 years without increasing the annual
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incidence of gonorrhea. This is equivalent to successfully treating an additional 291 (170, 428)
gonorrhea cases per 100,000 MSM population each year with Drugs A and B without worsen-
ing the burden of gonorrhea. At the switch threshold of 5%, this strategy could prevent an
additional 28 (-2, 58) cases of gonorrhea per year per 100,000 MSM population and extend the
effective lifespans of Drugs A and B by 2.54 (2.38, 2.69) years.

Increasing the frequency at which first-line therapy recommendations are revisited also led
to an additional increase in the effective lifespan of Drugs A and B without increasing the
number of gonorrhea cases (Fig 4C). Compared to the status quo, a strategy that determines
the treatment guidelines locally, revisits them quarterly, and performs 800 annual drug suscep-
tibility tests in each area (as opposed to 200) increased the effective lifespan of Drugs A and B
by 2.93 years (equivalent of successfully treating an additional 295 (172, 434) gonorrhea cases
per 100,000 MSM population each year with Drugs A and B) without increasing the burden of
gonorrhea. For this strategy to improve both the number of gonorrhea cases averted and the
effective lifespan of antibiotics, the switch threshold should be increased from 5% (Fig 4C).
When guidelines are revisited quarterly (instead of annually), the 5% switch threshold triggers
the switch to the new antibiotic too early. Therefore, while it could improve the number of
gonorrhea cases averted, it also diminishes the effective lifespan of Drugs A and B. By increas-
ing the switch threshold (to say, 7%), both outcomes could be improved under this strategy
(Fig 4C).

While the rate of reported gonorrhea cases among the MSM population has increased sig-
nificantly over the past few years [1], our model was calibrated to a constant incidence and
prevalence (Fig 2A and 2B). To evaluate the sensitivity of our conclusions to the increase in
rate of gonorrhea cases, we also modelled a scenario where the value of the transmission
parameter is increased by 10%, which led to simulation trajectories with an increasing rate of
gonorrhea and prevalence of infection (Fig L in S1 Text). Our conclusions are not meaning-
fully altered under this scenario (Fig M in S1 Text). The results of other sensitivity analyses are
presented in §S4 of S1 Text.
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Discussion

In the absence of a point-of-care diagnostic test that determines antibiotic susceptibility,
empiric treatment of gonorrhea remains standard practice. Empiric treatment guidelines are
determined at the national level based on estimates of resistance prevalence provided by popu-
lation surveillance. According to WHO recommendations, an antibiotic with resistance preva-
lence exceeding 5% should be considered for replacement in the guidelines by a new antibiotic
with low level of population-wide resistance [9,11]. Using a transmission dynamic model of
gonorrhea among the MSM population of 16 U.S. metropolitan areas, we projected how alter-
native strategies to inform the first-line treatment recommendation would impact the effective
lifespan of antibiotics and the incidence of gonorrhea compared with standard practice.

Our analysis suggests that the choice for the threshold prevalence of resistance at which to
switch to a new antibiotic requires a tradeoff between the effective lifespan of antibiotics and
the incidence of gonorrhea. A higher threshold extends the effective lifespan of in-use antibiot-
ics by delaying their removal but reduces the probability that an infected individual receives
effective empiric therapy. This could facilitate further transmission of gonorrhea and lead to
increased disease incidence. In contrast, a lower threshold prevents more gonorrhea cases by
increasing the probability of effective empiric therapy at the expense of the antibiotic’s effective
lifespan.

In a recent study [15], we showed that the effective life span of antibiotics could be extended
without worsening the burden of gonorrhea if treatment guidelines are revised 1) more fre-
quently (quarterly vs. annually) or 2) based on both the estimated prevalence of resistance and
the trend in the prevalence of resistance. The analysis here identifies an alternative strategy to
extend the effective lifespan of antibiotics. We showed that compared to the current strategy
that uses the national estimate of resistance prevalence to determine treatment guidelines,
revising guidelines based on local estimates of resistance prevalence could extend the effective
lifespan of antibiotics while reducing the burden of gonorrhea. We also showed that the reduc-
tion in the cases of gonorrhea and the increase effective lifespan of antibiotics can be aug-
mented if the estimates of resistance prevalence are based on a larger number of drug-
susceptibility tests and are used more frequently (quarterly vs. annually) to update treatment
guidelines.

The improved performance of spatially-adaptive strategies to inform treatment guidelines
can be attributed to the substantial differences in the prevalence of AMR gonorrhea across dif-
ferent regions (Fig 3). Accordingly, a strategy that determines national treatment guidelines
based on the overall estimate of resistance prevalence may not provide optimal treatment rec-
ommendations for all local regions. A strategy based on the national average level of resistance
is expected to result in delayed switching and possible increases in gonorrhea incidence in
regions with higher prevalence of resistance to the empiric treatment and is expected to pre-
maturely replace an effective empiric regimen in regions with lower low prevalence of
resistance.

Our analysis has a number of limitations. First, our simulation model describes the spread
of N. gonorrhoeae only among men who have sex with me (MSM) in 16 metropolitan areas of
the United States. Compared to heterosexual men and women, the prevalence of gonorrhea
and AMR gonorrhea is particularly high among MSM [6,18]. Therefore, the benefits of spa-
tially-adaptive strategies might be lower for populations with lower burdens of gonococcal dis-
ease and AMR since the consequences of making suboptimal decisions would be less severe.
Additional analysis of the advantages of spatially-adaptive strategies in this population, partic-
ularly as rates of gonorrhea and resistance rise, will be important to inform policy. Second,
data on gonorrhea prevalence were only available for five metropolitan areas (Houston,
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Miami, New York, San Francisco, and Washington, DC) (Fig D in S1 Text). For each simu-
lated trajectory, we estimated the initial prevalence of gonorrhea in areas without locally avail-
able prevalence data by random draws from appropriate probability distributions (Table D in
S1 Text). While this allowed us to confirm that our conclusions were robust over a range of
plausible prevalence levels, limited local prevalence data precludes precise prediction of the
magnitude of benefits of spatially-adaptive policies.

Third, we found estimates for the reported number of gonorrhea cases among the MSM
population of only 3 of the 16 cities included in our model (New York City, Philadelphia, and
San Francisco) [21]. For the remaining 13 cities, we assumed that the proportion of all gonor-
rhea cases attributable to MSM is the same for each location (Table A in S1 Text). Despite this
assumption, we note that the calculated number of reported gonorrhea cases among the MSM
population of cities considered here (i.e., 5,285 per 100,000 MSM, Table A in S1 Text) is con-
sistent with the estimate of 5,241.8 per 100,000 MSM provided by the CDC’s Sexually Trans-
mitted Disease Surveillance 2018 report [1]. Fourth, we did not model specific antibiotics and
instead chose to model hypothetical drugs with properties similar to antibiotics commonly
used for the treatment of gonorrhea. Fifth, we assumed that the main public health response to
the increase in the prevalence of resistance to an antibiotic is to switch to a new drug. In prac-
tice, however, other approaches might be employed such as increasing the dosage of the antibi-
otic in the first-line therapy. Finally, we assume that an individual’s risk of infection depends
on the local prevalence of infection but in reality, some individuals might be at an additional
risk of infection depending on the extent to which they contact with individuals with other
regions [22].

Our model did not differentiate anatomic sites of infection. Incorporating the emergence
and transmission of AMR gonorrhea by sites of infection is challenged by the lack of data on
the prevalence of AMR gonorrhea at each of the sites, fitness differences by site, and transmis-
sion rates [23]. We also assumed complete adherence to the first-line treatment guidelines
(determined locally or nationally). While the actual treatment regimens used in the population
may differ from the recommended guidelines, recent studies estimate adherence to the CDC
guideline for the treatment of gonorrhea to be around 80% [3,24]. We assumed a homogenous
risk of infection among the members of the MSM population which does not differ across
individuals based on, for example, the number of sexual partners and/or condom use. Relaxing
these assumptions could improve the accuracy of projections made by our model, but it is not
expected to significantly affect the comparative evaluation of strategies considered here.

Implementing spatially-adaptive strategies to inform guidelines for the treatment of gonor-
rhea may be challenging. First, actionable surveillance of AMR gonorrhea may not be con-
ducted in every geographic region, thereby requiring a policy for how best to inform
guidelines for regions lacking surveillance. Second, revising the treatment guidelines at the
local level requires establishing and maintaining a standardized mechanism for communica-
tion between local health providers and policy makers monitoring the local trend in the spread
of AMR gonorrhea. Such a mechanism is essential to ensure the adherence of local health pro-
viders to the most recent treatment recommendations. Third, in 2017, GISP collected isolates
from STD clinics affiliated with 27 state or city health departments. Evidence is lacking about
the optimal number and geographic location of these sites if estimates of resistance prevalence
provided by these sites are used to inform local treatment guidelines. Finally, enhancing sur-
veillance systems to expand the geographic location of surveillance sites and to enable more
frequent reporting and evaluation of more gonococcal isolates would increase the cost of sur-
veillance. The value of strategies proposed here should be investigated through cost-effective-
ness analyses.
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In the future, the availability of point-of-care tests that also determine susceptibility to dif-
ferent antibiotics could inform the selection of antibiotics for the treatment of gonorrhea
[25,26]. Modeling studies show that these tests could slow the spread of AMR gonorrhea and
extend the usefulness of existing antibiotics for the treatment of gonorrhea [17,25,27]. Until
the widespread use of these tests, however, we need to continue improving our decision-mak-
ing in determining empiric treatment guidelines. While the feasibility and cost-effectiveness of
these proposed changes need to be studied, the analysis presented here highlights the impor-
tance of robust local surveillance systems to slow the spread of antibiotic-resistant strains and
to minimize the burden of gonorrhea. We demonstrated that using the data from surveillance
programs that can distinguish local variability in AMR may prolong the effective lifespan of
antibiotics without increasing the burden of the disease.
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population of men who have sex with men (MSM) and the rate of reported gonorrhea cases
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Table 1 with respect to the current policy using when the prevalence of resistance to Drug B is
zero. Fig L: Displaying 200 simulated trajectories from the calibrated model where the value of
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Table 1 with respect to the current policy using when the value of the transmission parameter
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