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Background. Neisseria gonorrhoeae (NG) has developed antimicrobial resistance (AMR) to multiple classes of antibiotics.
While treatment of symptomatic NG in groups, such as men who have sex with men (MSM), is crucial, screening programs
targeting asymptomatic NG cases may contribute to excessive antibiotic exposure of the population and thus to the emergence
of gonococcal AMR. Our primary aim was to assess if intense screening could promote AMR in NG.

Methods. We built a network-based model of NG transmission dynamics among MSM in Belgium to estimate the prevalence of
NG in the population and the risk of AMR. The model simulates daily transmission of NG among 3 anatomical sites in a population
of 10 000 MSM, grouped as low risk or high risk, over 10 years. The effect of group-wise variation in treatment efficacy levels and
screening intensities on NG prevalence and cumulative risk of AMR emergence was evaluated.

Results. Increasing screening intensity in the low-risk MSM had little effect on NG prevalence. An inverse correlation between
screening intensity in the high-risk group and both NG prevalence and the risk for azithromycin resistance was observed,
irrespective of the screening intensity in the low-risk group. High-risk MSM were at higher risk for azithromycin-resistant NG
in all screening intensity and treatment efficacy scenarios, compared to low-risk MSM.

Conclusions. Our results suggest that intensive screening in the low-risk population has little impact on prevalence but may
increase the probability of AMR emerging. In contrast, intensive screening in the high-risk population reduces both the

prevalence of NG and macrolide resistance.
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The incidence of Neisseria gonorrhoeae (NG) is increasing in
many European countries and elsewhere [1, 2]. Around half
of the reported gonorrhea cases in European countries (48%)
[1] and the United States (47%) [2] are attributed to men
who have sex with men (MSM). One of the responses to this in-
crease has been to intensify screening for NG among persons
with high-risk behavior [3]. Several national and international
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guidelines recommend at least annual screening for gonorrhea
and chlamydia (Chlamydia trachomatis) for sexually active
MSM, and every 3-6 months in those at highest risk [3-9]. A
concern with intensified screening is that it may accelerate
the acquisition and spread of antimicrobial resistance (AMR).
NG has developed resistance to all classes of antibiotics it has
been exposed to, including the currently recommended therapies
[10-12]. Currently, dual treatment with a combination of ceftriax-
one and azithromycin is the recommended treatment for gonor-
rhea in many countries including Belgium [13], whereas other
countries advocate ceftriaxone monotherapy [14]. Intensive
screening in MSM has been found to result in macrolide con-
sumption levels in excess of thresholds associated with the induc-
tion of resistance in a number of important pathogens [15-17].
No randomized clinical trials have evaluated if screening
MSM for NG has an effect on NG prevalence or the emergence
of AMR. A systematic review of observational studies found
that screening did not have a discernable effect on the preva-
lence of NG [18]. A number of individual- and ecological-level
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analyses of NG surveillance or self-reported NG diagnoses data
have likewise found that NG screening was not associated with
a decrease in NG incidence [19, 20]. Several modeling studies
have investigated the effect of screening intensity on NG prev-
alence and incidence [21-25]. While most of these studies
found a strong inverse correlation between screening intensity
and NG prevalence [22, 23, 25], none of them have included the
impact of screening on the probability of AMR emerging in NG
[21, 24, 25]. Likewise, a number of modeling studies have in-
cluded the aspect of antibiotic resistance in NG among MSM
but have not included the impact of sexually transmitted infec-
tion (STI) screening [26, 27].

Furthermore, few of these modeling studies have used net-
work or individual-based models of gonorrhea transmission
[21, 22, 28]. Network models allow for a more complex and
realistic structure of the contact network and behavioral
characteristics (eg, risk group, condom use) and are able to
account for all 3 anatomical sites of NG infection among
MSM (oropharynx, urethra, and rectum). Here, we describe
a network model of gonorrhea transmission in an MSM pop-
ulation in Belgium. Our primary aim was to assess if different
intensities of screening could induce antibiotic resistance in
N gonorrhoeae and, if so, what intensity conferred the great-
est risk.

METHODS

Overview

We developed a network model to investigate the dynamics of
NG transmission among MSM in Belgium. Separable temporal
exponential-family random graph models were used to fit and
simulate the structure of the sexual partnership network. The
model was developed as an extension of the EpiModel platform
(www.epimodel.org) and was based on the existing R package
EpiModelHIV by Jenness et al [29-31]. The original functions
were adapted and extended to account for 3 anatomical sites of
gonococcal infection and the Belgian MSM population
structure.

The individuals in the population were categorized into high
risk and low risk, depending on their risk-taking behaviors. We
estimated that 30% of the Belgian MSM population would be
eligible to receive preexposure prophylaxis (PrEP), which was
used as a proxy for high-risk behavior [32]. Eligibility criteria
for PrEP in Belgium are listed in the Supplementary
Materials. This estimate is similar to previously published esti-
mates from European studies [33, 34]. The remaining popula-
tion in the network was classified as low-risk MSM.

Furthermore, the model consisted of 2 interacting networks,
representing main and casual partnerships. Each individual in
the network had 3 anatomical sites to and from which gonor-
rhea transmission could occur: pharynx, urethra, and rectum.

All definitions, processes, and parameters in the model are de-
scribed in detail in the Supplementary Materials.

The parameters used to construct the network and inform
the processes in the model come from 2 separate sources.
Parameters regarding low risk come from a previously pub-
lished modeling study by Buyze et al, using the
Belgium-based participants of the 2010 European MSM
Internet Survey (EMIS) [21]. The parameters and code used
in this modeling study are open access [21]. Parameters for
the high-risk MSM in Belgium were estimated using individual
data from the PreGo study [35]. In the PreGo study, a cohort of
343 high-risk MSM were followed up as part of a clinical trial
that aimed to assess the efficacy of a mouthwash to prevent
STIs.

Partnership Formation and Dissolution

The formation of partnerships was similar for main and casual
partnerships and was affected by the total number of active
partnerships in the network and the risk group of the individ-
ual. The partnership dissolution is modeled as a memoryless
process depending on the relationship type and the individual’s
risk group. The estimates for main and casual partnerships
were calibrated to match the number of sex partners reported
in the source data.

Sex Acts and Behavioral Characteristics

At each time step, the number of sexual acts that occurred be-
tween 2 partners was calculated by random draws from a
Poisson distribution with a mean value depending on the
type of partnership and the risk group of the 2 partners. Each
sex act could be a combination of 6 sex types: oral, oral-anal,
and anal sex, each of which could be insertive or receptive.
For each sex act, a combination of sex types was randomly se-
lected based on the frequency reported among EMIS 2010 par-
ticipants as calculated by Buyze et al [21].

Condom use was implemented during anal sex only, as the
use of barrier precautions during oral or oral-anal sex is un-
common [36-38]. A proportion of the population was stochas-
tically assigned as consistent condom users with all casual
partners, while the rest of the population used condoms on a
per-act probability. The same per-act concept was applied to
condom use in main partnerships.

Neisseria gonorrhoeae Transmission

Directional transmission of N gonorrhoeae occurred stochasti-
cally given the active partnerships, the number of sex acts with-
in a pair, the sex type combinations, the sites involved within
each act, and their respective NG infection status, at each
time point. The per-act transmission probabilities (same for
both risk groups) depended only on the sites involved, the
sex role (insertive/receptive) of each partner, and condom
use (only for anal sex).

2 o OFID « Tsoumanis et al

€20z dunr 1.0 Uo Jasn IMOA-ONT 3@duioliaig Aq £G9980//G9 1 PEJO/#/01/3]011HE/pl}0/W oo dno"dlWwapede//:sdiy woly papeojumod



The presence of symptoms in each newly infected site was
determined by a random Bernoulli draw, with a different prob-
ability for each site. The incubation period of infection was not
taken into consideration and infected nodes were considered
infectious on the next time step (day). Appearance of symp-
toms was also assumed to happen immediately. Transmission
and symptom probabilities were unavailable in the source
data and were calibrated based on information from a literature
review (Supplementary Materials).

Treatment and Recovery
A diagnosis of NG could be made based on a positive testing
result. Such testing could either be initiated because of symp-
toms or because an individual attended an STI screening visit.
We assumed that 90% of MSM with symptomatic gonorrhea
seek testing [30, 39]. Individuals diagnosed with NG were as-
sumed to have a 100% probability to receive dual treatment
(ceftriaxone plus azithromycin), according to Belgian and
International ~ Union  Against  Sexually  Transmitted
Infections-Europe treatment guidelines [13]. We assumed
that NG infections could be detected as soon as day 7 after in-
fection. Receiving effective antibiotic treatment was assumed to
result in cure from NG across all anatomical sites [40-42]. We
evaluated 2 treatment efficacies of dual therapy: 90% and 99%.
Persons diagnosed with gonorrhea were assumed to stochas-
tically cease sexual activity for 7 days in accordance with cur-
rent Belgian recommendations [13]. Infected but untreated
individuals could return to a susceptible state through natural
clearance, which was modeled as a stochastic function with dif-
ferent recovery rates for each anatomical site. Expected times
for natural clearance were not available in the source data
and were calibrated. The expected time to recovery of treated
individuals was estimated to be 1 day [43, 44], and equal across
all 3 anatomical sites. Upon recovery, individuals were assumed

to be susceptible to immediate reinfection [45].

Screening, Treatment, and Antimicrobial Resistance
At each time step, individuals could be randomly selected
among all eligible individuals to be screened for NG. The selec-
tion depended on the proportion of the risk group we assumed
will attend a screening visit and the specified interval between 2
screening visits, which was different for each risk group.
Although there have been no documented cases of high-level
ceftriaxone resistance in Belgium, resistance to azithromycin has
increased from 0.2% to 18.6% over the past 8 years, despite the
use of dual therapy in this period [46]. The increase in azithro-
mycin resistance was most pronounced in MSM, reaching 28%
in 2021 versus 14% for heterosexuals [46]. Spontaneous emer-
gence and selection of NG resistance to azithromycin was deter-
mined by a stochastic process through a Bernoulli draw with a
fixed probability of 1 in 100 000 [47] among all NG-infected in-
dividuals who received treatment (and a probability of 1 in 1000

in a sensitivity analysis). Azithromycin-resistant cases of NG
could be transmitted to uninfected individuals and to individuals
infected with an azithromycin-susceptible NG. Due to the effect
of ceftriaxone, azithromycin-resistant cases would still be suscep-
tible to dual therapy with probabilities of eradication of 99% and
90% [48], and recovery would follow the same rules as the
azithromycin-susceptible NG cases. Otherwise, the resistant
NG-infected anatomical sites would switch to the uninfected
state through natural clearance. Once recovered, individuals
could be reinfected with NG. Persons who recovered through
natural clearance could be reinfected immediately. Among indi-
viduals who received dual therapy, the timing until potential re-
infection was determined by the differential elimination time of
azithromycin (15 days [49, 50]) and ceftriaxone (1 day [51]) from
the human body. Thus, reinfection with an azithromycin-
resistant NG could occur as soon as 1 day after dual treatment,
whereas reinfection with azithromycin-susceptible NG could
only happen after 15 days.

Simulation and Calibration

The model simulated a population of 10 000 MSM in Belgium.
Parameters for transmission probabilities, symptomatic infec-
tion, duration until natural clearance, and probability of absti-
nence in case of infection were not available in the data
sources, so we performed a literature review to identify esti-
mates of other clinical or modeling studies. Approximate
Bayesian computation with sequential Monte Carlo sampling
was used to estimate the parameters that were not available,
using the range of previously published parameters as prior
information. The expected median prevalence in the general
MSM population (both groups pooled) at the end of 10 years
in a scenario without any STI screening was used as a target
statistic (8.5% for pharynx, 1.5% for urethral, and 9% for rec-
tal NG [18, 35, 52]).

Analysis and Scenarios

The estimate of 99% treatment efficacy (baseline scenario) was
compared with the hypothesized efficacy probability (90%).
Twenty-five scenarios of different screening intensities (all pos-
sible combinations of 0, 10%, 20%, 30%, and 40% screening be-
tween the high- and low-risk MSM) were simulated for each
treatment efficacy estimate. Each scenario was simulated 1000
times over a period of 10 years after a burn-in period of 200
days, in daily time steps. Median prevalence and interquartile
range over time and at the last day of the 10-year period were
the primary endpoints to compare the effect of treatment effi-
cacy. In the case of azithromycin-resistant NG, we opted for the
mean period or cumulative prevalence (number of AMR cases
over the whole simulation period) with 95% confidence inter-
vals (CIs) instead of the median, due to the very small occur-
rence probability.
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Figure 1. Median Neisseria gonorrhoeae (NG) prevalence over time by anatomical site and azithromycin resistance. NG period prevalence over 3600 days by risk group for
each screening intensity scenario. Treatment efficacy is set at 99% (green, rectum; red, pharynx; blue, urethra; pink, high-risk men who have sex with men [MSM]; light blue,

low-risk MSM). Abbreviations: AMR, antimicrobial resistance; H, high risk; L, low risk.

RESULTS

Neisseria gonorrhoeae Prevalence

Rectal NG was most prevalent site of infection in all scenarios,
followed by pharyngeal and then urethral infections. Figure 1
provides the prevalence by anatomical site over time for 4 in-
dicative screening scenarios where the treatment efficacy is
set at 99%. The results for all scenarios and treatment efficacies
are presented in the Supplementary Materials. A clear negative
association between screening intensity among high-risk MSM
and NG prevalence can be observed throughout all scenarios.
Increasing screening intensity in the low-risk MSM has little ef-
fect on NG prevalence. The prevalence of NG stabilized over
time in all scenarios and the different scenarios were compared
based on the estimated prevalence at the end of 10 years of sim-
ulations (Table 1). Lowering treatment efficacy did not affect
the prevalence of NG, producing almost identical figures
(Supplementary Figures 18-22).

Antimicrobial-Resistant NG Prevalence

Even though the period prevalence over 3600 days for resis-
tance to azithromycin was higher in the high-risk group com-
pared to the low-risk group for all screening intensity scenarios,
it remained low for all scenarios (<0.76% of all NG infections)
(Figure 2; Table 2; Supplementary Materials, Section 6).
Azithromycin resistance was more prevalent when treatment
efficacy was reduced to 90% (Supplementary Table 10). For
both treatment efficacy scenarios, increasing screening in the
high-risk population decreased both the NG prevalence and
the risk for azithromycin resistance (Figure 2) irrespective of
the screening intensity in the low-risk group. Nevertheless,

high-risk MSM were at higher risk for azithromycin-resistant
NG in all screening intensity and treatment efficacy scenarios
(Figure 1; Supplementary Materials, Section 6.1). Overall, irre-
spective of treatment efficacy, intensive screening in the low-
risk group without screening high-risk MSM resulted in the
highest cumulative antibiotic consumption (Table 1; Figure 3).

Sensitivity Analysis

A sensitivity analysis with an increased probability of
azithromycin-resistant NG emergence at 1/1000 was per-
formed and resulted in more realistic figures (overall preva-
lence, 10.43% [95% CI, 9.8%-11.09%]). All results from the
sensitivity analysis are presented in the Supplementary
Materials.

DISCUSSION

Our model examined the impact of screening on NG preva-
lence and the emergence of gonococcal resistance to azithro-
mycin in an MSM population. In all 3 anatomical sites, and
in keeping with previous studies [22, 23, 25], we found a
dose-response effect between increased screening intensity
and reduced NG prevalence. Elimination of NG was not, how-
ever, observed in any scenario evaluated. High-risk MSM ap-
pear to play a critical role in the transmission of NG in
MSM, since any levels of screening in low-risk MSM had little
effect on NG prevalence.

Our model suggests that the period prevalence of resistance
to azithromycin was higher in the high-risk MSM in all scenar-
ios where resistance emerged, compared to the low-risk group.
This finding is in keeping with the frequent emergence of
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Table 1. Median Estimated Neisseria gonorrhoeae Prevalence at the End of 10 Years of Simulations by Screening Intensity Scenario for Treatment

Efficacy at 99%
Pharynx, Urethra, Rectum, No. of Antibiotic Treatments No. of Antibiotic Treatments

Screening Scenario Median (IQR) Median (IQR) Median (IQR) per 1000 PD (High Risk) per 1000 PD (Low Risk)
No screening 9.41 (8.97-9.83) 2.6 (2.45-2.77) 9.56 (9.12-9.99) 2.49 0.70
Screening 0%L 10%H 5.5 (5.03-5.95) 1.44 (1.31-1.58) 5.72 (5.2-6.14) 1.80 0.48
Screening 0%L 20%H 2.45 (2.05-2.81) 0.62 (0.5-0.73) 2.57 (2.15-2.95) 1.21 0.30
Screening 0%L 30%H 0.77 (0.52-1.07) 0.19(0.12-0.27) 0.81 (0.55-1.11) 0.80 0.19
Screening 0%L 40%H 0.17 (0.05-0.34) 0.04 (0.01-0.09) 0.18 (0.06-0.36) 0.56 0.13
Screening 10%L 0%H 9.11 (8.63-9.55) 2.5 (2.34-2.68) 9.25 (8.8-9.74) 2.44 0.70
Screening 10%L 10%H 5.21 (4.8-5.62) 1.37 (1.23-1.49) 5.42 (4.98-5.84) 1.75 0.47
Screening 10%L 20%H 2.21(1.82-2.66) 0.56 (0.45-0.68) 2.33(1.93-2.78) 1.15 0.30
Screening 10%L 30%H 0.66 (0.43-0.94) 0.17 (0.1-0.23) 0.69 (0.46-0.99) 0.76 0.19
Screening 10%L 40%H 0.14 (0.03-0.28) 0.03 (0-0.07) 0.14 (0.03-0.3) 0.54 0.13
Screening 20%L 0%H 8.88 (8.41-9.29) 2.43 (2.26-2.56) 9.06 (8.63-9.49) 2.41 0.70
Screening 20%L 10%H 5.03 (4.53-5.47) 1.31 (1.16-1.45) 5.22 (4.75-5.67) 1.71 0.47
Screening 20%L 20%H 2.03 (1.65-2.41) 0.5 (0.4-0.61) 2.12 (1.75-2.55) 1.12 0.29
Screening 20%L 30%H 0.58 (0.35-0.84) 0.14 (0.08-0.21) 0.61 (0.36-0.9) 0.74 0.18
Screening 20%L 40%H 0.11 (0.02-0.25) 0.02 (0-0.06) 0.12 (0.01-0.26) 0.52 0.13
Screening 30%L 0%H 8.71(8.25-9.11) 2.37 (2.21-2.52) 8.89 (8.46-9.32) 2.36 0.69
Screening 30%L 10%H 4.78 (4.32-5.2) 1.22 (1.1-1.36) 4.98 (4.54-5.43) 1.67 0.46
Screening 30%L 20%H 1.96 (1.59-2.34) 0.49 (0.38-0.6) 2.07 (1.66-2.48) 1.09 0.29
Screening 30%L 30%H 0.51 (0.31-0.78) 0.12 (0.07-0.19) 0.53 (0.32-0.82) 0.71 0.18
Screening 30%L 40%H 0.1 (0.01-0.23) 0.02 (0-0.06) 0.1 (0-0.24) 0.51 0.12
Screening 40%L 0%H 8.46 (8.04-8.92) 2.28 (2.13-2.45) 8.7 (8.27-9.13) 2.34 0.69
Screening 40%L 10%H 4.7 (4.25-5.09) 1.2 (1.08-1.33) 4.89 (4.44-5.32) 4.91 0.36
Screening 40%L 20%H 1.8(1.43-2.18) 0.45 (0.35-0.55) 1.91 (1.562-2.31) 3.17 0.22
Screening 40%L 30%H 0.47 (0.26-0.71) 0.11 (0.06-0.18) 0.5 (0.28-0.76) 2.09 0.14
Screening 40%L 40%H 0.06 (0-0.19) 0.01 (0-0.05) 0.06 (0-0.2) 1.49 0.09

Abbreviations: H, high risk; IQR, interquartile range; L, low risk; PD, person-days.

gonococcal AMR in core groups [53]. A plausible mechanism
for this finding is that the dense sexual network of this popula-
tion generates a high equilibrium prevalence of NG, which
places it at a high probability for AMR emerging if exposed
to high levels of antimicrobials [53]. The highest levels of azi-
thromycin resistance were observed in scenarios where
no screening was conducted in the high-risk group regardless
of screening intensity in the low-risk group. Even in the most
screening-intensive scenario for the low-risk group (annual
screening in 40% of the group), screening had little impact
on the prevalence of NG or azithromycin resistance. In con-
trast, screening in high-risk MSM had a large impact, even at
low intensity levels. A possible explanation for these findings
is that screening the more active individuals in the high-risk
population reduces the prevalence of NG over time to such
an extent that it reduces the cumulative number of NG infec-
tions (symptomatic or asymptomatic) requiring antibiotic ther-
apy. Screening among the low-risk MSM, however, reduces the
prevalence of NG only slightly, meaning that the residual symp-
tomatic NG cases plus the antimicrobials used in screening re-
sult in an increased probability of AMR emerging.

Our results thus suggest that intensive screening in the low-
risk population has little impact on prevalence but may increase

the probability of AMR emerging via increasing antimicrobial
consumption. In contrast, intensive screening in the high-risk
population reduces both the prevalence of NG and macrolide
resistance.

Unsurprisingly, we found that the risk of AMR emerging was
highest when the treatment efficacy decreased. While it may be
objected that a prevalence of 10% combined resistance to ceftri-
axone and azithromycin (90% treatment efficacy scenarios) is
unrealistic, a recent study from China has reported combined
ceftriaxone/azithromycin resistance/reduced susceptibility
prevalence of 9.3% [54]. Our findings suggest that the optimal
screening intensity may vary according to local prevalence of
resistance to the antimicrobials used for treating NG.

The prevalence of gonococcal resistance to azithromycin that
emerged in all scenarios in our model was considerably lower
than the actual prevalence of azithromycin observed in
Belgian MSM over the past 8 years, which increased from
0.2% in 2013 to 28% in 2021 [46]. This may be explained by
our 1/100 000 probability of azithromycin resistance emerging
being too low or by the fact that we did not incorporate the op-
tion of AMR emerging via horizontal gene transfer from com-
mensal Neisseria species or bystander selection [55]. Bystander
selection refers to the process whereby an antibiotic given to
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Figure 2. Azithromycin-resistant Neisseria gonorrhoeae period prevalence over 3600 days by screening intensity and treatment efficacy. Actual results from the screening
combinations are depicted with a circle. Abbreviation: AMR, antimicrobial resistance.

Table 2. Mean Azithromycin-Resistant Neisseria gonorrhoeae Period Prevalence at the End of 10 Years of Simulations by Screening Intensity and
Treatment Efficacy for the Overall Men Who Have Sex With Men Population and by Risk Group

Treatment Efficacy
High Risk, Low Risk,
% (95% ClI) % (95% ClI) % (95% Cl)
Period Prevalence 99% 90% 99% 90% 99% 90%
No screening 0.17 (.1-0.28) 0.33 (.23-0.47) 0.24 (.1-.53) 0.48 (.26-.84) 0.14 (.07-.28) 0.26 (.16-.43)
Screening 0%L 10%H 0.07 (.03-.16) 0.1 (.05-.19) 0.15 (.05-.41) 0.2 (.07-.48) 0.04 (.01-.14) 0.05 (.01-.16)
Screening 0%L 20%H 0.01 (0-.07) 0.05 (.02-.14) 0.02 (0-.22) 0.11 (.03-.36) 0 (0-.09) 0.03 (0-.12)
Screening 0%L 30%H 0 (0-.06) 0.01 (0-.07) 0.01 (0-.2) 0.02 (0-.22) 0 (0-.08) 0 (0-.09)
Screening 0%L 40%H 0 (0-.06) 0 (0-.06) 0.01 (0-.2) 0.01 (0-.2) 0 (0-.08) 0 (0-.08)
Screening 10%L 0%H 0.25 (.16-.38) 0.42 (.3-.58) 4(.21-74) 0.76 (.48-1.18) 0.19 (.1-.34) 0.28 (.17-.45)
Screening 10%L 10%H 0.05 (.02-.13) 0.09 (.04-.18) 0.09 (.02-.33) 0.19 (.07-.47) 0.03 (0-.13) 0.05 (.01-.15)
Screening 10%L 20%H 0.05 (.02-.13) 0.04 (.01-.11) 1(.02-.34) 0.08 (.01-.31) 0.03 (0-.12) 0.02 (0-.11)
Screening 10%L 30%H 0.01 (0-.06) 0.03 (.01-.1) 0.01 (0-.2) 0.06 (.01-.29) 0 (0-.08) 0.02 (0-.11)
Screening 10%L 40%H 0.01 (0-.07) 0.01 (0-.07) 0.02 (O 23) 0.02 (0-.21) 0.01 (0-.09) 0 (0-.09)
Screening 20%L 0%H 0.16 (.09-.27) 0.27 (.18-.4) 0.28 (.12-.58) 0.47 (.26-.83) 0.1 (.04-.23) 0.18 (.1-.33)
Screening 20%L 10%H 0.06 (.02-.14) 0.11 (.05-.21) 0.11 (.03-.36) 0.22 (.08-.51) 0.03 (.01-.13) 0.06 (.02-.17)
Screening 20%L 20%H 0.01 (0-.07) 0.1 (.05-.2) 0.02 (O 23) 0.19 (.07-.46) 0.01 (0-.09) 0.06 (.02-.17)
Screening 20%L 30%H 0.01 (0-.07) 0.02 (0-.08) 0.02 (0-.21) 0.04 (0-.24) 0 (0-.09) 0.01 (0-.09)
Screening 20%L 40%H 0 (0-.06) 0.02 (0-.08) 0(0-.19) 0.04 (0-.25) 0 (0-.08) 0.01 (0-.09)
Screening 30%L 0%H 0.05 (.02-.13) 0.38 (.27-.53) 0.11 (.03-.36) 0.61 (.37-1) 0.03 (0-.12) 0.28 (.17-.45)
Screening 30%L 10%H 0.09 (.04-.18) 0.15 (.08-.25) 0.17 (.06-.44) 0.29 (.13-.61) 0.06 (.01-.16) 0.08 (.03-.2)
Screening 30%L 20%H 0.01 (0-.07) 0.03 (.01-.1) 0.02 (0-.22) 0.06 (.01-.29) 0 (0-.09) 0.02 (0-.11)
Screening 30%L 30%H 0.01 (0-.07) 0.01 (0-.07) 0.02 (0-.22) 0.02 (0-.21) 0 (0-.09) 0 (0-.09)
Screening 30%L 40%H 0 (0-.06) 0.01 (0-.07) 0.01 (0-.2) 0.02 (0-.23) 0 (0-.08) 0.01 (0-.09)
Screening 40%L 0%H 0.3 (.2-.44) 0.33 (.22-.47) 0.48 (.26-.84) 0.57 (.33-.95) 0.23 (.13-.38) 0.22 (.13-.38)
Screening 40%L 10%H 0.04 (.01-.12) 0.1 (.05-.19) 0.09 (.01-.32) 0.19 (.07-.46) 0.02 (0-.11) 0.06 (.02-.17)
Screening 40%L 20%H 0.03 (.01-.1) 0.03 (0-.1) 0.06 (.01-.28) 0.05 (0-.27) 0.02 (0-.11) 0.01 (0-.1)
Screening 40%L 30%H 0 (0-.06) 0.02 (0-.08) 0.01 (0-.2) 0.03 (0-.24) 0 (0-.08) 0.01 (0-.09)
Screening 40%L 40%H 0 (0-.06) 0.01 (0-.06) 0(0-.19) 0.01 (0-.2) 0 (0-.08) 0 (0-.08)

Abbreviations: Cl, confidence interval; H, high risk; L, low risk.
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Figure 3. Cumulative number of antibiotic treatments administered in the population over 10 years for each screening intensity scenario and treatment efficacy.

treat 1 infection induces AMR in other bacteria that are resi-
dent at the time of receipt of the antibiotic [56]. Bystander se-
lection has been estimated to drive 5%-98% of AMR in NG
[56]. The use of macrolides to treat other STIs such as chlamyd-
ia and Mycoplasma genitalium is an important determinant of
total macrolide consumption in MSM [16]. Horizontal transfer
of resistance conferring DNA from commensal Neisseria spe-
cies to NG was shown to have played an important role in
the genesis of gonococcal resistance to macrolides and other
antimicrobials [57, 58]. Because the prevalence of commensal
Neisseria is close to 100%, these bacteria are particularly affect-
ed by bystander selection [59]. We plan to incorporate bystand-
er selection and horizontal gene transfer from commensal
Neisseria in future iterations of this model.

Our model has a number of other limitations. First, treat-
ment was assumed to be uniform across all 3 anatomical sites
of infection, disregarding poorer azithromycin penetration
into the oropharynx, which could lower the efficacy of treat-
ment against NG. Second, we lacked accurate estimates of a
number of the model parameters such as transmission efficacy
and duration of infection, as well as accurate behavioral data by
risk group. We did not explicitly include an incubation period
of NG in the model; however, we did specify a delay of 7 days
between infection and the diagnosis of NG, to account for the
incubation period and diagnostic delays. The structure of the
model, although allowing for fine-grained description of the
population, still deviates from reality due to practical limita-
tions, mainly in the form of lack of good-quality data. Our
model does not include the age of individuals or any temporal
changes, either in the consistency of the population (no entries
or exits from the network) or in the behavioral characteristics
of individuals (people cannot change risk group over time).
Despite the many limitations, our study also has significant

strengths, as it attempts to explain the complex mechanism
of NG transmission and AMR emergence in a highly detailed
network model. Previously published models either used a
compartmental approach, did not include details on all 3 ana-
tomical sites, or did not include antibiotic intake and the emer-
gence of antimicrobial-resistant NG in the population [21-23,
26, 27, 30]. Future models that are better able to capture the
pathways whereby NG acquires AMR will hopefully more pre-
cisely delineate the optimal NG screening intensity in MSM
that has the maximal effect on lowering NG prevalence and
the least risk of inducing AMR.
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authors, so questions or comments should be addressed to the correspond-
ing author.
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