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A B S T R A C T

Background: This study aimed to examine the transmission dynamics of Neisseria gonorrhoeae (NG) in hetero-
sexual sex work networks (HSWNs) and the impact of variation in sexual behavior and interventions on NG
epidemiology.
Methods: The study employed an individual-based mathematical model to simulate NG transmission dynamics in
sexual networks involving female sex workers (FSWs) and their clients, primarily focusing on the Middle East and
North Africa region. A deterministic model was also used to describe NG transmission from clients to their
spouses.
Results: NG epidemiology in HSWNs displays two distinct patterns. In the common low-partner-number HSWNs,
a significant proportion of NG incidence occurs among FSWs, with NG prevalence 13 times higher among FSWs
than clients, and three times higher among clients than their spouses. Interventions substantially reduce inci-
dence. Increasing condom use from 10 % to 50 % lowers NG prevalence among FSWs, clients, and their spouses
from 12.2 % to 6.4 %, 1.2 % to 0.5 %, and 0.4 % to 0.2 %, respectively. Increasing symptomatic treatment
coverage among FSWs from 0 % to 100 % decreases prevalence from 10.6 % to 4.5 %, 0.8 % to 0.4 %, and 0.3 %
to 0.1 %, respectively. Increasing asymptomatic treatment coverage among FSWs from 0 % to 50 % decreases
prevalence from 8.2 % to 0.4 %, 0.6 % to 0.1 %, and 0.2 % to 0.0 %, respectively, with very low prevalence when
coverage exceeds 50 %. In high-partner-number HSWNs, prevalence among FSWs saturates at a high level, and
the vast majority of incidence occurs among clients and their spouses, with a limited impact of incremental
increases in interventions.
Conclusion: NG epidemiology in HSWNs is typically a "fragile epidemiology" that is responsive to a range of
interventions even if the interventions are incremental, partially efficacious, and only applied to FSWs.

1. Introduction

Gonorrhea is a common bacterial sexually transmitted infection (STI)

caused by Neisseria gonorrhoeae (NG) (Unemo et al., 2019; Kirkcaldy
et al., 2019). NG infects exposed urogenital, anorectal, or oropharyngeal
mucosa, but the infection is typically asymptomatic and thus
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undiagnosed and untreated, particularly in women (Unemo et al., 2019;
Kirkcaldy et al., 2019; Neslon and Williams, 2007). Untreated infection
can lead to a range of complications including vaginal discharge and
bleeding, urethritis, cervicitis, pelvic inflammatory disease, ectopic
pregnancy, and infertility (Unemo et al., 2019; Kirkcaldy et al., 2019;
Chemaitelly et al., 2021). The World Health Organization (WHO) esti-
mated that in 2016 the global prevalence of NG among adults 15–49
years of age was 0.9 % in women and 0.7 % inmen (Rowley et al., 2019).
Recent data suggest increasing incidence of NG infection in a number of
countries (Fu et al., 2022; Centers for Disease Control and Prevention,
2019; Gonorrhoea European Centre for Disease Prevention and Control.
Annual epidemiological report, 2018).

NG infection can be promptly and effectively treated and cured
within just a few days using appropriate antibiotics administered orally
or intramuscularly (World Health Organization, 2023a; Centers for
Disease Control and Prevention, 2023). Leading health organizations,
including the WHO and the Centers for Disease Control and Prevention,
have established treatment guidelines for gonorrhea (World Health
Organization, 2023a; Centers for Disease Control and Prevention, 2023).
While these guidelines are widely recognized for their effectiveness in
treating this infection, gonorrhea has become a significant global health
concern due to widespread antimicrobial resistance (AMR) and the
emergence of multiple extensively drug-resistant strains (Wi et al., 2017;
Lewis, 2014; Bolan et al., 2012; Kirkcaldy et al., 2016). The treatment of
this infection has become more challenging, and this has complicated
efforts to control its spread.

The WHO declared NG (gonococcal) AMR a global high priority
(World Health Organization, 2017) and launched a global action plan to
control NG transmission (World Health Organization, 2023b). Addi-
tionally, WHO published a "Global Health Sector Strategy on STIs" to
address the burden of STIs as a major public health issue (World Health
Organization, 2022). The goal of this Strategy is to achieve a 90 %
reduction in the incidence of NG infection worldwide by 2030 through
evidence-based interventions and expanding access to quality preven-
tive, diagnostic, and therapeutic services (World Health Organization,
2022). It is essential to address the problem of AMR in gonorrhea and to
implement effective strategies to prevent and control its spread. Failure
to do so could result in increased morbidity, higher healthcare costs, and
a significant public health burden.

NG infection is often concentrated among specific populations,
particularly female sex workers (FSWs) and their male clients (Brunham
and Plummer, 1990), who define together a heterosexual sex work
network (HSWN). This infection is commonly associated with recent
unprotected sex with a new sexual partner (Rogers et al., 2002; Turner
et al., 2002). However, the impact of sexual networks, whether HSWN or
other sexual networks, on the epidemiology of NG infection and other
STIs remains inadequately understood (Morris, 1997; Omori and
Abu-Raddad, 2017). Various metrics of sexual networks seem to affect
different STIs differently (Omori and Abu-Raddad, 2017). Therefore,
developing a better understanding of NG transmission dynamics among
populations most affected by this infection is critical to achieving global
public health goals for it. According to the WHO Strategy mentioned
above, achieving these goals will also require efforts to address
discrimination, stigma, and criminalization of key populations,
including sex workers and their clients, which exacerbate risk of infec-
tion and prevent the use of health services.

Building on a recently constructed and calibrated individual-based
mathematical model for HSWNs and HIV transmission dynamics
among FSWs and their clients in these networks (Chemaitelly et al.,
2022), a model was developed to simulate the transmission dynamics of
NG within these networks. The model was utilized to investigate the
influence of sexual behavior summary measures on the spread of NG
among FSWs, their clients, and the clients’ stable sexual partners or
spouses, referred to as client spouses. Additionally, the study investi-
gated the effects of three interventions - condom use and the treatment
of symptomatic and asymptomatic infections - on transmission

dynamics.
The protracted armed conflicts, economic crises, and massive forced

displacements that have affected the Middle East and North Africa
(MENA) region have raised concerns about the transmission of STIs,
particularly through commercial sex (Hankins et al., 2002; Mumtaz
et al., 2022). The structural determinants of STI transmission dispro-
portionately impact conflict-affected populations, with displaced
women being vulnerable due to sexual violence, sex trafficking, and
forced or transactional sex work (Hankins et al., 2002; Mumtaz et al.,
2022; Yasmine and Moughalian, 2016; Charles and Denman, 2013).
Given our broader research focus on the vulnerabilities of this region
and the availability of current systematic data to inform model data
inputs (Chemaitelly et al., 2019a, 2019b), MENA was selected as a pri-
mary regional focus for this study.

While we utilized data from the MENA region to parameterize
certain model parameters, the study also aimed to generate generic
theoretical results of relevance to the global epidemiology of NG infec-
tion, irrespective of the region. To achieve this objective, a range of
analyses were conducted at diverse parameter values, extending well
beyond those specific to MENA. By providing such a theoretical un-
derstanding of the epidemiology of this infection in HSWNs, this study
aligns with the Global Health Sector Strategy on STIs, emphasizing the
need for a better understanding of NG transmission dynamics among
populations most affected by this infection (World Health Organization,
2022).

2. Materials and methods

2.1. Mathematical model for female sex workers and male clients

An individual-based Monte Carlo simulation model was developed to
simulate sexual networks of FSWs and male clients, and to simulate the
transmission of NG within these networks. The model was adapted from
a recently published model that described HIV transmission dynamics in
HSWNs (Chemaitelly et al., 2022). To represent the natural history of
NG infection, the model was modified by changing the modeled HIV
infection to match the progression of NG infection, as illustrated in
Fig. 1. The NG model structure was developed using earlier STI models
(Omori and Abu-Raddad, 2017; Johnson and Geffen, 2016; Ghani and
Garnett, 2000) as a reference. A summary of the model description is
provided below, while additional details can be found in the previous
publication and its supplementary material (Chemaitelly et al., 2022).

The sexual network was constructed by simulating cohorts of FSWs
and clients (regular and non-regular/one-time) who form and dissolve
sexual partnerships, enter and exit the network, or acquire and transmit
NG infection through sex at monthly time steps in each simulation run.
The number of sexual partnerships formed by each client with FSWs
followed a gamma distribution, as suggested by sexual network and
behavioral studies (Omori and Abu-Raddad, 2017; Chemaitelly et al.,
2019a; Hamilton et al., 2008; Handcock and Jones, 2004; Omori et al.,
2015). Each month, every regular or non-regular client may form a new
partnership with one or more FSWs, based on a random probability
drawn from the gamma distribution. The mean and variance in the
number of partnerships among clients (and consequently among FSWs)
are determined from this distribution.

Existing partnerships dissolve stochastically assuming an exponen-
tial distribution at a rate that is inversely proportional to the duration of
the partnership. Clients randomly selected FSW partners, but different
clients had different propensities to form partnerships, a situation
known as proportionate mixing (Omori and Abu-Raddad, 2017; Garnett
and Anderson, 1993).

To reduce complexity, the individual-based model only accounted
for sexual partnerships between clients and FSWs. Although clients and
FSWs may have spouses and other sexual partners, these partners are
more likely to acquire the infection from clients and FSWs, rather than
bringing the infection into the HSWN, thus reducing their role in the
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transmission dynamics (Chemaitelly et al., 2019a; Mumtaz et al., 2013;
Kouyoumjian et al., 2018; Abu-Raddad et al., 2010a).

In the simulations, FSWs and clients exited the sexual network due to
natural mortality or if the FSW ceased to practice sex work or if the client
ceased to buy sex from FSWs (Fig. 1). Individuals who exited the
network were replaced by new persons with no history of NG infection,
thus maintaining a fixed cohort size for FSWs and clients.

The probability of NG transmission in a partnership between a client
and a FSW was calculated using the binomial model (Chemaitelly et al.,
2022; Røttingen and Garnett, 2002), which takes into account the

probability of NG transmission per coital act and the number of coital
acts per time step in this partnership. The probability of transmission per
coital act varied depending on the sex of the infected partner and
whether a condom was used during sex. Treated individuals were
assumed to be non-infectious. The number of coital acts and duration of
partnership varied based on whether the client was a regular or
non-regular client.

The natural history of NG infection was modeled as a progression
from a susceptible state to either symptomatic or asymptomatic infec-
tion, followed by a short-term temporary immunity (Fig. 1). Progression

Fig. 1. Basic structure of the mathematical model. A) Schematic diagram describing the natural history of NG infection and effects of interventions on this natural
history. B) Schematic diagram describing the modeled transmission dynamics in the heterosexual sex work network. Abbreviations: NG: Neisseria gonorrhoeae, FSW:
female sex worker.
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through the natural history was modeled stochastically following an
exponential distribution, with a rate of the inverse of the duration of
each stage.

Condom use, as well as screening and treatment for both symptom-
atic and asymptomatic infections, were randomly assigned based on the
coverage of each intervention in the population at each given time step.
For example, in the treatment intervention, a specific probability was
assigned to screen and treat newly infected individuals, defining the
intervention’s coverage. A 50 % coverage indicated a 50 % probability
of being screened and treated. Upon treatment, individuals were
considered immediately non-infectious, with no alteration in their sex-
ual behavior. Treated individuals who were not immune were assumed
to be immediately (within the same time step) susceptible to reinfection.

At each time step in the model simulations, all variables were
updated following a specific sequential order of events based on event
probabilities and their occurrence. The order included updating deaths
and births, followed by partnership dissolution and formation, infection
transmission from FSWs to clients, infection transmission from clients to
FSWs, recovery from infection through natural recovery or treatment,
and lastly, waning of immunity. Notably, this is a two-sex model. If a
client becomes infected at a given time step, their status changes to
infected, immediately introducing the risk that their uninfected FSW
partners may also become infected within the same time step. Therefore,
it is possible for a client to become infected and subsequently infect
FSWs within the same time step.

Similarly, if an individual’s status changes to infected, there is an
immediate likelihood of treatment within the same time step. Hence, an
individual can be infected and treated within the same time step. After
all events and variables are updated at each time step, the prevalence of
infection among clients and FSWs, as well as other summary statistics,
are calculated for that specific time step.

2.2. Mathematical model for clients and their spouses

To model NG transmission from clients to their spouses, a separate
deterministic model was used, which took the output of the individual-
based model for clients as input (Chemaitelly et al., 2022). The use of a
deterministic model was motivated by computational efficiency and by
the fact that the transmission in this case is one-directional and unlikely
to be significantly affected by stochastic and non-linear effects. We
assumed that all NG incidence among spouses occurred through trans-
mission from an infected client, as the risk of infection from other
sources should be minimal compared to the risk of infection from the
client (Chemaitelly et al., 2019a; Mumtaz et al., 2013; Kouyoumjian
et al., 2018; Abu-Raddad et al., 2010a).

This deterministic modeling component was included to investigate
a critical aspect of NG and other STIs epidemiology, often overlooked
(Smolak et al., 2019; Land and Ambrosino, 2019). While the core dy-
namics of NG transmission are among FSWs and their clients, a sub-
stantial portion of NG incidence can occur among spouses of clients who
engage in no sexual risk behavior. These spouses are consequently
affected by a range of adverse reproductive outcomes due to the in-
fection’s disproportionate disease burden among women (Unemo et al.,
2019; Kirkcaldy et al., 2019; Chemaitelly et al., 2021; Smolak et al.,
2019; Land and Ambrosino, 2019).

To estimate the number of NG transmissions from clients to spouses,
we used the proportion of clients who were in spousal partnerships, the
NG prevalence among clients, and the probability of NG transmission
per partnership. The probability of transmission per partnership was
estimated using the binomial model (Chemaitelly et al., 2022; Røttingen
and Garnett, 2002), which took into account the probability of trans-
mission per coital act, the number of coital acts per partnership, and the
coverage of condom use.

The models were coded and all analyses were conducted in MATLAB
R2019a (The MathWorks and Inc, 2019). Simulations were conducted
using the Red Cloud infrastructure of Cornell University (Red Cloud).

2.3. Model parameters and data sources

The model parameters were selected based on current knowledge
and understanding of NG infection natural history and epidemiology.
The sources used to determine the parameter values include a compre-
hensive study on STI models and parameters by Johnson and Geffen
(Johnson and Geffen, 2016), the WHO STI estimation model (Rowley
et al., 2019), and two systematic reviews on STI/HIV prevalence and
sexual behavior among FSWs and clients in MENA (Chemaitelly et al.,
2019a, 2019b). Table 1 provides a list of the model parameters and their
corresponding references.

2.4. Model simulations

The model was initially run for 20 years without NG introduction to
ensure the equilibrium of the sexual network structure. After that, NG
infection was seeded, and the model was run for an additional 30 years
as a "burn-in" period to ensure endemic equilibrium. To prevent sto-
chastic extinction in the finite simulated network, one NG infection
among FSWs was seeded every month. All analyses were implemented at
endemic equilibrium to separate the epidemiological effects from the
transient temporal effects.

The model was subsequently fitted to the pooled mean prevalence of
current NG infection among FSWs in MENA (Chemaitelly et al., 2019b)
to estimate the mean number of partnerships among clients per month.
This MENA model was designated as the baseline model for this study.
Nonlinear least-squares fitting using the Nelder-Mead simplex algorithm
was implemented iteratively to generate a set of 50 best model fits
(Chemaitelly et al., 2022; Lagarias et al., 1998). A best fit was defined by
a relative error of less than 5 % between model prediction and empirical
data. The final best model fit was determined as the most probable value
for the mean number of partnerships among clients per month among
these 50 best fits.

Subsequently, the mean number of partnerships among clients and
the variance were sampled from plausible ranges (Table 1) to generate
100 distinct dynamic sexual networks. These networks were intended to
represent the global variation in the epidemiology of NG within sexual
networks. Each of the 100 dynamic networks maintained the same
sampled parameters (mean number of partnerships among clients and
variance) in the subsequent simulations described below.

Networks were classified as low-risk, intermediate-risk, or high-risk
based on the mean number of partnerships among clients: <0.8, ≥0.8
but <1.5, and ≥1.5, per month, respectively. The MENA network is an
example of a low-risk network (mean number of partnerships of 0.3 per
month). A very low-risk network was defined as having a mean number
of partnerships ≤0.1 per month. This classification was informed by the
dependence of prevalence on the mean number of partnerships (Fig. 2).
NG prevalence and incidence obviously increase with higher risk clas-
sification. Each of the 100 networks underwent 500 simulation runs to
account for stochasticity, with each run using different random seeds.
This simulation approach balanced computational efficiency with a
thorough exploration of network variability.

To explore the impact of interventions, additional simulations were
conducted by sampling condom use coverage, symptomatic treatment
coverage among FSWs, and asymptomatic treatment coverage among
FSWs from broad ranges (Table 1). Treatment coverage was increased by
raising the probability of an infection being treated, which implicitly
reduced the average duration of infection in the population. Each
intervention was assessed separately using 500 simulation runs at
different levels of coverage while keeping sexual behavior parameters at
their MENA baseline values (a low-risk network). Similar analyses were
conducted for a high-risk network. The objective was to examine the
effects of condom use and symptomatic and asymptomatic treatment on
NG transmission dynamics in the global context.

H.H. Ayoub et al.
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Table 1
Model parameters.

Parameter Value Justification/Source

Natural history and
transmission parameters

Proportion of infections that
become symptomatic

Women 34 % Based on review of the literature
and WHO STI estimation model (
Rowley et al., 2019; Newman et al.,
2015).

Men 64 % Based on review of the literature
and WHO STI estimation model (
Rowley et al., 2019; Newman et al.,
2015).

Average duration of natural (i.
e. untreated) infection

Women 6 months Based on review of the literature
and WHO STI estimation model (
Rowley et al., 2019; Newman et al.,
2015).

Men 5 months Based on review of the literature
and WHO STI estimation model (
Rowley et al., 2019; Newman et al.,
2015).

Average duration of natural
temporary immunity

Women 12 months Based on review of the literature
and Johnson and Geffen model (
Johnson and Geffen, 2016).

Men 12 months Based on review of the literature
and Johnson and Geffen model (
Johnson and Geffen, 2016).

Transmission probability per
coital act

From women to men 0.2 Based on empirical data and
quantitative estimates (Johnson and
Geffen, 2016; Platt et al., 1983; Lin
et al., 1998; Orroth et al., 2007;
Bracher et al., 2003; Korenromp
et al., 2000; Ghani and Aral, 2005).

From men to women 0.4 Based on empirical data and
quantitative estimates (Johnson and
Geffen, 2016; Orroth et al., 2007;
Bracher et al., 2003; Korenromp
et al., 2000; Ghani and Aral, 2005;
Holmes et al., 1970; Hooper et al.,
1978).

Treatment-related
parameters

Duration of infection if
treated

FSWs 4 weeks Based on review of the literature
and WHO STI estimation model (
Rowley et al., 2019; Newman et al.,
2015).

Clients of FSWs 2 weeks Based on review of the literature
and WHO STI estimation model (
Rowley et al., 2019; Newman et al.,
2015).

Symptomatic treatment
coverage

FSWs 0–100 % This parameter was varied to
generate Fig. 5A− 5 C and was set at
35 % for the baseline model for
MENA based on WHO STI
estimation model (Rowley et al.,
2019; Newman et al., 2015).

Clients of FSWs 48 % Based on WHO STI estimation
model (Rowley et al., 2019;
Newman et al., 2015).

Asymptomatic treatment
coverage

FSWs 0–100 % This parameter was varied to
generate Fig. 5D− 5 F and was set at
3.5 % for the baseline model for
MENA based on WHO STI

Table 1 (continued )

Parameter Value Justification/Source

estimation model (Rowley et al.,
2019; Newman et al., 2015).

Clients of FSWs 4.8 % Based on WHO STI estimation
model (Rowley et al., 2019;
Newman et al., 2015).

Proportion of infected
immune after treatment
cure

50 % Based on Johnson and Geffen model
(Johnson and Geffen, 2016).

Cohort size in the modeling
simulations

FSWs 600 Informed by HIV modeling work for
MENA (Chemaitelly et al., 2022).

Clients of FSWs 6000 Assumed to be ten times larger than
the size of the FSW population as
informed by a systematic review of
sexual behavior data among FSWs
and clients in MENA (Chemaitelly
et al., 2019a) and earlier modeling
studies (Chemaitelly et al., 2022;
Mumtaz et al., 2013; Kouyoumjian
et al., 2018).

Sexual behavior parameters
Number of coital acts with a
FSW

Regular clients 3 acts per
month

Informed by a systematic review of
sexual behavior data among FSWs
and clients in MENA (Chemaitelly
et al., 2019a).

One-time clients 1 act per
month

Informed by a systematic review of
sexual behavior data among FSWs
and clients in MENA (Chemaitelly
et al., 2019a).

Partnership duration with a
FSW

Regular clients 3 months Informed by a systematic review of
sexual behavior data among FSWs
and clients in MENA (Chemaitelly
et al., 2019a).

One-time clients 1 month Informed by a systematic review of
sexual behavior data among FSWs
and clients in MENA (Chemaitelly
et al., 2019a).

Proportion of clients in stable
partnerships

56.4 % Pooled estimate based on data of
Demographic and Health Surveys
for MENA countries (The United
States Agency for International
Development USAID, 2021).

Number of coital acts with
spouses for regular and one-
time clients

25 acts per
year

Reasonable value informed by
earlier modeling work (Chemaitelly
et al., 2022; Mumtaz et al., 2013;
Kouyoumjian et al., 2018).

Mean number of partnerships
among clients per month

0.05–5.0 This parameter was varied to
generate Fig. 2. The parameter was
estimated in MENA by fitting model
output to the pooled prevalence of
current NG infection among FSWs (
Chemaitelly et al., 2019b).

Variance in the number of
partnerships among clients
per month2

0.01–5.0 This parameter was varied to
generate Fig. 3. The parameter was
set at 0.2 per month2 for the
baseline MENA model as informed
by HIV modeling work for MENA (
Chemaitelly et al., 2022).

Duration of practice of sex
work
Duration of clients buying
sex from FSWs

35 years
35 years

Informed by a systematic review of
sexual behavior data among FSWs
and clients in MENA (Chemaitelly
et al., 2019a).
Reasonable assumption.

Intervention-related
parameters

Condoms
Effectiveness in reducing NG
transmission

80 % Informed by findings of
observational studies for protection
against HIV infection (Weller, 2001;
Hughes et al., 2012; Pinkerton et al.,
1998).

(continued on next page)
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2.5. Outcome measures

The output of the simulations was used to estimate prevalence of
current NG infection and NG incidence among FSWs, clients, and client

spouses. The prevalence of current NG infection was defined as the
proportion of the population currently infected with NG at each time
step, while NG incidence was defined as the number of new infections
per unit time. The population share of FSWs, clients, and client spouses
in the total NG incidence, indicating the relative contribution of each
group to the overall NG incidence within the HSWN, was also calculated.

The means of the distributions of outcome measures over 500
simulation runs were used for model predictions. This number of sim-
ulations was found to provide minimal variation in the mean and dis-
tribution of the outcome measures. For computational efficiency, after
experimenting with different cohort sizes and for consistency with
related published HIV analyses (Chemaitelly et al., 2022), simulations
were performed using a cohort of 600 FSWs and 6000 clients (one-third
of which are regular and two-thirds are non-regular/one-time clients),
as informed by MENA data (Chemaitelly et al., 2019a, 2019b).

2.6. Sensitivity analyses

Sensitivity analyses were conducted to assess the impact of various
parameters on the model’s outcomes. These analyses covered: 1) the
ratio of clients per FSW, 2) the number of coital acts per partnership
between clients and FSWs, 3) the number of coital acts per partnership

Table 1 (continued )

Parameter Value Justification/Source

Coverage in commercial sex 0–100 % This parameter was varied to
generate Fig. 4. The parameter was
set at 52.2 % for the baseline MENA
model based on a systematic review
of sexual behavior data among
FSWs and clients in MENA (
Chemaitelly et al., 2019a).

Coverage in spousal
partnerships*

2.9 % Pooled estimate based on data of
Demographic and Health Surveys
for MENA countries (The United
States Agency for International
Development USAID, 2021).

Abbreviations: FSW: female sex worker, MENA: Middle East and North Africa,
NG: Neisseria gonorrhoeae, STI: sexually transmitted infection, WHO: World
Health Organization.
* Proportion of women reporting condoms as current contraceptive method.

Fig. 2. Effect of mean number of partnerships among clients on NG epidemiology in HSWNs. A) NG prevalence among FSWs, clients, and client spouses as a
function of mean number of partnerships among clients. B) Population share of FSWs, clients, and client spouses in the total NG incidence as a function of mean
number of partnerships among clients. Abbreviations: FSW: female sex worker, HSWN: heterosexual sex work network, MENA: Middle East and North Africa, NG:
Neisseria gonorrhoeae. Total NG incidence is defined as the sum of NG incidence among FSWs, clients, and client spouses. Variance in number of partnerships and
intervention parameters are fixed at their MENA baseline values.
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between clients and their spouses, 4) condom effectiveness, 5) sex work
duration for FSWs, 6) duration of clients buying sex from FSWs, and 7)
duration of natural immunity. Two additional sensitivity analyses were
performed, introducing infection seeds among FSWs and clients from
external sources. These external sources represented transmissions from
regular partners of FSWs, spouses of clients, or other external contacts,
aiming to indirectly assess the impact of transmissions from regular
partners of FSWs to FSWs and from spouses of clients to clients on the
model’s outcomes. Throughout these sensitivity analyses, the non-
variable parameters were kept fixed at their baseline MENA values.

3. Results

3.1. Effects of network properties on NG dynamics

Fig. 2 shows the effect of the mean number of partnerships among
clients on NG epidemiology in HSWNs. Initially, the prevalence of NG

among FSWs increased very rapidly with the mean number of partner-
ships, but eventually saturated at around 25 % (Fig. 2). On the other
hand, the prevalence of NG among clients and their spouses also
increased with the mean number of partnerships, but the increase was
slow and lagged behind that for FSWs. At high mean numbers of part-
nerships, the prevalence of NG among clients and their spouses reached
approximately 10 % and 3 %, respectively.

In terms of the population share in NG incidence, FSWs had a high
contribution of 60 % when the mean number of partnerships was low,
but this contribution steadily declined as the mean number of partner-
ships increased (Fig. 2). At a high mean number of partnerships, NG
incidence among FSWs only accounted for approximately 10 % of the
total incidence. In contrast, the population share of clients and their
spouses in NG incidence increased with the mean number of partner-
ships and reached approximately 60 % and 30 %, respectively, at high
mean numbers of partnerships.

The effect of the variance in the number of partnerships among

Fig. 3. Effect of variance in number of partnerships among clients on NG epidemiology in a low-risk HSWN. A) NG prevalence among FSWs, clients, and client
spouses as a function of variance in number of partnerships among clients. B) Population share of FSWs, clients, and client spouses in the total NG incidence as a
function of variance in number of partnerships among clients. Abbreviations: FSW: female sex worker, HSWN: heterosexual sex work network, MENA: Middle East
and North Africa, NG: Neisseria gonorrhoeae. Total NG incidence is defined as the sum of NG incidence among FSWs, clients, and client spouses. Mean number of
partnerships and intervention parameters are fixed at their MENA baseline values.
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clients in a low-risk HSWN is illustrated in Fig. 3. NG prevalence among
FSWs was found to be sensitive to the variance among clients (Fig. 3),
with an increase that was very rapid at first, but eventually saturated at
around 20 %. On the other hand, NG prevalence among clients and their
spouses increased very slowly with the variance, but then decreased at a

similarly slow rate. The peak NG prevalence among clients and their
spouses reached only approximately 0.7 % and 0.2 %, respectively, and
was always much lower than that among FSWs in these simulations. It is
worth noting that the variance in the number of partnerships among
FSWs remained largely stable with increasing variance in the number of

Fig. 4. Effect of condom use on NG epidemiology in a low-risk HSWN. A) NG prevalence among FSWs, clients, and client spouses as a function of condom use
coverage. B) Total NG incidence in the HSWN as a function of condom use coverage. C) Population share of FSWs, clients, and client spouses in the total NG incidence
as a function of condom use coverage. Effectiveness of condom use against NG transmission was assumed at 80 % (Weller, 2001; Hughes et al., 2012; Pinkerton et al.,
1998). Abbreviations: FSW: female sex worker, HSWN: heterosexual sex work network, MENA: Middle East and North Africa, NG: Neisseria gonorrhoeae. Total NG
incidence is defined as the sum of NG incidence among FSWs, clients, and client spouses. Mean and variance in number of partnerships and other intervention
parameters are fixed at their MENA baseline values.
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partnerships among clients (see Figure S1 of the Supplementary Mate-
rial), because of the small number of FSWs compared to the number of
clients.

The population share of FSWs in NG incidence increased with the
variance among clients and reached approximately 60 % (Fig. 3). In
contrast, the population share of clients and their spouses in NG inci-
dence decreased with the variance and reached approximately 25 % and
15 %, respectively. The effect of the variance on NG epidemiology was
further investigated in a high-risk HSWN as shown in Figure S2. Here,

both the prevalence and population share in incidence among FSWs,
clients, and their spouses did not vary considerably with the change in
variance.

3.2. Effects of condom intervention

The effect of condom use in a low-risk HSWN is illustrated in Fig. 4.
NG prevalence and incidence among FSWs, clients, and their spouses
declined rapidly as condom use was increased. When condom use

Fig. 5. Effect of symptomatic and asymptomatic infection treatment on NG epidemiology in a low-risk HSWN. NG prevalence among FSWs, clients, and client
spouses as a function of A) symptomatic treatment coverage and D) asymptomatic treatment coverage. Total NG incidence as a function of B) symptomatic treatment
coverage and E) asymptomatic treatment coverage. Population share of FSWs, clients, and client spouses in the total NG incidence as a function of C) symptomatic
treatment coverage and F) asymptomatic treatment coverage. Abbreviations: FSW: female sex worker, HSWN: heterosexual sex work network, MENA: Middle East
and North Africa, NG: Neisseria gonorrhoeae. Total NG incidence is defined as the sum of NG incidence among FSWs, clients, and client spouses. Mean and variance in
number of partnerships and other intervention parameters are fixed at their MENA baseline values.
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coverage was increased from 10 % to 50 %, NG prevalence decreased
from 12.2 % to 6.4 % among FSWs, 1.2–0.5 % among clients, and
0.4–0.2 % among their spouses.

As condom use coverage increased further, the population share of
FSWs in incidence increased, while that of clients and their spouses
decreased. It is worth noting that, since the condom effectiveness against
NG transmission was 80 %, incidence did not vanish even at 100 %
condom use coverage. In a high-risk HSWN, the changes in prevalence
and incidence were much slower as condom use was increased
(Figure S3).

3.3. Effects of treatment interventions

The effect of symptomatic treatment among FSWs in a low-risk
HSWN is illustrated in Fig. 5. NG prevalence (and incidence) among
FSWs, clients, and their spouses decreased but slowly with increasing
symptomatic treatment coverage. When coverage was increased from
0 % to 100 %, NG prevalence decreased from 10.6 % to 4.5 % among
FSWs, 0.8–0.4 % among clients, and 0.3–0.1 % among their spouses.
The population share of FSWs, clients, and their spouses in the total
incidence remained largely stable with increasing treatment coverage.
In a high-risk HSWN, the changes in prevalence and incidence were
slower as treatment coverage was increased (Figure S4).

The effect of asymptomatic treatment among FSWs in a low-risk
HSWN is also illustrated in Fig. 5. NG prevalence (and incidence)
among FSWs, clients, and their spouses declined rapidly with increasing
asymptomatic treatment coverage. When coverage was increased from
0 % to 50 %, NG prevalence among FSWs, clients, and their spouses
decreased from 8.2 % to 0.4 %, 0.6–0.1 %, and 0.2–0.0 %, respectively.
Prevalence reached very low levels when treatment coverage exceeded
50 %. As treatment coverage increased, the population share of FSWs in
the total incidence increased, while that of clients and their spouses
decreased. However, the changes in prevalence and incidence were
slower in a high-risk HSWN as treatment coverage was increased
(Figure S4).

3.4. Effect of stochasticity

To better understand the effect of stochasticity on model outcomes,
Figure S5 shows the NG prevalence among FSWs in the above analyses
for all 500 simulation runs. These results illustrate the considerable in-
fluence of stochasticity on NG transmission. For instance, the 500
simulation runs at the MENA baseline parameter values yielded an NG
prevalence among FSWs with a mean of 6.1 %, yet with a relatively wide
95 % uncertainty interval spanning from 3.0 % to 9.3 %.

3.5. Sensitivity analyses

Figures S7-S10 present the results of the sensitivity analyses. As ex-
pected, the ratio of clients per FSW, numbers of coital acts, condom
effectiveness, and natural immunity duration influenced NG prevalence
and/or the population share in incidence. Conversely, the duration of
sex work for FSWs and the duration of clients buying sex from FSWs had
minimal or negligible effects on NG prevalence and the population share
in incidence. The sensitivity analyses examining the effects of NG
transmissions from external sources indicated a small impact for these
infections, even under extreme assumptions regarding the proportion of
exogenous infections among both FSWs and clients.

4. Discussion

NG epidemiology in HSWNs exhibits two distinct patterns, depend-
ing on the overall "risk of infection" in the network. The risk of infection
can be seen as a concept to describe the ease of NG transmission in the
HSWN. Low-risk networks are those in which the incidence of infection
is low, and the likelihood of infection is relatively low. High-risk

networks, on the other hand, are networks where the incidence of
infection is high, and the likelihood of infection is relatively high. The
risk of infection is ultimately determined by the confluence of the mean
and variance in the number of partnerships and the coverage of
interventions.

In low-risk HSWNs, such as those found in MENA, a significant
proportion of NG incidence occurs among FSWs. Even small increases in
the risk of infection can substantially increase NG prevalence among
FSWs. NG prevalence among FSWs is 13-fold higher than among clients,
while prevalence among clients is 3-fold higher than among their
spouses. Incremental increases in the coverage of interventions targeted
at FSWs can significantly reduce total NG incidence since these in-
terventions are focused on the population most heavily affected by NG.
Given the large contribution of HSWNs to NG incidence in the wider
population (Lowndes et al., 2002), interventions targeted at FSWs are
also likely to substantially reduce NG incidence in the broader
population.

Meanwhile, in high-risk HSWNs, NG prevalence among FSWs satu-
rates at high levels regardless of further increases in the risk of infection.
The vast majority of NG incidence occurs among clients and their
spouses, and only a small proportion occurs among FSWs. NG preva-
lence among FSWs is only 4-fold higher than among clients, while
prevalence among clients remains 3-fold higher than among their
spouses. Incremental increases in coverage of interventions among
FSWs, such as condom use and treatment, have a limited effect on NG
prevalence and incidence. However, very high coverage of interventions
can transform a high-risk network into a low-risk network. Of note that
NG epidemiology in intermediate risk HSWNs bridges the distinct low-
risk and high-risk epidemiologies.

Based on the observed NG prevalence among FSWs worldwide
(Chemaitelly et al., 2019b; Whelan et al., 2021), it is likely that most
HSWNs are low-risk networks that are sensitive to interventions tar-
geting FSWs, even if clients and their spouses are not directly targeted.
This highlights the epidemiology of NG infection in HSWNs as "fragile
epidemiology," which can respond to interventions, even if they have
low coverage and are incremental. With the increasing availability of
intervention modalities against NG infection, such as potentially vacci-
nation (Petousis-Harris et al., 2017; Edwards et al., 2018; CROI, 2023)
and post-exposure prophylaxis with doxycycline (DoxyPEP) (Lewis,
2022), in addition to condom use and treatment, even if these in-
terventions are only partially efficacious, there is an opportunity to
control better NG transmission and gonococcal AMR globally.

NG incidence among FSWs is typically a minority of the overall
incidence in HSWNs, with the majority occurring among clients and
their spouses who are less likely to access STI services. A significant
proportion of incidence occurs among female spouses of clients, who
may not engage in sexual risk behavior, but are exposed to the infection
through their husbands. The epidemiology of NG among spouses of
clients represents an immediate spill-over of NG epidemiology among
clients and is critical given the extent of infection among spouses.

Interventions targeted at FSWs can have a significant impact in
indirectly reducing NG incidence among clients and their spouses.
However, it is important to consider the potential negative externalities
of STI public health control interventions that focus solely on women
selling sex rather than also targeting men who buy sex. Such in-
terventions can perpetuate gendered inequalities and reinforce stigma-
tization of women in relation to STIs. It is important to adopt a gender-
sensitive approach in STI control programs that avoids placing dispro-
portionate blame on women.

Treatment of symptomatic NG infections has a modest impact on
transmission because most infections are asymptomatic, but treating
asymptomatic infections has a substantial impact. Regular screening for
this infection and DoxyPEP (indirectly as a "presumptive treatment") can
be seen as potential public health interventions, where asymptomati-
cally infected individuals are treated, leading to a significant impact on
the onward transmission of this infection. The proportion of
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asymptomatic infections that can be treated would depend on the fre-
quency of using DoxyPEP and regular screening. Given that NG infection
is more asymptomatic among women (Rowley et al., 2019; Newman
et al., 2015), the treatment of asymptomatic infections holds particular
significance for FSWs.

Heterogeneity in the number of sexual partners (i.e., larger variance
in the number of partnerships) can effectively create a high-risk core of
intense NG transmission in the network. Transmission becomes
concentrated in this core, which comprises, in addition to FSWs, a small
proportion of clients. Targeted interventions by risk group were not
implemented in this study. The model’s structure accounts for contin-
uous and stochastic risk variations as the number of partners is modeled
using a gamma distribution. Consequently, defining fine-grained core
groups based on partner change rates demands careful consideration
and necessitates a significant extension of the existing model. An in-
depth exploration of the concept of targeted interventions by risk
group is warranted and should be pursued in a dedicated study.

STIs have historically been overlooked by policymakers in the MENA
region, primarily due to the complexities involved in addressing them,
exacerbated by prevailing socio-cultural sensitivities surrounding
sexuality (Abu-Raddad et al., 2010a; Smolak et al., 2019; Land and
Ambrosino, 2019; Abu-Raddad et al., 2013, 2010a, 2010b). Limited
access to and utilization of STI screening and treatment services are
widespread challenges across the region (Abu-Raddad et al., 2010a;
Smolak et al., 2019; Land and Ambrosino, 2019; Abu-Raddad et al.,
2013, 2010a, 2010b). Therefore, we investigated the impact of in-
terventions across a broad spectrum of coverages to provide a compre-
hensive understanding of their potential impact. The results underscore
the importance of expanding STI screening and treatment services as
well as sexual health programs throughout the region.

The introduced model and presented results establish the ground-
work for dedicated modeling studies addressing various research ques-
tions, encompassing both theoretical explorations and practical
applications. These practical applications may involve designing specific
interventions in particular locations, where available costing and pro-
grammatic data enable the conduct of cost-effectiveness analyses and
investigation of different programmatic considerations.

This study has limitations. Firstly, the estimates generated are based
on current understanding of the natural history of NG infection, which is
still inadequately understood, including the immunity effects of prior
infections on subsequent ones. Similarly, the specifics of sexual
networking in HSWNs remain inadequately understood. To address
these limitations, we conducted various sensitivity analyses with respect
to different model parameters. These analyses reinforced the main
findings and also yielded additional results and insights, enhancing the
depth of our understanding.

Secondly, the model did not simulate NG transmission beyond FSWs,
male clients, and client spouses, potentially underestimating the true
extent of NG infection arising from HSWNs. The model also did not
account for transmissions from outside the HSWN. However, we
addressed the latter limitation through sensitivity analyses examining
the effects of NG transmissions from external sources. These analyses
indicated a minimal impact for these infections, even under extreme
assumptions regarding the proportion of exogenous infections among
both FSWs and clients.

Thirdly, interventions were applied randomly, whereas in reality,
people who adopt one intervention may also be more likely to adopt
others—people who use condoms might be more likely to seek prompt
treatment when they have symptoms, or to attend for regular testing if
asymptomatic. Fourthly, the deterministic model used to estimate out-
comes for spouses of clients does not capture stochasticity effects.

Fifthly, we analyzed low-risk and high-risk HSWNs separately.
However, real-world networks on a large scale are likely to consist of
subnetworks comprising both low-risk and high-risk HSWNs, as well as
potentially a spectrum between these. Despite this, the presented results
should remain applicable, as the connections between these

subnetworks may not be strong enough to alter the inherent dynamics
within each subnetwork.

Sixthly, due to computational limitations, the simulations were
performed using sub-cohorts of FSWs and clients that are representative
of the full cohorts, which may affect the results due to finite-network
effects and a higher likelihood of stochastic fade-out. Seventhly, a one-
month time step was used in the simulations without investigating
time-step numerical convergence to optimize this choice. While a one-
month time step could be relatively long for NG dynamics, potentially
causing quantitative shifts in outcomes, it should not affect the quali-
tative results generated by the simulations. Despite these limitations,
this study provided important insights into the dynamics of NG trans-
mission in HSWNs and the potential impact of interventions.

In summary, NG epidemiology in HSWNs shows two patterns: low-
risk HSWNs have a large proportion of NG incidence among FSWs,
and interventions targeted at FSWs can substantially reduce NG inci-
dence in the whole network. High-risk HSWNs have NG prevalence
saturating among FSWs and the vast majority of incidence occurs among
clients and their spouses. Incremental interventions in high-risk HSWNs
have only a modest effect on transmission. Most HSWNs are low-risk,
making the typical NG epidemiology in HSWNs a "fragile epidemi-
ology" that is responsive to even partially efficacious interventions with
small coverage and incremental increases.
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