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Abstract: Mpox is a viral disease caused by the monkey pox virus (MPXV) of the Poxviridae family. It is similar to
smallpox and cowpox. Mpox is not categorized as a sexually transmitted infection, however, most transmission
in the recent global outbreak has been attributed to be through men who have sex with men (MSM). Agent-
based modelling (ABM) is an effective approach to simulate the spread of Mpox because it enables the detailed
representation of heterogeneity among individuals or sub-populations, including variations in behaviour, sus-
ceptibility to disease, and contact patterns. This is crucial for accurately modelling diseases in populations with
long tailed distributions of characteristics such as sexual activity, that has been seen in the recent Mpox out-
break. Two ABMs are presented in this paper which simulate the spread of Mpox in an artificial population.
The parameters for contact formation and dissolution are drawn from the NATSAL-3 dataset (National Survey
of Sexual Attitudes and Lifestyles) (Mercer et al.[2013). The presented ABMs are based on the principles of the
classic compartmental Susceptible-Exposed-Infected-Recovered (SEIR) model and complexity is further added
to break the assumptions of homogeneous mixing and populations. The first ABM is based on an heteroge-
neous population, consisting of people from two self-identified genders (male and female) and three sexual
preferences: homosexual, bi-sexual and heterosexual. The second ABM is a subset of the first ABM, that focuses
on the MSM population, which is considered to be at high-risk of Mpox. We report a set of experiments mod-
elling relevant scenarios by number of imported cases, number of super-spreader events, and different vacci-
nation strategies. Our analysis concludes that Mpox infection reaches locally stable disease-free equilibrium
in the absence of concurrent partnerships. Our simulations demonstrate that prioritizing vaccines for the MSM
population can significantly reduce the effective R value from 1.62 to 0.19, highlighting the potential impact of
targeted vaccination strategies in mitigating Mpox transmission.

Keywords: Mpox, Agent-Based Simulation, Infectious Diseases, Infectious Disease Dynamics, Artificial Society,
Scenario Modelling

Introduction

Mpox is a zoonotic viral disease caused by MPXV virus (Pauli et al.22010). It is closely related to the Variola virus,
which causes smallpox in humans (Pauli et al.[2010). It was first identified in 1958 in monkeys showing signs of
a poxvirus (Pauli et al.'2010). In 1970, the first case of Mpox in humans was detected in the Democratic Republic
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of Congo (DRC) (Pauli et al.|[2010). Since then, it has become endemic in the DRC and other central and west
African countries. Prior to the 2022 outbreak, Mpox cases reported from outside these regions were rare and
linked to case importations from affected regions. In May 2022, a British resident tested positive for MPXV after
returning from Nigera. Within 10 days, 6 news cases were reported by UK Health Security Agency (UKHSA), all of
them having no known contact with the index case. This suggested a wider community transmission which had
never previously occurred outside of Africa. In July 2022, Mpox was declared as a "Public Health Emergency of
International Concern" by the World Health Organisation (WHO) (WHO|2022b). By February 2023, more than 87
thousand confirmed cases of Mpox have been reported globally in 110 different countries (Mathieu et al.|2023).

The resurgence of MPVX in 2022 has has been attributed to various factors including waning effectiveness of
small pox vaccines, genetic mutation in the virus that enhance its human-to-human transmission, its better
adaptation to humans, the occurrence of super-spreader events, population increase and greater global in-
teraction among other reasons (Kumar et al.|[2022; [Forni et al.|2022). This current outbreak has primarily af-
fected men who have sex with men (MSM), especially those MSM who have multiple and frequently anonymous
partners whom they have met at venues such as saunas, cruising bars, sex clubs, dating apps, and (chem-)sex
parties (Ifiigo Martinez et al[2022}/CDC|2022; [van Ewijk et al.[2023} Thornhill et al.|2022; Bragazzi et al.[2023),
collectively referred to as super-spreader events in this paper. In this work, we specifically look at the role of
super-spreader events and travel related cases in the spread of Mpox transmission. For more details on trans-
mission routes of Mpox in the 2022 outbreak, see Thornhill et al.|(2022), Bragazzi et al.|(2023) and references
within.

The symptoms of Mpox include fever, rash and swollen lymph nodes (Anwar & Waris{2022). As Mpox is closely re-
lated to smallpox, vaccines used to eradicate smallpox can also provide protection against Mpox. However, the
vaccine supply during the outbreak was initially limited (HSE|2022;\WHO|2022a; Wolff Sagy et al.|2023). Combin-
ing this with the fact that the outbreak was the first major Mpox outbreak with person-to-person transmission
outside of Africa, there were questions of what was the best way to respond. For example, are there certain
vaccination strategies that would prove more beneficial than others? Or are there higher risk individuals in the
MSM community that should be targeted for prevention? One method that can be used to provide evidence to
public health agencies is infectious disease modelling.

There are several different methods to model the transmission dynamics of an infectious disease. Mathemati-
cal models have been extensively used for this purpose. Mathematical models can be classified into two types:
deterministic and stochastic. Deterministic models have fixed input parameters (e.g., incubation period or re-
covery period). Stochastic models consider random parameters and hence provide a range of output trajec-
tories, for example, the worst case and best case scenarios or the probability that a given outcome will occur
(Vynnycky & White|2010).

Compartmental models that typically use Ordinary Differential Equations (ODEs) are popular in epidemiologi-
cal modelling, such asthe Susceptible-Infectious-Recovered (SIR) and Susceptible-Exposed-Infectious-Recovered
(SEIR) models. One drawback of such models is that they assume homogeneous mixing within different sub-
groups of a population. In reality, humans tend to mostly mix with a small subset of other humans. Network
models are based on mathematical properties of graphs and the social science of human interaction. These
have the capability to incorporate non-homogeneous mixing in the population by explicitly modelling perma-
nent or semi-permanent links for infection transmission between pairs of individuals. There are different types
of network models: random networks (Erdés & Rényil1959), lattice models, small world networks (Watts & Stro-
gatz|1998), spatial networks (Eames & Keeling|2002), scale free networks (Barabasi & Albert|1999) and agent-
based models (also known as individual based simulation) (Vynnycky & White|2010).

Traditional modelling approaches, such as compartmental modelling (Duggan et al.[2024), focus on aggregated
data and rely on assumptions about the behaviour of the system as a whole. On the other hand, agent-based
modelling is a bottom-up approach to simulate the behaviour of individual agents in a decentralized system,
taking into account their unique characteristics, behaviours, and interactions. Agent-based modelling offers
a unique perspective on complex systems, as it allows for the modelling of both individual and collective be-
haviour (Wilensky & Rand|2015). They can exhibit emergent behaviour, where complex and unexpected patterns
arise from the interactions between the agents. This can lead to new insights and a better understanding of the
system being modelled (Wilensky & Rand|2015). ABMs are often stochastic. This characteristic can be beneficial
for modelling infectious diseases because it enables the modeller to simulate a variety of potential outcomes
from the same starting conditions. This is crucial for comprehending disease outbreaks since stochasticity al-
lows for the recognition that there are multiple paths that an outbreak may follow, influenced by the individual
decisions and interactions of agents and chance events (Hunter et al.[2020). While ABMs offer numerous ad-
vantages, they also come with certain limitations and drawbacks, including sensitivity to initial conditions and
high computational cost.
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ABMs are becomingincreasingly popular to model the dynamics of infectious diseases (Hunter & Kelleher{2021).
They have been used in the recent years to model the spread of COVID-19 (Kerr et al.[2021}; /Cuevas|2020; Silva
et al.|2020; Novakovic & Marshall|2022), Flu (Arduin et al.|2017;|0’Neil & Sattenspiel|2010; Roche et al.|2011;
Rakowski et al.[2010), Measles (Hunter & Kelleheri2021), Cholera (Crooks & Hailegiorgis|2014), Ebola (Ajelli et al.
2015} Merler et al.[2015), Tuberculosis (De Espindola et al.[2011}; |Kasaie et al.|2014), etc. ABMs can be used to
test various scenarios, such as the effectiveness of different intervention strategies (e.g., Merler et al.|2015} Kerr
et al.|2021;|Novakovic & Marshall|2022 the impact of behaviour changes on disease transmission (e.g. |Valle
et al.[2012; van Dijck et al.[2022), and the role of demographic and environmental factors (e.g., /Alzu’bi et al.
2021} /Adiga et al.|2018). This information can help inform public health policies and inform decision-making in
response to disease outbreaks.

For Mpox modelling, ABMs offer several advantages over other approaches. They allow us to model individual
level heterogeneity: people of different age cohorts, sexual preferences, and sexual activity level. This hetero-
geneity is crucial in capturing the variability in Mpox transmission dynamics, susceptibility, and response to
interventions within a population or sub-groups. Being able to model heterogeneity is critical for understand-
ing a disease such as Mpox where the contact network follows a heavy-tailed distribution (a smaller sub-group
of the population with a very dense contact network).

Most ABMs use social contact and epidemiological data to set up the model parameters, for example,[Hunter
et al.| (2018), Rakowski et al.|(2010), /Crooks & Hailegiorgis|(2014). In a data-driven ABM, the behaviour of each
agent is determined by rules driven from a data source. In our study, we use the National Survey of Sexual
Attitudes and Lifestyles (NATSAL-3) (Mercer et al.[2013) dataset to derive parameters of sexual contact behaviour
between the agents.

We present two ABMs to study the transmission of Mpox in an artificial society: the Population Model and the
MSM Model. The Population Model comprises heterosexual, homosexual and bi-sexual men and women be-
tween ages 16-74. The MSM Model focuses only on the MSM group. For both models, we run simulations as-
suming different scenarios by varying the number of super-spreader events, number of imported cases and
vaccination strategies. We report the daily count of new infections for the population and different sub-groups,
an estimate of time-varying reproductive number (R;) and effective reproduction number (R.) in each scenario.
R, represents average number of secondary infections caused by a single infected individual in a population
where not everyone is susceptible to the disease. R, is different from the basic reproductive number Ry, which
represents the average number of new infections caused by a single infected individual in a completely suscep-
tible population. R; refers to the average number of secondary infections caused by a single infected individual
at a specific time during an outbreak or epidemic. In other words, it is an estimation of R, at a single specific
pointin time during the outbreak.

The decision to present both models stems from the iterative nature of our modelling process and the evolv-
ing understanding of Mpox dynamics during that process. This research was performed in collaboration with
the public health authorities in the Republic of Ireland. The first model aimed to provide a broad overview of
potential transmission dynamics and assess the overall impact of the disease on the general population. How-
ever, as the spread of Mpox in Ireland continued, it was evident that Mpox was spreading through MSM contacts,
therefore, the demand for more targeted and nuanced modelling approaches became apparent. This led to the
development of the second model, with modifications tailored to specifically target vulnerable groups identi-
fied in the initial analysis. The idea was to gain deeper insights into the dynamics of Mpox transmission within
the MSM demographic groups and inform targeted intervention strategies to the public health authorities. Fig-
ure[IJshows the flowchart of our modelling process. Both models share a substantial portion of their underlying
code and methodologies.
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Figure 1: Flowchart of the ABM modelling process.

Related Research

To the best of our knowledge, [Brainard & Hunter|(2019) is the only study that uses ABM to study the spread of
Mpox. They examine the impact of misinformation on the severity of influenza, Mpox, and norovirus outbreaks.
For a comprehensive review of computational models used to study Mpox transmission dynamics, see Molla
et al./(2023) and the references within.

Spicknall et al.|(2022) proposed dynamic network models to simulate the sexual behaviour among MSM. The
study found that MSM who had multiple sexual partners within the previous 3 weeks had a significantly higher
risk (1.8-6.9 times) of acquiring Mpox compared to those with only one partner. Although one-time partner-
ships constituted less than 3% of total daily partnerships and 16% of sexual encounters between men on any
given day, they were responsible for approximately 50% of the transmission of Mpox. The model demonstrated
that reducing one-time partnerships by 40% resulted in a 20%-31% reduction in the percentage of infected
MSM and slowed down the spread of the outbreak. Research conducted by|van Dijck et al.|(2022) based on net-
work models is closely related to ours. They use a previously published temporal exponential family random
graph model of a Belgian MSM population. Like us, they also categorise MSMs as high-risk and low-risk. They
assume 20% transmission probability, while we assume 12.5% (as will be discussed later in Section "The Agent-
Based Models"). Theirincubation period is drawn form a uniform distribution and infected period is a constant
number, whereas we draw these numbers from Weibull and normal distributions respectively. Unlike us, they
model the diagnostic delay and sexual behavioural interventions after diagnosis. They consider both pre- and
post-exposure vaccination. Like us, they do not take childhood-based smallpox vaccinations into account. The
key conclusions drawn from their research indicate that contact tracing, even if only a small proportion can
be successfully traced, is valuable. Additionally, the study suggests that pre-exposure vaccination targeting in-
dividuals at the highest risk of infection holds greater potential for effectiveness compared to post-exposure
vaccination.

Grant et al. (2020) developed a mathematical model for Mpox transmission using historical epidemiological
data collected in the DRC during 1980-1984. They calculated the R, of Congo basin clade of Mpox at that time to
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be 0.32 (uncertainty bounds 0.22-0.40). Using 85% for vaccine efficacy, value of Ry worked out to be 2.13 (uncer-
tainty bounds 1.46-2.67).|Gao et al.|(2023) identified twenty one Mpox infection risk factors through correlation-
based network analysis and multivariate regression and then assessed the risk at the country level using a mod-
ified SEIR model. Their SEIR model predicted a declining transmission rates with R ranging between 1.62-7.84
in early stage of the epidemic (before June 23, 2020) and between 0.70-4.13 in the later stage (post June 23,
2020). Ko et al.{(2023) developed a model to study the transmission of Mpox in a non-endemic country, taking
contact tracing and self-reporting into account. They developed an algorithm based on Gillespie’s stochastic
chemical kinetics (Cai2007) to quantify the number of infections, contacts and the time elapsed between the
arrival of a primary case and the detection of an index case. Their findings revealed that the self-reporting be-
haviour of primary cases had the most significant impact on the size and the duration of the outbreak.

Peter et al.| (2023) proposed an ODE based mathematical model to study the interplay of human-human and
rodent-human transmission of Mpox. They also incorporated quarantine and isolation measures in the model.
They found that the effective contact rate is the most sensitive parameter that, when increased, lead to an
increased burden of Mpox in the population. Similarly, El-Mesady et al.|(2022b) developed a Caputo fractional-
order non-linear differential equations model (El-Mesady et al.|2022a) to study the spread of Mpox between
rodent and human populations. Like us, Endo et al.[(2022) developed a transmission model based on NATSAL-3
empirical sexual partnership data. Their findings revealed that the heavy-tailed distribution of sexual partner-
ships, where a few individuals have a disproportionate number of partners, can account for the continuous
spread of Mpox among MSM. Their analysis revealed that projected values of the Ry in the MSM group sexual
network consistently exceeded 1 for various sexually associated secondary attack rates (SAR), indicating sus-
tained transmission of Mpox. In contrast, Ry in the non-MSM sexual network remained below 1 unless the SAR
approached 100%, indicating a lower likelihood of widespread transmission in this population. Spath et al.
(2022) use Austrian population data to modify a stochastic spatiotemporal SIR epidemic model in order to eval-
uate the age-specific protection against human Mpox resulting from previous mandatory smallpox vaccination,
as well as the likelihood of infection across different age groups. Some other studies that use compartmental
model include|Khan et al.|(2022),Yuan et al.[(2023), Peter et al.|(2022),|Peter et al.| (2021), Bankuru et al.|(2020).

Some pre-2022 studies used branching process to model Mpox transmission (Kucharski & Edmunds2015; Blum-
berg et al.[2014;[Blumberg & Lloyd-Smith|2013;|Antia et al.[2003). However, these studies did not account for
transmission through sexual contact and did not focus on the MSM population.

Some studies that use ABMs to study the transmission dynamics of STIs using various methods for modelling
sexual networks include Chumachenko & Chumachenko| (2017), [Kasaie et al. (2018), |Gopalappa et al.[ (2023),
Rutherford et al. (2012), |LeVasseur et al.| (2018), |Jones et al.[ (2019), |Scott et al.| (2018), |Goedel et al. (2018),
Luo et al.|(2018). Various other computational modelling approaches have been proposed to represent sexual
partnership dynamics and their impact on the transmission of STls, see Rao et al.| (2021) and the references
within.

All of the models discussed above present varying R, values. This is not surprising as all are based on vary-
ing assumptions and parameters. However, some of the key points to be taken from this literature review are
that MSM with multiple recent partners significantly increase Mpox transmission risk (Spicknall et al.i2022;van
Dijck et al.[2022;|Endo et al.|2022), suggesting that reducing one-time partnerships could effectively slow out-
break spread. Strategies such as pre-exposure vaccination, post-exposure vaccination, interventions in sex-
ual behaviours and self-reporting behaviour can help curb the spread of Mpox. Studies consistently show that
interventions focused on high-risk populations, particularly MSM, are crucial for controlling Mpox outbreaks
effectively.

The Agent-Based Models

Two agent-based models are presented: The Population Model and The MSM Model. The Population Model
presents infection transmission in a population representative of agents from both sexes (male and female)
and three types of preferences in sexual partnership (heterosexual, bi-sexual and homosexual). Based on our
analysis of the population model (as will be discussed in Section "Results"), we found that the majority of cases
were concentrated within the MSM community, with minimal impact on other groups. This corresponds to the
real-world data showing a higher prevalence of infections among the MSM population during the 2022 Mpox
outbreak. However, due to the relatively small proportion of MSM individuals in the Population Model, the
model’s outcomes displayed a low number of cases. Therefore, we decided to develop a separate model exclu-
sively targeting the MSM community. The MSM model only contains an MSM population and female partners of
the bi-sexual men.
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The details provided in the sections below aim at introducing the ABMs, its application, and main insights. The
computer software "Netlogo" (Wilensky|1999) is used to implement an ABM for Mpox transmission dynamics.
Netlogois a powerful and popular programming language and development environment specifically designed
for agent-based modelling. Both models are discrete-time models that run on time steps. In our models, each
time step equates to one day and the model runs for 180 time steps or days. An ABM for the spread of an infection
has typically four main components: disease, society, transportation and environment (Hunter et al.[2017). To
simplify, we do not take "geographical/spatial" perspective into consideration, but only disease, transportation
and society. That is to say, sexual partners are not selected on the basis of physical location of an agent.

The society component is structured to simulate a population using parameters obtained from the NATSAL-3
survey data. The survey is designed to collect information about sexual behaviour, attitudes, and lifestyles, and
has been conducted three times: in 1990, 2000, and 2010. The NATSAL-3 data is widely used by researchers and
policy makers to understand the sexual health and well-being of the population and to inform public health
policy and practice. The data collected in the NATSAL-3 survey covers a wide range of topics, including sexual
behaviour, contraceptive use, sexually transmitted infections, sexual health services, and sexual attitudes and
beliefs. The survey is conducted using a sample of the general population and is designed to be representative
of the UK population in terms of age, gender, and geographical location. As previously noted, Mpox is not a
sexually transmitted infection. However, the current outbreak is primarily traced back to sexual contact among
MSM. Therefore, sexual contact parameters are derived from the NATSAL-3 dataset.

Both models presented in this paper simulate the outbreaks of Mpox in a closed population. In a closed pop-
ulation, there are no individuals entering or leaving the population due to migration, birth, death or any other
reason. However, the MSM Model ABM is a mixture of open and closed population. The MSM group in that
model is a closed population, whereas the female partners of the bi-sexual males are modelled as open popu-
lation. They enter the model when a new heterosexual relationship is established between a bi-sexual man and
awoman. They leave the model when the relationship ends. These models are outlined using the ODD protocol
and can be found online in the Netlogo User Community Model Library at https://www.comses.net/codeb
ase-release/bc36£788-2181-42af-9be3-£d993e2c92f6/ andhttps://www.comses.net/codebase-r
elease/d96f7e11-180b-4b9b-afbf-0618d4bb5d88/

The key assumptions of the models are presented below:

1. Non-homogeneous partnerships: Our model can represent non-homogeneous sexual mixing among the
agents. Each agent can have one of the three preferences in sexual partnership: homosexual, bi-sexual
and heterosexual. This preference is based on the agent’s age and sex. Each agent has a different rate of
formation of new partnerships. This rate is also based on its age and sex. These parameters are derived
from the NATSAL-3 data.

2. Concurrency. We model two types of sexual partnerships: long-term partnerships are modelled to be
strictly monogamous and their parameters are derived from the NATSAL-3 dataset. Short-term partner-
ships are concurrent and their related parameters are varied to study the transmission dynamics and are
based on our assumptions.

3. Protection. We assume that vaccination provides complete protection against infection to 85% of the
vaccinated individuals (vaccine efficacy = 85%) (Rimoin et al.|2010;|Grant et al.l2020; Fine et al..1988). The
vaccination does not wane. Our model also assumes that once a person recovers from Mpox, they acquire
permanent immunity.

4. Assortativity. Assortativity or assortative mixing is the tendency of individuals to associate (or in this par-
ticular context, to develop sexual contact) with others who are similar to them in some way. For simplicity,
assortativity is not considered in our model when it comes to long-term partnerships (although in reality,
individuals with more social interactions tend to connect with others who have similar levels of social
interactions). In our model, an agent who engages in a high number of new sexual partnerships has an
equal likelihood of choosing a partner with either a high or low number of new partners annually. How-
ever, in the case of short-term casual interactions, which in our model only occur through super-spreader
events, assortative mixing does take place since only agents from a specific group attend such venues.

The population model

The different parameters of the full ABM are detailed in Table[1]and explained in the subsequent sections.
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Variable | Description | Value Source
Minimum Age Minimum age of an agent in the model 16 NATSAL-3
Maximum Age Maximum age of an agent in the model 74 NATSAL-3
Total Population Size of the population 10,000 -
Homosexual Males (%) Percentage of homosexual men 1.144% NATSAL-3
Bi-sexual Males (%) Percentage of bi-sexual men 3.92% NATSAL-3
Homosexual Female (%) Percentage of homosexual women 0.30% NATSAL-3
Bi-sexual Females(%) Percentage of bi-sexual women 6.04% NATSAL-3
Initially Infected MSM Number of infected MSM agents at the | 5 -
start
Size of a super-spreader | Number of people attending an event | 35 -
event which has multiple short-term sexual
partners
Transmission  Probability | Probability of acquiring infection after % -
(T'P) sexual contact
Weekly contact rate (W C) Number of sexual encounters per week % -
between agents in a long-term relation-
ship
Exposed Period Number of days an agent is exposed to | Weibull dis- | Ward et al.|(2022)
the disease but not infectious tribution
with  scale
parameter
n = 8.4 and
the shape
parameter
B =1.5.

Table 1: Parameters for the Population Model

Society and agents

The model is initialised with a population of 10,000 agents. Each agent is randomly assigned an age from a
uniform distribution between 16 and 74 years. These upper and lower limits correspond to the minimum and
the maximum ages of the respondents of the NATSAL-3 dataset. Agents are also assigned an age cohort. There
are 15 age-cohorts, each with a size of 4 years.

Allagents are given a biological sex: male and female. The sex s also assigned randomly, with a 50% probability
of being a male. Each agent is also assigned a sexual-preference. There are three types of sexual preferences
modelled: heterosexual, homosexual or bi-sexual. The percentages of males and females in these categories of
sexual preferences are derived from the NATSAL-3 dataset and are mentioned in Table[l] These percentages are
calculated in the following way: the percentage of heterosexual men in the model is equal to the percentage of
men in NATSAL-3 survey who reported sexual contact only with the opposite sex in their lifetime, percentage
of homosexual men is equal to the percentage of men in NATSAL-3 survey who reported having only same-sex
sexual contact in their lifetime and percentage of bi-sexual men is equal to the percentage of men who reported
having sexual contact with both sexes in their lifetime. The same method is applied to calculate percentage of
heterosexual, homosexual and bi-sexual women.

Each agent has a "number of new partners each year" parameter (denoted by & in this paper), which is based
on its age, sex and sexual preference. This parameter is a random Poisson number which is generated using the
means calculated from the NATSAL-3 dataset for each sex, sexual preference and age-cohort. A discrete random
variable is said to have a Poisson distribution, with parameter A, , , > 0 if it has a probability mass function
given by:
Mo, X e heer
= (1)
k!

where k is the number of annual new partners (k > 0), e is the Euler’s constant (e = 2.718..) and A, ,  is the
average number of new partners of sex s = [male, female], age-cohorta = [0, 1, ..., 15] and sexual preference

f(k; As,ap) = Pr(X =k)
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p = [homosezual, bi-sexual, heterosexual] as calculated from the NATSAL-3 survey data. In our model, there
are 90 such means (15 age cohorts, 2 sexes and 3 sexual preferences).

3.10 For agents who are bi-sexual, the probability of finding a same-sex partner is calculated using relative fre-
quency counts from the NATSAL-3 data. This probability is denoted by P(SameSexPartner, Cpi-sezual,a,s)-
Here, Chi-sexuai,a,s Fepresents the cohort an agent belongs to, a represents the age cohorta : a € 0,1, ..., 15]
and s represents the sex s : s € male, female. P(SameSexPartner, Cyi.sezual,a,s) Of €ach agent in cohort
Cbi—semual,a,s is given by

NSS;
P(SameSexPartner, Cyi-sexual,as) = Z ;S

1€Chi-sezual,a,s

P(OppostiveSexPartner, Cyi-sexual,a,s) = 1 — P(SameSexPartner, Cyi-sezual,a,s)-

3.11 Here, NSS, represents the sum of same-sex partners of an agent ¢ in the cohort Ch;_sequal,a,s in last 12 months
and N, represents the total number of partners of an agent ¢ in the cohort Ch;-sezuai,a,s in last 12 months. In
our model, there are 30 such probability values (15 age cohorts, 2 sexes).

3.12 When a bi-sexual agent of age-cohort a and sex s seeks a long-term sexual partner, a random number is drawn
from a uniform distribution between 0 and 1. Ifthe drawn numberis less than P(SameSex Partner, Ci-sezual,a,s)»
then the agent forms partnership with another agent of the same-sex. Else, the agent forms partnership with
another agent of the opposite sex.

Disease and disease transmission

3.13 Westudy the Mpox disease and have designed a disease model to reflect this. Our model is drawn from an SEIR
model. Susceptible agents are vulnerable to infection following sexual contact. Exposed individuals are those
who have been exposed to the virus but not showing any symptoms. Infected agents are the ones showing
symptoms. Recovered agents are those who have been infected one in their lifetime and are now immune to
the disease. An agent can transmit an infection either when they are in an infected state with visible symptoms
or up to four days prior to the onset of symptoms. This disease component of our models and the calculations
of Ry and R; are based on|Hunter et al.|(2018) and|Hunter et al.|(2020).

3.14 We assume a transmission probability of 1/8. This means that during a sexual encounter between an infected
and a susceptible agent, there is 1in 8 chance that the susceptible agent will become infected. We also assume
thatin a long-term relationship, there are 3 sexual encounters in a week. Therefore, each day hasa3in 7 chance
of sexual encounter between a couple in a long-term relationship. Both these parameters are assumed and can
be varied to study their impact on the outbreak size. Lets say that P(S — E'1,) represents the daily probability
that a susceptible long-term partner of an infected agent becomes exposed. P(S — E ) is calculated accord-
ing to the following equation:

1 3
P(S = Bp) =TP x WC = ¢ x & = 0.053, (2)

where T'P is the transmission probability (assumed 1/8 in our study) and W C'is the weekly contact rate (as-
sumed 3/7 in our study). At each step (1 step is equal to 1 day in our simulation), a random floating-point num-
ber is drawn from a uniform distribution 2/(0, 1). If the drawn number is less than P(S — E), the susceptible
(long-term) partner enters the "Exposed" state. However, for a one-time causal sexual encounter during a super-
spreader event, W (' is removed from the equation (because on the day there is a super-spreader event, there
is a sexual encounter between all the attendees. If P(S — Eg) represents the probability that a susceptible
short-term casual partner of an infected agent becomes exposed during a super-spreader event, then:

P(S — Eg) = TP. (3)

3.15 Iftheinfection has been transmitted, the agent remainsin an "Exposed" state before the onset of the first symp-
toms. The incubation period is the time interval between the initial infection and the appearance of symptoms.
We take the incubation period parameter from|Ward et al/(2022), values of which are shown in Table[1] A per-
son can be infectious for up to four days before symptoms emerge (Ward et al.|2022). To achieve this, a random
number is drawn from a uniform distribution 2/(0, 4) and subtracted from the incubation period. Assume that
Increpresents the incubation period for an exposed agent. Inc — U(0, 4) represents the time period an agent
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3.16

3.17

3.18

3.19

3.20

remains in the "Exposed" state without becoming infectious. This subtraction is only carried out when the in-
cubation period for an agent is less than 6 days, otherwise the time period in "Exposed" state can get very close
to zero or even be negative.

A person is in the "Infected" state between 2 to 4 weeks (CDC|2023). For each agent, an individualised "sick-
period" is calculated by drawing a random number from a normal distribution with mean of 21 days (mid-point
between 14 and 28 days) and a standard deviation of 3 days. Once infectious, a person can transmit Mpox
virus through sexual contact. It is assumed that vaccination efficacy is 85%, similar to the estimates by|Wolff
Sagy et al. (2023), |Grant et al.[(2020), Rimoin et al. (2010), |Fine et al.| (1988). This means that out of every 100
people vaccinated, 85% will not get the disease if exposed. One an infected agent recovers, it is placed into
the "Recovered" state. For simplicity, permanent immunity to the disease post-infection is assumed. This is
because Mpox infection induces long-term immunity in recovering patients (Mitja et al.|2023) and only a very
few cases of reinfection have been reported so far (Golden et al.[2023;|Musumeci et al.|2023).

Sexual network

Transmission is modelled through sexual contact. Two types of sexual contacts are possible in this model:
long-term and short-term. Long-term sexual contact that is continued towards the end of a relationship. The
short-term contact is a once-only contact modelled to mimic the transmission through super-spreader events
or travel. Long-term relationships are modelled to be monogamous. These are formed probabilistically using
the X, 4, parameter derived from the NATSAL-3 dataset. Each agent has a parameter that defines the number
of new partners that agent will take in a year. As explained in Section "Society and agents", it is a random Pois-
son number k drawn from Poisson distribution with mean = A, , ,,. To get a new long-term partner, the agent
has to break-up with the existing partner first. The probability that an agent will breakup on a particular day is
drawn from the following exponential distribution function (scaled to a day from a year):

s k0.1
PBreakupToday =1-e 365 (4)

Here, a small number (%) is added as a large number of agents will end up with zero probability of finding a
new partner otherwise. For each agent, at each timestep/day, a random uniform number is drawn between 0
and 1. If the drawn random number is less than Pg;cqkupToday, the link between the agent’s current long-term

partner, if any, is removed, and a new partner is sought for this agent.

The other component of the model is the contact matrix. This matrix gives the probability that an agent in a
age-cohort will form a sexual partnership with another agent in the same or a different age cohort. The age
of the partner is recorded within the NATSAL-3 survey dataset. Therefore, an age-mixing matrix is calculated
from the NATSAL-3 dataset, using the method presented by |Datta et al.|(2018). In this paper, the authors de-
termine distributions of the rate of new partners that involve in condomless sex and therefore, facilitate the
spread of STls. Following the methodology proposed by Datta et al. (2018), we aggregate data from individ-
ual respondents within each age-cohort, differentiated by sex and sexual preference. Unlike|Datta et al.|(2018),
condom-less sex is not a necessary assumption in this model framework. Each cell in the age-mixing matrix
represents the probability of an agent in an age cohort C; of forming a sexual partnership with another agent
in the age-cohort C. Each time a new partner is being sought, the probability that the new partner belongs to
a certain age cohort is based on the age-mixing matrix.

The following equation is used to calculate the age-mixing matrix. C;; represents probability that an agent in
cohort C; will have sexual partnership with an agent in cohort C;. The probability that an agent in cohort C;
will seek a sexual partnership with an agent in cohort Cj, P(Pc; ¢, ), is based on the relative frequency counts
obtained from the NATSAL-3 dataset, described by the following equation:

205y

P(Po o) = &
(Pc,.c;) ST
where 0;, j is the sum of weights of all respondents in NATSAL-3 survey in cohort ¢ who had a past or a current
partnership with a person in age cohort j. Similarly, 8; is the sum of weights of all respondents in age-cohort i
reporting any sexual relationship with people of any age cohort. The entire matrix of probabilities is represented

by:

(5)

Y bcior  2bo;.c Y 0ci.on
PC17C1 PC1,C'2 PChCN > 0c,y > 0c, > 0cy
Pacemixing = : = : (6)
P, ¢ Poy.c 2loy.0p 2on.on
~N,C1 N,OUN S 0oy > 0oy
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Here, N is the total number of age cohorts. The resultant age-mixing matrix is shown in Figure[2}
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Figure 2: Age-mixing matrix derived from the NATSAL-3 dataset using code provided by|Datta et al.[(2018). The
rows represent the age-cohorts of the NATSAL-3 respondents and the columns represent the age-cohorts of
their sexual partner(s) of last 12 months. Each cell of row r and column ¢ represents a probability of an agent
from cohort r forming a sexual partnership with another agent from cohort ¢, denoted by P¢, .. The shade
of the blue represents the value of the probability. Darkest blue represents 1 and lightest blue represents 0 as
shown in the legend on the right hand side of the grid.

The parameters for the short-term casual partnerships are not available through NATSAL-3 dataset as there is
scarce data on concurrent relationships. Several assumptions are made about the short-term links. An agent
goes to an event where there are multiple one-time sexual contacts are made. These contacts do not last past
the event. In the Population Model, only MSMs aged between 16 to 32 years old attend such events, as thisis a
"high-risk" group in this model. The number of people attending the event is fixed to 35. This is an assumption
made for simplicity. They can be many different types of events such as saunas, cruising bars, sex clubs, dating
apps, and sex parties (CDC|2022), which have not been explicitly modelled for now, therefore selecting a rea-
sonable estimate that can cover any type of event was necessary. The number of events per year is a variable
in our simulations.

The MSM model

After analysing the results of the full population model (discussed in Section "Results"), we determined that the
majority of cases in the model were in the MSM community with little spillover to some of the other groups, this
seemed to fit with the real data where the majority of infections in the Mpox outbreak are in the MSM population.
However, when modelling on the full population data, the portion of agents who were in the MSM community
was small relative to the entire population resulting in low case counts in the model results. Based on the fact
that there is evidence that suggests that the MSM community is at a higher risk, we develop a second model in
which the society solely focuses on the MSM community. This model also contains 10,000 agents, all of whom
are homosexual and bi-sexual men. Female partners of the bi-sexual men are added in addition to the MSM
agents. The parameters for long-term sexual contacts are derived from the NATSAL-3 dataset, as performed in
the previous model. Female partner agents are not a closed population, they enter or leave the model based on
the partnership (i.e., once a partnership between a bi-sexual man and heterosexual woman ends, the woman
agent leaves the model). There are no heterosexual men in the model.
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4.1

4.2

In this model, some MSM agents are flagged as high-risk. These are the agents who are more prone to acquiring
Mpox through travel, attending super-spreader events/venues and having multiple partners. The percentage
of high-risk MSMs is set to 1% in our simulations. Top 1% agents with highest number of partners are marked as
high-risk. This parameter can also be varied to study its impact on the outbreak size. The parameters specific
to this model are presented in Table[2] All other parameters are same as the previous model.

Variable | Description | Value | Source
Homosexual Males (%) Percentage of homosexual men 63.6% NATSAL-3
Bi-sexual Males (%) Percentage of bi-sexual men 36.3% NATSAL-3
% of high-risk Percentage of MSM at high-risk behaviour | 1% -

Table 2: Selection of parameters specific to the MSM model. The remaining parameters are same as those of
the Population model (Table[1).

Model simulation

We simulate our models using various combinations of the parameters shown in Table[3] For the population
model, there are 12 different scenarios. For the MSM model, there are 16 different scenarios modelled.

Population Model \ MSM Model
Variable | Values | Variable | Values
No. of imported cases peryear | 0or30 No. of imported cases peryear | 0or30
No. of super-spreader events 0or30 No. of super-spreader events 0or30
Vaccination Strategy None, Random or | Percentage of vaccinated high- | 0, 30,50 or 90

Random high-risk risk agents

Table 3: Parameter settings for the simulations. Each scenario is run 100 times.

1. Travel related cases
2. Super-spreader events

3. Vaccination strategy/Number of people vaccinated

For each combination, we run 100 simulations and present the results with mean and standard deviation. Each
simulation is run for 180 ticks (1 tick = 1 day). The following metrics are reported:

« Effective Reproduction number, denoted by R., represents the average number of new infections caused
by each infected individual in a population made up of both susceptible and non-susceptible hosts. R,
for each scenario is calculated at the end of the simulation at 180 days.

« Time-varying reproduction number, denoted by R;. R, is the average number of secondary infections
generated by an infected individual at each day during the simulation.

« Daily number of new Mpox cases in the entire population and/or in different sub-groups by age, sex and
sexual-preferences.

« Total number of infected individuals within each group by sex, age and sexual-preference.

Results

Population model results
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5.1

Impact of super-spreader events and imported cases

We can observe that when there are no super-spreader events or imported cases, the infection does not persist
within the society. The graph in Figure[8|shows the mean and standard deviation of daily new infections in 100
runs for each scenario. It also shows the time-varying reproduction number of the infection. We observe the
following from the results:

« Inthesituation where there are no super-spreader events orimported cases, the infection does not persist
for an extended period and is eliminated after 50 days, with the mean time-varying reproductive number
R, remaining close to zero.

« Inthe scenario where there are no super-spreader events, but approximately 30 cases imported per year,
we observe a low but sustained incidence of new Mpox cases. The mean (R;) remains close to zero, but
unlike the first scenario, it does not remain exactly zero after 50 days.

« In the scenario where there are no imported cases but 30 super-spreader events per year, we observe
a higher rate of new incidences. The average R; exceeds 1 on certain days, particularly when no one is
vaccinated or when the vaccination is not targeted to the high-risk MSM group.

« Inthe scenario where there are 30 super-spreader events and approximately 30 imported cases per year,
we observe a sustained and heightened incidence of new Mpox cases. Similar to the previous scenario,
the mean R, exceeds 1 on certain days, particularly when no one is vaccinated or when random individ-
uals are vaccinated.

New Incidence Cases of Mpox Under Different Scenarios.
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Figure 3: Population Model: New incidences of MPox in different scenarios. The solid red line represents the
mean of 100 simulations and the standard deviation is shown by the red ribbon around it. The solid green line
represents the mean time-varying reproductive number (R;) and its standard deviation is represented by the
green ribbon. The dashed black line represents a reference R; = 1.

The graph in Figure [4] shows the mean effective reproduction number R, calculated for each scenario. The
mean R, in all scenarios where there are no super-spreader events is less than the mean R, when there are 30
super-spreader events.
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Effective R value
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Figure 4: Population Model: Effective reproductive number R, under different scenarios. This boxplot repre-
sents a five-number summary of the R.: the line splitting the box into two represents the median value, the
bottom and the top edges represents lower and upper quartiles respectively and the values at which the verti-
cal lines stop at are the lower and upper values of the data. Additionally, annotated text and a point is added
to the graph to show the mean R.. The text displayed in black at the top indicates the statistical significance of

the t-test used to compare the means of R, across multiple runs for each scenario. *p < 0.05, ** p < 0.01, ***p
< 0.0001.

Impact of vaccination strategy

The graph in Figure[d reveals that in most scenarios, the average R, is notably lower when 100 randomly se-
lected individuals from the MSM group are vaccinated, as opposed to scenarios where there is no vaccination or
when 100 random people from the entire modelare vaccinated. Thisfinding indicates that targeting vaccination
efforts towards the high-risk MSM group yields a greater impact compared to random vaccination strategies.
Randomly vaccinating the population yields no benefit, especially if the vaccine supply is low.

Transmission in heterosexual, bi-sexual and homosexual men and women groups

Figure[5|depicts the average total number of infections among homosexual, bi-sexual, and heterosexual men
and women over a 180-day period. Notably, the MSM group is the most affected, while there are relatively
few incidences among heterosexual women, fewer among heterosexual men and bi-sexual women, and none
among homosexual women in all scenarios. This is because MSM group is modelled as high-risk: Imported
cases and super-spreader events are both modelled to occur exclusively within the MSM group, specifically
among individuals aged 16-40 years.
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Figure 5: Population Model: Cumulative number of infected cases among each group in each scenario. This
boxplot represents a five-number summary: the line splitting the box into two represents the median value,
the bottom and the top edges represents lower and upper quartiles respectively and the values at which the
vertical lines stop at are the lower and upper values of the data. Additionally, a point is added to the graph to
show the mean number of cumulative cases.
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Figure|§|shows the mean new incidence broken down by different groups (sex and sexual preferences) each day.
As expected, incidence is low for all groups when there are no super-spreader events and no imported cases.
In the scenario when there are 30 super-spreader events, we see that bi-sexual men are most affected. This is
because of two reasons: Bi-sexual and homosexual men (MSM) are modelled as high risk and bi-sexual men
population is higher than homosexual men population. Heterosexual women is the next affected group. There
is low incidence at the start of the simulation but new incidences peak around day 25 for heterosexual women.
Incidence rate is close to zero for the rest of the groups. In all scenarios, infected does not sustain after day 100.
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5.6

New incidence cases of Mpox under different scenarios.
Attack rate for MSM tranmission = 1/8
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Figure 6: Population Model: Mean new incidence of Mpox within each group. 100 simulations have been carried
out for each scenario.

Transmission in different age groups

As shown in the graphin Figure people between ages 24 and 40 are most affected by Mpox. This is because
these age cohorts have a higher rate of new sexual partnership formation (as calculated through NATSAL-3 data).
In our model, as previously explained, age bracket 16-40 is the high risk population and imported cases and
super-spreader events are both modelled to occur exclusively within the MSM group of this age bracket.
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Figure 7: Population Model: Cumulative number of infected cases among each age cohort in each scenario. This
boxplot represents a five-number summary: the line splitting the box into two represents the median value, the
bottom and the top edges represents lower and upper quartiles respectively and the values at which the vertical
lines stop at are the lower and upper values of the data. Additionally, a point is added to the graph to show the
mean number of cumulative cases.

MSM model results

Impact of super-spreader events and imported cases

Similar to what was observed in the Population Model, when there are no super-spreader events or imported
cases in the MSM model, the infection does not persist within the society. The graph in Figure[§|shows the mean
and standard deviation of daily new infections in 100 runs for each scenario. It also shows the time-varying
reproduction number of the infection. We observe the following from the results:
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« Inthesituation where there are no super-spreader events orimported cases, the infection does not persist
for an extended period and is eliminated after 50 days, with the mean time-varying reproductive number
R, remaining close to zero.

« Inthe scenario where there are no super-spreader events, but approximately 30 cases imported per year,
we observe a low but sustained incidence of new Mpox cases. The mean (R;) remains close to zero.

« In the scenario where there are no imported cases but 30 super-spreader events per year, we observe a
higher rate of new incidences. The average R, exceeds 1 on most days before day 50, particularly when 0
or 30% people from the high-risk are vaccinated.

Similarly, in the scenarios where there are 30 super-spreader events and approximately 30 imported cases
per year, we observe a sustained and heightened incidence of new Mpox cases. Similar to the previous
scenario, the mean R; exceeds 1 on most days before day 50, particularly when when 0 or 30% people
from the high-risk are vaccinated.

« As we increase the percentage of vaccinated high-risk individuals, we observe that mean new incidence
and mean R, are decreased. When 90% of high-risk individuals are vaccinated, we see that the mean R,
is close to 0 at all times and the mean new incidence is also close to zero at all times.
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New Incidence Cases of Mpox Under Different Scenarios.
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Figure 8: MSM Model: New incidences of MPox in different scenarios. The solid red line represents the mean of
100 simulations and the standard deviation is shown by the red ribbon around it. The solid green line represents
the mean time-varying reproductive number (R;) and its standard deviation is represented by the green ribbon.
The dashed black line represents a reference R; = 1.

The graph in Figure[9]shows the mean R, calculated for each scenario. As with the population model, the mean
R, in all scenarios where there are no super-spreader events is less than the mean R, when there are 30 super-
spreader events.
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Figure 9: MSM Model: R, under different scenarios. This boxplot represents a five-number summary of the
R.: the line splitting the box into two represents the median value, the bottom and the top edges represents
lower and upper quartiles respectively and the values at which the vertical lines stop at are the lower and upper
values of the data. Additionally, annotated text and a point is added to the graph to show the mean R,.. The
text displayed in black at the top indicates the statistical significance of the t-test used to compare the means
of R, across multiple runs for each scenario. *p < 0.05, ** p < 0.01, ***p < 0.0001.

Impact of % of vaccinated high-risk individuals

The graph in Figure[9]reveals that when there are 30 super-spreader events in a year, the mean R, when 90%
high risk population is vaccinated is significantly (p-value < 0.01) less compared to when 50% high-risk indi-
viduals are vaccinated. The mean R, when 50% high risk population is vaccinated is significantly (p-value <
0.01) less compared to when 30% high-risk individuals are vaccinated and the mean R, when 30% high risk
population is vaccinated is significantly (p-value < 0.01) less compared to when 30% high-risk individuals are
vaccinated. This shows that as we increase the vaccination rate among high-risk individuals, the mean R, sig-
nificantly decreases.

Transmission in bi-sexual men and homosexual men and women groups

Figure[L0]depicts the average total number of infections among homosexual men, bi-sexual men and heterosex-
ual women over a 180-day period under different scenarios. In the scenarios when there are 30 super-spreader
events and/or 30 imported cases in a year, the MSM group is notably the most affected. There are there are
relatively few incidences among heterosexual women in scenarios when there are 30 super-spreader events in
a year. In such scenarios, when there are 0 high-risk individuals vaccinated, there are on average around 20
heterosexual women infected over the course of 180 days. In the scenario, when there are 30% high-risk indi-
viduals vaccinated, there are on average around 10 heterosexual women infected over the course of 180 days.
This mean goes down further between 5-10 when 50% high risk individuals are vaccinated and approaches 0
when 90% high-risk individuals are vaccinated.
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Figure 10: MSM Model: Cumulative number of infected cases among each group in each scenario. This boxplot
represents a five-number summary: the line splitting the box into two represents the median value, the bottom
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stop at are the lower and upper values of the data. Additionally, a point is added to the graph to show the mean
number of cumulative cases.

Transmission in different age groups

Asshown inthe graphin Figure[1] in the scenarios when there are 30 super-spreader events in a year and 0-50%
high-risk population is vaccinated, people between ages 33 and 48 are most affected by Mpox. This is because
these age cohorts have a higher rate of new sexual partnership formation (as calculated through NATSAL-3 data).
In contrast to our previous population level ABM, this model does not explicitly mark agents as high-risk based
on their age cohorts. Instead, it marks the top 1% of agents with the maximum value of new-partners-per-year
parameter and marks them as high-risk.
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Figure 11: Cumulative number of infected cases among each age cohort in each scenario. This boxplot repre-
sents a five-number summary: the line splitting the box into two represents the median value, the bottom and
the top edges represents lower and upper quartiles respectively and the values at which the vertical lines stop
at are the lower and upper values of the data. Additionally, a point is added to the graph to show the mean
number of cumulative cases.

Discussion

The COVID-19 pandemic placed scientific community under immense pressure to provide rapid, data-driven
advice to the policy makers.|Squazzoni et al.|(2020) emphasize the importance of model transparency, data ac-
cess, and rigor, alongside faster, responsible data sharing from trusted sources. In this work, we have presented
models that are free and open source, whose parameters are informed by public data sources and have been rig-
orously analysed under various scenarios. In the light of the discussion in Edmonds et al.|(2019), the purpose of
presented models is Description’ as they have the ability to explore different scenarios. Our presented models
can also be used (in current or extended form) for °Prediction’ as they have the features to anticipate and com-
pare intervention scenarios, including consequences of no interventions. From a public health point-of-view,
these models can make a valuable contribution towards the discussion of interventions and have the potential
to inform broader public health policy and practice, in addition to theirimmediate relevance for Mpox control
and prevention efforts. By identifying and prioritizing vulnerable groups such as MSM and their partners, our
models provide valuable information for targeted intervention planning and resource allocation (Mpox vacci-
nation was limited in supply in Ireland at the time these models were being developed). Our findings align with
global trends of Mpox spread and the use of data from NATSAL-3 further strengthens the validity and generaliz-
ability of our results. Theinsights gained from our work can be extrapolated and adapted to inform strategies for
addressing other infectious diseases with similar transmission dynamics, thereby contributing to the broader
scientific literature on infectious disease modelling and public health surveillance.

The ABMs proposed in this study provide a valuable framework for studying the spread of Mpox. By simulat-
ing the interactions and behaviours of individual agents within a virtual environment, the model captures the
dynamics of disease transmission and allows for the exploration of scenarios and mitigation strategies. The
models allow for the incorporation of heterogeneity in the sexual networks and disease-specific parameters.
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These models can be customized to represent specific regions, age groups, or social/sexual networks, enabling
a more nuanced understanding of the disease dynamics within specific populations. The proposed models can
also facilitate the investigation of different intervention strategies and their impact on Mpox spread, as we in-
vestigated the impact of various vaccination strategies in the current study. The framework’s utility to simulate
and compare multiple intervention scenarios can aid policy makers in making informed decisions to mitigate
the spread of Mpox and allocate resources efficiently. All code is open source and hence other researchers can
build upon it.

When interpreting the data provided, it is crucial to consider the model’s design and the underlying assump-
tions used to establish its parameters. Accurate estimates of some key parameters were not available and some
assumptions were made. These include the transmission probability (and how it varies according to the type of
sexual contact), weekly sexual contact rate and size of the super-spreader events. These can be estimated from
contact tracing data or studies focusing on behaviours of MSM specifically. The results can vary significantly
if these fixed parameters are changed. The vaccine efficacy parameter has been derived from data obtained
during Mpox outbreaks in regions where the disease is endemic. It remains uncertain whether the assumptions
based on such data are applicable to the 2022 epidemic outside the endemic regions (van Ewijk et al.|2023).

Although the model has not yet been scaled to represent an actual population, the observed trends of new
incidences in our results align with global patterns, indicating a decline in Mpox cases worldwide. Quick eye-
balling of Figure[3|of the Population Model shows that daily new confirmed cases peak around day 25 and fall
closeto 0 ataround day 100 in all scenarios. Similarly, in the MSM model simulation, particularly in the scenario
where no high-risk individuals are vaccinated, the daily mean new incidences decrease to close to zero between
day 100 and day 125 (Figure[7). While a direct comparison with the actual daily confirmed cases in the UK is not
appropriate, it is worth noting that the epidemic curve appears to approach zero around November 1, 2022,
approximately 180 days after the identification of the first case. After that, new cases are few and far between.
The overall trends are similar, with the infection dying out within the initial 4-6 months.

It is also challenging to directly compare the R, we computed and the R, reported in various studies as the
estimates of Ry are influenced by factors such as the specific strain of the virus, society structure, population
density and the level of immunity within the population (Grant et al.[2020). According to/Kwok et al.|(2022), the
Ry for England in 2022 is 1.60 [95% (credible interval) Crl, 1.50-1.70]. This number is comparable to the R, of
our MSM model, in which the number of super-spreader events in a year is set to 30 and percentage of high-risk
vaccinated is equal to 0 or 30%. |Grant et al.|(2020) estimated an R, for period 1980-1984 between 0.22-0.40.
Our estimates of R, for both models in scenarios when there are no super-spreader events are less than this.

While our results confirm some expectations, such as the effectiveness of vaccinations and the impact of reduc-
ing concurrent partnerships on achieving a disease-free equilibrium, the validation of these insights through
our model provides an important contribution to the field for several reasons. Firstly, the confirmation of pub-
lic health insights through modelling is in itself significant outcome. Our model’s capability to replicate known
outcomes in the context of disease transmission not only confirms its accuracy and reliability but also rein-
forces the importance of these public health strategies. At the same time, our models also offer insights that go
beyond the common-sense understanding. For example, our analysis highlights that certain groups, such as
homosexual women and heterosexual men, may be less vulnerable to the spread of the disease. These findings
underscore the importance of targeted interventions in disease control and prevention. One of the interest-
ing findings from our model, which is particularly relevant given the constraints on vaccine availability, is the
vulnerability of younger heterosexual females to the disease. This analysis highlights the need for vigilance
and targeted intervention strategies for this cohort, which might not have been initially considered a high pri-
ority. Our study also demonstrates the value of leveraging data from NATSAL-3 in constructing and validating
the models. This approach exemplifies how large-scale survey data can be effectively used in epidemiological
modelling to inform public health strategies. The purpose of employing agent-based modelling was precisely
to guide an investigation into the dynamics of disease spread and to inform decision-making processes with
empirical data and nuanced analysis.

The focus of the work we have presented in this paper was the 2022-2023 global Mpox outbreak. While we are
aware that the immediate threat of Mpox has subsided for most regions, Mpox remains endemic in many African
nations (WHO|2023). Thus, the threat for another global outbreak remains. As such the findings of this work on
Mpox remain important until a time when Mpox can be eradicated. Additionally, beyond the findings related
to Mpox, due to globally low vaccination rates for many diseases that have previously been controlled, there is
a risk of more large-scale outbreaks. This can be seen in the evidence of polio spread in 2022 in New York and
the measles outbreaks in the UK in 2023/2024. The framework and modelling process we have developed here
will be essential guidance in responding to future disease outbreaks particularly to those disease that spread
through high-risk groups.
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Limitations and Future Work

The model, currently is not scaled to an actual population. It has been difficult to obtain clearer information
about contact tracing and nature of the events through which the infection is spread. The NATSAL-3 data does
not have a rich volume of MSM behaviours. To closely match the real scenarios, it isimportant that the network
parameters are derived from the datasets focused on the MSM population. Modelling the sexual networks of
MSM is essential for accurately understanding and predicting the spread of Mpox within this population. For
future research, we plan to use the EMIS 2017 (Casey et al.[2019) report to derive the parameters of the MSM
sexual contact network in Ireland and to scale our models to the Irish population and compare the results with
incidence data from Ireland. Several studies focusing on developing MSM sexual networks can be also be used,
see /Amirkhanian|(2014), Glynn et al.[(2018) and the references within. By mapping out MSM sexual networks,
researchers and public health officials can identify individuals or subgroups with a higher risk of Mpox trans-
mission. This information allows for the development of targeted interventions, such as outreach programs,
testing campaigns, or education initiatives, to reach those at greater risk.

Additional data is necessary to gain a deeper understanding of the characteristics and magnitude of super-
spreader events. Currently, an assumed count of 35 events is used; however, the actual number may vary.
Ideally, this number would be derived from contact tracing data to provide more accurate insights.

Categorizing people as bi-sexual, homosexual and heterosexual is based on their past sexual experiences as
reported in the NATSAL-3 data is a crude generalisation. A person with sexual experience with both sexes is bi-
sexual, while someone with sexual experience only with the opposite sex is heterosexual. Therefore, we model
sexual preferences instead of sexual orientation. In the NATSAL-3 dataset, there is no information about self-
disclosed sexual orientation of a person.

Ourmodel currently does not model childhood smallpox vaccinations, diagnosis or diagnostic delay, behaviour
changes after diagnosis (e.g. attending less events, limiting sexual activity, etc) and contact tracing. We plan to
extend our model to include these details.

Conclusion

In this paper, we proposed two agent-based models to study the spread of Mpox within an artificial society.
Disease parameters were derived from the relevant epidemiological research, and sexual networks were con-
structed using the NATSAL-3 dataset and methodology described in|Datta et al.[(2018). Estimates of R, and R;
were presented for various scenarios.

Our analysis revealed that in the absence of super-spreader events and imported cases, the infection does
not sustain within the society. Furthermore, our findings highlighted the efficacy of targeting high-risk groups
through vaccination compared to random vaccination or no vaccination at all. Vaccinating individuals in the
high-risk groups proved to be an effective strategy in limiting the spread of Mpox within the society. Further
research and modelling efforts can build upon these findings to develop more robust strategies for managing
and containing the spread of Mpox in real-world scenarios.
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